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Preface

The field of Room Temperature Ionic Liquids (RTILs) is an increasingly mature area. 1 At
present, the main synthetic approaches and key components are fairly defined, though with
some continuing exploration and expansion. Thus, quaternary ammonium, imidazolium,
and pyridinium salts with a variety of anions, many of them highly fluorinated dominate
the field. The cations are generally accessed via quaternization of the parent amines, imida‐
zoles, and pyridines, which sometimes leads directly to the RTIL (for so-called “halide-free”
RTILs). More often, the final RTIL is accessed via anion metathesis of the starting halide-
containing salt. The challenges associated with RTIL purity from this approach are well-
documented. 2

Because of the wide and diverse range of RTILs that can be accessed via this simple ap‐
proach, they do merit the term “designer solvents” as their physical properties can be wide‐
ly tuned with respect to viscosity, electrochemical stability, density, solubility/miscibility,
and thermal stability, to name just a few. The challenges of synthesizing, characterizing, and
demonstrating purity continues to push the development of general and reliable computa‐
tional methods for the prediction of new RTILs for particular applications. 3

Another inescapable issue is the cost and potential toxicity of RTILs. Although toxicity to the
user is not as much of an issue, since the negligible volatility of the majority of these materi‐
als means that exposure is largely limited to direct contact or ingestion, there is still concern
regarding their disposal and recycling. 4 Further, the cost of the most popular RTILs, such as
BMIM BF4 and BMIM NTf2, still considerably exceeds that of conventional solvents and ef‐
fectively precludes their use in all but the most high value of applications. To specifically
address this issue, a newer variant on the RTIL theme has emerged – deep eutectic solvents
(DES). 5 Although related, they fundamentally differ in that they are simply combinations of
two compounds (often two solids) that result in a mixture with a dramatically lowered melt‐
ing point. An example is the very common DES comprised of choline chloride and urea in a
1:2 molar ratio. While choline chloride has a melting point in excess of 300 C and urea has a
melting point of 12_ C, this DES exhibits a melting point of 12 C. Additional advantages
include the low toxicity and relative abundance (and thus low cost) of both components. As
a result, this DES exhibits a cost that is comparable to that of conventional organic solvents
such as DMF and acetonitrile. This new area is discussed specifically in one chapter in this
book in the context of applications in Organic Synthesis, although many other applications
can and have been explored.

In addition to DES, this book features chapters that cover a wide range of RTIL concepts and
applications. One section of chapters focusses on one of the earlier areas of explosive explo‐
ration – their use as recyclable solvents in synthesis – including a chapter on Green Pericy‐



clic Reactions Assisted by Ionic Liquids and one on Palladium-coupling reactions in Ionic
Liquids. A more recent variant on this synthesis theme is found in the chapter on Applica‐
tions of Ionic Liquids in the Synthesis of Inorganic Nanomaterials.

Related to conventional synthesis, RTILs have found very fruitful applications in the area of
enzymatic synthesis as they are often able to stabilize and even enhance the activity of vari‐
ous enzymes in a largely non-aqueous environment. Developments in this area are found in
the chapters Engineering of Enzymatics Reactions using Ionic Liquids and Solvent Depend‐
ence of Enzymatic Enantioselectivity.

As mentioned above, the ability to predict and rationally design RTILs with specific proper‐
ties continues to be of great importance, and this topic is addressed in several chapters, in‐
cluding: Structural and Physical Aspects of Ionic Liquid Aggregates in Solution, Thermal
Behavior of Pure Ionic Liquids, Solubility of Solids, Liquids and Gases in Ionic Liquids. Ex‐
traction issues are more specifically addressed in several additional chapters, including Ion‐
ic Liquids as Amphiphile Self-assembly Media, Ionic Liquids as Surfactants: Applications as
Demulsifiers, and Extraction Based on Dispersive Assisted by Ionic Liquids.

Many of these extraction and solubilization properties find their greatest application in one
specific area – biomass isolation and transformation. It is therefore not surprising to find
several chapters that address different aspects of this highly important area: Imidazolium-
based Ionic Liquids as Solvents for Analysis of Lipophilic Extractive from Biomass, Dissolu‐
tion and Hydrolysis of Lignocellulosic Biomass Using Tailored Ionic Liquids, Pyridinium-
based Ionic Liquids: Applications for Cellulose Processing, Utilization of Ionic Liquids in
Wood and Wood-related Applications: a review, and Ionic Liquids as Green Solvents for
Ring-opening Graft Polymerization of Caprolactones onto Hemicelluloses.

A great diversity of other applications continue to arise and are reflected in the chapters of
the two remaining sections. First are electrochemical applications (Electochemical Prepara‐
tion of Titanium and its Alloys and High-performance Supercapacitors Based on Ionic Liq‐
uids), followed by a range of other interesting uses: Spectroscopic Study on Lubrication and
Tribo-corrosion Mechanisms of Ionic Liquids Applied to Improve the Dispersion of Solids in
Elastomers, Ionic Liquids in Vulcanization of Elastomers, Ionic Liquids Facilitated Develop‐
ment of Absorption Refrigeration, and New Classes of Ionic Liquids for Dye-sensitized Solar
Cells.

I hope that you enjoy reading these chapters as much as I have and that they inspire you to
explore newer and even more exciting possibilities of involving RTILs in your research. The
future remains exciting.

Scott T. Handy
Professor of Chemistry

Middle Tennessee State University
USA
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Chapter 1

“Green” Pericyclic Reactions Assisted by Ionic Liquids

Rafael Martínez-Palou, Octavio Olivares-Xometl,
Natalya V. Likhanova and Irina Lijanova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59179

1. Introduction

Ionic liquids (ILs) are compounds that consist exclusively of ions. These compounds, which
can be considered as salts, feature low melting temperatures (generally below 100°C), at which
other salts are solids. The cations in these compounds are of organic type and some of the most
common structures are heterocyclic such as imidazolium (1), pyridinium (2), pyrazolium (3)
and pyperidinium (4), or may also be formed by non-cyclic, heteroatom-containing cations
such as ammonium (5) and phosphonium (6) (Figure 1) [1].

N N R'R N R
R

R´´´

N
R´´

R´
R

R´´´

P
R´´

R´

N
R

R'
N

NR

R'

1 2 3 4 5 6

Figure 1. Typical cations in ILs.

Where R, R´, R´´, R´´´ are generally alkyl or alkyl functionalized chains.

As for the anions, they can be either inorganic (Cl-, Br-and I-, which are known to have been
part of the first generation ILs, and others such as [BF4]-, [PF6]-, [SbF6]-, [AlCl4]-, [AuCl4]-,
[NO3]-, [NO2]-, [SO4]-) or in other cases the anion is organic ([AcO]-, Tf-, [N(OTf)2]-, [CF3CO2]-,
[CF3SO3]-, [PhCOO]-, [C(CN)2]-, [RSO4]-[OTs]-, and [SCN]-).

Nowadays, ILs are gaining wide recognition as potential environmental solvents due to their
unique properties [2]. Physicochemical properties such as low vapor pressure (evaporation
losses are minimized), thermal and chemical stability, catalytic activity, non-flammability and

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



non-corrosive properties, which decrease the risk of worker exposure and solvent loss to the
atmosphere, make ILs powerful candidates to replace the so-called "volatile organic com‐
pounds" (VOCs) in the development of more environmentally friendly technologies and
specially for the petroleum industry [3, 4].

Pericyclic reactions belong to a very important group of organic reactions, including some of
the most powerful synthetically useful reactions like the Diels-Alder reaction, 1,3-dipolar
cycloadditions, the Alder-ene reaction, Cope and Claisen rearrangements, the 2,3-Wittig
rearrangement, diimide reduction, sulfoxide elimination, Fisher indole synthesis and many
others.

In the last years, ILs have been employed as reaction media and/or catalysts and co-catalysts
to facilitate the curse of many pericyclic reactions. Due to the nature and properties of this kind
of compounds, the application of ILs in these reactions has contributed to the development of
more efficient and environmentally friendly methodologies. In this chapter, the principles of
pericyclic reactions are presented and an overview of the applications of ILs in assisted
pericyclic reactions is discussed.

2. Pericyclic reactions

The term Pericyclic reactions refers to a set of reactions that are characterized by concert‐
ed processes that proceed via cyclic transition states, which can be interpreted according
to the Molecular Orbital Theory. Pericyclic reactions are reactions, where a cyclic, conjugat‐
ed system of electrons is created in the transition state, having highly predictable stereo‐
chemical features [5].

The stereochemistry of the pericyclic reactions can be predicted based on the principle of
conservation of orbital symmetry, employing the rules proposed by Robert Burns Woodward
and Ronald Hoffmann in 1965 (Woodward-Hoffmann rules) [6]. This principle applies only
to the concerted pericyclic reactions, and in this case, it serves as a powerful predictive tool.

The Woodward-Hoffmann rules were established by the authors as:

1. In an open chain system containing a 4n electron orbital symmetry of the highest occupied
molecular orbital of the ground state is such that a bonding interaction between the ends
must engage the overlapping between orbital regions in opposite sides of the system, and
this can only be achieved through a conrotatory process.

2. In open systems containing 4n+2 electrons, the terminal binding interaction between
molecules in the ground state requires the overlapping regions of the orbitals of the same
side of the system, and this is attainable only by disrotatory displacements.

3. In a photochemical reaction, an electron in the HOMO of the reactant is promoted to an
excited state, leading to the reversal of terminal symmetry relations (stereospecificity).

Ionic Liquids - Current State of the Art4
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It is said that the organic reactions that obey these rules are allowed by symmetry. Reactions
that take the opposite course are forbidden by symmetry and require much more energy if
they happen to take place.

The pericyclic reactions are classified according to the number of electrons that are directly
involved in the transition state. Processes with 2- and 6-electron (Huckel, 4n+2) are allowed
suprafacially, and 4-electron processes must occur antarafacially (Möbius, 4n). The main
pericyclic reactions are classified as follows:

• Cycloaddition (two new σ and two less π bonds)

• Electrocyclic (one new σ and one less π bonds)

• Sigmatropic (one is changed to another σ-bond)

• Group Transfer (one new σ and one less π bonds)

3. Cycloaddition reactions

Cycloaddition reactions are the most studied pericyclic reactions, where two or more unsatu‐
rated systems react to give a cycle with one less unsaturation. This reaction allows simultane‐
ous construction of two new carbon-carbon bonds and the formation of cyclic compounds
which gave high versatility and applicability in organic synthesis [7]. A typical cycloaddition
reaction is the Diels-Alder reaction.

The Diels-Alder (D-A) reaction was discovered and published for the first time in 1928 by Otto
Diels and Kurt Alder [8]. This is a thermal, concerted, suprafacial, [4+2] cycloaddition.

In this reaction 1,3-butadiene (diene) reacts with ethylene (dienophile) to give an adduct cyclic
product as described in Figure 2. In this kind of reactions, both σ-bonds are formed at the same
time, not by steps.

+

butadiene
(diene)

ethylene
(dienophile)

Figure 2. An example of cycloaddition reaction.

These reactions proceed according to the following selection rules:

The suprafacial-suprafacial (S-S) reaction geometry is thermally permitted when m+n=4k+2,
for example, the Diels-Alder reaction between butadiene and ethylene, where m and n are the
number of π electrons (Figure 3).
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Suprafacial (S) means that new bonds are formed on the same face of each reagent, the diene
and dienophile. The opposite to suprafacial is antarafacial (A). The term [4+2] refers to a
conjugated system of electrons, where a 4- reacts with a 2-electron system.

Figure 3 shows the molecular orbitals (MOs) of 1,3-butadiene and ethylene, and their respec‐
tive relative energies. As noted earlier, the HOMO-LUMO energy gap is greater in ethylene
than in butadiene. For the two compounds to react, the HOMO of one must react with the
LUMO of the other one with conservation of orbital symmetry. There are two seemingly
isoenergetic possibilities, the SS and AA reactions (red arrows), which conserve symmetry.
Both energy gaps are equal and too large for a reaction to occur readily.

1. One way to reduce the HOMO-LUMO energy gap is by lowering the LUMO of one
reactant. This is accomplished by using an "ethylene" that has an electron-withdrawing
group attached to it.

2. The supra-antara reaction geometry is allowed thermally when m+n=4k, for example,
cycloaddition [2+2]. The formation of cyclobutane from two ethylenes cannot be concerted
by thermal reaction; the HOMO-LUMO gap requires light (photochemical reaction) for
the excitation of ethylene (Figure 4).

In the S-S mode, the concerted [4+2] cycloaddition is ground state (thermal) allowed and
excited state (h ϑ) forbidden, while the [2+2] cycloaddition is just the opposite, ground state
forbidden and excited state allowed.

The Diels-Alder reactions involving at least one heteroatom in the dienophile (heterodieno‐
phile) [9] or in the diene (heterodiene) [10] are known as hetero-Diels–Alder reactions. For
example, carbonyl groups can react successfully with dienes to yield pyranoid rings, a reaction
known as the oxo-Diels-Alder reaction, or when a nitrogen atom can be part of the diene or
the dienophile, the reaction is known as aza-Diels-Alder.

butadiene
(diene)

ethylene
(dienophile)

LUMO

HOMO

A

A

S

S

A

S

antibonding
HOMO

bonding
LUMO

Figure 3. Molecular orbital interaction in a cycloaddition reaction.

Ionic Liquids - Current State of the Art6



Suprafacial (S) means that new bonds are formed on the same face of each reagent, the diene
and dienophile. The opposite to suprafacial is antarafacial (A). The term [4+2] refers to a
conjugated system of electrons, where a 4- reacts with a 2-electron system.

Figure 3 shows the molecular orbitals (MOs) of 1,3-butadiene and ethylene, and their respec‐
tive relative energies. As noted earlier, the HOMO-LUMO energy gap is greater in ethylene
than in butadiene. For the two compounds to react, the HOMO of one must react with the
LUMO of the other one with conservation of orbital symmetry. There are two seemingly
isoenergetic possibilities, the SS and AA reactions (red arrows), which conserve symmetry.
Both energy gaps are equal and too large for a reaction to occur readily.

1. One way to reduce the HOMO-LUMO energy gap is by lowering the LUMO of one
reactant. This is accomplished by using an "ethylene" that has an electron-withdrawing
group attached to it.

2. The supra-antara reaction geometry is allowed thermally when m+n=4k, for example,
cycloaddition [2+2]. The formation of cyclobutane from two ethylenes cannot be concerted
by thermal reaction; the HOMO-LUMO gap requires light (photochemical reaction) for
the excitation of ethylene (Figure 4).

In the S-S mode, the concerted [4+2] cycloaddition is ground state (thermal) allowed and
excited state (h ϑ) forbidden, while the [2+2] cycloaddition is just the opposite, ground state
forbidden and excited state allowed.

The Diels-Alder reactions involving at least one heteroatom in the dienophile (heterodieno‐
phile) [9] or in the diene (heterodiene) [10] are known as hetero-Diels–Alder reactions. For
example, carbonyl groups can react successfully with dienes to yield pyranoid rings, a reaction
known as the oxo-Diels-Alder reaction, or when a nitrogen atom can be part of the diene or
the dienophile, the reaction is known as aza-Diels-Alder.

butadiene
(diene)

ethylene
(dienophile)

LUMO

HOMO

A

A

S

S

A

S

antibonding
HOMO

bonding
LUMO

Figure 3. Molecular orbital interaction in a cycloaddition reaction.

Ionic Liquids - Current State of the Art6

4. Electrocyclic reactions

Electrocyclic reactions are a type of pericyclic reaction which is unimolecular and in which the
termini of a conjugated system become σ bonded to each other to form a shortened π system
(Figure 5) [11].





Figure 5. Representation of an electrocyclic reaction.

A typical example of this reaction is the electrocyclization of the 1,3,5-hexatriene to the
conjugated cyclic diene (Figure 6).

Figure 6. Electrocyclization reaction of the 1,3,5-hexatriene.

ethylene
Ground state

A

S

LUMO

HOMO

h

A

S

LUMO

HOMO

Excited state

Figure 4. Molecular orbital interaction in [2+2] reaction.
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When there are substituents at the end of an unsaturated system, these substituents have a
definite stereochemistry at the cyclic structure depending on the rotation way of the overlap‐
ping molecular orbitals. This relationship might be disrotatory or conrotatory. Fixed geomet‐
rical isomerism imposed upon the open chain is related to rigid tetrahedral isomerism in the
cyclic array (Figure 7).
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B C

A

B

D

CONROTATORY

A
C

D

B D

A

B

C

DISROTATORY

Figure 7. Stereochemistry at the cyclic structure depending on the rotation way of the overlapping molecular orbitals.

For this kind of reaction, the thermal reaction is now disrotatory, while the photochemical
reaction is conrotatory. According to the Principle of Conservation of Orbital Symmetry by
Woodward & Hoffmann [12], the thermal reaction will be conrotatory for 4n systems and
disrotatory for 4n+2 systems, and in the opposite way for photochemical reactions.

5. Sigmatropic rearrangements

In a sigmatropic rearrangement, one bond is broken while another bond is formed across a p
system. The numbering system [m, n] gives the number of atoms between the broken bond
and the formed bond in both directions [13].

There are two different types of sigmatropic reactions: a) those that involve the migration of
a hydrogen atom, and b) those that involve carbon, oxygen or other element atoms. In these
reactions, the starting materials are acyclic, but the transition state is cyclic, with pronounced
conformational effects. A classical reaction of this type is the Claisen rearrangement (Figure
8). Other typical reactions of this type are the Cope rearrangement and the Fisher indole
synthesis.
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O O

Figure 8. The Claisen rearrangement.

Figure 10.In the hydrogen migration, the hydrogen atom can migrate either suprafacially or
antarafacially across the conjugated system, leading to Hückel or Möbius topologies for the
transition states. The typical migration for these systems is the [1, 5] hydrogen migration
(Figure 9).

H

B
A

D
C

B
A

DC

H

B
A

H
C

D

SUPRAFACIAL

ANTARAFACIAL

Figure 9. Suprafacial and antarafacial hydrogen migration across the conjugated system.

6. Group transfer reaction

A group transfer reaction is a process, where one or more groups of atoms are transferred from
a molecule to another. Unlike other pericylic reaction classes, group transfer reactions do not
have a specific conversion of π-bonds into σ-bonds or vice versa. Typical examples of this
process are the ene reaction and the reduction of a double bond by N2H2 diimide reaction,
which is a supra-supra reaction involving six electrons.

In the ene reaction, an alkene with an allylic hydrogen (the ene component) reacts with a
compound containing a multiple bond (the enophile) like olefins, acetylenes, and benzynes or
carbon-hetero multiple bonds such as C=O, C=N, C=S, and C≡P (carbonyl-ene reactions) in
order to form a new σ-bond with migration of the ene double bond and 1, 5 hydrogen shift.
The product is a substituted alkene with the double bond shifted to the allylic position (Figure
10) [14].
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H
H

Enophile

Ene

Figure 10. The ene reaction.

Due to the principle of microscopic reversibility, there is a parallel set of pericyclic "retro"
reactions which perform the reverse reaction: retro Diels-Alder, retro-ene reaction and the
retro-electrocyclic reactions. An example of the last one is the reaction in which the trans-3,4-
dimethylcyclobutene is cleaved thermally to yield E,E-2,4-hexadiene. In this reaction, the
cleavage of a σ-bond occurs to generate a longer conjugated system (Figure 11).

H H

H

H

H

H

S-cis
S-trans

trans-3,4-dimethylcyclobutene E,E-2,4-hexadiene

H H

Figure 11. Thermal cleavage of the trans-3,4-dimethylcyclobutene.

The cleavage of a σ-bond to generate a longer conjugated system is sometimes called a retro-
electrocyclic reaction. As an example of the latter, cyclobutene is cleaved thermally to yield
1,3-butadiene, relieving the extensive strain in the cyclobutene system and gaining the
resonance stabilization of the conjugated diene system.

7. IL-assisted cycloaddition reactions

Cycloaddition is a highly versatile protocol to generate new C-C bonds, being a handy tool for
the synthesis of natural products [15, 16].

According to E-Village Compendex [17], in the last decade, 120 papers about IL-assisted
cycloaddition reactions have been published with an important increment in the last years
(Figure 12).

Among cycloaddition reactions, Diels-Alder reactions are by far the most studied, and also the
most studied pericyclic reactions employing ILs. The Diels-Alder reaction is an important class
of reaction that allows the synthesis of six-membered rings with accurate control on the

Ionic Liquids - Current State of the Art10
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stereoselectivities of the products. It is well known that the Diels-Alder reaction can be
accelerated in the presence of a salt and because of their ionic features, ILs have shown good
catalytic properties in this kind of reaction. Considering the environmental pollution provoked
by using conventional organic solvents and catalysts, ILs have proved to be alternative solvents
and catalysts for carrying out this kind of reactions [18].

Erfurt et al. studied the performance of hydrogen-bond-rich ILs obtained from D-Glucose,
where chloroalcohols were used as raw materials and sources of hydroxyl groups for the
synthesis of IL cations; bis(trifluoromethylsulfonyl)imide was used as an anion to catalyze the
reaction between cyclopentadiene and either diethyl maleate or methyl acrylate. The studied
ILs showed high activity even when present in catalytic amounts (4 mol% with respect to
dienophile). An increase in the number of hydroxyl groups present in the IL structure resulted
in higher reaction rates. The IL tends to form a crystal at temperatures in the range of −29 to
−16°C, and is thermally stable from ambient temperature to at least 430°C (Figure 13) [19].

Tamariz and coworkers have studied extensively the synthesis of exo-heterocyclic dienes and
captodative olephines and their applications in Diels-Alder reactions [20-25]. In one of their
works, they studied the effect of several ILs in combination with non-conventional energy
sources (microwaves and ultrasound) on this reaction. (Z)-N-substituted-4-methylene-5-

Figure 12. Papers published on IL-assisted cycloaddition reactions in the last decade.
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propylidene-2-oxazolidinone dienes were prepared by means of a one-step synthesis, starting
from 2,3-hexanedione and isocyanates. Diels-Alder cycloadditions of these dienes were carried
out in the presence of dienophile methyl vinyl ketone, methyl propiolate, and a captodative
olefin, using high polarity solvents, Lewis acid catalysts, and non-conventional energy sources.
The reactions carried out with either H2O/MeOH mixtures or BF3.Et2O catalysts yielded the
highest regio-and stereo-selectivities. The use of ILs, microwaves, and ultrasound did not
significantly increase the selectivity [26].

Vidis et al., also found a low effect of ultrasound and microwave dielectric heating on the
selectivity of Diels-Alder reactions in ILs, but a significant effect on the reaction rate [27].

ILs have also proved to be a powerful reaction medium (or additive) for significant rate
acceleration in the Diels-Alder cycloaddition (Figure 14). In this sense, ILs were used as a
medium in scandium-triflate-catalysed-Diels-Alder reactions, not only for facilitating the
catalyst recovery, but also for accelerating the reaction rate and improving the selectivity [28].

Figure 14. Kinetic studies on the reaction between 1,4-naphthoquinone (1 mmol) and 2,3-dimethylbuta-1,3-diene (3
mmol) in the presence of 0.2 mol% of Sc(OTf)3 at 20 °C in methylene chloride and IL (Reproduced from ref. 28 with
permission from The Royal Society of Chemistry).
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Figure 13. Diels-Alder cycloaddition using hydrogen-bond-rich ILs obtained from D-Glucose and chloroalcohols as
catalysts.
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A relatively new class of IL-analogues has been widely explored in the last years with
extremely wide application prospects. Compared with conventional organic solvents, deep
eutectic solvents (DESs) have more advantages: negligible vapor pressure, non-flammability,
good chemical and thermal stability, non-toxicity, biodegradability, recyclability and low price
among others [29].

The DES concept was first described by Abbott and coworkers [30], which generally refers to
a type of solvent composed of a mixture that forms a eutectic through two cheap and reliable
components, which are capable of associating via links, by hydrogen bonding, to a melting
point much lower than any of the individual components; a DES can be easily formed by
mixing two or more simple components under given operating conditions, manifesting poor
conductivity properties. In general, DESs are cheaper than classical ILs, and also feature some
other properties that make them very attractive: water-chemical inertness, easy storage, easy
preparation (eliminating problems of purification and residue formation), biodegradability
and environmentally biocompatibility.

In most cases, DESs are obtained by mixing a quaternary ammonium salt with metallic salts
or species capable of forming bonds by hydrogen bridges. Figure 15 shows a summary of
various widely used salts with hydrogen bond donors for the formation of DESs [31].
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H
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Figure 15. Typical structures of salts and hydrogen bond donors used for the synthesis of DESs.

DESs have shown a very good performance as solvents and catalysts for many organic
reactions [32], including Diels-Alder cycloaddition. Particularly, Ilgen and König used DES
1, obtained from L-carnitine/urea melt, to carry out the D-A reaction between cyclopentadiene
and n-butylacrylate (Figure 16). The L-carnitine melt shows a very high polarity property to
obtain adducts with an excellent yield of 93% with an endo/exo selectivity of 3.5/1. High yields
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(72-95%) were obtained from D-glucose and lactose melt, respectively [33]. These DESs were
also used for Heck and Sonogashira cross-couplings and Cu-catalyzed reactions. The 1, 3-
dipolar cycloadditions also proceed cleanly in sugar and L-carnitine based melts, but the
applicability of L-carnitine melts for standard organic reactions is limited by their lower
thermal stability [34].
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O

Bu

CO2Bu

CO2Bu+

N

OH

O

O

L-carnitine

NH2

O

H2N

Urea(1)

endo exo

Figure 16. Diels-Alder cycloaddition between cyclopentadiene and n-butylacrylate using L-carnitine/urea melt as DES.

Employed IL Reagents involved in the D-A

reaction

Observations Ref.

Trihexyl-

tetradecylphosphoniu

m

bis(trifluoromethylsulf

onyl)imide.

Cyclopentadiene and

dienophiles from the group of

α,β-unsaturated esters,

aldehydes and ketones.

Several phosphonium-IL-metal chlorides, triflates and bis-

triflimides catalyzed very efficiently this reaction. The

catalyst can be recycled.

[35]

1-(1-butyl)-3-

methylimidazolium

terafluoroborate

([BMIM][BF4])

Cyclopentadiene and

naphthoquinone

The second-order rate constants for cycloaddition reaction

were determined in various compositions of the IL with

water and methanol. Rate reaction constants in pure

solvents are in the order of water > [BMIM]BF4 > methanol.

Reaction rate constant increases with solvophobicity (Sp),

hydrogen-bond donor acidity and hydrogen-bond

acceptor basicity parameters.

[36]

[BMIM][BF4] N-ethylmaleimide and 2,3-

dimethyl-1,3-butadiene

The Diels-Alder reaction was studied in a microemulsion

(IL-H2O/AOT/isooctane). The apparent second-order rate

constants were determined by spectrophotometry.Those in

the IL-microemulsion are five times higher than that in

isooctane, and k 2 in pure IL is at least 10 times higher than

that in isooctane.

AOT: Sodium bis(2-ethylhexyl)sulfosuccinate.

[37]

[BMIM][PF6] Functionalized 2(1H)-

pyrazinones

Significant rate-enhancements for both inter- and

intramolecular hetero-Diels−Alder reactions were

observed for the reaction in IL- doped CH2Cl2, comparing

the standard protocols to the microwave-heated

transformations.

[38]

[BuPy]Cl:AlCl3((mole

fraction) = 0.6

Cyclopentadiene with methyl

acrylate

The acidic chloroaluminate IL can further enhance the

catalytic power of an expensive silyl borate catalyst for

[39]
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Employed IL Reagents involved in the D-A

reaction

Observations Ref.

carrying out Diels−Alder reactions. Less amount of

catalyst in the above ionic liquid is required to obtain

optimum results.

Several pyridinium

based ILs: 1-butyl

pyridinium [BP]+, 1-

hexyl pyridinium

[HP]+, 3-methyl-1-

butyl pyridinium

[3MBP]+, 3-methyl-1-

hexyl pyridinium

[3MHP]+, 3-methyl-1-

octyl pyridinium

[3MOP]+, and 4-

methyl-1-butyl

pyridinium [4MBP]+.

The anions were

tetrafluoroborate

[BF4]− and

bis(triflourosulphoni

mide) [NTf2]−

(E)-1-phenyl-4-[2-(3-methyl-2-

butenyloxy) benzylidene]-5-

pyrazolone

The reaction rates decrease with the increasing viscosity of

the ILs. As evident from the anionic effect, the solute-

solvent specific interactions play a role in governing the

kinetics of the reaction. The lower viscosities of the

bistrifluoromethanesulfonimide [NTf2]– based ILs as

compared to those based on tetrafluoroborate [BF4]- anion

fail to accelerate the reaction rates.

[40]

Pyridinium-based ILs,

1-butyl-pyridinium

tetrafluoroborate, 1-

butyl-3-pyridinium

tetrafluoroborate, and

1-butyl-4-methyl

pyridinium

tetrafluoroborate

Anthracene 9-carbinol and N-

ethyl maleimide

The reaction rates decreased, caused by gradually

increasing the volume fraction of ILs in solvents for all

three ILs. A temperature-dependent study of kinetics of

the D-A reaction was carried out in the binary mixtures of

ILs in water and was explained by the entropy-enthalpy

compensation effect based upon activation parameters.

Kinetics of the D-A reaction in highly aqueous medium

was noted to be entropically driven.

[41]

[EMIM]BF4

[BMIM]BF4

[BDMIM]BF4

Ester-tethered 1,3,9-decatriene The intramolecular D-A reaction of an ester-tethered 1,3,9-

decatriene system was significantly accelerated in the

studied ILs. Under the present conditions, the D-A

reaction proceeded smoothly without the use of Lewis

acid catalysts to give cis-fused bicyclic lactones in good

yield with high diastereoselectivity

[42]

Several chiral ILs

synthesized from

camphorsulfonic acid

and camphene

Acrylic acid and

cyclopentadiene

Chiral ILs were used as solvents in the D-A reaction of

acrylic acid and cyclopentadiene and showed good yields

and diastereoselectivities.

[43]
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Employed IL Reagents involved in the D-A

reaction

Observations Ref.

1-ethyl-3-

methylimidazolium-

(S)-2-

pyrrolidinecarboxylic

acid salt [EMIM][Pro]

A set of cyclic α,β-unsaturated

ketones and arylamines with

formaldehydes

The chiral IL catalyzed the one-pot direct asymmetric aza

D-A reaction in up to 93% yield with up to >99/1 dr and

>99% ee. Moreover, the catalytic system can be recycled

and reused six times without any significant loss of

catalytic activity.

[44]

Triethylammonium

acetate (TEAA)

Heteroarylaldehyde, pyrazolone

with enol ether

A highly efficient, rapid one-pot procedure has been

developed for a three-component domino intermolecular

Knoevenagel-intermolecular hetero-Diels-Alder reaction to

afforded indolyl- and quinolylpyrano[2,3-c] pyrazoles

from corresponding TEAA under microwave irradiation.

The reaction advantageously precedes in highly regio- and

stereoselective ways in combination with the ease of IL

recovering.

[45]

Triethylammonium

acetate (TEAA)

O-allylated acetophenones/

propiophenone with several 5-

pyrazolones

One-pot procedure for the synthesis of some new angular

benzopyrano[3,4-c]pyrano-fused pyrazoles, all of which

incorporate a tertiary ring junction carbon by means of

domino-Knoevenagel-hetero-Diels-Alder reaction

TEAA-mediated one-pot method for the synthesis of a

new family of angularly fused polyheterocycles providing

efficient and improved reaction conditions for unactivated

dienophile propargyl, needing no additional catalyst,

required for allyl- and prenyl-based substrates is another

advantage of this method.

[46]

Table 1. Summary of recent papers studying IL-assisted-D-A reactions.

Another well studied cycloaddition reaction is the one involving the cycloaddition of CO2 with
epoxides [47]. The cycloaddition of CO2 is a very important reaction because it allows CO2

fixation, which is a hot topic in current research. The fixation of CO2 to generate valuable
chemicals such as cyclic carbonates is meaningful. Cyclic carbonates are used as polar aprotic
solvents, electrolytes in lithium secondary batteries, precursors for the formation of polycar‐
bonates, and intermediates in the production of pharmaceuticals and fine chemicals. Accord‐
ing to studies on this reaction mechanism, the cycloaddition between CO2 and epoxides
catalyzed by ILs takes place through a stepwise mechanism and is not properly a pericyclic
reaction [48], however, because of the importance of this reaction, it is briefly discussed here.

In a recent paper, a polymer grafted with an asymmetrical dication, IL-based on imidazolium
and phosphonium ([P-Im-C4H8Ph3P]Br2) was synthesized, and for the first time, it was
evaluated as a catalyst for the synthesis of cyclic carbonates from epoxides and CO2 without
using any co-catalyst and solvent. The catalyst showed higher activity than the monocation
imidazolium and phosphonium ILs. At low catalyst loading (0.38 mol%), high yield (96.8%)
and selectivity (99.5%) of propylene carbonate can be obtained at 130°C and 2.5 MPa in 4 h.
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The author proposed that both the nucleophilic attack of bromine anions and their activation
could explain the good activity of the catalyst. Furthermore, the catalyst showed excellent
stability and reusability. It can be reused for up to five runs without any significant loss of
catalytic activity after simple filtration [49].

Very recently, a new method for the synthesis of main chain poly-imidazolium salts (2) was
developed from bisimidazole and silicon tetrachloride. These types of silicon-based poly-
imidazolium-salt-poly-ILs were found to be the most efficient metal-free heterogeneous
catalysts (TOF=90 h−1) for the fixation of CO2 with epoxides into cyclic carbonates under metal-
and solvent-free conditions (Figure 17) [50].

O

R

+ CO2

OO

O

R

N

N

N

N
Si

OH OH

Si
 


Cl Cl

2

Figure 17. Synthesis of cyclic carbonates under metal-and solvent-free conditions using silicon-based-poly-imidazoli‐
um-salt-poly-ILs as catalysts.

8. IL-assisted electrocyclic reactions

ILs are also a very useful option for the development of electrocyclic reactions. Some examples
of this reaction using ILs will be discussed below.

The use of microwaves as conventional heating source to carry out chemical reactions is very
useful for obtaining high yields of products with short reaction times. In recent years, many
reactions have been reported, where the use of microwaves as a heating source and ILs as
solvents or catalysts for reactions has been combined. Because of their ionic nature, ILs are
heated very quickly when subjected to microwave irradiation. This is an excellent feature to
perform very rapid and efficient reactions that match the “green concept” [51-53].

In 2012, Freneda and Blazquez studied the synthesis of β-carbolines (pyrido[3,4-b]indole) using
the microwave-assisted-tandem-aza-Wittig/electrocyclic-ring-closure methodology in ILs.
This efficient procedure using microwave irradiation in combination with the IL [BMIM][BF4]
used as the solvent was useful for the preparation of aryl/aroyl-1-substituted-9H-pyrido[3,4-
b]indoles (Figure 18).

The pyrido-annulation process involved the simultaneous deprotection of an N-methoxy‐
methyl group using IL/microwave-assisted irradiation with good yields (65–90%) and short
reaction times (15–25 min) as shown in Table 2 [54].

“Green” Pericyclic Reactions Assisted by Ionic Liquids
http://dx.doi.org/10.5772/59179

17



R-CHO R-COCH(OH)2 Time (min) Yield (%)

4-MeOC6H4 15 79

4-ClC6H4 20 70

C6H5 20 73

C6H5-(CH2)2 20 65

C6H5 15 88

4-MeOC6H4 15 90

N-MOM-indol-3-yl 25 76

a (R-CHO/ R-COCH(OH)2): 1:1, MW, power: 1 W, T: 200°C.

Table 2. Time and yields of β-carboline synthesis using microwave-assisted-tandem-aza-Wittig/electrocyclic-ring-
closure methodology in [BMIM][BF4].a

9. IL-assisted sigmatropic rearrangements

Another useful application of ILs in organic syntheses is as soluble supports to immobilize
certain organic substrates. The high polarity and ionic character of IL supports have proved
to exert synergistic effects and reaction rate enhancements.

Dihydropyrimidine and benzimidazole derivatives are key structural elements in many
biologically active natural products and pharmaceutical compounds. Some of them constitute
key intermediates which have widespread applications in drug research. Recently, an efficient
IL-supported synthesis of novel benzimidazole-fused-dihydropyrimidine derivatives cata‐
lyzed by Lewis bases was published.

3-Hydroxyethyl-1-methylimidazolium tetrafluoroborate, as an ionic soluble IL support, was
employed for immobilizing 2-amino benzo[d]imidazole. Twenty primary amines and alde‐
hydes were evaluated in this parallel protocol, furnishing the products with high purity and
yields (72-98%) (Figure 19).

N

O

N=PPh3

CO2Et

N
H

N

X

CO2Et

R-CHO or

R-COCH(OH)2

X = R
X = COR

Figure 18. Synthesis of β-carbolines (pyrido[3,4-b]indole) using the microwave-assisted tandem-aza-Wittig/electrocy‐
clic-ring-closure methodology in ILs.
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Figure 19. One-pot parallel synthesis of [1,5]-sigmatropic rearrangement involving immobilized 2-amino benzo[d]imi‐
dazole.

The novel multicomponent reaction between IL-anchored, 2-aminobenzoimidazoles, alde‐
hydes, and electron-deficient dienophiles, described below, involve a [1,5]-sigmatropic
rearrangement, which was compatible with a wide range of substrates to furnish the new
scaffolds. The use of the IL as a soluble support facilitates purification by simple precipitation
along with advantages such as high loading capacity, homogeneous reaction conditions and
monitoring of the reaction progress by conventional NMR spectroscopy [55].

In 2011, an example of [2,3]-sigmatropic rearrangement was published, showing the cyclo‐
propanation of 5-(allyloxymethyl)-and 5-(methallyloxymethyl)-5-ethyl-1,3-dioxanes with
methyl diazoacetate catalyzed by Rh2OAc4 or Cu(OTf)2 in the presence of [BMIM]Cl,
[BMIM]BF4 and [BMIM]PF6, which proceeded regioselectively at the C=C bond and led to the
formation of the corresponding cyclopropane-containing 1,3-dioxanes in yields up to 62% [56].

In another example of [2,3]-sigmatropic rearrangement, an efficient enantioselective approach
towards the construction of quaternary indolizidines from proline building block co-catalyzed
by the IL 1-butyl-3-methylimidazolium hexafluorophosphate was shown. In this work, the
author explored N →  C chirality transfer under [2,3]-shift of a proline derivative ammonium,
yielding stereogenic at nitrogen. The rearrangement was stereospecific because the [2,3]-
migrations were restricted to the same face, and the stereoselectivity arose from the previous
N-alkylation step. A mechanism was proposed in which the use of an IL showed an improve‐
ment in the yields of the Stevens rearrangement due to a possible stabilization and/or activation
of zwiterionic species in solution by the IL (Figure 20) [57].

Another type of sigmatropic rearrangement explored with the assistance of an IL is the [3,3]-
sigmatropic rearrangement involved in the Fisher indole synthesis.

Widespread occurrence of indoles in natural products and biologically active compounds has
led to a continued interest in the practical synthesis of the indole nucleus. Despite the diverse
and creative approaches that have been developed so far, the classical Fischer indole synthetic
methodology, which involves hydrazone formation and subsequent [3,3]-sigmatropic rear‐
rangement remains the benchmark method.
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Calderon-Morales et al. carried out the one-pot conversion of phenylhydrazine and ketone to
the indole. The Fischer indole synthesis with one equivalent of the IL Choline chloride
2ZnCl2 (ChCl2⋅ZnCl2) with direct product isolation by vacuum sublimation was used. Since
an IL has very low vapor pressure, then the vapor pressure of the solution of the indole product
in the IL would be expected to be about the same as the vapor pressure of the indole itself.
Following this procedure, ten indole derivatives were obtained in high yield with one
equivalent of ChCl2⋅ZnCl2; exclusive formation of 2,3-disubstituted indoles is observed in the
reaction of alkyl methyl ketones, and the products readily sublime directly from the IL. For
example, in the case of 2-phenylindole, a 91% yield of product could be obtained by direct
vacuum sublimation of the IL reaction mixture, while for 2,3-dimethylindole, a 56% yield was
obtained, using this method. In unsymmetrical cases, regiospecific formation of a single
product arising from the formation of the most substituted enamine intermediate is observed
(Figure 21) [58].
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Figure 21. Fischer indole synthesis using ChCl 2ZnCl2.

The Fischer indole synthesis of different ketones using chloroaluminate IL as a solvent as well
as a catalyst has been also described [59].

10. IL-assisted group transfer reactions

The ene reaction has been one of the most explored group transfer reactions using Ils. Gore et
al., reported, in 2013, a tandem ionic liquid asymmetric catalysis study: carbonyl-ene reactions
with trifluoropyruvate with five alkenes catalysed by [Pd{(R)-BINAP}](SbF6)2 were carried out.
The synthesized and evaluated ILs showed low antimicrobial toxicity. Excellent yields and
enantioselectivities (up to 96% yield and 94% ee) were obtained using IL (X) as a solvent. These
results were either superior or comparable to those associated with conventional volatile

N CO2Me
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+

Bu

PF6

Ph
CO2Me
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Ph
Ph
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Figure 20. Proposed mechanism for IL stabilization of zwiterionic species in the Stevens [2,3]-sigmatropic rearrange‐
ment.
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solvents (e.g. CH2Cl2). Substrate scope studies revealed identical enantioselectivity when using
methylenecyclopentane in either IL 4 or CH2Cl2. Furthermore, the IL 4 immobilized catalyst
[Pd{(R)-BINAP}](SbF6)2 reaction medium was recycled and reused up to 7 times without losing
activity (Figure 22) [60].

F3C
O

O

O
+

O
HO CF3

O
(R)-BINAP-Pd(SbF6)2
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NN O

O
NTf2 (X)

Figure 22. Enantioselective carbonyl-ene reaction using the IL (X) as solvent.

In 2012, Kim et al. reported an optimal hydrophobic IL as a solvent for highly enantioselective-
glyoxylate-ene reactions catalyzed by a chiral bis(oxazoline)-copper complex. [BMIM] with
BF4, PF6, OTf and SbF2 were evaluated as solvents. The reactivity and stereoselectivity were
highly dependent upon the properties of the IL, being the last one the best IL according to the
yield (93%) and selectivity (94% e/e). Reactions between olefins and ethyl glyoxylate in
[BMIM]SbF6 at ambient temperature provided remarkably enhanced reactivity and stereose‐
lectivity, which greatly exceed those of the corresponding reactions in dichloromethane.
Furthermore, the metal-ligand complex was readily recycled up to eight times, while exhibit‐
ing no significant decrease in reaction efficiency (Figure 23) [61].
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Figure 23. Catalytic enantioselective ene reaction of α-methyl styrene and ethyl glyocylate with the cupper complex as
catalyst and IL as solvent.

Very recently, the synthesis of ILs using the ene pericyclic reaction was also described. In
this  interesting  work,  a  series  of  new lipid-inspired  ILs  was  synthesized through thiol-
ene "click" reaction with a single-step process. This synthesis offers considerable promise
as an efficient and orthogonal method to construct structurally diverse imidazolium-type
ILs with linear and branched cationic tails,  as well as versatility in the placement of the
sulfur  heteroatom. Profound solvent  effect  on this  ene-reaction regioselectivity  has  been
observed (Figure 24) [62].
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Figure 24. Synthesis of lipid-inspired ILs through thiol-ene "click" reaction as a single-step process.

11. Conclusions

As seen through this chapter, ionic liquids offer a great potential for the development of
pericyclic reactions. Ionic liquids have shown to be powerful as catalysts, cocatalysts, solvents
and additives in these reactions and in most cases, highly improved results regarding the yields
and reaction rates have been observed and in the case of chiral reactions, excellent enantiomeric
excesses have also been found. So far, in the case of cycloaddition reactions and particularly
for the Diels-Alder reaction the results are very abundant, however, these are still scarce for
the rest of pericyclic reactions. Both the results obtained so far and research trends are aimed
at developing new methods featuring high efficiency and more environmental suitability with
the use of ILs.

Author details

Rafael Martínez-Palou1, Octavio Olivares-Xometl2, Natalya V. Likhanova1 and
Irina Lijanova3

1 Dirección de Investigación y Posgrado. Instituto Mexicano del Petróleo. México D.F., México

2 Benemérita Universidad Autónoma de Puebla, Facultad de Ingeniería Química, Col. San
Manuel, Ciudad Universitaria. Puebla Puebla, México

3 Instituto Politécnico Nacional, CIITEC, Cerrada Cecati S/N, Colonia Santa Catarina, Azca‐
potzalco, México D.F., México

Ionic Liquids - Current State of the Art22



NTf2

NN + R
SH

h
MeOH

h
MeOH/CH2Cl2Markovnikov

product
anti-Markovnikov

product

n

NTf2

NN
Sn R

NTf2

NN
n S

R

n = 1, 3, 5, 6
R = C7, C8, C10, C12

Figure 24. Synthesis of lipid-inspired ILs through thiol-ene "click" reaction as a single-step process.

11. Conclusions

As seen through this chapter, ionic liquids offer a great potential for the development of
pericyclic reactions. Ionic liquids have shown to be powerful as catalysts, cocatalysts, solvents
and additives in these reactions and in most cases, highly improved results regarding the yields
and reaction rates have been observed and in the case of chiral reactions, excellent enantiomeric
excesses have also been found. So far, in the case of cycloaddition reactions and particularly
for the Diels-Alder reaction the results are very abundant, however, these are still scarce for
the rest of pericyclic reactions. Both the results obtained so far and research trends are aimed
at developing new methods featuring high efficiency and more environmental suitability with
the use of ILs.

Author details

Rafael Martínez-Palou1, Octavio Olivares-Xometl2, Natalya V. Likhanova1 and
Irina Lijanova3

1 Dirección de Investigación y Posgrado. Instituto Mexicano del Petróleo. México D.F., México

2 Benemérita Universidad Autónoma de Puebla, Facultad de Ingeniería Química, Col. San
Manuel, Ciudad Universitaria. Puebla Puebla, México

3 Instituto Politécnico Nacional, CIITEC, Cerrada Cecati S/N, Colonia Santa Catarina, Azca‐
potzalco, México D.F., México

Ionic Liquids - Current State of the Art22

References

[1] Visser AE, Bridges NJ, Rogers RD. Ionic liquids: Science and Applications. ACS Sym‐
posium Serie. 2013.

[2] Rogers RD, Seddon KR (Eds.). Ionic Liquids: Industrial Applications for Green
Chemistry. ACS, Boston, 2002.

[3] Martínez-Palou R, Luque R. Applications of Ionic liquids for Removing Pollutants
from Refinery Feedstocks: A review. Environm. Energy Sci. 2014;7(8) 2414-2447.

[4] Martínez-Palou R, Likhanova NV, Olivares-Xomelt O, Environmental Friendly Cor‐
rosion Inhibitors, In: Developments in Corrosion Protection, Ch. 19, Rijeka, Intech,
Croatia, 2014, 431-446.

[5] Fleming I. Pericyclic reactions. Oxford: Oxford Chemical Primers 67; 1998.

[6] Woodward RB, Hoffmann R. Stereochemistry of Electrocyclic Reactions. J. Am.
Chem. Soc. 1965;87(2) 395-397.

[7] Methods and Applications of Cycloaddition Reactions in Organic Syntheses. Nishi‐
wali N (Ed.). Wiley, New Jersey, US, 2014.

[8] Diels O, Alder K. Synthesen in der hydroaromatischen Reihe. Justus Liebig Ann.
Chem. 1928;460 98–122.

[9] Weinreb SM. Heterodienophile addition to dienes. In: Comprehensive Organic Syn‐
thesis, Trost BM, Fleming I (Eds.), vol. 4, 1991, 401-449.

[10] Boger DL. Heterodiene addition. In: Comprehensive Organic Synthesis, Trost BM,
Fleming I (Eds.), vol. 4, 1991, 451-512.

[11] Sankararaman S. Pericyclic reactions-A text book. Reactions, applications and theory.
Willey-VCH, 2005.

[12] Woodward RB, Hoffmann R. The Conservation of Orbital Symmetry. Verlag Chemie
Academic Press. 2004.

[13] Miller, Bernard. Advanced Organic Chemistry. 2nd Ed. Upper Saddle River: Pearson
Prentice Hall. 2004.

[14] Mikami, K.; Shimizu, M. (1992). Asymmetric ene reactions in organic synthesis.
Chem. Rev. 1992; 92(5) 1021-1050.

[15] Corey EJ, Weinshenker NM, Schaaf TK, Huber W. Stereo-controlled synthesis of
prostaglandins F-2a and E-2 (dl). J. Am. Chem. Soc. 1969;91(20) 5675–5677.

[16] Nicolaou, K.C. and Sorensen, Erik J. Classics in Total Synthesis: Targets, Strategies,
Methods, Wiley VCH: New York, 1996.

[17] Web site: http://www.engineeringvillage.com

“Green” Pericyclic Reactions Assisted by Ionic Liquids
http://dx.doi.org/10.5772/59179

23



[18] Kumar A, Deshpande SS, Pawar SS. Diels-Alder reactions in ionic media: Rate en‐
hancement with green Chemistry. National Academy Science Letter-India
2003;26(9-10) 232-250.

[19] Erfurt K, Wandzik I, Walczak K, Matuszek K, Chrobok A. Hydrogen-bond-rich ionic
liquids as effective organocatalysts for Diels-Alder reaction. Green Chem. 2014;16(7)
3508-3514.

[20] Mandal AB, Gómez A, Jiménez-Váquez HA, Martínez-Palou R, Delgado F, Tamariz
J. One Step Synthesis and Highly Regio-and Stereoselective Diels-Alder Cycloaddi‐
tions of Novel exo-2-Oxazolidinone Dienes. J Org Chem. 1997,62(12), 4105-4115.

[21] Martínez-Palou R, Jiménez-Vázquez HA, Tamariz J. Regioselective Synthesis de N-
Substituted 4-Methylene-2-oxazolidinones and 4-oxazolin-2-ones. Study of Reactivity
in Michael Conjugative Addition. Tetrahedron 2000;56 3857-3866.

[22] Martínez-Palou, R.; Delgado, F.; Jiménez-Vázquez, H. A.; Tamariz, J. Stereoselective
Synthesis of 4,5-Diethylidene-2-oxazolidinones as New Dienes in Diels-Alder Reac‐
tions. Helvetica Chim. Acta 2002;85 464-482.

[23] Martínez-Palou R, Jiménez-Vázquez HA, Delgado F, Tamariz J. Synthesis and highly
selective Diels-Alder cycloadditions of the new dienes N-substituted 2,3,5,6-tetrahy‐
drobenzoxazol-2-ones. Tetrahedron 2003;59 481-492.

[24] Benavides A., Martínez-Palou, R., Jiménez-Vázquez, H. A., Tamaríz, J. Synthesis and
Cycloaddition Reaction of New Captodative Olefins N-Substituted 5-Alkilidene-1,3-
Oxazolidine-2,4-Diones. Heterocycles 2001;55 469-485.

[25] Santoyo BM, González-Romero C, Merino O, Martínez-Palou R, Fuentes-Benites A,
Jiménez-Vázquez HA, Delgado F, Tamariz J. A Single-Step Synthesis of 4-Oxazo‐
lin-2-ones and Their Use in the Construction of Polycyclic Structures Bearing Quater‐
nary Stereocenters. Eur. J. Org. Chem. 2009;15 2505-2518.

[26] Fuentes A, Martínez-Palou R, Jiménez-Vázquez HA, Delgado F, Reyes A, Tamariz J.
Diels-Alder Cycloadditions of New 2-Oxazolidinone Dienes under Polar Solvents,
Catalysis, and non-Conventional Energy Sources. Monatsh Chem. 2005;46 1119-1122.

[27] Vidis A, Küsters E, ottfried S, Dyson PJ. Effect of lewis acids on the Diels-Alder reac‐
tion in ionic liquids with different activation modes. J. Phys. Org. Chem. 2008;21(4)
264-270.

[28] Song CE, Shim WH, Roh EJ, Lee SG, Choi JH. ILs as powerful media in scandium
triflate catalysed Diels-Alder reactions: significant rate acceleration, selectivity im‐
provement and easy recycling of catalyst. Chem Commun. 2001; 1122-1123.

[29] Paiva A, Craveiro R, Aroso I, Martins M, Reis RL, Duarte ARC. Natural deep eutectic
solvents-Solvents for 21st century. ACS Sustain Chem Eng. 2014;2(5) 1063-1071.

Ionic Liquids - Current State of the Art24



[18] Kumar A, Deshpande SS, Pawar SS. Diels-Alder reactions in ionic media: Rate en‐
hancement with green Chemistry. National Academy Science Letter-India
2003;26(9-10) 232-250.

[19] Erfurt K, Wandzik I, Walczak K, Matuszek K, Chrobok A. Hydrogen-bond-rich ionic
liquids as effective organocatalysts for Diels-Alder reaction. Green Chem. 2014;16(7)
3508-3514.

[20] Mandal AB, Gómez A, Jiménez-Váquez HA, Martínez-Palou R, Delgado F, Tamariz
J. One Step Synthesis and Highly Regio-and Stereoselective Diels-Alder Cycloaddi‐
tions of Novel exo-2-Oxazolidinone Dienes. J Org Chem. 1997,62(12), 4105-4115.

[21] Martínez-Palou R, Jiménez-Vázquez HA, Tamariz J. Regioselective Synthesis de N-
Substituted 4-Methylene-2-oxazolidinones and 4-oxazolin-2-ones. Study of Reactivity
in Michael Conjugative Addition. Tetrahedron 2000;56 3857-3866.

[22] Martínez-Palou, R.; Delgado, F.; Jiménez-Vázquez, H. A.; Tamariz, J. Stereoselective
Synthesis of 4,5-Diethylidene-2-oxazolidinones as New Dienes in Diels-Alder Reac‐
tions. Helvetica Chim. Acta 2002;85 464-482.

[23] Martínez-Palou R, Jiménez-Vázquez HA, Delgado F, Tamariz J. Synthesis and highly
selective Diels-Alder cycloadditions of the new dienes N-substituted 2,3,5,6-tetrahy‐
drobenzoxazol-2-ones. Tetrahedron 2003;59 481-492.

[24] Benavides A., Martínez-Palou, R., Jiménez-Vázquez, H. A., Tamaríz, J. Synthesis and
Cycloaddition Reaction of New Captodative Olefins N-Substituted 5-Alkilidene-1,3-
Oxazolidine-2,4-Diones. Heterocycles 2001;55 469-485.

[25] Santoyo BM, González-Romero C, Merino O, Martínez-Palou R, Fuentes-Benites A,
Jiménez-Vázquez HA, Delgado F, Tamariz J. A Single-Step Synthesis of 4-Oxazo‐
lin-2-ones and Their Use in the Construction of Polycyclic Structures Bearing Quater‐
nary Stereocenters. Eur. J. Org. Chem. 2009;15 2505-2518.

[26] Fuentes A, Martínez-Palou R, Jiménez-Vázquez HA, Delgado F, Reyes A, Tamariz J.
Diels-Alder Cycloadditions of New 2-Oxazolidinone Dienes under Polar Solvents,
Catalysis, and non-Conventional Energy Sources. Monatsh Chem. 2005;46 1119-1122.

[27] Vidis A, Küsters E, ottfried S, Dyson PJ. Effect of lewis acids on the Diels-Alder reac‐
tion in ionic liquids with different activation modes. J. Phys. Org. Chem. 2008;21(4)
264-270.

[28] Song CE, Shim WH, Roh EJ, Lee SG, Choi JH. ILs as powerful media in scandium
triflate catalysed Diels-Alder reactions: significant rate acceleration, selectivity im‐
provement and easy recycling of catalyst. Chem Commun. 2001; 1122-1123.

[29] Paiva A, Craveiro R, Aroso I, Martins M, Reis RL, Duarte ARC. Natural deep eutectic
solvents-Solvents for 21st century. ACS Sustain Chem Eng. 2014;2(5) 1063-1071.

Ionic Liquids - Current State of the Art24

[30] Abbott AP, Capper G, Davies DL, Rasheed RK, Tambyrajak V. Novel solvent proper‐
ties of choline chloride/urea mixtures Chem. Commun. 2003, 70-71.

[31] Zhang Q.; Vigier Karine O.; Royer S.; Jerome F. Deep eutectic solvents: syntheses,
properties and applications. Chem. Soc. Rev. 2012;41 7108-7146.

[32] Wang AL, Zheng XL, Zhao ZZ, Li CP, Zheng XF. Deep eutectic solvent to organic
synthesis. Prog. Chem. 2014;26(5) 784-795.

[33] Iilgen F, König B. Organic reactions in low melting mixtures based on carbohydrates
and L-canitine-A comparison. Green Chem. 2009;11(6) 848-854.

[34] Imperato G, Eibler E, Niedermaier G, König B. Low-melting sugar–urea–salt mix‐
tures as solvents for Diels–Alder reactions. Chem. Commun. 2005; 1170-1172.

[35] Janus E, Stefaniak W. The Diels-Alder reaction in phosphonium ionic liquid cata‐
lysed by metal chlorides, triflates and triflimides. Catal. Lett. 2008;124(1) 105-110.

[36] Harif-Mood AR, Habibi-Yangjeh A, Gholami MR. Kinetics study of a Diels-Alder re‐
action in mixtures of an ionic liquid with molecular solvents. J. Phys. Org. Chem.
2008;21(9) 783-788.

[37] Lü H, An X, Yu J, Song X. Diels-Alder reaction in microemulsions with ionic liquid.
Journal of Physical Organic Chemistry 2012;25(12) 1210-1216.

[38] Van der Eycken E, Appukkuttan P, De Borggraeve W, Dehaen W, Dallinger D,
Kappe CO. High-speed microwave-promoted hetero-Diels-Alder reactions of 2(1H)-
pyrazinones in ionic liquid doped solvents. J. Org. Chem. 2002;67(22) 7904-7907.

[39] Kumar A, Pawar SS. IL as powerful solvent media for improving catalytic perform‐
ance of silyl borate catalyst to promote Diels-Alder reactions. J. Org. Chem.
2007;72(21) 8111-8114.

[40] Tiwari S, Khupse N, Kumar A. Intramolecular Diels−Alder Reaction in Ionic Liquids:
Effect of Ion-Specific Solvent Friction. J. Org. Chem. 2008;73(22) 9075-9083.

[41] Khupse, ND, Kumar A. The cosolvent-directed Diels-Alder reaction in ionic liquids.
J. Phys. Chem. 2011;115(36) 10211-10217.

[42] Yanai H, Ogura H, Taquchi H. Remarkable rate acceleration of intramolecular Diels-
Alder reaction in ionic liquids. Org. Biomol. Chem. 2009;7(18) 3657-3659.

[43] Bica K, Gmeiner G, Reichel C, Lendl B, Gaertner P. Microwave-assisted synthesis of
camphor-derived chiral imidazolium ionic liquids and their application in diastereo‐
selective Diels-Alder reaction. Synthesis 2007(9) 1333-1338.

[44] Zheng, Xin Qian Y, Wang Y. Direct asymmetric aza Diels-Alder reaction catalyzed by
chiral 2-pyrrolidinecarboxylic acid ionic liquid. Catal. Commun. 2010;11(6) 567-570.

“Green” Pericyclic Reactions Assisted by Ionic Liquids
http://dx.doi.org/10.5772/59179

25



[45] Parmar NJ, Barad HA, Pansuriya BR, Talpada NP. A highly efficient, rapid one-pot
synthesis of some new heteroaryl pyrano[2,3-c]pyrazoles in ionic liquid under micro‐
wave-irradiation. RSC Advances, 2013; 21(3) 8064-8070.

[46] Parmar NJ, Pansuriya BR, Barad HA, Parmar NJ, Kant R, Gupta VK. Triethylammo‐
nium acetate-mediated domino-Knoevenagel-hetero-Diels-Alder reaction: synthesis
of some angular polyheterocycles. Monatsh. Chem. 2013;144(6) 865-878.

[47] He Q, O’Brien JW, Kitselman KA, Tompkins LE, Curtis GTC, Kerton FM. Synthesis
of cyclic carbonates from CO2 and epoxides using ionic liquids and related catalysts
including choline chloride-metal halide mixtures. Catal. Sic. Technol. 2014;4(6)
1513-1528.

[48] Anthofer MH, Wilhelm ME, Cokoja M, Markovits II, Pöthig, Mink J, Hrrmann WA,
Kühn FE. Cycloaddition of CO2 and epoxides catalyzed by imidazolium bromides
under mild conditions: influence of the cation on catalyst activity. Catal. Sci. Technol.
2014;4 1749-1758.

[49] Wei-Li D, Bi J, Shen-Lian L, Xu-Biao, L, Xin-Man T, Chak-Tong A. Polymer grafted
with asymmetrical dication ionic liquid as efficient and reusable catalyst for the syn‐
thesis of cyclic carbonates from CO2 and epoxides. Catal. Today 2014;233 92-99.

[50] Wang J, Leong J, Zhang Y. Efficient fixation of CO2 into cyclic carbonates catalysed
by silicon-based main chain poly-imidazolium salts. Green Chem. In press.

[51] Martínez-Palou R. Ionic liquids and Microwave-assisted Organic Synthesis. A
“Green” and Synergic Couple. J. Mex. Chem. Soc. 2007;51(4) 252-264.

[52] Martínez-Palou R. Microwave-assisted synthesis using ionic liquids. Mol. Div.
2010;14(1) 3-25.

[53] Martínez-Palou R. Ionic liquids and Microwave: An Efficient Couple for Green
Chemistry. In: An Introduction to Green Chemical Methods. Luque R, Colmenares
JC (Eds.) Future Science Ltd, London, UK, 2013, p. 85-98.

[54] Fresneda PM, Blazquez JA. Synthesis of beta-carbolines using microwave-assisted
aza-Wittig methodology in ionic liquids. Tetrahedron Lett. 2012;53(21) 2618-2621.

[55] Chen CH, Chen CY, Lin PT, Sun CM. Novel ionic liquid supported-multicomponent
reaction toward chimeric bis-heterocycles. Mol. Div. 2012;16(3) 503-512.

[56] Ivanova LN, Lobov AN, Fatykhov AA, Sultanova RM, Zlotskii SS, Dokichev VA. Cy‐
clopropanation of 5-(allyloxymethyl)-and 5-(methallyloxymethyl)-5-ethyl-1,3-diox‐
anes with methyl diazoacetate. Russian J. Org. Chem. 2011;47(11) 1755-1760.

[57] Duran-Lara EF, Shankaraiah N, Geraldo D, Santos LS. Studies towards the Construc‐
tion of Quaternary Indolizidines. J. Braz. Chem. Soc. 2009;20(5) 813-819.

Ionic Liquids - Current State of the Art26



[45] Parmar NJ, Barad HA, Pansuriya BR, Talpada NP. A highly efficient, rapid one-pot
synthesis of some new heteroaryl pyrano[2,3-c]pyrazoles in ionic liquid under micro‐
wave-irradiation. RSC Advances, 2013; 21(3) 8064-8070.

[46] Parmar NJ, Pansuriya BR, Barad HA, Parmar NJ, Kant R, Gupta VK. Triethylammo‐
nium acetate-mediated domino-Knoevenagel-hetero-Diels-Alder reaction: synthesis
of some angular polyheterocycles. Monatsh. Chem. 2013;144(6) 865-878.

[47] He Q, O’Brien JW, Kitselman KA, Tompkins LE, Curtis GTC, Kerton FM. Synthesis
of cyclic carbonates from CO2 and epoxides using ionic liquids and related catalysts
including choline chloride-metal halide mixtures. Catal. Sic. Technol. 2014;4(6)
1513-1528.

[48] Anthofer MH, Wilhelm ME, Cokoja M, Markovits II, Pöthig, Mink J, Hrrmann WA,
Kühn FE. Cycloaddition of CO2 and epoxides catalyzed by imidazolium bromides
under mild conditions: influence of the cation on catalyst activity. Catal. Sci. Technol.
2014;4 1749-1758.

[49] Wei-Li D, Bi J, Shen-Lian L, Xu-Biao, L, Xin-Man T, Chak-Tong A. Polymer grafted
with asymmetrical dication ionic liquid as efficient and reusable catalyst for the syn‐
thesis of cyclic carbonates from CO2 and epoxides. Catal. Today 2014;233 92-99.

[50] Wang J, Leong J, Zhang Y. Efficient fixation of CO2 into cyclic carbonates catalysed
by silicon-based main chain poly-imidazolium salts. Green Chem. In press.

[51] Martínez-Palou R. Ionic liquids and Microwave-assisted Organic Synthesis. A
“Green” and Synergic Couple. J. Mex. Chem. Soc. 2007;51(4) 252-264.

[52] Martínez-Palou R. Microwave-assisted synthesis using ionic liquids. Mol. Div.
2010;14(1) 3-25.

[53] Martínez-Palou R. Ionic liquids and Microwave: An Efficient Couple for Green
Chemistry. In: An Introduction to Green Chemical Methods. Luque R, Colmenares
JC (Eds.) Future Science Ltd, London, UK, 2013, p. 85-98.

[54] Fresneda PM, Blazquez JA. Synthesis of beta-carbolines using microwave-assisted
aza-Wittig methodology in ionic liquids. Tetrahedron Lett. 2012;53(21) 2618-2621.

[55] Chen CH, Chen CY, Lin PT, Sun CM. Novel ionic liquid supported-multicomponent
reaction toward chimeric bis-heterocycles. Mol. Div. 2012;16(3) 503-512.

[56] Ivanova LN, Lobov AN, Fatykhov AA, Sultanova RM, Zlotskii SS, Dokichev VA. Cy‐
clopropanation of 5-(allyloxymethyl)-and 5-(methallyloxymethyl)-5-ethyl-1,3-diox‐
anes with methyl diazoacetate. Russian J. Org. Chem. 2011;47(11) 1755-1760.

[57] Duran-Lara EF, Shankaraiah N, Geraldo D, Santos LS. Studies towards the Construc‐
tion of Quaternary Indolizidines. J. Braz. Chem. Soc. 2009;20(5) 813-819.

Ionic Liquids - Current State of the Art26

[58] Calderon-Morales R, Tambyrajah V, Jenkins PR, Davies DL, Abbott AP. The regio‐
specific Fischer indole reaction in choline chloride 2ZnCl2 with product isolation by
direct sublimation from the ionic liquid. Chem. Commun. 2014; 158-159.

[59] Rebeiro GL, Khadilkar BM. Choloraluminate ionic liquids for Fischer indole synthe‐
sis. Synthesis 2001;(3) 370-372.

[60] Gore RG, Truong TKT, Pour M, Myles L, Connon SJ, Gathergood N. Tandem ionic
liquid antimicrobial toxicity and asymmetric catalysis study: carbonyl-ene reactions
with trifluoropyruvate. Green Chem. 2013;15(10) 2727-2739.

[61] Kim M, Jeong HS, Yeom CE, Kim BM. Enhanced reactivity and enantioselectivity in
catalytic glyoxylate-ene reactions using chiral bis(oxazoline)-copper complex in an
ionic liquid. Tetrah. Assym. 2012;23(13) 1019-1022.

[62] Mirjafari A, O’Brien RA, West KN, Davis JH. Synthesis of New Lipid-Inspired ionic
Liquids by Thiol-ene Chemistry: Profound Solvent Effect on Reaction Pathway.
Chem. Eur. J. 2014;20(25) 7576-7580.

“Green” Pericyclic Reactions Assisted by Ionic Liquids
http://dx.doi.org/10.5772/59179

27





Chapter 2

Heck Coupling in Ionic Liquids

Ahmed Al Otaibi, Christopher P. Gordon and
Adam McCluskey

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59089

1. Introduction

Synthetic and medicinal chemistry intersect at the production of compounds. However there
are  stark  contracts  in  approach  with  synthetic  chemistry  typically  producing  complex
molecules and developing synthetic  approaches.  In medicinal  chemistry,  the focus is  on
compound access to facilitate compound screening and structure activity data acquisition to
enable the synthesis of more active compounds. Medicinal chemistry relies on a small range
of highly robust and reliable reactions to gain access to a wide array of potentially bioofi‐
cal reactions.[1, 2]

This reliance on rebust chemistries has been significantly enhanced through the development
of efficient C-C coupling protocols, in particular the coupling of aryl halides with α,β-
unsaturated building block. The power of these new coupling technologies has been reflected
in the recent Nobel prizes in this area to Heck,[3] Suzuki,[4] Grubb and their co-workers.[5]

While the development of new methodologies is of paramount importance across all areas of
synthetic chemistry, simple developments and increased understanding of reaction conditions
and reaction media often enhance these new methodologies. In this latter regard the growth
of knowledge in and around room temperature ionic liquids and and their ability to moderate
reaction outcomes through their tuneable nature and ability to act as solvents for a wide range
of chemical compounds has proved, arguably, equally important. Importantly, the combina‐
tion of developments in C-C coupling technology and RTILs has allowed enhancement in the
overall process efficiency. That is, these processes are becoming more environmentally
sustainable.

Our group’s primary focus requires rapid access to focused compound libraries of bioactive
molecules spanning multiple potential therapeutic targets: the inhibition of dynamin GTPase,
protein phosphatases 1A and 2A and the development of anti-cancer lead compounds.[6-12]

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Where possible we are keen to apply green chemistry principles around reagent, solvent and
synthetic pathway choice.[13-16] Within our own research efforts we have routinely tolerated
low yields and difficult purifications to gain access to the desired compounds.[17, 18] We have
thus invested considerable resources in the examination, and application, of RTILs and other
emerging technologies to the synthesis of bioactive focused compound libraries.[19-23] A
current program focus within our team is the development of robust flow and microwave
approaches to Pd-mediated C-C coulpling reactions, especially the Heck-Mizoroki (Heck
reaction).

1.1. The Heck–Mizoroki reaction (the Heck reaction)

The cross-coupling of organic halides with alkenes in the presence of catalytic quantities of
Pd(0) and a base was first reported by Mizoroki and Heck in 1971.[24, 25] Over the next four
decades this has become known as “the Heck reaction” and has been the subject of a number
of synthetic and mechanistic studies. It is now generally accepted that there are four key
requirements / conditions to a successful Heck coupling reaction: 1) Solvent: The Heck reaction
generally requires a polar solvent such as dimethyl formamide (DMF) and dimethyl sulfoxide
(DMSO); 2) Base: The Heck reaction bases are usually selected from Et3N, NaOAc or aqueous
Na2CO3 or NaHCO3;[26] 3) Catalyst: The Heck reaction uses 1-5 mol% catalytic palladium (0)
or palladium (II) complexes. Most commonly in the form of Pd(0)-phosphine complexes such
as tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] or dibenzylidene-acetone complexes
of Pd(0) such as Pd2(dba)3(dba).[27] Simple palladium salts such as PdCl2 or Pd(OAc)2 in the
absence of stabilizing phosphine ligands have also been widely used.[28]-[30] 4) Halide: The
reactivity of the halide precursor effects the time and temperature required to effect the desired
coupling reaction (Figure 1).also been widely used.[28]-[30] 4) Halide: The reactivity of the halide precursor effects the time and temperature required to 

effect the desired coupling reaction (Figure 1). 

 

Figure 1. General reaction scheme of a Heck cross coupling between an aryl and an olefin indicating the four key variables: base, 
solvent, catalyst and temperature. 

2. Heck reaction in Room Temperature Ionic Liquids (RTILs) 

The emergence of room temperature ionic liquids (RTILs) has allowed the investigation of the Heck reaction in a wide 
range of novel and tuneable solvents systems. 

 

Figure 2. Selected examples of ionic liquids and Pd-catalysts used in the Heck reaction. 

These novel solvents cover a wide range of structural moiefs from the now well established methylimidazolium and 
pyridinium salts through ammonium and phosphonium based systems. RTILs now comprise a wide arry of sub classes 
including protic (PILs), basic (BILs), chiral (CILs), solid supported (SLIPs) and functionalised (FIL).[31],[32] Key examples of 
these systems are shown in Figure 2. The custom design nature of these RTILs modifies their ability to solubulise 
materials and affects the outcome of a wide range of chemical transformations. Herein our focus is the Heck reaction. In 
addition to the variable nature of the RTIL, a number of novel Pd-catalysts have been developed to enhance the Heck 
coupling outcomes, especially with the use of deactivated aryl halides and olefins. Selected examples of these Pd-
catalysts are also shown in Figure 2. 

2.1. Imidazolium and pyridinium RTILs 

The coupling efficiency of ethyl acrylate with iodobenzene mediated by Pd(OAc)2 was examined in the presence of N-
hexylpyridinium [N-C6H13Py][X], where X = Cl, PF6 and BF4, and with [bmim][PF6] and 1-pentyl-3-methylimidazolium 
chloride ([pmim]Cl) RTILs (Scheme 1). The N-C6H13Py systems afforded higher yields of the coupled product, E-ethyl 
cinnamate, than the equivalent [bmim]Cl. Similarly, a higher coupling yield was obtained with [N-C6H13Py][BF4] than 
[N-C6H13Py][PF6], but required higher reactions temperatures 80 °C and extended reaction durations of 72 h to attain the 
efficiency of the chloride analogues (Table 1).[33] 

Figure 1. General reaction scheme of a Heck cross coupling between an aryl and an olefin indicating the four key varia‐
bles: base, solvent, catalyst and temperature.

2. Heck reaction in Room Temperature Ionic Liquids (RTILs)

The emergence of room temperature ionic liquids (RTILs) has allowed the investigation of the
Heck reaction in a wide range of novel and tuneable solvents systems.

These novel solvents cover a wide range of structural moiefs from the now well established
methylimidazolium and pyridinium salts through ammonium and phosphonium based
systems. RTILs now comprise a wide arry of sub classes including protic (PILs), basic (BILs),
chiral (CILs), solid supported (SLIPs) and functionalised (FIL).[31, 32] Key examples of these
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2. Heck reaction in Room Temperature Ionic Liquids (RTILs)

The emergence of room temperature ionic liquids (RTILs) has allowed the investigation of the
Heck reaction in a wide range of novel and tuneable solvents systems.

These novel solvents cover a wide range of structural moiefs from the now well established
methylimidazolium and pyridinium salts through ammonium and phosphonium based
systems. RTILs now comprise a wide arry of sub classes including protic (PILs), basic (BILs),
chiral (CILs), solid supported (SLIPs) and functionalised (FIL).[31, 32] Key examples of these
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systems are shown in Figure 2. The custom design nature of these RTILs modifies their ability
to solubulise materials and affects the outcome of a wide range of chemical transformations.
Herein our focus is the Heck reaction. In addition to the variable nature of the RTIL, a number
of novel Pd-catalysts have been developed to enhance the Heck coupling outcomes, especially
with the use of deactivated aryl halides and olefins. Selected examples of these Pd-catalysts
are also shown in Figure 2.
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2.1. Imidazolium and pyridinium RTILs

The coupling efficiency of ethyl acrylate with iodobenzene mediated by Pd(OAc)2 was
examined in the presence of N-hexylpyridinium [N-C6H13Py][X], where X=Cl, PF6 and BF4, and
with [bmim][PF6] and 1-pentyl-3-methylimidazolium chloride ([pmim]Cl) RTILs (Scheme 1).
The N-C6H13Py systems afforded higher yields of the coupled product, E-ethyl cinnamate, than
the equivalent [bmim]Cl. Similarly, a higher coupling yield was obtained with [N-C6H13Py]
[BF4] than [N-C6H13Py][PF6], but required higher reactions temperatures 80 °C and extended
reaction durations of 72 h to attain the efficiency of the chloride analogues (Table 1).[33]
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Sheme 1. Reagents and conditions: 2 mol % Pd(OAc)2, a RTIL (see Table 1 for detail), Et3N or NaHCO3, 40-100 ºC, 24-72 h. 

RTIL Base Temp. °C Time (h) Yield % 
[N-C6H13Py]Cl Et3N 40 24 99 
[N-C6H13Py]Cl NaHCO3 40 24 98 
[N-C6H13Py][PF6] NaHCO3 80 72 42 
[N-C6H13Py][BF4] NaHCO3 80 72 99 
[N-C6H13Py]Cl NaHCO3 40 24 82 
[N-C6H13Py]Cl NaHCO3 100 24 99 
[pmim]Cl Et3N 80 72 10 
[pmim]Cl NaHCO3 100 24 19 
[pmim]Cl NaHCO3 40 24 77 

Table 1. Heck coupling of iodobenzene and ethyl acrylate to give E-ethyl cinnamate in N-hexylpyridinium and methylimidazolium 
RTILs and 2 mol% Pd(OAc)2. 

The imidazolium RTILs gave low coupling yield in the absence of phosphine ligands. Addition of Ph3P to [bmim][PF6] 
saw a significant rise in E-ethyl cinnamate yield to 99%, and this system could be re-used six times with no observable 
loss in catalyst activity. Pure product was obtained directly via hexane extraction. This approach was also suitable for 
coupling of the less reactive 4-bromoanisole where the effect of group 15 ligands was also explored and showed 
enhanced yields relative to the classical approach. The RTILs [N-C6H13Py][Cl] and [bmim][BF4] allowed the facile 
coupling of benzoic anhydride (as the aryl moiety source) and butyl acrylate giving trans-butyl cinnamate in 90-95%. 
This coupling was conducted at 160 °C with [N-C6H13Py][Cl] and PdCl2, and 200 ºC with [bmim][BF4] and Pd(OAc)2 and 
P(o-tol)3.[33] Xiao et al noted that [bmim][BF4] promoted the ionic pathway in the arylation of electron-rich olefins 
affording high -regioselectivity (Table 2).[34] 

ILs Aryl halide Temp. °C Halide conversion % 

[bmim][Br] 
iodobenzenea 90 94 
4-bromobenzaldehydeb 100 71 

[bmim][BF4] 
iodobenzenea 90 35 
4-bromobenzaldehydeb 100 3 

Table 2. Selected results for Heck reaction between the listed arylhalides and ethyl acrylate or butyl acrylate in [Bmim]Br and 
[Bmim]BF4. 

a reaction with ethyl acrylate, b reaction with butyl acrylate. 
Yokoyama showed that heating an aryl substrate, olefin and 3 mol% of 10% Pd/C dispersed in [bmim][PF6] afforded 
good yields of the Heck coupling product (Scheme 2). Product isolation was by extraction allowing direct reuse of the 
RTIL and catalyst without loss of coupling efficiency.[35] 

 

Sheme 2. Reagents and conditions: 3 mol % Pd/C (10%) / [bmim][PF6], Et3N, . 

Arene diazonium salts in RTILs have proved to be viable alternatives to aryl bromides and iodides in Pd-mediated 
couplings.[36],[37] In [bmim][PF6], arene diazonium BF4 salts were readily coupled with acrylonitrile, but vinyl ethers and 
esters were less reactive requiring more forcing conditions of higher temperature and longer reaction duration (Scheme 
3).[38] 
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[N-C6H13Py]Cl NaHCO3 100 24 99

[pmim]Cl Et3N 80 72 10

[pmim]Cl NaHCO3 100 24 19

[pmim]Cl NaHCO3 40 24 77

Table 1. Heck coupling of iodobenzene and ethyl acrylate to give E-ethyl cinnamate in N-hexylpyridinium and
methylimidazolium RTILs and 2 mol% Pd(OAc)2.

The imidazolium RTILs gave low coupling yield in the absence of phosphine ligands. Addition
of Ph3P to [bmim][PF6] saw a significant rise in E-ethyl cinnamate yield to 99%, and this system
could be re-used six times with no observable loss in catalyst activity. Pure product was
obtained directly via hexane extraction. This approach was also suitable for coupling of the
less reactive 4-bromoanisole where the effect of group 15 ligands was also explored and
showed enhanced yields relative to the classical approach. The RTILs [N-C6H13Py][Cl] and
[bmim][BF4] allowed the facile coupling of benzoic anhydride (as the aryl moiety source) and
butyl acrylate giving trans-butyl cinnamate in 90-95%. This coupling was conducted at 160 °C
with [N-C6H13Py][Cl] and PdCl2, and 200 °C with [bmim][BF4] and Pd(OAc)2 and P(o-tol)3.[33]
Xiao et al noted that [bmim][BF4] promoted the ionic pathway in the arylation of electron-rich
olefins affording high α-regioselectivity (Table 2).[34]

Yokoyama showed that heating an aryl substrate, olefin and 3 mol% of 10% Pd/C dispersed
in [bmim][PF6] afforded good yields of the Heck coupling product (Scheme 2). Product
isolation was by extraction allowing direct reuse of the RTIL and catalyst without loss of
coupling efficiency.[35]
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P(o-tol)3.[33] Xiao et al noted that [bmim][BF4] promoted the ionic pathway in the arylation of electron-rich olefins 
affording high -regioselectivity (Table 2).[34] 

ILs Aryl halide Temp. °C Halide conversion % 

[bmim][Br] 
iodobenzenea 90 94 
4-bromobenzaldehydeb 100 71 

[bmim][BF4] 
iodobenzenea 90 35 
4-bromobenzaldehydeb 100 3 
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[Bmim]BF4. 

a reaction with ethyl acrylate, b reaction with butyl acrylate. 
Yokoyama showed that heating an aryl substrate, olefin and 3 mol% of 10% Pd/C dispersed in [bmim][PF6] afforded 
good yields of the Heck coupling product (Scheme 2). Product isolation was by extraction allowing direct reuse of the 
RTIL and catalyst without loss of coupling efficiency.[35] 
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Table 1. Heck coupling of iodobenzene and ethyl acrylate to give E-ethyl cinnamate in N-hexylpyridinium and
methylimidazolium RTILs and 2 mol% Pd(OAc)2.

The imidazolium RTILs gave low coupling yield in the absence of phosphine ligands. Addition
of Ph3P to [bmim][PF6] saw a significant rise in E-ethyl cinnamate yield to 99%, and this system
could be re-used six times with no observable loss in catalyst activity. Pure product was
obtained directly via hexane extraction. This approach was also suitable for coupling of the
less reactive 4-bromoanisole where the effect of group 15 ligands was also explored and
showed enhanced yields relative to the classical approach. The RTILs [N-C6H13Py][Cl] and
[bmim][BF4] allowed the facile coupling of benzoic anhydride (as the aryl moiety source) and
butyl acrylate giving trans-butyl cinnamate in 90-95%. This coupling was conducted at 160 °C
with [N-C6H13Py][Cl] and PdCl2, and 200 °C with [bmim][BF4] and Pd(OAc)2 and P(o-tol)3.[33]
Xiao et al noted that [bmim][BF4] promoted the ionic pathway in the arylation of electron-rich
olefins affording high α-regioselectivity (Table 2).[34]

Yokoyama showed that heating an aryl substrate, olefin and 3 mol% of 10% Pd/C dispersed
in [bmim][PF6] afforded good yields of the Heck coupling product (Scheme 2). Product
isolation was by extraction allowing direct reuse of the RTIL and catalyst without loss of
coupling efficiency.[35]
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Yokoyama showed that heating an aryl substrate, olefin and 3 mol% of 10% Pd/C dispersed in [bmim][PF6] afforded 
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Arene diazonium salts in RTILs have proved to be viable alternatives to aryl bromides and iodides in Pd-mediated 
couplings.[36],[37] In [bmim][PF6], arene diazonium BF4 salts were readily coupled with acrylonitrile, but vinyl ethers and 
esters were less reactive requiring more forcing conditions of higher temperature and longer reaction duration (Scheme 
3).[38] 
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Sheme 3. Reagents and conditions: 2 mol % Pd(OAc)2, [bmim][PF6] at 50 °C, 2-4 h.

The Pd(OAc)2 mediated intramolecular Heck reaction of o-iodoarylallyl ethers present an
attractive route to benzofurans, but typically requires extended reaction times in traditional
solvents (80 °C, 2 days).[39] However, in [bmim][BF4] treatment of o-iodobenzyl allyl ether
with 5 mol % PdCl2, 1.5 eq. (n-Bu)3N and 1 eq. NH4OOCH at 60 °C for 24 h gave 3-methyl‐
benzofuran in a 71% yield (Scheme 4).[40]

Sheme 3. Reagents and conditions: 2 mol % Pd(OAc)2, [bmim][PF6] at 50 °C, 2-4 h. 

The Pd(OAc)2 mediated intramolecular Heck reaction of o-iodoarylallyl ethers present an attractive route to benzofurans, 
but typically requires extended reaction times in traditional solvents (80 ºC, 2 days).[39] However, in [bmim][BF4] 
treatment of o-iodobenzyl allyl ether with 5 mol % PdCl2, 1.5 eq. (n-Bu)3N and 1 eq. NH4OOCH at 60 °C for 24 h gave 3-
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Sheme 4. Reagents and conditions: 5% PdCl2, (n-Bu)3N, [bmim][BF4], 60 ºC, 24 h. 

The use of more substituted o-iodoaryl allyl ethers using the above approach allowed rapid access to 3-substituted 
benzofurans (Scheme 5). The isolated yields varied from modest to good.[40] 

 

Sheme 5. Reagents and conditions: 5% PdCl2, (n-Bu)3N, [bmim][BF4], 60 ºC, 24 h. 

Specialty highly recyclable Pd-complexes, such as Alper’s Pd(II)-bisimidazole (Scheme 6), have proved effective 
recyclable (five cycles with no loss of activity) Heck coupling catalysts.[4][1]-[4][5] 

 

Sheme 6. Reagents and conditions: 2 mol % Pd-catalyst, [BMIM]BF4, 60 ºC, 24 h. 

2.2. Phosphonium RTILs 

A wide range of phosphonium based RTILs have been explored for use in the Heck reaction.[46] Of particular note was 
the use of salts such as [P6,6,6,14][Cl] in the Heck coupling of deactivated and sterically demanding aryl halides (Scheme 
7).[47]-[50] Even with deactivated aryl halides these reactions required mild conditions and short reaction duration (50 ºC 
and 2 h). The reaction requires only 50 °C within 2 h. The solvent and catalyst could be reused. Furthermore, the 
phosphonium RTIL anion influenced reaction outcome chloride and decanoate anions giving superior outcomes than 
with BF4 and PF6.[47] 

 

Sheme 7. Reagents and conditions: [P6,6,6,14][Cl], Pd(OAc)2, 100 ºC, 18-24 h. 

The phosphine free Pd(OAC)2 / or PdCl2 mediated Heck coupling has been conducted in [P6,6,6,14][Br], which also 
represented the first report of a Pd-couling reaction in a RTIL (Scheme 8).[46] 

 

Sheme 8. Reagents and conditions: [P6,6,6,14][Br], Pd(OAc)2, 100 ºC, 124 h. 

Sheme 4. Reagents and conditions: 5% PdCl2, (n-Bu)3N, [bmim][BF4], 60 °C, 24 h.

ILs Aryl halide Temp. °C Halide conversion %

[bmim][Br]
iodobenzenea 90 94

4-bromobenzaldehydeb 100 71

[bmim][BF4]
iodobenzenea 90 35

4-bromobenzaldehydeb 100 3

a reaction with ethyl acrylate, b reaction with butyl acrylate.

Table 2. Selected results for Heck reaction between the listed arylhalides and ethyl acrylate or butyl acrylate in
[Bmim]Br and [Bmim]BF4.
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The use of more substituted o-iodoaryl allyl ethers using the above approach allowed rapid
access to 3-substituted benzofurans (Scheme 5). The isolated yields varied from modest to
good.[40]
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It was noted with Pd(OAc)2, that the addition of 1.5 eq. of NaOAc, improved the coupling rate,
but decreased selectivity with 5% of the (Z)-isomer detected under these conditions. Also of
note with this reaction sequence was the slow precipitation of Pd-clusters on use of PdCl2, but
not with Pd(OAc)2. With Pd(OAc)2 the catalyst remained soluble and viable, able to catalyse
subsequent couplings on removal of the product from the previous catalytic cycle. It was
proposed that the RTIL phosphonium salt stabilised the Pd(0) species obtained by in situ
reduction of the Pd(II) catalyst precursors. This ligand free approach has attracted considerable
interest and has purification benefits on reaction scale up.[51]

2.3. Ammonium RTILs

Tetraammonium salts are the archetypal ammonium based RTILs used in the Heck coupling,
with the simplest being the tetrabutylammonium salts ([Bu4N][X]). Coupling of iodobenzene
with arylacrylates gave an expedient synthesis of 3,3-diarylacrylates. This coupling was
accomplished in good yield and regioselectivity in molten n-Bu4NOAc/n-Bu4NBr with
Pd(OAc)2 (Scheme 9).[52]
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Others have noted the increased stability of the Pd-catalytic species in RTILs and have exploited this in the PdCl2 
mediated synthesis of β-arylcarbonyl compounds from allylic alcohols in [Bu4N]Br, affording (Scheme 10).[53] Extension 
of this simple procedure afforded a one-step synthesis of the nonsteroidal antiinflammatory drug (nabumethone), 
(Scheme 11) and allowed catalyst reuse.[53] 
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The Pd-benzothiazole carbene complex has been successfully used as the Pd-source (1.5 mol%), and easily recycled, in 
the coupling of both electron rich and electron deficient trans-cinnamates in [Bu4N][Br] at 130 ºC with added sodium 
formate and NaHCO3 (Scheme 12).[54],[55] The best yields were observed with NaOH and DBU and in these instances the 
reactions were complete in < 30 min. 
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Figure 3. Structures of N-(diphenylphosphino)triethylammonium chloride (IL1) and N-(diphenylphosphino)tributy‐
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2.4. Studies using imidazolium, pyridinium, phosphonium and ammonium RTILs

The coupling of electron poor chloroarenes with mono and di-substituted olefins across a range
of RTILs and Pd-sources has been examined.[57] The model system, resulting in the synthesis
of  stilbene from chlorobenzene and styrene was best  conducted with simple,  e.g.  PdCl2,
phospha-based Pd-sources (Scheme 13). RTILs examined included: imidazolium, ammonium
and phosphonium salts. The tetraalkylammonium salts, in particular [Bu4N][Br], were superior
permitting the coupling of chloroarenes in the presence of less active catalysts such as PdCl2

and Pd(Ph3P)4. Regardless of the conditions used, all imidazolium based RTILs gave poor results,
e.g. 22 % for [bmim][BF4] and 13 % for [bmim][Br] whereas TBAB gave 72 % of the desired
stilbene. With [bmim][BF4] there was clear evidence of the formation of Pd black.[57]
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Sheme 13. Reagents and conditions: PdCl2 or Pd(Ph3P)4, 150 °C, [bmim][BF4] or [bmim]Br or Bu4NBr reaction of mono
and di-substituted olefins in a diversity of RTILs.

Heck couplings have also been conducted in the thermally and chemically stable [P6,6,6,14][X]
quaternary phosphonium salts, where X=Br-, Cl-, I-, BF4

-and CH2(CH2)8CO2
-and the resulting

FILs used in the coupling of iodobenzene with methylacrylate.[58] The effect of anion on the
coupling outcome was determined by screening using Pd2dba3.CHCl3 and each of the phos‐
phonium FILs in turn. High coupling efficiency was observed [P6,6,6,14][CH2(CH2)8CO2] (75%)
and [P6,6,6,14][Cl] (78%), with [P6,6,6,14][Cl] also providing a simpler work up.

The coupling of bromobenzene and butyl acrylate was examined in a range of what were
designated, non-aqueous ionic liquids (NAILs), with trans-di(μ-acetato)-bis[o-(di-o-tolylphos‐
phino)benzyl] dipalladium(II) as catalyst (Scheme 14).[59, 60] These NAILs were drawn from
Bu4NBr, Bu4NOAc, 1-methyl-3-propylimidazolium bromide ([MPIM]Br), tri-n-butyl-n-
hexadecylphosphonium bromide (TBHDP), triphenylmethylphosphonium chloride (TPMPC)
and triphenylmethylphosphonium bromide (TPMPB), all of which gave homogeneous
reaction media and permitted facile catalyst recycling.

Sheme 14. Reagents and conditions: 0.5% Pd-cat, NAIL.

Entry Base Time (h) Yield %

1 Na2CO3 24 -

2 CaCO3 24 -

3 DBU 25 min 90

4 NaOH 8 min 93

5 Et3N 24 60

6 Bu3N 24 50

Table 3. Effect of different bases on Heck reaction of bromobenzene and styrene in N-
(diphenylphosphino)triethylammonium chloride (IL1).
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3. Functionalized Ionic Liquids (FILs)

Functionalised (FILs) or, as they are sometimes know, task specific ionic liquids, incorporate
additional functional moieties within the cation or anion.[61] FILs can be discrete liquids or be
supported reagents and have applications as reagents and catalysts.[62]-[66] FILs have been
examined as novel media for the Pd(OAc)2 mediated Heck reaction of 2-methylprop-2-en-1-ol
and 4-tert-butyliodobenzene in [iPr2N(CH2)2.mim][NTf2] and [iPr2N(CH2)2O(CH2)2N112][NTf2].
In [Pr2N(CH2)2.mim][NTf2] only 32 % of 3-(4-tert-butylphenyl)-2-methylpropanal (β-Lilial®)
was present after 10 h; this increased to 84% on using [iPr2N(CH2)2O(CH2)2N112][NTf2]. These
outcomes correlate well with the relative basicity of these two FILs. The equivalent coupling
in neat Hünig’s base showed a conversion of 39%, supporting a catalytic role for the PILs.[67]
The selectivity between 3-(4-tert-butylphenyl)-2-methylpropanal and 2-(4-tert-butylphenyl)-3-
methylpropanal was found to be >95% respect to β-Lilial® and independent of the PIL basicity
(Scheme 15).

Sheme 15. Reagents and conditions: Pd(OAc)2, 95 °C, time, base tethered-RTIL.

RTILs based on dialkylimidazolium salts have attracted particular attention, as they are easy
to prepare and handle, having good solubility for many substrates and molecular catalyst and
are readily synthesised through a variety of green chemistry approaches.[68]-[70] 1-Octyl-3-
methylimidazolium nonafluorobutanesulfonate [omim][FNBS] represents a novel dialkylimi‐
dazolium based hydrophobic ionic liquid which is effective in ligand-free Heck couplings with
electron deficient olefins (Scheme 16).[71]

Sheme 16. Reagents and conditions: Pd(OAc)2, Et3N, [omim][NFBS], 100 °C, 3-12 h.

Nitrile modified imidazolium and pyridinium salts have been used in Pd-catalysed cross-
coupling reactions (Scheme 17).[72, 73] These FILs are highly effective solvents for the Heck
reaction with excellent yields observed (Table 4).[74]

Sheme 17. Reagents and conditions: 5 mol % Pd, [C3CNmim][Tf2N], 80 °C, 12 h.
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No. Cat. Base Time (h) Additive Yield %

1 PdCl2 [cholinium][OAc] 12 HCOONH4 99

2 (C3CNdmim)2[PdCl4] [cholinium][OAc] 12 HCOONH4 96

Table 4. Selected examples of the Heck Coupling of Iodobenzene with ethyl acrylate in [C3CNmim][Tf2N] at 80 °C.

Numerous studies have highlighted the deprotonation of imidazolium RTILs to yield an
imidazol-2-ylidene N-heterocyclic carbene (NHC) as a crucial step in subsequent reactions
complex generated by deprotonation of the ionic liquid cation.[75-78] Many transition-metal
carbene complexes have been prepared and their catalytic applications described.[79, 80] This
has led to the evaluation of novel RTILs as catalysts in Pd-coupling reactions.[81, 82] Metal-
NHC complexes have been generated and examined in RTILs, with the metal-NHC complex
reactivity examined for Heck coupling efficacy in DMF and [bmim][NTf2] based of an NHC
located from an ionic liquid cation and investigate the catalytic activity in both molecular and
ionic liquid solvents in the Heck coupling of butyl acrylate and bromobenzene (Scheme 18).
[83-86]

Sheme 18. Reagents and conditions: 5 mol% Pd-cat, Cs2CO3, [Bmim][NTf2], 150 °C, 18 h.

Fructose has been used as a renewable resource in the synthesis of novel hydroxymethylimi‐
dazolium based protic ionic liquids (PILs) (Scheme 19).[86-91]

Sheme 19. Reagents and conditions: (i) NH2, CH2O, CuCO3; (ii) BuBr, KOtBu, EtOH; (iii) MeI, CH2Cl2; Metal-X.

Use of these fructose derived PILs in the Pd(OAc)2 mediated Heck coupling of methyl acrylate
with iodobenzene afforded rapid conversion (1 h) to methyl cinnamate in > 95% yield at 100
°C (Scheme 20). Both the PIL and catalyst were readily recycled with no loss of activity.

Sheme 20. Reagents and conditions: 2 mol % Pd(OAc)2, Et3N, RTIL, 100 °C.
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Shreev, et al, synthesized the new RTIL, shown in (Scheme 21), which contain the dication 1,1’-
methylene-3,3’-dialkylbis(imidazolium) or 1,1’-methylene-4,’-dialkylbis(1,2,4-triazolium)
with NTf2 as the anion, and evaluated its efficacy in the Heck reaction (Table 5).[92]

Sheme 21. Reagents and conditions: (i) CH2Cl2 or CH2Br2, KOH, Bu4NBr; (ii) RI, 110-130 °C, 20; (iii) LiN(SO2CF3)2,
CH3OH/H2O (10:1), RT, 2 h.

Entry Pd source R X Time (h) Yield %

1 PdCl2 H I 6 92

2 PdCl2 H Br 18 71

3 PdCl2 H Cl 24 3

4 PdCl2 NO2 Br 18 69

5 PdCl2 CF3 Br 18 57

6 PdCl2 CH3 Br 12 76

Table 5. Heck cross-coupling reactions in the ionic liquid-3 and different anions (X) with selected aryl halides and
butyl acrylate.

In a related study Shreeve et al, also examined the use of a range basic RTILs as both the base
and solvent for the Heck coupling of iodobenzene and butyl acrylate (see Figure 3 for chemical
structutures of the BILs). With BILs, BIL-1, BIL-2 and BIL-3 quantitative conversion and
regioselectivity was observed. All other BILs (BIL-4-BIL-8) displayed low to no reactivity
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under the conditions examined (Table 6). In this study, these results suggest that RTILs with
pendant aliphatic tertiary amines are superior to the pyridinium salts.[93]

Figure 4. Chemical structures of Basic ionic liquid cations.

ILs BIL-1 BIL-2 BIL-3 BIL-4 BIL-5 BIL-6 BIL-7 BIL-8

Conv.[%] 100 100 100 0 41 0 5 0

Table 6. Heck reactions between butyl acrylate and iodobenzene in the presence of basic ionic liquid (BIL1-BIL8) (Fig.
3).

The novel imidazolium RTIL tagged Pd-Schiff base complex was active in both Heck and
Suzuki couplings in aqueous media. Relative to other Pd-catalysted reactions in aqueous
media, this catalyst was effective in the coupling of water insoluble aryl halides without the
aid of a phase transfer catalyst or organic solvents (Scheme 22).[94] Optimised Heck coupling
conditions required the use of 1 mol % catalyst, K2CO3 and with iodobenznene and cyclohexyl
acrylate gave benzyl cinnamate in 96% yield, (Scheme 23).

Chitosan supported Pd(OAc)2 nanoparticles (Pd-NP) in TBAB with added tetrabutyl ammo‐
nium acetate (TBAA) gave rise to very rapid Heck couplings of aryl bromides, iodides and
activated chlorides (Scheme 23).[95] The supported catalyst was amenable to multiple recycles,
whereas the free nano particles rapidly lost activity.
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Sheme 23. Reagents and conditions: Pd-NP /chitosan, [Bu4N][Br]/[Bu4N][OAc], 15 min to 1.5 h, 130 °C.

With Pd-NP in a mixture of [Bu4N][Br]/[Bu4N][OAc] it was possible to couple 1-bromo-4-
chlorobenzene with two different olefins in a one-pot sequential manner by activating the C-
Br and C-Cl bonds on the aromatic ring at two different temperatures of 100 and 120 °C (Scheme
24).[96]

Sheme 24. Reagents and conditions: (i) butyl acrylate, Pd-NP, [Bu4N][Br]/[Bu4N][OAc], 100 °C, 30 min; (ii) styrene, Pd-
NP, [Bu4N][Br]/[Bu4N][OAc], 120 °C, 30 min.

There have been multiple reports on the use of nitrile-functionalized RTILs, such as the
imidazolium and pyridinium based systems, in Pd-catalysed reactions, including the Heck
reaction. Heck coupling in these FILs typically afforded a 90% isolated yield of the desired
product (Scheme 25).[97, 98]

Sheme 22. Reagents and conditions: (i) BrCH2CH2CH2Br, acetone, NaHCO3, 60 °C, 60 h; N-methylimidazole, 80 °C, 48
h; (iii) aniline, EtOH, reflux, 4 h; Pd(OAc)2; (iv) H2O, imidazolium ILs, 80 °C and 4 h; (v) RTIL, 80 °C, K2CO3.
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There have been multiple reports on the use of nitrile-functionalized RTILs, such as the
imidazolium and pyridinium based systems, in Pd-catalysed reactions, including the Heck
reaction. Heck coupling in these FILs typically afforded a 90% isolated yield of the desired
product (Scheme 25).[97, 98]

Sheme 22. Reagents and conditions: (i) BrCH2CH2CH2Br, acetone, NaHCO3, 60 °C, 60 h; N-methylimidazole, 80 °C, 48
h; (iii) aniline, EtOH, reflux, 4 h; Pd(OAc)2; (iv) H2O, imidazolium ILs, 80 °C and 4 h; (v) RTIL, 80 °C, K2CO3.

Ionic Liquids - Current State of the Art42

Sheme 25. Reagents and Conditions: 5 mol % Pd-cat; IL, 80 °C, 12 h.

3.1. Chiral Ionic Liquids (CIL)

To date the use of chiral RTILs (CILs) in Heck couplings has met with limited success. The
arylation of 2,3-dihydrofuran with iodobenzene catalysed by a chiral pyridinium ILs with
[PdCl4

2-] (Figure 4), (used as a co-solvent with [bmim][PF6]), (Scheme 26).[99]

Sheme 26. Reagents and conditions: 2,3-dihydrofuran with iodobenzene catalysed by CILs with [PdCl4
2-], Et3N,

[bmim]PF6, 100 °C.

However, the use of the chiral [bmim][PF6], did give rise to the desired 7-benzyloxy-2H-
chromene in good yield and modest e.e. (15%) (Scheme 27).[100]

Sheme 27. Reagents and conditions: The oxyarylation of 7-benzyloxy-2H-chromene in CILs, Pd(OAc)2, Ag2CO3, 100 °C
and 4 h.

3.2. Supported ionic liquid phase (SILP) catalyst system

Immobilisation of the Pd-catalyst and the RTIL onto high surface area porous solids such as
silica yields a supported ionic liquid phase (SILP) catalyst system. SLIPs are considered, while
being solids, to contain the active species comprise solubilized in the IL phase behaving as
a homogeneous catalyst,  and as such offer the potential  for novel reactivity.  Suzuki has
examined this reactivity with a range of Pd(OAc)2/silica based SLIP catalyst systems. The
SLIPs were air and thermally stable, provided simple storage conditions, easily recyclable
and highly effective in the Heck coupling of substituted arylhalides with vinyl esters (Scheme
28).[101, 102]
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Sheme 28. Reagents and conditions: Pd(OAc)2, SILP, Na[(Ph)2P-(m-PhSO3)], 150 °C, 7-17 h.

In a related study, Pd(OAc)2 and [bmim][PF6] were immobilized on reversed phase silica gels
such as aminopropylated or N,N-diethylaminopropylated silica.[103] The Heck reaction
between iodobenzene and cyclohexyl acrylate was carried out as shown in (Scheme 29). The
catalyst was reused five times with no loss of catalytic activity.

Sheme 29. Reagents and conditions: Pd(OAc)2, [bmim][PF6]-SiO2, 30 °C, 1.5-3 h.

Yokoyama et al, has been reported the use of a SiO2 supported Pd(II)/[bmim][PF6] as a highly
active and reusable SLIP for the phosphine free Heck reaction of iodobenzene and ethyl
acrylate (Scheme 30).[104] The addition of low levels of Et3N increased the [bmim][PF6]
decomposition temperature in this system from 130 to 160 °C.

Sheme 30. Reagents and conditions: Pd(II)-SiO/[bmim][PF6], Pd/SiO2, Et3N, [bmim][PF6], 130-160 °C, 24 h.

3.3. Ultrasonic synthesis approaches

In the RTILs, 1,3-di-n-butylimidazolium bromide [bbim][Br] and 1,3-di-n-butylimidazolium
tetrafluoroborate [bbim][BF4], under ultrasonic irradiation significant rate enhancements were
noted for the NaOAc / PdCl2 mediated coupling of substituted iodobenzenes with alkenes/
alkynes at 120 oC (Scheme 31).[105] Isolated yields were good to excellent (up to 87%) with
only the trans product obtained. These couplings only required 1.5-3 h.

3.4. Microwave synthesis approaches

Microwave heating has been applied to the Heck reaction in RTILs significantly reducing the
time required to effect coupling, and influencing product yield and the extent of by-product
generation.[106, 110] Generally microwave approaches have focused on the use of aryl iodides
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tetrafluoroborate [bbim][BF4], under ultrasonic irradiation significant rate enhancements were
noted for the NaOAc / PdCl2 mediated coupling of substituted iodobenzenes with alkenes/
alkynes at 120 oC (Scheme 31).[105] Isolated yields were good to excellent (up to 87%) with
only the trans product obtained. These couplings only required 1.5-3 h.

3.4. Microwave synthesis approaches

Microwave heating has been applied to the Heck reaction in RTILs significantly reducing the
time required to effect coupling, and influencing product yield and the extent of by-product
generation.[106, 110] Generally microwave approaches have focused on the use of aryl iodides
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and active aryl bromide, such as those reported by Larhed et al in [bmim][PF6] (Scheme 32).
[111] Using 4 mol % PdCl2 (4 mol %), P(o-tolyl)3 as the added Pd-ligand, reactions were
complete after 5-45 min, at 180 – 220 °C. The catalyst system and RTIL were and the time 20
minutes and 45 minutes for trans formations without the phosphine ligand. This system was
recyclable at least five times, and the volatile product was directly isolated in high yield by
rapid distillation under reduced pressure.[111]

Sheme 31. Reagents and conditions: (i) 2 mol% PdCl2, [bbim][Br] or [bbim][BF4], 120 ºC, 1.5-3 h. 

3.4. Microwave synthesis approaches 

Microwave heating has been applied to the Heck reaction in RTILs significantly reducing the time required to effect 
coupling, and influencing product yield and the extent of by-product generation.[106],[110] Generally microwave 
approaches have focused on the use of aryl iodides and active aryl bromide, such as those reported by Larhed et al in 
[bmim][PF6] (Scheme 32).[111] Using 4 mol % PdCl2 (4 mol %), P(o-tolyl)3 as the added Pd-ligand, reactions were complete 
after 5-45 min, at 180 – 220 ºC. The catalyst system and RTIL were and the time 20 minutes and 45 minutes for trans 
formations without the phosphine ligand. This system was recyclable at least five times, and the volatile product was 
directly isolated in high yield by rapid distillation under reduced pressure.[111] 

 

Sheme 32. Reagents and conditions: PdCl2, P(o-tolyl)3, Et3N, [bmim][PF6], W, 180-220 ºC, 5-45 min. 

More complex Pd-catalysis such as Herman’s palladacycle, trans-di(μ-acetato)bis[o-di-o-tolylphosphanyl)-
benzyl]dipalladium, have been developed in efforts to enhance Pd-coupling outcomes with unreactive aryl chlorides.[112] 
Using this Pd-catalyst (1.5 – 10 mol %), Heck coupling in [bmim][PF6] / dioxane mixtures with aryl chlorides and butyl 
acrylate gave the desired cinnamic esters.[113] High levels of phosphine ligand (3-20 %) were required dependent on the 
reactivity of the aryl chloride. Under microwave irradiation the yields were moderate to excellent (Scheme 33).[114] 

 

Sheme 33. Reagents and conditions: Herrmann’s palladacycle, [(tBu)3PH][BF4], Cy2NMe, [bmim][PF6]/dioxane, W, 180 ºC, 30-60 min. 

Microwave irradiation of [omim][BF4] with 3-5 mol % Pd/C proved effective in the phosphine free Heck coupling of aryl 
iodides and aryl bromides with butyl acrylate. The reactions were typically complete in 1.5 min affording 33-89% yield of 
the trans-butyl cinnamates. This microwave based Pd-coupling approach was effective across a range of olefinic 
substrates including styrene, 2-methylbutyl acrylate and methyl cinnamate with iodobenzene. The steric bulk of the 
olefin affected reaction outcome with yields ranging from 27 – 86 % (Scheme 34).[115] 

 

Sheme 34. Reagents and conditions: Pd/C, (n-Bu)3N, [omim][BF4], W, 1.5 min at 375W. 

Under conventional heating for 24 h, the Heck coupling of iodobenzene with ethyl acrylate in 1-(2-cyanoethyl)-3-(2-
hydroxyethyl)-1H-imidazol-3-ium tetrafluoroborate, afforded a modest 25% yield of ethyl cinnamate with PdCl2. Using 
microwave irradiation (200 W, 120 ºC), the same reaction system gave 88% yields of ethyl cinnamate in 5 min (Scheme 
35). The system showed good stability and maintained the efficiency after six consecutive runs without significant loss of 
activity.[116] 

 

Sheme 35. Reagents and conditions: PdCl2, RTIL, W, 120 ºC, 5-20 min. 

Sheme 32. Reagents and conditions: PdCl2, P(o-tolyl)3, Et3N, [bmim][PF6], μW, 180-220 °C, 5-45 min.

More complex Pd-catalysis such as Herman’s palladacycle, trans-di(μ-acetato)bis[o-di-o-
tolylphosphanyl)-benzyl]dipalladium, have been developed in efforts to enhance Pd-coupling
outcomes with unreactive aryl chlorides.[112] Using this Pd-catalyst (1.5 – 10 mol %), Heck
coupling in [bmim][PF6] / dioxane mixtures with aryl chlorides and butyl acrylate gave the
desired cinnamic esters.[113] High levels of phosphine ligand (3-20 %) were required depend‐
ent on the reactivity of the aryl chloride. Under microwave irradiation the yields were
moderate to excellent (Scheme 33).[114]
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Microwave irradiation of [omim][BF4] with 3-5 mol % Pd/C proved effective in the phosphine
free Heck coupling of aryl iodides and aryl bromides with butyl acrylate. The reactions were
typically complete in 1.5 min affording 33-89% yield of the trans-butyl cinnamates. This

Sheme 31. Reagents and conditions: (i) 2 mol% PdCl2, [bbim][Br] or [bbim][BF4], 120 °C, 1.5-3 h.
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microwave based Pd-coupling approach was effective across a range of olefinic substrates
including styrene, 2-methylbutyl acrylate and methyl cinnamate with iodobenzene. The steric
bulk of the olefin affected reaction outcome with yields ranging from 27 – 86 % (Scheme 34).
[115]
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Under conventional heating for 24 h, the Heck coupling of iodobenzene with ethyl acrylate in
1-(2-cyanoethyl)-3-(2-hydroxyethyl)-1H-imidazol-3-ium tetrafluoroborate, afforded a modest
25% yield of ethyl cinnamate with PdCl2. Using microwave irradiation (200 W, 120 °C), the
same reaction system gave 88% yields of ethyl cinnamate in 5 min (Scheme 35). The system
showed good stability and maintained the efficiency after six consecutive runs without
significant loss of activity.[116]
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hydroxyethyl)-1H-imidazol-3-ium tetrafluoroborate, afforded a modest 25% yield of ethyl cinnamate with PdCl2. Using 
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Sheme 35. Reagents and conditions: PdCl2, RTIL, W, 120 ºC, 5-20 min. 
Sheme 35. Reagents and conditions: PdCl2, RTIL, μW, 120 °C, 5-20 min.

Under microwave irradiation in TBAB, the {Pd[C6H2(CH2CH2NH2)-(OMe)2,3,4](μ-Br)}2,
(palladacylce A) mediated Heck coupling of aryl bromides, aryl iodides, aryl chlorides and
arene sulfonyl chlorides increased dramatically with reaction times reducing from hours to
minutes (Scheme 36).[117]Under microwave irradiation in TBAB, the {Pd[C6H2(CH2CH2NH2)-(OMe)2,3,4](μ-Br)}2, (palladacylce A) mediated Heck 

coupling of aryl bromides, aryl iodides, aryl chlorides and arene sulfonyl chlorides increased dramatically with reaction 
times reducing from hours to minutes (Scheme 36).[117] 

 

Sheme 36. Reagents and conditions: palladacycle A, [Bu4N][Br], W, 130 ºC, 1-20 min. 

The scope of the Heck olefin precursor has been extended through the use of microwave approached to 2º alcohols in a 
dehtdrative Heck coupling approach. The combination of [hmim][Br], [PdCl2(PPh3)2] along with LiCl and the 
combination of HCO2Na and piperidine and microwave irradiation reduced reaction times to 15 min (Scheme 37).[118] 

 

Sheme 37. Reagents and conditions: [hmim][Br], HCO2Na, Pd(OAc)2, PPh3, W, 150 ºC at 15-40 min. 

3.5. Flow chemistry approaches 

Micro reactor technology has and a significant impact on the chemical synthesis and production. This technology has 
many advantages including: 1) highly efficient material mixing; 2) high volume to area ratio; 3) efficient heat transfers 
ability; 4) the avoidance of “hot spots” by effective temperature control and mixing; and 5) high operational safety.[119] 
The transition metal catalysed reactions have been reported by using a micro flow system, such as hydrogenation[120] and 
oxidation,[121] and the Heck reaction.[122] 

RTILs present a challenge for flow chemistry approaches due to their often-high viscosity. Ryu has examined the use of a 
low viscosity RTIL, [bmim]NTf2 as well as a high viscosity RTIL, [bmim][PF6].[122] The Heck coupling of iodobenzene 
with butyl acrylate was sluggish in [bmim][PF6], but the use of [bmim][NTf2] in a CPC CYTOS lab system gave 10 g.h-1 

of, and in a single run with catalyst recycling, 115.3g of buyl cinnamate (Scheme 38).[123] 

 

Sheme 38. Reagents and conditions: 0.1-0.5 mL.h-1, [BMIM]NTf2, 130-150 ºC, 10-50 min residence time. 

4. Conclusions 

In the last twenty years has shown an increasing interest in applying ionic liquids as green solvents in organic synthesis. 
This approach has been extended to the palladium-catalysed Heck reactions as a key synthetic protocol for C-C bond 
formation. Factors affecting this approach including the type of ionic liquid used, the base and the catalyst have been 
investigated by many research groups. In addition, limited number of microwave-based and flow chemistry based Heck 
reactions have been reported. Despite these efforts, only simple aryl halides and olefines were used in the reported 
investigations. Active research in this area is still required to increase the scope of Heck reaction in ILs to involve more 
complicated substrates and larger scale. 

Sheme 36. Reagents and conditions: palladacycle A, [Bu4N][Br], μW, 130 °C, 1-20 min.

The scope of the Heck olefin precursor has been extended through the use of microwave
approached to 2° alcohols in a dehtdrative Heck coupling approach. The combination of
[hmim][Br], [PdCl2(PPh3)2] along with LiCl and the combination of HCO2Na and piperidine
and microwave irradiation reduced reaction times to 15 min (Scheme 37).[118]
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microwave based Pd-coupling approach was effective across a range of olefinic substrates
including styrene, 2-methylbutyl acrylate and methyl cinnamate with iodobenzene. The steric
bulk of the olefin affected reaction outcome with yields ranging from 27 – 86 % (Scheme 34).
[115]
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Under conventional heating for 24 h, the Heck coupling of iodobenzene with ethyl acrylate in
1-(2-cyanoethyl)-3-(2-hydroxyethyl)-1H-imidazol-3-ium tetrafluoroborate, afforded a modest
25% yield of ethyl cinnamate with PdCl2. Using microwave irradiation (200 W, 120 °C), the
same reaction system gave 88% yields of ethyl cinnamate in 5 min (Scheme 35). The system
showed good stability and maintained the efficiency after six consecutive runs without
significant loss of activity.[116]
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3.4. Microwave synthesis approaches 

Microwave heating has been applied to the Heck reaction in RTILs significantly reducing the time required to effect 
coupling, and influencing product yield and the extent of by-product generation.[106],[110] Generally microwave 
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directly isolated in high yield by rapid distillation under reduced pressure.[111] 
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More complex Pd-catalysis such as Herman’s palladacycle, trans-di(μ-acetato)bis[o-di-o-tolylphosphanyl)-
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reactivity of the aryl chloride. Under microwave irradiation the yields were moderate to excellent (Scheme 33).[114] 
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olefin affected reaction outcome with yields ranging from 27 – 86 % (Scheme 34).[115] 
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Under microwave irradiation in TBAB, the {Pd[C6H2(CH2CH2NH2)-(OMe)2,3,4](μ-Br)}2,
(palladacylce A) mediated Heck coupling of aryl bromides, aryl iodides, aryl chlorides and
arene sulfonyl chlorides increased dramatically with reaction times reducing from hours to
minutes (Scheme 36).[117]Under microwave irradiation in TBAB, the {Pd[C6H2(CH2CH2NH2)-(OMe)2,3,4](μ-Br)}2, (palladacylce A) mediated Heck 
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The scope of the Heck olefin precursor has been extended through the use of microwave approached to 2º alcohols in a 
dehtdrative Heck coupling approach. The combination of [hmim][Br], [PdCl2(PPh3)2] along with LiCl and the 
combination of HCO2Na and piperidine and microwave irradiation reduced reaction times to 15 min (Scheme 37).[118] 
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3.5. Flow chemistry approaches 

Micro reactor technology has and a significant impact on the chemical synthesis and production. This technology has 
many advantages including: 1) highly efficient material mixing; 2) high volume to area ratio; 3) efficient heat transfers 
ability; 4) the avoidance of “hot spots” by effective temperature control and mixing; and 5) high operational safety.[119] 
The transition metal catalysed reactions have been reported by using a micro flow system, such as hydrogenation[120] and 
oxidation,[121] and the Heck reaction.[122] 

RTILs present a challenge for flow chemistry approaches due to their often-high viscosity. Ryu has examined the use of a 
low viscosity RTIL, [bmim]NTf2 as well as a high viscosity RTIL, [bmim][PF6].[122] The Heck coupling of iodobenzene 
with butyl acrylate was sluggish in [bmim][PF6], but the use of [bmim][NTf2] in a CPC CYTOS lab system gave 10 g.h-1 

of, and in a single run with catalyst recycling, 115.3g of buyl cinnamate (Scheme 38).[123] 

 

Sheme 38. Reagents and conditions: 0.1-0.5 mL.h-1, [BMIM]NTf2, 130-150 ºC, 10-50 min residence time. 
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In the last twenty years has shown an increasing interest in applying ionic liquids as green solvents in organic synthesis. 
This approach has been extended to the palladium-catalysed Heck reactions as a key synthetic protocol for C-C bond 
formation. Factors affecting this approach including the type of ionic liquid used, the base and the catalyst have been 
investigated by many research groups. In addition, limited number of microwave-based and flow chemistry based Heck 
reactions have been reported. Despite these efforts, only simple aryl halides and olefines were used in the reported 
investigations. Active research in this area is still required to increase the scope of Heck reaction in ILs to involve more 
complicated substrates and larger scale. 

Sheme 36. Reagents and conditions: palladacycle A, [Bu4N][Br], μW, 130 °C, 1-20 min.

The scope of the Heck olefin precursor has been extended through the use of microwave
approached to 2° alcohols in a dehtdrative Heck coupling approach. The combination of
[hmim][Br], [PdCl2(PPh3)2] along with LiCl and the combination of HCO2Na and piperidine
and microwave irradiation reduced reaction times to 15 min (Scheme 37).[118]
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3.5. Flow chemistry approaches

Micro reactor technology has and a significant impact on the chemical synthesis and produc‐
tion. This technology has many advantages including: 1) highly efficient material mixing; 2)
high volume to area ratio; 3) efficient heat transfers ability; 4) the avoidance of “hot spots” by
effective temperature control and mixing; and 5) high operational safety.[119] The transition
metal catalysed reactions have been reported by using a micro flow system, such as hydroge‐
nation[120] and oxidation,[121] and the Heck reaction.[122]

RTILs present a challenge for flow chemistry approaches due to their often-high viscosity. Ryu
has examined the use of a low viscosity RTIL, [bmim]NTf2 as well as a high viscosity RTIL,
[bmim][PF6].[122] The Heck coupling of iodobenzene with butyl acrylate was sluggish in
[bmim][PF6], but the use of [bmim][NTf2] in a CPC CYTOS lab system gave 10 g.h-1 of, and in
a single run with catalyst recycling, 115.3g of buyl cinnamate (Scheme 38).[123]
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Sheme 38. Reagents and conditions: 0.1-0.5 mL.h-1, [BMIM]NTf2, 130-150 °C, 10-50 min residence time.

4. Conclusions

In the last twenty years has shown an increasing interest in applying ionic liquids as green
solvents in organic synthesis. This approach has been extended to the palladium-catalysed
Heck reactions as a key synthetic protocol for C-C bond formation. Factors affecting this
approach including the type of ionic liquid used, the base and the catalyst have been investi‐
gated by many research groups. In addition, limited number of microwave-based and flow
chemistry based Heck reactions have been reported. Despite these efforts, only simple aryl
halides and olefines were used in the reported investigations. Active research in this area is
still required to increase the scope of Heck reaction in ILs to involve more complicated
substrates and larger scale.
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1. Introduction

As part of the push towards making Chemistry more environmentally compatible, there has
been a major emphasis on the development of greener and more environmentally compatible
solvents. Many different options have been explored, including water and supercritical fluids.
[1] Each of these families has its own strengths, as well as significant limitations including
reactivity to highly basic/nucleophilic reagents and limited solubility of entire families of
reagents. These issues have resulted in the great interest displayed in room temperature ionic
liquids (RTILs) over the last couple of decades. [2] In particular, the easily ability to tune the
properties of these RTILs has attracted much attention. At the same time, essentially all of these
RTILs suffer from very high cost compared to conventional solvents, which is a serious
deterrent to more wide-spread application. Relatively recently, a potential solution to this
problem has been reported – deep eutectic solvents (DES). [3,4,5] Although the specific cost of
a DES depends upon its components, the most typical DES, such as choline chloride/urea or
choline chloride/glycerol, are comparable in cost to typical organic solvents such as acetonitrile
or N,N-dimethylformamide, thus eliminating much of the concern with their use.

Although many DES are theoretically possible, the current examples fall into three main
families. The first is exemplified by the prototypical DES – a 1:2 molar ratio of choline chloride
and urea – and involves the mixture of a salt and a hydrogen-bond donor. [6] Thousands of
variation have been reported and many more can be readily imagined. [7-11] The second family
is quite similar and involves the combination of a salt with a metal salt, as exemplified by
choline chloride and zinc chloride again in a 1:2 molar ratio. [12-14] Much fewer examples have
been studied, although this approach is expected to be quite general. The third family is more
complex, involving the combination of a carbohydrate, an urea, and an ammonium salt in
varying ratios. [15] The exact choice of components and their ratio does not appear to be readily
predictable, but many options have already been reported, making their application relatively
straightforward.
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All three of these families share similar advantages, including costs comparable to conven‐
tional organic solvents, very low volatilities, lower toxicities, recyclability, and, for many
components, being based on biorenewable materials. Considering the variety of salts and
hydrogen-bond donors or metal salts that can be used, the properties of DES can also be tuned
to control a number of fundamental properties, including Lewis or Bronsted acidity, polarity,
and solvent miscibility. By exploring further variations of DES, an even greater range of solvent
properties should be accessible.

Beyond being theoretically interesting materials, DES have found many significant areas of
application. One of the first of these was the area of electroplating and related metal recovery
and separations. [16] Tremendous research has been reported in this area and has resulted in
some very promising applications. Similarly, DES have been found to be excellent solvents for
enzymatic reactions, affording much higher activity and stability than organic solvents or
RTILs, or sometimes even water. [17-20] Indeed, their abilities are so significant that they have
been termed as potential solvents for the development of prebiotic chemistry. [21]

Despite all of these interesting applications of DES, one rapidly growing facet is their use in
Organic Synthesis. Many new reports are appearing on a weekly basis, so this review attempts
to cover applications reported through the middle of July of 2014.

2. Choline Chloride/Urea DES

As one of the earlier deep eutectics reported, choline chloride/urea (CC/U) has been one of the
most extensively explored in virtually all areas of application, including Organic Synthesis. [6]
Part of its attraction is the availability of choline chloride in very large quantities (due to its
use as a feed additive for poultry) at very low cost, as well as its low toxicity. The application
of CC/U in Organic Synthesis covers a wide range of reaction types, with more continuously
appearing.

Another important feature to note regarding CC/U is its ability to be recycled. In general there
are two main options that have been reported. In one, the reaction products are separated by
extraction with an immiscible organic solvent such as ether or ethyl acetate, resulting in a DES
that can be reused following brief drying in vacuo. In the second option, this recycling involves
dissolving the DES in water to separate it from the reaction product and then removing the
water in vacuo to recover the DES. This is a fairly energy-intensive process, particularly on
larger scale and may not always be worth the expense and effort. Still, the majority of reports
use this option for recycling due to its avoidance of organic solvents and easy product isolation.

2.1. Alkylation, substitution, reduction, halogenation, and polymerization in CC/U

One interesting area of application has been in alkylation and nucleophilic substitution
chemistry. Thus, Shankarling and co-workers have reported the simple alkylation of anilines
using simple alkyl bromides in the absence of any added base. [22] (Scheme 1) Yields were
high under mild conditions and generally short (< 4 hour) reaction times. In addition, the DES
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could be readily recycled several times by extraction of the product with ethyl acetate and
displayed little loss in activity (the yield for the reaction in Scheme 1 falling from 78% to 65%
over 5 recyclings). Interestingly, a related DES, choline chloride/glycerol (CC/G), afforded a
similar 65% yield, but required twice as long. The potential for expanding the scope of this
chemistry to other nucleophiles (such as phenols and thiols) has not yet been reported, but
seems promising.

Scheme 1. Alkylation of Anilines

Switching to nucleophilic substitution chemistry, an unusual substitution of tetracyanoethy‐
lene with either anilines or indoles was reported by Shankarling and co-workers. [23] In a
comparison of lipase and DES mediated reactions, it was shown that the DES conditions
generally afforded better yields and better recyclability compared to the enzymatic conditions.
A variety of other DES were also examined, and good yields were obtained in most cases. For
the reaction seen in Scheme 2, yields fell modestly over 4 recyclings, going from 89% yield to
73% yield. This solvent recycling involved recovery of the DES from the aqueous layer of
extraction at the end of the reaction, with care taken to remove the HCN generated in these
reactions. The products of these reactions displayed interesting spectral properties, which,
when combined with their straightforward synthesis, may raise useful future applications.

Scheme 2. Tetracyanoethylene Substitution

Two related nucleophilic ring openings of epoxides have been reported. Azizi and Gholibeglo
have reported the synthesis of dithiocarbamates from the three component coupling of an
epoxide, an amine, and carbon disulfide in a combination of CC/U at room temperature. [24]
(Scheme 3) The dithiocarbamates could be isolated in good yield from a wide range of amines
(mostly secondary, with a few primary examples as well). In addition, alkyl halides or enones
could be employed in place of the epoxides to afford an even wider range of dithiocarbamate
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products under the same reaction conditions. The DES could be recycled several times using
the water extraction option with only a modest decrease in activity.

Scheme 3. Epoxide reactions

The second epoxide reaction was the fixation of carbon dioxide with propylene oxide in the
presence of CC/U. [25] (Scheme 3). In this case, CC/U supported on molecular sieves was found
to be superior to simple CC/U, affording very high yields and much reduced reaction times
(4-5 hours compared to 10 hours without support). The supported system had the added
benefit of being readily recyclable via simple filtration of the catalyst and retained the same
levels of activity for 5 recyclings.

A final nucleophilic reaction in CC/U is a three component thia-Michael reaction. [26] (Scheme
4) In this case, the combination of an alkyl halide, thiourea, a Michael acceptor, and sodium
hydroxide afforded very good yields of the thia-Michael products after short (< 2 hours)
reaction times at 60 °C. A wide range of alkyl halides, including one example of a secondary
one (bromocyclopentane) worked as did a range of Michael acceptors, including acrylates and
cyclohexenone.

Scheme 4. Thia-Michael reactions

A highly unusual discovery was made by Azizi and co-workers when they studied the
reduction of carbonyls and epoxides in CC/U with sodium borohydride. [27] (Scheme 5)
Despite the potential for reaction with the urea, they noted clean and rapid reduction of both
carbonyls and epoxides. Both aldehydes and ketones reacted well, with enones giving clean
1,2-reduction. Epoxides also reacted well at 60 °C, with even styrene oxide affording primarily
the product of reduction at the less hindered end (88:12 ratio of 1-phenylethanol:2-phenyle‐
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thanol). Interestingly, these reaction conditions demonstrated very good chemoselectivity,
with aldehydes and ketones being reduced at room temperature in the presence of imines or
epoxides and epoxides being reduced at 60 °C in the presence of imines. The products were
isolated via partitioning between water and ether and generally required no further purifica‐
tion.

Scheme 5. Reductions

Another usual area of application is in the bromination of 1-aminoanthraquinones. [28]
(Scheme 6) A series of these compounds were brominated by treatment with bromine in
CC/U at 50-60 °C for 2 hours. In cases where the 4 position was unsubstituted, 2,4-dibromo
products were obtained in good yield. Recycling of the DES was also reported via extraction
with water followed by evaporation. Although little mechanistic information is discussed, it
seems possible that the brominations are being mediated by the transient formation of N-
bromo urea. The potential for this system to mediate the bromination of other compounds has
yet to be studied, but could be of considerable utility.

Scheme 6. Brominations

Transition-metal-catalyzed couplings, though extensively studied in other DES, have been
little explored in CC/U. The only report is found in the original patent on DES and reports
some studies of the Heck coupling in CC/U. [29] (Scheme 7) The results were rather unsur‐
prising and afforded results for aryl iodides comparable to those obtained in many conven‐
tional solvents. Appropriate selection of base and palladium source were critical for optimal
results, with palladium chloride and sodium carbonate giving a 96% yields after 16 hours,
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compared to 90% after 1.5 days using sodium acetate as base or 60% after 2 days using sodium
acetate and palladium acetate. The patent reports that the catalyst and solvent can be reused,
but no details are provided. Still, this does demonstrate that CC/U could be expected to be an
inexpensive recyclable solvent/catalyst system for palladium-catalyzed coupling reactions.

Scheme 7. Heck coupling

This same patent also reported the application of CC/U to free-radical polymerization. [29]
Styrene was polymerized using 1 mol% of AIBN in CC/U at 110 °C for 16 hours to afford a
polymer with average molecular weight of 12,000 and a polydispersity of 3.2. There has been
little follow-up to this report.

2.2. Condensation reactions in CC/U

A major area of application for CC/U has been in the area of condensation-type chemistry. It
appears that the combination of the potential for organocatalytic, H-bonding activation of
aldehydes by urea (a known, but weak organocatalyst) and the desiccating properties of
CC/U serve to benefit this family of reactions in ways that many other solvents do not. As a
result, this section is focused on condensation applications of CC/U.

The first sub-set of condensation reactions are simple carbonyl reactions such as Knoevenagel,
Perkin, Henry, and related aldol-type reactions. Perhaps the most elegant example of the
application of CC/U to condensation reactions comes from a report by Shankarling. [30]
(Scheme 8) In this paper, he reported a one-pot synthesis of coumarin styryl dyes via a sequence
of two Knoevenagel condensations and one aldol-like condensation. All three condensation
reactions were performed in CC/U at temperatures ranging from 30-75 °C and all afforded the
desired products in good to excellent yields after reaction times of < 2 hours (< 6 hours for the
entire sequence). The CC/U could also be recycled using the procedure commonly employed
in the Shankarling group of separation of the DES with water, followed by concentration in
vacuo to afford the DES ready for reuse. The power and potential demonstrated in this paper
have doubtless inspired at least some of the more recent applications of CC/U in this area.

In a related paper focusing just on the Knoevenagel condensation of diphenylamine aldehydes
with a variety of active methylene compounds, three sets of reaction conditions were com‐
pared: conventional with piperidine as base, lipase-catalyzed, and CC/U mediated. In virtually
all cases, the DES conditions afforded the highest yields and the shortest reaction times (< 30
minutes at room temperature). [31] (Scheme 9) As the focus of this paper was on the dyes that
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were synthesized and not as much the DES, no comment is made on recycling the DES, but it
would seem likely from other papers that such recycling could be readily achieved with good
results.

Scheme 9. Knoevenagel condensations

Another study of a different Knoevenagel condensation (salicyl aldehydes with Meldrum’s
acid and other active methylenes) also reported very good yields of the anticipated coumar‐
ines. [32] (Scheme 9) In this case, the reaction temperature was higher (100 °C), but still with
short reaction times. Recycling of the DES using the water extraction/concentration method
was mentioned, but no data was reported.

Scheme 8. Condensation sequence
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Another classic carbonyl condensation reaction that has been reported in CC/U is the Perkin
reaction. [33] (Scheme 10) In this case, the reaction of an aromatic aldehyde with an anhydride
(acetic anhydride in all but two cases) in CC/U at room temperature for 4-9 hours afforded the
cinnamic acid derivatives in generally good yield. A comparison was made with conventional
Perkin conditions (excess anhydride in the presence of sodium acetate at 140 °C), with the
conventional conditions affording significantly lower product yields after longer reaction
times in every case. The DES could be recycled with little loss in activity for 4 reactions using
the water extraction/concentration method.

Scheme 10. Perkin reaction

The Henry reaction and a couple of related examples using acetonitrile or acetic acid with
aromatic aldehydes were reported by Shankarling. [34] (Scheme 11) Interestingly, the products
in these cases were not elimination products, but rather the β-hydroxy products. Part of the
reason for this outcome may stem from the fact that the DES was used as a catalyst in methanol
for short reaction times at room temperature. It is possible that higher concentrations of DES
may lead preferentially to elimination products (see, for example the aurone synthesis by
Handy), although this feature has not yet been confirmed.

Scheme 11. Henry reaction

Also within the aldol family of reactions is the synthesis of aurones via condensation of an
aromatic aldehyde an a coumarinone reported by Handy and Hawkins. [35] (Scheme 12) A
wide range of aldehydes proved compatible with this method, including acid-sensitive ones
such as furfural. The yields were quite variable, but subsequent research has demonstrated
that much of the problem is associated with purification of the aurone products. By employing
a modified purification using trituration with ether in place of the column chromatography,
yields could be dramatically improved. For example, the reaction of coumarinone with p-
nitrobenzaldehyde in CC/U followed by silica gel chromatography afforded the anticipated
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aurone in 45% yield, while the same reaction purified by trituration with ether afforded the
same product in 75% yield and analytically pure form.

Scheme 12. Aurone synthesis

A final reaction from the carbonyl condensation family is the recently reported Michael
addition of nitromethane and active methylene compounds (malononitrile, and ethyl cyanoa‐
cetate) to chalcones. [36] (Scheme 13) In this case, the use of a combination of CC/U and
ultrasound afforded the Michael products in excellent yields after much shorter reaction times
and at lower temperatures compared to the same reaction conditions in the absence of
sonication. This beneficial combination of the DES and ultrasound is expected to be applicable
to many other reactions run in CC/U and possibly other DES as well and certainly merits
further exploration.

Scheme 13. Michael reaction

2.3. Heteroaromatic synthesis in CC/U

Another area that has found considerable application of CC/U as a catalytic solvent is in the
synthesis of heteroaromatics via carbonyl condensation reactions. In a series of papers, the
Handy group has reported several of these types of reactions, beginning with the Paal-Knorr
synthesis of pyrroles and furans. [37] (Scheme 14) A variety of amines, including anilines could
be condensed with 1,4-diketones in CC/U at 80 °C to afford the anticipated pyrroles in generally
good yield. The one exception was the reaction of 2,5-hexanedione with poorly nucleophilic
p-nitroaniline which afforded a 56% yield of the pyrrole with the mass balance being the 2,5-
dimethylfuran. In the absence of amines, the diketones cleanly afforded the anticipated furans
after longer reaction times. In addition, the DES could be recycled several times with little loss
in activity by extraction of the products with ether and then brief drying in vacuo.
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Scheme 14. Heteroaromatic syntheses from the Handy group

A second application was the Pictet-Spengler reaction. [38] (Scheme 14) The acid-free nature
of these reaction conditions enabled the synthesis of a wide range of β-carbolines including
furyl and pyridyl substituted ones in excellent yield after 2 hours at 80 °C. As with the Paal-
Knorr synthesis results, the products could be easily extracted using ether and the remaining
DES recycled several times with minimal loss of activity after brief drying in vacuo.

A related reaction is the conversion of aldehydes to bis(indolyl)methanes by treatment with 2
equivalents of indole. Reaction in CC/U at 80 °C for 4 hours afforded the bis(indolyl)methanes
in excellent yield for a wide range of aromatic aldehydes including the more difficult to access
pyridyl systems. [39] (Scheme 14) Interestingly, these reaction conditions proved ineffective
with the more demanding aliphatic aldehydes and ketones, affording a complex mixture of
aldol products and recovered starting material respectively. As with the previous two reports,
the products were isolated via extraction with ether and generally required no further
purification. The DES layer could be recovered and recycled following brief drying in vacuo
with little loss in activity over 5 reactions.

Two related reports from the Shankarling group focus on related approaches to the synthesis
of oxazoles and thiazoles. (Scheme 15) For oxazole synthesis, the combination of CC/U and
ultrasound again displayed beneficial synergy. [40] Thus, treatment of an α-bromoacetophe‐
none with an amide or urea affords the desired oxazoles. Thermal reactions (65 °C) required
3.5-5 hours to afford modest yields, while the ultrasound reactions could be done at room
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of oxazoles and thiazoles. (Scheme 15) For oxazole synthesis, the combination of CC/U and
ultrasound again displayed beneficial synergy. [40] Thus, treatment of an α-bromoacetophe‐
none with an amide or urea affords the desired oxazoles. Thermal reactions (65 °C) required
3.5-5 hours to afford modest yields, while the ultrasound reactions could be done at room
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temperature and were complete in < 20 minutes to afford high yields of the products. CC/U
recycling was also studied and proved to be quite convenient in this case as the products were
extracted with methylene chloride (which is immiscible with CC/U) to directly afford the DES
ready for recycling. There was no significant decrease in reaction yield over 5 reactions,
indicating that the DES is stable to the ultrasound reaction conditions.

Scheme 15. Thiazole and Oxazole synthesis

The thiazole synthesis is quite similar. [41] (Scheme 15) Again, the combination of an α-
bromoacetophenone and an amide or urea was combined in CC/U. There were two differences,
though. First, DES and lipase catalyzed reaction conditions were compared, not ultrasound.
Second, the DES was used as a true catalyst in aqueous solution at room temperature. Both
methods afforded excellent yields of the thiazole products after short (< 20 minute) reaction
times. DES recovery (via separation with water and concentration of the aqueous layer) was
effective and the DES could be recycled several times with minimal loss in activity.

2.4. Multicomponent reactions in CC/U

A final condensation area that has received significant attention in CC/U is that of multicom‐
ponent coupling reactions (MCR). Many different options are imaginable, but virtually all of
the reports have centered on reactions initiated by a Knoevenagel condensation, followed by
some type of Michael addition. For example, Azizi and co-workers reported the MCR of
aromatic aldehydes, malononitrile, and various active methylene compounds (including
dimedone, acetylacetone, and acetoacetates). [42] All of these example afforded good yields
after 1-4 hours at 80 °C, thus providing a simple and efficient route to compounds of this type.
(Scheme 16) In addition, they explored a few other solvents under identical conditions and
found that three acidic DES (CC with malonic acid, citric acid, or tartaric acid) afforded the
anticipated products at slightly reduced yields (82%, 60%, and 68% respectively). Finally, the
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temperature was important as the same reaction at room temperature in CC/U afforded only
a 50% yield of the MCR product.

Scheme 16. Malononitrile multicomponent couplings

This temperature observation is quite interesting since another group reported the closely
related condensation of aldehydes, malononitrile, and cyclohexane-1,3-dione in CC/U. In this
case, they reported clean, high-yielding reactions at room temperature in 30 minutes. [43]
(Scheme 16) Considering the very high viscosity of CC/U at room temperature, it is unclear
how useful such reaction conditions would be, and the difference in reported results between
the two groups is a concern.

A third related MCR is that of 1,2-diketones in place of the aldehyde to afford spirocyclic
products. [44] (Scheme 16) A wide range of products were accessible as both malononitrile and
methyl cyanoaceate where used in combination with dimedone, cyclohexane-1,3-dione,
Meldrum’s acid, and 1-naphthol. In general, very good yields were obtained when isatin was
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the 1,2-dikeone, although somewhat lower (50-60%) yields were obtained for other diketones.
Recycling of the DES was also reported, again using extraction with water, followed by
concentration in vacuo.

A very interesting report on MCR in CC/U focusing on the condensation of aldehydes with
dimedone or cyclohexane-1,3-dione has also appeared. [45] (Scheme 17) In this careful study,
the authors noted that the choice of DES controlled the type of product (open or closed) formed.
In CC/U, a very high yield of the ring-open product was formed, while use of an acidic DES
favored the closed form, with choline chloride/malonic acid (CC/MA) and choline chloride/
ZnCl2 both affording solely the closed product. Interestingly, choline chloride/glycerol
(CC/G) afforded a mixture of the two products, favoring the open form as did the presumably
less Lewis acidic choline chloride/SnCl2.

Scheme 17. Other multicomponent couplings

A somewhat different MCR in CC/U was reported based upon the initial condensation of
malononitrile with salicylaldehyde, followed by Michael addition of a variety of nucleophiles
to afford substituted chromenes. [46] (Scheme 18) The reactions proceeded quickly (all
reactions < 4 hours, and most <1 hour) and in generally excellent yield. Nucleophiles that were
studied included many thiols, amines (secondary and one primary), cyanide and indole. The
products could generally be isolated in pure form by diluting the reaction with water and then
filtering to separate the product. In principle, this separation method should result in the ability
to recycle the CC/U, but no recycling data was reported.

Scheme 18. Chromene multicomponent couplings

Finally, the parent MCR, the Ugi reaction, has also been reported in CC/U. [47] (Scheme 19) In
this case, the use of a DES afforded much higher yields of the Ugi product than did reaction
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under neat conditions or in water or several organic solvents. The mild conditions and short
reaction times were complimented by the ease of product isolation (filtration after diluting
with water) and recovery and recycling of the DES (via concentration of the water layer in
vacuo). The recycled DES could be reused three times with only a slight drop in product yield.
Finally, a wide range of anilines and aromatic aldehydes, as well as one aliphatic aldehyde
and one ketone, all gave good yields of the Ugi products, indicating considerable scope to this
method.

Scheme 19. Ugi multicomponent coupling

3. Lewis acidic DES

One of the early families of DES that was introduced are those composed of choline chloride
and a metal salt, most typically zinc or tin chloride in a 1:2 molar ratio. These mixtures form
complex metal chloride anions and give liquids that are Lewis acidic. In principle, this same
concept should be applicable to combinations with a variety of other metal salts, such as iron,
copper, and the lanthanides, although little has been reported along these lines. The obvious
Lewis acidity of these DES has resulted in a number of applications in Organic Synthesis and
should be applicable to even more than have been presently reported. One potential drawback
to these DES is the fact that they would be expected to be moisture sensitive, although different
authors have reported these DES as been either moisture sensitive or moisture insensitive. It
is likely that there is some sensitivity, but it is likely less than that of the metal salts themselves,
which may aid in their handling under normal laboratory conditions.

One reaction that shows considerable promise in these Lewis acidic DES is the Diels-Alder
reaction. Considering the great utility that Lewis acids have demonstrated in the catalysis of
Diels-Alder reactions, this is not surprising. Nevertheless, the first report by Abbott and co-
workers did a fantastic job demonstrating their potential. [48] (Scheme 20) A number of
reactions were studied between ester, ketone, and aldehyde substituted dienophiles and a
range of simple dienes. Good yields were obtained (85+%) with good regioselectivities after
modest (<5 h) reaction times at ambient temperature when CC/ZnCl2 was employed as the
solvent. The use of CC/SnCl2 resulted in much slower reactions, but still good yields and
regioselectivity. Product isolation was simple, involving decantation of the non-polar products
from the DES, which could then be recycled at least 5 times with no appreciable loss in activity.
A later study similarly noted good results when using zinc-containing DES. [49] A range of
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salts, including imidazolium and pyridinium ones were used in combination with varying
ratios of zinc chloride. In all cases, 2:1 or higher molar ratios of zinc chloride to the other salt
afforded the best yields and regioselectivities. Product isolation again involved decanting the
less polar product layer to afford the DES layer which could be recycled.

Scheme 20. Diels-Alder Reactions

Beyond Diels-Alder reactions, another obvious application is in the area of nucleophilic
substitution chemistry. Azizi and Batebi have reported the ring opening of epoxides with a
wide range of nucleophilies, including thiols, anilines, TMSCN, TMSN3, and methanol. [50]
(Scheme 21) These reactions generally afforded very good yields after short (<2 hours) reaction
times at room temperature. In addition, the DES layer could be recycled at least 3 times with
only a modest loss in activity following extraction of the product by diethyl ether. Another
example of nucleophilic substitution chemistry in CC/ZnCl2 involved the ionization and
trapping of stabilized carbocations, such as diphenylcarbinol with a range of nucleophiles
including anilines, amines, sulfonamides, and 1,3-dicarbonyl compounds. [51] Yields were
good after 1 hour reaction times at 100 °C and the DES could be recycled at least 4 times with
no loss in activity. It is worth noting that the DES is used more as a recyclable catalyst, as only
1.5 equivalents were employed. In addition, the DES was recovered by extraction with water
and then dried in vacuo before reuse, which is operationally more difficult than the extraction
option employed by Azizi.

A related reaction is the ketalization of carbonyls using 2,2-dimethyl-1,3-propandiol using the
CC/ZnCl2 DES. [52] (Scheme 22) A wide range of aldehydes as well as two ketones where
employed in this chemistry to afford the desired ketals in good yield after modest reactions
times (10-20 h). Again, the DES was employed as a catalyst, with only 20 mol% being employed.
Further, the DES could be readily recycled following separation of the product via extraction
with ether.
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Scheme 22. Ketalizations

A rather unusual application of DES to synthesis is the preparation of either N-formylanilines
or N-N’-diarylamidines starting from anilines. [53] (Scheme 2) In this case, CC/SnCl2 was found
to be the best solvent of those studied. Reaction in the presence of formic acid at 70 °C afforded
the N-formyl products in good yield, while a slightly higher temperature (90 °C) in the presence
of trimethyl ortho formate afforded the amidines instead. In both cases, product isolation
involved simple extraction with ethyl acetate, which in principle should enable recycling of
the DES, although this was not reported.

Scheme 23. Formylation and Amidine Formation

Scheme 21. Nucleophilic Substitutions
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Various carbonyl condensation reactions have also been explored in Lewis acidic DES. The
Kabachnik-Fields reaction of aldehydes, anilines, and phosphites has been conducted using
CC/ZnCl2 at room temperature to afford the desired products in good yield after short reaction
times. [54] (Scheme 24) In this case, the DES was employed as a catalyst, with 15 mol% giving
optimal results. The products could be readily extracted from the DES using MTBE and the
DES recycled after drying in vacuo. A slight loss in activity (98% to 86% over five reactions)
was observed, which may be due to mechanical loss of the DES over the course of five reactions.

Scheme 24. Kabachnik-Fields Reactions

The synthesis of bis(indolyl)methanes (bim) has also been reported in a Lewis acidic DES. [55]
(Scheme 25) Interestingly, in this case, CC/SnCl2 proved superior to CC/ZnCl2. Even better
results were obtained when using either CC/SnCl2 with water (1:2:3 molar ratio) or with
PEG-200 (also a 1:2:3 molar ratio). Reaction times were short (<4 hours) at room temperature
and yields high, even for the more problematic alkyl aldehydes. Finally, mention is made of
recycling the DES, but no details are provided, although since the products are isolated via
extraction with ether or ethyl acetate, this recycling should be straightforward.

Scheme 25. BIM Synthesis

In a final example, Abbott and co-workers have also explored the Fisher indole synthesis in
CC/ZnCl2. [56] (Scheme 26) Reaction yields were good and reaction times short (<4 hours),
while employing 1-3 equivalents of the DES as the catalyst/solvent for the reaction. An
interesting option for product isolation was used in this study, with the desired indoles being

Deep Eutectic Solvents in Organic Synthesis
http://dx.doi.org/10.5772/59254

75



obtained via sublimation from the DES. Recycling of the DES was reported, but activity
decreased very rapidly, going from 91% to 72% to 34% over the course of three reactions.

Scheme 26. Fischer Indole Synthesis

4. Bronsted acidic DES

In addition to Lewis acidic DES, there is also the option to form Bronsted acidic DES by simply
using a Bronsted acid as the proton donor component of the DES. In this way, a wide range of
DES with varying acidity can be formed, with the most common options being various di-and
tricarboxylic acids as well as tosic acid. (Figure 1) As with the simple CC/U DES, recycling of
these systems has often been reported. In some cases, this simply involves product extraction
with an immiscible organic solvent (even just decanting the product in one case), but more
frequently is performed by dilution with water and then recovery of the DES from the aqueous
layer. This is clearly an area in need of improved options and may benefit from many of the
studies performed previously on traditional RTILs.

Figure 1. Common Acidic DES Components

Ionic Liquids - Current State of the Art76



obtained via sublimation from the DES. Recycling of the DES was reported, but activity
decreased very rapidly, going from 91% to 72% to 34% over the course of three reactions.

Scheme 26. Fischer Indole Synthesis

4. Bronsted acidic DES

In addition to Lewis acidic DES, there is also the option to form Bronsted acidic DES by simply
using a Bronsted acid as the proton donor component of the DES. In this way, a wide range of
DES with varying acidity can be formed, with the most common options being various di-and
tricarboxylic acids as well as tosic acid. (Figure 1) As with the simple CC/U DES, recycling of
these systems has often been reported. In some cases, this simply involves product extraction
with an immiscible organic solvent (even just decanting the product in one case), but more
frequently is performed by dilution with water and then recovery of the DES from the aqueous
layer. This is clearly an area in need of improved options and may benefit from many of the
studies performed previously on traditional RTILs.

Figure 1. Common Acidic DES Components

Ionic Liquids - Current State of the Art76

One of the more unusual applications of acidic DES in Organic synthesis is the use of the choline
chloride/tosic acid (CC/TA) system to effect the dichlorination of methyl ketones using 1,3-
dichloro-5,5-dimethylhydantoin (DCDMH). [57] (Scheme 27) Using methanol as the solvent,
the chlorinating reagent cleanly affords the expected α-chloroketones in good yield. Upon
switching the solvent to CC/TA, though, the dichlorination product is now obtained in nearly
quantitative yield after a short 1 hour reaction time at room temperature. The scope of these
conditions has not been extensively explored, but it does appear to be an interesting route to
these unusual products.

Scheme 27. α-Chlorinations

More traditional applications of acid catalysts have also been explored. In some unpublished
work, Handy and co-workers have explored the use of CC/TA as a recyclable catalytic solvent
for both the elimination of alcohols and the transesterification of esters. For the elimination of
alcohols to afford alkenes, this reaction was found to proceed cleanly with simple alcohols
such as 2-octanol and cyclohexanol, affording the alkenes in 85+% yields after reaction at 120
°C for 2 days. [58] (Scheme 28) 3° alcohols reacted more readily, with methylcyclohexanol
affording the anticipated alkene after 12 hours at 80 °C. In all cases, product isolation involved
simple decantation of the alkene, which formed a separate second layer. The remaining
CC/TA layer could be reused 4 times with minimal loss of activity (still affording 80% of the
alkene product from 2-octanol on the fourth recycling), although the build-up of water would
eventually reduce the effectiveness of this acidic DES (usually by the 6th recycling).

Scheme 28. Eliminations

For transesterifications of various vegetable oils (corn, soy, and cannola), the same CC/TA DES
proved to be effective. [59] (Scheme 29) Yields of the methyl esters were high (>80%) after
modest reaction times. Interestingly, the DES could be recycled up to 3 times without the need
to remove the glycerol by-product before transesterification was seriously impeded (85, 80,
and 76% recovery of the methyl esters for the first three uses of CC/TA, and then a drop to 50%
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recovery on the fourth use). To date, attempts to remove the glycerol and regenerate the active
DES have not proven to be successful.

Scheme 29. Transesterifications

In related work, the dehydration of the carbohydrate inulin to form 5-hydromethylfurfural
(HMF) in CC/Oxalic Acid has also been reported. [60] (Scheme 30) After extensive optimization
of the reaction time, temperature and the acidic component of the DES, conditions were
determined that allowed HMF to be isolated in 64% yield after only two hours of reaction at
80 °C. As has been reported several times, the inclusion of ethyl acetate aided in preventing
decomposition of the HMF as it was formed. This feature also enabled product separate to be
achieved by simple phase separation and the remaining DES to be recycled repeatedly with
minimal loss of activity. The inexpensive nature of this catalyst system, coupled with the mild
conditions and high yield of HMF from more complex carbohydrates (instead of the more
easily converted fructose) holds considerable promise for the effective formation of the
valuable biorenewable building block HMF.

Scheme 30. HMF Formation

In addition to transesterifications, related acidic DES have been used for the Fischer esterifi‐
cation of carboxylic acids. [61] (Scheme 31) A series of new acidic DES were prepared from the
combination of various ammonium salts and tosic acid, of which the equimolar combination
of TBnAMsO and tosic acid was employed most frequently. It was very effective for the
esterification with primary alcohols, affording the esters in near quantitative yields after short
2 hour reaction times at 60 °C. For secondary alcohols (such as isopropanol), the yields did
drop to near 50% at the same time and temperature, but the esters could still be easily isolated.
Of equal importance was the observation that the acidic DES, which was used as a catalyst (0.3
equivalents), could be recycled several times with only a modest loss in activity. Eventually,
the build-up of water reduced this activity over the course of 8 recyclings, but the DES could
be readily restored by simple dehydration in vacuo and then reused further. In addition,
product isolation was very simple, requiring just phase separation of the upper organic layer
to isolated the ester product and recovery of the acidic DES.
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Scheme 31. Fischer Esterifications

Acidic DES have also been used studied in a number of carbonyl condensation type reactions,
including the previously mentioned formation of bis(indolyl)methanes (bim) from aldehydes
and indoles. [62] (Scheme 32) The DES in this case was again the combination of choline
chloride and oxalic acid (CC/OxOH) and was used as a catalyst (10 mol%) for this transfor‐
mation. The desired bims could be recovered in high yield after very short (5 minutes) reaction
times at room temperature by dilution of the reaction with water and filtration. The DES could
be recovered by evaporation of the aqueous layer and recycled several times with little loss of
activity. The same paper also reported the synthesis of hydrazones from aryl aldehydes and
acetophenones under the same reaction conditions. Another paper similarly reported the
synthesis of bims by using TTA/DMU at 70 °C for 2-3 hours to afford the anticipated products
in good yield. [63]

Scheme 32. BIM and Hydrazone Formation

In related work, the Fischer indole synthesis was reported in the tartartic acid/DMU (TTA/
DMU) DES. [64] (Scheme 33) This reaction system afforded very good yields for a wide range
of ketones, including ones with acid-sensitive functionality such as that seen in Scheme 33.
The DES could be recovered from the aqueous layer after the reaction and recycled with
minimal loss of activity over 3 uses. It seems likely that other acidic DES may behave similarly
for this important reaction.
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Scheme 33. Fischer Indole Synthesis

Another Heteroaromatic synthesis that has been reported in the same acidic DES is the
Friedlaender synthesis of quinolones. [65] The combination of a ketone and an ortho-amino‐
acetophenone in TTA/DMU at 70 °C afforded the target quinolones in good yield. Again, acid-
sensitive functionality, such as the ketal in the reaction in Scheme 34, survives these reaction
conditions, demonstrating their functional group tolerance. The one drawback to these
reaction conditions is the extremely long reaction times (often several days). Nonetheless, there
is much promise for this approach.

Scheme 34. Friedlaender Quinoline Synthesis

This same TTA/DMU acidic DES has found application in a number of multi-component
reactions. In a pair of papers, Koenig and co-workers have reported the formation of dihy‐
dropyrimidin-2-ones or pyrimidopyrimidinediones by the combination of DMU and an
aldehyde with ethyl acetoacetate and acetophenones respectively. [66, 67] (Scheme 35) In this
case, beyond serving as a catalyst and solvent, the DES also serves as the source of the DMU.
Non-methylated and thiocarbonyl versions of the products can also be accessed by switching
to acidic DES with urea or thiourea respectively. Further, it was noted that vinyl ethers could
be used as masked aldehydes, thereby affording access to hydroxyl-terminated alkyl substitu‐
ents. In all cases, good to excellent yields are obtained after modest reaction times, thereby
making this a very general route to these biologically interesting compounds.

A closely related acidic DES – citric acid/DMU – was found to be superior to TTA/DMU for
the synthesis of 1,8-dioxo-dodecahydroxanthenes. [68] (Scheme 36) A wide range of aldehydes
afforded good results under these reaction conditions and the DES could be recycled up to six
times with little loss of activity. Recycling again involved the recovery of the DES from the
aqueous layer via concentration in vacuo.
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Scheme 36. Xanthene Synthesis

A final example of a multicomponent synthesis in an acidic DES comes from the Shankarling
group who used CC/Malonic acid (CC/MA) to prepare 2,3-dihydroquinazoline-4-ones. [69]
(Scheme 37) In this case, the DES is really employed as a catalyst (20 mol%) in methanol at 65
°C, instead of as a solvent as well. The DES can be recovered and recycled several times with
little loss of activity by recovery from the aqueous layer, following product separation via
extraction with ethyl acetate.

Scheme 37. 2,3-Dihydroquinazoline-4-one Synthesis

Finally, two different variations of conjugate addition have been reported in the TTA/DMU
acidic DES. (Scheme 38) In the first, Koenig and co-workers have synthesized some complex

Scheme 35. Dihydropyrimin-2-one and Derivatives Synthesis
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hydantoins in this DES, wherein the DES serves as solvent, catalyst, and the source of the urea
component. The hydantoins are isolated in good yield as roughly 2:1 mixtures of the syn and
anti isomers after several hours at 70 °C. [70] A more traditional Michael addition was reported
using the same solvent system at 70 °C for relatively long reaction times (1-2 days). [71]
Interestingly, several non-acidic carbohydrate-derived DES also afforded good results,
indicating that the acidity may not be crucial for this reaction.

Scheme 38. Conjugate Additions

5. Carbohydrate-derived DES

Another major family of DES that have been extensively explored are those based upon
carbohydrates. First popularized by Koenig and co-workers, they generally feature the
combination of some carbohydrate (or reduced derivative as is the case with sorbitol and
mannitol), a urea (most frequently N,N’-dimethylurea), and a chloride salt (most frequently
ammonium chloride). [72, 74, 75] These DES frequently exhibit melting points in the 60-90 °C
range and are easily prepared from bulk, biorenewable compounds. As a result, they feature
an intriguing combination of being inexpensive, non-toxic, and environmentally compatible.

In terms of the chemistry explored in these solvents, much of it has been cross-coupling
chemistry. Thus, Koenig and co-workers have employed various carbohydrate DES for Heck,
Sonogashira, Stille, Suzuki, hydrogenations, and Click reactions. [74, 75] (Scheme 39) In
general, these reactions performed similarly to those conducted in conventional solvents and
were applicable, with slight variations in yield, across a considerable range of carbohydrate-
derived DES. In a few cases recycling of both the palladium catalyst and the DES were
mentioned, but with very little detail on how this recycling was performed. In the case of the
Stille coupling between tributylphenyltin and p-bromoanisole, the reaction yield fell rapidly
during recycling, going from 94% for the first reaction to 70% for the first recycling to 66% for
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the second recycling which indicates either limited thermal stability of the catalyst or modest
retention of the catalyst in the DES during product isolation.

Scheme 39. Metal-mediated Reactions in Carbohydrate-derived DES

The Heck couplings were only reported using the more reactive aryl iodides, which work well
under any of a wide range of reaction conditions. On the other hand, the Sonogashira couplings
were reported for the less reactive aryl bromides and were performed in the absence of a copper
co-catalyst, which does make these reaction conditions more potentially useful. [72] For the
Suzuki coupling, a number of carbohydrate-derived DES were employed, with all affording
generally good results for a range of electron-rich and deficient aryl bromides. [74] Across the
examples studied, the sorbitol-based DES seen in Scheme 39 did afford modestly better results.

In the case of the hydrogenation reaction, although a chiral acid (citric acid) was used, the
product that was obtained was racemic. [72] The use of other carbohydrate-derived DES for
this particular reaction resulted in much poorer converstions.

Finally, for the copper-catalyzed Click reaction to form a triazole, the reaction could be either
performed using a preformed azide (as shown in Scheme 1), or the azide could be generated
in situ from sodium azide and benzyl bromide to afford the same product in 93% yield. [72]

Beyond metal-catalyzed reactions, the Diels-Alder reaction of cyclopentadiene with butyl
acrylate was also studied in a wide range of carbohydrate-derived DES. [72, 75] (Scheme 40)
The reactions proceed in near quantitive yields in most cases and afforded modest endo
selectivity. Unlike the earlier work by Abbott, this study did not report the results of any more
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demanding Diels-Alder reactions, leaving the practical utility of these solvent systems in
doubt. [48]

Scheme 40. Diels-Alder Reactions in Carbohydrate-derived DES

One example of the application of these carbohydrate-derived DES to the family of conden‐
sation reactions has also been reported. [76] Thus, the use of a maltose/DMU/NH4Cl DES for
a catalyst-free Friedlander-type synthesis of quinazolines was reported. In general, the desired
quinazolines were formed in high yield via a multi-component coupling of an aldehyde, an o-
aminoacetophenone, and ammonium acetate. (Scheme 41) Interestingly, the omission of
ammonium acetate severely decreased the yield of the desired quinazoline product with the
reaction seen in Scheme 3 affording a 55% yield compared to a 93% yield in the presence of
ammonium acetate. As a result, it appears that the ammonium chloride present in the DES is
not able to serve as an effective nitrogen source for this reaction. Finally, these reactions worked
well in a wide range of DES, including CC/U (more generally employed in condensation-type
reactions). This result may indicate that the carbohydrate-derived DES could have a much
broader range of application in condensation chemistry.

Scheme 41. Multicomponent Quinazoline Synthesis

6. Assorted DES

One of the exciting features of DES is the wide variety of materials that can be prepared. While
may examples have been seen in the previous sections, a few additional ones provide excellent
examples of this flexibility.
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6. Assorted DES

One of the exciting features of DES is the wide variety of materials that can be prepared. While
may examples have been seen in the previous sections, a few additional ones provide excellent
examples of this flexibility.
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Recently, Del Monte and co-workers reported the use of an acrylic acid/Choline chloride DES
as a combined reaction medium/reagent for frontal polymerization to form polyacrylic acids.
[77] These polymerizations were initiated thermally using benzoyl peroxide and proceeded
very efficiently to form the desired polymers. More interestingly, by dispersing or dissolving
carbon nanotubes into this DES, carbon nanotube containing composites could be formed,
resulting in materials with high biocompatibility and the potential for future applications as
biomaterials. Indeed, this article serves as another reminder that the field of polymer science
could benefit considerably from greater application of DES.

A very recent and very surprising result has appeared on the application of DES to main group
organometallic chemistry. Although the generally protic nature of virtually all DES would be
expected to be incompatible with organometallic reagent such as organolithiums and
Grignards, it was noted that very rapid (2-3 seconds) additions to ketones could be achieved
under ambient conditions with exposure to air. [78] (Scheme 42) Although several DES were
studied, the optimal one was found to be choline chloride/glycerol (CC/G). Most reactions
were performed using commercially available solutions of the organometallic reagents in
ethereal or hydrocarbon solvents, but is was observed that the reactions still proceeded well
when the organic solvent was removed in vacuo prior to addition. Unfortunately, attempts to
generate the organometallic reagents in the DES failed, but this still constitutes a major advance
in making organolithium and Grignard chemistry safer and more environmentally compatible.
It will be interesting to note if the heightened reactivity observed in the present cases holds
true for other organometallic reagents such as organozincs.

Scheme 42. Organometallic Chemistry in DES

7. Conclusion

In conclusion, in a few short years, DES have made a significant showing in Organic Synthesis.
Given the broad range of such materials that can be imagined (neutral, Lewis acidic, and
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Bronsted acidic), it is easy to picture continued growth in this area. Recycling has been
demonstrated in many cases, although the frequently employed method of recovering the DES
from the aqueous layer following extractive work-up of the reaction is undoubtedly energy
intensive. It is likely that other superior methods for product separation and solvent recycling
can be developed and should certainly be a topic for future focus. Additionally, the ability to
tune the solvent properties by developing new DES is a fruitful option for study, although this
may require the development of new design parameters beyond those currently in use. In any
case, DES are here to stay.
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1. Introduction

These years, inorganic nanomaterials, which stands out as an important class of advanced
materials, received great attention due to the technological applications in fields as diverse as
optoelectronics, energy conversion/production, catalysis, and biomedicine [1-3]. Formation
and size or morphology control of nanoparticles are crucial issues in inorganic nanomaterials
research. Among the investigated strategies for the synthesis of inorganic nanomaterials, the
solution-based chemical process underwent rapid progress over the last two decades and has
developed into a promising field in materials chemistry. The most common media for con‐
ducting chemical reactions and materials synthesis are aqueous and organic solvents. Never‐
theless, a limited number of molecular solvents can be used and some of them may cause
environmental problems. Although traditional molten salts have been used as alternative
reaction media, their high boiling points (above 100 °C) significantly restricts the scope of
applications and make the process impractical [4,5]. In this regard, it remains a great challenge
to explore novel and green media that allow particular reactions to occur.

As an organic salts with low melting points (as low as -96°C), ionic liquids (ILs) have received
much attention in many areas of chemistry and industry due to their potential as a “green”
recyclable alternative to traditional organic solvents. Ionic liquids are not new; the first ionic
liquid, [C2H5NH][NO3] (melting point 13-14 °C), was synthesized by Walden via the neutral‐
ization of ethylamine with concentrated HNO3, as reported in 1914 [6]. However, it is only in
the past few years that ILs have began to be used in the inorganic synthesis. The first attempt
at using ILs as the reaction medium instead of conventional molecular solvents for the
synthesis of inorganic materials was pioneered by Dai and co-workers in 2000 [7]. They
introduced ILs for the fabrication of porous silica gels termed as “ionogels”, which are being
extensively investigated. After this study, ILs have been actively employed for the synthesis
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distribution, and eproduction in any medium, provided the original work is properly cited.



of a broad range of inorganic materials, and many interesting inorganic materials with various
properties have been fabricated [8,9].

ILs offers many distinct advantages (such as negligible vapor pressures, good thermal stability,
high ionic conductivity, broad electrochemical potential windows, and high synthetic
flexibility) for a wide variety of inorganic and organic materials. This Chapter will focus on
the use of ILs in inorganic materials synthesis. We will describe some recent development of
synthesizing inorganic nanomaterials (including metal nanoparticles, metal oxides, metal
chalcogenides, and zeolites) in ILs. Especially, we focus on the versatile role of ILs that plays
in the synthesis of the inorganic nanomaterials.

2. Advantages of ILs in synthesis of inorganic nanomaterials

At the beginning, ILs have been used as functional solvents in the field of organic chemistry.
The special physical properties of the ionic liquids that render them interesting as potential
solvents for inorganic synthesis, as follows [10]: (1) They are good solvents for a wide range
of inorganic materials and unusual combinations of reagents which can be brought into the
same phase. (2) They are often composed of poorly coordinating ions, so they have the potential
to be highly polar yet noncoordinating solvents. (3) ILs are immiscible with a number of organic
solvents and can provide a nonaqueous and polar alternative for the two-phase systems.
Hydrophobic ionic liquids can also be used as immiscible polar phases with water. (4) Ionic
liquids are nonvolatile, hence they may be used in high-vacuum systems and eliminate many
containment problems. Recently, ILs have been employed as reaction media to fabricate
inorganic nanomaterials via various routes, such as ionothermal synthesis, ILs-assisted
modified hydrothermal/solvothermal methods, and ILs-assisted microwave method [11].
Especially, ionothermal synthesis, which mainly uses ILs as the reaction solvent and, in many
cases, structure directing agent (SDA) shows many advantages in the inorganic synthesis
[12]. For example, the negligible vapor pressure produced from ILs when heated makes the
ionothermal synthesis take place at ambient pressure. This property not only eliminates the
safety concerns associated with the high pressure, but also allows for the ionothermal synthesis
of materials in glass vessels.

Ionic liquids cannot be regarded as merely a “green” alternative to conventional organic
solvents. The most important advantage of using ionic liquids for the preparation of inorganic
materials is that ionic liquids form extended hydrogen bond systems in the liquid state and
are therefore highly structured, which can be defined as supermolecular fluids [13]. This
property of structural organization makes ionic liquids suitable for use as entropic drivers for
the generation of well-defined nanostructures with extended order. ILs thus have been wildly
used as templates for the synthesis of nanomaterials, especially the hollow and porous
materials [14,15]. ILs have significant influence on the shapes and structures of the samples
based on different mechanisms, including hydrogen bonds and π-π stack interactions, self-
assembled mechanism, electrostatic attraction, and so on.

Ionic Liquids - Current State of the Art94



of a broad range of inorganic materials, and many interesting inorganic materials with various
properties have been fabricated [8,9].

ILs offers many distinct advantages (such as negligible vapor pressures, good thermal stability,
high ionic conductivity, broad electrochemical potential windows, and high synthetic
flexibility) for a wide variety of inorganic and organic materials. This Chapter will focus on
the use of ILs in inorganic materials synthesis. We will describe some recent development of
synthesizing inorganic nanomaterials (including metal nanoparticles, metal oxides, metal
chalcogenides, and zeolites) in ILs. Especially, we focus on the versatile role of ILs that plays
in the synthesis of the inorganic nanomaterials.

2. Advantages of ILs in synthesis of inorganic nanomaterials

At the beginning, ILs have been used as functional solvents in the field of organic chemistry.
The special physical properties of the ionic liquids that render them interesting as potential
solvents for inorganic synthesis, as follows [10]: (1) They are good solvents for a wide range
of inorganic materials and unusual combinations of reagents which can be brought into the
same phase. (2) They are often composed of poorly coordinating ions, so they have the potential
to be highly polar yet noncoordinating solvents. (3) ILs are immiscible with a number of organic
solvents and can provide a nonaqueous and polar alternative for the two-phase systems.
Hydrophobic ionic liquids can also be used as immiscible polar phases with water. (4) Ionic
liquids are nonvolatile, hence they may be used in high-vacuum systems and eliminate many
containment problems. Recently, ILs have been employed as reaction media to fabricate
inorganic nanomaterials via various routes, such as ionothermal synthesis, ILs-assisted
modified hydrothermal/solvothermal methods, and ILs-assisted microwave method [11].
Especially, ionothermal synthesis, which mainly uses ILs as the reaction solvent and, in many
cases, structure directing agent (SDA) shows many advantages in the inorganic synthesis
[12]. For example, the negligible vapor pressure produced from ILs when heated makes the
ionothermal synthesis take place at ambient pressure. This property not only eliminates the
safety concerns associated with the high pressure, but also allows for the ionothermal synthesis
of materials in glass vessels.

Ionic liquids cannot be regarded as merely a “green” alternative to conventional organic
solvents. The most important advantage of using ionic liquids for the preparation of inorganic
materials is that ionic liquids form extended hydrogen bond systems in the liquid state and
are therefore highly structured, which can be defined as supermolecular fluids [13]. This
property of structural organization makes ionic liquids suitable for use as entropic drivers for
the generation of well-defined nanostructures with extended order. ILs thus have been wildly
used as templates for the synthesis of nanomaterials, especially the hollow and porous
materials [14,15]. ILs have significant influence on the shapes and structures of the samples
based on different mechanisms, including hydrogen bonds and π-π stack interactions, self-
assembled mechanism, electrostatic attraction, and so on.

Ionic Liquids - Current State of the Art94

Since ionic liquids can serve as “tailored solvents”, they thus give us an opportunity for
designing the ionic liquid according to the crystal structures, compositions, and crystal habits
of the target products. ILs containing ions like sulfate, phosphate, carbonate, chloride, and
metal cations can be regarded as reactive liquid precursors for the fabrication of inorganic
materials. The IL is not only a solvent or template, but it acts as a tailored molecular precursor
with a well-defined composition, structure, and reactivity. These parameters can be exploited
for the fabrication of uniformly structured inorganic materials with various properties and
these ILs can be viewed as “all-in-one” ILs. The hypothesis of ionic liquids as “all-in-one”
solvents was first tested on cuprous chloride by Taubert and co-workers [16]. In that study,
they introduced a protocol for the synthesis of CuCl nanoplatelets from a Cu-containing IL 1
and 6-O-palmitoyl ascorbic acid 2. It was found that the mixtures of 1 and 2 could form
thermotropic liquid crystals with lamellar self-assembled structures and the plate morphology
was therefore caused (Figure 1). After this study, a large range of inorganic nanomaterials with
interesting phases and morphologies were fabricated from various all-in-one ILs [13].

Figure 1. (a) Components of the ionic liquid precursors used for CuCl platelet synthesis: Cu-containing IL 1 and 6-O-
palmitoyl ascorbic acid 2. (b) Optical micrograph (crossed polarizers) of a demixed ionic liquid precursor.

3. Development of ILs in synthesis of inorganic nanomaterials

3.1. Metal nanoparticles

Metal nanoparticles (NPs) have become one of the hottest fields in nanoscience due to their
diverse applications in the fields of catalysis, biology, optics, electronics, and nanotechnology
[17,18]. Metal NPs can be fabricated by a variety of methods, such as chemical reduction of
metal salts, thermal, photochemical or sonochemical decomposition of metal complexes,
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hydrogenation of olefinic ligands of metal complexes, vapour phase deposition and electro‐
chemical reduction of metals in high oxidation states. Majority of the metal NPs synthesized
in the ILs medium needs the additional reducing reagents such as molecular hydrogen gas,
complex hydrides, hydrazine, alcohols, and thiols, leading to a complex synthesis, where the
shapes and sizes of the products are strongly affected by the concentration, addition sequence,
and rate of addition of the capping and reducing agents. In contrast, ILs have unique and
tunable properties useful in the synthesis of metal nanocrystals via chemical or physical routes.
The main advantages of using ILs are their dual role of reaction solvent and nanoparticles
stabilizer [19] (Figure 2). Thiol-, ether-, carboxylic acid-, amino-, hydroxyl-, or nitrile-func‐
tionalized imidazolium cations can stabilize metal NPs even more efficiently through the
added functional group[20].

Figure 2. Potential NPs tabilisation in ILs for surface charged/polar NPs (left) and for surface neutral, non-polar NPs
(right) [19].

In some cases, ILs acts as reducing agent for the formation of various metal NPs by simple
reduction of metal salt compounds. Recently, there are very few reviews on the synthesis of
metal NPs [19-22]. For instance, Dupuont and co-workers discussed the structural/surface
properties of soluble metal NPs dispersed in ILs, with particular attention paid to the stabili‐
zation models proposed to explain the stability and properties of these metal NPs [21]. Luska
and Moores reviewed the use of functionalized ILs in the synthesis of metal NPs, with an
emphasis on the application of NP:IL catalysts [22]. In this part, we will present the current
progress mainly on the chemical reduction synthesis of metal NPs in the presence of ILs.

3.1.1. Monometallic NPs

3.1.1.1. Ir, Ru and Pt

In 2002, Dupont and co-workers for the first time reported the synthesis of Ir NPs with an
average size of 2 nm in the IL [BMIM][PF6] medium with the absence of any surfactant [23].
By using the similar strategies, they later synthesized the stable and isolable nanometric Pt
NPs of 2.0-2.5 nm in diameter from the reaction of Pt2(dba)3 (dba=bis-dibenzylidene acetone)
dispersed in ionic liquid [BMIM][PF6] with molecular hydrogen (4 atm) at 75 °C [24] (Figure
3). They found that a plethora of imidazolium ILs with different physical-chemical properties
can be easily prepared by varying the anion and the alkyl chain on the aromatic ring, and this
thereby opens the possibility for the preparation of distinct NPs, for biphasic catalysis. Very
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recently, Zhang et al. [25] reported the electroless deposition of Pt NPs by dissolving K2[PtCl4]
or K2[PtCl6] in 1-ethyl-3-methylimidazolium ILs containing bis-(trifluoromethylsulfonyl)imide
(NTf2

-) or tetrafluoroborate (BF4
-) anion and small cations such H+, K+, and Li+ at various

temperatures. The ultrasmall and uniform Pt NPs of ca. 1-4 nm in diameter were produced
and the Pt-NPs/[EMIM][Tf2N] dispersion was kept stably for several months without adding
any additional stabilizers or capping molecules.

Dupont and co-workers [26] have presented a simple organometallic approach for the
synthesis and catalytic application of Ru NPs in imidazolium ionic liquids using a clean
straightforward hydrogenation route with the readily available versatile ruthenium precursor
[Ru(COD)(2-methylallyl)2] (Figure 3). The particles with 2.1-3.5 nm in diameter dispersed in
the ionic liquid, no significant agglomeration of the Ru NPs can be observed. Recently, Prechtl
and co-workers synthesized the Ru nanoparticles from the reduction and decomposition of
([Ru(COD)(2-methylallyl)2] precursor, which were dissolved in imidazolium ILs undergo
reduction and decomposition, respectively [27].

3.1.1.2. Au, Ag and Cu

On the other hand, some ILs itself, such as hydroxylated imidazolium salts, can perform as
the reducing agent in the synthesis of metal NPs. For example, Li et al. [28] prepared Au
nanosheets with very large size by directly microwave heating of [BMIM][BF4] or [BMIM]
[PF6] solutions (Figure 3). It can be found that the formation of the large-scale Au nanosheets
is likely directly related to two-dimensional polymeric structure by hydrogen bonds between
the cations and anions in the ILs, which has a template effect for the formation of Au sheets.

Figure 3. TEM and SEM images exemplifying metal NPs exhibiting different shapes prepared in the presence of ILs:
(a) Pt stablized by ILs [24], (b) Ru stablized by ILs [26], (c) Au nanosheets [28], (d) Ag nanowires [32].
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In another report, Gao et al. [29] used [BMIM][PF6] and [BMIM][Tf2N] as multifunctional
molecules and synthesized regular-shaped single-crystal Au nano-and microprisms with
controlled sizes (a very broad size range of 3-20 μm in diameter and 10-400 nm in thickness)
without the need for additional capping agents and reducing agent. Ren et al. also fabricated
Au nano-and microstructures such as polyhedral crystals, large single-crystalline nanoplates,
hollow trapeziform crystals, holey polyhedra, and dendrites via microwave heating of
HAuCl4⋅4H2O in a variety of ionic liquids (ILs) in the absence of capping agents or additional
reducing agents [30]. The authors supposed that IL ions act as the capping agent directing Au
crystal growth and consequently determining the final shape, owing to the fact that ILs having
different absorption abilities and thus leading to the various morphologies observed. Qin et
al. [31] reported the synthesis of hierarchical, three-fold symmetrical, single-crystalline Au
dendrites were synthesized by the reaction between a zinc plate and a solution of HAuCl4 in
the ionic liquid [BMIM][PF6]. The significantly lowered ion diffusivity and reaction rate in the
ionic liquid medium could largely contribute to the formation of the pure single-crystalline
Au dendrites.

Suh and co-workers [32] synthesized the Ag nanowires by the simple reduction of a silver
precursor in the presence of [BMIM][MeSO4] (Figure 3). By chosing the different IL, they also
synthesized well-defined Ag NPs with cubic and octahedral shape in the presence of [BMIM]Cl
and [BMIM]Br, respectively. Importantly, they found that ILs distributed over the nanoparticle
surface play an important role in the determination of interparticle interactions, leading
different assembly processes with respect to the types of ILs employed. It was speculated that
[BMIM][MeSO4] provides a higher degree of directional polarizability than either [BMIM]Cl
or [BMIM]Br, as a result of the bulky and delocalized charge state of the anions. Kim and co-
workers [33] reported the water-phase synthesis of Ag nanoparticles with average size of 4.1
and 2.2 nm using 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate ([HEMIM][BF4])
and 1-(2'-hydroxyethyl)-2-methyl-3-dodecylimidazoliumchloride ([C12HEMIM]Cl), respec‐
tively, in the absence of any other reducing agent. They also found that the size of IL-Ag could
be tuned by varying the side chain length of the cation.

IL-mediated nanobelt self-assembly from nanoparticles has been much less well investigated
and an intermediate state that transiently appears during the self-assembly process has seldom
been observed. Very recently, Zhou and co-workers presented the controlled self-assembly of
copper nanoparticles into nanobelts bridged by an IL [34]. They first synthesized Cu nano‐
particles via the addtion of hydrazine hydrate into the mixture solution of Cu(AcO)2, ethanol
and IL. The formed Cu nanoparticles can assembley into Cu nanobelts in around one week. It
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syntheis of CoPt nanorods, hyperbranched nanorods, and nanoparticles with different CoPt
compositions in ionic liquid [BMIM][Tf2N], from the (Pt(acac)2) and (Co(acac)3) precursors in
the presence of CTAB. Very recently, Dupont and co-workers [37] prepared unsupported
bimetallic Co/Pt NPs with size of 4.4 ± 1.9 nm by a simple reaction of [bis(cylopentadienyl)co‐
balt(II)] and [tris(dibenzylideneacetone) bisplatinum(0)] complexes in IL [BMIM][PF6] at 150
°C under hydrogen for 24 h. The formed bimetallic Co/Pt NPs display core-shell like structures
in which mainly Pt composes the external shell (CoPt3@Pt-like structure). Different from these
two works, Vallés and co-workers [38] demonstrated an electrochemical synthesis of alloyed
CoPt NPs of different sizes (10-120 nm), using CoPt aqueous solution/[BMIM][PF6]/Triton
X-100 water-in-ionic liquid microemulsions by electrodeposition. The relative amount of
aqueous solution to ionic liquid determines the size of the nanoreactors, which serve as
nanotemplates for the growth of the nanoparticles and hence determine their size and
distribution.

In addtion to CoPt, other bimetillic NPs or composties were prepared in the presence of IL.
For example, Helgadottir et al.[39] reported the preparation of core-shell Ru@CuNPs with
small diameters and narrow size distributions via the simultaneous decomposition of Ru and
Cu organometallic precursors in IL. Ding et al. [40] reported the synthesis of PdxNiy bimetallic
NPs (the nominal atomic ratios of Pd to Ni are 2:1, 3:2 and 1:1) supported on multi-walled
carbon nanotubes (MWCNTs) by a thermal decomposition process using N-butylpyridinium
tetrafluoroborate ([BPy][BF4]) as the solvent. Fischer and co-workers [41] sythesized Ni/Ga
alloy materials by microwave induced copyrolysis of [Ni(COD)2] (COD=1,5-cyclooctadiene)
and GaCp* (Cp*=pentamethylcyclopentadienyl) the ionic liquid [BMIM][BF4]. They found
that, without additional hydrogen, the current method selectively yields the intermetallic
phases NiGa and Ni3Ga from the respective 1:1 and 3:1 molar ratios of the precursors.

3.2. Metal oxides

Metal oxides have been regards as promising solid-state materials for a wide variety of
applications in the fields of nanotechnology and materials science due to their unique chemical,
physical and mechanical properties. Till now, many metal oxides have been prepared in ionic
liquids or mixed solutions containing ionic liquids by the wet chemical method.

3.2.1. TiO2

It is widely known that TiO2 is an important wide band gap semiconducting material and is
widely used in the photocatalytic field. Up to now, TiO2 of different phases (anatese or rutile)
and morphologies were synthesized by using ILs as the medium. Zhou et al. [42] used IL
[BMIM][BF4] as medium and synthesized mesoporous spherical anatase aggregates self-
assembled from very fine anatase nanocrystals with an average diameter of 2-3 nm under mild
conditions. The high crystallinity of the obtained particles underlines the unique advantages
of the IL method compared to other synthetic pathways towards TiO2 nanocrystals. Very
interestingly, Nakashima and co-worker [14] synthesized hollow TiO2 microspheres by
subjecting a mixture of [BMiM][PF6], toluene, and Ti(OBu)4 to vigorous stirring. The
Ti(OBu)4 molecules dissolved in toluene droplets reacted with trace amount of water at the
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interface between the toluene droplets and ionic liquid, leading to the formation of hollow
TiO2 microspheres (Figure 4). It is worth mentioning that no other hard template was needed
in the synthesis, indicating the advantages of the ILs as the efficient, simple all-in-one systems
for the inorganic synthesis.

Figure 4. Left: Schematic illustration of the mechanism proposed for the formation of hollow TiO2 microspheres at the
interface between the oil droplet and ionic liquid. Right: SEM image of a hollow TiO2 microsphere with a broken shell.
[14]

In another report, Ding et al. [43] reported a facile method to synthesize cubelike anatase
nanocrystals with uniform size and shape via a microwave-assisted route in [BMIM][BF4]. Dai
and co-workers [44] fabricated hierarchically patterned macroporous TiO2 architectures via
the spontaneous self-assembly of TiO2 prepared from a mixture of 1-octadecene (ODE) and an
ODE-immiscible 1-alkyl-3-methylimidazolium-based ionic liquid as the reaction medium.
Wessel et al. [45] reported a fast way to synthesize pure TiO2(B) in a mixture of [C16MIM]Cl/
[C4MIM][BF4]. In addtion to pure TiO2, element-doped TiO2 nanomaterials were also fabricat‐
ed. Yu et al. [46] employed, ionic liquid [BMIM][BF4] as both a structure-directing agent and
a dopant and prepared fluorinated B/C-codoped anatase TiO2 nanocrystals through hydro‐
thermal hydrolysis of tetrabutyl titanate. Our group recently reported a facile ionic liquid-
assisted synthesis of pure rutile and rutile-anatase composite nanoparticles by hydrolysis of
titanium tetrachloride in hydrochloric acid [47]. The ionic liquid, [EMIM]Br, can serve as a
capping agent based on its strong interaction with the (110) facet of rutile. More specifically,
we demonstrate that [EMIM]Br favors the formation of rutile structure with a rod-like shape
due to the mutual π-π stacking of imidazole rings. The ratios of rutile to anatase in the products
can be controlled and TiO2 nanoparticles with arbitrary phase compositions can be obtained
in high yields by means of this simple method.

3.2.2. ZnO

Zinc oxide (ZnO), a wide band gap semiconductor, plays an important role in many applica‐
tions because of its extraordinary electrical and optical properties. Recently, ILs have attract‐
ed much attention in the synthesis of ZnO since it can not only acts as functional solvents for
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reaction precursors but also morphologic templates for nanostructures. Zhou et al. [48] syn‐
thesized ZnO hexagonal micro-pyramids with all their exposed surfaces consisting of polar
±(0001) and {101} planes by using a mixture of oleic acid and ethylenediamine as the solvent,
which can be regarded as one kind of ionic liquid (R-COOH+R-NH2

® RCOO-+R-NH3
+).

Zhu et al. [49] prepared hierarchical ZnO structures with diverse morphologies from the
metal-containing ILs acting as both solvents and metal-oxide precursors. Our group [50] re‐
cently found that low-dimensional ZnO nanostructures from nanoparticles to nanorods to
nanowires can be successfully synthesized in ionic liquid at low temperature (Figure 5). We
found that the longer alkyl chain at position-1 of the imidazole ring of the ionic liquid will
hinder the ZnO nanostructures from growing longer, and the hydrogen bonds may play a
crucial role for the directional growth of the 1D nanocrystals. The as-obtained ZnO nano‐
structures in different ionic liquids show strong size/shape dependence of photocatalysis ac‐
tivity.

Figure 5. (a) TEM image and size distribution histogram (inset) of the ZnO nanorods prepared in [EMIM][BF4] at low
temperature. (b) Proposed growth schematic diagram of 1D ZnO nanostructures in ionic liquid. [50]

3.2.3. Copper oxide

Copper oxide is a transition-metal oxide with a narrow band gap, and is widely used as a
photocatalyst. Li et al. [51] reported the morphology control synthesis of Cu2O crystals by the
electrodeposition method in the presence of ionic liquids. They found that the hydrophilic
ionic liquids, 1-methyl-3-ethylimidazolium salts containing ethyl-sulfate anions, have dra‐
matic effects on the morphology changes of electrochemically grown Cu2O crystals. The shape
of Cu2O crystals evolves from cubic to octahedral and spherical shape only by adding a varied
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small amount of ionic liquids in the deposited solutions. Shen and co-workers [52] presented
the synthesis of flowerlike Cu2O architectures in the presence of ionic liquid [BMIM][BF4] with
the assistance of microwave irradiation. It was shown that flowerlike Cu2O architectures with
a band gap of about 2.25 eV and a high surface area of 65.77 cm2g-1 consist of many thin
nanosheets that could be obtained by adjusting the amount of used [BMIM][BF4] and exhibited
high and stable photochemical activity for the reduction of Cr(VI) to Cr(III) under visible-light
irradiation. Recently, stable nanouids comprising of CuO nanoparticles suspended in 1-
butyl-3-methylimidazolium acetate and trioctyl(dodecyl) phosphonium acetate have been
synthesized and it was found that these ionic liquids provide stabilization to CuO nanoparti‐
cles [53]. Gusain et al. [54] prepared CuO nanorods by ultrasound assisted shape regulation
in the presence of 1-hexyl-3-methylimidazolium acetate and tetrabutylammonium acetate
ionic liquids. The results showed that CuO nanorods, stabilized by ionic liquids, exhibit
excellent friction-reduction (15-43%) and improved anti-wear properties (26-43%) compared
to the PEG 200 and 10W-40 engine oil.

3.2.4. Iron oxide

Hematite (α-Fe2O3) and magnetite (Fe3O4) has attracted a great deal of attention owing to
potential applications in fields of catalysis, gas sensors, adsorbent, rechargeable Li-ion
batteries, magnetic storage, etc. Recently, our group have successfully prepared α-Fe2O3 with
various morphologies, such as nanoparticles, mesoporous hollow microspheres, microcubes,
and porous nanorods, via an [BMIM]Cl ionic liquid assisted hydrothermal synthetic method
[55]. Importantly, we found that the hydrogen bond-co-π-π stack mechanism is used to be
responsible for the present self-assembly of the [BMIM]Cl ionic liquid in the reaction systems
for the formation of the α-Fe2O3 with various morphologies. We also successfully synthesized
aggregated α-Fe2O3 nanoplates under ionothermal conditions through the self-assembly of
nanoplatelets in a side-to-side manner [56]. [PMIM]I ionic liquid was used in the synthesis and
is essential for the assembly and coalescence of small nanoplatelets into final nanoplates. Using
the similar method, self-assembled Fe3O4 nanoflakes with an average diameter of about 15 nm
have been synthesized with the assistance of ionic liquid [C16MIM]Cl, which plays a critical
role for the self-assembly of nanoparticles into nanoflakes by adsorbing onto the surfaces of
the primary Fe3O4 nanoparticles [57]. Most recently, Xu et al. [58] prepared α-Fe2O3 hollow
microspheres in the presence of metal ion-containing reactable ionic liquid ([OMIM][FeCl4])
under the solvothermal condition. It was found that [OMIM][FeCl4] acted not only as Fe source
but also as solvent and template for the fabrication of α-Fe2O3 hollow microspheres. In
addition, the electrochemical and photocatalytic properties of α-Fe2O3 were investigated. The
α-Fe2O3 hollow microspheres exhibited high conductivity, high photocurrent, and high
photocatalytic activity. The designed hollow microsphere showed potential applications in
photocatalysis.

3.2.5. Other oxides

BiOX (X=Cl, Br and I) has drawn considerable attention because of its optical properties and
promising inductrustrial applications, such as catalysts and photocatalysts, ferroelectreic
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materials, pigments, photoluminescence, and so on. Recently, ionic liquids as “designer
liquids” have attracted great interest for the synthesis of BiOX micro/nanostructures. Our
group has successfully synthesized ultrathin BiOCl nanoflakes, nanoplate arrays, and curved
nanoplates via an ionothermal synthetic route by using an ionic liquid [C16MIM]Cl as “all-in-
one” solvent, simply adjusting reaction temperature (Figure 6) [59]. The formation of plate-
like BiOCl may be due to fact that the [C16MIM]Cl prefers to selectively adsorbed on the (001)
plane of BiOCl, which can effectively inhibit crystalline growth in the (001) direction. Li and
co-workers[60] have been successfully synthesized BiOI uniform flowerlike hollow micro‐
spheres with a hole in its surface structures through an EG-assisted solvothermal process in
the presence of ionic liquid [BMIM]I. In this work, ionic liquid [BMIM]I not only acted as
solvents and templates but also as an I source for the fabrication of BiOI hollow microspheres
and was vital for the structure of hollow microspheres. Yu and co-workers [61] fabricated
bismuth BiOBr micropsheres with hierarchical morphologies via an ionothermal synthesis
route. Ionic liquid [BMIM]Br acts as a unique soft material capable of promoting nucleation
and in situ growth of 3D hierarchical BiOBr mesocrystals without the help of surfactants.

Figure 6. (a) SEM images of BiOCl nanoplates obtained in [C16Mim]Cl at 180 C for 24 h. (b) Schematic illustration of the
interaction of BiOCl crystal planes and the head parts of [C16MIM]Cl. [59]

Recently, Lian et al. [62] prepared γ-Al2O3 mesoporous nanoflakes via a one-step ionothermal
synthetic method under mild conditions using an ionic liquid [BDMIM]Cl as multifunctional
material in terms of solvent and template. Duan et al. [63] prepared well-dispersed ammonium
aluminum carbonate hydroxide (NH4-Dw) and γ-AlOOH nanostructures with controlled
morphologies have been synthesized by employing an ionic liquid ([BDMIM]Cl) assisted
hydrothermal process. These as-prepared NH4-Dw and γ-AlOOH nanostructures were
converted into porous γ-Al2O3 nanostructures by thermal decomposition, whilst preserving
the same morphology. Very rencently, Li et al. [64] reported a simple and facile hydrothermal
method for the synthesis of hierarchical α-GaOOH architectures assembled by nanorods as a
precursor, in which ionic liquid ([BMIM][OH]), as green and efficient recyclable solvents, play
a key role in the formation of the hierarchical structures. After calcining the precursor in air,
mesoporous α-Ga2O3 hierarchical structures were successfully obtained. Furthermore, the as-
prepared mesoporous α-Ga2O3 hierarchical structures display good photocatalytic activity in
the degradation of RhB molecules.
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3.3. Metal Chalcogenides

3.3.1. M2X3 (M=Bi or Sb; X=S or Se)

Metal chalcogenides have been previously studied and employed in many applications, such
as catalysis, light harvesting, energy conversion and storage devices [65,66]. Like metal oxides,
a few kinds of metal chalcogenides have been synthesized using methods based on ionic
liquids. Jiang et al. [67] synthesized single-crystalline Bi2S3 nanorods and Sb2S3 nanorods via
the microwave-assisted ionic liquid method by using [BMIM][BF4] as the reaction medium.
Later, they synthesized Bi2Se3 nanosheets with thicknesses of 50-100 nm by the microwave-
assisted ionic liquid method, where selenium powder, Bi(NO3)3 5H2O, HNO3 aqueous solution,
ethylenediamine or ethylene glycol, and an ionic liquid [BMIM][BF4] were used [68]. Yu and
co-workers [69] prepared uniform Bi2S3 flowers composed of uniform nanowires (diameter
60-80 nm) using BiCl3 and CH3CSNH2 as the precursors and a mixture of [BMIM][BF4] and
water as the reaction medium (Figure 7).

Figure 7. SEM images of Bi2S3 nanoflowers synthesized using BiCl3 and CH3CSNH2 as the precursors and [BMIM][BF4]
as the solvent and template [69].
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Our group recently achieved a morphology control synthesis over the Bi2S3 nanostructure by
via an ionic liquids-assisted hydrothermal route. One dimensional nanorods, two dimensional
nanofabrics, and three dimensional urchin-like microspheres and crossed nanofabrics have
been obtained [70]. In another study, we also achieved the morphology-control synthesis of
Sb2S3 nanostructures [71]. By introducing different organic complex reagents or the amount of
ionic liquid [BMIM]Cl in the reaction system, one-dimensional nanorods, two-dimensional
nanowire bundles, three dimensional sheaf-like superstructures, dumbbell-shaped super‐
structures, and urchin-like microspheres can be obtained. It should be noted that, the self-
assembly effect of ionic liquid, which could attribute to a combination of the van der Waals
forces between the ionic liquid molecules and the hydrogen-bond interactions and electrostatic
forces between the citrate cations and ionic liquid, play an important role in the formation of
different morphologies.

3.3.2. MX (M=Cd or Zn; X=S or Se)

The Cd-containing metal chalcogenides have motivated much more interest due to their size-
dependent optical and electronic properties, and potential applications in the fields of nonlin‐
ear optics, light-emitting devices, electronics, and so on. However, there are very few reports
on the synthesis of Cd-containing metal chalcogenides using ILs. More recently, Rao and co-
workers [72] synthesized CdS nanostructures in the presence of [BMIM][MeSO4] (where
[MeSO4] is methylsulfate), [BMIM][BF4], and [BMIM][PF6]. They also prepared CdSe nano‐
particles in [BMIM][BF4] and ZnSe in [BMIM][MeSO4]. Arce and co-workers [73] recently
successfully synthesized CdS nanoparticles with very small size (3-7 nm) by simply using an
ionic liquid and the bulk powder of the material of the target nanoparticle. The method is very
simple: First, a mixture of the bulk solid material and the ionic liquid trihexyl(tetradecyl)phos‐
phonium cation ([P66614]+) is heated, with stirring, then, the mixture is allowed to cool down,
and it is centrifuged to remove any excess of the bulk material from the generated nanodis‐
persion. The ionic liquid plays a dual role as nanoparticle former and as a stabilizing agent.

The ability of ionic liquids to act as a reactant, solvent, and surfactant, as a function of other
synthesis parameters, also denoted as ionic liquid precursors (or task-special ionic liquids),
which offer many advantages over traditional solution-phase methods [13]. Our group
recently used a Se-containing ionic liquid 1-n-butyl-3-methylimidazolium methylselenite
([BMIM][SeO2(OCH3)]) as a new Se precursor to prepare ZnSe hollow nanospheres with
bubble templating through a facile one-pot hydrothermal method [74]. It was found that
[BMIM][SeO2(OCH3)] not only serves as Se source but also acts as stabilizer for the ZnSe hollow
nanospheres. We further reported the synthesis of CdSe dendrites from nanoparticles using
ionic liquid precursor [BMIM][SeO2(OCH3)] [75]. Our experimental results demonstrate that
the CdSe dendrites are obtained by self-assembly through oriented attachment, in which
secondary mono-crystalline particles can be obtained through attachments of primary particles
in an irreversible and highly oriented fashion.

Differently, we developed a Brønsted acid-base ionic liquid-assisted method for the synthesis
of flower-like CdSe dendrites [76]. The CdSe dendrites were synthesized under solvothermal
conditions at 150 °C for 24 h, using a mixed solution of water, ethanol, an ionic liquid based
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on formic acid and N,N-dimethylformamide, cadmium chloride and selenium dioxide as
solvents, cadmium and selenium sources, respectively. Mechanism study reveals that forma‐
tion of flower-like dendrites depends on the interaction between the polar structure of CdSe
crystals and the ionic liquid [DMFH][HCOO].

3.3.3. Other metal chalcogenides

Recently, we prepared ferrimagnetic Fe3S4 nanowalls and triple hierarchical microspheres via
an ionic liquid-modulated solution-phase process [77]. The nanowalls of Fe3S4 were obtained
via an ionic liquid modulated hydrothermal process with ascorbic acid and [BMIM]Cl as the
reducing reagent and modulating additive, respectively. The Fe3S4 hierarchical microspheres
assembled from nanoplates were formed under solvothermal process with ethylene glycol as
a co-solvent and reducing reagent, and [BMIM]Cl as a modulating additive, respectively. It
was found that the organized structure of the [BMIM]Cl possibly has a template effect on the
formation of the nanobuilding blocks of Fe3S4 superstructures.

Ge and co-workers [78] prepared CuS nestlike hollow spheres assembled by microflakes were
successfully synthesized through an oil-water interface route employing copper chloride,
carbon disulfide, and sulfur as the starting materials in the presence of the ionic liquid [BMIM]
[BF4]. It was found that [BMIM][BF4] IL played a key role as a surfactant and structure-directing
agent in the formation of CuS hollow spheres. By using an ionic liquid precursor 1-n-butyl-3-
ethylimidazolium methylselenite ([BMIM][SeO2(OCH3)]), we synthesized Cu2-xSe nanocrys‐
tals and CuSe nanoflakes a through a convenient hydrothermal method [79]. It is found that
the [BMIM][SeO2(OCH3)] not only serves as Se source but also has influence on the shapes of
CuSe nanoflakes. The length of the alkyl unit linking the imidazolium ring can be altered and
may have an influence on the morphologies of products.

3.4. Zeolites materials

Microporous and open-framework materials such as zeolites and coordination polymers, have
been extensively studied for their potential applications in catalysis, ion-exchange, gas storage,
separation, and sensor technology [80,81]. Zeolites are an important class of crystalline porous
materials that have been employed for numerous catalytic applications because of their
uniform channel size, strong acidity, high thermal/hydrothermal stability, and unique
molecular shape selectivity. Generally, most zeolites are synthesized under hydrothermal
conditions in an autoclave using an organic template or structure directing agent, commonly
a tetraalkylammoniumcation, such as tetrapropylammonium cation (TPA+) [82]. Howerver,
the hydrothermal synthesis of zeolites was not regarded as a green process [83]. Therefore, the
development of green or sustainable route for the synthesis of zeolites is important task. As a
green medium, ILs-assisted ionothermal synthesis was recently found to be an alternative to
the reported hydrothermal method. Because of the vanishingly low vapor pressure of ionic
liquids, ionothermal reactions address safety concerns associated with the high pressures of
hydrothermal reaction, thus allowing for the synthesis of zeolites at ambient pressure. In
addtion, separate template was not required in the ionothermal synthesis of molecular sieves.
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3.4.1. Aluminophosphate zeolites

In 2004, Cooper et al. [84] for the first time reported the ionothermal synthesis of zeolite and
zeotype materials, using the ionic liquid 1-ethyl-3-methylimidazolium bromide ([EMIM]Br)
and urea/choline chloride deep eutectic solvents to synthesize aluminophosphate zeolites
(designed as SIZ-n, Figure 8). The use of [EMIM]Br resulted in the formation of aluminophos‐
phates SIZ-1, SIZ-3, SIZ-4, SIZ-5, and SIZ-6 [84,85], and the use of choline chloride/urea
mixtures resulted in SIZ-2 and AlPO-CJ2 (Figure 3,7). After this study, the ionothermal
synthesis has shown to be a highly promising synthetic route for a wide variety of zeolites and
zeolites analogues. The ionothermal synthesis method is also employed for the preparation of
other metal phosphates. For instance, cobalt aluminophosphate molecular sieves SIZ-7, SIZ-8,
and SIZ-9 with zeotype SIV, AEI, and SOD, respectively, were synthesized by the ionothermal
synthesis in the presence of [EMIM]Br [86]. SIZ-7 exhibits a novel zeolite framework structure
featuring double-crankshaft chains, which run parallel to the crystallographic a-axis, charac‐
teristic of a family of zeolites such as the PHI, GIS, and MER structure types. Furthermore,
magnesium, gallium, and silicon can be incorporated into the ionothermally prepared
aluminophosphate zeolites [87,88]. Very recently, Tian and co-workers [89] successfully
achieved the ionothermal synthesis of permeable aluminophosphate molecular sieve mem‐
branes on porous alumina disks by substrate-surface conversion. Different types of molecular
sieve membranes were synthesized, including CHA, AEL, AFI, and LTA, and the reported
method is a simple, and environmentally benign process suitable for large-scale production.

To get more new structures, organic templates such as amines have been introduced into the
ionothermal synthesis system. Tian and co-workers [90] have studied the structure-directing
role of amines in ionothermal synthesis in the presence of IL [BMIM]Br. It was found that the
addition of amines to the IL strongly influenced the dynamics of the crystallization process
and improved the phase selectivity of the crystallization, leading to the formation of pure AFI
and ATV structures. Therefore, it is possibly an effective way to control the structure of
molecular sieves by combining the ionic liquid and organic amine in the synthesis. Later, Xing
et al. [91] prepared a novel aluminophosphate (denoted as JIS-1) consisting of an anionic open
framework [Al6P7O28H]2- with 1-methylimidazole (MIA) and [EMIM]Br as cotemplates.
Protonated [MIAH]+cations along with [EMIM]+ cations act as co-templates and were found
to coexist in the intersection of the three-directional channels in the structure. Recently, Tian
and co-workers [92] demonstrated the successful ionothermal synthesis of thermally stable
aluminophosphate zeolites (denoted as DNL-1) with 20-membered ring pore openings (CLO)
by use of 1,6-hexanediamine (HDA) and [EMIM]Br as co-templates for the first time. Both
[EMIM]+ and protonated HDA remained intact upon occlusion inside the CLO structure,
suggesting that the protonated HDA is essential and acts as a co-template together with the
ionic liquid cations in the crystallization process of DNL-1.

With the combined advantages of the ionic liquids and microwave heating method, micro‐
wave-enhanced ionothermal synthesis is a novel method to prepare molecular sieves. Its
advantages are its fast crystallization rate, low synthesis pressure, and high structural
selectivity. Xu et al. [93] synthesized a series of aluminophosphate molecular sieves (AlPO4-11
and SAPO-11) in the [EMIM]Br under ionothermal conditions. The microwave heating led to
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a more rapid growth of crystalline molecular sieve compared with that by conventional heating
during ionothermal synthesis.

3.4.2. Silica-based zeolites

To date, there are only a few literatures on the synthesis of silica-based materials using ionic
liquids as templates in the synthesis of silica-based zeolites. The problems associated with
the synthesis of siliceous zeolites from ILs can be attributed to the poor solubility of the silica
starting materials. In many of the successful attempts at synthesis of silica-based zeolites, the
organic additives have been utilized in their  hydroxide form in hydrothermal synthesis.
Therefore, exchanging the anions of the ILs to those of the hydroxide type is strongly desirable
for  the  ionothermal  synthesis  of  silica-based  zeolites  [83].  Recently,  Wheatley  et  al.[94]
successfully  synthesized  siliceous  zeolites  silicalite-1  (MFI)  and  theta-1  (TON)  via  an
ionothermal  method using ionic  liquid 1-butyl-3-methylimidazolium hydroxide ([BMIM]

Figure 8. (a) Ball-and-stick diagrams of aluminophosphate materials SIZ-1, SIZ-3, SIZ-4, and SIZ-5 synthesized iono‐
thermally using [EMim]Br. b) SIZ-2 and AlPO-CJ2 synthesized using a choline chloride/urea eutectic mixture [84,85].
The structure-directing agents are omitted for clarity. Orange, cyan, and red spheres correspond to phosphorus, alumi‐
num, and oxygen atoms, respectively.
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[OH]) as both solvent and structure directing agent. The [BMIM][OH] was obtained from
[BMIM]Br via ion-exchange with an anion exchange resin in water, which finally yields a
ternary liquid of approximate formula [BMIM]-OH0.65Br0.35.  The approximate initial molar
composition was 20IL: tetraethyl orthosilicate (TEOS): 4H2O: 0.38HF, confirming that the IL
is  indeed  the  major  solvent.  The  chemical  formula  of  the  formed  zeolites  crystals  was
determined to be [Si48O96]-F4(C8N2H15)2(C2H7O)2. This result indicates that it is possible to alter
the chemistry of ionic liquids so that they are suitable for the preparation of crystalline silica-
based zeolites materials [94].

4. Concluding remarks

In summary, we have briefly highlighted the applications of ionic liquids in the preparation
of inorganic nanomaterials, including metal NPs, metal oxides, metal chalcogenides, metal
salts, and zeolites. Compared with traditional solvents, ionic liquids have many advantages,
such as negligible vapor pressures, good thermal stability, wide electrochemical potential
windows, and tunable solubility for inorganic substances. Notably, ionic liquids cannot be
only regarded as a “green” alternative, but also provide a powerful medium for the synthesis
of inorganic nanomaterials with unique morphologies and controlled phases. As one of the
most rapidly growing fields, one can envision that there will certainly be intensified interest
in this promising direction. One of the most distinctive features of ionic liquids is that they can
be treated as “tailored solvents” due to their unlimited flexibility of combinations of anions
and cations. Therefore, one can design the appropriate ionic liquid precursor according to the
initial crystal structures, compositions, and crystal habits of target products. These precursors
are molecularly defined entities, which can serve as both the reactant and solvent for the
reaction, and as the template over the final inorganic material morphology at the same time.
This“all-in-one” synthesis route which can make the reaction system simpler, and thus giving
more control over the phases and morphologies of the final products.

Although the use of ILs for the synthesis of inorganic nanomaterials has been widely studied,
a comprehensive and fundamental understanding on the effect type of ionic liquids and on
the rational design of ionic liquids at the molecular level is still lacked. For example, it is also
not clear how ionic liquids interact with inorganic or organic species, reactants, and products;
how ionic liquids influence the nucleation and growth of materials; how self-assembly
processes in ionic liquids differ from those in conventional solvents; and how ionic liquids
influence the morphology. We believe that the synthesis of new inorganic materials should go
hand-in-hand with the development of understanding of the effect type of ionic liquids. Since
the research on well established rules and correlations between molecular structures of the
adopted ionic liquids and the morphologies of the resulting inorganic materials is limited, it
is highly expected that this understanding will improve with the accumulation of knowledge
and the systematic design of experiments.
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Ionic Liquid-Mediated Activation of Lipase-Catalysed
Reaction
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Additional information is available at the end of the chapter
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1. Introduction

Ionic liquids (ILs) have very good properties as reaction media in chemical reactions: they are
non-volatile, non-flammable, have low toxicity and good solubility for many organic and
inorganic materials. [1] It has long been recognized that an enzymatic reaction proceeds in a
buffer aqueous solution under appropriate pH conditions, and an enzyme quickly loses its
activity in a highly concentrated aqueous salt solution. [2, 3] Therefore, it seems foolish to
suggest that enzymatic reaction occurs in a salt medium from the standpoint of biology.
However, the use of ILs to replace traditional organic solvents in chemical reactions has
recently gained much attention, and it has now been established that ILs could also be used
as reaction media for biotransformation: lipase-catalysed reactions in an ionic liquid solvent
system have been investigated extensively, and several types of non-lipase enzymatic reactions
have even been reported too. [3, 4] This chapter describes recent progress in this area, focusing
on “ionic liquid-mediated activation of lipase-catalysed reactions”.

2. Ionic liquids as a reaction medium for biotransformation

The first example of a lipase-catalysed reaction in a pure ionic liquid solvent system was
reported by the Sheldon group at the end of 2000. [5, 6] The authors demonstrated two types
of Candida antarctica lipase (CAL-B)-catalysed reaction in a pure IL: CAL-B catalysed amidation
of octanoic acid with ammonia and also catalysed formation of octanoic peracid by the reaction
of octanoic acid with hydrogen peroxide (Figure 1).

However, these reactions were not enentioselective ones, and the most important aspect of the
biocatalysis reactions should be in the enantioselective reaction. Itoh [7] and Kragl [8] inde‐

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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pendently reported the first enantioselective enzymatic reactions in early 2001. Itoh demon‐
strated that lipase was anchored by the ionic liquid solvent, and remained in it after the
extraction work-up of the product; they also succeeded in demonstrating that recyclable use
of the lipase in the imidazolium type ionic liquid solvent system was possible (Figure 2). [7]
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Figure 2. The first example of lipase-catalysed enantioselective transesterification in a pure ionic liquid. 
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Itoh mentioned an interesting history of the early days of their study in his review. [4a]
Scientists encountered a serious problem, in that the results of lipase-catalysed transesterifi‐
cation in ILs as reaction media were significantly dependent on the ionic liquids that they
prepared themselves. They found that the quality of ILs influenced the results strongly; it took
more than half a year to establish a preparation method for clean ILs and to obtain reproducible
results prior to submitting their paper. This highlights that clean ILs should be required for
biocatalysis systems compared to chemical reactions. I imagine that all research groups
encountered the same problem in the early days of this field. Fortunately, we are free from
such trouble, because many types of ILs with high purity are now commercially available. I
give the list of ILs that have been applied as reaction media for lipase-catalysed reactions
(Figure 3). Hydrophobic ionic liquids generally act as good reaction media for lipase-catalysed
reaction; by contrast, hydrophilic ILs give poor or no reaction, though several ILs are excep‐
tions to this.

 15
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3. Activation of lipase-catalysed reaction in an ionic liquid solvent system

Vinyl acetate is commonly used as an acyl donor of lipase-catalysed transesterification in
organic solvents, because vinyl alcohol produced by the transesterification immediately
tautomerizes to acetaldehyde, which easily escapes from the reaction mixture due to its very
volatile nature. Thus, no reverse reaction takes place. Then, the reaction equilibrium goes on
to produce the desired acetate. Because of this reason, acetaldehyde usually shows no
inhibitory action on the lipase, though acetaldehyde acts as an inhibitor of enzymes when it
forms a Schiff base with amino residue in the enzyme. [3]

Itoh and colleagues found that the reaction rate of lipase-catalysed transesterification gradu‐
ally dropped with repetition of the reaction process in 1-butyl-3-methylimidazolium hexa‐
fluorophosphate ([C4mim][PF6]), while enantioselectvity is perfect in all reactions (E9 >200);
this drop in reactivity was caused by the inhibitory action of acetaldehyde oligomer which had
accumulated in the IL solvent system. [10] Itoh hypothesized that oligomerization of acetal‐
dehyde might be caused by the proton derived from the water molecule trapped by the
hydrogen bonding at 2-position of the imidazolium ring, due to the high acidity of the 2-
position of imidazolium cation (Figure 4). [11] They solved this problem using two methods.
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One solution is the lipase-catalysed transesterification under reduced pressure conditions
using methyl ester as an acyl donor. [10] Methyl esters are generally not suitable for lipase-
catalysed transesterification as acyl donors, because reverse reaction with produced methanol
takes place. [3] However, such a difficulty can be avoided when the reaction is carried out
under reduced pressure even if methyl esters are used as the acyl donor, because the methanol
produced is removed immediately from the reaction mixture, and thus the reaction equilibri‐
um goes on to produce the ester. [12] The most important characteristics of ionic liquid are its
wide temperature range for the liquid phase and its having a very low vapour pressure. [1]
The transesterification indeed took place smoothly under reduced pressure at 10 Torr at 40 °C
when methyl phenylthioacetate was used as acyl donor in [C4mim][PF6] solvent system. Using
the system, a completely recyclable use of lipase (Novozym435) was realized (Figure 5): five
repetitions of this process showed no drop in the reaction rate while maintaining perfect
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enantioselectivity. [10] The same reaction system was applied to esterification and amidation
of carboxylic acids by Irimescu and Kato. [13]
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Figure 5. Recyclable use of lipase under reduced pressure conditions in the IL solvent system.

The second method to solve the problem is the use of 1-butyl-2,  3-dimethylimidazolium
(C4dmim) salts, which lacked a hydrogen atom at 2-position on the imidazolium ring:[14]
lipase-catalysed transesterification using vinyl  acetate  was  carried out  using1-butyl-2,  3-
dimethylimidazolium  (C4dmim)  salts  as  solvent.  As  expected,  no  accumulation  of  an
acetaldehyde oligomer was in fact observed in this solvent system since [C4dmim] cation
has no acidic proton. The reaction proceeded very smoothly in [C4dmim][BF4] and recyclable
use of the enzyme was realized while maintaining perfect enantioselectivity, as shown in
Figure 6. [14]
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Figure 6. Recyclable use of enzyme in [C4dmim][BF4] solvent system.

When performing the reactions, Han found that the lipase was very stable in [C4dmim][BF4].
Lipases showed perfect reactivity after two months when lipases were kept in this ionic liquid,
although enzymes are generally unstable in organic solvent and even lipases lose its activity
quickly in the absence of substrates; both Burkholderia cepacia PS (lipase PS) and Candida
antarctica lipase, Novozym, showed good reactivity after two months in this ionic liquid. [15]

De Diego and colleagues reported a stabilization effect of ionic liquid for lipase-catalysed
reaction: the presence of an appropriate substrate was essential for stabilization of enzyme in
an ionic liquid solvent. [16] The half-lifetime of native CAL was only 3.2 h in [C2mim][PF6]
solvent, though it lengthened remarkably to 7, 500 h in the presence of the substrate. Further‐
more, Lozano and colleagues demonstrated CAL-B catalysed transesterification of 1-phenyl‐
ethanol using vinyl butyrate and revealed that ILs solvents gave better reactivity and stability
compare to those in hexane: CAL-B maintained activity higher than 75 % after four days of
incubation in [C2mim][NTf2] solvent. On the contrary, only 25 % of activity was obtained when
the lipase was incubated in water or hexane medium. [16] Comparing the ratio of α-helix and
β-sheet by CD spectra, the activity was closely related with α-helix content; the content of α-
helix reduced to 31 % immediately after lipase was added to hexane and had reached only 2
% after four days in hexane. On the other hand, no significant reduction of α-helix content was
obtained in [C2mim][NTf2] solvent. Based on these results, the authors concluded that α-helix
contents might play an important role in maintaining the enzymatic activity.[16]

Polyethyleneglycol (PEG) treatment is known to cause stabilization of an enzyme. Goto
reported that PEG-coated lipase worked well as catalysis for transesterification of vinyl

Ionic Liquids - Current State of the Art126



 18

 

 

 

Figure 6. Recyclable use of enzyme in [C4dmim][BF4] solvent system. 

  

OH

OAc

OH

Novozym435

Vinyl acetate

+

[C
4
dmim][BF

4
]

R
a
t
e
:
 
%

c
o
n
v
.
h
-
1

E
 
v
a

l
u
e

1
st

2
nd

3
rd

4
th

5
th

6
th

7
th

8
th

9
th

10
th

>200

1

0

40

80

20

60

(±)-1a

(S)-2a

(R)-1a

Run

Figure 6. Recyclable use of enzyme in [C4dmim][BF4] solvent system.

When performing the reactions, Han found that the lipase was very stable in [C4dmim][BF4].
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although enzymes are generally unstable in organic solvent and even lipases lose its activity
quickly in the absence of substrates; both Burkholderia cepacia PS (lipase PS) and Candida
antarctica lipase, Novozym, showed good reactivity after two months in this ionic liquid. [15]

De Diego and colleagues reported a stabilization effect of ionic liquid for lipase-catalysed
reaction: the presence of an appropriate substrate was essential for stabilization of enzyme in
an ionic liquid solvent. [16] The half-lifetime of native CAL was only 3.2 h in [C2mim][PF6]
solvent, though it lengthened remarkably to 7, 500 h in the presence of the substrate. Further‐
more, Lozano and colleagues demonstrated CAL-B catalysed transesterification of 1-phenyl‐
ethanol using vinyl butyrate and revealed that ILs solvents gave better reactivity and stability
compare to those in hexane: CAL-B maintained activity higher than 75 % after four days of
incubation in [C2mim][NTf2] solvent. On the contrary, only 25 % of activity was obtained when
the lipase was incubated in water or hexane medium. [16] Comparing the ratio of α-helix and
β-sheet by CD spectra, the activity was closely related with α-helix content; the content of α-
helix reduced to 31 % immediately after lipase was added to hexane and had reached only 2
% after four days in hexane. On the other hand, no significant reduction of α-helix content was
obtained in [C2mim][NTf2] solvent. Based on these results, the authors concluded that α-helix
contents might play an important role in maintaining the enzymatic activity.[16]

Polyethyleneglycol (PEG) treatment is known to cause stabilization of an enzyme. Goto
reported that PEG-coated lipase worked well as catalysis for transesterification of vinyl
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cinnamate with butanol in [C8mim][PF6] as solvent. [17] Russell and colleagues reported that
improved activity of lipase by PEG treatment in IL solvent was mainly dependent on the
anionic part of the imidazolium salt ionic liquids; high activity was obtained for [PF6] salt,
while no activity was observed for [NO3], [OAc], [CH3SO3], [OTf], or [NTf2] salt. [18] The
authors proposed that nitric anion or acetate anion might have a strong interaction with some
parts of the enzyme protein due to the highly nucleophilic nature of these anions, and caused
deactivation of the enzyme activity. [18]

Inspired by these results, Itoh and colleagues prepared two types of alkyl PEG sulphate
imidazolium ionic liquids ([C4dmim][cetyl-(OCH2CH2)10-OSO3] (IL1) and [C4mim][cetyl-
(OCH2CH2)10-OSO3] (IL2)) and used as an additive for lipase-catalysed acylation of 1-phenyl‐
ethanol. Enhanced enantioselectivity was obtained when IL1 or IL2 was added at 3 mol% vs.
substrate in the Burkholderia cepacia lipase (lipase PS) catalysed transesterification using vinyl
acetate in diisopropyl ether or a hexane solvent system (see Figure 7 and Table 1). [15a]

On the other hand, Lee and Kim reported an IL-mediated activation of a lipase: they prepared
“ionic liquid-coated lipase PS” by mixing lipase PS with 1-(3-phenyl)propyl-3-methylimida‐
zolium hexafluorophosphate ([PhC3mim][PF6]) and found that the resulting lipase showed
more enhanced enantioselectivity than that of commercial lipase PS in toluene, though no
modification of the reaction rate was obtained (Figure 7 and Table 1). [19] However, as shown
in Table 1, enhanced enantioselectivity was not significant and reaction speed dropped when
[PhC3mim][PF6]-PS was used as catalysis.
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Substrate IL Solvent E value % conv. / h Ref.

Native PS i-Pr2O 10 1.4 [15]

+ IL1 (3 mol%)a i-Pr2O >200 (1057) 1.8 [15]

+ IL2 (3 mol%)a i-Pr2O 40 1.6 [15]

Native PS toluene >200 (265) 1.5 [19]

[PhC3mim][PF6]-PS b toluene >200 (532) 0.4 [19]

a added as an additive to the reaction mixture. b [PhC3mim][PF6]-PS was prepared as follows [19]: 1.0 g of [PhC3mim]
[PF6] was heated at 53 °C, then mixed with lipase PS (0.1 g) and the homogeneous solution was stirred for 1 min. then
cooled to rt.

Table 1. Attempt to activate lipase-catalysed transesterification by an ionic liquid treatment.

Itoh and colleagues prepared [C4dmim][cetyl-PEG10-sulphate](IL1) and established that IL1
worked as an excellent activating agent of lipases. The ionic liquid-coated lipase PS (IL1-PS)
by the lyophilisation process gave excellent results for enantioselective transesterification of
various types of secondary alcohols using vinyl acetate as acyl donor in i-Pr2O solvent (Figure
8 and Table 2). [15, 20] The results were dependent on the substrates, and more than 500-to
1000-fold acceleration was accomplished for some substrates. [20]

It should be emphasized that IL1-coating made it possible to accelerate the reaction rate and
enhanced enantioselectivity, while simple PEG coating of a lipase could accelerate the reaction
but caused no significantly enhanced enantioselectivity. [20] MALD-TOF Mass experiments
suggested that IL1 binds with the enzyme protein; therefore, it was assumed that the modified
activity of lipase might be due to flexibility or conformation change of the lipase protein caused
by the IL1-binding. [21] Furthermore, it was established that imidazolium cation affected the
enantioselectivity of the lipase; IL1-coated lipase PS gave better enantioselectivity than an IL2-
coated one. [20]

Amino acids have been used as a stabilizer of an enzyme during the purification process:
commercial lipase PS involves ca. 20 wt% of glycine as an essential stabilizer during prepara‐
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tion of the lipase protein by the lyophilisation process; Itoh and colleagues found that glycine
worked only as a stabilizer of the enzyme and had no influence on the reactivity of lipase PS.
[20] Hence, they prepared amino acid-coated lipase PS and investigated its properties in
transesterification of (±)-1-phenylethanol (1b) as a model substrate in the presence of vinyl
acetate as an acyl donor in the i-Pr2O solvent system. [21] As shown in Figure 9, coating of
lipase PS by amino acids neither accelerated nor modified enantioselectivity, though coating
of lipase by L-aspartic acid (Asp) and L-cysteine (Cys) caused its significant reduction (see
Rate1 in Figure 9). They finally found very interesting synergetic activation of an enzyme for
amino acid with IL1.[21] Great acceleration was obtained by the coating of lipase PS with a
combination of amino acid and IL1, which was prepared by treating glycine-free PS with 100
mol eq. of L-amino acid and IL1: 100 to 300-fold acceleration compared to the native or amino
acid-coated lipase PS (see Rate2 in Figure 9). It was found that the combination of IL1 and L-
proline (Pro) was particularly effective for realizing activation of the lipase PS: 330-fold
acceleration was accomplished using L-proline and IL1-coated PS (see Rate2 in Figure 9). [21]
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Figure 8.Activation of lipase by coating with alkyl PEG sulphate ionic liquid (IL1). 
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Substrate IL E value % conv. / h

Native PS >200 2.6

IL1-PS >200 31

Native PS >200 65

IL1-PS >200 1000

Native PS 40 100

IL1-PS 40 9600

Native PS 199 10x10-2

IL1-PS >200 10.5

Table 2. Typical results of transesterification mediated by lipase PS and IL1-PS.
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They compared the coating effect between L-amino acids and D-amino acids for lipase PS using
(±)-(E)-4-phenylbut-3-en-2-ol (1f) as a model substrate, because the reaction rate of lipase PS
for this alcohol was not satisfactory, while enantioselectivity was perfect. Some different
activation effect levels were found among cysteine, proline, tyrosine, and methionine-coated
enzymes. Interestingly, coating with non-natural D-amino acids generally showed a slightly
larger acceleration than the natural L-amino acids coating. [21]

Itoh and colleagues attempted to design an ionic liquid-type activating agent for lipase by
modification of the cationic part of the IL because it was established that imidazolium cation
affected the enantioselectivity of the lipase PS in their previous work. [15, 20] Since it was
anticipated that introduction of an appropriate chiral functional group on the imidazolium
group may create a more efficient activation of an enzyme, because D-amino acids generally
showed a slightly larger acceleration than the natural L-amino acids coating. [21] Cheng and
colleagues reported the synthesis of imidazolium ionic liquid derived from L-proline and used
it as an efficient asymmetric organocatalyst. [22] Following their method, Itoh’s group
prepared pyrrolidine-substituted imidazolium bromide and converted it to cetyl-PEG10-
sulphate by the metal exchange reaction. [23] Chiral pyrrolidine-substituted imidazolium
cetyl-PEG10-sulphate (D-ProMe) derived from D-proline worked as an excellent activating
agent of lipase PS; it is particularly interesting that D-isomer of the imidazolium salt worked
better than L-isomer. This suggests that the imidazolium cation group directly interacts with
the enzyme protein and causes preferable modification of the reactivity. Figure 10 summarizes
the results of transesterification of (±)-1-phenylethanol (1b) using commercial lipase PS and
four types of chiral imidazolium salt-coated lipase PS using vinyl acetate or 2-trifluoroethyl
acetate (CF3CH2OAc) (Figure 10). It was established that chiral pyrrolidine-substituted
imidazolium salt worked as an excellent activator of lipase PS. In particular, (R)-pyrrolidine-
substituted salt (D-ProMe), which was derived from unnatural D-proline, was found to be the
best agent: an extraordinary acceleration was accomplished with perfect enantioselectivity for
D-ProMe-PS-catalysed reaction and a reaction 58 times faster (vs. lipase PS) was recorded
(column 6 in Figure 10). [23]

A kinetic experiment showed that Kcat value of the IL1-coated lipase PS-catalysed reactions
was increased compared to those of native lipase PS. [24] Modified Km values were also
observed between enantiomers of the substrate alcohol when lipase PS was coated by chiral
imidazolium salts. [23] On the other hand, the Km value of (S)-isomer was reduced from that
of PS when D-ProMe-PS was used as catalyst, while the value was increased for (R)-isomer
(two-fold increase over native PS). [23] These results indicate that the cationic part of the ionic
liquid might bind with the lipase protein, causing conformational change of the enzyme and
contributing to the difference of Km between enantiomers. Chiral imidazolium cation might
strongly affect the enzyme reactivity compared to amino acids when it binds with the protein,
mainly on the protein surface, thus contributing to increased flexibility of the enzyme protein.
Since these ionic liquids have amphiphilic properties, this also contributes to concentration of
the hydrophobic substrate on the enzyme protein, so that an initial acceleration of the rate
might be realized.
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Figure 10.Activation of lipase PS by the chiral imidazolium IL coating. 
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Figure 10. Activation of lipase PS by the chiral imidazolium IL coating

4. Ionic liquid-coated lipase-catalysed reaction in an ionic liquid solvent
system

ILs are now established as solvents for use in lipase-catalysed transesterification with excellent
enantioselectivity and the IL solvent system makes possible the recylable use of enzymes.
However, there still remains a serious drawback, in that the rate of reaction in an ionic liquid
is slower than that in a conventional organic solvent such as i-Pr2O. As mentioned before, a
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4. Ionic liquid-coated lipase-catalysed reaction in an ionic liquid solvent
system

ILs are now established as solvents for use in lipase-catalysed transesterification with excellent
enantioselectivity and the IL solvent system makes possible the recylable use of enzymes.
However, there still remains a serious drawback, in that the rate of reaction in an ionic liquid
is slower than that in a conventional organic solvent such as i-Pr2O. As mentioned before, a
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powerful method of activating lipase protein by coating it with imidazolium alkyl PEG
sulphate ionic liquid IL1 has now been established: the ionic liquid-coated Burkholderia
cepacia lipase (IL1-PS) displayed excellent reactivity for many substrates in conventional
organic solvents. [15, 20, 23, 25]
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Itoh and colleagues reported that hydrophilic imidazolium salts ILs, which have alkyl ether
functionalized sulphate salts, were appropriate for lipase-catalysed reaction. [26] Dreyer, [27]
Guo, [28] Zhao [29] and De Diego [30] have reported that ILs that have an alkyl ether moiety
as a cationic part acted as good solvents for these reactions. Zhao and colleagues recently
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reported that dissolution and stabilization of a lipase protein took place in ILs that have a long
alkyloxyalkyl chain in an ammonium cation, and suggested that this might provide improved
catalytic efficiency of the corresponding biochemical reactions. [29] Hence, evaluation of ILs
which have alkyl ether moieties was conducted and tributyl((2-methoxyethyl)phosphonium
bis(trifluoromethanesulphonyl)amide ([P444ME][NTf2]) [24, 31] and tributyl((2-methoxye‐
thoxy)methyl)phosphonium bis(trifluoromethanesulphonyl)amide ([P444MEM][NTf2]) [32] were
developed as useful solvents for IL1-PS-catalysed reactions using 1-phenylethanol (1b) as
substrate and realized recyclable use of the enzyme in the IL solvent system. [24, 32]

Phosphonium ionic liquids and ammonium ionic liquids which have alkylether moieties were
shown to become excellent reaction media for lipase-catalysed transesterification, especially
for ionic liquid-coated lipase PS (IL1-PS). In particular, very rapid acetylation of 1-phenyle‐
thanol (1b) has been accomplished using the combination of IL1-PS and [P444MEM][NTf2] as
solvent while maintaining perfect enantioselectivity (Figure 11). This is a record for the most
rapid lipase-catalysed transesterification of 1-phenylethanol (1b). [32] It was also established
that recyclable use of IL1-PS was possible for various substrates, as shown in Figure 11.
Interestingly, [N221MEM] [NTf2] was always superior to [N221ME][NTf2] in all substrates and that
[P444MEM][NTf2] was especially suitable for the reaction of 1b. [33]

5. Conclusion

In this chapter, I focus on reviewing the activating method of lipase-catalysed transesterifica‐
tion using ionic liquid technology. Ionic liquid has a certain advantage over conventional
organic solvents, because the solvent makes it possible to use the enzyme repeatedly and has
less volatile and less flammable properties. As shown in this chapter, phosphonium ionic
liquid and ammonium ionic liquids which have alkylether moieties become excellent reaction
media for lipase-catalysed transesterification, especially for ionic liquid-coated lipase PS (IL1-
PS). It has now been disclosed that introduction of alkyl ether moiety in the cationic part of ILs
might be a sure way to design ionic liquids suited for enzymatic reaction. After the reaction,
we recovered the ionic liquids and used them repeatedly after simple purification. To meet
the challenge in chemistry of developing practical processes, the proper choice of a reaction
medium is very important. Breakthroughs have sometimes come through innovation of a
reaction medium in chemical reactions, and this is true even in enzymatic reactions. I hope this
paper may provide some suggestions for the reader’s research.
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1. Introduction

Enantioselective synthesis is a key process in modern chemistry, and is particularly important
in the fields of pharmaceuticals, foods, and pesticides, since the different enantiomers or
diastereomers of a molecule often have different biological activity. Therefore, the enantiose‐
lectivity is the most valuable feature of enzymes from the standpoint of their application as
practical catalysts. In nonaqueous reaction system the enantioselectivity of enzymes has been
markedly dependent upon organic solvents [1-5]. On the other hand, enzymatic reactions in
hydrophilic solvents have the advantage of the solubility of a variety of substrates, including
amino acid derivatives, which are poorly soluble in hydrophobic solvents [5]. However, when
a hydrophilic solvent is used as a reaction medium, the enzyme molecule directly contacts
with the solvent, and thereby its activity and enantioselectivity are strongly influenced by the
nature of solvents [1, 2]. Moreover, as the enzyme is insoluble in nonaqueous media, which
are 100% organic solvent media or aqueous solutions containing high amount of organic
solvents, and is suspended, the reactivity of enzymes tends to be strongly influenced by the
dispersion state of enzymes.

Ionic solvent that is liquid at room temperature has attracted increasing attention as innovative
nonaqueous media for the chemical processes because of the lack of vapor pressure, the
thermal stability, the high polarity, and so on [6]. Chemical and physical properties of ionic
liquids can be changed by the appropriate modification of organic cations and anions, which
are constituents of ionic liquids. Biotransformation in ionic liquids has extensively been
studied [6, 7]. We have so far reported that protease-catalyzed esterification of amino acid and
peptide synthesis are highly enhanced in ionic liquids, compared to organic solvents, and the
thermal stability of proteins is markedly improved [8, 9].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



In the chapter, the solvent effect of ionic liquids on the enantioselectivity of enzymes is mainly
discussed on the basis of enzyme kinetics [10].

2. Effect of reaction medium on α-chymotrypsin-catalyzed esterification

As a model enzyme, bovine pancreas α-chymotrypsin has been employed as shown in Fig. 1,
since it has been well investigated regarding its structure, properties, and functions [11]. α-
Chymotrypsin belongs to the S1 family that is one of the most predominant families of serine
protease. Peptide and synthetic ester substrates are hydrolyzed in an aqueous solution by
serine protease. The S1 family contains a catalytic triad system consisting of aspartate,
histidine, and serine that work together to control the nucleophilicity of the serine residue
during catalysis [12]. The serine proteases are widely distributed in nature, where they perform
a variety of different functions.

Figure 1. Structure of α-chymotrypsin

The binding site for a polypeptide substrate consists of a series of subsites across the surface
of the enzyme, as seen in Fig. 2 [12]. In the figure, P and S are the substrate residues and the
subsites, respectively. Except at the primary binding site S1 for the side chains of the aromatic
substrates of α-chymotrypsin, there is no obvious, well-defined cleft or groove for substrate
binding. The subsites run along the surface of the protein. The binding pocket for the aromatic
side chains of the specific substrates of α-chymotrypsin is a well-defined slit in the enzyme 1
to 1.2 nm deep and 0.35 to 0.4 by 0.55 to 0.65 nm in cross section. This gives a very snug fit,
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since an aromatic ring is about 0.6 nm wide and 0.35 nm thick. The binding pocket in α-
chymotrypsin may be described as a hydrophobic pocket, since it is lined with the nonpolar
side chains of amino acids. It provides a suitable environment for the binding of the nonpolar
or hydrophobic side chains of the substrates.

S’1 S’2 S’3S3 S2 S1

Cleavage

Enzyme
S: Binding site

Substrate
P: Peptide P’1 P’2 P’3P3 P2 P1

Figure 2. Binding site for polypeptide substrate.

E   E ・Ac-Trp-OH                  Ac-Trp- E

Ac-Trp-E ・EtOH E 

k1  k-1

H2O

Enzyme-substrate
complex

Acyl enzyme
intermediate

Acyl enzyme-ethanol
complex

Ac-Trp-OH

EtOH Ac-Trp-OEt

k2

k3  k-3 k4

Figure 3. α-Chymotrypsin-catalyzed esterification of N-acetyl-tryptophan (Ac-Trp-OH) with ethanol (EtOH) to N-ace‐
tyl-tryptophan ethylester (Ac-Trp-OEt).

In nonaqueous media, α-chymotrypsin can function as a synthetic catalyst for esterfication,
transesterification, and peptide synthesis, and α-chymotrypsin-catalyzed esterification of N-
acetyl-tryptophan (Ac-Trp-OH) with ethanol (EtOH) is proceeded as shown in Fig. 3. The
esterification obeys ping-pong kinetics [12, 13]. The enzyme and substrate first associate to
form a noncovalent enzyme-substrate complex (E⋅Ac-Trp-OH) held together by physical
forces of attraction. This is followed by the attack of the hydroxyl of serine (Ser-195), which is
one of amino acid residues in a catalytic triad system, on the substrate to give acyl enzyme
intermediate (Ac-Trp-E) releasing water. The acyl enzyme intermediate and ethanol associate

Solvent Dependence of Enzymatic Enantioselectivity in Ionic Liquids
http://dx.doi.org/10.5772/58998

141



to form an acyl enzyme-ethanol complex (Ac-Trp-E⋅EtOH). This is followed by the nucleo‐
philic attack of ethanol on the carbonyl group in Ac-Trp-E to give N-acetyl-tryptophan ethyl
ester (Ac-Trp-OEt). It is assumed that the esterification proceeds through the steady state
approximation. The rate of N-acetyl-tryptophan (Ac-Trp-OH) is given as

d Ac - Trp - OH
dt =k-1 E·Ac - Trp - OH -  k1 E Ac - Trp - OH (1)

where E and E⋅Ac-Trp-OH are α-chymotrypsin and enzyme-substrate complex, respectively.
Similarly, the rates of E, enzyme-substrate complex (E⋅Ac-Trp-OH), acyl enzyme intermediate
(Ac-Trp-E), acyl enzyme-ethanol complex (Ac-Trp-E⋅EtOH), H2O, and N-acetyl-tryptophan
ethyl ester (Ac-Trp-OEt) are as follows:

d E
dt =  k-1 E·Ac - Trp - OH +  k4 Ac - Trp - E∙EtOH -  k1 E Ac - Trp - OH (2)

d E ∙ Ac - Trp - OH
dt =k1 E Ac - Trp - OH -  (k-1 + k2) E∙Ac - Trp - OH (3)

d Ac - Trp - E
dt =k2 E·Ac - Trp - OH -  k3 Ac - Trp - E EtOH + k-3 Ac - Trp - E∙EtOH (4)

d Ac - Trp - E ∙ EtOH
dt =k3 Ac - Trp - E EtOH -  (k-3 + k4) Ac - Trp - E∙EtOH (5)

d H2O
dt =k2 E∙Ac - Trp - OH (6)

d Ac - Trp - OEt
dt =k4 Ac - Trp - E∙EtOH (7)

Since all enzyme present is either free or complexes,

E 0 = E + E∙Ac - Trp - OH + Ac - Trp - E + Ac - Trp - E∙EtOH (8)

where [E]0 is the total concentration of enzyme in the system. Assuming the steady state
approximation on the rate of E⋅Ac-Trp-OH, from Eq. 3

d E ∙ Ac - Trp - OH
dt =k1 E Ac - Trp - OH -  (k-1 + k2) E∙Ac - Trp - OH =0 (9)

KS1
= E Ac - Trp - OH

E ∙ Ac - Trp - OH
=

k-1 + k2

k1
(10)

where Ks1 is the dissociation constant of E⋅Ac-Trp-OH. Assuming d[H2O]/dt=d[Ac-Trp-
OEt]/dt, from Eqs. 6 and 7,
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Ac - Trp - E∙EtOH =
k2

k4
E∙Ac - Trp - OH (11)

Assuming the steady state approximation on the rate of Ac-Trp-E⋅EtOH, from Eq. 5

d Ac - Trp - E ∙ EtOH
dt =k3 Ac - Trp - E EtOH -  (k-3 + k4) Ac - Trp - E∙EtOH =0 (12)

KS2
= Ac - Trp - E EtOH

Ac - Trp - E ∙ EtOH
=

k-3 + k4

k3
(13)

where Ks2 is the dissociation constant of Ac-Trp-E⋅EtOH. From Eq. 13

Ac - Trp - E =
KS2

Ac - Trp - E ∙ EtOH

EtOH
(14)

From Eq. 8

E = E 0 - E∙Ac - Trp - OH - Ac - Trp - E - Ac - Trp - E∙EtOH (15)

Concerning the equation obtained from Eqs. 10, 11, 14, and 15, (k2+k4)[EtOH] is much greater
than k2KS2 because of excess [EtOH]. Consequently,

E∙Ac - Trp - OH =
{k4 | (k2 + k4)} E 0 Ac - Trp - OH

k4KS1 / (k2 + k4) + Ac - Trp - OH
(16)

The reaction rate v is

v = d E ∙ Ac - Trp - OEt
dt =

d H2O
dt =k2 E∙Ac - Trp - OH =

kcat E 0 Ac - Trp - OH

KM + Ac - Trp - OH
(17)

where

kcat =
k2k4

k2 + k4
(18)

KM =
k4KS1

k2 + k4
=

(k -1 + k2)k4

k1(k2 + k4)
(19)

Thus, the reaction rate v corresponds upon Michaelis-Menten type model.
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3. Effect of solvent on activity and enantioselectivity of α-chymotrypsin

The performances of enzymes such as activity and specificity in nonaqueous media markedly
depend upon the nature of solvents [1, 2]. In order to assess the effect of reaction media on
kinetic parameters of α-chymotrypsin, the reaction rates in ionic liquids and organic solvents
containing 5% (v/v) water were measured at different concentrations of substrates at 25 °C.
Figure 4 shows the structures of solvents used in this study. In the figure, 1-ethyl-3-methyli‐
midazolium tetrafluoroborate, 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide, 1-
butyl-3-methylimidazolium hexafluorophosphate, 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, and tetrahydrofuran are abbreviated as [C2mim][BF4],
[C2mim][FSI], [C4mim][PF6], [C4mim][TFSI], and THF, respectively. The kinetic parameters,
kcat and KM, were derived by correlating resultant reaction rates with Hanes-Woolf plot, which
is the plot of [Ac-Trp-OH]/v against [Ac-Trp-OH] giving intercepts at KM/kcat[E]0 and-KM [13].
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 Figure 4. Structures of solvents in this work. 

Solvent Structure m. p.（℃） Water 
miscibility

[C2mim][BF4] 15.0 Miscible

[C2mim][FSI] -12.9 Partially 
miscible

[C4mim][PF6] 6.5 Immiscible

[C4mim][TFSI] -16.2 Immiscible
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Figure 4. Structures of solvents in this work.

Figure 5 shows the kcat in ionic liquids and THF at 5% (v/v) water and 25 °C. The kcat is known
as the turnover number or molecular activity as it represents the maximum number of substrate
molecules that the enzyme can turn over to product in a set time. The kcat, L for L-enantiomer
was much greater than kcat, D for D-enantiomer in ionic liquids and THF. α-Chymotrypsin
absolutely favors L-enantiomer in aqueous solutions. Consequently, the structural specificity
of native enzyme remained to some extent in ionic liquids and THF. The kcat was strongly
dependent upon the kind of solvents. The kcat, L for L-enantiomer in [C2mim][BF4] was the
greatest, while The kcat, D for D-enantiomer in [C2mim][FSI] was the greatest. [C2mim][BF4] can
act as a thermal stabilizer for proteins in aqueous solutions [14]. The kcat is first-order rate
constant that refers to the properties and reactions of the enzyme-substrate, enzyme-inter‐
mediate, and enzyme-product complexes. It is suggested that the solvent dependence of kcat is
due to the conformational changes in the enzyme. As a result, the kcat, L/ kcat, D in [C2mim][BF4]
was the greatest, while that in [C4mim][PF6] was the smallest, as shown in Fig. 6.
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Figure 5 shows the kcat in ionic liquids and THF at 5% (v/v) water and 25 °C. The kcat is known
as the turnover number or molecular activity as it represents the maximum number of substrate
molecules that the enzyme can turn over to product in a set time. The kcat, L for L-enantiomer
was much greater than kcat, D for D-enantiomer in ionic liquids and THF. α-Chymotrypsin
absolutely favors L-enantiomer in aqueous solutions. Consequently, the structural specificity
of native enzyme remained to some extent in ionic liquids and THF. The kcat was strongly
dependent upon the kind of solvents. The kcat, L for L-enantiomer in [C2mim][BF4] was the
greatest, while The kcat, D for D-enantiomer in [C2mim][FSI] was the greatest. [C2mim][BF4] can
act as a thermal stabilizer for proteins in aqueous solutions [14]. The kcat is first-order rate
constant that refers to the properties and reactions of the enzyme-substrate, enzyme-inter‐
mediate, and enzyme-product complexes. It is suggested that the solvent dependence of kcat is
due to the conformational changes in the enzyme. As a result, the kcat, L/ kcat, D in [C2mim][BF4]
was the greatest, while that in [C4mim][PF6] was the smallest, as shown in Fig. 6.
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Figure 7 shows the KM in ionic liquids and THF at 5% (v/v) water and 25 oC. The KM,L for L-enantiomer was the smallest in 

[C4mim][PF6], while the KM,D for D-enantiomer was small in [C2mim][BF4] or [C4mim][TFSI], compared with that in other solvents. 

The KM is an apparent dissociation constant that may be treated as the overall dissociation constant of all enzyme-bound species. In 

addition, KM corresponds upon the substrate concentration when the reaction rate v is half of maximum reaction rate. Consequently, it 

is easy to form enzyme-bound species for L-enantiomer in [C4mim][PF6] and for D-enantiomer in [C2mim][BF4] and [C4mim][TFSI]. 

As a result, the KM,L/KM,D in [C4mim][PF6] was the smallest, while that in [C2mim][FSI] was the greatest, as seen in Fig. 8. 

Figure 6. The kcat,L/ kcat,D  in ionic liquids and THF at 5% (v/v) water and 25 oC.
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Figure 6. The kcat, L/ kcat, D in ionic liquids and THF at 5% (v/v) water and 25 oC.

Figure 7 shows the KM in ionic liquids and THF at 5% (v/v) water and 25 oC. The KM, L for L-
enantiomer was the smallest in [C4mim][PF6], while the KM, D for D-enantiomer was small in
[C2mim][BF4] or [C4mim][TFSI], compared with that in other solvents. The KM is an apparent
dissociation constant that may be treated as the overall dissociation constant of all enzyme-
bound species. In addition, KM corresponds upon the substrate concentration when the reaction
rate v is half of maximum reaction rate. Consequently, it is easy to form enzyme-bound species
for L-enantiomer in [C4mim][PF6] and for D-enantiomer in [C2mim][BF4] and [C4mim][TFSI].
As a result, the KM, L/KM, D in [C4mim][PF6] was the smallest, while that in [C2mim][FSI] was the
greatest, as seen in Fig. 8.
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Figure 9 shows the kcat /KM in ionic liquids and THF at 5% (v/v) water and 25 oC. The (kcat /KM)L for L-enantiomer was the greatest in 

[C2mim][BF4], while the (kcat /KM)D for D-enantiomer was the greatest in [C2mim][FSI]. The kcat /KM is an apparent second-order 

rate constant that refers to the properties and the reactions of the free enzyme and free substrate. Thus, it sets a lower limit on the rate 

constant for the association of enzyme and substrate, and corresponds upon the catalytic efficiency of enzymes.  

Figure 10 shows the (kcat /KM)L/ (kcat /KM)D in ionic liquids and THF at 5% (v/v) water and 25 oC. The (kcat /KM)L/ (kcat /KM)D in 

[C2mim][BF4] was 65000, while that in [C2mim][FSI] was 200. The kcat /KM is referred to as the specificity constant, and determines 

the specificity for competing substrates [12]. Consequently, the (kcat /KM)L/ (kcat /KM)D corresponds upon the enantioselectivity. 

Figure 10 reveals that the enantioselectivity of α-chymotrypsin in ionic liquids can be forced to span a 325-fold range simply by 

switching from one solvent to another under otherwise identical conditions. Thus, D-enantiomer can sufficiently be employed as a 

substrate of α-chymotrypsin in ionic liquids, although α-chymotrypsin catalyzes biotransformation of L-enantiomer in nature. 

 

 

 

 

 

 

 

 

Figure 8. The KM,L/KM,D in ionic liquids and THF at 5% (v/v) water and 25 oC. 
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Figure 8. The KM, L/KM, D in ionic liquids and THF at 5% (v/v) water and 25 oC.

Figure 9 shows the kcat /KM in ionic liquids and THF at 5% (v/v) water and 25 oC. The (kcat /KM)L

for L-enantiomer was the greatest in [C2mim][BF4], while the (kcat /KM)D for D-enantiomer was
the greatest in [C2mim][FSI]. The kcat /KM is an apparent second-order rate constant that refers
to the properties and the reactions of the free enzyme and free substrate. Thus, it sets a lower
limit on the rate constant for the association of enzyme and substrate, and corresponds upon
the catalytic efficiency of enzymes.
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Figure 9 shows the kcat /KM in ionic liquids and THF at 5% (v/v) water and 25 oC. The (kcat /KM)L

for L-enantiomer was the greatest in [C2mim][BF4], while the (kcat /KM)D for D-enantiomer was
the greatest in [C2mim][FSI]. The kcat /KM is an apparent second-order rate constant that refers
to the properties and the reactions of the free enzyme and free substrate. Thus, it sets a lower
limit on the rate constant for the association of enzyme and substrate, and corresponds upon
the catalytic efficiency of enzymes.
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Figure 10 shows the (kcat /KM)L/ (kcat /KM)D in ionic liquids and THF at 5% (v/v) water and 25 oC.
The (kcat /KM)L/ (kcat /KM)D in [C2mim][BF4] was 65000, while that in [C2mim][FSI] was 200. The
kcat /KM is referred to as the specificity constant, and determines the specificity for competing
substrates [12]. Consequently, the (kcat /KM)L/ (kcat /KM)D corresponds upon the enantioselectivity.
Figure 10 reveals that the enantioselectivity of α-chymotrypsin in ionic liquids can be forced
to span a 325-fold range simply by switching from one solvent to another under otherwise
identical conditions. Thus, D-enantiomer can sufficiently be employed as a substrate of α-
chymotrypsin in ionic liquids, although α-chymotrypsin catalyzes biotransformation of L-
enantiomer in nature.
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Figure 8. The KM,L/KM,D in ionic liquids and THF at 5% (v/v) water and 25 oC. 
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Figure 9. The kcat/KM in ionic liquids and THF at 5% (v/v) water and 25 oC.
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Effect of Water Content on Activity and Enantioselectivity of α-Chymotrypsin 

A common thread in all studies of enzymes in anhydrous solvents is that the amount of water associated with the enzyme is a key 

determinant of the properties (e.g. activity, stability, and specificity) that the enzyme exhibits [1]. Moreover, water can act as a 

substrate in reactions using hydrolytic enzymes. In order to assess the effect of water content on kinetic parameters of 

α-chymotrypsin, the reaction rate in ionic liquids and organic solvents containing 1% (v/v) water was measured at different 

concentrations of substrates at 25 oC.  

Figure 11 shows the kcat in ionic liquids and THF at 1% (v/v) water and 25 oC. The kcat depended upon the kind of solvents. The kcat,L 

for L-enantiomer was much greater than kcat,D for D-enantiomer in ionic liquids and THF, similar to the case at 5% (v/v) water. The 

kcat,L for L-enantiomer in [C2mim][FSI] was the greatest, while the kcat,D for D-enantiomer in [C2mim][BF4] was the greatest. The 

kcat,L for L-enantiomer in [C2mim][BF4] at 1% (v/v) water was about 81 times smaller than that at 5% (v/v) water, while the kcat,L for 

L-enantiomer in [C2mim][FSI] at 1% (v/v) water exhibited 18-fold decrease, compared to that at 5% (v/v) water. When a certain 

amount of water is added into the nonaqueous enzymatic reaction system, some water is bound to the enzyme, and thereby has a 

large influence on the enzyme performance, while the other amount of water is dissolved in the solvent [1].  Water associated with 

the enzyme activates the enzyme by increasing the internal flexibility of the enzyme molecule, since water acts as a plasticizer to 

increase the flexibility [15]. On the other hand, the kcat is the kinetic parameter that refers to the properties and reactions of the 

enzyme-substrate, enzyme-intermediate, and enzyme-product complexes due to the conformational changes in the enzyme. 

Accordingly, the water content markedly affected the conformation of enzymes in ionic liquids. As a result, the kcat,L/ kcat,D in 

[C2mim][FSI] was the greatest, while that in [C2mim][BF4] was the smallest, as shown in Fig. 12. Especially, the kcat,L/ kcat,D in 

[C2mim][FSI] increased with decreasing water content, whereas that in [C2mim][BF4] drastically dropped.  

Figure 10. The (kcat /KM)L/ (kcat /KM)D in ionic liquids and THF at 5% (v/v) water and 25 oC. 
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Figure 10. The (kcat/KM)L/ (kcat/KM)D in ionic liquids and THF at 5% (v/v) water and 25 oC.
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4. Effect of water content on activity and enantioselectivity of α-
chymotrypsin

A common thread in all studies of enzymes in anhydrous solvents is that the amount of water
associated with the enzyme is a key determinant of the properties (e.g. activity, stability, and
specificity) that the enzyme exhibits [1]. Moreover, water can act as a substrate in reactions
using hydrolytic enzymes. In order to assess the effect of water content on kinetic parameters
of α-chymotrypsin, the reaction rate in ionic liquids and organic solvents containing 1% (v/v)
water was measured at different concentrations of substrates at 25 oC.

Figure 11 shows the kcat in ionic liquids and THF at 1% (v/v) water and 25 oC. The kcat depended
upon the kind of solvents. The kcat, L for L-enantiomer was much greater than kcat, D for D-
enantiomer in ionic liquids and THF, similar to the case at 5% (v/v) water. The kcat, L for L-
enantiomer in [C2mim][FSI] was the greatest, while the kcat, D for D-enantiomer in [C2mim]
[BF4] was the greatest. The kcat, L for L-enantiomer in [C2mim][BF4] at 1% (v/v) water was about
81 times smaller than that at 5% (v/v) water, while the kcat, L for L-enantiomer in [C2mim][FSI]
at 1% (v/v) water exhibited 18-fold decrease, compared to that at 5% (v/v) water. When a certain
amount of water is added into the nonaqueous enzymatic reaction system, some water is
bound to the enzyme, and thereby has a large influence on the enzyme performance, while the
other amount of water is dissolved in the solvent [1]. Water associated with the enzyme
activates the enzyme by increasing the internal flexibility of the enzyme molecule, since water
acts as a plasticizer to increase the flexibility [15]. On the other hand, the kcat is the kinetic
parameter that refers to the properties and reactions of the enzyme-substrate, enzyme-
intermediate, and enzyme-product complexes due to the conformational changes in the
enzyme. Accordingly, the water content markedly affected the conformation of enzymes in
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Figure 13 shows the KM in ionic liquids and THF at 1% (v/v) water and 25 oC. The KM,L for L-enantiomer was the smallest in 

[C2mim][FSI], while the KM,D for D-enantiomer was the smallest in THF. The KM,D in [C2mim][BF4] at 1% (v/v) water was eleven 

times greater than that at 5% (v/v) water, whereas the KM,D in THF at 1% (v/v) water was seven times less than that at 5% (v/v) water. 

The KM,L in [C2mim][FSI] at 1% (v/v) water was twenty-nine times less than that at 5% (v/v) water. Therefore, the solvent effect on 

KM,L and KM,D was dependent upon the kind of solvents. As a result, the KM,L/KM,D in THF was extremely large, compared with 

[C2mim][BF4] or [C2mim][FSI], as seen in Fig. 14. 

Figure 11. The kcat in ionic liquids and THF at 1% (v/v) water and 25 oC.

Figure 12. The kcat,L/ kcat,D  in ionic liquids and THF at 1% (v/v) water and 25 oC.
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Figure 13 shows the KM in ionic liquids and THF at 1% (v/v) water and 25 oC. The KM,L for L-enantiomer was the smallest in 

[C2mim][FSI], while the KM,D for D-enantiomer was the smallest in THF. The KM,D in [C2mim][BF4] at 1% (v/v) water was eleven 

times greater than that at 5% (v/v) water, whereas the KM,D in THF at 1% (v/v) water was seven times less than that at 5% (v/v) water. 

The KM,L in [C2mim][FSI] at 1% (v/v) water was twenty-nine times less than that at 5% (v/v) water. Therefore, the solvent effect on 

KM,L and KM,D was dependent upon the kind of solvents. As a result, the KM,L/KM,D in THF was extremely large, compared with 

[C2mim][BF4] or [C2mim][FSI], as seen in Fig. 14. 
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ionic liquids. As a result, the kcat, L/ kcat, D in [C2mim][FSI] was the greatest, while that in [C2mim]
[BF4] was the smallest, as shown in Fig. 12. Especially, the kcat, L/ kcat, D in [C2mim][FSI] increased
with decreasing water content, whereas that in [C2mim][BF4] drastically dropped.
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Figure 13 shows the KM in ionic liquids and THF at 1% (v/v) water and 25 oC. The KM, L for L-
enantiomer was the smallest in [C2mim][FSI], while the KM, D for D-enantiomer was the smallest
in THF. The KM, D in [C2mim][BF4] at 1% (v/v) water was eleven times greater than that at 5%
(v/v) water, whereas the KM, D in THF at 1% (v/v) water was seven times less than that at 5% (v/
v) water. The KM, L in [C2mim][FSI] at 1% (v/v) water was twenty-nine times less than that at
5% (v/v) water. Therefore, the solvent effect on KM, L and KM, D was dependent upon the kind
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Figure 15 shows the kcat /KM in ionic liquids and THF at 1% (v/v) water and 25 oC. The (kcat /KM)L for L-enantiomer in [C2mim][FSI] 

was the greatest, while the (kcat /KM)D for D-enantiomer in [C2mim][BF4] was the greatest. The (kcat /KM)L in [C2mim][FSI] at 1% 

(v/v) water was 1.7 times greater than that at 5% (v/v) water, and the (kcat /KM)D in [C2mim][BF4] at 1% (v/v) water was twice greater 

than that at 5% (v/v) water. In other solvent systems, the (kcat /KM)L and (kcat /KM)D decreased with a decrease in water content. 

Especially, the (kcat /KM)L in [C2mim][BF4] at 1% (v/v) water was 175-fold less than that at 5% (v/v) water, and the (kcat /KM)D in 

[C2mim][FSI] at 1% (v/v) water was 97-fold less than that at 5% (v/v) water.  

Figure 13. The KM in ionic liquids and THF at 1% (v/v) water and 25 oC.

Figure 14. The KM,L/KM,D in ionic liquids and THF at 1% (v/v) water and 25 oC.
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of solvents. As a result, the KM, L/KM, D in THF was extremely large, compared with [C2mim]
[BF4] or [C2mim][FSI], as seen in Fig. 14.
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Figure 15 shows the kcat /KM in ionic liquids and THF at 1% (v/v) water and 25 oC. The (kcat /
KM)L for L-enantiomer in [C2mim][FSI] was the greatest, while the (kcat /KM)D for D-enantiomer
in [C2mim][BF4] was the greatest. The (kcat /KM)L in [C2mim][FSI] at 1% (v/v) water was 1.7 times
greater than that at 5% (v/v) water, and the (kcat /KM)D in [C2mim][BF4] at 1% (v/v) water was
twice greater than that at 5% (v/v) water. In other solvent systems, the (kcat /KM)L and (kcat /KM)D

decreased with a decrease in water content. Especially, the (kcat /KM)L in [C2mim][BF4] at 1% (v/
v) water was 175-fold less than that at 5% (v/v) water, and the (kcat /KM)D in [C2mim][FSI] at 1%
(v/v) water was 97-fold less than that at 5% (v/v) water.
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Figure 16 shows the enantioselectivity in ionic liquids and THF at different water contents. The enantioselectivity of α-chymotrypsin 

in [C2mim][BF4] increased with an increase in water content, while that in [C2mim][FSI] decreased with increasing water content. 

The optimum water content for the enzyme performance is due to the balance between kinetic rigidity and thermodynamic stability 

of enzyme structures, and is called essential water [16]. The kinetic rigidity is relaxed by increasing water content, while native 

enzyme structure gradually changes through thermodynamic stability.  For instance, the activity increases with an increase in the 

flexibility of rigid enzyme in ionic liquids, and it decreases with an increase in disturbance of enzyme structure [9]. Since the water 

solubility of [C2mim][FSI] is much lower than that of [C2mim][BF4], the distribution of water to the enzyme molecule in 

[C2mim][FSI] is superior to that in [C2mim][BF4]. Consequently, the disturbance of enzyme structure at 5% (v/v) water might be 

enhanced to some extent in [C2mim][FSI] system, since the water solubility of [C2mim][FSI] is 3.45%. On the other hand, 

[C2mim][BF4] system exhibited the same tendency in the relation between the water content and the enantioselectivity as THF 

system. [C2mim][BF4] and THF systems were probably in the relax of kinetic rigidity at 5% (v/v) water, since [C2mim][BF4] and 

Figure 15. The kcat /KM in ionic liquids and THF at 1% (v/v) water and 25 oC. 

Figure 16. Effect of water content on the enantioselectivity of α-chymotrypsin-catalyzed esterification 

in ionic liquids and THF at 25 oC. 

Figure 15. The kcat/KM in ionic liquids and THF at 1% (v/v) water and 25 oC.
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of solvents. As a result, the KM, L/KM, D in THF was extremely large, compared with [C2mim]
[BF4] or [C2mim][FSI], as seen in Fig. 14.
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Figure 15 shows the kcat /KM in ionic liquids and THF at 1% (v/v) water and 25 oC. The (kcat /KM)L for L-enantiomer in [C2mim][FSI] 

was the greatest, while the (kcat /KM)D for D-enantiomer in [C2mim][BF4] was the greatest. The (kcat /KM)L in [C2mim][FSI] at 1% 

(v/v) water was 1.7 times greater than that at 5% (v/v) water, and the (kcat /KM)D in [C2mim][BF4] at 1% (v/v) water was twice greater 

than that at 5% (v/v) water. In other solvent systems, the (kcat /KM)L and (kcat /KM)D decreased with a decrease in water content. 

Especially, the (kcat /KM)L in [C2mim][BF4] at 1% (v/v) water was 175-fold less than that at 5% (v/v) water, and the (kcat /KM)D in 

[C2mim][FSI] at 1% (v/v) water was 97-fold less than that at 5% (v/v) water.  

Figure 13. The KM in ionic liquids and THF at 1% (v/v) water and 25 oC.

Figure 14. The KM,L/KM,D in ionic liquids and THF at 1% (v/v) water and 25 oC.Figure 14. The KM, L/KM, D in ionic liquids and THF at 1% (v/v) water and 25 oC.

Figure 15 shows the kcat /KM in ionic liquids and THF at 1% (v/v) water and 25 oC. The (kcat /
KM)L for L-enantiomer in [C2mim][FSI] was the greatest, while the (kcat /KM)D for D-enantiomer
in [C2mim][BF4] was the greatest. The (kcat /KM)L in [C2mim][FSI] at 1% (v/v) water was 1.7 times
greater than that at 5% (v/v) water, and the (kcat /KM)D in [C2mim][BF4] at 1% (v/v) water was
twice greater than that at 5% (v/v) water. In other solvent systems, the (kcat /KM)L and (kcat /KM)D

decreased with a decrease in water content. Especially, the (kcat /KM)L in [C2mim][BF4] at 1% (v/
v) water was 175-fold less than that at 5% (v/v) water, and the (kcat /KM)D in [C2mim][FSI] at 1%
(v/v) water was 97-fold less than that at 5% (v/v) water.
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Figure 16 shows the enantioselectivity in ionic liquids and THF at different water contents. The enantioselectivity of α-chymotrypsin 

in [C2mim][BF4] increased with an increase in water content, while that in [C2mim][FSI] decreased with increasing water content. 

The optimum water content for the enzyme performance is due to the balance between kinetic rigidity and thermodynamic stability 

of enzyme structures, and is called essential water [16]. The kinetic rigidity is relaxed by increasing water content, while native 

enzyme structure gradually changes through thermodynamic stability.  For instance, the activity increases with an increase in the 

flexibility of rigid enzyme in ionic liquids, and it decreases with an increase in disturbance of enzyme structure [9]. Since the water 

solubility of [C2mim][FSI] is much lower than that of [C2mim][BF4], the distribution of water to the enzyme molecule in 

[C2mim][FSI] is superior to that in [C2mim][BF4]. Consequently, the disturbance of enzyme structure at 5% (v/v) water might be 

enhanced to some extent in [C2mim][FSI] system, since the water solubility of [C2mim][FSI] is 3.45%. On the other hand, 

[C2mim][BF4] system exhibited the same tendency in the relation between the water content and the enantioselectivity as THF 

system. [C2mim][BF4] and THF systems were probably in the relax of kinetic rigidity at 5% (v/v) water, since [C2mim][BF4] and 
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Figure 16 shows the enantioselectivity in ionic liquids and THF at different water contents.
The enantioselectivity of α-chymotrypsin in [C2mim][BF4] increased with an increase in water
content, while that in [C2mim][FSI] decreased with increasing water content. The optimum
water content for the enzyme performance is due to the balance between kinetic rigidity and
thermodynamic stability of enzyme structures, and is called essential water [16]. The kinetic
rigidity is relaxed by increasing water content, while native enzyme structure gradually
changes through thermodynamic stability. For instance, the activity increases with an increase
in the flexibility of rigid enzyme in ionic liquids, and it decreases with an increase in disturb‐
ance of enzyme structure [9]. Since the water solubility of [C2mim][FSI] is much lower than
that of [C2mim][BF4], the distribution of water to the enzyme molecule in [C2mim][FSI] is
superior to that in [C2mim][BF4]. Consequently, the disturbance of enzyme structure at 5% (v/
v) water might be enhanced to some extent in [C2mim][FSI] system, since the water solubility
of [C2mim][FSI] is 3.45%. On the other hand, [C2mim][BF4] system exhibited the same tendency
in the relation between the water content and the enantioselectivity as THF system. [C2mim]
[BF4] and THF systems were probably in the relax of kinetic rigidity at 5% (v/v) water, since
[C2mim][BF4] and THF are water soluble.

5. Effect of reaction temperature on enantioselectivity of α-chymotrypsin
in ionic liquids

Enzymatic reactions, as well as chemical reactions, obey the Arrhenius correlation between
reaction rate constant and temperature, although the temperature range is quite limited.
Accordingly, it is considered that the enantioselectivity is strongly influenced by the reaction
temperature. In order to estimate the effect of reaction temperature on α-chymotrypsin-
catalyzed esterification in ionic liquids, the kinetic parameters in ionic liquids and THF
containing 5% (v/v) water were investigated at 40 oC.
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Figure 17 shows the kcat in ionic liquids and THF at 5% (v/v) water and 40 oC. The kcat was
dependent upon the kind of solvents. Comparing the kcat at 40 oC with that at 25 oC, the kcat, L

in THF at 40 oC exhibited about 720-fold decrease, whereas the kcat, D in THF at 40 oC shows
about 480-fold increase. This indicates that thermal perturbation to enzyme structures at THF
is large. On the other hand, the kcat, L/ kcat, D in [C2mim][BF4] was the greatest, while that in
[C2mim][FSI] was the smallest, as shown in Fig. 18. Especially, the kcat, L/ kcat, D in [C2mim][FSI]
and THF decreased with increasing temperature, whereas that in [C2mim][BF4] slightly
increased.
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Dummy Text Figure 19 shows the KM in ionic liquids and THF at 5% (v/v) water and 40 oC. The KM, L in [C2mim][FSI] was 

the smallest, while the KM, D in [C2mim][BF4] and THF was seventy times less than that in [C2mim][FSI]. The KM, L in THF 

at 40 oC was 5.6 times greater than that at 25oC, whereas the KM, D in [C2mim][FSI] at 40 oC was seven times greater than 

that at 25 oC. As a result, the KM, L/KM, D in THF was much greater than that in [C2mim][BF4] or [C2mim][FSI], as seen in 

Fig. 20. 

Figure 17. The kcat in ionic liquids and THF at 5% (v/v) water and 40 oC.

decrease, whereas the kcat, D in THF at 40 oC shows about 480-fold increase. This indicates that thermal perturbation to 

enzyme structures at THF is large. On the other hand, the kcat, L/ kcat, D in [C2mim][BF4] was the greatest, while that in 

[C2mim][FSI] was the smallest, as shown in Fig. 18. Especially, the kcat, L/ kcat, D in [C2mim][FSI] and THF decreased with 

increasing temperature, whereas that in [C2mim][BF4] slightly increased. 

0.0000001
0.000001
0.00001
0.0001
0.001
0.01
0.1
1

k c
at

(m
in

-1
)

L isomer

D isomer

 

Figure 17. The kcat in ionic liquids and THF at 5% (v/v) water and 40 oC. 

1

10

100

1000

10000

100000

[C2mim][BF4] [C2mim][FSI] THF

k c
at

,L
/k

ca
t,D

(-)

 

Figure 18. The kcat, L/ kcat, D in ionic liquids and THF at 5% (v/v) water and 40 oC. 

Dummy Text Figure 19 shows the KM in ionic liquids and THF at 5% (v/v) water and 40 oC. The KM, L in [C2mim][FSI] was 

the smallest, while the KM, D in [C2mim][BF4] and THF was seventy times less than that in [C2mim][FSI]. The KM, L in THF 

at 40 oC was 5.6 times greater than that at 25oC, whereas the KM, D in [C2mim][FSI] at 40 oC was seven times greater than 

that at 25 oC. As a result, the KM, L/KM, D in THF was much greater than that in [C2mim][BF4] or [C2mim][FSI], as seen in 

Fig. 20. 

Figure 18. The kcat, L/ kcat, D in ionic liquids and THF at 5% (v/v) water and 40 oC.

Figure 19 shows the KM in ionic liquids and THF at 5% (v/v) water and 40 oC. The KM, L in [C2mim]
[FSI] was the smallest, while the KM, D in [C2mim][BF4] and THF was seventy times less than that

Ionic Liquids - Current State of the Art152



Figure 17 shows the kcat in ionic liquids and THF at 5% (v/v) water and 40 oC. The kcat was
dependent upon the kind of solvents. Comparing the kcat at 40 oC with that at 25 oC, the kcat, L

in THF at 40 oC exhibited about 720-fold decrease, whereas the kcat, D in THF at 40 oC shows
about 480-fold increase. This indicates that thermal perturbation to enzyme structures at THF
is large. On the other hand, the kcat, L/ kcat, D in [C2mim][BF4] was the greatest, while that in
[C2mim][FSI] was the smallest, as shown in Fig. 18. Especially, the kcat, L/ kcat, D in [C2mim][FSI]
and THF decreased with increasing temperature, whereas that in [C2mim][BF4] slightly
increased.

decrease, whereas the kcat, D in THF at 40 oC shows about 480-fold increase. This indicates that thermal perturbation to 

enzyme structures at THF is large. On the other hand, the kcat, L/ kcat, D in [C2mim][BF4] was the greatest, while that in 

[C2mim][FSI] was the smallest, as shown in Fig. 18. Especially, the kcat, L/ kcat, D in [C2mim][FSI] and THF decreased with 

increasing temperature, whereas that in [C2mim][BF4] slightly increased. 

0.0000001
0.000001
0.00001
0.0001
0.001
0.01
0.1
1

k c
at

(m
in

-1
)

L isomer

D isomer

 

Figure 17. The kcat in ionic liquids and THF at 5% (v/v) water and 40 oC. 

1

10

100

1000

10000

100000

[C2mim][BF4] [C2mim][FSI] THF

k c
at

,L
/k

ca
t,D

(-)

 

Figure 18. The kcat, L/ kcat, D in ionic liquids and THF at 5% (v/v) water and 40 oC. 

Dummy Text Figure 19 shows the KM in ionic liquids and THF at 5% (v/v) water and 40 oC. The KM, L in [C2mim][FSI] was 

the smallest, while the KM, D in [C2mim][BF4] and THF was seventy times less than that in [C2mim][FSI]. The KM, L in THF 

at 40 oC was 5.6 times greater than that at 25oC, whereas the KM, D in [C2mim][FSI] at 40 oC was seven times greater than 

that at 25 oC. As a result, the KM, L/KM, D in THF was much greater than that in [C2mim][BF4] or [C2mim][FSI], as seen in 

Fig. 20. 

Figure 17. The kcat in ionic liquids and THF at 5% (v/v) water and 40 oC.

decrease, whereas the kcat, D in THF at 40 oC shows about 480-fold increase. This indicates that thermal perturbation to 

enzyme structures at THF is large. On the other hand, the kcat, L/ kcat, D in [C2mim][BF4] was the greatest, while that in 

[C2mim][FSI] was the smallest, as shown in Fig. 18. Especially, the kcat, L/ kcat, D in [C2mim][FSI] and THF decreased with 

increasing temperature, whereas that in [C2mim][BF4] slightly increased. 

0.0000001
0.000001
0.00001
0.0001
0.001
0.01
0.1
1

k c
at

(m
in

-1
)

L isomer

D isomer

 

Figure 17. The kcat in ionic liquids and THF at 5% (v/v) water and 40 oC. 

1

10

100

1000

10000

100000

[C2mim][BF4] [C2mim][FSI] THF

k c
at

,L
/k

ca
t,D

(-)

 

Figure 18. The kcat, L/ kcat, D in ionic liquids and THF at 5% (v/v) water and 40 oC. 

Dummy Text Figure 19 shows the KM in ionic liquids and THF at 5% (v/v) water and 40 oC. The KM, L in [C2mim][FSI] was 

the smallest, while the KM, D in [C2mim][BF4] and THF was seventy times less than that in [C2mim][FSI]. The KM, L in THF 

at 40 oC was 5.6 times greater than that at 25oC, whereas the KM, D in [C2mim][FSI] at 40 oC was seven times greater than 

that at 25 oC. As a result, the KM, L/KM, D in THF was much greater than that in [C2mim][BF4] or [C2mim][FSI], as seen in 

Fig. 20. 

Figure 18. The kcat, L/ kcat, D in ionic liquids and THF at 5% (v/v) water and 40 oC.

Figure 19 shows the KM in ionic liquids and THF at 5% (v/v) water and 40 oC. The KM, L in [C2mim]
[FSI] was the smallest, while the KM, D in [C2mim][BF4] and THF was seventy times less than that
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in [C2mim][FSI]. The KM, L in THF at 40 oC was 5.6 times greater than that at 25oC, whereas the
KM, D in [C2mim][FSI] at 40 oC was seven times greater than that at 25 oC. As a result, the KM, L/KM,

D in THF was much greater than that in [C2mim][BF4] or [C2mim][FSI], as seen in Fig. 20.
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Figure 19. The KM in ionic liquids and THF at 5% (v/v) water and 40 oC. 
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Figure 20. The KM, L/KM, D in ionic liquids and THF at 5% (v/v) water and 40 oC. 
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Figure 21 shows the kcat /KM in ionic liquids and THF at 5% (v/v) water and 40 oC. The (kcat /
KM)L in [C2mim][BF4] was the greatest, while the (kcat /KM)D in [C2mim][FSI] was the greatest.
Comparing the kcat /KM at 40 oC with that at 25 oC, the kcat /KM in ionic liquids and THF decreased
with an increase in temperature. Especially, the (kcat /KM)L in THF at 40 oC exhibited about 6000-
fold decrease, compared to that at 25 oC. This result indicates that heat extremely damages the
catalytic efficiency of enzymes in THF.
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As seen in Fig. 22, the enantioselectivity of α-chymotrypsin in [C2mim][BF4] at 40 oC was lower
than that at 25 oC, while that in [C2mim][FSI] increased with increasing the reaction tempera‐
ture. On the other hand, the enantioselectivity of α-chymotrypsin in THF drastically dropped
with an increase in the reaction temperature. The temperature dependence of the enantiose‐
lectivity of protease and lipase is markedly affected by organic solvents [3]. Thus, the result
indicates that the temperature dependence of the enantioselectivity is controlled by changing
the reaction medium from one ionic liquid to another, similar to the case of organic solvents.
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Figure 21. The kcat /KM in ionic liquids and THF at 5% (v/v) water and 40 oC. 
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Figure 22. Effect of reaction temperature on the enantioselectivity of α-chymotrypsin-catalyzed esterification in ionic liquids and THF at 

5% (v/v) water. 

6. Relationship between catalytic efficiency and enantioselectivity of α-chymotrypsin in ionic 
liquids 

As mentioned above, the enantioselectivity is strongly influenced by a kind of ionic liquids, water content, and reaction 

temperature. In order to assess the correlation between the catalytic efficiency and the enantioselectivity, the (kcat /KM)L/ 
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Figure 22. Effect of reaction temperature on the enantioselectivity of α-chymotrypsin-catalyzed esterification in ionic liquids and THF at 

5% (v/v) water. 
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Figure 22. Effect of reaction temperature on the enantioselectivity of α-chymotrypsin-catalyzed esterification in ionic
liquids and THF at 5% (v/v) water.
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Figure 22. Effect of reaction temperature on the enantioselectivity of α-chymotrypsin-catalyzed esterification in ionic liquids and THF at 

5% (v/v) water. 
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Figure 22. Effect of reaction temperature on the enantioselectivity of α-chymotrypsin-catalyzed esterification in ionic liquids and THF at 

5% (v/v) water. 
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Figure 22. Effect of reaction temperature on the enantioselectivity of α-chymotrypsin-catalyzed esterification in ionic
liquids and THF at 5% (v/v) water.

Ionic Liquids - Current State of the Art154

6. Relationship between catalytic efficiency and enantioselectivity of α-
chymotrypsin in ionic liquids

As mentioned above, the enantioselectivity is strongly influenced by a kind of ionic liquids,
water content, and reaction temperature. In order to assess the correlation between the catalytic
efficiency and the enantioselectivity, the (kcat /KM)L/ (kcat /KM)D was plotted against the (kcat /
KM)L, as seen in Fig. 23. One can observe an increase in the (kcat /KM)L/ (kcat /KM)D with increasing
the (kcat /KM)L. The catalytic efficiency (kcat /KM)L is attributable to the enzyme structure [11].
Therefore, the higher the native structure of enzymes is kept, the larger the enantioselectivity
becomes.

(kcat /KM)D was plotted against the (kcat /KM)L, as seen in Fig. 23. One can observe an increase in the (kcat /KM)L/ (kcat /KM)D with 

increasing the (kcat /KM)L. The catalytic efficiency (kcat /KM)L is attributable to the enzyme structure [11]. Therefore, the 

higher the native structure of enzymes is kept, the larger the enantioselectivity becomes. 
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7. Conclusion

In this chapter, the solvent effect of ionic liquids on the enantioselectivity of α-chymotrypsin
has been described. The kcat and KM in ionic liquids were sensitively influenced by the reaction
conditions such as water content and reaction temperature. As a result, the enantioselectivity,
(kcat /KM)L/ (kcat /KM)D, changed in the wide range. The kcat and KM correspond upon the confor‐
mational changes in the enzyme and the overall dissociation constant of all enzyme-bound
species, respectively. Consequently, the major change of those parameters indicates that ionic
liquids strongly affect the structure of enzyme molecules and the distribution of substrates
and products between the reaction medium and the active site of enzymes under a requisite
condition. By using the variation of enantioselectivity in ionic liquids, the optical resolution of
biological active compounds and the synthesis of nonnative chiral compounds such as D-
amino acid derivatives can effectively be carried out. Furthermore, it is expected that the ionic
liquid, which exhibits the enantioselectivity suitable for a certain asymmetric synthesis, is
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prepared by tailoring the constituents of ionic liquids, since chemical and physical properties
of ionic liquids can be changed by the appropriate modification of organic cations and anions,
which are constituents of ionic liquids.
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1. Introduction

Ionic liquids (ILs) are currently defined as liquid organic salts, composed of organic cations
and inorganic or organic anions, at or close to room temperature (melting point <100°C) [1],
[2]. The liquid state of ILs is thermodynamically favorable due to the large size and confor‐
mational flexibility of the ions (headgroup and counterion), leading to small lattice enthalpies
and large entropy changes [3], [4]. ILs have negligible vapor pressure, excellent thermal
stability, high electrical conductivity, a wide electrochemical window, a strong ability to
dissolve many chemicals, and can be easily recycled [5]. The most attractive property of ILs
can be effectively “tuned” in the design of the physical, chemical, and biological properties,
by simple tailoring the substituent groups which consist of the cation and/or anion. [6]. The
most frequently used cations in ILs are alkylammonium, N,N′-dialkylimidazolium, and N-
alkylpyridinium cations [7]. Generally, the alkyl chains utilized are methyl, ethyl, butyl, hexyl,
octyl, and decyl. A wide range of anions are employed, ranging from simple halides to
inorganic anions such as tetrafluoroborate and large organic anions like methane sulfonate,
trifluoromethane sulfonate, and bis-(trifluoromethanesulfonyl) amide [8].

Many applications of ILs are closely related to their aggregate formation. It may be expected
from the amphiphilicity of ILs that interfacial phenomena play a major role in the behavior of
systems which contain ILs. In recent years, most of the investigations in this field have been
focused on the formation of IL aggregates in water [9]–[14]. The aggregation behavior of ILs
can be modified by changing the alkyl chain length, the type of headgroup, and the nature of
the counter-ions [15]–[17]. The structural characteristics of aggregates can be determined by

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



employing several experimental methods such as conductometry, tensiometry, steady-state
fluorescence spectroscopy, isothermal titration calorimetry, small-angle neutron scattering,
and nuclear magnetic resonance spectroscopy [18]. Aggregate formations such as micelles,
liquid crystals, and microemulsions, depend on the IL structure, solvent, and the conditions
of the system being studied like temperature and presence of additives. Whereas that a fine
tuning in the aggregation process (e.g., size, morphology and aggregation number) can lead
the ILs structures on this systems to different applications.

These characteristics are of great importance from both an academic and technological point
of view, since they allow use in synthesis and purification [19], and also as surfactants [20]–
[22], lubricants [23], and for nanoparticle coating [24], among other things.

This chapter will illustrate the importance of studying the organization of ILs in solution, and
consider the main effects that change this behavior, by reporting the main results obtained and
the approaches of these investigations. This chapter includes monocationic and dicationic ILs
with different cation, anion, and alkyl chain sizes. The aim of the chapter is to show the
influence of: (i) structural effects (length of alkyl chain, polar head, and counter-ion); (ii)
temperature effect; and (iii) solvent effect on the aggregation of ILs. We will discuss the
influence of these effects on the formation and characterization of IL aggregates through the
use of several spectroscopic and non-spectroscopic techniques such as NMR spectroscopy,
dynamic light scattering (DLS), fluorescence, conductivity, surface tension, and others.

The data collected for this chapter was selected from a search in the article/reference database
Science Finder, using “ionic liquid aggregation” as keywords and refining this by requesting
“English” language results. The total number of papers found was 597 (between 2002 and
2014). From these papers, studies about IL aggregates in solution that involve water, organic
solvents, and water/organic solvent mixtures, including structural effects of the ILs and
temperature effect on the aggregation, will be detailed. Due to the wide range of reports, the
effect of ionic strength and the addition of surfactants and/or polymers into the system
containing IL are not discussed within the scope of this chapter.

2. Effect of the structure of IL aggregation

The idea behind IL aggregation is simple and straightforward. Due to their amphiphilic nature,
when IL molecules are dissolved in a solvent the presence of different polarities in their
structures causes distortion in the solvent structure, thus increasing the energy in the system.
In aqueous solutions, for example, in order to reduce unfavorable interactions, the hydropho‐
bic portion of the IL either directs these interactions to more comfortable interfacial regions
(adsorption) or directs them to the inner part of the solution through self-assembly (aggrega‐
tion) [25], [26].

As a result of aggregation in polar solvents, they can form a structure where all of the nonpolar
portion ends are directed toward the core of the aggregates. Aggregation and the aggregate
by itself are affected by the complex character of intermolecular interactions between cation/
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anion, cation/solvent, and anion/solvent [22], [27], [28]. These interactions consist of hydrogen
bonding, as well as coulombic attraction, van der Waals, n-π, and π–π interactions [29]–[31].
Furthermore, aggregation and aggregate features are significantly influenced by structural
changes in the IL, such as length and composition of the hydrophobic portion, the nature of
the head group, and anion characteristics [22], [27], [32]. Therefore, by varying the chemical
structure of ions, it is possible to influence intermolecular interactions and self-organization
of ILs, which is important for several applications of ILs.

An extensive  number  of  studies  have  been  performed in  order  to  rationalize  the  influ‐
ence  of  IL  chemical  structure  on  aggregate  formation  [1],  [33]–[35].  Although  there  are
divergences in the quantitative estimations from different techniques, the general regulari‐
ties  in the dependence of  characteristics  on IL structure are well  correlated.  Among the
main parameters obtained, the concentration at which aggregates start to be formed, also
known as the critical aggregation concentration (cac), is the most documented one and can
be accessed by almost all the techniques. The following may be estimated: the Gibbs free
energy of aggregation (∆G°agg), degree of counter-ion binding (β), the degree of ionization
of the aggregate (α) [11], [22], [36], surface activity, (γcac) and also parameters such as surface
tension at the cac, minimum surface area per molecule at the air/aqueous interface (Amin),
maximum surface excess concentration (Γmax)  and standard Gibbs free energy of adsorp‐
tion (∆G˚agg) can be estimated. Adsorption in the interfaces can also be evaluated through
the effectiveness of the surfactant, in order to decrease the surface tension of the solvent
(Пcac) and the adsorption efficiency (pC20) — C20 is the concentration at which the surface
tension of pure solvent is reduced by 20 mNmol-1  [27],  [31],  [37].  The aggregation num‐
ber (Nagg) can also be obtained, usually by fluorescence quenching technique [36], [38].

This overview will discuss the influence of three main features that are related to aggregation
in solution: (i) alkyl chain length; (ii) cationic head; and (iii) the nature of the anion. The
discussion will take into account not only the cac but also the other parameters mentioned
previously, which indicate the stability of aggregates and surface activity of ILs. Each section
will cite the main reports in the literature that helped to detail the structural effect on aggregate
formation.

2.1. Effect of cationic alkyl chains

The length of alkyl chains has been reported to be one of the main factors influencing the
aggregation behavior of ILs [22], [27], [39]. In aqueous solutions, hydrophobic interactions
between ILs and polar solvents are the driving force towards aggregation, due to the increase
of entropy and consequently decrease of the free energy of the system [27]. In the aggregate,
two types of domains can be observed: (i) one is polar, in which cationic heads and anions
arrange in a three-dimensional network supported by strong electrostatic interactions; (ii) in
the other domain, alkyl groups aggregate to build nonpolar domains where van der Waals
interactions are critical [37], [38], [40]. Generally, some observations can be made about
homologous series of ILs. A systematic decrease in cac values with an increase in methylene
units in the alkyl chain is observed. The ΔG°agg tend to become more negative, implying that
aggregation comes more easily with the increase of the alkyl chain length, as a direct conse‐
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quence of the increased hydrophobicity of IL monomers. Significant negative ΔG°agg values
are primarily due to an increase of the entropic contribution, an effect that is common in
aggregation processes induced by hydrophobicity of alkyl chains. In aqueous solution, the
alkyl chain of the LIs induces a water structure around the chain and this structure breaks
down during aggregation, leading to a large entropy increase. The β values increase with an
increase in the alkyl chain length, which corresponds to a stronger interaction between anions
and aggregates as the alkyl chain’s length increases [36], [39]. Furthermore, the surface activity
of ILs is improved with an increase in the alkyl chain’s length, resulting in smaller γcac values,
and higher Пcac and pC20 values.

The organization of an IL as a function of an alkyl chain is similarly affected by the alkyl chain
structure. The aggregation behavior of imidazolium-based IL series in aqueous solution has
been investigated in independent works [36], [39]. Data related to the conductivities and
polarity indexes of pyrene for IL aqueous solutions was determined. The ILs used in both
works are [BMIM]Br, [HexMIM]Br, [OctMIM]Br, [DecMIM]Br, [DoDecMIM]Br, [TetDec‐
MIM]Br and [HexaDecMIM]Br and [BMIM][BF4]. Aggregation was detected for almost all ILs
except for [BMIM]Br. These works reported a decrease in cac with an increase in alkyl chain
length. The authors related this behavior to a balance between an enhancement of van der
Waals interactions by means of alkyl chain-ion inductive force (dielectric polarization) and
dispersive interactions. These physicochemical properties depends markedly by the contri‐
bution, per (CH2) group, in the alkyl chain of cations. On the other hand, the aggregation
number determined by pyrene fluorescence quenching method did not show a tendency for
variation in the IL structures for the work performed by Wang et al. [36]. However, in the study
reported by Inoue et al. [39] it was observed from conductivity data an increase of aggregation
number with the increase in the alkyl chain.

The surface activity and aggregation behavior of the imidazolium-based ILs [BMIM]Br,
[HexMIM]Br, [OctMIM]Br, [DecMIM]Br, [DoDecMIM]Br, [TetDecMIM]Br and [HexaDec‐
MIM]Br and [BMIM]X, [HexMIM]X, and [OctMIM]X (X=Cl, I) were also investigated [32], [41],
[42], using surface tension, 1H NMR spectroscopy, and small-angle neutron scattering (SANS).
The cac values decrease with the length of the alkyl chain, following the same trend as the
work performed by Wang et al. [36] and Inoue et al. [39]. Tensiometric parameters also showed
a strong correlation with the structural changes. The decrease in γcac as the alkyl chain length
increased follows the tendency observed for conventional surfactants and indicates better
surfactant activity for ILs with longer alkyl chains. This is also corroborated by the Πcac and
pC20 values, which increased as the alkyl chain length increased. Finally, upon examining the
effect of the chain length on the area per IL molecule at the water/air interface (Amin), it was
observed that the Amin values systematically increased in the following order: [OctMIM]X <
HexMIM]X < [BMIM]X (at 30 °C) and [HexaDecMIM]Br < [TetDecMIM]Br < [DoDecMIM]Br
< [DecMIM]Br (at 25 °C), in the studies performed by Vaghela et al. [41] and Dong et al. [32].
Vaghela et al. [41] referred to this behavior as the result of a simple monolayer organization
with the alkyl chain oriented toward the water side at the interface for the IL [BMIM]X, while
the [HexMIM]X and [OctMIM]X may create more complex and closely packed layers. Similar
results were observed by Sastry et al. [38] and Vaghela et al. [41] in a study of the aggregation
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of the pyridinium-based ILs [N-BPy]Cl, [N-HexPy]Cl, [N-OctPy]Cl, [N-Oct-2-MePy]Cl, [N-
Oct-3-MePy]Cl, and [N-Oct-4-MePy]Cl; and also by Zhao et al. [43] for the pyrrolidinium-
based ILs [DoDecMPyrr]Br, [TetDecMPyrr]Br, and [HexaDecMPyrr]Br in aqueous solutions.
Improvement in both the surface activity and the Amin value was observed with the increase
in alkyl chain length, which corroborates with results previously reported. The authors explain
this behavior based on the higher hydrophobicity caused by the increased number of meth‐
ylene units in the alkyl chain. Surface tension data of pyrrolidinium-based ILs showed some
peculiarities. No considerable difference was observed in the effectiveness of the surface
tension reduction, expressed by the γcac and Πcac parameters, which is an indication that the
structural changes in the alkyl chain did not affect the surface activity of these compounds. On
the other hand, the packing at the surface, and the Nagg value showed good correlation with
the previous works. The increase in the alkyl chain length resulted in better packing at the
water/air interface. This result is confirmed by Amin and Гmax values and by high aggregation
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Figure 1. Representation of cationic head for imidazolium-based dialkyl-substituted IL.

In general, for a homologous series with two long side chains, for a fixed n (longer than the
methyl group) and a varying m, lower cac values may be observed than those for analogous
ILs in which n is methyl. However, when the length of both alkyl chains varies, it is observed
that the longer alkyl chain has the stronger effect, with a smaller cac value [20], [44]. In relation
to the thermodynamic properties of aggregates, the ∆G°agg values are not affected by the
insertion of another long alkyl chain, whereas the β values tend to decrease, which indicates
a lower charge at the aggregate surface [45]. Surface properties are influenced by insertion of
a second alkyl chain in the cationic head. In general, there is an improvement in the surface
activity with the increase of alkyl chain length, represented by a decrease in the γcac, Γmax and
Nagg while Πcac, pC20 and Amin values increase. The packing at the surface does not follow the
same trend, and the longer the second alkyl chain is, the worse the IL’s packing is at the water/
air interface, which results in lower Гmax and higher Amin values [44].

Liu et al. [44] and Baltazar et al. [20] investigated the aqueous aggregation of diakylimidazo‐
lium ILs in two independent works. Liu et al. [44] evaluated the ILs [DoDecMIM]Br, [DoDe‐
cEtIM]Br, [DoDecPrIM]Br, and [DoDecBuIM]Br with the dodecyl long chain and the variable
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alkyl side chain, while Baltazar et al. [20] varied the length of both alkyl chains. It was found
that ILs with one very long and a short chain has a higher cac value than those with two long
alkyl chain. This behavior can be confirmed comparing the values of [DoDecBuIM]Br with
[HexaDecBuIM]Br. The [HexaDecBuIM]Br has a lower cac value than [DoDecBuIM]Br, which
has two long alkyl chains. The lengthening of the alkyl chain resulted in an improvement in
tensoative activity. However, longer alkyl chains result in lower packing efficiency at the
water/air interface, as observed in the Amin and Гmax values. Tariq et al. [45] also investigated
the effect of two long alkyl chains on the aggregation behavior of the pyrrolidinium-based ILs
[DoDecMPyrr]Br, [DoDecBuPyrr]Br, and [OctBuPyrr]Br. Results with the same patterns as
those of Liu et al. [44] and Baltazar et al. [20] were obtained.

Although most of the studies involving the study of alkyl chain effect on IL aggregation have
investigated hydrocarbon chains, some works, which will be discussed in this revision, deal
with the introduction of polar groups into the alkyl chain. The introduction of polar groups
into the alkyl chain connected to the cationic head was also investigated by Garcia et al. [46].
Two series of long chain imidazolium-and pyridinium-based ILs containing an ester functional
group in the alkyl side chain were investigated (Figure 2). The aggregation behavior of the ILs
under investigation followed the same pattern as those already discussed. Even in the presence
of the ester group, aggregation was favored and surface activity improved with the increase
in alkyl chain length for both imidazolium-and pyridinium-based ILs. The enhancement of
pC20 and Пcac show the increase of the surfactant properties with the lengthening of the IL’s
alkyl chain, while both γcac and Amin decrease. The decrease of Amin corresponds to a better
packing at water/air surface.

 
n = 6, 8, 10, 12, 14 

(a) 
n = 6, 8, 10, 12, 14 

(b) 
 

Figure 2. Structure of (a) imidazolium-and (b) pyridinium-based ILs studied by Garcia et al. [46].

The effect of a polar group on one of the alkyl chains connected to the imidazolium head was
investigated by Liu et al. [47]. They studied the aggregation and surfactant activity of the
hydroxyl-functionalized IL [EtOHDoDecIM]Cl in aqueous solution. The results obtained can
be compared with those already published by the same author [44] with an alkyl (ethyl and
dodecyl) group connected to each nitrogen in the imidazolium ring. It was possible to observe
that the insertion of a polar group did not influence the aggregation behavior and surface
properties. Some differences were observed in the parameters related to the packing at the air/
water surface; for example, lower Γmáx and higher Amin values of hydroxyl-functionalized ILs.
The authors state that interactions between the hydroxyl group and water molecules are
responsible for increasing the area around the molecule on the surface. A second cac (cac2) was
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The authors state that interactions between the hydroxyl group and water molecules are
responsible for increasing the area around the molecule on the surface. A second cac (cac2) was
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reported and the Nagg for the first (cac1) and second (cac2) aggregation was calculated. An
increase in monomer units within the aggregate was observed, from cac1 to cac2, and it is
suggested that the second cac emerges from an improvement in the aggregate organization in
solution.

Li et al. [34] evaluated the aggregation and adsorption behavior of [HexaDecHyPrIM]Br in
aqueous solution. The cac obtained for [HexaDecHyPrIM]Br is similar to [HexaDecMIM]Br,
showing the predominant effect of the longest alkyl chain on the aggregation. A lower β value
was obtained, which might be caused by an increase in electrostatic repulsions between the
hydrophilic heads of adjacent IL molecules. Both the factors related to the hydrophilic head-
group size and electrostatic repulsion in [HexaDecHyPrIM]Br aggregates lead to looser
packing of ILs. Water molecules may more easily penetrate the looser micelles resulting in a
higher I1/I3 ratios and smaller Nagg value. Shi et al. [29] evaluated the aggregation behavior of
[DecPhMIM]Br, [DoDecPhMIM]Br, and [TetDecPhMIM]Br in aqueous solutions and showed
that the introduction of the 2,4,6-trimethylphenyl group into an imidazolium head favors
aggregation, due to the more delocalized charge of the cationic head, which reduces the
electrostatic repulsion of the head group. The authors mention a reduction in the steric
hindrance of head groups caused by the occurrence of ππ interactions among the adjacent
2,4,6-trimethylphenyl groups, which allows dense arrangement of these IL molecules at the
air/water interface.

Besides the substitution at positions 1 and 3 in the imidazolium ring, the insertion of a methyl
group at position 2 was also performed and the aggregation behavior of the IL was investigated
(Figure 3) [48].

N N (CH2)10HH(H2C)10

CH3

Cl

Figure 3. Structure of IL

Figueira-Gonzalez et al. [48] observed two cac values, which were related to a morphological
change in the aggregates. The data obtained for β was correlated to a formation of spherical
micelles in accordance with cac1, and with the transition to cylindrical micelles in accordance
with cac2. Results obtained from fluorescence spectroscopy, fluorescence anisotropy, and
chemical NMR were used to investigate the change in the morphology — the results were
consistent with the sphere-to-cylinder transition. Moreover, at higher concentrations, a new
conformational change from cylindrical micelles to bilayer aggregates was proposed, based
on the analysis of diffusion coefficients obtained by diffusion-ordered NMR spectroscopy
(DOSY).
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2.2. Effect of cationic head

The influence of cationic head structural characteristics has also been investigated. There are
two opposing effects that make the understanding of this effect very complex. Repulsive
interactions due to the positive charge, and hydration and steric hindrance among cationic
moieties in solution are anti-aggregation effects. Attractive interactions arising from a need to
minimize hydrocarbon/water contacts favor aggregation [22]. As seen in the alkyl chain effect,
the hydrophobicity of cationic heads also plays an important role, favoring aggregation in
aqueous solutions [31], [49]. In the same way, the binding strength between cations and anions
has an influence on the aggregate stabilization, by reducing the repulsive interaction among
head groups with the increase in β [22], [31], [49].

Galgano et al. [31] investigated the aggregation of ILs with different head groups and with the
same alkyl chain and anionic moiety (Cl-). The influence of the cationic head was observed and
it was determined that the aggregation is favored in the following order: Pyridinium [N-
HexaDecPy][Cl] < Imidazolium [HexaDecMIM][Cl] < Ammonium [PentDecAEtBzMe2][Cl].
The decrease in the ionization degree (α) and Nagg for [PentDecAEtBzMe2][Cl] showed that
aggregates formed by this surfactant are stabilized more by counter-ions and they have better
packing.

Wang et al. [22] investigated the effect of cationic ring types on the aggregation of ILs in
aqueous solutions. It was found that cac and ∆G°agg decrease in the following order: Pyrroli‐
dinium [OctMPyrr]Br > Imidazolium [OctMIM]Br > Pyridinium [N-Oct-4-MePy] Br. This
indicates that the pyridinium head has a higher ability to form aggregates. However, there are
no substantial differences between the values obtained for different cationic heads. The reason
is based on the similar hydrophobic characteristic of the cations under investigation. The
authors observed that the van der Waals volumes of cationic rings (167, 150, and 144 Å3 for
[BMPyrr], [BMIM], and [N-BPy], respectively), assume an important role in the aggregation
process, in which smaller values are related to a more favorable aggregation. The increase in
the van der Waals volumes indicates an increase in steric hindrance, which corroborates with
the increase in cac. The results for ionization degree of the aggregates (α) demonstrated that
anionic counter-ions are less bound to the surface of [OctMPyrr] than [BMIM] and [N-Oct-4-
MePy].

2.3. Counter-ion effects

In this discussion, the counter-ion will be considered to be the ion on the surface of the
aggregate, which can be both an anion and a cation. The role of the counter-ion can result in
significant alterations in the IL aggregation and aggregate stability. As previously mentioned,
aggregation is a result of the hydrophobic effect of alkyl chains, which leads to aggregation
through attempting to minimize the exposure of the alkyl chain to water, and repulsive
interactions among cationic head groups. The counter-ions play a key role in reducing the
repulsive headgroup interactions through adsorption on the aggregate surface, thereby
lowering the cac values [11], [22]. In the cationic aggregates, the foremost characteristics of the
anions are their size, hydrated radius, polarizability, hydrophobicity, and bulkiness [22], [41].
All parameters are related and anions with high polarizability will also have high hydropho‐
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bicity and a lower hydrated radius. Anions with higher polarizability are more bound at the
aggregate surface and decrease the electrostatic repulsion between the head groups of the ILs,
thus increasing the tendency toward aggregation [22].

2.3.1. Anionic counter-ion effect

In general, the reports about IL aggregation evaluate cationic head with long alkyl chains and
relatively small anions (when compared to the cation size). Strongly hydrated ions such as
chloride are partially screened by the surrounding polar water molecules and, therefore, are
less effective at reducing the repulsion between the cations when they are absorbed in the
surface and do not stabilize the aggregate properly [50]. On the other hand, anions such as
BF4

-and PF6
-, besides giving a higher overall hydrophobicity to the IL, also tend to promote

better stabilization of aggregates [50]. The effect of anions is observed in the cac, ∆G°agg, and
β values. Anions with higher hydrophobicity tend to decrease the cac and ∆G°agg values and
increase the β values [22], [41], [50].

Wang et al. [22] studied the effect of anions on the aggregate formation of the ILs [OctMIM]X
(X=CH3CO2

-, Br-, Cl-, NO3
-, CF3CO2

-) in aqueous solution. The aggregation of ILs with different
anions followed the Hofmeister series [51], [52]. The increase in the hydrophobicity and
decrease in hydration radius caused a decrease in the cac and ∆G°agg values. It was observed
that a more hydrophobic IL leads to lower α values, which indicates a higher concentration of
anions on the surface and better stabilization of the aggregate. The aggregates were found to
be spherical and the anions had a weak effect on the morphology. On the other hand, the effect
of the anion on the size and Nagg indicates that the increment in the hydrophobicity of anionic
moieties causes an increase in size, with a consequent increase in the number of monomers in
the aggregate (Nagg).

Vaghela et al. [41] evaluated the surface activity and aggregation behavior in water of the
imidazolium-based ILs [BMIM]X, [HexMIM]X, and [OctMIM]X with different anions (X=Cl−,
Br−, I−). Among the ILs with the same cationic structure but with different anions, an reduction
in the cac and ∆G°agg values was observed, in the following order: Cl− < Br− < I−. This behavior
was explained based on the relative hydrophobicity and binding capacity of three different
halides to a cation. The more hydrophobic, the more attached the anions are at the surfaces.

The influence of anions on pyridinium-based aggregation in aqueous solution was studied by
Bandrés et al. [50]. The results of [N-Bu-3-MePy] cation with BF4

− and N(CN)2
− anions were

compared with data obtained by Singh et al. [11] in a previous work with the same cation and
the Cl- anion. The authors observed that by changing the anion in the IL, the cac decreases in
the following order: [N-Bu-3-MePy][Cl] > [N-Bu-3-MePy][N(CN)2] ≈ [N-Bu-3-MePy][BF4]. The
most important difference between the chloride and tetrafluoroborate or dicyanamide anions
was reported to be related to their size. The bigger the anion structure, the smaller the hydration
radius and the greater the hydrophobicity, which implies that tetrafluoroborate or dicyana‐
mide make aggregation easier. Higher β values were observed in the ILs with N(CN)2- and
BF4- anions, which indicates a decrease in the charge repulsion between the cations when they
are absorbed at the aggregate’s surface.
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2.3.2. Cationic counter-ion effect

Although most reports in the literature consider cationic aggregates with anions as counter-
ions, there are also studies in which anions with long alkyl chains are investigated, thus playing
a more important role in the aggregation [10], [37], [53]. In this case, the anion acts as a
surfactant moiety of the IL and aggregation will mainly be influenced by its structural features
of anion, following the trend observed for cationic structure already discussed in the previous
sections (see Section 2.1 and 2.2). The cationic moiety is then considered to be the counter-ion
and will work in the same way that anions do for cationic aggregates.

Rao et al. [10] investigated the effect of cationic counter-ions on anionic aggregates in aqueous
solution with amino acid-based ILs (AAILs). The ILs hydrophobicity was the primary factor
influencing aggregation behavior. It was observed that the cac, β, and ∆G°agg values increase
in the following order: GluPrELS < ValPrELS < ProPrELS < AlaPrELS < GlyPrELS. The surface
activity of the ILs was also influenced by the hydrophobicity of the cationic moiety, showing
the same behavior previously described for anionic counter-ions. The increases in the hydro‐
phobicity of amino acid-based cationic moieties lead to higher Πcac, pC20, and Amin values and
lower γcac values. The aggregation number and aggregate size of the AAILs were found to
depend on the structure of cationic amino acid-based counter-ions. AAILs with bigger cationic
moieties formed larger aggregates, but with a lower aggregation number.

Anouti et al. [9] investigated the aggregation behavior of the imidazolium and pyrrolidinium
alkycarboxylate protic ILs, ([IM][AlkylCO2] and [Pyr][AlkylCO2]), as a function of alkylcar‐
boxylate chain length (Alkyl=Pent, Hex, Hep, Oct). The effect of the alkyl chain length on the
anionic moiety was the same as that observed for cationic aggregates. Decreases in the cac were
detected for both groups of ILs, with an increase in the anionic alkyl chain length (n). Further‐
more, the surface activity was also improved, with higher hydrophobicity being caused by
longer alkyl chains. The sulfate ILs, with pyrrolidium as cationic counter-ions, showed
superior surface activity and favored aggregation more than for imidazolium cations. The cac,
∆G0

cac and α values were lower for pyrrolidinium, which means that aggregates are formed
easily and are stabler for these IL than for those with imidazolium cations. In general, ILs with
a pyrrolidium cationic moiety presented lower cac and γcac values and higher Пcac values, and
also displayed the best surface activity. Finally, the best packing at the air/water surface was
found for imidazolium ILs based, probably due to the lower electrostatic repulsion caused by
this cation in relation to pyrrolidium ones.

In the examples used previously, ILs composed of a cationic and an anionic moiety were
investigated in terms of the structural effect on aggregation and surface activity properties.
However, Liu et al. [54] investigated the opposite charges on the same molecule through
surface tension and fluorescence, and the results obtained were compared with another
zwitterionic IL [DoDecIMCH2COO]. Large Amin and cac/C20 values were attributed to a
carboxymethyl imidazolium group in the [DoDecIMCH2COO] molecule. The steric effect was
shown to be more prominent in aggregation than in adsorption at the air-solution interface for
[DoDecIMCH2COO] triggered by larger head groups.
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Finally, Blesic et al. [53] investigated anionic and cationic alkyl-chain effects on self-aggrega‐
tion in aqueous solutions for ILs denominated as catanionic surfactants (Figure 4). To deter‐
mine aggregation parameters and surface activity, fluorescence spectroscopy and interfacial
tension measurements were used. ILs with relatively small methylsulfonate anions (n=8, 10,
and 12; and m=1) showed similar behavior to conventional single-chain ILs. A decrease in the
cac was observed with the increase in the length of the cationic alkyl chain. However, when
both the cation and the anion have a long alkyl chain (n=4 and 8; and m=4 and 8), lower cac
values and better surface activity were found when compared with those corresponding to the
cationic analogues. It was found that the presence of a hydrophobic chain in both the cationic
and anionic moiety of the IL works synergistically to favor aggregation and improve the
tensoative properties.

Figure 4. Structure of catanionic surfactant ILs.

2.4. Aggregation of dicationic ILs

Besides the length and introduction of functional groups, a new cationic head can be intro‐
duced at the end portion of an alkyl chain in the ILs. This new class of ILs is denominated
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spacer group has been evaluated and it was found that for a cationic head connected to an
alkyl chain with invariable m, the length increase of spacer groups (higher n values) leads to
a decrease in the aggregation trend and surface properties [58]. A cationic head with a fixed
spacer group and variable alkyl chain length (increase in m values) favors aggregation,
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Figure 5. Schematically representation of dicationic IL where n is the spacer group and m are alkyl chain with variable
length.
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Ao et al. [58] studied the aggregation behavior for the gemini IL [Bis-AlkylDoDecIM]Br2 with
different spacer lengths. Fluorescence measurements showed that there is an increase in the
micropolarity of the aggregates and a decrease in Nagg as the spacer length increases. The
increase in the micropolarity can be explained by considering that the longer the spacer, the
more distant the hydrophilic heads will be. According to Ao et al. [58] this would result in a
less tightly packing of the palisade layer, and lead more water molecules to exist in the palisade
layer of the gemini ILs aggregates. The decrease in Nagg is justified based on the conformation
of longer spacers which remain in extended conformation, thus allowing them to aggregate
relatively loosely and form smaller aggregates. These results also corroborate with the lower
β and higher ∆G°agg values for ILs with longer spacer groups, which indicates lower stability
for these aggregates. In a second work, Ao et al. [57] investigated the aggregation of the gemini
IL [Bis-BuAlkIM]Br2 with a fixed spacer group and variable alkyl chain (Alk=Dec, DoDec,
TetDec) in aqueous solution. A decrease in the cac value was observed with the increase in the
alkyl chain length, following the same aggregation characteristic of analogous monocationic
ILs. Surface tension results indicated an increase in the tensoative activity with the increase in
the alkyl chain length. On the other hand, the packing ability at the air/water surface is lost
with an increase in the alkyl chain length, which is demonstrated by a higher Amin value for
the IL [Bis-BuTetDecIM]Br2. Zhang et al. [59] investigated the aggregation of gemini pyrroli‐
dine-based ILs in aqueous solution and they showed the same aggregation behavior as that
previously described by Ao et al. [57] for gemini imidazolium ILs. These results suggest that
changing the alkyl chains and the head groups of the ILs can significantly change the surface
activity of the ILs and the aggregation process for dicationic ILs, as it does for analogous
monocationic ILs.

2.5. Temperature effect on the IL aggregation

The aggregation behavior of long-chain ILs is generally investigated at room temperature by
different techniques, which have been previously mentioned. The main physicochemical
properties of ILs determined experimentally are cac, , γcac, pC20, Пcac, Γmax, ∆Go

agg and equili‐
brium constant of aggregation process (Ka) [60]. Studies seeking thermodynamic parameters
and the driving force of the IL aggregation process (enthalpic or entropic in nature) within a
defined range of temperatures have been reported in the literature [61]. From thermodynamics
data — such as enthalpy (∆Ho

agg), entropy (∆So
agg) and ∆Go

agg, at various temperatures — it is
possible to suggest the mechanism of IL aggregate formation. The relationship between
thermodynamic parameters determined at several temperatures allows determination of the
contribution of the hydrophobic effect (van der Waals interactions) and electrostatic repulsion
between ionic portions of the IL structures [62], [63]. Studies are being conducted in order to
rationalize how the enthalpy, entropy, and standard Gibbs free energy of IL aggregation
changes with temperature. Some works have shown thermodynamic parameters for ILs with
several cations and/or sizes of the alkyl chains [10], [31], [64]. The temperature of the system
was found to influence the self-assembly of ILs in solutions. An increase in temperature
provides more energy to the system and, consequently, intermolecular interactions may be
broken. An increase in the cac, α value, and the surface activity of the ILs is observed, and,
therefore, less closely packed aggregates are expected [34].
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During the aggregation, the hydrocarbon chain of the IL monomer moves from the solvent
media to the aggregate core. This process is expected to be exothermic and governed primarily
by the entropy gain associated with the hydrophobic ILs being transferred from the solvent
environment to the aggregate interior. However, some ILs have demonstrated distinct
tendencies in the features associated with thermodynamic analysis [18]. Thus, this section will
detail the literature reports that help to understand the temperature effect on aggregate
formation.

Inoue et al. [39] studied the aggregate formation of the long-chain imidazolium ILs [DoDec‐
MIM]Br, [TetDecMIM]Br, and [HexaDecMIM]Br in aqueous solution, through electrical
conductivity measurements. The data demonstrate that the cac increases with an increase in
temperature (20°C–40°C), whereas the β value decreases. The thermodynamic parameters
indicate that the entropic term (-T∆S°agg) plays an important role at low temperatures, whereas
the ∆H°agg contribution becomes dominant at higher temperatures (exothermic process). In
other words, the aggregation process for long-chain imidazolium ILs is entropy driven at low
temperature, while enthalpy driven at high temperature, and this behavior coincide with
micelle formation of conventional long-chained surfactants.

Shi et al. [29] evaluated the aggregation behavior of [DecPhMIM]Br, [DoDecPhMIM]Br, and
[TetDecPhMIM]Br in aqueous solutions at temperatures between 25°C and 45°C. In the range
of temperatures investigated, the values of ∆G°agg for the three ILs are negative. The ∆G°agg

values were determined and ∆H°agg was seen to be the main contributor. This fact suggests
that the aggregate formation process for these ILs is enthalpy-driven. This behavior was
attributed to the strong electrostatic self-repulsion of the headgroups and the counter-ions, as
well as the π-π interactions arising from 2,4,6-trimethylphenyl group introduced into the
headgroup, since it is known that the enthalpy change of aggregation is mainly a result of
hydrophobic and electrostatic interactions [63], [65]. The β value for these ILs is rather low,
thus the contribution of electrostatic interactions should be exothermic.

Shi et al. [62] also studied the aggregation behavior of the ILs [DecPhMIM]Br, [DoDecPh‐
MIM]Br, and [TetDecPhMIM]Br in another IL, [BMIM][BF4], in the same temperature range.
They showed that the cac values of ILs increase with the increase in temperature. For all of the
ILs, ∆Ho

agg was the main contributor to a large negative ∆Go
agg in the temperature range

investigated. Therefore, the aggregates of [DecPhMIM]Br, [DoDecPhMIM]Br, and [TetDecPh‐
MIM]Br in [BMIM][BF4] are enthalpy-driven, similar to the behavior noted in aqueous systems
[29]. In the aggregation process, which is exothermic, the hydrocarbon chain of the IL monomer
moves from the IL media to the aggregate core. The [BMIM] cation strongly interacts with the
cations of the long chain ILs and this interaction increases the electrostatic repulsion between
the polar groups. Meanwhile, the effect of π-π interactions between the adjacent aryl groups
may be a reason for the large ∆Ho

agg observed in this study. Furthermore, it was found that by
increasing the alkyl chain length, the entropic term becomes more pronounced. The cac values
of ILs in [BMIM][BF4] is much higher than that in water suggesting that the aggregation process
is more favorable in aqueous system due to the weak solvophobic effect in IL.

Li et al. [34] studied the long-chain IL [HexaDecHyPrIM]Br from the natural amino acid alanine
and focused their attention on the adsorption and aggregation behaviors of this IL in aqueous
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solution. The temperature dependence of [HexaDecHyPrIM]Br was evaluated by surface
tension and conductivity at temperatures between 25°C and 50°C. The cac values increase with
the increase in temperature, whereas the surface tension at the cac (γcac) follows the opposite
trend. The cac values plotted as a function of temperature demonstrate a U-shaped curve with
a minimum around 25°C. The surface behavior is similar to the ILs without alanine moiety [39].
The adsorption efficiency of the IL at the air-water interface (pC20) improves with the increase
in temperature. The higher temperature resulted in a greater minimum area occupied by a
single surfactant molecule at the air-water interface (Amin) and a lower maximum surface excess
concentration (Γmax). According to the authors, this may be due to increased molecular motion
at higher temperatures, which enables the adsorption of fewer molecules at the interface. The
tendency is in accordance with the decreased effectiveness of the IL to lower the surface
tension, observed through the Пcac data, with the increase in temperature. The thermodynamic
analysis resulted in negative ∆G°agg values, which suggests that the aggregation process is
spontaneous. The ∆H°agg decreases with the increase in temperature and becomes negative at
30°C, indicating that the aggregate formation process is endothermic at lower temperatures
and exothermic at higher temperatures. Furthermore, the -T∆S°agg value increases with the
increase in temperature, contributing much to negative ∆G°agg values. Thus, the aggregation
of alanine-based ILs was proven to be entropy-driven.

Ao, et al. (2008), studied the thermodynamic properties of the aggregation of two Gemini ILs
in aqueous solution at 15°C–35°C: [Bis-AlkylDoDecIM]Br2 with different spacer lengths [58];
and [Bis-BuAlkIM]Br2 with different lateral alkyl chain lengths [57]. The negative ΔG°agg values
for [Bis-EtDoDecIM]Br2, [Bis-BuDoDecIM]Br2, [Bis-BuDecIM]Br2, and [Bis-BuTetDecIM] are
mainly due to the large positive value of ΔS°agg. Therefore, the aggregation process is governed
primarily by the entropy gain associated with it (aggregation is entropy-driven). On the other
hand, the aggregate formation process of [Bis-HexDoDecIM]Br2 is enthalpy-driven at lower
temperatures, but entropy-driven at higher temperatures. The β values of ILs with different
spacer lengths decrease with the increase in temperature. Thus, the authors state that the
aggregates of these ILs would be smaller at higher temperatures. The authors confirmed this
fact by DLS, which showed that the apparent hydrodynamic radius of [Bis-HexDoDe‐
cIM]Br2 decreases from 4.0 nm at 25°C to 2.5 nm at 35°C. This result is in accordance with the
results reported by Pal et al. [64] who used SANS when studying similar IL aggregates in
aqueous solution at 30°C–70°C. Furthermore, the increase in the temperature results in a
decrease of the aggregation number. Conversely, for the corresponding monomeric IL, the
aggregate formation process is entropy-driven at low temperatures and enthalpy-driven at
high temperatures [39].

Zhang et al. [59] investigated the aggregation behavior in aqueous solution of gemini pyrro‐
lidine-based ILs [Bis-BuAlkPyrr]Br2, where Alk=Dec, DoDec, TetDec). The temperature
dependence in the aggregation process was investigated by electrical conductivity in the
temperature range of 25°C–45°C. The cac values increase with the increase in temperature. The
negative ∆G°agg value suggests that the aggregation process is a spontaneous process. The
values increase with an increase in the hydrophobic chain length, which proves that the
increase in alkyl chain length is favorable to the aggregation of the IL in solution. The negative
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∆G°agg values are mainly contributed to by ∆H°agg within the range of temperatures investi‐
gated, which suggests that the aggregation of [Bis-BuAlkPyrr]Br2 in aqueous solution is
enthalpy-driven. This behavior is different to the corresponding monocationic ILs, [Al‐
kMPyrr]Br, which have entropy-driven aggregate formation at low temperatures and enthal‐
py-driven formation at high temperatures [43]. On the other hand, the aggregation of dicationic
IL with imidazolium head groups [Bis-BuAlkMIM]Br2 is an entropy-driven process for all the
temperatures investigated [57]. These results suggest that changing the structure and the head
groups of the ILs can significantly change the surface activity of the ILs and the driving forces
of the aggregation process. For the authors, the driving force for the entropy-driven process
is the tendency of the hydrophobic group to transfer from the solvent to the interior of the
aggregate, while the enthalpy-driven process is probably a result of the increase in the degree
of hydration for the hydrophilic head groups.

Tariq et al. [45] studied the self-aggregation properties of three pyrrolidinium-based ILs —
[DoDecMPyrr]Br, [DoDecBuPyrr]Br, and [OctBuPyrr]Br — in aqueous solution. The aggre‐
gation enthalpies were measured at three different temperatures (15°C, 25°C and 50°C) using
isothermal titration calorimetry (ITC) measurements. The focus of this study was to determine
the driving force of aggregation. The gradual breakdown of the hydrogen-bonded network of
liquid water when the temperature increases (resulting in an increase in entropy) leads to
enthalpy-driven aggregation at higher temperatures, whereas entropy-driven processes will
usually dominate at lower temperatures. The enthalpy of aggregation of [DoDecMPyrr]Br and
[DoDecBuPyrr]Br is positive at lower temperatures and becomes negative at higher tempera‐
tures. Higher ∆H°agg values for [DoDecBuPyrr]Br in comparison with [DoDecMPyrr]Br
indicated stronger interactions between the alkyl chains in the first case. On the other hand,
the enthalpy of aggregation decreases and approaches zero at around 50°C for [OctBuPyrr]Br,
meaning that both contributions to the enthalpy are equally important; that is, the disruption
of the structural organization of the water molecules around the hydrophilic and hydrophobic
domains of the IL surfactant, and the restoring of the hydrogen-bond structure of water when
the aggregate is formed.

Rao et al. [10] investigated the thermodynamic parameters of self-aggregation, in aqueous
solution and at different temperatures (25°C, 35°C, and 45°C), for the following AAILs:
GlyPrELS, AlaPrELS, ProPrELS, ValPrELS, and GluPrELS. The cac increases with temperature
for all the ILs except for GlyPrELS. A significant negative ∆G°agg value was observed, which
indicates a spontaneous aggregation of the AAILs. These values become more negative for ILs
that have larger counter-ions. During the aggregation process, the endothermic “breaking” in
the network of water molecules ordered around the nonpolar tails of AAILs is greater than the
subsequent exothermic association of the molecules, thus leading to the positive entropy.
Furthermore, the size and the hydration of the counter-ions are also responsible for the
variation in the thermodynamic parameters. The larger and more hydrophobic AAILs, such
as GluPrELS, have very high ∆S°agg values when compared with GlyPrELS which is smaller
both in size and degree of hydrophobicity. The aggregation of AAILSs are driven by entropic
contribution in the temperature range evaluated.
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Galgano et al. [31] investigated the micellar properties of [HexaDecMIM]Cl and [N-HexaDec‐
Py]Cl and compared the data with [HDaEtBzDMA]] which had been investigated by Shimizu
et al. [65]. They showed that cac and values of ILs increase with increase of temperature, while
Nagg decrease. The enthalpies of aggregation, ∆H°agg, were obtained directly by conductivity
measurements and ITC. Aggregate formation is entropy-driven at: all studied temperatures
(15°C–75°C) for [HexaDecMIM]Cl; up to 65°C for [N-HexaDecPy]Cl; and up to 55°C for
[HDaEtBzDMA]. All these data can be rationalized by considering hydrogen-bonding between
the head-ions of the monomers in the aggregate. The authors considered that which distin‐
guishes imidazole-based surface active ionic liquids (SAILs) from the other conventional
cationic ILs ([N-HexaDecPy]Cl and [HDaEtBzDMA]) to be the strong hydrogen-bonding
between the counter-ion and the relatively acidic H2 of the imidazolium ring.

The thermodynamic parameters of the ILs [BMIM]X, [HexMIM]X, and [OctMIM]X (X=Cl−, Br
−, and I−) in water at temperatures between 25°C and 40°C was investigated by Vaghela et al.
[66]. The ∆G°agg value was negative and the values increased from [BMIM]X to [HexMIM]X
and again to [OctMIM]X. The enthalpies of aggregation are small but negative. For the
[HexMIM]X and [OctMIM]X, the large positive entropy values indicate that the aggregation
is an entropy-driven process in which the hydrophobic forces are predominant.

2.6. The solvent effect on IL aggregation

Solvents play a decisive role in controlling the aggregation characteristics of ILs. Organic
solvents have high cohesive energies and considerable hydrogen-bonding capability [67];
therefore, aggregation studies of ILs in mixed solvents are of fundamental and practical
importance. Mixtures of IL solutions usually form mixed micelles that frequently exhibit
characteristic properties which are remarkably different from those of the individual compo‐
nent aggregates [68].

There are three important factors to be examined when considering the effect of the solvent
on the aggregation parameters: the dipolarity/polarizability parameter (π*), the solvophobic
parameter (Sp), and the Gordon parameter (G). The dipolarity/polarizability parameter
measures the non-specific parts of the van der Waals interactions between solvents and solutes;
for example, dispersive, inductive, and electrostatic interactions [69]–[72].

Another important characteristic of an organic solvent is the solvophobic parameter, which is
equal to the ∆G° of hydrocarbon transfer from a gaseous phase to a given solvent. This
parameter can be used for comparative estimation of the intensity of the interaction between
the alkyl chains of an IL and a solvent. A high Sp value indicates a weaker solvent–hydrocarbon
interaction and, therefore, a stronger tendency of a system to aggregate. Thus, the aggregation
behavior of ILs can be regulated by selecting a solvent with an optimal Sp value for a given
problem that is of importance for practical applications. Two aspects of view: (i) the changes
of driving forces and (ii) the structure of aggregate could be considered to explain the influ‐
ences of solvent in the aggregate formation. There is a large number of reports about IL
aggregation in water (binary systems) compared to reports on organic solvents or organic
solvents/aqueous solutions (ternary systems) [73]–[76]. The cac values of the ILs in different
organic-solvent systems tend to increase when increasing the content of the organic additive

Ionic Liquids - Current State of the Art176



Galgano et al. [31] investigated the micellar properties of [HexaDecMIM]Cl and [N-HexaDec‐
Py]Cl and compared the data with [HDaEtBzDMA]] which had been investigated by Shimizu
et al. [65]. They showed that cac and values of ILs increase with increase of temperature, while
Nagg decrease. The enthalpies of aggregation, ∆H°agg, were obtained directly by conductivity
measurements and ITC. Aggregate formation is entropy-driven at: all studied temperatures
(15°C–75°C) for [HexaDecMIM]Cl; up to 65°C for [N-HexaDecPy]Cl; and up to 55°C for
[HDaEtBzDMA]. All these data can be rationalized by considering hydrogen-bonding between
the head-ions of the monomers in the aggregate. The authors considered that which distin‐
guishes imidazole-based surface active ionic liquids (SAILs) from the other conventional
cationic ILs ([N-HexaDecPy]Cl and [HDaEtBzDMA]) to be the strong hydrogen-bonding
between the counter-ion and the relatively acidic H2 of the imidazolium ring.

The thermodynamic parameters of the ILs [BMIM]X, [HexMIM]X, and [OctMIM]X (X=Cl−, Br
−, and I−) in water at temperatures between 25°C and 40°C was investigated by Vaghela et al.
[66]. The ∆G°agg value was negative and the values increased from [BMIM]X to [HexMIM]X
and again to [OctMIM]X. The enthalpies of aggregation are small but negative. For the
[HexMIM]X and [OctMIM]X, the large positive entropy values indicate that the aggregation
is an entropy-driven process in which the hydrophobic forces are predominant.

2.6. The solvent effect on IL aggregation

Solvents play a decisive role in controlling the aggregation characteristics of ILs. Organic
solvents have high cohesive energies and considerable hydrogen-bonding capability [67];
therefore, aggregation studies of ILs in mixed solvents are of fundamental and practical
importance. Mixtures of IL solutions usually form mixed micelles that frequently exhibit
characteristic properties which are remarkably different from those of the individual compo‐
nent aggregates [68].

There are three important factors to be examined when considering the effect of the solvent
on the aggregation parameters: the dipolarity/polarizability parameter (π*), the solvophobic
parameter (Sp), and the Gordon parameter (G). The dipolarity/polarizability parameter
measures the non-specific parts of the van der Waals interactions between solvents and solutes;
for example, dispersive, inductive, and electrostatic interactions [69]–[72].

Another important characteristic of an organic solvent is the solvophobic parameter, which is
equal to the ∆G° of hydrocarbon transfer from a gaseous phase to a given solvent. This
parameter can be used for comparative estimation of the intensity of the interaction between
the alkyl chains of an IL and a solvent. A high Sp value indicates a weaker solvent–hydrocarbon
interaction and, therefore, a stronger tendency of a system to aggregate. Thus, the aggregation
behavior of ILs can be regulated by selecting a solvent with an optimal Sp value for a given
problem that is of importance for practical applications. Two aspects of view: (i) the changes
of driving forces and (ii) the structure of aggregate could be considered to explain the influ‐
ences of solvent in the aggregate formation. There is a large number of reports about IL
aggregation in water (binary systems) compared to reports on organic solvents or organic
solvents/aqueous solutions (ternary systems) [73]–[76]. The cac values of the ILs in different
organic-solvent systems tend to increase when increasing the content of the organic additive

Ionic Liquids - Current State of the Art176

in solution, with few exceptions. When increasing the organic solvent content in water, the
dielectric constant of the mixture is lowered, which results in an increase in the electrostatic
forces of the ionic head groups in the IL aggregate [77]. Additionally, the hydrophobic
interactions between the hydrophobic groups of the IL aggregate are gradually reduced, hence
the aggregation potential decreases. Both effects justify the higher cac values obtained when
increasing the organic solvent content. This section will detail the main reports in the literature
that help to elucidate the solvent effect on aggregate formation in ILs.

Through conductivity measurements, He et al. [61] studied the effect that the addition of
ethylene glycol (EG) had on the aggregation of the mixture of [HexaDecMIM]Br and [N-
HexaDecPy]Br. The cac values of the binary mixtures are between the cac values of the
individual surfactants and increase with volume percentage of EG and the mole fraction of
[TetDecMIM]Br. The ∆G°agg values were negative, illustrating that the aggregation process is
spontaneous. The ∆G°agg increase with the increasing in percentage of EG indicating that the
process of micellization becomes less spontaneous. The ∆H°agg and ∆S°agg values gradually
decreased with the concentration of cosolvent. The authors concluded that the aggregation is
an entropy-driven process in pure water, whereas the formation of aggregates is enthalpy-
driven in the aqueous solution of EG.

Feng et al. [78] investigated the effect of solvents — including acetonitrile, ethylene glycol,
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behavior of [DoDecMIM]Br. The study showed that the solvophobic effect and the hydrogen-
bonding interaction between the IL anion and the solvents are the main factors affecting the
aggregation of ILs in non-aqueous solvents. In aprotic solvent, the cac values increase with the
decrease in solvophobic parameters, which indicates that the aggregation of ILs is dominated
by the interactions between the alkyl chains of the IL and the solvents. However, in protic
solvents, the hydrogen-bonding interactions between the IL anions and the solvents have to
be considered. In general, it is found that the aggregation of ILs in non-aqueous solvents can
be controlled and regulated by solvent properties. The cac values of [DoDecMIM]Br in non-
aqueous solvents are all higher than those for water. The IL cannot form aggregates in ethylene
glycol solvent and this result is similar to the previous observation that classical ionic and
zwitterionic surfactants exhibited very weak aggregation in EG [79]. They suggest that
aggregation can be controlled by selecting appropriate solvent increasing the potential uses of
IL in reaction and separation media.

Yan et al. [80] studied the aggregation behavior of [HexaDecTMA]Cl in EG and water mixtures
at different temperatures. They observed an increase in cac and a variation tendency for the
thermodynamic parameters, upon adding EG. The thermodynamic parameters of the cationic
surfactant [HexaDecTMA]Cl in binary EG/H2O solvent mixtures showed that the cac of
[HexaDecTMA]Cl increases from 2 mM to 7 mM, corresponding to the amount of EG added;
however, the β value varied little and remained at about 0.5. Moreover, ∆G°agg increase with
addition of EG highlighting that aggregation process is more difficult to achieve in binary
solvent mixtures than in water. Two main factors were considered: firstly, the presence of EG
decreases the cohesive energy of the solution, thus increasing the solubility of [HexaDecT‐
MA]Cl in its monomeric form and leading to an increase in the cac value; and secondly, the
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dielectric constant of the medium is reduced by the addition of EG, which causes the repulsion
effect among the ion head groups to increase.

The aggregation of [EMIM]Cl and [EMIM][TFSA] in water, methanol, acetonitrile, and
benzene, was studied by Takamuku et al. [81] using SANS. The SANS results show that the
heterogeneity of [EMIM]Cl in acetonitrile mixtures is significant when the acetonitrile content
is high; thus, [EMIM]Cl forms clusters in acetonitrile solutions. On the other hand, it has been
revealed that [EMIM]Cl is homogeneously dissolved in water and methanol. Remarkably,
[EMIM][TFSA] aggregates in methanol solutions, whereas the mixtures of [EMIM][TFSA] with
acetonitrile and benzene are homogeneous. They proposed that these homogeneous mixtures
are the result of the interactions between benzene molecules and imidazolium rings via π-π
interactions; and the hydrogen bonds between the oxygen atoms of TFSA and the hydrogens
of benzene.

Furthermore, aggregation of [EMIM]Cl and [EMIM][TFSA] in acetonitrile and methanol,
respectively, was examined by using 1H NMR spectroscopy. The data confirmed the results
observed using SANS.

Remsing et al. [82] investigated the solvation and aggregation of [BMIM]Cl in water and
dimethylsulfoxide (DMSO) by 1H and 35/37Cl chemical shift perturbations. Evidence of aggre‐
gation of the IL n-butyl chains in aqueous environments at IL concentrations of 75–80 wt% was
observed in the NMR experiments. A comparison of the data obtained for the imidazolium
hydrogens and those in the n-butyl group also reflects that the positively charged ring is
solvated prior to the alkyl chain. Indeed, the Δδ for the H2 at H2O concentrations as low as 5
wt%, is larger than 0.3 ppm, but is only 0.03 ppm for H4′. The H2 is the most acidic hydrogen
in the imidazolium ring. It forms the strongest hydrogen bonds with the Cl- ion and its chemical
shift is the most affected by variations in the water content of the binary mixture. The authors
observed that [BMIM]Cl behaves as a typical electrolyte in water, with both ions completely
solvated at low concentrations.

This experimental result can explain how ILs could be employed, for instance, in the dissolu‐
tion of polysaccharide, which would demonstrate the potential industrial use of ILs.

However, the data reveal that the interactions between the [BMIM] and Cl- ions strengthen as
the DMSO content of the solutions increases. Thus, solvent is unable to effectively disrupt the
interactions between ions and IL-rich clusters persist in this solvent even at concentrations
below 10 wt%.

Li et al. [76] used the dipolarity/polarizability parameter (π*) to study the physicochemical
and structural properties of the binary or ternary mixtures, [BMIM][PF6] or [BMIM][BF4], in
organic solvent (acetonitrile, water, ethanol, ethyl acetate, and tetrahydrofuran). The binary
systems are miscible at the molecular level; that is, there is no obvious aggregation in the
solution. However, for the following systems, non-linear behavior is observed: [BMIM][PF6]
in ethanol/water mixture; [BMIM][PF6] in ethyl acetate; [BMIM][PF6] in tetrahydrofuran;
[BMIM][BF4] in ethanol; and [BMIM][BF4] in an ethanol/water mixture. The reasonable
explanation is that aggregation of the systems occurred. From the conductivity study, the
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authors deduced that the higher the dielectric constant of the organic solvent, the higher the
cac of the IL.

Singh et al. [83] investigated the effect of EG and its derivatives — ethylene glycol monomethyl
ether (EGMME) or ethylene glycol dimethyl ether (EGDME) — on the aggregation behavior
of [BMIM] in an aqueous medium. The effect of a structural variation in EG by replacing the
hydroxyl protons with an ethylene group has been studied and compared. The cac increased
least in the case of EG as compared to EGMME or EGDME for the same amount of organic
solvent added. They explained this result considering that EG resemble with water in some
properties such as high cohesive energy density and capability of hydrogen bonding. For the
same amount of EG or EG derivatives added, the aggregation is found to diminish in the order
EG < EGMME < EGDME. This may be due to the increased solvophobic effect of the solvents
as a consequence of replacing the EG’s hydroxyl proton with a methylene group. The tem‐
perature dependence of conductivity enabled us to explore the thermodynamics of aggrega‐
tion, and it was concluded that at low organic solvent concentrations, ∆H°agg governs the
change in ∆G°agg, while -T∆S°agg dictates the change at higher organic solvent concentrations.

The increase in EG concentration makes it a better solvent for the IL molecules than pure water
and it subsequently forms loose aggregates. Dynamic light scattering (DLS) measurements
showed that the hydrodynamic radii (Rh) of the aggregates formed in mixed solvents was
higher than that in water, which, however, decreased with an increase in content of EG/its
derivatives. The Nagg results obtained by 1H NMR measurements follow the same pattern. The
1H NMR measurements were used to probe the aggregated structures at a molecular level. It
was observed that with an increase in the content of EG/EG derivatives, the magnitude of Δδobs

decreases, except for EGDME, in which it increases. For the same amount of EG/EG derivatives,
Δδobs varies in the order EG < EGMME < EGDME, which indicates the increasing solvating
ability of the ILs that hinders the aggregation process.

Pino et. al. [84] used surface tensiometry to investigate the influence of organic solvents
(methanol, 1-propanol, 1-butanol, 1-pentanol, and acetonitrile) on surface adsorption and
aggregation of [HexaDecBuIM]Br and [DiDoDecIM]Br. The cac values of the two ILs in
different organic solvent/water systems tend to increase when increasing the content of the
organic additive in solution, with few exceptions. For the [HexaDecBuIM]Br IL, the extent of
the increase in the cac values (evaluated by comparing slopes) follows the trend: acetonitrile
< methanol < 1-propanol ≈ 1-butanol < 1-pentanol. In the case of the [DiDoDecIM]Br IL, a fairly
similar trend is obtained: acetonitrile ≈ methanol < 1-propanol < 1-butanol < 1-pentanol. The
authors observed that for the case of the [DiDoDecIM]Br, a fixed amount of organic solvent,
the cac value increases with an increase in the length of the alkyl chain of the alcohol additive.
In the presence of organic solvents, the interfacial characteristics of the [DiDoDecIM]Br IL are
more influenced than those of the [HexaDecBuIM]Br IL. For both ILs, when the organic solvent
content in solution was increased, the following resulted: decreases in the maximum surface
excess concentration (Γmax), increases in the minimum surface area per surfactant molecule
(Amin), decreases in the adsorption efficiency (pC20), and decreases in the effectiveness of surface
tension reduction (Πcac).
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3. Conclusion

In this chapter we examined the literature, considering the main effects involved in the
aggregation behavior of ILs. The results demonstrate the potential applications of these
designer ILs in the field of colloid and interface science, as well as in several analytical
applications. Aggregate features, such as length and composition of the hydrophobic portion,
nature of the head group, and anion characteristics, significantly influence the characteristics
of ILs. These studies have shown that the self-assembly and surface activity of ILs can be finely
modulated by varying the alkyl length chain, introducing specific cation or polar groups in
the side chain, or changing the nature of the anion [27], [34], [36], [62]. A systematic decrease
in cac values was observed with an increase in methylene units in the alkyl chain of anion or
cationic ions. Additionally, ILs with two long alkyl chains had lower cac values than ILs with
one long chain. However, when polar groups (like ester) were added to side chains, aggrega‐
tion behavior was not different to that of apolar alkyl chains.

The surveys of cationic heads revealed that, in general, the aggregation is favorable in the
following order: ammonium > imidazolium ~ pyridinium > pyrrolidinium. However, it is
important to note that there were no substantial differences among values obtained for
different cationic heads. This fact was attributed to the similar hydrophobic characteristics of
the cations investigated. The authors observed that the van der Waals volumes of cationic rings
can assume an important role in the aggregation process, and smaller values are related to a
more favorable aggregation.

In relation to the counter-ion effect, the aggregation of ILs with different anions followed the
Hofmeister series. The increase in the hydrophobicity and decrease in hydration radius caused
a decrease in the cac and ∆G°agg values. When anion bears the alkyl chain, it has the same effect
when alkyl chain is bear for the cation. Thus, it was found that the presence of hydrophobic
chains in both cationic and anionic moieties of ILs work synergistically and favor the aggre‐
gation and improvement of tensoative properties.

The dicationic IL (gemini) aggregation process was the same for analogous monocationic ILs;
however, generally the cac values for dicationic ILs were lower than their monocationic
analogues.

The temperature of the system is found by influencing the self-assembly of ILs in solutions.
An increase in the temperature strongly affects the cation/anion, cation/solvent, and anion/
solvent interactions. In general, cac values increased with an increase in temperature, inde‐
pendent of the IL structure. This occurs because the energy supply to the system can lead to
the break in intermolecular interactions and avoid aggregation. The most aggregation process
described here for ILs were enthalpy-driven at lower temperature, while entropy-driven at
higher temperature. This thermodynamic behavior is similar to conventional surfactants.
However, it was found some cases, where aggregation process of ILs on water was only
enthalpy-driven or only entropy-driven. The thermodynamic parameters revealed no follow‐
ing of a pattern for cationic or anionic structure.
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Finally, the addition of organic solvents was found to have a vital effect on the cac value, the
standard Gibbs energy of aggregation, the aggregation number, and aggregate size. Generally,
the cac values of the ILs in different organic-solvent systems tend to increase when increasing
the content of the organic additive in solution, with few exceptions.

The review addressed in this chapter demonstrates that the interactions present in the IL-
solution system are variable, showing that it is essential to have a better understanding of the
interactions of ILs with various classes of organic molecules. This particular aspect allows us
to actually consider ILs (when dispersed in aqueous and/or organic solutions) to be a new class
of surfactants with unique abilities.

Abbreviations and symbols

Å3 cubic angstroms

AAILs amino acid ionic liquid

Amin area per molecule at the interface

C20 concentration of IL to reduce the surface tension of pure solvent by 20 mN/m

cac critical aggregation concentration

cac1 first critical aggregation concentration

cac2 second critical aggregation concentration

DLS dynamic light scattering

DMSO dimethylsulfoxide

EG ethylene glycol

EGDME ethylene glycol dimethyl ether

EGMME ethylene glycol monomethyl ether

G gordon parameter

II first emission band of pyrene

IIII third emission band of pyrene

ILs ionic liquids

ITC isothermal titration calorimetry

Ka equilibrium constant of aggregation

mM millimolar

mN/m millinewtons per mole

Nagg aggregation number

nm nanometers
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NMR nuclear magnetic resonance

pC20 adsorption efficiency

Rh hydrodynamic radius

SAILs imidazole-based surface active ionic liquids

SANS small angle neutron scattering

SAXS small angle X-ray scattering

Sp solvophobic parameter

-T∆S°agg entropic term of Gibbs Free Energy equation

wt% molar fraction

α degree of counter-ion dissociation

β degree of counter-ion binding

γ surface tension

Γcac Surface tension at cac

δobs chemical shift observed

Δδ chemical shift variation

π* polarity/polarizability parameter

Πcac effectiveness of the IL in decreasing the surface tension of the solvent

Гmáx excess surface concentration

∆G° Gibbs free energy

∆G°ads Gibbs free energy of adsorption

∆G°agg Gibbs free energy of aggregation

∆H°agg enthalpy of aggregation

∆S°agg entropy of aggregation

Representation of IL cations in this chapter

Representation Structure Name

[EMIM] N NH3C (CH2)2H
1-Ethyl-3-methylimidazolium

[BMIM] N N (CH2)4HH3C
1-Butyl-3-methylimidazolium
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Representation Structure Name

[HexMIM] N N (CH2)6HH3C
1-Hexyl-3-methylimidazolium

[OctMIM] N N (CH2)8HH3C
1-Octyl-3-methylimidazolium

[DecMIM] N N (CH2)10HH3C
1-Decyl-3-methylimidazolium

[DoDecMIM] N N (CH)12HH3C
1-Dodecyl-3-methylimidazolium

[TetDecMIM] N N (CH)14HH3C
1-Tetradecyl-3-methylimidazolium

[HexaDecMIM] N N (CH2)16HH3C
1-Hexadecyl-3-methylimidazolium

[HexaDecBuIM] N N (CH2)16HH(H2C)4
1-Hexadecyl-3-butylimidazolium

[DoDecEtIM] N N (CH2)12HH(H2C)2
1-Ethyl-3-dodecylimidazolium

[DoDecPrIM] N N (CH2)12HH(H2C)3
1-Propyl-3-dodecylimidazolium

[DoDecBuIM] N NH(H2C)4 (CH2)12H
1-Dodecyl-3-butylimidazolium

[DiDoDecIM] N N (CH2)12HH(H2C)12
1,3-Didodecylimidazolium

[N-BPy] N (CH2)4H 1-Butylpyridinium

[N-HexPy] N (CH2)6H 1-Hexylpyridinium

[N-OctPy] N (CH2)8H 1-Octylpyridinium

[N-HexaDecPy] N (CH2)16H 1-Hexadecylpyridinium
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Representation Structure Name

[N-Oct-2-MePy]
N (CH2)8H

CH3

1-Octyl-2-methylpyridinium

[N-Oct-3-MePy]
N (CH2)8H

H3C
1-Octyl-3-methylpyridinium

[N-Oct-4-MePy] N (CH2)8HH3C 1-Octyl-4-methylpyridinium

[N-Bu-3-MePy]
N (CH2)4H

H3C
1-Butyl-3-methylpyridinium

[BMPyrr] N
H3C (CH2)4H

N-Butyl-N-methylpyrrolidinium

[OctMPyrr] N
H3C (CH2)8H

N-Octyl-N-methylpyrrolidinium

[DoDecMPyrr] N
H3C (CH2)12H

N-Dodecyl-N-methylpirrolidinium

[TetDecMPyrr] N
H3C (CH2)14H

N-Tetradecyl-N-methylpirrolidinium

[HexaDecMPyrr] N
H3C (CH2)16H

N-Hexadecyl-N-methylpirrolidinium

[OctBuPyrr] N
H(H2C)4 (CH2)8H

N-Butyl-N-octylpyrrolidinium

[DoDecBuPyrr] N
H(H2C)4 (CH2)12H

N-butyl-N dodecylpyrrolodinium
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Representation Structure Name

[EtOHDoDecIM] NN (CH2)12HHO(H2C)2 1-hydroxyethyl-3-dodecylimidazolium

[HexaDecHyPrIM] N NH(H2C)16

CH2OH
H

CH3

S-3-hexadecyl-1-(1-hydroxy-propan-2-
yl) imidazolium

[DecPhMIM] N

CH3

CH3

H3C N (CH2)10H
1-(2,4,6-trimethylphenyl)-3-

decylimidazolium

[DoDecPhMIM] N

CH3

CH3

H3C N (CH2)12H
1-(2,4,6-trimethylphenyl)-3-

dodecylimidazolium

[TetDecPhMIM] N

CH3

CH3

H3C N (CH2)14H
1-(2,4,6-trimethylphenyl)-3-

tetradecylimidazolium

[1,3-DiDec-2-MIM]
N N (CH2)10HH(H2C)10

CH3

1,3-didecyl-2-methylimidazolium

[HexaDecTMA] N
(CH2)16H

H3C CH3

CH3
hexadecyltrimethylammonium

[HDaEtBzDMA] N N
H

(CH2)15H

Me

Me

O Benzyl(3-
hexadecanoylaminoethyl)dimethylam

monium

GlyPrELS
S
O

O
O (CH2)12H

H3N
O

O

CH3

CH3

Glycine propyl ester lauryl sulfate
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Representation Structure Name

AlaPrELS

S
O

O
O (CH2)12H

H3N
O

O

CH3

CH3

CH3

Alanine propyl ester lauryl sulfate

ProPrELS

S
O

O
O (CH2)12H

O

O

CH3

CH3N
H2 Proline propyl ester lauryl sulfate

ValPrELS

S
O

O
O (CH2)12H

H3N
O

O

CH3

CH3

CH3H3C

Valine propyl ester lauryl sulfate

GluPrELS

S
O

O
O (CH2)12H

O

O

CH3

CH3

O

O

CH3

NH3
H3C

Glutamine propyl ester lauryl sulfate

[DoDecIMCH2COO] N NO(O)CH2C (CH2)12H
1-carboxymethyl-3-

dodecylimidazolium inner salt

[Bis-AlkylDoDecIM]Br2
(Alkyl = Et, Bu, Hex)

N
N (CH2)n N

N
H(H2C)12 (CH2)12H

(n = 2, 4, 6)

1,2-bis(3-dodecylimidazolium-1-yl)
alcane

(alcane = etane, butane, hexane)

[Bis-BuAlkylIM]Br2
(Alkyl = Dec, DoDec,

TetDec)

N
N (CH2)4 N

N
H(H2C)m (CH2)mH

(m = 10, 12, 14)

1,2-bis(3-alkylimidazolium-1-yl)
butane

(alkyl = dec, dodec, tetdec)

[Bis-BuAlkylPyrr]
(Alkyl = Dec, DoDec,

TetDec)

N N
(CH2)mH

H(H2C)m

(m = 10, 12, 14)

1,1-(butane-1,4-diyl)bis(1-
alkylpyrrolidinium)

(alkyl = decyl, dodecyl, tetradecyl)
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Representation Structure Name

AlaPrELS

S
O

O
O (CH2)12H

H3N
O

O

CH3

CH3

CH3

Alanine propyl ester lauryl sulfate

ProPrELS

S
O

O
O (CH2)12H

O

O

CH3

CH3N
H2 Proline propyl ester lauryl sulfate

ValPrELS

S
O

O
O (CH2)12H

H3N
O

O

CH3

CH3

CH3H3C

Valine propyl ester lauryl sulfate

GluPrELS

S
O

O
O (CH2)12H

O

O

CH3

CH3

O

O

CH3

NH3
H3C

Glutamine propyl ester lauryl sulfate

[DoDecIMCH2COO] N NO(O)CH2C (CH2)12H
1-carboxymethyl-3-

dodecylimidazolium inner salt

[Bis-AlkylDoDecIM]Br2
(Alkyl = Et, Bu, Hex)

N
N (CH2)n N

N
H(H2C)12 (CH2)12H

(n = 2, 4, 6)

1,2-bis(3-dodecylimidazolium-1-yl)
alcane

(alcane = etane, butane, hexane)

[Bis-BuAlkylIM]Br2
(Alkyl = Dec, DoDec,

TetDec)

N
N (CH2)4 N

N
H(H2C)m (CH2)mH

(m = 10, 12, 14)

1,2-bis(3-alkylimidazolium-1-yl)
butane

(alkyl = dec, dodec, tetdec)

[Bis-BuAlkylPyrr]
(Alkyl = Dec, DoDec,

TetDec)

N N
(CH2)mH

H(H2C)m

(m = 10, 12, 14)

1,1-(butane-1,4-diyl)bis(1-
alkylpyrrolidinium)

(alkyl = decyl, dodecyl, tetradecyl)
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Representation Structure Name

[Pyr][AlkylCO2] N
H2

O (CH2)nH

O

(n = 5, 6, 7, 8)

pyrrolidinium alkylcarboxylates
(alkyl = pen, hex, hep, oct)

[IM][AlkylCO2]

N

N
H2

O (CH2)nH

O

(n = 5, 6, 7, 8)

imidazolium alkylcarboxylates
(alkyl = pen, hex, hep, oct)

[AlkylCMIM]Br
(Alkyl = Hex, Oct, Dec,

DoDec, TetDec)
N NH3C

O

O
(CH2)nH

Br

(n = 6, 8, 10, 12, 14)

3-methyl-1-
alkyloxycarbonylmethylimidazolium

bromide
(alkyl = hexyl, octyl, decyl, dodecyl,

tetradecyl)

[AlkylCMPy]Br
(Alkyl = Hex, Oct, Dec,

DoDec, TetDec)
N

O

O
(CH2)nH

Br

(n = 6, 8, 10, 12, 14)

1-alkyloxicarbonylmethylpyridinium
bromide

(alkyl = hexyl, octyl, decyl, dodecyl,
tetradecyl)

[CnH2n+1MIM][CmH2m+1SO3]
(n = 8, 10, 12; m=1 and n =

4, 8; m= 4, 8)

NNH3C (CH2)nH [(CH2)mSO3]

(n = 8, 10, 12; m=1 and n = 4, 8; m= 4, 8)

1-alkyl-3-methylimidazolium
alkylsulfonate

(alkyl = metyl, butyl, octyl, decyl,
dodecyl)

[EMIM]TFSA

N NH3C (CH2)2H

N
S

O

O

F F
FS

O

OF F

F 1-ethyl-3-methylimidazolium bis-
(trifluoromethanesulfonyl)amide)

[BMIM][C8OSO3]

N NH3C (CH2)4H

S
O

O
OO (CH2)8H 1-Butyl-3-methylimidazolium octyl

sulfate

Acknowledgements

The authors are thankful for the Financial support from the Conselho Nacional de Desenvol‐
vimento Científico e Tecnológico (CNPq)—Universal/Proc. 485893/2007-0, Universal/ Proc.

Structural and Physical Aspects of Ionic Liquid Aggregates in Solution
http://dx.doi.org/10.5772/59287

187



471519/2009-0 and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior-CAPES.
The fellowships from CNPq (M.A.P.M., C.R.B., I.M.G., N.Z., H.G.B.) and CAPES (A.Z.T.) are
also acknowledged.

Author details

Clarissa P.  Frizzo1*, Aniele Z. Tier1, Caroline R. Bender1, Izabelle M. Gindri2, Marcos A. Villetti3,
Nilo Zanatta1, Helio G. Bonacorso1 and Marcos A.P. Martins

*Address all correspondence to: clarissa.frizzo@gmail.com

1 Núcleo de Química de Heterociclos (NUQUIMHE), Department of Chemistry, Federal
University of Santa Maria, Santa Maria, RS, Brazil

2 Department of Bioengineering, University of Texas at Dallas, Richardson, TX, USA

3 Laboratório de Espectroscopia e Polímeros (LEPOL), Department of Physics, Federal
University of Santa Maria, Santa Maria, RS, Brazil

References

[1] Frizzo CP, Tier AZ, Gindri IM, Buriol L, Villetti MA, Zanatta N and Martins MAP.
Nanostructure Evaluation of Ionic Liquid Aggregates by Spectroscopy. In: Kadoka‐
wa J-I. (ed.) Ionic Liquids-New Aspects for the Future. Rijeka: InTech; 2013.

[2] Martins MAP, Frizzo CP, Moreira DN, Zanatta N and Bonacorso HG. Ionic liquids in
heterocyclic synthesis. Chemical Reviews 2008; 108(6) 2015–2050. http://
pubs.acs.org/doi/pdf/10.1021/cr078399y (accessed 20 june 2014).

[3] Krossing I, Slattery JM, Daguenet C, Dyson PJ, Oleinikova A and Weingärtner H.
Why are ionic liquids liquid? A simple explanation based on lattice and solvation en‐
ergies. Journal of the American Chemical Society 2006; 128(41) 13427–13434. http://
pubs.acs.org/doi/pdf/10.1021/ja0619612 (accessed 20 june 2014).

[4] El Seoud OA, Koschella A, Fidale LC and Dorn S. Applications of Ionic Liquids in
Carbohydrate Chemistry: A Window of Opportunities. 2007; 8(9) 2629–2647. http://
pubs.acs.org/doi/pdf/10.1021/bm070062i (accessed 20 june 2014).

[5] Anderson JL, Armstrong DW and Wei GT. Ionic liquids in analytical chemistry. Ana‐
lytical Chemistry 2006; 78(9) 2892–2902. http://pubs.acs.org/doi/pdf/10.1021/
ac069394o (accessed 20 june 2014).

Ionic Liquids - Current State of the Art188



471519/2009-0 and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior-CAPES.
The fellowships from CNPq (M.A.P.M., C.R.B., I.M.G., N.Z., H.G.B.) and CAPES (A.Z.T.) are
also acknowledged.

Author details

Clarissa P.  Frizzo1*, Aniele Z. Tier1, Caroline R. Bender1, Izabelle M. Gindri2, Marcos A. Villetti3,
Nilo Zanatta1, Helio G. Bonacorso1 and Marcos A.P. Martins

*Address all correspondence to: clarissa.frizzo@gmail.com

1 Núcleo de Química de Heterociclos (NUQUIMHE), Department of Chemistry, Federal
University of Santa Maria, Santa Maria, RS, Brazil

2 Department of Bioengineering, University of Texas at Dallas, Richardson, TX, USA

3 Laboratório de Espectroscopia e Polímeros (LEPOL), Department of Physics, Federal
University of Santa Maria, Santa Maria, RS, Brazil

References

[1] Frizzo CP, Tier AZ, Gindri IM, Buriol L, Villetti MA, Zanatta N and Martins MAP.
Nanostructure Evaluation of Ionic Liquid Aggregates by Spectroscopy. In: Kadoka‐
wa J-I. (ed.) Ionic Liquids-New Aspects for the Future. Rijeka: InTech; 2013.

[2] Martins MAP, Frizzo CP, Moreira DN, Zanatta N and Bonacorso HG. Ionic liquids in
heterocyclic synthesis. Chemical Reviews 2008; 108(6) 2015–2050. http://
pubs.acs.org/doi/pdf/10.1021/cr078399y (accessed 20 june 2014).

[3] Krossing I, Slattery JM, Daguenet C, Dyson PJ, Oleinikova A and Weingärtner H.
Why are ionic liquids liquid? A simple explanation based on lattice and solvation en‐
ergies. Journal of the American Chemical Society 2006; 128(41) 13427–13434. http://
pubs.acs.org/doi/pdf/10.1021/ja0619612 (accessed 20 june 2014).

[4] El Seoud OA, Koschella A, Fidale LC and Dorn S. Applications of Ionic Liquids in
Carbohydrate Chemistry: A Window of Opportunities. 2007; 8(9) 2629–2647. http://
pubs.acs.org/doi/pdf/10.1021/bm070062i (accessed 20 june 2014).

[5] Anderson JL, Armstrong DW and Wei GT. Ionic liquids in analytical chemistry. Ana‐
lytical Chemistry 2006; 78(9) 2892–2902. http://pubs.acs.org/doi/pdf/10.1021/
ac069394o (accessed 20 june 2014).

Ionic Liquids - Current State of the Art188

[6] Davis JHJr. Task-Specific Ionic Liquids. Chemistry Letters 2004; 33(9) 1072–1077.
https://www.jstage.jst.go.jp/article/cl/33/9/33_9_1072/_article (accessed 20 june 2014).

[7] Wasserscheid P and Keim W. Ionic Liquids-New ‘Solutions’ for Transition Metal Cat‐
alysis. Angewandte Chemie International Edition 2000; 39(21) 3772–3789. http://onli‐
nelibrary.wiley.com/doi/10.1002/1521-3773(20001103)39:21%3C3772::AID-
ANIE3772%3E3.0.CO;2-5/pdf (accessed 20 june 2014).

[8] Hallett JP and Welton T. Room-temperature ionic liquids: solvents for synthesis and
catalysis. 2. Chemical Reviews 2011; 111(5) 3508–3576. http://pubs.acs.org/doi/pdf/
10.1021/cr1003248 (accessed 20 june 2014).

[9] Anouti M, Jones J, Boisset A, Jacquemin J, Caillon-Caravanier M and Lemordant D.
Aggregation behavior in water of new imidazolium and pyrrolidinium alkycarboxy‐
lates protic ionic liquids. Journal of Colloid and Interface Science 2009; 340(1) 104–
111. http://www.sciencedirect.com/science/article/pii/S0021979709009928# (accessed
20 june 2014).

[10] Rao KS, Singh T, Trivedi TJ and Kumar A. Aggregation behavior of amino acid ionic
liquid surfactants in aqueous media. The Journal of Physical Chemistry B 2011;
115(47) 13847–13853. http://pubs.acs.org/doi/pdf/10.1021/jp2076275 (accessed 20 june
2014).

[11] Singh T and Kumar A. Aggregation behavior of ionic liquids in aqueous solutions:
effect of alkyl chain length, cations, and anions. The Journal of Physical Chemistry B
2007; 111(27) 7843–7851. http://pubs.acs.org/doi/pdf/10.1021/jp0726889 (accessed 20
june 2014).

[12] Wang J, Zhang L, Wang H and Wu C. Aggregation behavior modulation of 1-dodec‐
yl-3-methylimidazolium bromide by organic solvents in aqueous solution. The Jour‐
nal of Physical Chemistry B 2011; 115(17) 4955–4962. http://pubs.acs.org/doi/pdf/
10.1021/jp201604u (accessed 20 june 2014).

[13] Blesic M, Marques MH, Plechkova NV, Seddon KR, Rebelo LPN and Lopes A. Self-
aggregation of ionic liquids: micelle formation in aqueous solution. Green Chemistry
2007; 9(5) 481-490. http://pubs.rsc.org/en/content/articlepdf/2007/gc/b615406a (ac‐
cessed 20 june 2014).

[14] Blesic M, Lopes A, Melo E, Petrovski Z, Plechkova NV, Canongia Lopes JN, Seddon
KR and Rebelo LPN. On the self-aggregation and fluorescence quenching aptitude of
surfactant ionic liquids. The Journal of Physical Chemistry B 2008; 112(29) 8645–8650.
http://pubs.acs.org/doi/pdf/10.1021/jp802179j (accessed 20 june 2014).

[15] Zech O, Thomaier S, Bauduin P, Rück T, Touraud D and Kunz W. Microemulsions
with an ionic liquid surfactant and room temperature ionic liquids as polar pseudo-
phase. The Journal of Physical Chemistry B 2009; 113(2) 465–473. http://
pubs.acs.org/doi/pdf/10.1021/jp8061042 (accessed 20 june 2014).

Structural and Physical Aspects of Ionic Liquid Aggregates in Solution
http://dx.doi.org/10.5772/59287

189



[16] Zhao Y, Chen X and Wang X. Liquid crystalline phases self-organized from a surfac‐
tant-like ionic liquid C(16)mimCl in Ethylammonium nitrate. The Journal of Physical
Chemistry B 2009; 113(7) 2024–2030. http://pubs.acs.org/doi/pdf/10.1021/jp810613c
(accessed 20 june 2014).

[17] Zhao Y, Chen X, Jing B, Wang X and Ma F. Novel gel phase formed by mixing a cati‐
onic surfactive ionic liquid C(16)mimCl and an anionic surfactant SDS in aqueous
solution. The Journal of Physical Chemistry B 2009; 113(4) 983–988. http://
pubs.acs.org/doi/pdf/10.1021/jp809048u (accessed 20 june 2014).

[18] Smirnova NA and Safonova EA. Micellization in solutions of ionic liquids. Colloid
Journal 2012; 74(2) 254–265. http://download.springer.com/static/pdf/747/art
%253A10.1134%252FS1061933X12020123.pdf?
auth66=1411572167_cb5a445f830931e92fe7a0ee3e334f9f&ext=.pdf (accessed 20 june
2014).

[19] Sheldrake GN and Schleck D. Dicationic molten salts (ionic liquids) as re-usable me‐
dia for the controlled pyrolysis of cellulose to anhydrosugars. Green Chemistry 2007;
9(10) 1044-1046. http://pubs.rsc.org/en/content/articlepdf/2007/gc/b705241c (accessed
20 june 2014).

[20] Baltazar QQ, Chandawalla J, Sawyer K and Anderson JL. Interfacial and micellar
properties of imidazolium-based monocationic and dicationic ionic liquids. Colloids
and Surfaces A: Physicochemical and Engineering Aspects 2007; 302(1–3) 150–156.
http://www.sciencedirect.com/science/article/pii/S0927775707001318# (accessed 20
june 2014).

[21] Ding Z and Hao A. Synthesis and Surface Properties of Novel Cationic Gemini Sur‐
factants. Journal of Dispersion Science and Technology 2010; 31(3) 338–342. http://
www.tandfonline.com/doi/pdf/10.1080/01932690903192580#.VCBAQPldWoI (ac‐
cessed 20 june 2014).

[22] Wang H, Wang J, Zhang S and Xuan X. Structural effects of anions and cations on the
aggregation behavior of ionic liquids in aqueous solutions. The Journal of Physical
Chemistry B 2008; 112(51) 16682–16689. http://pubs.acs.org/doi/pdf/10.1021/
jp8069089 (accessed 20 june 2014).

[23] Stolte S, Steudte S, Areitioaurtena O, Pagano F, Thöming J, Stepnowski P and Igartua
A. Ionic liquids as lubricants or lubrication additives: an ecotoxicity and biodegrada‐
bility assessment. Chemosphere 2012; 89(9) 1135–1141. http://ac.els-cdn.com/
S0045653512007497/1-s2.0-S0045653512007497-main.pdf?_tid=1a7ea‐
cec-425f-11e4-9c7d-00000aacb361&acd‐
nat=1411393876_b434182b3fc02c048ff762f48e02e5f5 (accessed 20 june 2014).

[24] Gindri IM, Frizzo CP, Bender CR, Tier AZ, Martins MAP, Villetti MA, Machado G,
Rodriguez LC and Rodrigues DC. Preparation of TiO2 Nanoparticles Coated with
Ionic Liquids: A Supramolecular Approach. ACS Applied Materials Interfaces 2014;

Ionic Liquids - Current State of the Art190



[16] Zhao Y, Chen X and Wang X. Liquid crystalline phases self-organized from a surfac‐
tant-like ionic liquid C(16)mimCl in Ethylammonium nitrate. The Journal of Physical
Chemistry B 2009; 113(7) 2024–2030. http://pubs.acs.org/doi/pdf/10.1021/jp810613c
(accessed 20 june 2014).

[17] Zhao Y, Chen X, Jing B, Wang X and Ma F. Novel gel phase formed by mixing a cati‐
onic surfactive ionic liquid C(16)mimCl and an anionic surfactant SDS in aqueous
solution. The Journal of Physical Chemistry B 2009; 113(4) 983–988. http://
pubs.acs.org/doi/pdf/10.1021/jp809048u (accessed 20 june 2014).

[18] Smirnova NA and Safonova EA. Micellization in solutions of ionic liquids. Colloid
Journal 2012; 74(2) 254–265. http://download.springer.com/static/pdf/747/art
%253A10.1134%252FS1061933X12020123.pdf?
auth66=1411572167_cb5a445f830931e92fe7a0ee3e334f9f&ext=.pdf (accessed 20 june
2014).

[19] Sheldrake GN and Schleck D. Dicationic molten salts (ionic liquids) as re-usable me‐
dia for the controlled pyrolysis of cellulose to anhydrosugars. Green Chemistry 2007;
9(10) 1044-1046. http://pubs.rsc.org/en/content/articlepdf/2007/gc/b705241c (accessed
20 june 2014).

[20] Baltazar QQ, Chandawalla J, Sawyer K and Anderson JL. Interfacial and micellar
properties of imidazolium-based monocationic and dicationic ionic liquids. Colloids
and Surfaces A: Physicochemical and Engineering Aspects 2007; 302(1–3) 150–156.
http://www.sciencedirect.com/science/article/pii/S0927775707001318# (accessed 20
june 2014).

[21] Ding Z and Hao A. Synthesis and Surface Properties of Novel Cationic Gemini Sur‐
factants. Journal of Dispersion Science and Technology 2010; 31(3) 338–342. http://
www.tandfonline.com/doi/pdf/10.1080/01932690903192580#.VCBAQPldWoI (ac‐
cessed 20 june 2014).

[22] Wang H, Wang J, Zhang S and Xuan X. Structural effects of anions and cations on the
aggregation behavior of ionic liquids in aqueous solutions. The Journal of Physical
Chemistry B 2008; 112(51) 16682–16689. http://pubs.acs.org/doi/pdf/10.1021/
jp8069089 (accessed 20 june 2014).

[23] Stolte S, Steudte S, Areitioaurtena O, Pagano F, Thöming J, Stepnowski P and Igartua
A. Ionic liquids as lubricants or lubrication additives: an ecotoxicity and biodegrada‐
bility assessment. Chemosphere 2012; 89(9) 1135–1141. http://ac.els-cdn.com/
S0045653512007497/1-s2.0-S0045653512007497-main.pdf?_tid=1a7ea‐
cec-425f-11e4-9c7d-00000aacb361&acd‐
nat=1411393876_b434182b3fc02c048ff762f48e02e5f5 (accessed 20 june 2014).

[24] Gindri IM, Frizzo CP, Bender CR, Tier AZ, Martins MAP, Villetti MA, Machado G,
Rodriguez LC and Rodrigues DC. Preparation of TiO2 Nanoparticles Coated with
Ionic Liquids: A Supramolecular Approach. ACS Applied Materials Interfaces 2014;

Ionic Liquids - Current State of the Art190

6(14) 11536–11543. http://pubs.acs.org/doi/pdf/10.1021/am5022107 (accessed 20 june
2014).

[25] Sung J, Jeon Y, Kim D, Iwahashi T, Seki K, Iimori T and Ouchi Y. Gibbs monolayer of
ionic liquid+H2O mixtures studied by surface tension measurement and sum-fre‐
quency generation spectroscopy. Colloids and Surfaces A: Physicochemical and En‐
gineering Aspects 2006; 284–285, 84–88. http://ac.els-cdn.com/S0927775705008563/1-
s2.0-S0927775705008563-main.pdf?
_tid=3e9cc65e-425f-11e4-8e37-00000aab0f26&acd‐
nat=1411393936_c38198703150da55b4348653b7e9c88d (accessed 20 june 2014).

[26] Mukherjee I, Mukherjee S, Naskar B, Ghosh S and Moulik SP. Amphiphilic behavior
of two phosphonium based ionic liquids. Journal of Colloid and Interface Science
2013; 395(1) 135–144. http://ac.els-cdn.com/S0021979712013525/1-s2.0-
S0021979712013525-main.pdf?_tid=5df9df5a-425f-11e4-b6b4-00000aab0f6c&acd‐
nat=1411393989_77abffd0ba8bd0fb71918b9f0cd38258 (accessed 20 june 2014).

[27] Sastry NV, Vaghela NM and Aswal VK. Effect of alkyl chain length and head group
on surface active and aggregation behavior of ionic liquids in water. Fluid Phase
Equilibria 2012; 327, 22–29. http://ac.els-cdn.com/S0378381212001732/1-s2.0-
S0378381212001732-main.pdf?_tid=6d0c44ec-425f-11e4-97a9-00000aab0f27&acd‐
nat=1411394014_74a1d6faeb816d4aee8d0ab4f96ce271 (accessed 20 june 2014).

[28] Greaves TL and Drummond CJ. Solvent nanostructure, the solvophobic effect and
amphiphile self-assembly in ionic liquids. Chemical Society Reviews 2013; 42(3)
1096–1120. http://pubs.rsc.org/en/content/articlepdf/2013/CS/C2CS35339C (accessed
20 june 2014).

[29] Shi L, Li N, Yan H, Gao Y and Zheng L. Aggregation behavior of long-chain N-aryl
imidazolium bromide in aqueous solution. Langmuir 2011; 27(5) 1618–1625. http://
pubs.acs.org/doi/pdf/10.1021/la104719v (accessed 20 june 2014).

[30] Fan X and Zhao K. Aggregation behavior and electrical properties of amphiphilic
pyrrole-tailed ionic liquids in water, from the viewpoint of dielectric relaxation spec‐
troscopy. Soft Matter 2014; 10(18) 3259–3270. http://pubs.rsc.org/en/content/arti‐
clepdf/2014/sm/c3sm53143k (accessed 20 june 2014).

[31] Galgano PD and El Seoud OA. Micellar properties of surface active ionic liquids: a
comparison of 1-hexadecyl-3-methylimidazolium chloride with structurally related
cationic surfactants. Journal of Colloid and Interface Science 2010; 345(1) 1–11. http://
ac.els-cdn.com/S002197971000127X/1-s2.0-S002197971000127X-main.pdf?
_tid=cf187b10-425f-11e4-b729-00000aacb360&acd‐
nat=1411394179_4eb83af6da97d37d53bfd64a180de72f (accessed 20 june 2014).

[32] Dong B, Li N, Zheng L, Yu L and Inoue T. Surface adsorption and micelle formation
of surface active ionic liquids in aqueous solution. Langmuir 2007; 23(8) 4178–4182.
http://pubs.acs.org/doi/pdf/10.1021/la0633029 (accessed 20 june 2014).

Structural and Physical Aspects of Ionic Liquid Aggregates in Solution
http://dx.doi.org/10.5772/59287

191



[33] Ao M, Xu G, Pang J and Zhao T. Comparison of aggregation behaviors between ionic
liquid-type imidazolium gemini surfactant [C12-4-C12im]Br2 and its monomer
[C12mim]Br on silicon wafer. Langmuir 2009; 25(17) 9721–9727. http://
pubs.acs.org/doi/pdf/10.1021/la901005v (accessed 20 june 2014).

[34] Li XW, Gao YA, Liu J, Zheng LQ, Chen B, Wu LZ and Tung CH. Aggregation behav‐
ior of a chiral long-chain ionic liquid in aqueous solution. Journal of Colloid and In‐
terface Science 2010; 343(1) 94–101. http://ac.els-cdn.com/S0021979709014519/1-s2.0-
S0021979709014519-main.pdf?_tid=0ba50ab2-4260-11e4-
ac53-00000aacb361&acdnat=1411394280_ce70c5439b3b0ed368f7288e57c42594
(accessed 20 june 2014).

[35] Kusano T, Fujii K, Tabata M and Shibayama M. Small-Angle Neutron Scattering
Study on Aggregation of 1-Alkyl-3-methylimidazolium Based Ionic Liquids in Aque‐
ous Solution. Journal of Solution Chemistry 2013; 42(10) 1888–1901. http://down‐
load.springer.com/static/pdf/727/art%253A10.1007%252Fs10953-013-0080-0.pdf?
auth66=1411566945_f81cd1c81e38199b409f97bd14e7079e&ext=.pdf (accessed 20 june
2014).

[36] Wang J, Wang H, Zhang S, Zhang H and Zhao Y. Conductivities, volumes, fluores‐
cence, and aggregation behavior of ionic liquids [C4mim][BF4] and [C(n)mim]Br
(n=4, 6, 8, 10, 12) in aqueous solutions. The Journal of Physical Chemistry B 2007;
111(22) 6181–6188. http://pubs.acs.org/doi/pdf/10.1021/jp068798h (accessed 20 june
2014).

[37] Cheng N, Yu P, Wang T, Sheng X, Bi Y, Gong Y and Yu L. Self-aggregation of new
alkylcarboxylate-based anionic surface active ionic liquids: experimental and theoret‐
ical investigations. The Journal of Physical Chemistry B 2014; 118(10) 2758–2768.
http://pubs.acs.org/doi/pdf/10.1021/jp4124056 (accessed 20 june 2014).

[38] Sastry NV, Vaghela NM, Macwan PM, Soni SS, Aswal VK and Gibaud A. Aggrega‐
tion behavior of pyridinium based ionic liquids in water--surface tension, 1H NMR
chemical shifts, SANS and SAXS measurements. Journal of Colloid and Interface Sci‐
ence 2012; 371(1) 52–61. http://ac.els-cdn.com/S0021979712000082/1-s2.0-
S0021979712000082-main.pdf?_tid=865590b0-4260-11e4-
bf40-00000aacb35e&acdnat=1411394486_6def5329fad0cca9988ca5ec98a21e32
(accessed 20 june 2014).

[39] Inoue T, Ebina H, Dong B and Zheng L. Electrical conductivity study on micelle for‐
mation of long-chain imidazolium ionic liquids in aqueous solution. Journal of Col‐
loid and Interface Science 2007; 314(1) 236–241. http://ac.els-cdn.com/
S0021979707007345/1-s2.0-S0021979707007345-main.pdf?_tid=9b16ff0c-4260-11e4-
b43d-00000aacb35f&acdnat=1411394521_6718d194736879a8fd5a676080e18049 (ac‐
cessed 20 june 2014).

[40] Takamuku T, Shimomura T, Sadakane K, Koga M and Seto H. Aggregation of 1-do‐
decyl-3-methylimidazolium nitrate in water and benzene studied by SANS and 1H

Ionic Liquids - Current State of the Art192



[33] Ao M, Xu G, Pang J and Zhao T. Comparison of aggregation behaviors between ionic
liquid-type imidazolium gemini surfactant [C12-4-C12im]Br2 and its monomer
[C12mim]Br on silicon wafer. Langmuir 2009; 25(17) 9721–9727. http://
pubs.acs.org/doi/pdf/10.1021/la901005v (accessed 20 june 2014).

[34] Li XW, Gao YA, Liu J, Zheng LQ, Chen B, Wu LZ and Tung CH. Aggregation behav‐
ior of a chiral long-chain ionic liquid in aqueous solution. Journal of Colloid and In‐
terface Science 2010; 343(1) 94–101. http://ac.els-cdn.com/S0021979709014519/1-s2.0-
S0021979709014519-main.pdf?_tid=0ba50ab2-4260-11e4-
ac53-00000aacb361&acdnat=1411394280_ce70c5439b3b0ed368f7288e57c42594
(accessed 20 june 2014).

[35] Kusano T, Fujii K, Tabata M and Shibayama M. Small-Angle Neutron Scattering
Study on Aggregation of 1-Alkyl-3-methylimidazolium Based Ionic Liquids in Aque‐
ous Solution. Journal of Solution Chemistry 2013; 42(10) 1888–1901. http://down‐
load.springer.com/static/pdf/727/art%253A10.1007%252Fs10953-013-0080-0.pdf?
auth66=1411566945_f81cd1c81e38199b409f97bd14e7079e&ext=.pdf (accessed 20 june
2014).

[36] Wang J, Wang H, Zhang S, Zhang H and Zhao Y. Conductivities, volumes, fluores‐
cence, and aggregation behavior of ionic liquids [C4mim][BF4] and [C(n)mim]Br
(n=4, 6, 8, 10, 12) in aqueous solutions. The Journal of Physical Chemistry B 2007;
111(22) 6181–6188. http://pubs.acs.org/doi/pdf/10.1021/jp068798h (accessed 20 june
2014).

[37] Cheng N, Yu P, Wang T, Sheng X, Bi Y, Gong Y and Yu L. Self-aggregation of new
alkylcarboxylate-based anionic surface active ionic liquids: experimental and theoret‐
ical investigations. The Journal of Physical Chemistry B 2014; 118(10) 2758–2768.
http://pubs.acs.org/doi/pdf/10.1021/jp4124056 (accessed 20 june 2014).

[38] Sastry NV, Vaghela NM, Macwan PM, Soni SS, Aswal VK and Gibaud A. Aggrega‐
tion behavior of pyridinium based ionic liquids in water--surface tension, 1H NMR
chemical shifts, SANS and SAXS measurements. Journal of Colloid and Interface Sci‐
ence 2012; 371(1) 52–61. http://ac.els-cdn.com/S0021979712000082/1-s2.0-
S0021979712000082-main.pdf?_tid=865590b0-4260-11e4-
bf40-00000aacb35e&acdnat=1411394486_6def5329fad0cca9988ca5ec98a21e32
(accessed 20 june 2014).

[39] Inoue T, Ebina H, Dong B and Zheng L. Electrical conductivity study on micelle for‐
mation of long-chain imidazolium ionic liquids in aqueous solution. Journal of Col‐
loid and Interface Science 2007; 314(1) 236–241. http://ac.els-cdn.com/
S0021979707007345/1-s2.0-S0021979707007345-main.pdf?_tid=9b16ff0c-4260-11e4-
b43d-00000aacb35f&acdnat=1411394521_6718d194736879a8fd5a676080e18049 (ac‐
cessed 20 june 2014).

[40] Takamuku T, Shimomura T, Sadakane K, Koga M and Seto H. Aggregation of 1-do‐
decyl-3-methylimidazolium nitrate in water and benzene studied by SANS and 1H

Ionic Liquids - Current State of the Art192

NMR. Physical Chemistry Chemical Physics 2012; 14(31) 11070–11080. http://
pubs.rsc.org/en/content/articlepdf/2012/CP/C2CP40891K (accessed 20 june 2014).

[41] Vaghela NM, Sastry NV and Aswal VK. Surface active and aggregation behavior of
methylimidazolium-based ionic liquids of type [C n mim] [X], n = 4, 6, 8 and [X] = Cl
−, Br−, and I− in water. Colloid and Polymer Science 2010; 289(3) 309–322. http://
download.springer.com/static/pdf/966/art
%253A10.1007%252Fs00396-010-2332-5.pdf?
auth66=1411567211_24c63abe37eeee9649498fd373eea5ce&ext=.pdf (accessed 20 june
2014).

[42] Dong B, Zhao X, Zheng L, Zhang J, Li N and Inoue T. Aggregation behavior of long-
chain imidazolium ionic liquids in aqueous solution: Micellization and characteriza‐
tion of micelle microenvironment. Colloids and Surfaces A: Physicochemical and
Engineering Aspects 2008; 317(1–3) 666–672. http://ac.els-cdn.com/
S0927775707010448/1-s2.0-S0927775707010448-main.pdf?_tid=d4f2a76c-4260-11e4-
bb23-00000aab0f01&acdnat=1411394618_5742cff483046f472b9688ea9f39400e (accessed
20 june 2014).

[43] Zhao M and Zheng L. Micelle formation by N-alkyl-N-methylpyrrolidinium bromide
in aqueous solution. Physical Chemistry Chemical Physics 2011; 13(4) 1332–1337.
http://pubs.rsc.org/en/content/articlepdf/2011/CP/C0CP00342E (accessed 20 june
2014).

[44] Liu X, Hu J, Huang Y and Fang Y. Aggregation Behavior of Surface Active Dialkyli‐
midazolium Ionic Liquids [C12C n im]Br (n=1–4) in Aqueous Solutions. Journal of
Surfactants and Detergents 2012; 16(4) 539–546. http://download.springer.com/
static/pdf/394/art%253A10.1007%252Fs11743-012-1409-1.pdf?
auth66=1411567309_de14a75fa14c7e4cf90cd8b85c1018f2&ext=.pdf (accessed 20 june
2014).

[45] Tariq M, Podgoršek A, Ferguson JL, Lopes A, Costa Gomes MF, Pádua AA, Rebelo
LP and Canongia Lopes JN. Characteristics of aggregation in aqueous solutions of di‐
alkylpyrrolidinium bromides. Journal of Colloid and Interface Science 2011; 360(2)
606–616. http://ac.els-cdn.com/S0021979711005315/1-s2.0-S0021979711005315-
main.pdf?_tid=131463a0-4261-11e4-9ab0-00000aab0f6c&acd‐
nat=1411394722_e874133dd34130d4f54863b0e38ebfcc (accessed 20 june 2014).

[46] Garcia MT, Ribosa I, Perez L, Manresa A and Comelles F. Aggregation behavior and
antimicrobial activity of ester-functionalized imidazolium-and pyridinium-based
ionic liquids in aqueous solution. Langmuir 2013; 29(8) 2536–2545. http://
pubs.acs.org/doi/pdf/10.1021/la304752e (accessed 20 june 2014).

[47] Liu X, Dong L and Fang Y. Synthesis and Self-Aggregation of a Hydroxyl-Function‐
alized Imidazolium-Based Ionic Liquid Surfactant in Aqueous Solution. Journal of
Surfactants and Detergents 2010; 14(2) 203–210. http://download.springer.com/
static/pdf/88/art%253A10.1007%252Fs11743-010-1234-3.pdf?

Structural and Physical Aspects of Ionic Liquid Aggregates in Solution
http://dx.doi.org/10.5772/59287

193



auth66=1411567405_c9aa7042c409b9b6d8ef44e604ef6892&ext=.pdf (accessed 20 june
2014).

[48] Figueira-González M, Francisco V, García-Río L, Marques EF, Parajó, M and Rodrí‐
guez-Dafonte P. Self-aggregation properties of ionic liquid 1,3-didecyl-2-methylimi‐
dazolium chloride in aqueous solution: from spheres to cylinders to bilayers. The
Journal of Physical Chemistry B; 117(10) 2926–2937. http://pubs.acs.org/doi/pdf/
10.1021/jp3117962 (accessed 20 june 2014).

[49] El Seoud OA, Pires PAR, Abdel-Moghny T and Bastos EL. Synthesis and micellar
properties of surface-active ionic liquids: 1-alkyl-3-methylimidazolium chlorides.
Journal of Colloid and Interface Science 2007; 313(1) 296–304. http://ac.els-cdn.com/
S0021979707004663/1-s2.0-S0021979707004663-main.pdf?_tid=5e169378-4261-11e4-
b355-00000aab0f26&acdnat=1411394848_e17e9ae61eed052c24053ffbe38f77e8 (ac‐
cessed 20 june 2014).

[50] Bandrés I, Meler S, Giner B, Cea P and Lafuente C. Aggregation Behavior of Pyridini‐
um-Based Ionic Liquids in Aqueous Solution. Journal of Solution Chemistry 2009;
38(12) 1622–1634. http://download.springer.com/static/pdf/452/art
%253A10.1007%252Fs10953-009-9474-4.pdf?
auth66=1411567558_b17d415dc75888d39ea783a8e8c0204a&ext=.pdf (accessed 20 june
2014).

[51] Yang Z. Hofmeister effects: an explanation for the impact of ionic liquids on biocatal‐
ysis. Journal of Biotechnology 2009; 144(1) 12–22. http://ac.els-cdn.com/
S0168165609001801/1-s2.0-S0168165609001801-main.pdf?
_tid=a0c02c2a-4261-11e4-8e37-00000aab0f26&acd‐
nat=1411394960_6a1f3a58a47b84f37d512945bf611cd7 (accessed 20 june 2014).

[52] Para G, Jarek E and Warszynski P. The Hofmeister series effect in adsorption of cati‐
onic surfactants--theoretical description and experimental results. Advances in Col‐
loid and Interface Science 2006; 122(1–3) 39–55. http://ac.els-cdn.com/
S0001868606000960/1-s2.0-S0001868606000960-main.pdf?_tid=ae678490-4261-11e4-
b7df-00000aab0f02&acdnat=1411394983_813bf4649ce13503fd07c1f1c9abc88b (ac‐
cessed 20 june 2014).

[53] Blesic M, Swadźba-Kwaśny M, Holbrey JD, Canongia Lopes JN, Seddon KR and Re‐
belo LPN. New catanionic surfactants based on 1-alkyl-3-methylimidazolium alkyl‐
sulfonates, [C(n)H(2n+1)mim][C(m)H(2m+1)SO(3)]: mesomorphism and aggregation.
Physical Chemistry Chemical Physics 2009; 11(21) 4260–4268. http://pubs.rsc.org/en/
content/articlepdf/2009/cp/b822341f (accessed 20 june 2014).

[54] Liu X, Dong L and Fang Y. A Novel Zwitterionic Imidazolium-Based Ionic Liquid
Surfactant: 1-Carboxymethyl-3-Dodecylimidazolium Inner Salt. Journal of Surfac‐
tants and Detergents 2011; 14(4) 497–504. http://download.springer.com/
static/pdf/391/art%253A10.1007%252Fs11743-011-1254-7.pdf?

Ionic Liquids - Current State of the Art194



auth66=1411567405_c9aa7042c409b9b6d8ef44e604ef6892&ext=.pdf (accessed 20 june
2014).

[48] Figueira-González M, Francisco V, García-Río L, Marques EF, Parajó, M and Rodrí‐
guez-Dafonte P. Self-aggregation properties of ionic liquid 1,3-didecyl-2-methylimi‐
dazolium chloride in aqueous solution: from spheres to cylinders to bilayers. The
Journal of Physical Chemistry B; 117(10) 2926–2937. http://pubs.acs.org/doi/pdf/
10.1021/jp3117962 (accessed 20 june 2014).

[49] El Seoud OA, Pires PAR, Abdel-Moghny T and Bastos EL. Synthesis and micellar
properties of surface-active ionic liquids: 1-alkyl-3-methylimidazolium chlorides.
Journal of Colloid and Interface Science 2007; 313(1) 296–304. http://ac.els-cdn.com/
S0021979707004663/1-s2.0-S0021979707004663-main.pdf?_tid=5e169378-4261-11e4-
b355-00000aab0f26&acdnat=1411394848_e17e9ae61eed052c24053ffbe38f77e8 (ac‐
cessed 20 june 2014).

[50] Bandrés I, Meler S, Giner B, Cea P and Lafuente C. Aggregation Behavior of Pyridini‐
um-Based Ionic Liquids in Aqueous Solution. Journal of Solution Chemistry 2009;
38(12) 1622–1634. http://download.springer.com/static/pdf/452/art
%253A10.1007%252Fs10953-009-9474-4.pdf?
auth66=1411567558_b17d415dc75888d39ea783a8e8c0204a&ext=.pdf (accessed 20 june
2014).

[51] Yang Z. Hofmeister effects: an explanation for the impact of ionic liquids on biocatal‐
ysis. Journal of Biotechnology 2009; 144(1) 12–22. http://ac.els-cdn.com/
S0168165609001801/1-s2.0-S0168165609001801-main.pdf?
_tid=a0c02c2a-4261-11e4-8e37-00000aab0f26&acd‐
nat=1411394960_6a1f3a58a47b84f37d512945bf611cd7 (accessed 20 june 2014).

[52] Para G, Jarek E and Warszynski P. The Hofmeister series effect in adsorption of cati‐
onic surfactants--theoretical description and experimental results. Advances in Col‐
loid and Interface Science 2006; 122(1–3) 39–55. http://ac.els-cdn.com/
S0001868606000960/1-s2.0-S0001868606000960-main.pdf?_tid=ae678490-4261-11e4-
b7df-00000aab0f02&acdnat=1411394983_813bf4649ce13503fd07c1f1c9abc88b (ac‐
cessed 20 june 2014).

[53] Blesic M, Swadźba-Kwaśny M, Holbrey JD, Canongia Lopes JN, Seddon KR and Re‐
belo LPN. New catanionic surfactants based on 1-alkyl-3-methylimidazolium alkyl‐
sulfonates, [C(n)H(2n+1)mim][C(m)H(2m+1)SO(3)]: mesomorphism and aggregation.
Physical Chemistry Chemical Physics 2009; 11(21) 4260–4268. http://pubs.rsc.org/en/
content/articlepdf/2009/cp/b822341f (accessed 20 june 2014).

[54] Liu X, Dong L and Fang Y. A Novel Zwitterionic Imidazolium-Based Ionic Liquid
Surfactant: 1-Carboxymethyl-3-Dodecylimidazolium Inner Salt. Journal of Surfac‐
tants and Detergents 2011; 14(4) 497–504. http://download.springer.com/
static/pdf/391/art%253A10.1007%252Fs11743-011-1254-7.pdf?

Ionic Liquids - Current State of the Art194

auth66=1411567659_8bcf8cade91e8eef39d3ea2ed52f6499&ext=.pdf (accessed 20 june
2014).

[55] Shirota H, Mandai T, Fukazawa H and Kato T. Comparison between Dicationic and
Monocationic Ionic Liquids: Liquid Density, Thermal Properties, Surface Tension,
and Shear Viscosity. Journal of Chemical & Engineering Data 2011; 56(5) 2453–2459.
http://pubs.acs.org/doi/pdf/10.1021/je2000183 (accessed 20 june 2014).

[56] Bhargava BL and Klein ML. Nanoscale organization in aqueous dicationic ionic liq‐
uid solutions. The Journal of Physical Chemistry B 2011; 115(35) 10439–10446. http://
pubs.acs.org/doi/pdf/10.1021/jp204413n (accessed 20 june 2014).

[57] Ao M, Xu G, Zhu Y and Bai Y. Synthesis and properties of ionic liquid-type Gemini
imidazolium surfactants. Journal of Colloid and Interface Science 2008; 326(2) 490–
495. http://ac.els-cdn.com/S0021979708007881/1-s2.0-S0021979708007881-main.pdf?
_tid=f99e2220-4261-11e4-bc0a-00000aacb362&acd‐
nat=1411395109_c14772825c644e961e08c17c919282e9 (accessed 20 june 2014).

[58] Ao M, Huang P, Xu G, Yang X and Wang Y. Aggregation and thermodynamic prop‐
erties of ionic liquid-type gemini imidazolium surfactants with different spacer
length. Colloid and Polymer Science 2008; 287(4) 395–402. http://download.spring‐
er.com/static/pdf/463/art%253A10.1007%252Fs00396-008-1976-x.pdf?
auth66=1411567752_d6c85de25a8b836da32e38f7d5bbb097&ext=.pdf (accessed 20 june
2014).

[59] Zhang S, Yan H, Zhao M and Zheng L. Aggregation behavior of gemini pyrrolidine-
based ionic liquids 1,1’-(butane-1,4-diyl)bis(1-alkylpyrrolidinium) bromide
([C(n)py-4-C(n)py][Br2]) in aqueous solution. Journal of Colloid and Interface Sci‐
ence 2012; 372(1) 52–57. http://ac.els-cdn.com/S0021979712000732/1-s2.0-
S0021979712000732-main.pdf?
_tid=17ff90d2-4262-11e4-97a1-00000aacb360&acd‐
nat=1411395160_b21b0b96bdd41b34bc9582e2c05b0169 (accessed 20 june 2014).

[60] Anouti M, Sizaret PY, Ghimbeu C, Galiano H and Lemordant D. Physicochemical
characterization of vesicles systems formed in mixtures of protic ionic liquids and
water. Colloids and Surfaces A: Physicochemical and Engineering Aspects 2012; 395,
190–198. http://ac.els-cdn.com/S092777571100776X/1-s2.0-S092777571100776X-
main.pdf?_tid=2801b4b0-4262-11e4-ae0c-00000aab0f6b&acd‐
nat=1411395187_a1ede5895f18ea100dcb996762c7b0d8 (accessed 20 june 2014).

[61] He Y, Sun L, Fang D, Han C, Liu C and Luo G. Aggregation behaviour and thermo‐
dynamics of mixed micellization of 1-hexadecylpyridinium bromide and ionic liquid
in ethylene glycol/water binary mixtures. Colloid Journal 2014; 76(1) 96–103. http://
download.springer.com/static/pdf/750/art
%253A10.1134%252FS1061933X14010062.pdf?
auth66=1411567841_684083ddc93f7003bb8a8cbda8fe740d&ext=.pdf (accessed 20 june
2014).

Structural and Physical Aspects of Ionic Liquid Aggregates in Solution
http://dx.doi.org/10.5772/59287

195



[62] Shi L, Li N and Zheng L. Aggregation Behavior of Long-Chain N-Aryl Imidazolium
Bromide in a Room Temperature Ionic Liquid. The Journal of Physical Chemistry C
2011; 115(37) 18295–18301. http://pubs.acs.org/doi/pdf/10.1021/jp206325d (accessed
20 june 2014).

[63] Muller N. Temperature dependence of critical micelle concentrations and heat ca‐
pacities of micellization for ionic surfactants. Langmuir 1993; 9(1) 96–100. http://
pubs.acs.org/doi/pdf/10.1021/la00025a022 (accessed 20 june 2014).

[64] Pal A, Datta S, Aswal VK and Bhattacharya S. Small-angle neutron-scattering studies
of mixed micellar structures made of dimeric surfactants having imidazolium and
ammonium headgroups. The Journal of Physical Chemistry B 2012; 116(44) 13239–
13247. http://pubs.acs.org/doi/pdf/10.1021/jp304700t (accessed 20 june 2014).

[65] Shimizu S, Pires PAR and El Seoud OA. Thermodynamics of micellization of ben‐
zyl(2-acylaminoethyl)dimethylammonium chloride surfactants in aqueous solutions:
a conductivity and titration calorimetry study. Langmuir 2004; 20(22) 9551–9959.
http://pubs.acs.org/doi/pdf/10.1021/la048930%2B (accessed 20 june 2014).

[66] Vaghela NM, Sastry NV and Aswal VK. Effect of additives on the surface active and
morphological features of 1-octyl-3-methylimidazolium halide aggregates in aqueous
media. Colloids and Surfaces A: Physicochemical and Engineering Aspects 2011;
373(1–3) 101–109. http://ac.els-cdn.com/S0927775710006023/1-s2.0-
S0927775710006023-main.pdf?_tid=c090af56-4262-11e4-a20a-00000aacb35f&acd‐
nat=1411395443_9ea09b6945a1c2a8c4b16f72d6a9f2c0 (accessed 20 june 2014).

[67] Beesley A. Evidence for the essential role of hydrogen bonding in promoting amphi‐
philic self-assembly: measurements in 3-methylsydnone. The Journal of Physical
Chemistry 1988; 92(3) 791–793. http://pubs.acs.org/doi/pdf/10.1021/j100314a039 (ac‐
cessed 20 june 2014).

[68] Bakshi M. Cetylpyridinium chloride–tetradecyltrimethylammonium bromide mixed
micelles in ethylene glycol–water and diethylene glycol–water mixtures. Journal of
the Chemical Society, Faraday Transactions 1997; 1(22) 4005–4008. http://
pubs.rsc.org/en/content/articlepdf/1997/ft/a703310i (accessed 20 june 2014).

[69] Lu J, Liotta CL and Eckert CA. Spectroscopically Probing Microscopic Solvent Prop‐
erties of Room-Temperature Ionic Liquids with the Addition of Carbon Dioxide. The
Journal of Physical Chemistry A 2003; 107(19) 3995–4000. http://pubs.acs.org/doi/pdf/
10.1021/jp0224719 (accessed 20 june 2014).

[70] Katritzky AR, Fara DC, Yang H, Tämm K, Tamm T and Karelson M. Quantitative
measures of solvent polarity. Chemical Reviews 2004; 104(1) 175–198. http://
pubs.acs.org/doi/pdf/10.1021/cr020750m (accessed 20 june 2014).

[71] Laurence C, Nicolet P, Dalati MT, Abboud JLM and Notario R. The Empirical Treat‐
ment of Solvent-Solute Interactions: 15 Years of.pi.* The Journal of Physical Chemis‐

Ionic Liquids - Current State of the Art196



[62] Shi L, Li N and Zheng L. Aggregation Behavior of Long-Chain N-Aryl Imidazolium
Bromide in a Room Temperature Ionic Liquid. The Journal of Physical Chemistry C
2011; 115(37) 18295–18301. http://pubs.acs.org/doi/pdf/10.1021/jp206325d (accessed
20 june 2014).

[63] Muller N. Temperature dependence of critical micelle concentrations and heat ca‐
pacities of micellization for ionic surfactants. Langmuir 1993; 9(1) 96–100. http://
pubs.acs.org/doi/pdf/10.1021/la00025a022 (accessed 20 june 2014).

[64] Pal A, Datta S, Aswal VK and Bhattacharya S. Small-angle neutron-scattering studies
of mixed micellar structures made of dimeric surfactants having imidazolium and
ammonium headgroups. The Journal of Physical Chemistry B 2012; 116(44) 13239–
13247. http://pubs.acs.org/doi/pdf/10.1021/jp304700t (accessed 20 june 2014).

[65] Shimizu S, Pires PAR and El Seoud OA. Thermodynamics of micellization of ben‐
zyl(2-acylaminoethyl)dimethylammonium chloride surfactants in aqueous solutions:
a conductivity and titration calorimetry study. Langmuir 2004; 20(22) 9551–9959.
http://pubs.acs.org/doi/pdf/10.1021/la048930%2B (accessed 20 june 2014).

[66] Vaghela NM, Sastry NV and Aswal VK. Effect of additives on the surface active and
morphological features of 1-octyl-3-methylimidazolium halide aggregates in aqueous
media. Colloids and Surfaces A: Physicochemical and Engineering Aspects 2011;
373(1–3) 101–109. http://ac.els-cdn.com/S0927775710006023/1-s2.0-
S0927775710006023-main.pdf?_tid=c090af56-4262-11e4-a20a-00000aacb35f&acd‐
nat=1411395443_9ea09b6945a1c2a8c4b16f72d6a9f2c0 (accessed 20 june 2014).

[67] Beesley A. Evidence for the essential role of hydrogen bonding in promoting amphi‐
philic self-assembly: measurements in 3-methylsydnone. The Journal of Physical
Chemistry 1988; 92(3) 791–793. http://pubs.acs.org/doi/pdf/10.1021/j100314a039 (ac‐
cessed 20 june 2014).

[68] Bakshi M. Cetylpyridinium chloride–tetradecyltrimethylammonium bromide mixed
micelles in ethylene glycol–water and diethylene glycol–water mixtures. Journal of
the Chemical Society, Faraday Transactions 1997; 1(22) 4005–4008. http://
pubs.rsc.org/en/content/articlepdf/1997/ft/a703310i (accessed 20 june 2014).

[69] Lu J, Liotta CL and Eckert CA. Spectroscopically Probing Microscopic Solvent Prop‐
erties of Room-Temperature Ionic Liquids with the Addition of Carbon Dioxide. The
Journal of Physical Chemistry A 2003; 107(19) 3995–4000. http://pubs.acs.org/doi/pdf/
10.1021/jp0224719 (accessed 20 june 2014).

[70] Katritzky AR, Fara DC, Yang H, Tämm K, Tamm T and Karelson M. Quantitative
measures of solvent polarity. Chemical Reviews 2004; 104(1) 175–198. http://
pubs.acs.org/doi/pdf/10.1021/cr020750m (accessed 20 june 2014).

[71] Laurence C, Nicolet P, Dalati MT, Abboud JLM and Notario R. The Empirical Treat‐
ment of Solvent-Solute Interactions: 15 Years of.pi.* The Journal of Physical Chemis‐

Ionic Liquids - Current State of the Art196

try 1994; 98(23) 5807–5816. http://pubs.acs.org/doi/abs/10.1021/j100074a003 (accessed
20 june 2014).

[72] Kamlet M, Abboud J and Taft R. The solvatochromic comparison method. 6. The. pi.*
scale of solvent polarities. Journal of the Americal Chemical Society 1977; 99(18)
6027-6038. http://pubs.acs.org/doi/pdf/10.1021/ja00460a031 (accessed 20 june 2014).

[73] Domańska U, Pobudkowska A and Rogalski M. Surface tension of binary mixtures of
imidazolium and ammonium based ionic liquids with alcohols, or water: cation,
anion effect. Journal of Colloid and Interface Science 2008; 322(1) 342–350. http://
ac.els-cdn.com/S0021979708001689/1-s2.0-S0021979708001689-main.pdf?
_tid=71847c2a-4263-11e4-8162-00000aab0f6b&acd‐
nat=1411395740_d447ea0b9c9deefd209a1401fce3eea4 (accessed 20 june 2014).

[74] Zhang G, Chen X, Zhao Y, Xie Y and Qiu H. Effects of alcohols and counterions on
the phase behavior of 1-octyl-3-methylimidazolium chloride aqueous solution. The
Journal of Physical Chemistry B 2007; 111(40) 11708–11713. http://
pubs.acs.org/doi/pdf/10.1021/jp074945f (accessed 20 june 2014).

[75] Chen X, Wang J, Shen N, Luo Y and Li L. Gemini surfactant/DNA complex monolay‐
ers at the air-water interface: Effect of surfactant structure on the assembly, stability,
and topography of monolayers. Langmuir 2002; 18(16) 6222–6228. http://
pubs.acs.org/doi/pdf/10.1021/la025600l (accessed 20 june 2014).

[76] Li W, Zhang Z, Zhang J, Han B, Wang B, Hou M and Xie Y. Micropolarity and aggre‐
gation behavior in ionic liquid+organic solvent solutions. Fluid Phase Equilibria
2006; 248(2) 211–216. http://ac.els-cdn.com/S0378381206003657/1-s2.0-
S0378381206003657-main.pdf?_tid=9ed383e2-4263-11e4-8957-00000aab0f01&acd‐
nat=1411395816_96dcdb47eb803d3c373e93dcf181084e (accessed 20 june 2014).

[77] Huang JB, Mao M and Zhu BY. The surface physico-chemical properties of surfac‐
tants in ethanol–water mixtures. Colloids and Surfaces A: Physicochemical and Engi‐
neering Aspects 1999; 155(2–3) 339–348. http://ac.els-cdn.com/S0927775799000035/1-
s2.0-S0927775799000035-main.pdf?
_tid=ac6bbfa6-4263-11e4-9881-00000aacb35f&acd‐
nat=1411395839_dc9750acc22465e92f5d9b452fb9d98e (accessed 20 june 2014).

[78] Feng Q, Wang H, Zhang S and Wang J. Aggregation behavior of 1-dodecyl-3-methyl‐
imidazolium bromide ionic liquid in non-aqueous solvents. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 2010; 367(1–3) 7–11. http://ac.els-cdn.com/
S0927775710003298/1-s2.0-S0927775710003298-main.pdf?
_tid=b796a1ca-4263-11e4-8c64-00000aacb361&acd‐
nat=1411395857_0813d2ebb63401b6744ba1f390c60c32 (accessed 20 june 2014).

[79] Seguin C, Eastoe J, Heenan RK and Grillo I. SANS studies of the effects of surfactant
head group on aggregation properties in water/glycol and pure glycol systems. Jour‐
nal of Colloid and Interface Science 2007; 315(2) 714–720. http://ac.els-cdn.com/
S0021979707009708/1-s2.0-S0021979707009708-main.pdf?

Structural and Physical Aspects of Ionic Liquid Aggregates in Solution
http://dx.doi.org/10.5772/59287

197



_tid=c5a01f76-4263-11e4-8182-00000aab0f27&acd‐
nat=1411395881_3fd4fe417e129db78522b2dc7f42a4c4 (accessed 20 june 2014).

[80] Yan J, Wang D, Bu F and Yang FF. Investigation of the Thermodynamic Properties of
the Cationic Surfactant CTAC in EG+Water Binary Mixtures. Journal of Solution
Chemistry 2010; 39(10) 1501–1508. http://download.springer.com/static/pdf/954/art
%253A10.1007%252Fs10953-010-9551-8.pdf?
auth66=1411568526_6be695fca7a6f1fe42931520ef39c87a&ext=.pdf (accessed 20 june
2014).

[81] Takamuku T, Honda Y, Fujii K and Kittaka S. Aggregation of imidazolium ionic liq‐
uids in molecular liquids studied by small-angle neutron scattering and NMR. Ana‐
lytical sciences 2008; 24(10) 1285–1290. https://www.jstage.jst.go.jp/article/analsci/
24/10/24_10_1285/_pdf (accessed 20 june 2014).

[82] Remsing RC, Liu Z, Sergeyev I and Moyna G. Solvation and aggregation of n,n’-dia‐
lkylimidazolium ionic liquids: a multinuclear NMR spectroscopy and molecular dy‐
namics simulation study. The Journal of Physical Chemistry B 2008; 112(25) 7363–
7369. http://pubs.acs.org/doi/pdf/10.1021/jp800769u (accessed 20 june 2014).

[83] Singh T, Rao KS and Kumar A. Effect of ethylene glycol and its derivatives on the
aggregation behavior of an ionic liquid 1-butyl-3-methyl imidazolium octylsulfate in
aqueous medium. The Journal of Physical Chemistry B 2012; 116(5) 1612–1622. http://
pubs.acs.org/doi/pdf/10.1021/jp211537m (accessed 20 june 2014).

[84] Pino V, Yao C and Anderson JL. Micellization and interfacial behavior of imidazoli‐
um-based ionic liquids in organic solvent-water mixtures. Journal of Colloid and In‐
terface Science 2009; 333(2) 548–556. http://ac.els-cdn.com/S0021979709002240/1-s2.0-
S0021979709002240-main.pdf?
_tid=1abc385a-4264-11e4-92cf-00000aacb35e&acd‐
nat=1411396024_5353fe76f417b1334a274d487b8c9e92 (accessed 20 june 2014).

Ionic Liquids - Current State of the Art198



_tid=c5a01f76-4263-11e4-8182-00000aab0f27&acd‐
nat=1411395881_3fd4fe417e129db78522b2dc7f42a4c4 (accessed 20 june 2014).

[80] Yan J, Wang D, Bu F and Yang FF. Investigation of the Thermodynamic Properties of
the Cationic Surfactant CTAC in EG+Water Binary Mixtures. Journal of Solution
Chemistry 2010; 39(10) 1501–1508. http://download.springer.com/static/pdf/954/art
%253A10.1007%252Fs10953-010-9551-8.pdf?
auth66=1411568526_6be695fca7a6f1fe42931520ef39c87a&ext=.pdf (accessed 20 june
2014).

[81] Takamuku T, Honda Y, Fujii K and Kittaka S. Aggregation of imidazolium ionic liq‐
uids in molecular liquids studied by small-angle neutron scattering and NMR. Ana‐
lytical sciences 2008; 24(10) 1285–1290. https://www.jstage.jst.go.jp/article/analsci/
24/10/24_10_1285/_pdf (accessed 20 june 2014).

[82] Remsing RC, Liu Z, Sergeyev I and Moyna G. Solvation and aggregation of n,n’-dia‐
lkylimidazolium ionic liquids: a multinuclear NMR spectroscopy and molecular dy‐
namics simulation study. The Journal of Physical Chemistry B 2008; 112(25) 7363–
7369. http://pubs.acs.org/doi/pdf/10.1021/jp800769u (accessed 20 june 2014).

[83] Singh T, Rao KS and Kumar A. Effect of ethylene glycol and its derivatives on the
aggregation behavior of an ionic liquid 1-butyl-3-methyl imidazolium octylsulfate in
aqueous medium. The Journal of Physical Chemistry B 2012; 116(5) 1612–1622. http://
pubs.acs.org/doi/pdf/10.1021/jp211537m (accessed 20 june 2014).

[84] Pino V, Yao C and Anderson JL. Micellization and interfacial behavior of imidazoli‐
um-based ionic liquids in organic solvent-water mixtures. Journal of Colloid and In‐
terface Science 2009; 333(2) 548–556. http://ac.els-cdn.com/S0021979709002240/1-s2.0-
S0021979709002240-main.pdf?
_tid=1abc385a-4264-11e4-92cf-00000aacb35e&acd‐
nat=1411396024_5353fe76f417b1334a274d487b8c9e92 (accessed 20 june 2014).

Ionic Liquids - Current State of the Art198

Chapter 8

Thermal Behaviour of Pure Ionic Liquids

Elena Gómez, Noelia Calvar and
Ángeles Domínguez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59271

1. Introduction

The interest in ionic liquids (ILs) that has developed during in the past few decades is well-
recognized. This interest has developed mainly due to their special properties such as high
thermal stability, high electrical conductivity, high heat capacity per unit volume, wide
temperature range in a liquid state, good solvent properties and especially their negligible
vapour pressure, which render them popular compounds. This popularity is reflected in the
great deal of publications that relate the potential applications of ILs in different fields, among
which can be highlighted their use as solvents, electrochemical applications and more recently,
as heat transfer fluids.

In order to use the ILs at an industrial scale, deep knowledge of their thermophysical properties
is vital, since these properties not only determine the equipment size needed, but also directly
influence its design parameters; for example, melting and glass transition temperatures are
needed to set a feasible temperature operation range and heat capacity is essential for esti‐
mating the heat exchange in unit operations, as well as heat storage capacity. Moreover,
knowledge of these thermophysical properties, such as freezing, melting, cold crystallization,
glass transition temperatures and heat capacities, allows for better understanding the stabili‐
ties and structures of these relatively new compounds.

In the extensive literature dealing with thermophysical properties of pure ILs, different authors
have applied various methodologies and equipment for the study of the thermal behaviour of
ILs and for the determination of their heat capacities. This has led to discovering discrepancies
in these literature values. For this reason, special attention must be paid to experimental
procedures and to the different factors affecting the determination of these properties.
Recently, differential scanning calorimetry (DSC) has been widely used for the determination
of these properties due to its simplicity and because only a small sample is required. For all of

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



the above-mentioned factors, a suitable working protocol for the correct determination of
phase transition temperatures and heat capacities using DSC will be described in this chapter.

Nowadays, there are enough experimental data available in the literature concerning the
thermal analysis and heat capacities of pure ionic liquids, which allows for drawing general
conclusions about the influence of the structure of ionic liquids on these thermophysical
properties. As such, the main behaviours of ionic liquids as found in the literature will be
described and analysed in this chapter, together with the influence of the structures of the ionic
liquids (cation, anion and alkyl-side chains of the cation) on their heat capacities.

In addition, different methods for the estimation of melting and glass transition temperatures,
as well as heat capacities can be found in the literature; the basis of these methods, as well as
some applications for estimating the thermal properties of IL will be presented. The extension
of the selected database for these methods and their average deviation will be compared.

2. Thermal analysis

Thermal analysis allows for establishing the behaviour of a material when it is heated or cooled.
The structure of a material undergoes changes such as melting and freezing when it is subjected
to changes in temperature. In the case of ionic liquids, this process is necessary not only because
most ionic liquids are new substances and therefore have unknown properties, but also
because their applicability is conditioned to their liquid state.

Regarding the interpretation of the thermal analyses, in this chapter, melting temperature (Tm)
was taken as the onset of an endothermic peak (downward deflection of the curve peak) upon
heating, freezing temperature (Tf) as the onset of an exothermic peak (upward deflection of
the curve peak) upon cooling, cold crystallization temperature (Tcc) as the onset of an
exothermic peak upon heating from a subcooled liquid state to a crystalline solid state, solid-
solid transition (Tss) as the onset of an exothermic or endothermic peak upon heating from a
crystalline solid state and glass transition temperature (Tg) as the midpoint of a small heat
capacity change upon heating from the amorphous glass state to a liquid state.

2.1. Methodology

Although thermal analysis is a widely known technique applied for studying the thermal
behaviour of substances, there are several factors that affect the determination of transition
temperatures. Among these, the most important are sample size, the thermal history of the
sample and the cooling and heating rate of the scan. Nowadays, the most used technique for
the thermal analysis of pure ionic liquids is differential scanning calorimetry (DSC). Hence, in
this section, an adequate work methodology using DSC is described as attending to all of the
above-mentioned factors in an attempt to standardize the thermal analysis determination.
Standardization of the work methodology is important for comparing data obtained from
different authors, since the research studies available in the existing literature do not always
state their applied methods in detail. Below, the suggested work methodology is described:
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i. Sample preparation.

a. Sample amount. The sample amount recommended for a study on phase
transitions is approximately 4-8 mg, since the sample amount is directly related
to the peak size (the greater the sample size the greater the signal); however, the
resolution will be lower and overlapped effects may appear. For this reason, for
the determination of transition temperatures, it is recommended that a small
sample size is used.

b. Weighing. Considering that the sample weight is directly related to the accuracy
of the measurement, it is vital to use a balance with a precision of at least ± 0.00001
g. Additionally, since the DSC technique uses a reference crucible, it is advisable
that the mass of both crucibles (sample and reference) is as similar as possible.

c. Crucibles. Most of the thermal transitions are perfectly determined with a
standard aluminium crucible. With this technique, it is possible to work with the
crucible open (without lid) or to have it hermetically sealed. It is recommended
that hermetically sealed crucibles be used, because in this way, heat flow caused
by evaporation is avoided and radiation emitted by the sealed sample and
reference crucible, are similar. In addition, when working with sealed crucibles
there is the possibility of making a pinhole in the lid to avoid a pressure increase
inside the crucible.

d. Sample placement. Besides the usual conditions applied in any experimental
measurement, careful attention should be paid to sample placement, which
should be done in a manner that facilitates good contact between the sample and
the crucible bottom.

ii. Method.

a. Dry step. Due to the known influence of the water amount and impurities
present in the properties of ILs, it is necessary to subject the simple to a previous
drying step. Therefore, the sample should be heated at a temperature high
enough to evaporate water and impurities; for instance, a suggested dry step will
be to maintain the sample at T = 120°C for 30 minutes inside the furnace. A good
way to know the dryness degree of the sample is to weigh the sample before and
after the dry step.

b. Thermal history. Various materials present different thermal effects, depending
on their thermal history; this thermal history can be eliminated by subjecting the
sample to a previous heating. For this reason, the working protocol must begin
with a heating of the sample to eliminate its thermal history which could lead to
incorrect results. Note that if the dry step is carried out inside the furnace of the
DSC, the thermal history of the ionic liquid will be eliminated.

c. Heating and cooling rate. This is the most important factor in any thermal
analysis, as crystallization transitions strongly depend on the cooling and
heating rate (low rates can give the ionic liquid time enough to form crystals).
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Due to the special nature of ionic liquids, variations upon heating and cooling
rates are useful for studying their thermal transitions. Taking into account that
at fast rates the phase transition peaks can appear overlapped, while at slow rates
these peaks can move apart from each other, a recommended practice is to begin
the study of a sample by a scan carried out at a relatively slow heating rate of
2°C/min to gain better information about the thermal behaviour of the sample,
including whether the ionic liquid is a crystal or a glass former, the presence of
polymorphs, etc.

Taking into account all of the above-mentioned factors, the proposed work methodology for
the thermal analysis of pure ionic liquid is explained below.

1. Dry step.

2. First cooling and heating cycle. The thermal analyses start with a “slow method”
consisting of a cooling cycle from 120°C to -140°C, followed by a heating cycle from -140°C
to 120°C at 2°C/min. The chosen start and end temperatures are 120°C and -140°C,
respectively, because the usual behaviour of ionic liquids shows that in case the IL presents
a glass transition, this transition will appear at low temperatures and the ILs will not
present transitions above 120°C. It is important for the correct characterization of the
thermal behaviour of ILs to reach temperatures low enough to observe the possible
apparition of a glass transition. This is why, in the literature, many studies remain
incomplete, because in their temperature range the cooling cycle began at room temper‐
ature and the heating cycle also ends at room temperature.

3. Complementary cycles. Depending on the transitions appearing in the first cooling and
heating cycle, for a complete and correct characterization of the sample, other heating and
cooling cycles should be carried out. If only a Tg appears in the slow method, the study
of the thermal behaviour of this IL is completed and it can be concluded that the studied
ionic liquid shows a strong tendency for forming glass. However, if the slow method
shows that the ionic liquid presents any other transition but does not present a glass
transition, the sample is subjected to a faster cooling or quenching to avoid crystallization.
This cooling can be performed in different ways: by cooling the sample from 120°C to
-140°C at 40°C/min, followed by a heating cycle, or by introducing the sample into liquid
nitrogen to achieve rapid fast cooling. The problem lies in the scans where the association
between peaks and phase transition is not clear. At this point, a customized protocol
should be proposed.

4. Study of polymorphic behaviours. Following on, an approach to the study of an ionic
liquid presenting polymorphic behaviour will be discussed with the help of Figure 1. As
can be observed, this IL did not form crystals upon cooling at 2°C/min, while upon heating,
the IL presented a Tg and Tcc at -90°C and -70°C, respectively. These two transitions were
easily assigned; the peaks with difficult interpretation were those placed between -35°C
and -20°C, which is typical in polymorphic compounds. The peak appearing at -35°C is
an endothermic transition; however, it is unclear whether this peak represents a solid-
solid or a melting transition. The next peak (which are actually two peaks overlapped)
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may have been caused by the melting of different crystals or by a solid-solid transition
followed by a melting, or by a melting followed by a recrystallization, which immediately
melted. In order to assign with certain reliability these peaks to their corresponding
transitions, further experimentation has to be conducted. To answer the first question, a
run with a different heating rate that aims to determine whether this peak disappears or
moves will be useful; in case it moves, the melting transition is not probable and it can be
stated that represents a solid-solid transition (in general, the formation of a metastable
crystal). Once confirmed that the first peak corresponds to a solid-solid transition, the
second peak can be more easily interpreted. This peak can be associated with the melting
of the metastable crystal, which occurs with the recrystallization of a stable crystal that
finally melts. In cases like this example, if further cooling and heating rates do not yield
better information, it will be necessary to use techniques such as X-ray diffraction. This
example shows the importance of subjecting the IL to different heating and cooling rates
in order to interpret the thermograms.
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Figure 1. Thermogram of the ionic liquid BMpyrNTf2 cooling from 120ºC to -140ºC, followed by heating from  -
140ºC to 120ºC at 2ºC/min. 

It is remarkable that in this example, there was only one solid-solid transition (endothermic), when it is usually in 
polymorphic ionic liquids that several solid-solid transitions, endothermic and/or exothermic, are present, which increases the
difficulty of the interpretation of DSC curves. 

In Table 1 below, the transition temperatures observed by several authors for the IL BMpyrNTf2 are presented. Here, the 
disparities within the results taken from literature obtained using different methods for the same IL are reflected. 

Ref. Tg / ºC Tcc / ºC Tss / ºC Tss / ºC Tm / ºC Tm / ºC 
1 -87a -55  -24 -18  
2 -85b -53  -30 -18  
 -85b -53    -7 
3 -92c -69 -47   -11 
 -87c -56  -34 -21  
 -87c -56  -34 -21 -11 
4      -6 
5 -87d -53   -18  

a taken as the onset of the transition upon heating 
b taken as the midpoint of the transition upon heating 
c not stated 
d taken as the midpoint of the transition upon cooling 

Table 1. Transition temperatures for the IL BMpyrNTf2 obtained by several authors. 

MacFarlane et al. [1] determined in their study the phase transitions of the IL BMpyrNTf2 by heating at 10ºC/min after 
quenching from the liquid state; Kunze et al. [2] obtained similar results with a similar method (heating at 10ºC/min after quenching 
at 40ºC/min from 40ºC to -150ºC) and by changing the cooling rate to 2ºC/min, determined a Tm = -7ºC without detecting a solid-
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Figure 1. Thermogram of the ionic liquid BMpyrNTf2 cooling from 120°C to -140°C, followed by heating from -140°C
to 120°C at 2°C/min.

It is remarkable that in this example, there was only one solid-solid transition (endothermic),
but it is usual in polymorphic ionic liquids that several solid-solid transitions, endothermic
and/or exothermic, are present, which increases the difficulty of the interpretation of DSC
curves.

In Table 1 below, the transition temperatures observed by several authors for the IL
BMpyrNTf2 are presented. Here, the disparities within the results taken from literature
obtained using different methods for the same IL are reflected.

Thermal Behaviour of Pure Ionic Liquids
http://dx.doi.org/10.5772/59271

203



Ref. Tg / ºC Tcc / ºC Tss / ºC Tss / ºC Tm / ºC Tm / ºC

1 -87a -55 -24 -18

2 -85b -53 -30 -18

-85b -53 -7

3 -92c -69 -47 -11

-87c -56 -34 -21

-87c -56 -34 -21 -11

4 -6

5 -87d -53 -18

a taken as the onset of the transition upon heating
b taken as the midpoint of the transition upon heating
c not stated
d taken as the midpoint of the transition upon cooling

Table 1. Transition temperatures for the IL BMpyrNTf2 obtained by several authors.

MacFarlane et al. [1] determined in their study the phase transitions of the IL BMpyrNTf2 by
heating at 10°C/min after quenching from the liquid state; Kunze et al. [2] obtained similar
results with a similar method (heating at 10°C/min after quenching at 40°C/min from 40°C to
-150°C) and by changing the cooling rate to 2°C/min, determined a Tm = -7°C without detecting
a solid-solid transition. The most extensive study on thermal analysis for this ionic liquid was
carried out by Stefan et al. [3], who performed three different methods for fully characterizing
the IL and found three types of crystals. In the paper published by Kunze et al. [4], the
researchers only registered the melting transition by cooling the sample at 20°C/min and
heating it at 10°C/min. Finally, Jin et al. [5] reported similar values than those presented in [1]
and [2], but did not report the solid-solid transition. The method used by these authors was
first a heating cycle to 80°C, followed by a cooling to -150°C at 10°C/min and a final heating
cycle to 80°C at 10°C/min. The DSC experimental results shown in Table 1 indicate, as expected,
that phase transitions were dependent on the scanning rate and on the cooling method used
to obtain the solid phase (quenching or slow cooling).

Finally, it is not always possible to correctly identify the different transitions appearing in a
thermogram of a polymorphic ionic liquid using DSC. The techniques that can be used to
achieve a clear interpretation are those attached to the DSC, such as crossed polarizing filters
or a microscope, as well as techniques that are carried out separately such as X-ray diffraction
and infrared spectrometry.

2.2. Types of thermal behaviours of ILs

In this part of the chapter, the main types of thermal behaviours found for ILs are described.
In general, in the literature [6-10], these behaviours are divided into three groups:

i. The first type of behaviour is formed by ionic liquids characterized by presenting
only the formation of amorphous glass.
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Ref. Tg / ºC Tcc / ºC Tss / ºC Tss / ºC Tm / ºC Tm / ºC

1 -87a -55 -24 -18

2 -85b -53 -30 -18

-85b -53 -7

3 -92c -69 -47 -11

-87c -56 -34 -21

-87c -56 -34 -21 -11

4 -6

5 -87d -53 -18

a taken as the onset of the transition upon heating
b taken as the midpoint of the transition upon heating
c not stated
d taken as the midpoint of the transition upon cooling

Table 1. Transition temperatures for the IL BMpyrNTf2 obtained by several authors.

MacFarlane et al. [1] determined in their study the phase transitions of the IL BMpyrNTf2 by
heating at 10°C/min after quenching from the liquid state; Kunze et al. [2] obtained similar
results with a similar method (heating at 10°C/min after quenching at 40°C/min from 40°C to
-150°C) and by changing the cooling rate to 2°C/min, determined a Tm = -7°C without detecting
a solid-solid transition. The most extensive study on thermal analysis for this ionic liquid was
carried out by Stefan et al. [3], who performed three different methods for fully characterizing
the IL and found three types of crystals. In the paper published by Kunze et al. [4], the
researchers only registered the melting transition by cooling the sample at 20°C/min and
heating it at 10°C/min. Finally, Jin et al. [5] reported similar values than those presented in [1]
and [2], but did not report the solid-solid transition. The method used by these authors was
first a heating cycle to 80°C, followed by a cooling to -150°C at 10°C/min and a final heating
cycle to 80°C at 10°C/min. The DSC experimental results shown in Table 1 indicate, as expected,
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In general, in the literature [6-10], these behaviours are divided into three groups:

i. The first type of behaviour is formed by ionic liquids characterized by presenting
only the formation of amorphous glass.
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ii. The second type of behaviour is characterized by presenting a freezing transition,
forming crystals upon cooling and a melting transition upon heating.

iii. The third type of behaviour that appears in ILs does not show a tendency to crystallize
upon cooling; however, upon heating, cold crystallization is exhibited.

The thermal behaviour of ILs is not directly related to their structure; for this reason, some
examples of ILs presenting each of the three thermal behaviours above will be presented, in a
way to explain how ionic liquids with different structures present the same behaviour and
ionic liquid with similar structures present different behaviours.

i. As mentioned above, the first type of behaviour is characterized by no true phase
transitions, but only the formation of an amorphous glass. The ILs included in this
type do not have melting or freezing points, only glass transition temperatures. These
ILs are good glassy-formers, which indicates that they present a weak tendency for
crystallization. Several examples of ILs presenting this behaviour can be found in the
literature, among them BMimBF4 [10], BMMimPF6 [10], C3CNMimDCA [8],
BMpyNTf2 [6], EMpyESO4 [6], BMpyBr [6], PMimNTf2 [11], HMimDCA [11] and
PMpyNTf2 [12]. Taking into account that the glass transitions of ILs usually appear
at low temperatures, it is important to work at temperatures as low as -120°C. The
glass transition appears both in the cooling and in the heating cycles; when a glass
transition temperature for an IL is given, the cycle where it is observed (cooling or
heating) must be specified. Figure 2 shows a thermogram for PMpyNTf2 at a cooling
and heating rate of 10°C/min; this IL is characterized by the presence of only a glass
transition. In the following section, the influence of the cooling and heating rate on
this phase transition temperature will be discussed.

solid transition. The most extensive study on thermal analysis for this ionic liquid was carried out by Stefan et al. [3], who performed
three different methods for fully characterizing the IL and found three types of crystals. In the paper published by Kunze et al. [4], 
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shows a thermogram for PMpyNTf2 at a cooling and heating rate of 10ºC/min; this IL is characterized by the presence of 
only a glass transition. In the following section, the influence of the cooling and heating rate on this phase transition 
temperature will be discussed. 

Figure 2. Thermogram of the ionic liquid PMpyNTf2 [12] cooling from 120ºC to -140ºC, followed by heating 
from -140ºC to 120ºC at 10ºC/min. 

ii. The ILs presenting a freezing transition upon cooling and a melting transition upon heating belong to the second type of 
behaviour. These ILs present a strong tendency for forming crystals. However, there are ILs that in other cooling conditions 
will undergo a glass transition. To test their tendency to form crystals, these ILs should be subjected to a faster cooling rate
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Figure 2. Thermogram of the ionic liquid PMpyNTf2 [12] cooling from 120°C to -140°C, followed by heating from
-140°C to 120°C at 10°C/min.
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ii. The ILs presenting a freezing transition upon cooling and a melting transition upon
heating belong to the second type of behaviour. These ILs present a strong tendency
for forming crystals. However, there are ILs that in other cooling conditions will
undergo a glass transition. To test their tendency to form crystals, these ILs should
be subjected to a faster cooling rate to avoid crystallization; this methodology was
adopted for the present study, as was indicated in the previous section. Generally, in
these ILs freezing temperatures are markedly lower than melting temperatures, an
effect known as supercooling. The ILs EMimNTf2 [11], BMpyTFO [12], BMimTFO
[12], EMpyNTf2 [12], HMimTFO [11], EMMimNTf2 [10], C3CNTMANTf2 [8] and
BpyBr [6] are examples of ILs presenting this behaviour. In Figure 3, a typical
thermogram for this type of behaviour is presented.
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Figure 3. Thermogram of the ionic liquid EMpyNTf2 [12] cooling from 120ºC to -140ºC, followed by heating 
from -140ºC to 120ºC at 2ºC/min. 

iii. The ILs that do not form crystals upon cooling, but present a glass transition at low temperatures and upon heating, and that 
first suffer a glass transition followed by a cold crystallization to finally melt, are included in the third type of behaviour.
The subcooling phenomenon (cold crystallization) is usually associated with polymers and other amorphous materials, and 
is present in the thermal behaviour of many ionic liquids. Among the ILs belonging to this group are BMimNTf2 [11], 
HMimNTf2 [11], BMimDCA [10,12], EMimNTf2 [10], BMimPF6 [10], BMMimBF4 [10], HpyNTf2 [6] and 
C3CNMMimPF6 [8]. In Figure 4 below, the typical scan for this third behaviour is illustrated.  

Figure 4. Thermogram of the ionic liquid BMimDCA [12] cooling from 120ºC to -140ºC, followed by heating 
from -140ºC to 120ºC at 2ºC/min. 

 Note that the three behaviours explained above are the simplest behaviours that can be found in the study of ionic liquids, 
since the polymorphism phenomenon can be found on ILs included in the second and third groups. This phenomenon deserves 
careful attention, because the association between peaks and transitions is not always clear. It is noteworthy that an IL belonging to a 
certain group and subjected to different conditions can become part of a different group. Figure 5 below illustrates how the ionic
liquid BMpyTFO, belonging to the second group, when subjected to a cooling and heating rate of 2ºC or 10ºC/min becomes an IL 
belonging to the third group when it is quenched. 
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Figure 3. Thermogram of the ionic liquid EMpyNTf2 [12] cooling from 120°C to -140°C, followed by heating from
-140°C to 120°C at 2°C/min.

iii. The ILs that do not form crystals upon cooling, but present a glass transition at low
temperatures and upon heating, and that first suffer a glass transition followed by a
cold crystallization to finally melt, are included in the third type of behaviour. The
subcooling phenomenon (cold crystallization) is usually associated with polymers
and other amorphous materials, and is present in the thermal behaviour of many
ionic liquids. Among the ILs belonging to this group are BMimNTf2 [11],
HMimNTf2 [11], BMimDCA [10,12], EMimNTf2 [10], BMimPF6 [10], BMMimBF4 [10],
HpyNTf2 [6] and C3CNMMimPF6 [8]. In Figure 4 below, the typical scan for this third
behaviour is illustrated.

Note that the three behaviours explained above are the simplest behaviours that can be found
in the study of ionic liquids, since the polymorphism phenomenon can be found on ILs
included in the second and third groups. This phenomenon deserves careful attention, because
the association between peaks and transitions is not always clear. It is noteworthy that an IL
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Figure 3. Thermogram of the ionic liquid EMpyNTf2 [12] cooling from 120°C to -140°C, followed by heating from
-140°C to 120°C at 2°C/min.

iii. The ILs that do not form crystals upon cooling, but present a glass transition at low
temperatures and upon heating, and that first suffer a glass transition followed by a
cold crystallization to finally melt, are included in the third type of behaviour. The
subcooling phenomenon (cold crystallization) is usually associated with polymers
and other amorphous materials, and is present in the thermal behaviour of many
ionic liquids. Among the ILs belonging to this group are BMimNTf2 [11],
HMimNTf2 [11], BMimDCA [10,12], EMimNTf2 [10], BMimPF6 [10], BMMimBF4 [10],
HpyNTf2 [6] and C3CNMMimPF6 [8]. In Figure 4 below, the typical scan for this third
behaviour is illustrated.

Note that the three behaviours explained above are the simplest behaviours that can be found
in the study of ionic liquids, since the polymorphism phenomenon can be found on ILs
included in the second and third groups. This phenomenon deserves careful attention, because
the association between peaks and transitions is not always clear. It is noteworthy that an IL
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belonging to a certain group and subjected to different conditions can become part of a different
group. Figure 5 below illustrates how the ionic liquid BMpyTFO, belonging to the second
group, when subjected to a cooling and heating rate of 2°C or 10°C/min becomes an IL
belonging to the third group when it is quenched.
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Figure 5. Thermogram of the ionic liquid BMpyTFO [12] cooling from 120°C to -140°C, followed by heating from
-140°C to 120°C at (a) 2°C/min; (b) 10°C/min; (c) cooled by quenching at 40°C/min and heated at 10°C/min.
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Figure 4. Thermogram of the ionic liquid BMimDCA [12] cooling from 120°C to -140°C, followed by heating from
-140°C to 120°C at 2°C/min.
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2.3. Influence of the rate on phase transitions

In Figure 6, a thermal scan of the ionic liquid PMpyNTf2 at cooling and heating rates of
2°C/min and at 10°C/min is presented as an example of the effect of the cooling and heating
rate on the glass transition. As can be seen, an increase in the rate leads to higher glass transition
temperatures, both upon cooling and heating.
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(c) 
Figure 5. Thermogram of the ionic liquid BMpyTFO [12] cooling from 120ºC to -140ºC, followed by heating 
from -140ºC to 120ºC at (a) 2ºC/min; (b) 10ºC/min; (c) cooled by quenching at 40ºC/min and heated at 10ºC/min. 
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In Figure 6, a thermal scan of the ionic liquid PMpyNTf2 at cooling and heating rates of 2ºC/min and at 10ºC/min is 
presented as an example of the effect of the cooling and heating rate on the glass transition. As can be seen, an increase in the rate 
leads to higher glass transition temperatures, both upon cooling and heating. 

Figure 6. Thermogram of the ionic liquid PMpyNTf2 [12] cooling from 120ºC to -140ºC, followed by heating 
from -140ºC to 120ºC at 2ºC/min (dashed line) and at 10ºC/min (solid line). 
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Figure 6. Thermogram of the ionic liquid PMpyNTf2 [12] cooling from 120°C to -140°C, followed by heating from
-140°C to 120°C at 2°C/min (dashed line) and at 10°C/min (solid line).

Figure 7 shows the influence of the heating rate on Tg, Tcc and Tm. In this example, it can be observed that an increase in 
the heating rate caused the cold crystallization transition to shift to a higher temperature. Here it can also be seen that, as previously 
explained in the work methodology section, by increasing the scan rate the cold crystallization and melting peaks overlapped. 

Figure 7. Thermogram of the ionic liquid BMimDCA [12] cooling from 120ºC to -140ºC, followed by heating 
from -140ºC to 120ºC at 2ºC/min (solid line) and at 10ºC/min (dashed line). 

As expected, the scan rate did not affect the melting temperature since, as is well-known, the melting temperature of a 
certain crystal does not change along with the heating rate. 

Regarding the influence of cooling rate on the freezing transition, it must be taken into account that nucleation and crystal 
growth are somehow probabilistic events; thus, the determination of the freezing temperature is not always reproducible. This means
that for an IL that suffers freezing upon cooling, when performing the same method for the same IL sample, the freezing peak might 
not occur at the same temperature.  

3. HEAT CAPACITIES 

Heat capacity (cp) is defined as the amount of energy required to raise the temperature of 1 g (or 1 mole) of a substance by 
1 K. From this definition, it can be inferred that heat capacity is an important property for estimating the heating and cooling
requirements of a substance and is therefore vital for the application of ILs in industrial applications. 

In order to analyse the heat capacity values published in the literature for pure ionic liquids, several factors need to be taken
into account. On determining heat capacities, different apparatuses can be used, such as adiabatic calorimeters (AC), differential
scanning calorimeters (DSC), modulated DSC (MDSC) or Tian-Calvet DSC (TC). For the determination of the heat capacities of 
ionic liquids, a desirable characteristic in the technique used is for a small amount of IL to be enough for the determination of its heat 
capacity. In this context, the DSC and MDSC use much smaller samples than the adiabatic calorimeter or Tian-Calvet DSC. Between
these two calorimeters, the MDSC has the advantage that it permits the separation of the signals into their thermodynamic and kinetic 
components, separating overlapped effects. 

In the past few years, due to the simplicity of the technique and the small amount of sample required, DSC has been widely 
used in the determination of heat capacities. With this technique, different methods can also be followed, i.e., those directly
calculating cp values, the direct and the steady state methods, methods using a reference for calculating the sample cp, as well as the 
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Figure 7. Thermogram of the ionic liquid BMimDCA [12] cooling from 120°C to -140°C, followed by heating from
-140°C to 120°C at 2°C/min (solid line) and at 10°C/min (dashed line).
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2.3. Influence of the rate on phase transitions

In Figure 6, a thermal scan of the ionic liquid PMpyNTf2 at cooling and heating rates of
2°C/min and at 10°C/min is presented as an example of the effect of the cooling and heating
rate on the glass transition. As can be seen, an increase in the rate leads to higher glass transition
temperatures, both upon cooling and heating.
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Figure 5. Thermogram of the ionic liquid BMpyTFO [12] cooling from 120ºC to -140ºC, followed by heating 
from -140ºC to 120ºC at (a) 2ºC/min; (b) 10ºC/min; (c) cooled by quenching at 40ºC/min and heated at 10ºC/min. 
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Figure 6. Thermogram of the ionic liquid PMpyNTf2 [12] cooling from 120°C to -140°C, followed by heating from
-140°C to 120°C at 2°C/min (dashed line) and at 10°C/min (solid line).
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Figure 7 shows the influence of the heating rate on Tg, Tcc and Tm. In this example, it can be
observed that an increase in the heating rate caused the cold crystallization transition to shift
to a higher temperature. Here it can also be seen that, as previously explained in the work
methodology section, by increasing the scan rate the cold crystallization and melting peaks
overlapped.

As expected, the scan rate did not affect the melting temperature since, as is well-known, the
melting temperature of a certain crystal does not change along with the heating rate.

Regarding the influence of cooling rate on the freezing transition, it must be taken into account
that nucleation and crystal growth are somehow probabilistic events; thus, the determination
of the freezing temperature is not always reproducible. This means that for an IL that suffers
freezing upon cooling, when performing the same method for the same IL sample, the freezing
peak might not occur at the same temperature.

3. Heat capacities

Heat capacity (cp) is defined as the amount of energy required to raise the temperature of 1 g
(or 1 mole) of a substance by 1 K. From this definition, it can be inferred that heat capacity is
an important property for estimating the heating and cooling requirements of a substance and
is therefore vital for the application of ILs in industrial applications.

In order to analyse the heat capacity values published in the literature for pure ionic liquids,
several factors need to be taken into account. On determining heat capacities, different
apparatuses can be used, such as adiabatic calorimeters (AC), differential scanning calorime‐
ters (DSC), modulated DSC (MDSC) or Tian-Calvet DSC (TC). For the determination of the
heat capacities of ionic liquids, a desirable characteristic in the technique used is for a small
amount of IL to be enough for the determination of its heat capacity. In this context, the DSC
and MDSC use much smaller samples than the adiabatic calorimeter or Tian-Calvet DSC.
Between these two calorimeters, the MDSC has the advantage that it permits the separation of
the signals into their thermodynamic and kinetic components, separating overlapped effects.

In the past few years, due to the simplicity of the technique and the small amount of sample
required, DSC has been widely used in the determination of heat capacities. With this techni‐
que, different methods can also be followed, i.e., those directly calculating cp values, the direct
and the steady state methods, methods using a reference for calculating the sample cp, as well
as the ADSC and the sapphire methods. The sapphire method is more frequently used due to
its higher accuracy [11].

Besides the experimental technique and method used, other variables should be considered
for analysing heat capacity values. Among these variables that can affect the experimental
values are sample size, the mass of the different crucibles used for the sample and as reference,
the interval in which the measurement is carried out and the heating rate; these factors should
be considered in addition to the usual considerations concerning the purity and dryness of the
ionic liquid sample.
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In this section, a proper methodology for the determination of heat capacities of ionic liquids
using DSC with the sapphire method is suggested and the influence of the structure of the
ionic liquid on this property is discussed.

3.1. Research methodology

As different techniques and methods have been used in the literature for the experimental
determination of heat capacities and especially because in many of these studies not all the
variables have been stated, the comparison among the values from different studies is
particularly difficult. Consequently, taking into account the different aspects that need to be
considered, a research methodology for the determination of heat capacities of pure ILs using
differential scanning calorimetry and the sapphire method is proposed. A brief description of
the sapphire method is provided here to gain a better understanding of the research method‐
ology: in the sapphire method, the DSC signal of the sample was compared with the DSC signal
of the calibration sample (sapphire), which had a known specific heat. A total of three
measurements were needed for this method: blank measurement (empty crucible), sapphire
measurement and the sample measurement.

i. Sample preparation.

a. Weighing. The accuracy of the weighing is very important in any measurement
of heat capacity; it is vital to carry out all weighing in a precise balance. In the
case of the sapphire method, an error in the weighing step will affect the weight
of the sample, sapphire and reference crucibles, dramatically increasing uncer‐
tainty in the measurement of the heat capacities.

b. Sample size. It is believed that for the determination of heat capacities, the bigger
the sample amount the better, since the signal size is proportional to the sample
amount; nevertheless, it should be taken into account that the sapphire method
uses a reference compound for the determination of cp. This means that more
reliable results will be obtained when the sample signal is closer to the reference
signal (sapphire signal). The differences in the chosen sample size by different
authors may be an explanation for the different values obtained for heat capacity
for the same ionic liquid. In summary, the quantity of sapphire and sample size
should be chosen for yielding signals as close as possible (within the limits
recommended for the determination of cp in the DSC, usually 40-80 mg);
therefore, it was desirable that all weighing results involved in the experimental
determination of this property were given in the studies.

c. Crucibles. The crucibles used for the sample, sapphire and as reference must be
in perfect condition, without deformations, especially at the bottom. The use of
a pinhole in the lid avoids pressurization inside the crucible and allows the
evaporation of water and/or impurities in the dry step.

To minimize errors, it is advisable that the weight of the three crucibles used for
each measurement (sample, sapphire and reference) be as similar as possible.
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d. Sample placement. Good contact between the sample and the crucible bottom
must be assured.

ii. Method. For the determination of heat capacities using the sapphire method, an initial
isothermal stage (usually 10-15 minutes), followed by the heating stage to a final
temperature, at which point there is another isothermal stage (usually 10-15 minutes),
is common practice.

a. Dry step. Similar to the thermal analysis method, a previous dry step is advised
prior to the determination of the heat capacities of a pure ionic liquid.

b. Temperature range. With regards to taking the cp values, it must be taken into
account that after the initial isothermal segment, some time is needed for the
sample to reach a state of dynamic equilibrium; hence, the results obtained at the
beginning of the dynamic segment should be discarded. It is also advised that
the temperature range does not exceed 90°C. The heat capacity should not be
determined during first order transitions in the physical state, for example
during a crystallization transition. With the sapphire method, it is recommended
that the heat capacities of the liquid and solid states be determined in separate
runs, i.e., melting temperature should not be included in the chosen temperature
range of the method.

c. Heating rate. A heating rate of 10°C/min was usually used in the classical cp

measurements; however, nowadays, a heating rate of 20°C/min is generally used
as this yields good results and saves time.

d. Repetition of measurements. It is advisable practice to repeat the heat capacity
measurements and to take the mean value as the final result.

e. Sapphire sample. Although the crucible with the sapphire disks can be used in
several runs, its cp values must be checked regularly.

In general, the more common method for the determination of cp in the literature consists of
an isothermal segment at 0°C for 15 minutes, followed by a dynamic segment from 0°C to 90°C
at 20°C/min and a final isothermal segment at 90°C for 15 minutes (considering that the IL is
liquid in this range). Since the most required cp value is a value corresponding to 25°C and
taking into account that the first part of the dynamic segment is needed to reach a state of
dynamic equilibrium, a method in which the temperature ranges from -15°C to 75°C (again
considering that the IL is liquid in this stage) will assure obtaining a reliable value at 25°C.

3.2. Influence of the structure of the IL on heat capacity

Taking all the variables in the determination of heat capacities into account and analysing the
cp literature data for different structures, the influence of the cation, anion and alkyl-side chain
of the cation on this property can be analysed. Due to the different techniques and methods
used in literature and as mentioned above, the fact that many variables are not usually specified
in the corresponding papers, to gain an overview of the influence of the ionic liquid structure
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on this property it is more reliable to compare values obtained by the same authors instead of
using different sources.

Heat capacity provides information about the amount of energy per molecule that the
compound can store before the temperature of the compound increases; this energy is stored
in translational, vibrational and rotational modes. As such, it is logical to assume that a
molecule containing more atoms will have more energy storage modes and thus, higher heat
capacity. Taking this into consideration, the following is an analysis of the influence of the
different variables such as the different structures of the ionic liquids and the temperature on
the heat capacity values.
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Figure 8. Heat capacities of several ionic liquids.

Considering the influence of the anion in the ionic liquid on heat capacity values, from the
literature, it could be inferred that the cp values were clearly affected by the anion, the general
trend being that the higher the molar mass or number of atoms of the anion, the higher the heat
capacity [6,10,11,13]. In general, the anions more frequently studied are bromide, chloride,
tetrafluoroborate,  hexafluorophosphate,  trifluoromethanesulfonate,  dicyanamide  and
bis(trifluoromethylsulfonyl)imide, usually attached to imidazolium-based ionic liquids, of
which there is the most extensive data in the literature. The limited studies of pyridinium and
pyrrolidinium-based ionic liquids usually agree with the results obtained for the wider studies
on imidazolium ILs. In summary, for ILs containing similar cations and alkyl-side chains of the
cation, the values for heat capacities increase with the molar mass of the anions [6,10], despite
the fact that there are studies indicating that this general trend is not always followed [14].
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trend being that the higher the molar mass or number of atoms of the anion, the higher the heat
capacity [6,10,11,13]. In general, the anions more frequently studied are bromide, chloride,
tetrafluoroborate,  hexafluorophosphate,  trifluoromethanesulfonate,  dicyanamide  and
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on imidazolium ILs. In summary, for ILs containing similar cations and alkyl-side chains of the
cation, the values for heat capacities increase with the molar mass of the anions [6,10], despite
the fact that there are studies indicating that this general trend is not always followed [14].
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The influence of the structure of the cation has been less studied than the influence of the anion;
however, it can nonetheless be concluded that the pyridinium and pyrrolidinium-based ionic
liquids present higher heat capacities than analogous imidazolium-based ILs [12, 15]. How‐
ever, unlike the influence of the anion and alkyl-side chain length of the cation, which many
studies have observed, in this case, the need for new experimental data in order to draw better
conclusions was clear. In Figure 8, the influence of the anions on the cp values of the 1-butyl-3-
methylimidazolium and 1-butyl-3-methylpyridinium-based ionic liquids is presented,
showing that in general, the cp values increased when the molar mass of the anion increased.
Comparisons of the ionic liquids with different cations (BMpyNTf2/BMimNTf2 and BMpyBF4/
BMimBF4) can also be observed.

In the case of the influence of the alkyl-side chain length of the cation, the experimental results
from published works indicate that the addition of a −CH2− group leads to an incremental
increase in the cp of approximately 30-35 J/K mol [11,13,16], a similar value to that found for
liquid alkanes, indicating that the alkyl-side chains of the ILs are similar in structure to those
in liquid alkanes [16]. Moreover, it can also be concluded that the addition of a −CH2− group
has more influence at higher temperatures [11,16]. The influence of the alkyl-side chain length
of the cation in the ionic liquid for 1-alkyl-3-methylimidazolium-based ionic liquids with alkyl
= ethyl, butyl, hexyl and octyl on the cp values is plotted in Figure 9, where it can be observed
that an increase in the alkyl-side chain length means an increase in cp values.
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Figure 9. Heat capacities of 1-alkyl-3-methyilimidazolium bis(trifluoromethylsulfonyl)imide ionic liquids.

Finally, regarding the fitting of heat capacity values as a function of temperature, these values
are generally adjusted to a polynomial expression, usually of a second, third or even fourth
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degree, depending on the temperature range taken for their determination. For example, if the
temperature range of the method ranges from 0°C to 90°C and the cp values are taken from
0°C to 90°C, it is probable that a third or fourth degree polynomial expression can be used for
the fitting; however, if the cp values are taken from 20°C to 80°C (neglecting the first minutes
to avoid stabilization errors), a first or second degree polynomial expression will provide a
proper fitting.

4. Thermal properties estimation

Due to the broad number of ILs, the experimental determination of the thermal properties of
all these compounds is not possible; consequently, in order to enhance the selection of task-
specific ionic liquids, several methods for estimating the melting temperature, the glass
transition temperature or the liquid heat capacity of ILs have been developed, most of them
based on the use of quantitative structure-property relationships (QSPR) or on group contri‐
bution (GC) methods. The following is a brief description of these methods and their applica‐
tion to Tm, Tg and cp.

4.1. QSPR and GC methods

4.1.1. QSPR methods

QSPR methods are based on the relationship between the molecular characteristics of a
compound and its macroscopic properties. Molecular descriptors, used for characterizing the
microscopic properties of compounds, along with experimental data of the property (Tm, Tg,
cp, etc.) for a large number of compounds are needed in order to obtain an expression that will
allow for predicting the value of this property for different compounds. A large number of
descriptors exist for characterizing molecules; thus, the selection of the more significant among
them is one of the main drawbacks of the model. These molecular descriptors, usually
calculated using software packages such as DRAGON and CODESSA, can be classified using
quantum chemical, electronic and geometrical descriptors that provide information about
polar- or hydrogen-bonding interactions, as well as constitutional descriptors that characterize
the chemical composition of the molecule and that does not depend on geometric and
topological descriptors (TIs) that take into consideration the connectivity of atoms within a
molecule [17]. In order to find essential information about molecule structure, a geometric
optimization is generally the first stage. The general equation for QSPR methods [17] can be
written as:

y0 =b0 + b1x1 + b2x2 + … + bpxp (1)

where y is the dependent variable (e.g., Tm, Tg or cp), x1, x2,…xp are the independent variables
(the descriptors), b1, b2,…,bp are the regression coefficients and b0 is the intercept.
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The quality of the experimental values selected for developing a model is essential for
obtaining good results. The main criteria for selecting the experimental values for the data set
are the number and the diversity of available data, and these should have been measured under
the same conditions, with enough reproducibility and accuracy [17]. The selected data are
divided in the training set to develop and train the correlation equation and the test set for
determining the predictive ability of the model for compounds that have not been used to
develop it.

In order to obtain the relationship between molecular descriptors and the macroscopic
property, several models such as neural networks (NN), decision trees, partial least squares
(PLS) and multiple linear regressions (MLR) are usually employed. The squared correlation
coefficients, R2, squared cross-validated correlation coefficients R2

CV and the Fisher criterion
value, F, are generally used to assess the quality of the model. Special care must be taken for
data points that have been poorly predicted, because this can indicate that the data were
incorrectly measured or that the model has failed to include some important characteristics of
the compounds [18].

4.1.2. Group contribution methods

Other methods widely used for the estimation of thermal properties are GC methods, which
assume that a molecule is formed by several functional groups and the properties of a
compound can be estimated as the sum of the contributions of all the functional groups that
form the molecule. The contribution of each group to a property (e.g., Tm, Tg or cp) is obtained
from the experimental data of this property and determined for other substances that contain
the same functional group. The main problem of this approach is that the way in which it
defines groups is not unique; this is the reason why different authors have defined different
groups to represent the same compound. Regarding ILs, some GC methods take the imida‐
zolium or pyridinium rings as a group, whereas others divide the ring into many CH and N
groups. According to Wu and Sandler [19] the geometry of the functional group should be the
same, regardless of the molecule in which the group appears; it should have the same charge
in all molecules and it should be the smallest identity into which the molecule can be divided
in electroneutral groups. The general form of these methods [20] can be written as:

y =(∑
i

miDi)a + (∑
j

n jE j)b + (∑
k

pk Fk )c (2)

where y is the dependent variable (e.g., Tm, Tg or cp), D, E and F are the contribution of the
functional groups of order 1,2 and 3, respectively and m, n and p are the times that groups i, j
and k appear in the compound. When a = b = c = 1 the model is lineal; when any of these numbers
are zero, the corresponding contribution is not taken into consideration and if they are other
values, the contributions are nonlinear. In the first-order GC methods, the groups behaved as
if they were isolated and the effect of neighbour groups was not considered. In the second
order GC methods, some information about the molecular structure was included with the
purpose of including proximity effects and differentiating among isomers. The third level was
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more convenient for the estimation of properties in the case of complex heterocyclic or large
poly-functional acyclic compounds [20].

A summary of some of the QSPR and GC models were developed for the estimation of melting
points, glass transition temperature and the heat capacity of ILs, and is presented below.

4.2. Melting point estimation

ILs are characterized by their low melting temperatures that depend on the strength of the
crystal lattice, which is controlled by several factors such as charge distribution on the anions,
H-bonding ability, the symmetry of the ions and the van der Waals interactions. Since it is an
important property in the potential applications of ILs, several methods of melting tempera‐
ture estimation can be found in the literature, most of them based on QSPR methods.

4.2.1. QSPR methods

The first attempt to predict the melting temperature of ILs was made by Katritzky et al. [21].
From a database of 126 pyridinium bromides and optimizing only the cationic part, they
developed a six-descriptor equation, obtaining a value of R2 = 0.788. According to the authors,
the most significant descriptors were, the indices reflecting the coordination ability of the
cation, the average nucleophilic reactivity index for the N atom related to electrostatic
intermolecular interactions and the total entropy per atom related to the difference in confor‐
mational and rotational degrees of freedom in solid and liquid phases. Many other models
[22-29] have been developed for several families of ILs (Table 2), most of them for imidazolium-
based ILs with the same anion; consequently, their range of application is quite limited.

A different approach in the selection of the ILs was made by López-Martin et al. [30]. In this
case, 22 ILs with the same cation, the 1-ethyl-3-methylimidazolium and 22 different anions
were chosen, and the cation and anion geometries were optimized. The main disadvantages
of this approach are that the cation-anion interactions are not taken into consideration and that
the geometry optimizations correspond to the gas phase. The nine selected descriptors quantify
the influence of size, branching, charge distribution and symmetry of the anion, as was
previously reported for the cation. In order to test the effectiveness of this approach (R2 = 0.955),
a new data set including 62 ILs with 22 different cations and 11 different anions was correlated
and a six-descriptor equation (R2 = 0.869) was proposed.

Varnek et al. [31] performed an exhaustive study of QSRP models for melting temperature
calculation. A data set with 717 bromides of nitrogen containing organic cations (126 pyridi‐
nium bromides, 384 imidazolium and benzimidazolium bromides, as well as 207 quaternary
ammonium bromides) with melting temperatures from 5°C to 320°C was selected and results
obtained using different machine-learning methods (associative neural networks, support
vector machines, k nearest neighbours, modified version of the partial least-squares analysis,
backpropagation neural network and multiple linear regression), while different types of
descriptors were analysed. The study concluded that the most efficient descriptors/methods
combination depends on the data set used. Slightly better results were obtained with neural
networks and support vector machine methods, regardless of the chosen parameters. Regard‐
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ing the descriptors, the study concluded that the performance of the descriptors depends both
on the machine learning method and the data set.

Structures No. of ILs No. of parameters R2 Ref.

Pyridinium bromides 126 6 0.7883 21

Imidazolium bromides 57 5 0.7445 22

Imidazolium bromides 29 5 0.7517 22

Imidazolium bromides 18 3 0.9432 22

Benzimidazolium bromides 45 5 0.6899 22

N-pyridinium bromides 126 5 0.790 23

Tetraalkyl-ammonium bromides 75 6 0.775 23

(n-Hydroxyalkyl)-trialkyl-ammonium bromides 34 5 0.716 23

1-susbstituted 4-amino-1,2,4-triazolium nitrocyanamides 7 1 0.960 24

1-susbstituted 4-amino-1,2,4-triazolium bromides 13 3 0.914 25

1-susbstituted 4-amino-1,2,4-triazolium nitrates 13 3 0.933 25

Imidazolium hexafluoroborates 29 6 0.9207 26

Imidazolium tetrafluoroborates 19 3 0.9047 26

Imidazolium bromides 30 4 0.89 27

Imidazolium chlorides 20 3 0.88 27

Imidazolium bromides and imidazolium chlorides 50 4 0.88 27

Pyridinium bromides, imidazolium bromides,
benzimidazolium bromides and 1-susbstituted 4-
amino-1,2,4-triazolium nitrates

288 8 0.810 28

Guanidinium chlorides, guanidinium bromides,
guanidinium iodides and guanidinium tetraphenylborate

101 92 0.815 29

Table 2. Some QSPR models for the estimation of melting temperature.

For the purpose of ensuring a reliable prediction for a broad range of ionic liquids, the melting
temperature of 705 ILs including sulfonium, ammonium, pyridinium, 1,3-dialkyl imidazoli‐
um, tri-alkyl imidazolium, phosphonium, pyrrolidinium, double imidazolium, 1-alkyl
imidazolium, piperidinium, pyrroline, oxazolidinium, amino acids, guanidinium, morpholi‐
nium, isoquinolinium and tetra-alkyl imidazolium was collected by Farahani et al. [32]. The
final proposed equation (R2 = 0.658) contained 12 descriptors, eight of them describing the
characteristics of the cation and the other four the characteristics of the anion.

Yan et al. [33] proposed an equation using topological indices based on atom characters (atom
radius, atom electronegativity, etc.) and atom positions in the hydrogen suppressed molecule
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structure. The data set was composed of 394 ILs: 120 imidazolium, 43 benzimidazolium, 109
pyridinium, 19 pyrrolidinium, 65 ammonium, seven sulfonium, 20 triazolium and 11 guani‐
dinium. The resulting equation incorporates 12, 14 and six TIs for the cation, the anion and
their interaction, respectively, the obtained value being R2 = 0.778 for the training set and 0.753
for the test set.

4.2.2. Group contribution methods

A group contribution method for the calculation of melting temperatures of ILs was developed
by Huo et al. [34] for 155 imidazolium and benzimidazolium ILs. The structural groups, up to
a total of 30, were selected in a way that rendered them as small as possible and considering
three group types: belonging to a ring, belonging to a no-ring structure and ionic groups. In
addition to the structural groups, three characteristic factors were included: (1) σ, which took
the values 0 or 1, depending on whether the groups connected to a N atom in an imidazolium
ring were the same or different; (2) τ, which was the number of ring groups in the molecule;
(3) δ, which could be 0 if there was no group attached to the C2 position in the imidazolium
group or 1 if one group was attached. The average relative deviation in this work was 5.86%
and deviations of less than 5% were obtained for 106 ILs. The maximum relative deviation was
32.75% for 1,3-dimethylimidazolium chloride.

Using a first-order contribution approach and considering the whole ring as a single group,
another group contribution method was proposed by Lazzús [35] using a set of 400 ILs. The
group contribution to the melting point was calculated for 31 groups for the cation and 32
groups for the anion, and covered a broad range of ILs. The average relative absolute deviation
reported was less than 8% for the 200 ILs used for the group parameters calculation and less
than 6% for the other 200 ILs used in the prediction stage.

The most comprehensive melting temperature database was collected by Gharagheizi et al.
[36] in order to amplify a GC model with a broad range of applicability. The melting temper‐
ature of 799 ILs including 1,3-dialkylimidazolium, 1-alkyl imidazolium, amino acids, ammo‐
nium, double imidazolium, guanidinium, isoquinolinium, morpholinium, oxazolidinium,
phosphonium, piperazinium, piperidinium, pyridazinium, pyridinium, pyrrolidinium,
pyrroline, quinary alkyl imidazolium, sulfonium, tetra-alkyl imidazolium, tetrazolium,
thiazolium, tri-alkyl imidazolium, triazolium and uronium was collected and the group
contribution for 80 groups (31 anions and 49 cations) were calculated. Some of these groups
were not structural groups, because they were defined as the “sum of all the carbons belonging
to any aromatic and heteroaromatic structure” (group 6) or the “total number of Ns, Os and
Fs in the molecule, excluding N with a formal positive charge, higher oxidation states and
pyrrolyl forms of N” (group 13), among others [36, p. 3]. The absolute average relative
deviation was 5.82%.

Recently, Valderrama [37] reviewed some of the models proposed for the estimation of melting
point [34, 36, 38] and concluded that the experimental determination of melting temperature
should be standardized in order to guarantee reproducibility, and further emphasized that
even if the data were accurate, none of the present methods serve as a clear solution to the
problem of predicting the melting temperatures of ILs.
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4.3. Glass transition estimation

Glass transition can be defined as the transition of an amorphous material from a hard and
relatively brittle state into a molten or rubber-like state. This transition is accompanied by
changes in some properties such as heat capacity and thermal expansibility. Even though many
ILs present only glass transition, few models have been developed for their estimation
compared to melting temperature. The QSPR and GC methods available in the literature are
summarized below.

4.3.1. QSPR methods

Some QSPR-based models for predicting the Tg of ILs have been reported in the literature.
Many of them were developed for predicting the glass transition temperature of one family of
ILs such as ammonium [39] or 1,3- dialkylimidazolium [40, 41]. In these cases, the Tg is
calculated as the sum of the contribution of the anion and the cation, and their corresponding
descriptors are included in Tg,a and Tg,c terms:

g g,a g,cT = intercept + T + T (3)

The model developed for ammonium-based ILs [39] contains 12 descriptors (six for the cation
and six for the anion) obtained from the experimental data of 73 ILs (22 different anions and
49 different cations) and the reported R2 value is 0.9657.

A database of 109 1,3- dialkylimidazolium ILs was selected by Mousavisafavi et al. [40, 41] to
develop two models applying both a linear and a nonlinear approach for the selection of the
molecular descriptors; similar results were obtained in both cases. The best value of R2 was
0.91, achieved using the nonlinear approach.

A more general equation was developed by Mirkhani et al. [42] and included 139 ILs (37
different anions and 86 different cations including alkylimidazolium, amino acids guanidini‐
um, isoquinolinium, morpholinium, oxazolidinium, phosphonium, piperidinium, pyrrolidi‐
nium and triazolium) in the database. They proposed an equation with 11 descriptors (R2 =
0.8897), three descriptors for the anion and eight descriptors for the cation. The highest and
lowest prediction errors, 8.29% and 1.67%, belonged to 1-alkyl imidazolium and oxazolidini‐
um, respectively.

Similar to the estimation of Tm, Yan et al. [43] implemented a QSPR model based on topological
indices (TIs) for Tg calculation. A total of 139 ILs including 63 imidazolium, 17 pyridinium, 48
ammonium, seven sulfonium and four triazolium were taken from the literature to develop
the model. The resulting expression contained seven TIs for the cation, 16 TIs for the anion and
two TIs for their interaction; the overall value for R2 (0.898) was very close to the value obtained
using other descriptors [42].
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4.3.2. Group contribution methods

To date, three GC models have been proposed for Tg estimation. One of them is only suitable
for 1,3-dialkylimidazolium ionic liquids [44], while the other two [45,46] are appropriated for
many types of ILs. In all cases, the IL ring (imidazolium, pyridinium pyrrolidinium, etc.) is
considered as a group. The general equation can be written as:

T g =T g0 + ∑
i=1

Na

NaiT gai + ∑
i=1

Nc

NciT gci (4)

where Nai and Nci are the occurrence of the i group in the cation and in the anion, Tgai and Tgci

are the contributions of the group i and Tgo is the intercept.

From a data set of 496 ionic liquids (71 anions and 247 cations), Gharagheizi et al. [45] calculated
the group contribution parameters for 19 anions and 31 cations. Similar to the method
proposed for estimating Tm [36], some of the considered groups were not structural groups.
The average absolute relative deviation obtained for the complete data set was 3.65%. Con‐
currently, Lazzús [46] published another GC model using 150 ILs and proposed the group
interaction parameters for 26 cation and 36 anion groups. The average absolute relative
deviation reported for the total set was 4.91%. None of these papers provide any indication of
the criteria applied to the selection of the groups.

4.4. Heat capacity estimation

Knowledge concerning the heat capacity of ILs is important because of its relationship with
other thermodynamic properties i.e., entropy, enthalpy and Gibbs free energy, and also due
to the application of ILs in industrial processes or as heat transfer fluids. A brief summary of
the cp estimation methods is presented below.

The relationship between cp and molar volume has been stated by several authors and some
expressions for the calculation of cp at 25°C have been developed [47, 48]. Including the
temperature as a variable, Paulechka et al. [49] proposed another equation that allows to
calculate the cp values at other temperatures.

The only method based on QSPR found in the literature was proposed by Sattari et al. [50]. A
database containing the cp values of 82 ILs including 39 different cations and 24 anions was
used to find the most accurate model with an acceptable number of descriptors. In the final
13-parameter equation, a binary combination of two descriptors instead of a single descriptor
was included in equation 1. On the basis of the R2 values for the training set and the test set
(0.990, 0.996), the authors suggest that binary multiplication of the descriptors can be a
successful approach.

The first GC method for the estimation of cp of ILs was developed by Gardas and Coutinho [48]
using a second-order group additivity approach. The database was composed of 19 ILs that
permitted the calculation of the group contribution parameters for four cations and six anions.
According to the authors, these group parameters made it possible to calculate the cp of at least
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200 ILs and in almost all cases, the deviations in predicted heat capacities were inferior to the
experimental uncertainties. The group contribution parameters were subsequently extended
to amino acid-based ILs by Gardas et al. [51].

Ge et al. [13] adapted the Joback [52, 53] GC method for the prediction of the ideal gas heat
capacities of molecular compounds to the estimation of cp of ILs. From the ideal gas heat
capacities and using an estimation method [54] to calculate the critical properties and the
acentric factor, the cp can be calculated. The original parameters [52], along with the parameters
calculated for three new groups (B, P, -SO-), were used to predict the cp of 53 ILs, leading to a
relative absolute deviation of 2.9%.

A different approach to the estimation of cp using a GC method was proposed by Valderrama
et al. [55] and combines the group contribution method with mass connectivity indices, which
considers the type of connection between groups and the mass of these groups. In order to
build a more general method, the database employed for determining the value of the
contribution of the groups included 32 ILs of five families (imidazolium, pyridinium, pyrro‐
lidinium, phosphonium and alkyl-ammonium) and 126 organic compounds. The average
absolute deviation values were 2.8% in the correlation of the 32 ILs and the 126 organic
compounds, and 2.1% in the cp prediction of nine ILs.

The temperature dependency of cp for several ions was calculated using a quadratic equation
by Müller and Albert [56]:

Cpion = A + BT + CT 2 (5)

CpIL = ∑
i=cations

xiCpi + ∑
j=anions

x jCp j (6)

where A, B and C are the parameters of the anion or cation and xi and xj are the molar contri‐
butions of the cation or anion on all cations or anions, respectively. The parameters were
calculated for 39 cations and 32 anions from a database of 84 ILs. The average absolute
deviation was 1.4% and 4.4% for the training set and the test set, respectively.

In addition to the model previously mentioned [50], Sattari et al. [57] presented another model
for calculating cp using a set of parameters such as the number of atoms, of non-h-atoms and
of five-membered rings. Four of these 14 parameters were the same as those selected in the
QSPR-based model. The average absolute deviation for the 82 ILs included in the database
was 1.68%.

For the purpose of deriving an easy-to-use correlation based on very simple molecular
parameters, Farahani et al. [58] proposed a correlation equation that only depends on the atom
counts in both anion and cation, the number of hydrogen in anions and the number of methyl
groups in the cation. In this case, the absolute average relative deviation reported by the
authors was 2.48%.
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5. Conclusions

Although the use of DSC for the thermal analysis and the experimental determination of the
heat capacities of pure ionic liquids is a widely-used technique, there are several factors that
have an influence on their correct determination. For this reason, in this chapter, not only was
a work methodology proposed for the determination of both phase transition temperatures
and heat capacities, but the possible aspects affecting their experimental determination have
also been explained.

Attempting to standardize the work methodology is necessary for obtaining high quality and
precision-based experimental data, as well as for carrying out comparisons between the results
presented by different authors, which will allow for reliable conclusions.

Due to the different results observed in the thermal analysis of the pure ILs characterized thus
far, finding a relationship between the structure of the IL and its thermal behaviour is com‐
plicated. For this reason, in this chapter, the thermal behaviour of pure ILs was divided into
three types, depending on the phase transitions presented by each IL:

i. The first type of behaviour is formed by ionic liquids characterized by presenting
only the formation of amorphous glass.

ii. The second type of behaviour is characterized by presenting a freezing transition,
forming crystals upon cooling and a melting transition upon heating.

iii. The third type of behaviour in the ILs that does not show a tendency to crystallize
upon cooling; however, upon heating, they exhibit cold crystallization.

It is important to state that ionic liquids usually present polymorphic-like behaviour, increas‐
ing the difficulty of interpreting the DSC thermograms. Additionally, the phase transitions are
strongly dependent on the scanning rate and on the cooling method used to obtain the solid
phase (quenching or slow cooling).

The relatively extensive database on the heat capacities of pure ILs allows for drawing some
conclusions about the influence of the structure of the ionic liquid on heat capacity values. The
cp values are clearly affected by the nature of the anion, the general trend being that the higher
the molar mass or number of atoms of the anion, the higher the heat capacity. In the case of
the influence of the structure of the cation, although it has been less studied than the influence
of the anion, it can be concluded that pyridinium and pyrrolidinium-based ionic liquids
present higher heat capacities than their analogous imidazolium-based ILs. As for the influence
of the alkyl-side chain length of the cation, the addition of a −CH2− group leads to an incre‐
mental increase in the cp of approximately 30-35 J/K mol and this influence is more remarkable
at higher temperatures.

Finally, regarding the estimation of the melting and glass transition temperatures, and liquid
heat capacities, although several methods for estimating the thermal properties of ILs can be
found in the literature, most of them are based on the use of quantitative structure-property
relationship (QSPR) or on group contribution (GC) methods; all of them present several
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5. Conclusions
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far, finding a relationship between the structure of the IL and its thermal behaviour is com‐
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It is important to state that ionic liquids usually present polymorphic-like behaviour, increas‐
ing the difficulty of interpreting the DSC thermograms. Additionally, the phase transitions are
strongly dependent on the scanning rate and on the cooling method used to obtain the solid
phase (quenching or slow cooling).

The relatively extensive database on the heat capacities of pure ILs allows for drawing some
conclusions about the influence of the structure of the ionic liquid on heat capacity values. The
cp values are clearly affected by the nature of the anion, the general trend being that the higher
the molar mass or number of atoms of the anion, the higher the heat capacity. In the case of
the influence of the structure of the cation, although it has been less studied than the influence
of the anion, it can be concluded that pyridinium and pyrrolidinium-based ionic liquids
present higher heat capacities than their analogous imidazolium-based ILs. As for the influence
of the alkyl-side chain length of the cation, the addition of a −CH2− group leads to an incre‐
mental increase in the cp of approximately 30-35 J/K mol and this influence is more remarkable
at higher temperatures.

Finally, regarding the estimation of the melting and glass transition temperatures, and liquid
heat capacities, although several methods for estimating the thermal properties of ILs can be
found in the literature, most of them are based on the use of quantitative structure-property
relationship (QSPR) or on group contribution (GC) methods; all of them present several
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limitations, which can be attributed to two aspects: all experimental data have not been
correctly determined and/or our knowledge of the factors that influence thermal properties is
incomplete. A bigger effort should be made from both experimental and academic perspectives
to improve the estimation of these properties.

Nomenclature of ionic liquids

EMimNTf2 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
EMMimNTf2 1-ethyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide
PMimNTf2 1-propyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
BMimNTf2 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
BMimBF4 1-butyl-3-methylimidazolium tetrafluoroborate
BMimTFO 1-butyl-3-methylimidazolium triflate
BMimDCA 1-butyl-3-methylimidazolium dicyanamide
BMimPF6 1-butyl-3-methylimidazolium hexafluorophosphate
BMimCl 1-butyl-3-methylimidazolium chloride
BMimBr 1-butyl-3-methylimidazolium bromide
BMim methide 1-butyl-3-methylimidazolium methide
BMMimBF4 1-butyl-2,3-dimethylimidazolium tetrafluoroborate
BMMimPF6 1-butyl-2,3-dimethylimidazolium hexafluorophosphate
C3CNMimDCA 1-butyronitrile-3-methylimidazolium dicyanamide
C3CNMMimPF6 1-butyronitrile-2,3-dimethylimidazolium hexafluorophosphate
HMimNTf2 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
HMimDCA 1-hexyl-3-methylimidazolium dicyanamide
HMimTFO 1-hexyl-3-methylimidazolium triflate
EMpyESO4 1-ethyl-3-methylpyridinium ethylsulfate
BpyBr 1-butylpyridinium bromide
PMpyNTf2 1-propyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide
BMpyNTf2 1-butyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide
BMpyBr 1-butyl-3-methylpyridinium bromide
BMpyTFO 1-butyl-3-methylpyridinium triflate
BMpyBF4 1-butyl-3-methylpyridinium tetrafluoroborate
HMpyNTf2 1-hexylpyridinium bis(trifluoromethylsulfonyl)imide
BMpyrNTf2 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
C3CNTMANTf2 butyronitrile-trimmethylammonium bis(trifluoromethylsulfonyl)imide
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1. Introduction

Ionic Liquids (ILs) are a well-established class of organic compounds characterized as liquid
salts until 100oC as well as higher thermal and chemical stability, negligible volatility, high
conductivities and large electrochemical window. Usually the adequate cation and anion
combinations from ILs can modulate their thermal, physical and chemical properties. Many
experimental and theoretical studies, highlight a regular pattern of variation of the properties
of ILs by the introduction of elements, functional groups or specific ions, however due to the
complexity associated to such compounds, in many cases, it is not possible to establish a
straightforward relation between the variation of a specific property and the introduction of
a particular component. Despite very low vapor pressure of ILs, several publications reported
significant toxicity behavior associated to several classes of ILs. In this line, the development
of biocompatible ILs and derived systems is actually being subject of intense research by the
scientific community in order to open new perspectives for the application of this class of
compounds. Since the advent of ILs in extractions and chemical reactions, the range of
applications, in many areas of knowledge, never stopped to grow. One of the major reasons
for such expansion is due to the inherent complexity of this class of compounds, associated
with the virtually infinite possibilities of combination between cations and anions. In this
context, the search for an ionic liquid with the desirable physical, chemical and biological
properties by trial and error is not feasible without aid of background knowledge and
predictive tools. Solubility is an essential property, being present in all stages of ILs research
activities. The intrinsic complexity of this class of compounds associated to the many different
types of possible interactions allows the dissolution of a wide range of different solutes. The
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most common interactions observed in ILs classes can be coulombic, hydrogen bonding,
permanent dipole - permanent dipole, permanent dipole - inducted dipole, inducted dipole –
Inducted dipole, π-π and n- π interactions. According the solubility properties of the system,
should be possible to modify, stabilize, capture, control, enhance or mitigate such properties
of specific solute molecules.

In this chapter, we are interested to overview the solubility of different classes of solids such
as inorganic salts including metals; bioactive compounds including active pharmaceutical
drugs; biopolymers and polymers in ionic liquids in particular comparing experimental and
predicted research studies. Moreover a rationalization of the inherent structural characteristics
behind the observed values of solubility in relevant cases will be also explored.

2. Solubility of inorganic compounds in ionic liquids

This section includes solubility of inorganic salts, elements, metal oxides and organometallic
compounds in reference and task-specific ionic liquids. The later class includes ionic liquids
with coordinating and common ions which can improve their solubility capacity. Whenever
its possible experimental and modeled solubility will be compared and discussed accordingly,
otherwise only experimental values will be presented and discussed. In order to contextualize
this section a series of applications of such systems will be also described, and the experimental
and types of models used in the referenced studies will be presented and discussed.

2.1. Inorganic salts (Halides)

Yang et al [1] reported the solubility of alkali chlorides in [EMIM][EtSO4] at temperatures from
293.15 to 343.15 K. In this study the experimental solubility was determined by slow addition
of metal halide to the ionic liquid until precipitate remain after 8h, afterwards the chloride
content was determined by the Mohr method and consequently, the solubility of the metal
halide was calculated. The experimental values were fitted with an exponential equation as
expressed in the legend of Table 1 with a good agreement between experimental and fitted
values. Such systems can be useful in synthesis as well as extraction processes.

MBr
(mol.Kg-1 of

solvent) /
T (K)

293 298 303 308 313 318 323 328 333 338 343

NaBr(fit) 0.2643 0.2689 0.2735 0.2779 0.2823 0.2866 0.2909 0.2950 0.2991 0.3032 0.3071

KBr(fit) 0.2484 0.2522 0.2559 0.2595 0.2631 0.2666 0.2700 0.2734 0.2767 0.2799 0.2831

NaBr(exp) 0.2654 0.2692 0.2733 0.2774 0.2817 0.2859 0.2901 0.2948 0.299 0.3037 0.3083

KBr(exp) 0.25 0.2527 0.2557 0.2589 0.262 0.2654 0.2696 0.2726 0.2765 0.2807 0.2849

Table 1. Fitted vs Experimental solubility (molality) of MCl salts in 1-ethyl-3-methylimidazolium ethylsulfate. Fitting
equation (m/mº) = exp(A1 + A2(Tº/T) + A3(T/Tº).
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In the same year, Wang et al. [2] reported the solubility of alkali bromides in the same ionic
liquid. Similarly with Yang and co-workers study a broad range of temperatures was tested
with the solubility increasing with the increase of the temperature, in good agreement between
experimental and fitted values as presented in Table 2. The experimental method to obtain
solubility of these salts is identical when compared with Yang´s work.

MCl
(mol.Kg-1 of
solvent) / T

(K)

293 298 303 308 313 318 323 328 333 338 343

LiCl(fit) 0.3679 0.3861 0.4053 0.4256 0.4471 0.4699 0.4939 0.5193 0.5461 0.5745 0.6045

KCl(fit) 0.2283 0.2299 0.2317 0.2338 0.2361 0.2385 0.2412 0.2441 0.247 0.2506 0.2541

NaCl(fit) 0.2325 0.2347 0.2369 0.2392 0.2415 0.2438 0.2461 0.248 0.2508 0.2532 0.2556

LiCl(exp) 0.3687 0.3861 0.404 0.4271 0.4453 0.4685 0.4951 0.522 0.5459 0.5722 0.6056

KCl(exp) 0.2282 0.2304 0.2322 0.2334 0.2358 0.2388 0.2416 0.2444 0.2479 0.2507 0.2535

NaCl(exp) 0.2351 0.2375 0.2399 0.2421 0.2445 0.2469 0.2491 0.2515 0.2539 0.2567 0.2594

Table 2. Fitted vs Experimental solubility (molality) of MCl salts in 1-ethyl-3 methylimidazolium ethylsulfate. Fitting
equation (m/mº) = exp(A1 + A2(Tº/T)).

In these two studies, the solubility measurements were performed in a thermostated cell in a
glove box under dry atmosphere. In a study of preparation and characterization of alcohol and
ether functionalized ionic liquids [3] (Figure 1) was measured the solubility of LiCl, HgCl2,
LaCl3. The obtained values were expressed in the form of massic solubility constant. The
quantification of Hg and La was performed using plasma spectroscopy (ICP), differently the
amount of Li was attained by flame photometry. The tested salts are more soluble in these
series of alcohol and ether based RTILs than in conventional alkyl based ionic liquids as can
be observed in Table 3. These salts represent examples of alkaline, transition metal, lanthanide
based halides and the high solubility presented in some cases constitutes potential model
systems with application in green chemistry and clean synthesis.

N N
OH N N O

N N O O

[C2OHMIM] [C3OMIM]

[C5O2MIM]

PF F
F FF

F

B
F F

F F

Cl

cation anion

N N

[C4MIM]

N N
[C8MIM]

N N

[C10MIM]

[PF6] [BF4]

[Cl]

Figure 1. Structures of cations and anions used in solubility studies of Table 3.
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IL / Ks x106 g of salt . g-1 of RTIL Ks (LiCl) Ks (HgCl2) Ks(LaCl3)

[C2OHMIM][PF6] 144.47 44.64 32.47

[C2OHMIM][BF4] 18.46 84.73 54.01

[C3OMIM][PF6] 12.44 50.13 37.61

[C3OMIM][BF4] 14.43 220.86 180.27

[C5O2MIM][Cl] 9.98 295.34 379.23

[C5O2MIM][PF6] 35.52 147.48 97.22

[C5O2MIM][BF4] 21.36 174.17 292.46

[BMIM][PF6] 12.08 4.06 6.58

[BMIM][BF4] 15.54 41.41 10.92

[OMIM][PF6] 35.32 32.98 8.49

[OMIM][BF4] 56.02 35.92 53.25

[C10MIM]BF4] 12.64 2.12 47.12

Table 3. Solubility constants Ks of specific salts in selected ILs at room temperature.

Metal Chloride [Metal Chloride]/[BMIM.Cl][AlCl4] molar

AlCl3 1

NbCl5 0.1

TaCl5 0.2

TiCl4 Immiscible

ZrCl4 0.8

HfCl4 1

Table 4. Solubility of metal chlorides in [BMIM.Cl][AlCl4] at 298K.

Dotterl et al. [4] reported the solubility of different metal chlorides in [BMIM.Cl][AlCl4] (Table
4), these mixtures can be used as catalysts in cationic oligomerization, electrochemical
oxidation and metal deposition reactions. In this study, it is evident that Al, Zr and Hf based
chlorides are highly soluble in this ionic liquid. The values of solubility were obtained by
progressive solvent addition to the salt until the complete formation of a saturated solution
(all the manipulations were performed under Argon atmosphere).

2.2. Inorganic salts (Miscellaneous)

Rosol et al. [5] reported the solubility of lithium based salts, commonly used as lithium
batteries, in alkyl methylimidazolium based RTILs (Table 5). The values of solubility were
attained by FTIR-ATR spectroscopic method, with thiocyanate based ionic liquid permitting
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much higher values of solubility than other RTILs used in this study. In order to explain such
behavior was used COSMO-RS and the higher polarizability of thiocyanate anion is respon‐
sible for such optimal observed solubility values.

IL/ solubility mol.dm-3 LiNTf2 LiClO4 LiPF6

[BMIM][Acetate] 0.18 0.10 0.34

[BMIM][SCN] 1.3 4.1 0.60

[BMIM][PF6] 0.06 0.09 0.08

[EMIM][NTf2] 0.4 0.3 0.1

Table 5. Solubility (M - mol.dm-3) of specific salts in selected ILs at 298 K.

Atakilt et al. [6] reported the solubility of NiCl2 and Cu(NO3)2 in [C4BiPyr] and [C4C4BiPyr]
based ionic liquids and other reference RTILs based on imidazolium and phenanthrolinium.
Generally, the solubility are low, except for [C4BiPyr][NTf2] where the non-substituted
nitrogen can coordinate the metal ions that compose the studied salts, increasing dramatically
the solubility. The hypothesis of coordination ability of [C4BiPyr] is confirmed by the poor
solubility values in the case of [C4C4BiPyr][NTf2]. The solubility was attained by the addition
of the salt to the ionic liquid under nitrogen atmosphere and dissolution under vacuum.

Ionic Liquid/Solubility (mol %) NiCl2 Cu(NO3)2

[BMIM][BF4] < 0.05 < 0.05

[BMIM][PF6] < 0.05 < 0.05

[BMIM][NTf2] < 0.05 < 0.05

[C4Phen][NTf2] < 0.05 < 0.05

[C4Bipyr][NTf2] > 20 > 20

[C4C4Bipyr][NTf2] < 0.05 < 0.05

Table 6. Solubility of specific inorganic salts in selected ionic liquids at 343 K.

Pereiro et al. [7] reported the solubility of diverse salts in a wide range of ionic liquids at 298.15
K (Table 7), the authors described that dissolving salts in a ionic liquid is a way to boost ionicity
but at same time having the possibility of working in a liquid media, these systems can be
potentially applied in batteries. The solubility study was obtained by the visual method, with
the more promising systems measured by spectroscopic ATR-FTIR method, such compounds
were also fitted by a linear equation with a good correlation between experimental and fitted
values.

Solubility of Bioactive, Inorganic and Polymeric Solids in Ionic Liquids — Experimental and Prediction Perspectives
http://dx.doi.org/10.5772/60501

233



IL/ mass fraction of
inorganic salt

[Na]
[SCN]

[NH4]
[SCN]

Ca
Cl2

[NH4]
Cl Na

Cl
Na2

[SO4]
Na

[OCN]
Na

[NTf2]
Cs

[NTf2]
Li

[NTf2]
Na[OAc] Na[SCN]

[NH4]
[SCN]

Na
[Lactate]

[EMIM][OAc]
0.053

0.187 /
0.234a /
0.232b

0.136
0.152 /
0.161a /
0.159b 0.046 0.0097 0.034 - - -

0.081 - - -

[EMIM][SCN]

0.132
/0.145a

/0.135b

0.089 0.042 0.021
0.037 0 0 - - -

- 0.125 0.081 0

[EMIM][C2SO3]
0.053

0.187/
0.200a/
0.196b

0
0.079 / 0.081a

0.076b 0.037 0 0.0097 - - -

- - - -

[EMIM][C2SO4]

0.095/
0.104a

0.352 /
0.379a /
0.372b

0.005 0.032
0 0.034 0 - - -

- - - -

[EMIM][NTf2]
0.021 0.0019 0

0 0 0 0.16
0.303 /
0.314a

/0.311b

0.315 /
0.363a /
0.359b- - - -

[EMIM][OTf]
0.037 - 0 0

0 0 0 - - -
- - - --

[EMIM][B(CN)4]
0 - 0 0

0 0 - - - -
- - - -

[EMIM][PF3(C2F5)3]
0 - 0 0

0 0 - - - -
- - - -

[P6,6,6,14][NTf2]
0 - 0.002 0

0 0 - - - -
- - - -

[P6,6,6,14][L-Lactate]
0 - 0.021 0

0 0 - - - -
- - - -

[P6,6,6,14][OTf]
0 - 0 0

0 0 - - - -
- - - -

[P4,4,4,1][C1SO4] 0 - 0 0 0 0.01 - - - -
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IL/ mass fraction of
inorganic salt

[Na]
[SCN]

[NH4]
[SCN]

Ca
Cl2

[NH4]
Cl Na

Cl
Na2

[SO4]
Na

[OCN]
Na

[NTf2]
Cs

[NTf2]
Li

[NTf2]
Na[OAc] Na[SCN]

[NH4]
[SCN]

Na
[Lactate]

- - - -

[Choline][L-Lactate] 0.132 - 0.016 0.01 0.021 0.02 - - - -

[EtCholine][NTf2]
0.042 - 0.002 0

0 0 - 0.176
0.322 /
0.339a /
0.330b

0.433 /
0.484a/
0.479b- - - -

[P6,6,6,14][Cl]
- - 0.044 0

0 - - - - -
- - - -

a Obtained by ATR-FTIR spectroscopic method at 298.15 K, b Fitted by linear equation y = mx + b.

Table 7. Mass fraction of specific inorganic salts in selected ionic liquids.

2.3. Lanthanides

Lanthanide based systems are very useful in the fields of advanced catalysis and as lumines‐
cent materials, one of the major problems that restricts their use is the poor solubility observed
for this class of compounds. In order to circumvent this obstacle Li et al [8] developed
carboxylate functionalized TSILs (Figure 2) for the dissolution of Europium (III) and Terbium
(III) oxides (Table 8). The dissolution of the Lanthanides has been attained by addition to
specific ionic liquids which they were mixed with an alcohol, and then the suspension was
filtered and the alcohol evaporated under vacuum.

N NCnH2n+1

O

OH

[C2Carb-CnIm][Br]

Br
n = 8
n = 12
n = 16

Figure 2. Structures of ILs used in Table 5.

IL/ solubility g.g-1 of solvent Eu2O3 (363 K) Tb4O7 (393 K)

[C2Carb-C8Im][Br] soluble but less than 0.176 at least 0.189

[C2Carb-C12Im][Br] soluble but less than 0.151 at least 0.162

[C2Carb-C16Im][Br] not solubilized at least 0.141

Table 8. Solubility values of lanthanide oxides in TSILs (g salt/ g IL).
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2.4. Organometallics

The importance of the solubility studies of organometallic complexes is addressed to their
applications in catalysis and photo/electrochemical studies as well as material chemistry field.
Testing a phenantrolinium based TSIL, Villar-Garcia et al. [9] studied the solubility of Nick‐
el(II), Iron(II) and Cobalt(II) complexes containing phenantroline ligands and optimal solu‐
bility with [C1Phen][NTf2] ionic liquid when compared with reference imidazolium ionic
liquids was obtained. Flame Atomic absorption Spectroscopy (AAS) analyses were performed
after digesting a known amount of each sample in a 1:1 (v/v) HNO3:HClO4 mixture in order
to obtain solubility values.

Ionic liquid/ solubility
salt mol%

[Ni(Phen)2(OH2)2]Cl2 [Fe(Phen)2(OH2)2]Cl2 [Co(Phen)2(OH2)2]Cl2

[C1Phen][NTf2] > 10 mol % > 10 mol % > 10 mol %

[BMIM][NTf2] < 0.05 mol% < 0.05 mol% < 0.05 mol%

[BMIM][BF4] < 0.05 mol% < 0.05 mol% < 0.05 mol%

[BMIM][PF6] < 0.05 mol% < 0.05 mol% < 0.05 mol%

Table 9. Solubility of metal complexes in selected ionic liquids at 348 K.

In a different study, Yang et al. [10] compared the solubility of ferrocene, ferrocenium, and
cobaltcenium based salts in [BMIM][BF4] (Table 10). In this study the solubility of Ferrocenium
Tetrafluoroborate was determined by the UV-Visible spectroscopy. This study was comple‐
mented by an ab initio quantum mechanical study in order to unveil the main interactions
between solute-solvent and in the case of ferrocenium based salt, it can only be solvated by
solvent anions in the first solvation shell.

Compound Solubility in [BMIM][BF4]

Ferrocene 27.5 mM

Ferrocenium Tetrafluoroborate 134 mM

Cobaltocenium Hexafluorophosphate 327.1 mM

Table 10. Solubility of ferrocene derivatives based compounds in [BMIM][BF4] measured at room temperature

2.5. Elements

Finally, regarding solubility of elements, such studies are important in order to optimize
systems in synthesis, electrochemistry and catalysis, among other applications. Boros et al. [11]
reported the solubility of sulfur (Table 11) and phosphorous (Table 12) in a diverse range of
ionic liquids. The solubility values were obtained by portion-wise addition of sulfur to the
ionic liquid and measuring the temperature which the mixture becomes homogeneous
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T (K) [OMIM][NTf2] [P(Bu)3CH3][OTs] [BMIM][OTs]

383 < 1 1 2

398 < 1 1 2

413 2 3 4

428 3 5 6

Table 11. Solubility values of Sulfur in different ionic liquids (wt%).

Ionic Liquid Weight % Ionic Liquid Weigth %

[C10MIM][CyOCS2] 8 [P6,6,6,14][N(CN)2] 1

[BMIM][CyOCS2] 5 [P6,6,6,14][NTf2] trace

[BMIM][C6H13OCS2] 4 - -

[BMIM][C4H9OCS2] 3 - -

[BMIM][C2H5OCS2] 2 - -

[P6,6,6,14][C9H19CO2] 2 - -

[CyOCS2]: O-cyclohexyldithiocarbonate

Table 12. Solubility of Phosphorus in selected ionic liquids at 373 K.

Finally, the solubility of sulfur was checked in [EMIM][NTf2] at 393 K by Chen et al [12] that
observed a solubility of 80 mM using two independent techniques such as electrochemical and
by microwave study of sulfur vapor measurements. The possibility to use ionic liquids as
alternative and efficient media to solubilize inorganic compounds could open new horizons
to develop novel materials, many of them not be possible using conventional solvents. The
complexity associated to ionic liquids and the possibility to establish different interactions with
solute molecules are mainly reasons behind optimal dissolution performances. In this context,
the introduction of task specific ionic liquids with specific groups/moieties can be able to
establish a preferential interaction with the solutes. Different experimental techniques have
been used based on visual and spectroscopic techniques. Additionally, in this field the
introduction of predictive tools is still in his infancy with a limited number of studies estab‐
lishing a comparison between experimental and predictive measures. It can be expected that
by the increment of the number of experimental measures extended to a wider range of
inorganics and ionic liquids as well, more robust models with predictive capability could be
defined in a near future. The introduction of non-linear machine learning methods such as
neural-networks, support vector machines or random forests could propel this subject of study.

3. Solubility of bioactive compounds in ionic liquids

Bioactive compounds have been subject of great attention regarding their interaction with
several ILs. Indeed, various synthetic pharmaceutical ingredients and their precursors, as well
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as, proteins and natural bioactive compounds, have been processed using ILs, mainly fore‐
seeing applications in the pharmaceutical, cosmetic and agro-food sectors. Driven by a more
demanding and strict regulation on the use of hazardous substances, particularly the phar‐
maceutical sector, for which 80% of waste generated in APIs synthesis, is related to solvent
use, is being forced to look to greener alternatives. [13,14] In an attempt to meet this necessity,
several scientific papers reporting successful new strategies for the synthesis of different kinds
of APIs using ILs, have been reported. [15,16] Another challenge faced by the pharmaceutical
industry, relies on the development of efficient drug carrier systems, which are fundamental
to overcome barriers to drug bioavailability. In this context, mixtures of ILs have been used as
delivery systems, to increase solubility of poorly water-soluble drugs. Briefly, an hydrophobic
IL is used as the drug reservoir, completely dissolving the bioactive substance, while another
IL, this time a hydrophilic one, is used as co-solvent, with the purpose of increasing the water
solubility of the system.[17,18] Also with interest for the pharmaceutical industry, the utiliza‐
tion of ILs for proteins stabilization and biopreservation, have also been subject of great
attention.[19]

A further relevant field on the context of bioactive compounds processing with ILs, is the
treatment of wastes contaminated with significant quantities of substances possessing
biological activity. For example, in respect to wastewater effluents, numerous studies have
alerted for the presence of a wide variety of bioactive substances, which are not eliminated by
conventional treatment plants. Under this perspective, many authors have reported successful
results on using ILs for the extraction of bioactives from it aqueous solutions. An interesting
approach are the well-known Aqueous Biphasic Systems (ABS) that have been the focus of a
significant amount of research, extensively reviewed in 2012 by Freire M.G. et al. [20]

More recently, the extraction of natural bioactive ingredients from food industry wastes and
other biomass resources has emerged. In this case, the IL is used to recover these high-added
value substances from cheap and available raw materials and meant for human consumption.
[21] The market for natural ingredients is one of the most attractive markets of the moment
and in which the use of clean technologies for extraction, fractionation and purification, is of
crucial importance. It is interesting to note that ILs applications involving products for human
consumption were triggered with the effort of the scientific community on the development
of nontoxic (or less toxic) ILs, by selecting more biocompatible organic cations and inorganic
anions.[22] Finally, also in the field of analytical chemistry, the processing of bioactive
compounds using ILs, has considerably grown.[23]

Process design and success of all above referred applications, strongly relies on the interactions
between bioactive compounds and ILs, which in turn, depends on several distinct and complex
factors, such as chemical structure, polarity, hydrophilicity and other physico-chemical
properties of both solute and solvent. Therefore, phase equilibrium data of the binary systems
(IL+ bioactive compound) is of crucial importance to understand, predict and take control of
existing, as well as, to figure new applications. Bogel-Lukasik E. and co-workers are the most
active research group working on the experimental determination of solubilities of bioactive
compounds in ILs. The authors have focused their attention in classical ILs essentially formed
by cations of 1-alkyl-3-methylimidazolium (RMIM, where R= butyl, hexyl and octyl chain) and
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counter-ions such as, tetrafluoroborate, [BF4]; hexafluorophosphate, [PF6]; trifluoromethane‐
sulfonate, [OTf] and bis(trifluoromethylsulfonyl)amide [NTf2]. Furthermore, they were the
first to address the solubility of natural phenolic compounds, namely, tannic acid, gallic acid
and quercetin with the purpose of evaluating the potential of ionic liquids as solvent for their
extraction from natural resources, such as biomass.[24] Solubilities were measured using a
dynamic method from 273K to 413 K. For the case of tannic acid, the solubility decreased on
the following order [BMIM][BF4] > [BMIM][PF6] > [BMIM][OTf] > [BMIM][NTf2]. The authors
found out a correlation between the observed differences in solubilities and the EN

T values for
the ionic liquids investigated. This parameter is considered a good scale of polarity for ILs. In
addition, ILs hydrophilicity was also an important factor, [BMIM][BF4] contrary to [BMIM]
[PF6] is hydrophilic favoring the formation of hydrogen bonds with weak acids, such as tannic
acid. However, for both ILs and for mole fractions higher than 0.2 and temperatures above
323.15 K, a strong acid odour was detected, corresponding the undesired formation of HF. This
reveals instability of [BF4] and [PF6] at higher temperatures. On the other hand, the solubility
of tannic acid in [BMIM][NTf2] is very low (below 0.001 mole fraction even at high tempera‐
tures). The authors highlighted the fact that [BMIM][NTf2] is a much worse hydrogen bond
acceptor than [BMIM][OTf]. This is due to a higher basic character of the [OTf] anion. Com‐
paring the solubilities of tannic acid, gallic acid and quercetin in [BMIM][OTf], at around 380
K, the solubility of phenols particularly gallic acid and quercetin are close to or higher than 0.4
mol fraction of phenolic compound. However, the experimental liquid curve trend is difficult
to explain, specially for gallic acid that at lower temperatures is the most soluble phenol, but
for higher temperatures stands as the less soluble. In fact, after around 330 K and above 0.2
mol fraction, the solubility of gallic acid increases much more slowly with temperature in
comparison with the solubility of tannic acid and quercetin. Curiously, the temperature at
which this reversed behavior occurs is around the same temperature at which the thermogh‐
raph of gallic acid presents a solid-solid phase transition (β1 crystalline form undergoes to a
α1 plastic form at 351 K). The same phenomena but much less pronounced is observed for
tannic acid. This kind of phenomena can be exploited to achieve separation of different
compounds by varying temperature conditions. In another work addressing the interaction
between natural bioactive compounds and ILs, that was recently published by Alevizou and
Voutas [25], the authors measured the solubilities of p-coumaric acid and caffeic acid in six 1-
alkyl-3-methyl imidazolium based ionic liquids composed of the same anions, BF4

-, PF6
-, OTf-,

NTf2
-. Caffeic acid was found to be less soluble in all ILs due to higher melting temperature

and heat of fusion comparing to p-coumaric acid. Furthermore hydrophilic ILs based on BF4
-

and OTf- were better solvents that hydrophobic ones based on PF6
- and NTf2

-. This is due to
the fact that hydrophilic ILs interact more stongly with both compounds through hydrogen
bonds. Comparing ILs with same imidazolium cation, solubility decreased in the following
order BF4

->OTf->PF6
->NTf2

-. The authors highlighted that results obtained are in agreement
with relative polarity, hydrophilicity and hydrogen bond basicity of studied ILs. For the case
of BF4

- and OTf- they were even better solvents than pentanol and ethyl acetate. Comparing
ILs with the same anion, as the alkyl chain increases, the solubility of both compounds
decreases in the case of hydrophilic BF4

-, and increases in the case of PF6
-. For biomass-derived

compounds, Carneiro et al. [26] proposed the utilization of ionic liquids as future solvents for
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biorefining. In this context, the authors investigated the potential of three ionic liquids for the
processing of the sugar alcohols sorbitol and xylitol, obtained respectively from glucose/
frutose and xilose. The authors [26] measured the solubility of sorbitol and xylitol within the
temperature range of 288 K to 328 K in three ionic liquids, specifically, 1-ethyl-3-methylimi‐
dazolium ethylsulfate, [EMIM][EtSO4], [Aliquat]Cl (a mixture of methyltrioctylammonium
chloride and methyltridecylammonium chloride), and [Aliquat][NO3] (the same cation
mixture with nitrate as anion). The solubility of both compounds decreased in the following
order [EMIM][EtSO4] > [Aliquat][Cl] > [Aliquat][NO3]. Since sorbitol and xylitol are very polar
and hydrophylic, the hydrophobicity of [Aliquat] cation causes weaker interactions between
the ILs and the solutes. As a result lower solubilities were obtained when using the two
ammonium based ILs, compared to those obtained using the hydrophilic ionic liquid, [EMIM]
[EtSO4]. Furthermore, the study explained the differences on solubility observed between the
two Aliquat’s, as a result of two factors. The first factor pointed out, was the water content of
[Aliquat][Cl], allowing greater quantities of solute to dissolve. The second factor, was the
higher Lewis basicity of chloride over nitrate anions, supplying a better capability to establish
hydrogen bonds with xylitol and sorbitol hydroxyl groups. For the three ILs, sorbitol was
always more soluble than xylitol. For the case of [EMIM][EtSO4], an additional hydroxyl group
in sorbitol resulted in a significant solubility difference due to stronger solute–solvent
interactions. In relation to hydrophobic [Aliquat][Cl] and [Aliquat][NO3], the additional OH
group does not play such an important role. The authors also noted that the solubility of the
two sugar alcohols could be connected with their melting properties, as lower attraction
between solutes and Aliquat based ILs occurs. In this way, because melting enthalpy is lower
for sorbitol, its solubility is expected to be higher

Bioactive
compound

Ionic
liquid

Solubility T/K Modelling Ref.

Caffeic acid

[BMIM][PF6] 0.0012-0.0024(xmol) 303.1-317.4

NRTL, UNIQUAQ [26]

[OMIM][PF6] 0.0014-0.0024(xmol) 303.1-317.4

[BMIM][BF4] 0.1536-0.1827(xmol) 303.1-317.4

[OMIM][BF4] 0.0451-0.0626(xmol) 303.1-317.4

[BMIM][NTf2] 0.0003-0.0011(xmol) 303.1-317.4

[BMIM][OTf] 0.0242-0.0541(xmol) 303.1-317.4

Caffeine

[BMIM][BF4] 84(mmol/L) 298.15

NA [18]
[OMIM][BF4] 83(mmol/L) 298.15

[BMIM][PF6] 100(mmol/L) 298.15

[OMIM][PF6] 34(mmol/L) 298.15

p-Coumaric acid

[BMIM][PF6] 0.0062-0.0102(xmol) 303.1-317.4

NRTL, UNIQUAQ [25][OMIM][PF6] 0.0063-0.0119(xmol) 303.1-317.4

[BMIM][BF4] 0.1951-0.2513(xmol) 303.1-317.4
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Bioactive
compound

Ionic
liquid

Solubility T/K Modelling Ref.

[OMIM][BF4] 0.0803-0.1100(xmol) 303.1-317.4

[BMIM][NTf2] 0.0028-0.0051(xmol) 303.1-317.4

[BMIM][OTf] 0.1054-0.1481(xmol) 303.1-317.4

Gallic acid
[BMIM][OTf] 0.0580-0.3596(xmol) 273.78-398.42

NA [24]
[BMIM][NTf2] 0.0052(xmol) 400.15

Quercetin
[BMIM][OTf] 0.0109-0.3954(xmol) 294.40-363.97

NA [24]
[BMIM][NTf2] 0.0022(xmol) 411.21

D-(-)- Sorbitol

[EMIM][EtSO4] 0.113-0.310(wmass) 289.2-328.3

UNIQUAQ, NRTL, eNRTL [26][Aliquat]Cl 0.123-0.250(wmass) 308.2-343.0

[Aliquat][NO3] 0.036-0.115(wmass) 308.0-344.9

Tannic acid

[BMIM] [BF4] 0.1437-0.2509(xmol) 275.91-325.15

NA [24]
[BMIM] [PF6] 0.0717-0.2544(xmol) 289.54-340.04

[BMIM] [OTf] 0.0052-0.2601(xmol) 276.71-351.13

[BMIM] [NTf2] 0.008(xmol) 410.59

Xylitol

[EMIM][EtSO4] 0.200-0.3377(wmass) 298.1-328.3 UNIQUAQ, NRTL, eNRTL

[26][Aliquat]Cl 0.186-0.248(wmass) 318.0-343.0 UNIQUAQ, NRTL, eNRTL

[Aliquat][NO3] 0.056-0.103(wmass) 317.8-344.4 UNIQUAQ, NRTL, eNRTL

Table 13. Solubility of natural and natural-derived bioactive compounds in ILs

The first work regarding solubility of pharmaceutical compounds in ILs was published in 2008
by the group of Florence and co-workers.[18] In this study, different drugs were used as models
for water-insoluble drugs (albendazole and danazol) and water-soluble drugs (acetaminophen
and caffeine). Their solubility in different ionic liquids were measured.ILs formed by the cation
1-alkyl-3-methylimidazolium with butyl, hexyl or octyl as alkyl chains and by the anions,
[PF6] and [BF4] were studied. The authors [18] underlined that drug structures indicate that
solute–solvent interactions are likely to involve hydrogen bonds, van der Waal's forces as well
as π–π interactions between aromatic ring. For the case of hydrophobic drugs, albendazole
presented precisely the expected results, in other words, a higher solubility for ILs with the
[PF6] anion and an increase in the solubility with an increase in the alkyl chain, was observed.
For the case of danazole, an increase in the alkyl chain has also resulted in an increase in the
solubility, but curiously, danazole presented a higher solubility in ILs with [BF4] anions. As
the [PF6] salts are more hydrophobic than the [BF4] salts it might have been expected that the
former would dissolve more a hydrophobic drug molecule as danazole (as indeed was
observed for albendazole). For the hydrophilic compound acetaminophen, solubility results
were, as expected, higher for ILs with [BF4] anions and decreased with the alkyl chain increase
of the imidazolium ring. Again, for the case of caffeine, however, none of these expected results
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were verified and it was the only case for which solubilities obtained were always lower than
it solubility in water. This highlights the difficulty in predicting solubility and the need for
systematic studies on drug solubility in a wider range of ILs. After that, Smith K.B. et al.[27]
have published solubilities of ibuprofen and acetaminophen on ILs at temperatures of 298.15
K, 308.15 K, 318.15 K, 328.15 K, and 338.15 K. Selected ILs were 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIM][PF6] and 1-hexyl-3-methylimidazoliumhexafluoro phosphate
[HMIM][PF6]. The authors observed that, both ILs were good solvents for ibuprofen and
paracetamol, which suggests that drug-solvent interactions are taking place for dissolution to
occur. Furthermore and contrary to what was expected, solubilities of both solutes were greater
in [HMIM][PF6] than [BMIM][PF6] over the conditions studied. Since acetaminophen is water
–soluble and ibuprofen is poorly water-soluble, one would expect opposite behaviours.
Acetaminophen as observed before, decreased solubility with an increase in the alkyl chain,
but not ibuprofen. Ibuprofen is a water poorly soluble drug and it solubility should increase
for more hydrophobic ILs. The author referred that [HMIM][PF6] may have a larger population
of cavities within which the drug dissolved leading to the observed higher solubility. Again,
these results highlight the difficulty predicting solute solubility in ILs. Furthermore, Bogel-
Lukasik E. and co-workers have focus their attention on the solubility of two anti-tuberculosis
drugs, namely, isoniazid and pyrazine-2-carboxamide in a series of 1-alkyl-3-methylimidazo‐
lium bis(trifluoromethylsulfonyl)amide [RMIM][NTf2] and 1-hexyl-3-methylimidazolium
trifluoromrthenesulfonate [HMIM][OTf] ionic liquids. [28,29] Regarding the [NTf2] ionic
liquids and for both drugs studied, the solubility decreases with an increase of the alkyl chain
(R). This is a direct result of the decrease of the acidity of the proton in the position 2 of the
imidazolium ring for longer alkyl chains. For comparison between [HMIM][NTf2] and [HMIM]
[OTf], the solubility of both drugs in [HMIM][OTf] was significantly higher, in agreement with
general recognition that [OTf] ILs are better solvents for compounds capable of forming
hydrogen bonds. However, isoniazid was slightly less soluble than pyracarboxamide which
is very likely due to basic character of hydrazine. The solubility of these anti-tuberculosis drugs
were further tested in ammonium-based ILs. [30] Ammonium ionic liquids, namely, didecyl‐
dimethylammonium nitrate [DDA][NO3], (benzyl)dimethylalkylammonium nitrate (where
alkyl= C12H25 (w=0.4) and C14H29 (w=0.6)) [BDMA][NO3], ethyl(2-hydroxyethyl)dimethy‐
lammonium bis(trifluoromethylsulfonyl)amide [N2,2OH,1,1][NTf2], were studied. Both drugs
presented similar solubility trends, with the highest solubility observed for [DDA][NO3],
followed by [N2,2OH,1,1][NTf2] and [BDMA][NO3]. For ammonium ILs, contrary to what was
found for imidazolium ILs, isoniazid was slightly more soluble than pyrazicarboxide. Results
obtained allowed to conclude that ammonium ILs are better solvents than imidazolium, even
imidazolium triflate. Finally Bogel-Lukasik E. and co-workers [31] extended their investigation
to other pharmaceutical compounds, namely, N-acetyl-cysteine, coumarin and 4-hydroxy‐
coumarin. In this case ionic liquids investigated were again imidazolium ILs containing the
[NTf2] and [OTf] anions. For hydrophilic compounds (e.g. N-acetyl-cysteine and 4-hydroxy‐
coumarin) and as expected, solubility was higher in the [OTf] ILs than in [NTf2] ILs, further‐
more it decreased with increasing alkyl chain. A longer alkyl chain decreases the acidity of the
proton in position 2 of the imidazolium ring, therefore reducing capability of forming
hydrogen bonds.
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Bioactive
compound

Ionic
liquid

Solubility T/K
Modelling

Equation/Deviations
Ref.

Acetaminophen

[BMIM][BF4] "/>132(mmol/L) 298.15

NA [18,27]
[OMIM][BF4] 126(mmol/L) 298.15

[BMIM][PF6] 52(mmol/L) 298.15

[OMIM][PF6] 10(mmol/L) 298.15

N-acetyl-L-cysteine

[EMIM][OTf] 0.0889-0.9295(xmol) 283.34-378.61

Wilson, UNIQUAQ,
UNIQUAQ ASM, NRTL,

NRTL1, NRTL2
[31]

[BMIM][OTf] 0.0644-0.9054(xmol) 293.11-379.13

[BMIM][NTf2] 0.0866-0.8775(xmol) 306.47-377.79

[HMIM][NTf2] 0.0635-0.8843(xmol) 298.36-378.10

[DMIM][NTf2] 0.0102-0.8984(xmol) 305.35-381.04

Albendazole

[BMIM][BF4] 1.49(mmol/L) 298.15

NA [18]

[HMIM][BF4] 2.97(mmol/L) 298.15

[OMIM][BF4] 7.2(mmol/L) 298.15

[BMIM][PF6] 29(mmol/L) 298.15

[HMIM][PF6] 53(mmol/L) 298.15

[OMIM][PF6] >75(mmol/L) 298.15

Coumarin

[EMIM][OTf] 0.0714-0.8995(xmol) 275.51-338.77

Wilson, UNIQUAQ,
UNIQUAQ, ASM,

NRTL, NRTL1, NRTL2
[31]

[BMIM][OTf] 0.1463-0.9060(xmol) 278.38-337.47

[EMIM][NTf2] 0.1387-0.8865(xmol) 263.58-334.28

[BMIM][NTf2] 0.2879-0.8844(xmol) 274.32-332.38

[HMIM][NTf2] 0.2651-0.8788(xmol) 267.71-330.92

[DMIM][NTf2] 0.4034-0.8906(xmol) 276.24-332.36

Danazole

[BMIM][BF4] 18.9(mmol/L) 298.15

NA [18]
[OMIM][BF4] >59(mmol/L) 298.15

[BMIM][PF6] 11.9(mmol/L) 298.15

[OMIM][PF6] 35(mmol/L) 298.15

Erythromycin

[BMIM][NTf2] 0.030-0.047(xmol) 285.1-348.2

Grant equation [32]

[DMIM][NTf2] 0.070-0.074(xmol) 288.2-356.2

[P6,6,6,14][Cl] 0.085-0.097(xmol) 298.0-357.2

[N4,1,1,1][NTf2] 0.053- 0.056(xmol) 296.8-354.5

[N1,8,8,8][NTf2] 0.097-0.106(xmol) 310.2-358.0

[Pyrr4,1][NTf2] 0.016-0.020(xmol) 284.4-354.2
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Bioactive
compound

Ionic
liquid

Solubility T/K
Modelling

Equation/Deviations
Ref.

4-
Hydroxycoumarin

[EMIM][OTf] 0.0711-0.4887(xmol) 283.02-408.56 Wilson, UNIQUAQ,
UNIQUAQ, ASM,

NRTL, NRTL1, NRTL2
[31][BMIM][OTf] 0.0566-0.4625(xmol) 293.46-415.20

[BMIM][NTf2] 0.0203-0.2667(xmol) 321.38-411.60

Isoniazid

[EMIM][NTf2] 0.008-0.187(xmol) 331.06-409.47

Wilson, UNIQUAQ,
UNIQUAQ, ASM,

NRTL, NRTL1, NRTL2
[28]

[BMIM][NTf2] 0.004-0.213(xmol) 323.60-415.89

[HMIM][NTf2] 0.003-0.169(xmol) 324.61-413.00

[OMIM][NTf2] 0.003-0.140(xmol) 325.64-409.46

[DMIM][NTf2] 0.003-0.139(xmol) 326.69-410.82

[DMIM][OTf] 0.006-0.350(xmol) 314.17-406.42

[DDA] [NO3] 0.0452-0.4927(xmol) 308.36-418.48 Wilson, UNIQUAQ,
UNIQUAQ, ASM,

NRTL, NRTL1, NRTL2
[30][BDMA][NO3] 0.0429-0.3817(xmol) 321.38-415.71

[N2,2OH,1,1][NTf2] 0.0167-0.3236(xmol) 292.15-402.51

Pyrazine-2-
carboxamide

[EMIM][NTf2] 0.0048-0.2122(xmol) 294.40-409.43

Wilson, UNIQUAQ,
UNIQUAQ, ASM,

NRTL, NRTL1, NRTL2
[29]

[BMIM][NTf2] 0.0036-0.2823(xmol) 279.27-423.73

[HMIM][NTf2] 0.0020-0.2318(xmol) 275.27-415.25

[OMIM][NTf2] 0.0030-0.1940(xmol) 275.37-416.66

[DMIM][NTf2] 0.0027-0.1726(xmol) 275.32-413.79

[DMIM][OTf] 0.0076-0.4867(xmol) 290.40-417.42

[DDA] [NO3] 0.0343-0.3912(xmol) 320.30-403.83 Wilson, UNIQUAQ,
UNIQUAQ, ASM,

NRTL, NRTL1, NRTL2
[30][BDMA][NO3] 0.0168-0.2414(xmol) 319.63-401.32

[N2,2OH,1,1][NTf2] 0.0068-0.3375(xmol) 293.19-409.67

Table 14. Solubility of pharmaceutical compounds in ILs

Manic and Najdanovic-Visak [32] reported on the solubility of erythromycin in imidazolium,
ammonium and phosphonium ILs, namely, 1-butyl-3-methylimidazolium bis(trifluorome‐
thylsulfonyl)imide ([BMIM][NTf2]), 1-decyl-3-methylimidazolium bis(trifluoromethylsulfon‐
yl)imide ([HMIM][NTf2]), trihexiltertadecilphosphonium chloride ([P6,6,6,14][Cl]),
butyltrimethylammonium bis(trifluoromethylsulfonyl)imide ([N4,1,1,1][NTf2]), methyltriocty‐
lammonium bis(trifluoromethylsulfonyl)imide ([N1,8,8,8][NTf2]), and 1-butyl-1-methylpyrroli‐
dinium bis(trifluoromethylsulfonyl)imide ([Pyrr4,1][NTf2]). Results obtained indicate that
solubility decreased in the following order, [N1,8,8,8][NTf2]> [P6,6,6,14][Cl] > [C10mim][NTf2]>
[N4,1,1,1][NTf2] > [BMIM][NTf2] > [Pyrr4,1][NTf2]. Furthermore, longer alkyl chains for both
imidazolium and ammonium based ILs led to higher solubility of the studied compound.
Azevedo et al. [33] have studied the solubility of a new cardioactive prototype drug, 2-
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Solubility T/K
Modelling

Equation/Deviations
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Manic and Najdanovic-Visak [32] reported on the solubility of erythromycin in imidazolium,
ammonium and phosphonium ILs, namely, 1-butyl-3-methylimidazolium bis(trifluorome‐
thylsulfonyl)imide ([BMIM][NTf2]), 1-decyl-3-methylimidazolium bis(trifluoromethylsulfon‐
yl)imide ([HMIM][NTf2]), trihexiltertadecilphosphonium chloride ([P6,6,6,14][Cl]),
butyltrimethylammonium bis(trifluoromethylsulfonyl)imide ([N4,1,1,1][NTf2]), methyltriocty‐
lammonium bis(trifluoromethylsulfonyl)imide ([N1,8,8,8][NTf2]), and 1-butyl-1-methylpyrroli‐
dinium bis(trifluoromethylsulfonyl)imide ([Pyrr4,1][NTf2]). Results obtained indicate that
solubility decreased in the following order, [N1,8,8,8][NTf2]> [P6,6,6,14][Cl] > [C10mim][NTf2]>
[N4,1,1,1][NTf2] > [BMIM][NTf2] > [Pyrr4,1][NTf2]. Furthermore, longer alkyl chains for both
imidazolium and ammonium based ILs led to higher solubility of the studied compound.
Azevedo et al. [33] have studied the solubility of a new cardioactive prototype drug, 2-

Ionic Liquids - Current State of the Art244

thienylidene-3,4-methylenedioxybenzoylhydrazine (LASSBio-294) in seven different imida‐
zolium based ILs at room temperature. Selected ILs were the following, 1-ethyl-3-
methylimidazolium methyl phosphonate [EMIM][CH3O(H)PO2], 1-ethyl-3-
methylimidazolium ethyl phosphonate [EMIM][C2H5O(H)PO2], 1-ethyl-3-
methylimidazolium acetate [EMIM][CH3COO], 1,3-dimethylimidazolium methyl
phosphonate [DMIM][CH3O(H)PO2], 1-butyl-3-methylimidazolium acetate [BMIM]
[CH3COO], 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4], 1-butyl-3-methyli‐
midazolium bis(trifluoromethylsulfonyl)imide [BMIM][NTf2]. This time, classical [BMIM]
[BF4] and [BMIM][NTf2] were not able to solubilize LASSBio-294. On the other hand, one of
the higher solubility was observed for [BMIM][CH3COO], probably due to the good capacity
of the anion to form hydrogen bond and delocalize charges between the oxygen atoms.
Furthermore, the solubility decreased with a decrease in the cation alkyl chain for [EMIM]
[CH3COO] due to drug hydrophobicity. At the same level of [BMIM][CH3COO] is the IL,
[EMIM][C2H5O(H)PO2] but decreasing the alkyl chain of the anion for [EMIM][CH3O(H)PO2]
decreases the drug solubility (also due to a decrease of hydrophobicity). Curiously by
comparing LASSBio-294 solubility in [EMIM][CH3O(H)PO2] and [DMIM][CH3O(H)PO2], the
solubility was higher in [DMIM][CH3O(H)PO2]. Since in this case an increase in the hydro‐
phobicity was not observed, the authors concluded that the solubility depends not only of each
ion separately but also on a combined cation-anion effect. The future of processing bioactive
compounds, either synthetic or natural, with ILs, is certainly very promising, which was
evidenced by the number of articles published, reporting successful results on several
applications. However, with respect to experimental data regarding fundamental studies, to
determine interactions between bioactives and ILs (e.g. solubility), until now, very few
compounds were explored. Also very few ILs have been tested. Actually most of the authors,
have addressed classic imidazolium cations combined with [BF4], [PF6], [OTf] and [NTf2]
anions, which are the most studied in terms of thermophysical properties. In this way, some
of the authors have actually correlated their results, mainly using local composition models
like UNIQUAQ and NRTL, with acceptable deviations and good representations of the
experimental data. Nevertheless fundamental data is scarce and it is necessary to further
understand and design new successful processes.

4. Solubility of biopolymers in ionic liquids

Biomass is regarded as a permanent source of renewable feedstock on the planet for both
material and energy [34]. Various lignocellulosic materials, such as agricultural residues,
forestry wastes, waste paper, and energy crops, have been recognized as potential sustainable
fonts of sugars for transformation into fuel or value-added products currently derived from
petroleum [35]. Biomass primarily consists of polymeric carbohydrates: cellulose and hemi‐
cellulose, and the aromatic polymer lignin. These components are firmly cross-linked by
numerous inter- and intramolecular hydrogen bonds making processing of biomass an
extremely challenging task. In order to access the carbohydrates in the biomass an additional
deconstruction step (so called pretreatment) is required. The goal is to disrupt the lignin-
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carbohydrate complex, decrease cellulose crystallinity and partially remove lignin and
hemicelluloses. Traditional methods currently used either for pretreatment or carbohydrates
dissolution typically demand harsh conditions (elevated temperature, and often also elevated
pressure, usage of strong acids or bases), and sometimes cause serious environmental, energy,
or safety problems [36]. Less energy consuming, more environmentally friendly, and highly
efficient approaches are in great need. New solvents systems are crucial for not only decon‐
struction and separation of biomass components, but also for successful regeneration or
derivatisation of sugar polymers under homogeneous conditions.

The capability of ILs to act as media for biomass processing has already been reported [37-42].
After Rogers et al. [43] first reported in 2002 that cellulose could be dissolved in IL, 1-butyl-3-
methylimidazolium chloride ([BMIM][C1]), the research on application of ILs to carbohydrate
chemistry started to attract a great deal of attention. This subchapter is meant to provide an
update on recent advances in the field of solubility of carbohydrates in ILs which has already
been reviewed elsewhere [44]. This work covers the solubility data that were published since
2009 till present. Since many comprehensive and excellent reviews on modification of carbo‐
hydrates in ILs are already available [45-47], this subject is omitted in the subsequent discus‐
sion. Interest in using ILs as media for carbohydrates has so far been centered on the dissolution
and processing of cellulose [48-53]. One of the major drawbacks of cellulose concerning its
industrial application is the insolubility in water and most of conventional solvents due to its
compact structure and chemical complexity. The capacity of certain ILs to dissolve cellulose
is primarily related with strong hydrogen bonding between the ILs anion and the hydroxyl
groups of cellulose [48,54-57]. This association was confirmed for cellulose or glucose/glucose
oilgomer models by means of NMR [58-60], neutron scattering [60], molecular dynamic [61-65]
and density functional theory computational approaches [66]. It is commonly accepted that
the anion of the ILs plays a predominant role in dissolution. A high basicity of the anion is
considered as a major criterion to effectively dissolve cellulose [67,68]. The stronger the
hydrogen bond basicity of the anion, the stronger the ability of the IL to dissolve cellulose.
However, the exact mechanism of cellulose dissolution has not been completely understood
so far. In particular, some speculations exist into the role of the cation [48, 69-74]. Most of the
researchers attribute the dissolution ability of ILs only to the anion, while the interactions
between the cation and the carbohydrate play secondary role [58,60,61,65,75]. However, the
idea that both IL ions, anion and cation, participate in the dissolution process by formation of
hydrogen bonds has been considered as well [52,71,74,76,77]. Some data have even suggested
that since cellulose is amphiphilic the hydrophobic interactions between the IL cation and the
cellulose are responsible for the dissolution of cellulose [41,70].

To date, ILs that have been found suitable for cellulose dissolution contain imidazolium- or
pyridinium-based cations combined with anions of basic character such as chloride [43,78],
carboxylates (formate [79], acetate [56,78]), phosphates [80] or phosphonates [67]. On the other
hand, some IL ions have been shown to be unable to dissolve cellulose. Examples include
pyrrolidinium and piperidinium cations and tetrafluoroborate, hexafluorophosphate, dicya‐
namide, bis(trifluoromethanesulfonyl)amide or trifluoromethanesulfonate anions
[40,53,56,74]. Bromide and dicyanamide ILs are known to dissolve cellulose only with low
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degree of polymerization [81-83]. Dicyanamide-based ILs are not efficient for cellulose
dissolution but they are capable of dissolving monosaccharides [84-86]. Table 15 presents
solubility data for main lignocellulosic polymers: cellulose, hemicelluloses and lignin
[56,74,82,83,87-90]. It is interesting to note, that replacing proton in the acetate anion with
electron-withdrawing group, such as hydroxyl (-OH), thiol (-SH), amine (-NH2) or hydroxy‐
methyl (-CH2OH) group, results in a decreased solubility of cellulose [56]. Changes in the
cation structure are also not insignificant. When the alkyl chain length in the cation is increased,
the solvent power of ILs for cellulose seems to decrease [43]. Moreover, for the small alkyl
chains (pentyl and shorter) of 1-alkyl-3-methylimidazolium chloride, the strong odd-even
effect was observed [58]. Even-numbered alkyl side chains proved to be better suited for
cellulose dissolution than odd-numbered chains. Alkyloxy and alkyloxyalkyl groups attached
to the imidazolium ring may either enhance or decrease solubility of cellulose [74,91,92]. In
some cases IL solvent systems can also be used. Mixtures of ILs and polar organic co-solvent
(e.g, dimethylsulfoxide (DMSO), N,N-dimethylformamide (DMF) or N,N-dimethylacetamide
(DMA) have been successfully applied [93,94], even at ambient temperature [90]. The great
advantage of such mixtures is reduced viscosity of the cellulose solutions that leads to
acceleration of the dissolution process from hours down to minutes. Addition of lithium salts
(e.g., Li(OAc), LiCl, LiBr, LiNO3 or LiClO4) into [BMIM][OAc] significantly increases the
solubility of cellulose [56]. This observation was studies by 13C NMR spectra, and the results
suggest that the enhanced solubility originates from the disruption of the intermolecular
hydrogen bond owing to the interaction of lithium cations with the hydroxyl oxygen of
cellulose.

The desired high basicity that allows an IL to dissolve cellulose unfortunately makes the IL
very hydroscopic. Water is found to perturb the solvation of carbohydrates considerably
[43,89,94]. It hydrogen-bonds to the ILs anion or to cellulose removing the primary driving
force for the solubility of cellulose, the anion-cellulose hydrogen bonds. Amounts even as low
as 0.15 wt% were reported to start precipitation of cellulose in the 1-ethyl-3-methylimidazoli‐
um chloride ([EMIM][C1]) [89]. On the other hand, this is very advantageous for the regener‐
ation of carbohydrates already dissolved in ILs [95]. Cellulose can be easily precipitated from
the cellulose-IL solution by addition of solvents, such as water, alcohol, acetone or acetonitrile
[38,43,56,68,78]. The regenerated cellulose exhibits typically lower degrees of crystallinity
compared to the native cellulose. Various novel cellulose materials can be prepared from
cellulose-IL solutions, such as composites [96,97], membranes [98], films [78,99], fibers
[100,101] or nanofibrillar cellulose aerogels [102]. The conventional pulping techniques are
primarily focused on maximizing the cellulose yield neglecting the potential of lignin and
hemicellulose. The first is typically degraded during the delignification step or used as a fuel
in subsequent processing, often at really low efficiency [103]. The second can be isolated from
cellulose, after the delignification, but this typically involves its partial degradation. The clean
fractionation of these polymers is very important for the successful utilization of biomass [39].
Although it is difficult to achieve this goal, the possibility of separation of lignocelluloses
components with ILs has already been explored [42]. There exist some reports on selective
extraction of hemicellulose [104-107] or lignin [88,108]. Dissolution of wood in ILs has also
been studied [38,42,109-111]. However, the data on the solubility of the particular polymers is
still scarce [82,88,112-114].
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Carbohydrate Ionic liquid Solubility T [K] Ref.

microcrystalline cellulose
[AMIM][Cl] ~ 2-11 %wt 358.15-383.15 [87]

[BMIM][Cl] 14 g/100g IL 363.15 [88]

commercial cellulose
[BMIM][Cl] 18.4 mg/g IL 353.15-363.15 [82]

[BMIM][Cl] 6.2 g/100g IL 363.15 [89]

wood cellulose sulfate
(DP=495)

[BMIM][Cl] 5 %wt 363.15 [83]

[BMIM][Cl] 10 %wt 373.15 [83]

[BMIM][Br] 4 %wt 373.15 [83]

[BMIM][SCN] 3.5 %wt 373.15 [83]

[BMIM][OAc] 10 %wt 363.15 [83]

microcrystalline cellulose
(DP=229)

[BMIM][OAc] 11.5-19 wt% 313.15-353.15 [56]

[BMIM][OAc]/Li[OAc] 12-20 wt% 313.15-353.16 [56]

[BMIM][OAc]/LiCl 12-20 wt% 313.15-353.17 [56]

[BMIM][OAc]/LiBr 11.5-19.5 wt% 313.15-353.18 [56]

[BMIM][OAc]/LiClO4 12-21 wt% 313.15-353.19 [56]

[BMIM][OAc]/LiNO3 12-21 wt% 313.15-353.20 [56]

[BMIM][OAc] 23-58 g/mol IL 313.15-393.15 [74]

[BMIM][OAc]/DMSO 15% 298.15 [90]

[BMIM][OAc]/DMF 12.5% 298.15 [90]

[BMIM][OAc]/DMA 5.5% 298.15 [90]

[BMIM][(C6H5)COO]/DMSO 9% 298.15 [90]

[BMIM][(C6H5)COO] < 1-12 wt% 313.15-343.15 [56]

[BMIM][CH3CHOHCOO] 8-9.5 wt% 333.15-343.15 [56]

[BMIM][HCOO] 7.5-12.5 wt% 313.15-343.15 [56]

[BMIM][HOCH2COO] 7.5-10.5 wt% 323.15-343.15 [56]

[BMIM][HSCH2COO] < 1-13.5 wt% 313.15-343.15 [56]

[BMIM][H2NCH2COO] < 1-12 wt% 313.15-343.15 [56]

microcrystalline cellulose
[DMIM][Cl] ~ 4-23 %wt 343.15-383.15 [87]

[EMIM][OAc] 22 g/100g IL 363.15 [88]

commercial cellulose
[(CN)EMIM][Br] 33.8 mg/g IL 353.15-363.15 [82]

[PrMIM][Br] 16.6 mg/g IL 353.15-363.15 [82]

microcrystalline cellulose
(DP=229)

[BDMIM][OAc] 5-37 g/mol IL 323.15-393.15 [76]

[C2OHMIM][OAc] 1-34 g/mol IL 323.15-393.15 [76]

[C3OMIM][OAc] 8-56 g/mol IL 313.15-393.15 [76]

Ionic Liquids - Current State of the Art248



Carbohydrate Ionic liquid Solubility T [K] Ref.

microcrystalline cellulose
[AMIM][Cl] ~ 2-11 %wt 358.15-383.15 [87]

[BMIM][Cl] 14 g/100g IL 363.15 [88]

commercial cellulose
[BMIM][Cl] 18.4 mg/g IL 353.15-363.15 [82]

[BMIM][Cl] 6.2 g/100g IL 363.15 [89]

wood cellulose sulfate
(DP=495)

[BMIM][Cl] 5 %wt 363.15 [83]

[BMIM][Cl] 10 %wt 373.15 [83]

[BMIM][Br] 4 %wt 373.15 [83]

[BMIM][SCN] 3.5 %wt 373.15 [83]

[BMIM][OAc] 10 %wt 363.15 [83]

microcrystalline cellulose
(DP=229)

[BMIM][OAc] 11.5-19 wt% 313.15-353.15 [56]

[BMIM][OAc]/Li[OAc] 12-20 wt% 313.15-353.16 [56]

[BMIM][OAc]/LiCl 12-20 wt% 313.15-353.17 [56]

[BMIM][OAc]/LiBr 11.5-19.5 wt% 313.15-353.18 [56]

[BMIM][OAc]/LiClO4 12-21 wt% 313.15-353.19 [56]

[BMIM][OAc]/LiNO3 12-21 wt% 313.15-353.20 [56]

[BMIM][OAc] 23-58 g/mol IL 313.15-393.15 [74]

[BMIM][OAc]/DMSO 15% 298.15 [90]

[BMIM][OAc]/DMF 12.5% 298.15 [90]

[BMIM][OAc]/DMA 5.5% 298.15 [90]

[BMIM][(C6H5)COO]/DMSO 9% 298.15 [90]

[BMIM][(C6H5)COO] < 1-12 wt% 313.15-343.15 [56]

[BMIM][CH3CHOHCOO] 8-9.5 wt% 333.15-343.15 [56]

[BMIM][HCOO] 7.5-12.5 wt% 313.15-343.15 [56]

[BMIM][HOCH2COO] 7.5-10.5 wt% 323.15-343.15 [56]

[BMIM][HSCH2COO] < 1-13.5 wt% 313.15-343.15 [56]

[BMIM][H2NCH2COO] < 1-12 wt% 313.15-343.15 [56]

microcrystalline cellulose
[DMIM][Cl] ~ 4-23 %wt 343.15-383.15 [87]

[EMIM][OAc] 22 g/100g IL 363.15 [88]

commercial cellulose
[(CN)EMIM][Br] 33.8 mg/g IL 353.15-363.15 [82]

[PrMIM][Br] 16.6 mg/g IL 353.15-363.15 [82]

microcrystalline cellulose
(DP=229)

[BDMIM][OAc] 5-37 g/mol IL 323.15-393.15 [76]

[C2OHMIM][OAc] 1-34 g/mol IL 323.15-393.15 [76]

[C3OMIM][OAc] 8-56 g/mol IL 313.15-393.15 [76]

Ionic Liquids - Current State of the Art248

Carbohydrate Ionic liquid Solubility T [K] Ref.

[BzMIM][OAc] 1-34 g/mol IL 323.15-393.15 [76]

[BEBIM][OAc] < 1 g/mol IL 393.15 [76]

[EEBIM][OAc] < 1 g/mol IL 393.15 [76]

[AMMOR][OAc] 1-28 g/mol IL 323.15-393.15 [76]

[EMMOR][OAc] 1-31 g/mol IL 333.15-393.15 [76]

[AMPIP][OAc] 10-19 g/mol IL 363.15-393.16 [76]

[BMPIP][OAc] 1-7 g/mol IL 353.15-393.17 [76]

[BEBT][OAc] < 1 g/mol IL 393.15 [76]

[BMPL][OAc] 1-3 g/mol IL 373.15-393.15 [76]

commercial lignin

[(CN)EMIM][Br] 95.3 mg/g IL 353.15-363.15 [82]

[PRMIM][Br] 62.4 mg/g IL 353.15-363.15 [82]

[BMIM][Cl] 87.8 mg/g IL 353.15-363.15 [82]

Kraft lignin
Indulin AT

[EMIM][OAc] 2 g/100g IL 363.15 [88]

[BMIM][Cl] < 0.1 g/100g IL 363.15 [88]

[MeMe(EtOH)NH][HCOO] 2 g/100g IL 363.15 [88]

xylan from birch wood

[EMIM][CH3COO] 2 g/100g IL 363.15 [88]

[BMIM][Cl] < 0.1 g/100g IL 363.15 [88]

[MeMe(EtOH)NH][HCOO] 2 g/100g IL 363.15 [88]

DP-degree of polymerisation

Table 15. Solubility of main lignocellulosic polysaccharides in ILs

Chitin  is  structurally  similar  to  cellulose  with  one  hydroxyl  group  on  each  monomer
replaced by an acetylamine group, while chitosan is N-deacetylated product of chitin. In
contrast  to cellulose,  only a few examples of  the dissolution of chitin or chitosan in ILs
have  been  reported  [87,115,116].  Recently,  a  series  of  ILs  containing  alkylimidazolium
chloride,  alkylimidazolium  dimethylphosphate,  and  1-allyl-3methylimidazolium  acetate
([AMIM][OAc])  to  dissolve  chitin  were  used.  It  was  noticed that  the  degree  of  acetyla‐
tion, the crystallinity, the molecular weights of chitin, as well as the nature of the anion of
the IL all affect the dissolution behavior of chitin in ILs [117]. The acetate anion was strong
enough  to  cleave  the  hydrogen  bond  network  of  chitin,  while  the  chloride  anion  and
dimethylphosphate anion were less efficient. The same was observed for chitosan [118,119].
The dissolving power of acetate ILs for chitosan seems stronger than that of chloride ILs.
At a given temperature, the dissolution performance of the ILs for chitosan decreases in
the  order:  [BMIM][OAc]  >  [BMIM][CH3CH2COO]  >  [BMIM][CH3CH2CH2OO]  >  [BMIM]
[C6H5COO]  >  [BMIM][HOCH2COO]  >  [BMIM][HCOO]  >  [BMIM][CH3CHOHCOO]  >
[BMIM][N(CN)2].  The  influence  of  the  cation  on  the  solubility  of  chitosan  in  chloride-
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based ILs was also determined and the solubility decreases as follow: 1,3-dimethylimidazo‐
lium  chloride  ([DMIM][Cl])  >  [AMIM][Cl]  >  [BMIM][Cl]  [87].  In  the  same  study,  the
mixtures  of  ILs  have  been tested for  the  dissolution of  chitosan and good results  were
obtained. Both chitin and chitosan due to their favorable properties such as good biocom‐
patibility, biodegradability, absorptivity and nontoxicity find many applications in the field
of tissue engineering, drug delivery, food preservation, waste water purification, packag‐
ing or cosmetics [120-123]. Very recently it was reported that chitosan together with agarose
[124], or agarose on its own [125,126], were used to prepare ionogels which are shown to
be smart polymeric conducting materials [127]. Agarose is an algal polysaccharide compris‐
ing  alternating  D-galactose  and  3,6-anhydro-L-galactose  repeating  units,  essentially
uncharged.  Over the years it  was often use for  its  gelling properties.  Similarly to cellu‐
lose, due to the large number of hydroxyl groups in its structure, agarose is insoluble in
many common organic solvents and cold water. ILs that were found to dissolve agarose
are of basic character and are able to disrupt the hydrogen-bonding network of the polymer
leading to dissolution [125,126]. Unlike cellulose, where the alkyl chain length of the cation
has very limited effect on solubility [58,60,61,65,75], a remarkable decrease of solubility of
agarose with increase in alkyl chain length of the cation was observed (compare [bmim]
[Cl]  with  1-octyl-3methylimidazolium  chloride  ([OMIM][Cl])  in  Table  16  [125].  When
compared to neat ILs, an increase in the solubility of agarose is observed in general in the
mixed IL-IL system (e.g., compare [MeNH3][HCOO] with [MeNH3][HCOO]/[BMPy][Cl] or
[MeNH3][HCOO]/[BMIM][Cl] in Table 16 [126].

Carbohydrate Ionic liquid Solubility T [K] Ref

Chitin
(DA=91.6%)

[AMIM][OAc] 5 %wt 383.15 [117]

[AMIM][Cl] 0.5 %wt < 318.15 [117]

[BMIM][Cl] ns 453.15 [117]

[EMIM][(CH3O)2PO2] 1.5 %wt < 333.15 [117]

[DMIM][CH3O)2PO2] 1.5 %wt < 333.15 [117]

[C2OHMIM][Cl] ns 453.15 [117]

Chitosan
(DC=75-85%)

[BMIM][HCOO] 0.6-8.4 % 343.15-423.15 [119]

[BMIM][OAc] 0.8-14.4 % 343.15-423.15 [119]

[BMIM][CH3CH2COO] 0.2-12.4 % 343.15-423.15 [119]

[BMIM][CH3(CH2)2COO] 0.2-10.4 % 343.15-423.15 [119]

[BMIM][HOCH2COO] 0.6-9.6 % 343.15-423.15 [119]

[BMIM][CH3CHOHCOO] 0.4-6.2 % 343.15-423.15 [119]

[BMIM][(C6H5)COO] 1.4-7.6 % 343.15-423.15 [119]

Chitosan
(DC > 90%)

[AMIM][Cl]/[MIM][Cl] ~1-12 %wt 353.15-383.15 [87]

[DMIM][Cl]/[MIM][Cl] ~ 3-16 %wt 343.15-383.15 [87]
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Carbohydrate Ionic liquid Solubility T [K] Ref

corn starch [AMIM][Cl] 11.75% 363.15 [128]

wheat starch [AMIM][Cl] 11.25% 363.15 [128]

rice starch [AMIM][Cl] 11% 363.15 [128]

mung bean [AMIM][Cl] 10.50% 363.15 [128]

potato starch [AMIM][Cl] 9% 363.15 [128]

maiz starch [BMIM][Cl] 10 wt% 373.15 [131]

Agarose

[BMIM][Cl] 16 %wt 343.15 [125]

[BMIM][CH3OSO3] 5 %wt 343.15 [125]

[OMIM][Cl] 4.5 %wt 343.15 [125]

[BMPy][Cl] 13 %wt 343.15 [125]

[HOEtNH3][HCOO] 5 %wt 343.15 [126]

[MeNH3][HCOO] 14 %wt 343.15 [126]

[EtNH3][HCOO] 20 %wt 343.15 [126]

[HOEtNH3][HCOO]/[BMIM][Cl] 8 %wt 343.15 [126]

[MeNH3][HCOO]/[BMIM][Cl] 18 %wt 343.15 [126]

[EtNH3][HCOO]]/[BMIM][Cl] 7 %wt 343.15 [126]

[HOEtNH3][HCOO]/[BMPy][Cl] 7 %wt 343.15 [126]

[MeNH3][HCOO]/[BMPy][Cl] 21 %wt 343.15 [126]

[EtNH3][HCOO]/[BMPy][Cl] 25 %wt 343.15 [126]

[HOEtNH3][HCOO]/[BMIM][CH3OSO3] 14 %wt 343.15 [126]

[MeNH3][HCOO]/[BMIM][CH3OSO3] 23 %wt 343.15 [126]

[EtNH3][HCOO]/[BMIM][CH3OSO3] 26 %wt 343.15 [126]

DA-degree of acetylation; DC-degree of deacetylation

Table 16. Solubility of polysaccharides in ILs

Starch is another example of one the most abundant natural polymers. Its utilization in its
native form is often limited though. This is due to some undesirable characteristics such as
poor solubility, low mechanical properties, and instability at high temperature and pH during
processing. The derivatisation of starch is typically required in order to overcome these
shortcomings and improve its functionality for industrial applications [129]. During the last
few years an increasing interest in manufacturing value-added products based on starch
utilizing ILs has been observed, whilst much less attention has been paid to the subject of
solubility of starch in ILs [130-132]. Very recently, reports comparing the dissolution of starch
in IL, [EMIM][OAc], with gelatinization process in water ware published [133,134]. Consid‐
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ering the mechanism of dissolution, it was stated that in case of pure IL, the solvent penetrates
starch granule making outer layer slightly swollen and transparent. With time, less and less
granules can be seen, up to complete visual disappearance. In water, starch granules first swell
with temperature increase and then burst. For mixed [EMIM][OAc]-water systems, the
behavior of the solvent depends on the [EMIM][OAc]-water ratio. For 25–75% and 50–50%
[EMIM][OAc]–water systems the gelatinisation takes place. The dissolution similar to the one
in pure ILs occurs for 75% [EMIM][OAc]–25%water system and the presence of water strongly
accelerates it. It seems that water swells the outer layer first facilitating penetration of the IL,
and thus starch dissolution. Additionally, the viscosity of the 75% [EMIM][OAc]–25%water
system is much lower than that of a pure [EMIM][OAc].

Carbohydrate Ionic liquid Solubility T [K] Ref.

β-cyclodextrin

[AMIM][Cl] 79.4-112.3 g/100g IL 333.15-353.15 [141]

[BMIM][Cl] 69.7-106.7 g/100g IL 343.15-363.15 [141]

[C2OHMIM][Cl] 78.4-110.4 g/100g IL 338.15-358.15 [141]

[AMIM][N(CN)2] 102.3-132.2 g/100g IL 333.15-353.15 [141]

[BMIM][N(CN)2] 73-105.1 g/100g IL 333.15-353.15 [141]

[C2OHMIM][N(CN)2] 90.5-121.5 g/100g IL 333.15-353.15 [141]

Table 17. Solubility of oligosaccharides in ILs

Hydrolysis of starch produces a group of low-molecular-weight carbohydrates named
dextrins [135]. Dextrins are mixtures of linear and branched (1,4)-linked α-glucose polymers,
while cyclodextrins are a series of cyclic oligosaccharides composed of 6, 7, or 8 D-(+)-glucose
units named α-, β-, and γ-cyclodextrin, respectively. The structures of cyclodextrins are
identical as each of them contains a molecular cavity. The hydroxyl groups of the oligomer are
on the outside of the cavity, while the inner cavity is hydrophobic. Cyclodextrins are able to
form inclusion complexes with a number of organic and inorganic guest molecules that are
encapsulated in their molecular cavities. Most of the investigations concerning ILs and
cyclodextrins are focused on understaning the nature of interactions [136-143].The solubility
data are very limited [44]. Fan and co-workers investigated the solubility of β-cyclodextrin in
six kinds of hydrophilic ILs [141]. It is shown that the solubilities were remarkable and followed
the order [AMIM][N(CN)2] > [C2OHMIM][N(CN)2] > [AMIM]Cl > [BMIM][N(CN)2] >
[C2OHMIM]Cl > [BMIM]Cl. Monosaccharides (especially glucose and fructose) and disac‐
charides (mainly sucrose), after cellulose, are the most studied carbohydrates in ILs.

Table 18 and 19 summarizes the solubility data for disaccharides [85,133,144-146] and mono‐
saccharides [85,86,144-148], respectively. Solubility of sugar in a given IL decreases in the
following order: D-(-)-fructose > D-(+)-glucose > sucrose. It can be justified by the chemical
structure of sugars and their basic thermal properties (i.e., temperature and enthalpy of fusion),
independent of the IL [85,86,147]. The melting temperature and melting enthalpy of carbohy‐
drates are related with their solubility and the larger the properties, the lower the solubility.
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Regarding the influence of the cation and anion structure of the ILs on the solubility of
carbohydrates, some general conclusions can be drawn from the collected data. Similarly as
in the case of cellulose, the role of the cation is not insignificant. It was found that imidazolium-
based ILs are capable of dissolving monosaccharides, whereas pyridinium and phosphonium
ILs are rather poor solvents for these sugars [145]. Novel ILs containing dimethylguanidinium
cation and anions such as saccharine, acesulfame and thiocyanate has also been investigated
and some remarkable results were obtained. It was demonstrated that introduction of
functionality in the alkyl chain of the dimethylguanidinium-based ILs can improve the
dissolution of carbohydrates [146]. Sugars are more soluble in ILs with shorter alkyl chains in
their chemical structure. The same as for polycarbohydrates, increasing length of the chain
results in a more hydrophobic nature of the cation and IL as a whole, and thus weakens the
capacity of dissolving polar solutes like sugars [85,86]. As an example, the lower solubilities
of monosaccharides such as D-(+)-glucose, D-(−)-fructose, D-(+)-xylose and D-(+)-galactose in
[Aliquat][Cl], in comparison to [EMIM][EtSO4], can be given. [Aliquat][C]l is a mixture of
methyltrioctylammonium chloride and methyltridecylammonium chloride. The hydropho‐
bicity and larger non-polar alkyl chains on the [Aliquat][Cl] which have not much affinity with
the hydroxyl groups of the sugars explains its poor solubility power [147]. Among hydropho‐
bic ILs, the more bulky (more hydrophobic) [P6,6,6,14][N(CN)2] was less capable to dissolve less
sugars, when compared with [Aliquat][N(CN)2] [86]. Regarding the effect of the anion on the
solubility of sugars it was observed that all from the investigated carbohydrates (glucose,
fructose and sucrose) were more soluble in [BMIM][OTf] compared to [BMIM][N(CN)2]
[85,86]. Glucose and xylose showed the highest solubilities, among the seven various ILs
investigated, in either [BMIM][HSO4] or [BMIM][SCN] [145]. The authors of the study
explained that it can be a result of a large affinity of anions towards monosaccharides. In
particular, it can be caused by a highly acidic effect of [HSO4] which acts as strong hydrogen
bond donor, and [SCN] responsibility for the strong hydrogen bond accepting interactions due
to a high polarizability of the anion and the specific structure stabilised by the resonance. Also,
the study of cyano-based ILs revealed that, in general, the monocyano anion is a stronger
hydrogen bond acceptor than a more complex multicyano anion. Thus, the solubility of
carbohydrates can be higher in [SCN] than in [N(CN)2] or even in [C(CN)3]-based ILs.

Carbohyd
rate

Ionic liquid Solubility T [K] Modeling Ref.

sucrose

[BMIM][Cl] 5-40 wt% 343.95-380.3 NRTL, UNIQUAC [144]

[BMIM][SCN] 2-35.3 wt% 315.2-411.67 - [145]

[BMIM][N(CN)2] 18.8-75.3 mol % 325.9-369 PC-SAFT [85]

[BMIM][C(CN)3] 2-35.3 wt% 381.2-406.64 - [145]

[BMIM][OTf] 19.2-86.8 mol % 316.2-365.2 PC-SAFT [85]

[BMIM][HSO4] 235 wt% 358.74-388.5 - [145]

[EMIM][(MeO)(EtO)EtOSO3] 2.1-25.3 wt% 343.6-410.63 - [145]
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Carbohyd
rate

Ionic liquid Solubility T [K] Modeling Ref.

[EMIM][SCN] 2.5-30 wt% 284.25-383.15 NRTL, UNIQUAC [144]

[DMIM][CH3PO3] 5-50 wt% 286.15-376.45 NRTL, UNIQUAC [144]

[C2OHMIM][Cl] 5-40 wt% 356.15-384.15 NRTL, UNIQUAC [144]

[C5O2MIM][Cl] 17.11 wt% 308.15 - [146]

[C5O2MIM][N(CN)2] 11.06 wt% 308.15 - [146]

[P4,4,4,1][CH3C6H4SO2] 3.1-10.1 wt% 378.97-402.13 - [145]

lactose

[BMIM][Cl] 2.5-28 wt% 344.15-381.55 NRTL, UNIQUAC [133]

[EMIM][SCN] 2.5-18 wt% 288.05-382.55 NRTL, UNIQUAC [133]

[DMIM][CH3PO3] 5-39.3 wt% 290.55-356.25 NRTL, UNIQUAC [133]

[C2OHMIM][Cl] 2.5-25 wt% 355.75-384.15 NRTL, UNIQUAC [133]

[C5O2MIM][Cl] 10.69 wt% 308.15 - [146]

[C5O2MIM][N(CN)2] 16.55 wt% 308.15 - [146]

Table 18. Solubility of disaccharides in ILs

As it was mentioned before, cellulose can be easily precipitated from the cellulose-IL solution
by means of selective precipitation [38,43,56,68,78]. However, separation of smaller carbohy‐
drates such as glucose from ILs remains a challenging task. Glucose and ILs have extremely
low vapor pressure. Therefore, conventional vacuum distillation methods do not serve for
their separation. Also, no suitable organic solvent capable of extracting sugar from ILs have
been found. In 2011, it was reported for the first time that antisolvent method can be applied
to the separation of glucose and IL [149]. An antisolvent method is based on discrepancies in
the interactive forces between solute, solvent and antisolvent. An addition of an antisolvent
to a binary solution (solute+solvent) causes a reduction in the original solubility of the solute
in the binary solution, leading to its crystallization and precipitation. Very recently, the method
was adopted for separation of other systems, differing in carbohydrates and ILs [150,144,148].

Carbohyd
rate

Ionic liquid Solubility Temperature [K] Modeling Ref.

D-(-)-
fructose

[BMIM][Cl] 5-50 wt% 343.15-359.25 NRTL, UNIQUAC [144]

[BMIM][N(CN)2] 11-74.9 mol % 297.2-367.6 PC-SAFT [85]

[BMIM][N(CN)2] 28.1-41 wt% 288.15-328.45 NRTL, UNIQUAC [86]

[BMIM][OTf] 20.5-88.2 mol % 313.8-365.4 PC-SAFT [85]

[EMIM][SCN] 5-45 wt% 281.15-358.15 NRTL, UNIQUAC [144]

[EMIM][N(CN)2] 33.3-49.5 wt% 288.25-328.25 NRTL, UNIQUAC [86]
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[EMIM][SCN] 2.5-30 wt% 284.25-383.15 NRTL, UNIQUAC [144]

[DMIM][CH3PO3] 5-50 wt% 286.15-376.45 NRTL, UNIQUAC [144]

[C2OHMIM][Cl] 5-40 wt% 356.15-384.15 NRTL, UNIQUAC [144]

[C5O2MIM][Cl] 17.11 wt% 308.15 - [146]

[C5O2MIM][N(CN)2] 11.06 wt% 308.15 - [146]

[P4,4,4,1][CH3C6H4SO2] 3.1-10.1 wt% 378.97-402.13 - [145]

lactose

[BMIM][Cl] 2.5-28 wt% 344.15-381.55 NRTL, UNIQUAC [133]

[EMIM][SCN] 2.5-18 wt% 288.05-382.55 NRTL, UNIQUAC [133]

[DMIM][CH3PO3] 5-39.3 wt% 290.55-356.25 NRTL, UNIQUAC [133]

[C2OHMIM][Cl] 2.5-25 wt% 355.75-384.15 NRTL, UNIQUAC [133]

[C5O2MIM][Cl] 10.69 wt% 308.15 - [146]

[C5O2MIM][N(CN)2] 16.55 wt% 308.15 - [146]

Table 18. Solubility of disaccharides in ILs

As it was mentioned before, cellulose can be easily precipitated from the cellulose-IL solution
by means of selective precipitation [38,43,56,68,78]. However, separation of smaller carbohy‐
drates such as glucose from ILs remains a challenging task. Glucose and ILs have extremely
low vapor pressure. Therefore, conventional vacuum distillation methods do not serve for
their separation. Also, no suitable organic solvent capable of extracting sugar from ILs have
been found. In 2011, it was reported for the first time that antisolvent method can be applied
to the separation of glucose and IL [149]. An antisolvent method is based on discrepancies in
the interactive forces between solute, solvent and antisolvent. An addition of an antisolvent
to a binary solution (solute+solvent) causes a reduction in the original solubility of the solute
in the binary solution, leading to its crystallization and precipitation. Very recently, the method
was adopted for separation of other systems, differing in carbohydrates and ILs [150,144,148].

Carbohyd
rate

Ionic liquid Solubility Temperature [K] Modeling Ref.

D-(-)-
fructose

[BMIM][Cl] 5-50 wt% 343.15-359.25 NRTL, UNIQUAC [144]

[BMIM][N(CN)2] 11-74.9 mol % 297.2-367.6 PC-SAFT [85]

[BMIM][N(CN)2] 28.1-41 wt% 288.15-328.45 NRTL, UNIQUAC [86]

[BMIM][OTf] 20.5-88.2 mol % 313.8-365.4 PC-SAFT [85]

[EMIM][SCN] 5-45 wt% 281.15-358.15 NRTL, UNIQUAC [144]

[EMIM][N(CN)2] 33.3-49.5 wt% 288.25-328.25 NRTL, UNIQUAC [86]
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Carbohyd
rate

Ionic liquid Solubility Temperature [K] Modeling Ref.

[EMIM][OTf] 35.5-41.5 wt% 288.05-308.3 NRTL, UNIQUAC [86]

[EMIM][EtSO4] 25.7-43.5 wt% 288.2-329.3 NRTL, UNIQUAC [147]

[DMIM][CH3PO3] 5-60 wt% 284.95-344.15 NRTL, UNIQUAC [144]

[C2OHMIM][Cl] 10-60 wt% 355.05-369.15 NRTL, UNIQUAC [144]

[Aliquat][NO3] 13.1-21.8 wt% 307.75-339.75 NRTL, UNIQUAC [86]

[Aliquat][N(CN)2] 3.2-13 wt% 299.95-339.74 NRTL, UNIQUAC [86]

[Aliquat][Cl] 15.4-25.2 wt% 298.2-328.2 NRTL, UNIQUAC [147]

[P6,6,6,14][N(CN)2] 0.276-5.52 wt% 298.37-328.21 NRTL, UNIQUAC [86]

[C5O2MIM][Cl] 14.10 wt% 308.15 - [146]

[C5O2MIM][N(CN)2] 48.99 wt% 308.15 - [146]

D-(+)-
galactose

[EMIM][EtSO4] 4-14 wt% 288.8-328.2 NRTL, UNIQUAC [147]

[Aliquat][Cl] 4.2-8.6 wt% 298.3-329.2 NRTL, UNIQUAC [147]

D-(+)-
glucose
D-(+)-

glucose

[BMIM][Cl] 5.9-50 wt% 343.15-360.45 - [148]

[BMIM][SCN] 2-50 wt% 300.77-406.17 - [145]

[BMIM][N(CN)2] 18.6-76.6 mol % 304.4-366.5 PC-SAFT [85]

[BMIM][N(CN)2] 13.3-23.6 wt% 288.15-328.45 NRTL, UNIQUAC [86]

[BMIM][N(CN)2] 18.56 wt% 308.15 - [146]

[BMIM][NTf2] 0.59 wt% 308.15 - [146]

[BMIM][C(CN)3] 2-15 wt% 362.18-404.6 - [145]

[BMIM][OAc] 39.41 wt% 308.15 - [146]

[BMIM][OTf] 16.1-88.9 mol % 298.5-365.3 PC-SAFT [85]

[BMIM][HSO4] 2-50.2 wt% 350.9-384.8 - [145]

[BMIM][C4F9SO3] 2-5 wt% 401.13-422.17 - [145]

[EMIM][SCN] 6-40 wt% 283.15-345.95 - [148]

[EMIM][N(CN)2] 17.1-28.1 wt% 288.25-328.25 NRTL, UNIQUAC [86]

[EMIM][OAc] 43.89 wt% 308.15 - [146]

[EMIM][OTf] 26.1-34.9 wt% 288.47-329.07 NRTL, UNIQUAC [86]

[EMIM][EtSO4] 10.4-23.7 wt% 288.2-328.3 NRTL, UNIQUAC [147]

[EMIM][(MeO)
(EtO)EtOSO3]

2.4-33.9 wt% 328.33-393.37 - [145]

[DMIM][BF4] 0.44 wt% 308.15 - [146]

[DMIM][CH3PO3] 5-60 wt% 285.15-360.25 - [148]
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Carbohyd
rate

Ionic liquid Solubility Temperature [K] Modeling Ref.

[C2OHMIM][Cl] 12-58 wt% 355.15-370.35 - [148]

[C5O2MIM][Cl] 29.28 wt% 308.15 - [146]

[C5O2MIM][N(CN)2] 19.01 wt% 308.15 - [146]

[C5O2MIM][SCN] 18.38 wt% 308.15 - [146]

[C5O2MIM][SAC] 18.97 wt% 308.15 - [146]

[C5O2MIM][ACES] 14.39 wt% 308.15 - [146]

[Aliquat][Cl] 2.26 wt% 308.15 - [146]

[Aliquat][NO3] 3.93-8.65 wt% 307.75-339.75 NRTL, UNIQUAC [86]

[Aliquat][N(CN)2] 0.78-3.23 wt% 299.95-339.74 NRTL, UNIQUAC [86]

[Aliquat][N(CN)2] 1.25 wt% 308.15 - [146]

[Aliquat][OAc] 4.05 wt% 308.15 - [146]

[Aliquat][Cl] 9-12.5 wt% 297.9-327.9 NRTL, UNIQUAC [147]

[P6,6,6,14][Cl] 4.69 wt% 308.15 - [146]

[P6,6,6,14][N(CN)2] 0.18-0.48 wt% 298.37-329.21 NRTL, UNIQUAC [86]

[P6,6,6,14][N(CN)2] 0.5 wt% 308.15 - [146]

[P6,6,6,14][OAc] 4.9 wt% 308.15 - [146]

[P4,4,4,1][CH3C6H4SO2] 2-15.4 wt% 365.29-392.89 - [145]

[(C3O)4DMG][Cl] 38.58 wt% 308.15 - [146]

[(C3O)4DMG][SCN] 11.34 wt% 308.15 - [146]

[(C3O)4DMG][N(CN)2] 6.19 wt% 308.15 - [146]

[(C3O)4DMG][OAc] 31.73 wt% 308.15 - [146]

[(C3O)4DMG][SAC] 20.59 wt% 308.15 - [146]

[(C3O)4DMG][ACES] 8.44 wt% 308.15 - [146]

[(di-h)2DMG][Cl] 6.61 wt% 308.15 - [146]

[(di-h)2DMG][SCN] 1.95 wt% 308.15 - [146]

[(di-h)2DMG][N(CN)2] 2.88 wt% 308.15 - [146]

[(di-h)2DMG][OAc] 14.4 wt% 308.15 - [146]

[(di-h)2DMG][SAC] 3.66 wt% 308.15 - [146]

[(di-h)2DMG][ACES] 2.27 wt% 308.15 - [146]

D-(+)-
xylose

[BMIM][SCN] 2-45.1 wt% 288.93-388.08 - [145]

[BMIM][C(CN)3] 3.1-20 wt% 351.57-390.04 - [145]

[BMIM][C4F9SO3] 2-10.5 wt% 382.84-408.5 - [145]
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[C2OHMIM][Cl] 12-58 wt% 355.15-370.35 - [148]

[C5O2MIM][Cl] 29.28 wt% 308.15 - [146]

[C5O2MIM][N(CN)2] 19.01 wt% 308.15 - [146]

[C5O2MIM][SCN] 18.38 wt% 308.15 - [146]

[C5O2MIM][SAC] 18.97 wt% 308.15 - [146]

[C5O2MIM][ACES] 14.39 wt% 308.15 - [146]

[Aliquat][Cl] 2.26 wt% 308.15 - [146]

[Aliquat][NO3] 3.93-8.65 wt% 307.75-339.75 NRTL, UNIQUAC [86]

[Aliquat][N(CN)2] 0.78-3.23 wt% 299.95-339.74 NRTL, UNIQUAC [86]

[Aliquat][N(CN)2] 1.25 wt% 308.15 - [146]

[Aliquat][OAc] 4.05 wt% 308.15 - [146]

[Aliquat][Cl] 9-12.5 wt% 297.9-327.9 NRTL, UNIQUAC [147]

[P6,6,6,14][Cl] 4.69 wt% 308.15 - [146]

[P6,6,6,14][N(CN)2] 0.18-0.48 wt% 298.37-329.21 NRTL, UNIQUAC [86]

[P6,6,6,14][N(CN)2] 0.5 wt% 308.15 - [146]

[P6,6,6,14][OAc] 4.9 wt% 308.15 - [146]

[P4,4,4,1][CH3C6H4SO2] 2-15.4 wt% 365.29-392.89 - [145]

[(C3O)4DMG][Cl] 38.58 wt% 308.15 - [146]

[(C3O)4DMG][SCN] 11.34 wt% 308.15 - [146]

[(C3O)4DMG][N(CN)2] 6.19 wt% 308.15 - [146]

[(C3O)4DMG][OAc] 31.73 wt% 308.15 - [146]

[(C3O)4DMG][SAC] 20.59 wt% 308.15 - [146]

[(C3O)4DMG][ACES] 8.44 wt% 308.15 - [146]

[(di-h)2DMG][Cl] 6.61 wt% 308.15 - [146]

[(di-h)2DMG][SCN] 1.95 wt% 308.15 - [146]

[(di-h)2DMG][N(CN)2] 2.88 wt% 308.15 - [146]

[(di-h)2DMG][OAc] 14.4 wt% 308.15 - [146]

[(di-h)2DMG][SAC] 3.66 wt% 308.15 - [146]

[(di-h)2DMG][ACES] 2.27 wt% 308.15 - [146]

D-(+)-
xylose

[BMIM][SCN] 2-45.1 wt% 288.93-388.08 - [145]

[BMIM][C(CN)3] 3.1-20 wt% 351.57-390.04 - [145]

[BMIM][C4F9SO3] 2-10.5 wt% 382.84-408.5 - [145]
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[BMIM][HSO4] 2-50 wt% 349.58-380.18 - [145]

[EMIM][EtSO4] 15-27.41 wt% 288.1-328.5 NRTL, UNIQUAC [147]

[EMIM][(MeO)
(EtO)EtOSO3]

2.1-29.9 wt% 325-387.26 - [145]

[Aliquat][Cl] 12.6-16.7 wt% 298.5-330 NRTL, UNIQUAC [147]

[P4,4,4,1][CH3C6H4SO2] 1.8-20 wt% 350.16-395.46 - [145]

Table 19. Solubility of monosaccharides in ILs

The ability to predict whether a given IL dissolves a particular carbohydrate or not is of outmost
interest. There are several empirical and semi-empirical measuring techniques and polarity
scales that can predict and explain the solubility of carbohydtares in a solution, e.g. COSMO-
RS, Hansen solubility parameters and Kamlet-Taft solvent parameters [41]. The empirical
Kamlet–Taft model [67,79] and the quantum mechanical COSMO-RS model [151-153] have
been used most frequently to predict or explain the solubility of carbohydrates in ILs, while
few literature data exist for Hansen solubility parameters of ionic liquids [154]. The Kamlet-
Taft parameters (α, hydrogen bond acidity; β, hydrogen bond basicity; and π*, polarity) are
determined by measuring the UV-VIS spectra of dyes when dissolved in a solvent of interest.
It was suggested that solubility of carbohydrates increases with an increase of ILs basicity (ILs
that are capable of dissolving carbohydrates are generally characterized by high hydrogen-
bond basicity parameter; β > 0.8), and polarity [41,56,74,119,126,144,148]. The potential of
COSMO-RS-based screening of ILs with respect to their dissolving power for cellulose was
evaluated in the pioneer research of Kahlen et al. [151]. Cellulose solubility was modeled for
more than 2000 ILs using activity coefficients as reference property and the results were in
good agreement with the data available in the literature. Later on, the work was extended to
the computational COSMO-RS analysis of the affinity of both cellulose and lignin for 320
different ILs [153]. A new reference property, namely the excess enthalpy of the IL + lignin/
cellulose mixtures, was used to predict solubilites of lignin and cellulose in ILs. The conclusions
achieved were validated in the laboratory for a selected set of ILs. The ability of more than 20
hydrophilic ILs to dissolve Miscanthus was also interpreted using Abraham solvation
parameters obtained from COSMO-RS [151]. In case of smaller carbohydrates, Carneiro et al.
were the first group to correlate the solubility data of monosaccharides in ILs using the NRTL
and UNIQUAC thermodynamic models [147]. They investigated solubility of D-(+)-glucose,
D-(−)-fructose, D-(+)-xylose and D-(+)-galactose in two ILs: [Aliquat][Cl] and [EMIM][EtSO4].
Following their success, other works on application of NRTL and UNIQUAC thermodynamic
models for correlation of solubilities of glucose [86,148,144], fructose [86,144], sucrose and
lactose [144] have been reported. Very recently, perturbed-chain statistical associating fluid
theory (PC-SAFT) was applied to model experimental data on solubility of glucose, fructose
and sucrose [85,154,155].This approach occurred to be more promising since it showed better
predictive capacity and quite reasonable accuracy. As an equation-of-state model, it enables
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the capture of properties of both pure fluids and mixtures. Although some data concerning
solubility of carbohydrates in ILs is already available in the literature, it is not sufficient to have
a good knowledge of phase equilibra. These investigations cover essentially only the most
well-known sugars, glucose, fructose, and sucrose, as well as polysaccharides such as cellulose.
In most cases, data are measured by using different experimental procedures and contain
single data points at fixed temperature. It makes application of existent or the development of
new thermodynamic models a very difficult task. Moreover, solubility of carbohydrates in ILs
is sensitive to the presence of impurities, especially water, and even though authors do not
report on the water content. ILs have provided a new processing platform for the dissolution,
regeneration and functionalization of carbohydrates, thus increasing their chances of exploi‐
tation. However, for the purpose of successful process design and optimization, more reliable
data on solubility of various carbohydrates in ILs is fundamental.

5. Solubility of specific polymers and macromolecules in ionic liquids

Concerning other classes of polymers and macromolecules, the use of Ionic Liquids represents
real challenges in order to solubilize those allowing future modifications and depolymeriza‐
tion in the constitutive monomers.

Wang et al reported the possibility to dissolve and regenerate polybenzimidazole in 1-butyl-3-
methylimidazolium chloride, [BMIM][Cl] and other hydrophilic ionic liquids [156]. The
authors describe ionic liquids as alternative solvents for dissolution of different organic
polymers. Polybenzimidazole (PBI), also known as poly-2,20-(mphenylene)-5,50-bibenzimi‐
dazole), is a polymer composed by linear aromatic polymer chains as well as both donor and
acceptor hydrogen-bonding sites. This class of polymers exhibits high thermal stabilities,
chemical resistance, and mechanical strength [157]. According with their relevant properties,
PBI has been developed as membranes [158], textile fibers [159], and high-temperature matrix
resins [160]. One of the problems associated with PBI and similar polymers is their poor
solubility and infusibility in common organic solvents. PBI is only soluble after heating highly
polar aprotic solvents such as dimethylformamide, dimethylacetamide or dimethyl sulfoxide.
The authors described that PBI was insoluble for all tested solvents at room temperature but
it was completely soluble in [BMIM][Cl] and [BMIM][OH] yielding brown viscous solutions
at 80 to 140ºC. It is important to note that PBI was four times more soluble in [BMIM][Cl] or
[BMIM][OH] at 140ºC than in DMAc (+ 4.5 wt% LiCl) as solvent. The possibility to use a
microwave process showed a significant improvement in the dissolution rates as well as an
efficient heating of ILs [161,162]. However, ILs having ‘non-coordinating’ anion like BF4 was
non-effective solvent even with microwave heating. The dissolving mechanism of PBI in ILs
is not clear but some publications suggested the use of [BMIM][Cl] due an effective hydrogen-
bonding breaking, allowing faster dissolution times as well as higher ability to dissolve PBI.
For comparison, [BMIM][Cl] presents almost 3 times higher chloride concentration (around
20 mol%) than in the case of conventional DMAc (+ 10 wt% LiCl; free chloride concentration
is around 6.7 mol%) solvent. For complete elucidation of dissolution mechanism of different
polymers in ionic liquids is important to perform other dissolution studies and complementary
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methylimidazolium chloride, [BMIM][Cl] and other hydrophilic ionic liquids [156]. The
authors describe ionic liquids as alternative solvents for dissolution of different organic
polymers. Polybenzimidazole (PBI), also known as poly-2,20-(mphenylene)-5,50-bibenzimi‐
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resins [160]. One of the problems associated with PBI and similar polymers is their poor
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polar aprotic solvents such as dimethylformamide, dimethylacetamide or dimethyl sulfoxide.
The authors described that PBI was insoluble for all tested solvents at room temperature but
it was completely soluble in [BMIM][Cl] and [BMIM][OH] yielding brown viscous solutions
at 80 to 140ºC. It is important to note that PBI was four times more soluble in [BMIM][Cl] or
[BMIM][OH] at 140ºC than in DMAc (+ 4.5 wt% LiCl) as solvent. The possibility to use a
microwave process showed a significant improvement in the dissolution rates as well as an
efficient heating of ILs [161,162]. However, ILs having ‘non-coordinating’ anion like BF4 was
non-effective solvent even with microwave heating. The dissolving mechanism of PBI in ILs
is not clear but some publications suggested the use of [BMIM][Cl] due an effective hydrogen-
bonding breaking, allowing faster dissolution times as well as higher ability to dissolve PBI.
For comparison, [BMIM][Cl] presents almost 3 times higher chloride concentration (around
20 mol%) than in the case of conventional DMAc (+ 10 wt% LiCl; free chloride concentration
is around 6.7 mol%) solvent. For complete elucidation of dissolution mechanism of different
polymers in ionic liquids is important to perform other dissolution studies and complementary

Ionic Liquids - Current State of the Art258

techniques which can validate the previous proposals. Wang and co-workers reported a
similar dissolution mechanism in the case of [BMIM][OH] as well as the use of this IL in order
to prepare PBI-based anion-exchange gel electrolyte membranes for alkaline fuel cells. Another
attractive point is related with the possibility to precipitate or regenerate PBI from the IL
solution by addition of water or other precipitating solutions. The regenerated PBI fibers show
no change in chemical structure and thermal stability comparing with fibers formed by
conventional systems.

Watanabe and co-workers reported the solubility of poly(methyl methacrylate) (PMMA) in 1-
alkyl-3-methylimidazolium ionic liquids (ILs) with different anionic structures [163]. For
evaluation of PMMA solubility in ILs were tested monodisperse PMMA-grafted silica
nanoparticles (PMMA-g-NPs) as a measurement probe. The solubility was mainly affected by
the anionic structures of the ILs rather than by the alkyl chain length of the cationic structure.
It is empirically known that PMMA is soluble in hydrophobic ILs such as [BMIM][PF6] and
[BMIM][NTf2].[164,165] Previously, Watanabe group reported different hydrodynamic radii
exhibited by PMMA-grafted silica nanoparticles (PMMA-g-NPs) in these ILs. Additionally,
the grafted PMMA chain was more swollen in [BMIM][NTf2] than in [BMIM][PF6] [166]
suggesting that [BMIM][NTf2] is a better solvent for PMMA. In conclusion, PMMA solubility
in relation to the solvent parameters of the ILs, it is focused in two important factors in order
to predict PMMA solubility in ILs. The predominant one is the nonpolar properties of the
anion. However, the non-polarity cation IL effect can also contribute for overall PMMA
solubility. In general, the PMMA solubility is dependent of two relevant contributions: one
from anionic unit (primary) and other from cationic unit (secondary) nonpolarity. The authors
considered that the solubility behavior could not be justified by ILs solvent because of
complexity in ILs. All published results can contribute for future predictions of PMMA
derivatives solubility’s such as polyacrylates or polymethacrylates. Wang and Liang groups
[167] described a detailed study of the solubility and chain conformation of different types of
homopolymers in low viscosity ionic liquids (ILs) in particular 1-allyl-3-methylimidazolium
chloride ([AMIM][Cl]) at 50ºC and 1-butyl-3-methylimidazolium formate ([BMIM][COOH])
at 25ºC using laser light scattering technique (LLS). This technique allows the polymer
solubility determination in ILs at low concentrations. The study of polymer and IL systems by
LLs is restricted to higher IL viscosities as well as the slow diffusion of polymer chains in IL
and water content or other impurities from ILs. Normally, selected ILs are hygroscopic and
the water content changes with time. The aggregation effect was observed for all neutral tested
polymers (e.g. polyvinyl alcohol and polysulfonamide), except in the case of polyvinyl alcohol
in [BMIM][COOH]. Single chain conformations have been observed in the case of DNA and
polystyrene sulfonate as negative polyelectrolytes. The authors suggested the condensation of
the polymer chains in ILs according with their smaller hydrodynamic polymer radius. In
general, the solubility of homopolymers could be qualitatively explained by treating polymer/
IL as a ternary system: polymer, cation, and anion. The authors suggested that mutual
interactions determined the polymer conformation and solubility in ILs. However, preliminary
results indicated us those strong interactions between polymers and bulky cations in ILs are
relevant for higher dissolution performance. Several publications proof an effective dissolu‐
tion of different synthetic polymers in ILs (for example poly(ethylene oxide) (PEO) [168],
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poly(methyl methacrylate) [169], polyacrylonitrile [170], poly(m-phenylene isophthal amide)
[171], and polyarylsulfone [172]) while many others (e.g. polyethylene, polyester, polyur‐
ethane, and nylon) were not soluble in the tested ILs.

In different perspective, efficient polymerization processes as well as preparation of specific
polymeric materials using ILs have been also described. In this context, Zhang and co-workers
[173] reported the polymerization of acrylonitrile in the presence of [BMIM][Cl] and then for
the first time polyacrylonitrile fibers were directly produced from spinning process of the
previous polymer solution. According to remarkable acrylic fibers properties (in particular
soft and wool-like aesthetics and resistance ultraviolet fading) different fields of application
(e.g. home furnishings, outdoor articles, aviation and space fields). From 1980s the wet and
dry spinning technologies have been used as most effective processes for PAN fibers produc‐
tion. [174] For wet and dry spinning processes, the use of large amounts of unfriendly solvents
to the environment have been required.

It seems that [BMIM][Cl] is a suitable solvent for the polymerization, spinning and dissolution
of the acrylic fibers. In this context, different acrylic polymers with tunable properties (higher
concentration of acrylonitrile, large molecular weight, and low polydispersitive index PDI).
The solutions of PAN and [BMIM][Cl] allowed the development of PAN fibers containing
good mechanical properties and round profile after efficient spun using dry–jet wet spinning
technology.

In 2009, Rodriguez et al [175] reported that 1-alkyl-3-methylimidazolium chloride ionic liquids
(ILs) can form immiscible liquid mixtures with some polyethylene glycols (PEGs). PEGs have
been largely used in industry because of their reduced toxicity and cost as well as higher
biodegradability. [176] Additionally low volatility and melting points of PEGs facilitate their
use as alternative solvents or additives in several aqueous biphasic systems. [177] Many
publications indicate the possibility to tune PEG properties as relevant characteristic (for
example PEGs with shorter chain lengths are liquid at room temperature and water miscible
while PEGs with longer chain lengths melt at higher temperatures and with variable water
solubility.

Figure 3. Selected chemical structures: a) [EMIM][Cl]; b) [BMIM][Cl]; c) PEG (PEG-1500)

Recently, PEGs and ILs have been combined for application as polymer electrolytes in
batteries, [178] or, homogeneous mixed solvents with distinctive properties. [179] Binary
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mixtures between [EMIM][Cl] and PEGs (PEG-1500, 2000, or 3400), or [BMIM][Cl] and PEGs
(PEG-2000 or 3400) giving stable biphasic systems over a significant temperature range (from
333.15 K to 413.15 K). [EMIM][Cl]/ PEG-1000 and [BMIM][Cl]/PEG-1000 or PEG-1500 are
miscible. Negative values for the change of enthalpy and entropy of IL/PEG mixtures have
been observed by thermodynamic analysis of the liquid–liquid equilibrium data. The possible
tunability according with adequate IL/PEG combinations could be applied for separation of
complex solutes by solvent extraction processes at high temperature. The authors tried applied
these biphasic, entirely liquid systems, with low volatility and good solvation properties, for
the dissolution and separation of cellulose and lignin at elevated temperature, although only
modest results have been achieved to date. Samitsu et al [180] reported the dissolution behavior
of polyrotaxanes, consisting of alfa-cyclodextrin and poly(ethylene glycol), with different
molecular weights (2000 and 35.000).

Harada et al. and other authors reported some polyrotaxanes, containing alfa-cyclodextrins (α-
CD) as the cyclic molecules and poly(ethylene glycol) (PEG) as a linear polymer. [181, 182]
Polyrotaxanes have been largely applied in different fields, in particular drug delivery systems
for biological applications [183], insulated molecular wires [184] and photo-induced energy
transfer systems for electrical applications. [185] Interlocked polymer networks built from
polyrotaxanes have been also tested as gels and rubbery materials for industrial applications.

Several studies reported polyrotaxane solubilities in several ionic liquids mainly based on 1-
butyl-3- methylimidazolium cation [BMIM] combined with different anions (e.g. [Cl], [Br],
[BF4], [PF6], [NTf2], and [MDEGSO4]). Transparent homogeneous solutions were obtained in
the case of addition of polyrotaxanes to ILs [BMIM][Cl] and [BMIM][Br]. The solubility results
indicate that the polyrotaxanes are readily soluble in [BMIM][Cl] and [BMIM][Br] but not in
the other tested ionic liquids. Recently, the dissolution performance were studied using ILs
containing chloride anions and a variety of organic cations including [EMIM], [BMIM],
[HMIM], [OMIM], [C10MIM]. Transparent homogeneous solutions were obtained for the
dissolution of polyrotaxanes in all tested ILs.

IL + PEG System WIL, PEG-rich phase WIL, IL-rich phase

[EMIM][Cl] + PEG-1500 0.17-0.27 0.88-0.97

[EMIM][Cl] + PEG-2000 0.08-0.14 0.94-0.99

[EMIM][Cl] + PEG-3400 0.02-0.06 0.95-0.98

[BMIM][Cl] + PEG-2000 0.32-0.38 0.86-0.93

[BMIM][Cl] + PEG-3400 0.09-0.16 0.83-0.99

Table 20. Variation of mass fraction of IL (WIL) in the equilibrium phases for the LLE of the binary systems IL +PEG
over the temperature range 60- 140 ºC.

The solubilities of two polyrotaxanes in ILs as well as the α-CD and PEG solubilities for
comparison are summarize in Table 21
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Ionic Liquids PR-A PR-B α-CD PEG 35.000

[BMIM][Cl] + + + +
[BMIM][Br] + + + +
[BMIM][BF4] - - - -
[BMIM][PF6] - - - -

[BMIM][NTf2] - - - +
[BMIM][MDEGSO4] - - + -

[EMIM][Cl] + + + +
[HMIM][Cl] + + + +
[OMIM][Cl] + + + +

[C10MIM][Cl] + + + +

Table 21. Solubility of Polyrotaxanes (PR-A and PR-B), α-CD and PEG

As shown in Table 21, ILs are good solvents for both α-CD and PEG, in particular for the cases
of ILs with chloride and bromide anions. The same halogenated ILs showed an effective
solubilization of polyrotaxanes at room temperature. Both PR-A and PR-B (1 wt %) could be
dissolved in ILs [HMIM][Cl], [OMIM][Cl], and [C10MIM][Cl] at room temperature after 2 days
of stirring. In general, ILs can dissolve polyrotaxanes at room temperature, but this dissolution
process is slower because higher IL viscosity values (the viscosity of DMSO is 1.98 mPa.s at
25ºC, while the viscosities of [HMIM][Cl] and [OMIM][Cl] are 10.222 and 33.060 mPa.s at 25ºC).
Polyrotaxanes dissolved in ILs can be recovered by precipitation after simple addition of
organic solvents or water to solution. The authors reported the use of ILs as new solvents for
polyrotaxanes in order to develop ionic liquid-containing slide-ring gels (SR gels), that is
supramolecular networks of polyrotaxane swollen with ILs, using an integrative non-drying
technique followed by optimized solvent exchange method.
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1. Introduction

Surfactants can self-assemble into various ordered structures, involving micelles (spherical,
rod-like, worm-like, bilayer, and cylindrical), microemulsions (water-in-oil, bicontinuous, oil-
in-water), liquid crystals (lamellar, hexagonal and cubic), vesicles (unilamellar, multilamellar,
and oligovesicular), gel and so on. These self-assemblies can be demonstrated as a powerful
route towards supramolecular objects with novel architectures, functions and properties. Over
the recent years, self-assemblies of amphiphilic molecules in ionic liquids (ILs), a class of novel
environmentally benign solvents, have attracted much interest and have been intensively
investigated. In this chapter, we summarize the known various self-assembled structures of
surfactants in ILs, involving micelles, microemulsions, liquid crystals, vesicles and gel. With
a rapid growth in the number of publications on these self-assemblies, it appears that in the
near future these neoteric self-assemblies are definitely going to be a versatile media in
chemical reaction engineering and material chemistry.

It is known that surfactants are amphiphilic molecules with a hydrophilic headgroup and a
hydrophobic chain. The dual character of surfactants makes them self-assemble into various
aggregations in order to avoid contact between the water and the hydrophobic tail. The
hydrophobic tails of surfactants are inclined to point towards the oil phase or hydrophobic
domain. The hydrophilic polar headgroups prefer to contact with water. The self-assembly is
highly cooperative and is driven by the hydrophobic effect, because the system is inclined to
decrease the amount of unfavorable interactions between the hydrophobic tails and water [1].
The surfactant aggregates have different shapes depending on molecular parameters (such as
curvature of aggregate surface and the packing parameter) of the surfactant and system
variable such as concentration and temperature. Micelles, microemulsions, liquid crystals,
vesicles and gel are most common surfactant aggregates in traditional solvents. The driving

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



force for the structural aggregation is the minimization of the contact of the hydrophobic
groups of the surfactants with water. The curvature of aggregate surface and the packing
parameter of the surfactant molecule are two important concepts when discussing aggregate
shape. The molecular geometry of the surfactant gives rise to a preferred and spontaneous
curvature of the aggregate surface [2,3].

The mean aggregate curvature, H, is described as:

( )= +1 2  0.5 1 /  1 /H R R (1)

where R1 and R2 are the radii of curvature for a surface in two perpendicular directions. The
curvature is 1 when aggregates are sphere. When H is less than 1, (R1=∞, R2=R), a cylinder self-
assemblied structure prefers to form. For a planar bilayer structure, H is 0. Figure 1 shows the
mean curvature, H, for three common surfactant self-assemblied shapes.

Figure 1. Schematic representation of the mean curvature, H, and the surfactant parameter, Ns, for three common sur‐
factant aggregation shapes: sphere, cylinder and bilayer.
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The surfactant parameter, Ns, another important parameter, is relative with the properties of
the molecule with the preferred curvature of the aggregates.

= 0 /Ns v la (2)

where v is the volume of the hydrocarbon chain, l is the length of fully stretched hydrocarbon
chain and a0 is the area per headgroup. The volume of one hydrocarbon chain is evaluated as:

( )= + 0.027 c Mcv n n (3)

where nc is the number of carbon atoms in the hydrocarbon chain, nMc is the number of methyl
groups and l is evaluated as:

= + 0.15  0.127 cl n (4)

Ns can reveal the balance between the hydrophobic and hydrophilic parts of the molecules.
The relationship between the aggregate shape and surfactant parameter is also shown in Figure
1. If the headgroup of a surfactant is large, this surfactant has a small Ns value and the curvature
will be high. In this case, a spherical structure prefers to form. Reversely, a larger Ns value will
be obtained if the headgroup of a surfactant is small. Large Ns means a low curvature and
cylinders or planar layers are inclined to form.

Ionic liquids (ILs) are a special class of molten salts composed of organic cations and inorganic
or organic anions. The melting points of these molten salts are generally below 100℃ owing
to the large bulk of organic cation that leads to the small lattice energy [4]. ILs have many useful
qualities, such as a negligible vapor pressure, nonflammability, high ionic conductivity, wide
electrochemical window, and thermal stability [5]. Because of their ultralow vapor pressure,
ILs are considered as a possible environmentally acceptable replacements for many volatile
organic solvents in chemical reactions [6], separation [7], electrochemical applications [8], and
supramolecular self-assembly [9,10]. Of particular recent interest is the combination of self-
assembly behaviors of surfactants and ILs. These aggregations can not only overcome the
solubility limitations of ILs in immiscible solvents but also provide hydrophobic or hydrophilic
nanodomains, thereby expanding potential uses of ILs in microheterogeneous systems as
reaction and separation or extraction media [11]. Also, these self-assemblies may have some
unknown properties and some potential applications owing to the unique features of ILs and
ordered microstructures [12]. ILs as chemical reaction media have been summarized and
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summarized here, as these amphiphilic ILs only behave in a manner analogous to traditional
amphiphilic molecules.

2. Self-assembled micelles in ILs

A micelle is an aggregate of surfactant molecules dispersed in a liquid colloid. A typical micelle
in aqueous solution forms an aggregate with the hydrophilic groups in contact with sur‐
rounding water, sequestering the hydrophobic tails in the micelle centre. Micelles only appear
when the concentration of surfactant reaches a critical micelle concentration (CMC). That is to
say, CMC is the minimum concentration of surfactant molecules required for the formation of
micelles at a given temperature. In addition, CMC is also an important parameter to charac‐
terize the formation of micelles. When the concentration of surfactants is below the CMC, the
surfactant molecules exist as free monomers in solution. The formation of micelles is a
spontaneous process. Micelles can be classified into normal micelles and inverse micelles.
Normal micelles have a continuous polar phase (mostly water phase) with the polar head‐
groups of the surfactants pointing towards the bulk solvent and the hydrocarbon groups
pointing towards the micelle interior, while for inverse micelles the surfactants have the polar
headgroup towards the micelle interior with the hydrocarbon groups pointing towards the
continuous oil phase.

Evans et al. first reported the aggregation behavior of alkyltrimethylammonium bromides,
alkylpyridinium bromides and nonionic Triton X-100 in a low melting fused salt, ethylam‐
monium nitrate (EAN) over 30 years ago [15,16]. Critical micelle concentrations (CMCs) are
determined from surface tension measurements and the aggregation behavior was investi‐
gated by classical and quasi-elastic light scattering. The solvophobic behavior of EAN shows
a number of similarities with that of water. The results of CMCs, micellar aggregation numbers,
second virial coefficients, and hydrodynamic radii are consistent with either a small classical
spherical micelle containing only surfactant or a spherical mixed micelle containing surfactant
and ethylammonium ions as a cosurfactant. The measured second virial coefficients are almost
equal to those calculated for hard spheres and reflect highly screened electrostatic interactions
in the totally ionized solvent [16].

However, the study of such self-assembly in ILs did not attract much attention until ILs
received more and more interest in recent years. Afterwards, the formation of micelles in
ILs, 1-butyl-3-methylimidazolium chloride (bmimCl) and hexafluorophosphate (bmimPF6)
were  explored  by  Armstrong  et  al  [17].  The  solvation  behavior  of  the  micellar-IL  solu‐
tions was examined using inverse gas chromatography. They found that the dissolution of
many different  surfactants  in ILs also depressed the surface tension in a manner analo‐
gous to aqueous solutions, indicating that there are IL solvatophobic interactions with the
hydrocarbon portion of the surfactants. High hydrogen bond basicity was detected for the
micelles of Brij 35 and Brij 700 in bmimPF6. They ascribed this phenomenon to the existence
of  hydrophilic  polyoxyethylene  (POE)  groups  of  surfactants,  as  oxygen  atoms  of  each
individual subunit have lone pair electrons that are capable of accepting a hydrogen bond,
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therefore enhancing hydrogen bond basicity [17]. The acidicity of imidazolium cations of
ILs  has  been  raised,  C-2  proton  of  bmimPF6  is  bonded  to  a  carbon  that  is  located  be‐
tween two positively charged nitrogen atoms, and hence C-2 proton is relatively acidic, as
a result C-2 proton can accept electronegative oxygen atoms [18]. Therefore, it is deduced
that there exist hydrogen bonds between nonionic surfactants and 1-alkyl-3-methylimidazo‐
lium cation of  ILs.  Merrigan et  al.  have demonstrated that  1-alkyl-3-methylimidazolium
cations with attached long fluorous tails  act  as  surfactants  and appear  to  self-aggregate
within 1-alkyl-3-methylimidazolium-based ILs [19].

Figure 2. Surface tension (γ) of solutions of C12E8 (▼), C14E8 (■) and C16E8 (●) in bmimBF4 at 25℃. (Reproduced from
Ref.[20], with permission).

Aggregation behavior of a series of alkyl poly-(oxyethyleneglycol) ethers, a class of nonionic
surfactants, denoted CnEm (n=12-16; m=4-8) in 1-butyl-3-methylimidazolium type ILs with
various counter ions [BF4

–, PF6
–, and bis(trifluoromethylsulfonyl)amide (Tf2N)–] has been

investigated [20]. The surface tension of the CnEm/bmimBF4 solution decreased as the surfactant
concentration increased, indicating their adsorption at the air/solution interface. Figure 2
shows the changes of surface tension of CnEm/bmimBF4 solution with CnEm concentration, a
similar phenomenon as in water was observed. It was estimated that the molecular area of the
surfactant decreased with increasing hydrophobicity of surfactants. The CMCs were two to
four orders of magnitude higher than those in aqueous systems. Dynamic light scattering
(DLS) measurements have suggested the presence of molecular aggregates. The hydrody‐
namic radii in bmimBF4 were smaller than that in water and close to that in formamide. The
anions of ILs were found to have a remarkable effect on the nature of micelles, however the
formation mechanism was not discussed in this research [20].

Self-assembly processes of nonionic Brij 76 in bmimBF4 with changing temperature have been
detected by Li et al [21]. Under 30℃, Brij 76 self-assemblied as nanofibers and a gel formed; as
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temperature increased until 85℃, the mixture was clear solution; at about 90℃, Brij 76 self-
assemblied as vesicles; at even higher temperature of 110℃, a clouding phenomenon was
observed. The Dark-field optical micrographs showing the change of aggregations with
temperature are shown in Figure 3. The authors proposed that at room temperature, the 1-
alkyl-3-methylimidazolium cation and the anion adsorbed to the POE chain of the Brij 76 via
the Coulombic force. The cation was adjacent to the oxygen which had a high electron density
and the BF4

− stacked among the cations. The long alkyl chains interacted with each other
through the hydrophobic interaction to make the Brij 76 molecule and bmimBF4 connect like
a “rod”.

Figure 3. The Dark-field optical micrographs of the surfactant 100 mg Brij 76 dispersed in 1ml bmimBF4: (a) 30℃, (b)
60℃, (c) 90℃ and (d) 110℃. The scale bar in each image is 10 μm. (Reproduced from Ref.[21], with permission).

Aggregation behaviors of four different alkyl-ammonium nitrates in EAN have been deter‐
mined by surface tension measurements. The micelles are formed without the increase of molar
partial volume meaning that the carbon chain does not perturb the spatial arrangement of the
solvent. A theoretical model capable of predicting the CMCs of four alkyl ammonium nitrates
in EAN has also been proposed [22]. Moreover, Kunz and coworkers reported that a mixture
of two surfactant-like ILs 1-hexadecyl-3-methyl-imidazolium chloride (C16mimCl) and 1-
hexadecyl-3-methyl-imidazolium tetrafluoroborate (C16mimBF4) aggregated in EAN. The
investigated mixtures are stable up to more than 200℃. The authors attributed this to the
electrostatic interactions that do not show a pronounced temperature dependence [23]. This
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investigation is much different from the result reported by Li et al [21]. From these results, it
can be deduced that in addition to electrostatic interaction, there may be some other interac‐
tions between the nonionic surfactants and the 1-alkyl-3-methylimidazolium cation of ILs,
such as hydrogen bonds, dipole-induced dipole type of interaction. Among them, one of the
forces may dominate in competition under certain condition.

In addition, on the base of the response of solvatochromic probes, the aggregation behavior of
few common anionic, cationic, and nonionic surfactants within 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (emimTf2N) was also investigated. The possible aggregates
were formed by all nonionic surfactants (Brij-35, Brij-700, Tween-20, and Triton X-100), while
no aggregation was observed for the cationic surfactant cetyltrimethylammonium bromide
(CTAB). The anionic surfactant sodium dodecylsulfate (SDS) does not appear to be solubilized
within emimTf2N at ambient conditions [24]. Moreover, Tran and Yu have reported that
nonionic surfactants N-dodecylsultaine (SB-12), caprylyl sulfobetaine (SB3-10) formed
micelles in bmimPF6 and emimTf2N [25]. So far, it seems that nonionic surfactants are more
inclined to support the micellar aggregations in ILs.

The  interaction  between  the  1-alkyl-3-methylimidazolium type  ILs  and  nonionic  surfac‐
tants was further proposed by Pandey group. The addition of bmimPF6 to aqueous nonionic
Triton  X-100  solutions  can  alter/modify  physicochemical  properties  of  such  systems  in
favorable manner. BmimPF6 can partition into the Triton X-100 micellar phase both close
to the core as well as in the palisade layer of Triton X-100. They suggested the presence of
favorable interactions such as hydrogen bonding between C-2 proton of imidazolium cation
and ethoxy/hydroxyl, between PF6

− and H of the Triton X-100 hydroxyl terminal, and dipole-
induced  dipole  type  of  interaction  between  Triton  X-100  phenyl  π-cloud  and  1-alkyl-3-
methylimidazolium  cation  between  bmimPF6  and  Triton  X-100  [26].  In  addition  to
emimTf2N, Triton X-100 was shown to aggregate and form micellar aggregation in bmimBF4

and bmimPF6, respectively [27].

Freeze-fracture transmission electron microscopy (FFTEM) showed that the micelles have an
irregular droplet shape and they preferred to assemble into larger clusters. 1H NMR and two-
dimensional rotating frame nuclear Overhauser effect (NOE) experiments (2D ROESY)
showed that the addition of Triton X-100 destroyed the ion pairs of pure ILs due to the
electrostatic interaction between the positively charged 1-alkyl-3-methylimidazolium cation
of ILs and the electronegative oxygen atoms of oxyethylene (OE) units of Triton X-100. The
electrostatic interaction behaves similar to hydrogen bond that occurred between the OE units
of nonionic surfactants and water molecules in aqueous micelles and cooperates with solva‐
tophobicity, leading to the formation of IL micelles [27]. The 2D ROESY analysis revealed that
the microstructure of Triton X-100-based micelles in ILs is not regular spherical, which accords
with the FFTEM image. Similar to the aqueous micellar systems, the hydrophobic interaction
or solvatophobicity was found to drive the formation of micelles [27].

Moreover, Lodge et al. first studied the self-assembly of block copolymers in ILs [28]. It was
shown that four amphiphilic poly((1,2-butadiene)-block-ethylene oxide) (PB-PEO) diblock
copolymers, another kinds of nonionic surfactants, aggregated strongly and formed micelles
in bmimPF6. The universal micellar structures (spherical micelle, wormlike micelle, and
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vesicle) were all accessed by varying the length of the corona block while holding the core
block constant. The nanostructural changes were directly visualized through cryogenic
transmission electron microscopy (cryo-TEM) (Figure 4). Compared to aqueous solutions of
the same copolymers, bmimPF6 solutions exhibit some distinct features, such as temperature-

Figure 4. Cryo-TEM images of 1 wt % bmimPF6 solutions: (A) spherical micelle, BO(9-20) (fPEO=0.64); (B) spherical mi‐
celle, BO(9-10) (fPEO=0.45); (C) a coexistence of spherical and wormlike micelles, BO(9-7) (fPEO=0.38); (D) a coexistence of
spherical and some vesicles, BO(9-7) (fPEO=0.38); (E) and (F) a coexistence of wormlike micelles and vesicles, BO(9-4)
(fPEO=0.25). (Reproduced from Ref.[28], with permission).
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independent micellar morphologies between 25 and 100℃ [28]. This is in accordance with the
reported aggregation behavior of C16mimCl and C16mimBF4 in EAN by Kunz group [23]. They
also found that three polystyrene-block-poly(methyl methacrylate) (PS-PMMA) block
copolymers with varying molecular content have been shown to form micelles when dissolved
in bmimPF6. A morphological transition from spherical to cylindrical micelles was observed
upon reduction of the PMMA volume fraction [29]. The transfer of aggregation structure by
changing the surfactant molecular parameters or system variable such as concentration and
temperature has been realized in traditional solvents [1].

Figure 5. Schematic illustration of the round trip of PB-PEO micelles between bmimPF6 (lower layer) and water (upper
layer), accompanied by experimental images at each temperature. (Reproduced from Ref.[30], with permission).

Subsequently, they described an interesting and unusual round trip of the block copolymer
micelles between bmimPF6 and water. The reversible micelle transfer between the two media
is based on the relative affinity of the two solvents to the corona chains and is triggered by
temperature change. This round trip of PB-PEO micelles between bmimPF6 and water with
temperature was schematically illustrated in Figure 5. The micelle size and structure are
preserved during the reversible transfer process. This phenomenon relies on finding a polymer
(PEO in this case) that is nearly equally soluble in two otherwise immiscible solvents. Such a
system could find application in transporting hydrophobic reactants/products to/from an IL
reaction medium, with only the aqueous phase to handle in the ultimate recovery and
purification steps [30]. Subsequently, they reported the reversible micelle transfer between
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another hydrophobic ionic liquid, emimTf2N and water [31]. The transfer was shown to be
driven by the deteriorating solvent quality of water for PEO at high temperature, while the
ionic liquid remains a good solvent. The transfer temperature could be tuned by adding ionic
or nonionic additives to the aqueous phase to change the solvent quality of water for PEO, and
by using ILs with different polarities. Moreover, Zheng and his coworkers studied the
micellization of three commercially available amphiphilic poly(oxyethylene)-poly(oxypropy‐
lene)-poly(oxyethylene) ethers triblock copolymers, denoted Pluronic L61 (PEO3PPO30PEO3),
Pluronic L64 (PEO13PPO30PEO13), and Pluronic F68 (PEO79PPO30PEO79) [32]. The three copoly‐
mers were found to aggregate and form micelles in either bmimBF4 or bmimPF6. The surface
tension measurements revealed that the dissolution of the copolymers in ILs depressed the
surface tension in a manner analogous to aqueous solutions. The CMCs of three triblock
copolymers increase following the order of L61, L64, F68, suggesting that micellar formation
was driven by solvatophobic effect. CMC and γcmc decrease with increasing temperature
because hydrogen bonds between ILs and hydrophilic group of copolymers decrease and
accordingly enhance the solvatophobic interaction. The thermodynamic parameters ΔGm

0,
ΔHm

0, ΔSm
0 of the micellization of block copolymers in bmimBF4 and bmimPF6 were also

calculated. The result revealed that the micellization is a process of entropy driving [32]. From
these results, it was proposed that micelles formed in ILs follow the traditional self-assembly
rules such as the curvature of aggregate surface and the packing parameter of the surfactant
molecule.

The properties of self-assemblied micelles in ILs have been investigated by Sarkar and his
coworkers [33]. The solvent relaxation dynamics is slower in bmimPF6-Brij micelles as
compared to neat bmimPF6. The steady increase in the solvent relaxation time with addition
of the surfactant is ascribed to increase in viscosity of the solution. However, the slowing down
in the solvation time on going from neat IL to IL confined micelles is much smaller compared
to that on going from water to water confined micellar aggregates. The fast component
originates from the translational motion of the anions and does not depend on viscosity. The
magnitude of the fast component increases due to the hydrogen bonds between the-OH group
of the surfactant and the PF6

− ions. The increase in the rotational relaxation time of the probe
after formation of the micelles in bmimPF6 is significantly smaller than the increase in aqueous
micelles. The higher rotational relaxation time in the IL-surfactant mixture is attributed to the
increase in the viscosity of the solution [33]. They also studied the solvent and rotational
relaxation of coumarin 153 (C-153) in bmimBF4 and bmimBF4 confined in C12E8, and C14E8

formed micelles, respectively. In the bmimBF4-C14E8 micelle, they have observed only a 22%
increase in solvation time compared to neat bmimBF4, whereas in the bmimBF4-C12E8 system,
about 57% increase was observed in average solvation time due to micelle formation. However,
the slowing down in solvation time on going from neat IL to IL-confined micelles is much
smaller compared to that on going from water to water confined micellar aggregates. The
22-57% increase in solvation time is attributed to the slowing down of collective motions of
cations and anions in micelles. The rotational relaxation times becomes faster in both the
micelles compared to neat bmimBF4 [34].
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3. Self-assembled microemulsions in ILs

Microemulsions are the thermodynamic stable colloid mixtures consisting of at least two
immiscible solvents stabilized by an adsorbed surfactant film at the liquid-liquid interface and
have a tendency to solubilize chemical species in their core and thus have the potential to
function as microreactors. Recently, ILs have been used to substitute for traditional organic
solvents or water to create a novel IL microemulsion. Han and coworkers first reported that
bmimBF4 can act as polar nanosized droplets dispersed in a continuous cyclohexane with the
aid of nonionic surfactant Triton X-100 [12]. The microstructure and morphology of the
microemulsion droplets were detected by DLS and freeze-fracture electron microscopy
(FFEM). The diameters of the aggregates increase from about 15 nm to 1 μm as [bmimBF4]/
[Triton X-100] molar ratio, R, varies from 0.2 to 1.5. The regular swell behavior of the
bmimBF4-in-cyclohexane IL reverse microemulsion is in accordance with the traditional water-
in-oil (W/O) microemulsions, indicating that these unusual systems behave akin to common
W/O microemulsions. FFEM revealed that a droplet structure of the bmimBF4-in-cyclohexane
microemulsion which takes the same shape as “classic” water-in-oil (W/O) microemulsions.
Eastoe et al. have also investigated the same microemulsion system by small-angle neutron
scattering (SANS) [11]. The result showed a regular increase in droplet volume as micelles
were progressively swollen by the added bmimBF4, which is in consistent with the measure‐
ments of DLS and FFEM reported by Han et al. The SANS data have been treated in accordance
with an ellipsoid form factor, and the ellipsoid model gave the best statistical fits, even
compared to polydisperse spherical particles. The predicted ellipsoid structure is in accord‐
ance with the FFEM images to a large extent.

Recently, the formation mechanism of the bmimBF4-in-p-xylene reverse IL microemulsion has
been also proposed by Zheng’s group [35]. The authors discovered that the terminal hydroxyl
stretching of Triton X-100 gradually shifts to a high-frequency region of the FTIR spectrum
with increasing bmimBF4 content because the hydrogen bonds between hydroxyl and
oxyethylene (OE) units of Triton X-100 were weakened by the formation of electrostatic
attraction between the electronegative oxygen atoms of the OE units and the positively charged
imidazolium cation of bmimBF4. The conclusion was further confirmed by simulating the
hydrophilic OE units of Triton X-100 using polyethylene glycols-(PEGs)-600 and polyethylene
glycols-(PEGs)-1000 as substitutes. This electrostatic interaction has caused the proton signals
of H-2, H-4, and H-5 of bmimBF4 shift downfield. The downfield shift experienced by these
protons is because, with increasing bmimBF4 content to the microemulsion, the fraction of
Triton X-100 in the system is decreased, the number of oxygen atoms attracting imidazolium
ring is accordingly decreased. The electropositivity of the imidazolium cation is relatively
enhanced, as a consequence the hydrogen atoms on the imidazolium ring are deshielded and
resonate in a downfield position [35].

The effect of polyvinylpyrrolidone (PVP) on the microstructure of IL microemulsion has also
been investigated [36]. It was found that small amounts of bmimBF4 solution containing PVP
destroyed the initial Triton X-100/cyclohexane micellar structure, while successive addition of
the solution again leads to the IL microemulsion formation [36]. The similar result was also
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observed for the Triton X-100/benzene/bmimBF4, Triton X-100/toluene/bmimBF4 systems [37,
38]. This phenomenon suggests that the IL microemulsion formation cannot be simply
regarded as the swelling of initial micelle by bmimBF4. The major driving force for the IL
microemulsion formation may be the weak electrostatic attraction between the electronegative
oxygen atoms of OE units of nonionic surfactants and positively charged imidazolium cation.
Just due to the weak electrostatic interaction, the required amount of nonionic surfactants to
support the microemulsion formation is relatively large compared to traditional microemul‐
sions, as has been mentioned by Eastoe and Atkin [11,39]. This conclusion has been further
confirmed by the recent observation that only C-2 proton, C-4 proton, and C-5 proton of
bmimBF4 and protons of all OE units of nonionic surfactant remarkably shift in 1H NMR
spectroscopy [40].

Moreover, it was reported that water has a great effect on the IL-in-benzene microemulsions.
The added water molecules mainly behaved as bound water and trapped water in the palisade
layers of the bmimBF4-in-benzene microemulsion. A hydrogen binding network consisting of
imidazolium cations and H2O, BF4

– anion and H2O, H2O and H2O, as well as the electronegative
oxygen atoms of the OE units of Triton X-100 and H2O was bridged in the palisade layers. The
hydrogen binding network is much stronger than the weak electrostatic attraction between
the positively charged imidazolium cation and the electronegative oxygen atoms of OE units,
which was considered as the driving force of IL microemulsion formation. The palisade layers
of the IL microemulsion therefore become more firm and thus increase the stability of the
microemulsion [37,41]; whereas for the bmimBF4-in-cyclohexane IL microemulsion system,
DLS revealed that the size of microemulsion droplets decreased remarkably with increasing
water content although water is often used as a polar component to swell reverse microemul‐
sions [42]. It was deduced that the number of microemulsion droplets was increased which
was confirmed by conductivity measurements. 1H NMR along with two-dimensional rotating
frame NOE experiments (2D ROESY) further revealed that water molecules were mainly
located in the periphery of the polar core of the microemulsion droplets and behave like a
chock to be inserted in the palisade layer of the droplet. This increased the curvature of the
surfactant film at the IL/cyclohexane interface and thus led to the decrease of the microemul‐
sion droplet size. A schematic diagram illustrating the microstructural change of the
bmimBF4-in-cyclohexane microemulsion before and after adding water was shown in Figure
6. The order of surfactant molecules arranged in the interface film was increased and thus
induced a loss of entropy. Isothermal titration calorimetry (ITC) indicated that an enthalpy
increase compensates for the loss of entropy during the process of microstructural transition.
Water decreasing the size of IL microemulsion droplets has also been found by DLS measure‐
ments when Bhattacharyya and coworkers studied the solvation dynamics of Triton X-100/1-
pentyl-3-methylimidazolium tetrafluoroborate (pmimBF4)/benzene ternary IL microemulsion
system [43]. In the IL microemulsion, the surfactant Triton X-100 molecules aggregate in form
of a nonpolar peripheral shell around the polar pool of IL. The microenvironment in such an
assembly varies drastically over a short distance. They found that the solvation dynamics is
slower than that in the IL microemulsion without water, which is ascribed to the smaller size
of the water-containing microemulsion [43].
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Figure 6. A schematic diagram of the bmimBF4-in-cyclohexane microemulsion. A large elliptical droplet structure was
presumed in the absence of water and the addition of water may result in the appearance of more small-size spherical
microemulsion droplets. (Reproduced from Ref.[42], with permission).

In addition, Zheng and his coworkers found an interesting IL-in-base microemulsion, in which
triethylamine acts as either organic solvent or Lewis base. The added water molecules mainly
bond the continuous triethylamine to form a surrounding OHˉ basis environment [44]. Some
of OH− ions may enter the palisade layers of the IL microemulsions and a continuous basic
interface was created. The unique solubilizaiton behavior of water makes it possible to use the
IL microemulsion as a template to prepare metal hydroxides and their corresponding oxides
materials. Furthermore, the micropolarities of bmimBF4/Triton X-100/toluene IL microemul‐
sions were also studied by Zheng’s group by UV-Vis spectroscopic analyses [38]. The results
showed that the IL pools of the microemulsion possessed a relatively fixed polar microenvir‐
onment. In the pools, metal salts Ni(NO3)2, CoCl2, CuCl2, and biochemical reagent riboflavin
could be solubilize, indicating that the IL/O microemulsions have potential application in the
production of metallic or semiconductor nanomaterials, and in biological extractions or as
solvents for enzymatic reactions. Also, Zheng et al. investigated the phase behavior of the
bmimBF4/Triton X-100/toluene ternary system [45]. Three different microstructures: the
bmimBF4-in-toluene, bicontinuous, and toluene-in-bmimBF4 microemulsion were successfully
identified on the basis of the percolation theory by using toluene as the titration phase. The
feasibility of the conductivity method was further proved by cyclic voltammetry experiments.
In addition, an environmentally friendly IL microemulsion has also been prepared by using a
common hydrophobic IL, bmimPF6 as a replacement of organic solvents [46,47]. Both Triton
X-100 and nonionic surfactant Tween-20 support the formation of such IL microemulsion. The
hydrodynamic diameter (Dh) of the Triton X-100 based bmimPF6-in-water microemulsions is
nearly independent of the water content but increases with increasing bmimPF6 content due
to the swelling of the micelles, which accords with the traditional microemulsions. The UV-
Vis spectroscopy further confirmed the existence of water domains in the water-in-bmimPF6

microemulsions [47]. It was revealed that this environmental friendly microemulsion can
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solubilized both metal salts and biological molecules, also showing its potential application in
nanomaterial, biological extraction or enzymatic reaction fields [46].

Han and coworkers also discovered that bmimPF6 can also be used as polar nanosized droplets
dispersed in toluene [48]. Electrical conductivities of the system with different R ([bmimPF6]/
[Triton X-100] molar ratio) values were determined, and the results were used to locate the
sub-regions of the single-phase microemulsion. The aggregate size of the reverse microemul‐
sion of bmimPF6-in-toluene was determined using small-angle X-ray scattering (SAXS). The
results showed that the size depended markedly on the R values. The effect of a compressed
CO2 gas on the properties of reverse micellar solutions with IL polar cores was also studied.
It was revealed that compressed CO2 could enhance solubilization of bmimBF4 in the reverse
micelles considerably at suitable pressures, and formation of the reverse micelles could be
controlled easily by pressure. Increase of CO2 pressure resulted in the decrease of the micellar
sizes at fixed R values. Phase behavior study, UV-vis and SAXS techniques were used to
investigate the effect of bmimBF4, on the size and micropolarity of the reverse microemulsions
formed by nonionic surfactant Surfynol-2502 (SF) in SC CO2 [49]. The effect of a compressed
CO2 gas on the properties of reverse microemulsion solutions with bmimBF4 as polar cores has
been investigated. It was found that compressed CO2 could enhance solubilization of the IL in
the reverse microemulsions considerably at suitable pressures, and formation of the reverse
microemulsions could be controlled easily by pressure [50].

Figure 7. TEM images and electron-diffraction pattern of Au nanoparticles prepared by the RESOLV method at 308.2 K
and 20.00 MPa; [N-EtFOSA]=0.060 gmL-1, [TMGA]/[N-EtFOSA] molar ratio, w=0.41. a) Weight ratio of HAuCl4 to
TMGT, i.e., WHAuCl4/WTMGT=0.01; b) WHAuCl4/WTMGT=0.04; c) electron-diffraction pattern of the Au particles in (b). (Repro‐
duced from Ref.[53], with permission).

Besides, Han et al. also reported that bmimPF6 and immiscible ethylene glycol can form droplet
and bicontinuous microemulsions in the presence of Triton X-100 [51]. The vapor pressures of
ethylene glycol, bmimPF6, Triton X-100 are all very low at ambient temperature. Thus, a
nonvolatile IL microemulsions was created. Subsequently, they found that bmimPF6 can be
dispersed in another hydrophilic IL propylammonium formate (PAF) with the aid of surfactant
AOT. A nonvolatile IL-in-IL (bmimPF6-in-PAF) microemulsions is formed [52]. This kind of
microemulsions may have potential applications with some advantages due to the water-free
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and nonvolatile natures. Very recently, they also discovered that N-ethyl perfluorooctylsul‐
fonamide (C2H5NHSO2C8F17; N-EtFOSA) can form reverse microemulsions in supercritical
CO2 with 1,1,3,3-tetramethylguanidinium ([(CH3)2N]2C=NH2

+) acetate (TMGA), 1,1,3,3-
tetramethylguanidinium lactate (TMGL), and 1,1,3,3-tetramethylguanidinium trifluoroacetate
(TMGT) domains [53]. The combination of supercritical CO2 and ILs is interesting from
academic, environmental and practical points of view as the systems may combine some
advantages of the two fluids. The reverse microemulsion can solubilize salts, such as methyl
orange, CoCl2, and HAuCl4. To demonstrate the application of reverse micelles with IL
domains, they prepared gold particles by a process known as rapid expansion of a supercritical
solution into a liquid solvent (RESOLV). A CO2/N-EtFOSA/TMGT reverse micellar solution
containing HAuCl4 was expanded into a solution of NaBH4 in ethanol. Spherical Au nanopar‐
ticles were formed at a low concentration and an Au network was obtained at a higher
concentration of HAuCl4. The electron-diffraction pattern of the Au networks shows that the
polycrystalline material corresponds to standard face-centered-cubic Au. TEM images and
electron-diffraction pattern of Au nanoparticles prepared by the RESOLV method at 308.2 K
and 20.00 MPa are shown in Figure 7.

The properties of the IL microemulsions have been intensively studied by Sarkar and cow‐
orkers. For instance, the interaction of water with bmimPF6 in water-in-bmimPF6 microemul‐
sion has been probed by solvent and rotational relaxation of C-153 and coumarin 490 (C-490)
as probes [54]. The rotational relaxation and average solvation time of C-153 and C-490
gradually decrease with increasing water content of the microemulsions as the size of the
microemulsion increases and consequently the mobility of the water molecules also increases.
Moreover, the interaction of bmimPF6 with water in the bmimPF6-in-water microregions of
the microemulsions, has also been studied by the dynamics of solvent and rotational relaxation
of C-153 and coumarin 151 (C-151) [55]. In the case of C-153 with an increase in the bmimPF6

content in the microemulsions the change in the solvent relaxation time is small. The rotational
relaxation time of C-153 also remains the same with an increase in the bmimPF6/Triton X-100
ratios. This means that the position of C-153 remains the same, and C-153 may reside at the
interface of these microemulsions. However, in the case of C-151, with an increase in
bmimPF6/Triton X-100 ratios, it was shown that the slow component of the solvation time
gradually decreases, the fast component gradually increases, and the rotational relaxation time
gradually increases. Therefore, the C-151 molecules gradually shifted to the core of the
microemulsions.

Microemulsions consisting of nonionic CnEm surfactants, alkanes, and EAN have been
prepared and characterized [39]. Studies of phase behavior reveal that EAN microemulsions
have many features in common with corresponding aqueous systems, the primary difference
being that higher surfactant concentrations and longer surfactant chains are required to offset
the decreased solvophobicity of the surfactant molecules in EAN compared with water. The
response of the EAN microemulsions to variation in the length of the alkane, surfactant
headgroup, and surfactant chain has been found to parallel that observed in aqueous systems
in most instances. EAN microemulsions exhibit a single broad SAXS peak, like aqueous
systems. These are well described by the Teubner-Strey model. A lamellar phase was also
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observed for surfactants with longer chains at lower temperatures. The scattering peaks of
both microemulsion and lamellar phases move to lower wave vector on increasing tempera‐
ture. This is ascribed to a decrease in the interfacial area of the surfactant layer. Phase behavior,
SAXS, and conductivity experiments have allowed the weakly to strongly structured transition
to be identified for EAN systems [39].

4. Self-assemblied liquid crystals in ILs

In 1983, Evans et al. investigated that β,γ-distearoylphosphotidylcholine (DSPC) can form
liquid crystals in EAN by polarized microscopy and SAXS [56]. The Lβ’ →  Pβ’ →  Lα, transitions
with increasing temperature are present in analogy with the behavior of DSPC in water. For
a 1: l (by weight) mixture the d spacing for the Lα phase is 63 Ǻ, and the surfactant headgroup
area is 76 Ǻ2. A transition involving a subgel to liquid crystalline transition was observed for
L-dipalmitoylphosphatidylcholin (DPPC) bilayers in EAN. This type of transition has not been
previously observed for DPPC multilamellar arrays in water [57]. Also, the phase transitions
for dipalmitoylphosphatidylethanolamine (DPPE) dispersed in EAN were examined using
differential scanning calorimetry (DSC) and time-resolved x-ray diffraction. Lamellar (Lα) to
hexagonal (H1) phase transition was observed when using time-resolved x-ray diffraction but
not when using calorimetry. The presence of EAN stabilizes the existence of the H1 phase in
DPPE by its influence on the bilayer interfacial properties, primarily on the area per lipid
headgroup [58].

The stability of a variety of lyotropic liquid crystals formed by a number of POE nonionic
surfactants in EAN was also surveyed and reported. The pattern of self-assembly behavior
and mesophase formation is strikingly similar to that observed in water, even including the
existence of a lower consolute boundary or cloud point. The only quantitative difference from
water is that longer alkyl chains are necessary to drive the formation of liquid crystalline
mesophases in EAN, suggesting that a rich pattern of “solvophobic” self-assembly should exist
in this solvent [59].

Besides, Chen and coworkers reported that nonaqueous lyotropic liquid crystalline phases of
an amphiphilic triblock copolymer P123 (EO20PO70EO20) formed in bmimPF6 [60]. A hexagonal
liquid crystal phase (H1) formed at 38-52% of P123 in bmimPF6, while at 65-87% of P123, the
SAXS peak positions accord with the ratio 1:2:3, indicating a lamellar phase (La). A schematic
diagram of formation mechanism of the liquid crystal was shown in Figure 8. They proposed
that the strong solvatophobic interaction between IL and hydrophobic parts of surfactant;
hydrogen bonds between the end group of EO block and PF6

– anion; hydrogen bonds between
the cation moiety (–N+) of IL and the lone pairs on oxygen atoms of EO groups may favor the
appearance of long-range ordered structures. Therefore, the possible structural model of
organized P123 assembly in bmimPF6 should be similar to that of aqueous systems, that is,
polar domains are formed with PEO blocks extending into the IL and PPO blocks form apolar
or solvatophobic domains [60].
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Recently, Drummond group investigated forty new surfactant-protic ionic liquids (PIL)
systems. On the basis of high throughout surfactant-PIL penetration scans, they found that
lamellar, inverse hexagonal, and bicontinuous cubic phases can exist as thermodynamically
stable phases in excess PIL in select surfactant-PIL systems. Changes to the cation and anion
can be used to modify the liquid crystalline phases [61]. They also discovered that PILs can
mediate solvent hydrocarbon interactions and promote amphiphile self-assembly. The main
lyotropic liquid crystal phases including hexagonal, cubic, and lamellar phases are observed
in the CTAB-PIL systems, Amphiphile self-assembly in PILs has been interpreted in terms of
a solvophobic driving force (analogous to the hydrophobic effect in water), with the formed
aggregate structures being the result of both local molecular and global aggregate packing
constraints [62].

The local sites of two different ILs: hydrophobic bmimPF6 and relatively hydrophilic
bmimBF4 in nonionic Brij 97 formed hexagonal liquid crystalline were analyzed by SAXS,
rheological techniques and polarizing optical microscopy [63]. Hydrophobic bmimPF6 is
dominantly penetrated between the OE chains of surfactant molecules, whereas hydrophilic
bmimBF4 is mainly located in the water layer of hexagonal phases. The strength of the network
of hexagonal phase formed in the Brij 97/water/bmimBF4 system is appreciably stronger than
that of the Brij 97/water/bmimPF6 system, indicated by the smaller area of the surfactant
molecule at the interface and the higher moduli (G′, G″). Temperature has a converse effect
on the lattice parameters of the two hexagonal phases. Decrease in temperature results in a
decrease in lattice spacing for the bmimBF4 system but an increase in lattice spacing for the
bmimPF6 system [63].

Very recently, the aggregation behaviors of a Gemini surfactant [C12H25(CH3)2N+(CH2)2N+

(CH3)2C12H25]Br−
2 (12-2-12) in two protic ionic liquids (PILs), propylammonium nitrate (PAN)

and butylammonium nitrate (BAN), were investigated by Chen et al [64]. Compared to those
in EAN, the minor structural changes with only one or two methylene units (-CH2-) increase

Figure 8. Schematic diagram of formation mechanism of the liquid crystal consisting of P123 (EO20PO70EO20) in
bmimPF6. (Reproduced from Ref.[60], with permission).
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in cationic chain length of PIL, result in a dramatic phase transition of formed aggregates
(Figure 9). The critical micellization concentration was increased in PAN, while no micelle
formation was detected in BAN. A normal hexagonal phase was observed in the 12-2-12/PAN
system, while the normal hexagonal, bicontinuous cubic, and lamellar phases were mapped
in the 12-2-12/BAN system. Such aggregation behavior changes can be ascribed to the weaker
solvophobic interactions of 12-2-12 in PAN and BAN.

5. Self-assemblied vesicles and gels in ILs

Hao and coworkers reported the self-assembled surfactant vesicles formed by
Zn(OOCCH2C6F13)2 in bmimBF4 or by mixtures of C14DMAO and Zn(OOCCH2C6F13)2 with a
χC6F13CH2COO−=0.18 in bmimPF6 [65]. Well-defined self-assembled surfactant bilayer vesicles
of Zn(OOCCH2C6F13)2 in bmimBF4 were identified by negative-staining TEM.

As shown in Figure 10A, the well-defined bilayer vesicles are clearly visible and the diameters
of the nanospheres range from about 30 to more than 90 nm. Negative-staining TEM and FFEM
(Figure 10B,C) also revealed that the mixed solutions of C14DMAO and Zn(OOCCH2C6F13)2 in
bmimPF6 displayed the same self-assembled aggregation behavior as Zn(OOCCH2C6F13)2 in
bmimBF4. The diameters of the aggregation were about 20 to 150 nm, and multilamellar
vesicles were visible in the FFEM image. Also, clusters of nanospheres could be seen in the
negative-staining TEM image.

Kimizuka developed the ether-containing ILs which are capable of dissolving carbohydrates
such as β-D-glucose, α-cyclodextrin, amylose, agarose, and a glycosylated protein, glucose
oxidase. Stable bilayer membranes are formed when glycolipids are dispersed in these sugar-
philic ILs. Reversible thermal transformation from fibrous assemblies to vesicles was also
displayed in Figure 11. Physical gelation of ILs occurs by dissolving amide-group-enriched
glycolipids, providing a first example of self-assembling ionogels [66].

Figure 9. Phase transition of a quaternary ammonium gemini surfactant induced by minor structural changes of protic
ionic liquids. (Reproduced from Ref.[64], with permission).
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system, while the normal hexagonal, bicontinuous cubic, and lamellar phases were mapped
in the 12-2-12/BAN system. Such aggregation behavior changes can be ascribed to the weaker
solvophobic interactions of 12-2-12 in PAN and BAN.

5. Self-assemblied vesicles and gels in ILs

Hao and coworkers reported the self-assembled surfactant vesicles formed by
Zn(OOCCH2C6F13)2 in bmimBF4 or by mixtures of C14DMAO and Zn(OOCCH2C6F13)2 with a
χC6F13CH2COO−=0.18 in bmimPF6 [65]. Well-defined self-assembled surfactant bilayer vesicles
of Zn(OOCCH2C6F13)2 in bmimBF4 were identified by negative-staining TEM.

As shown in Figure 10A, the well-defined bilayer vesicles are clearly visible and the diameters
of the nanospheres range from about 30 to more than 90 nm. Negative-staining TEM and FFEM
(Figure 10B,C) also revealed that the mixed solutions of C14DMAO and Zn(OOCCH2C6F13)2 in
bmimPF6 displayed the same self-assembled aggregation behavior as Zn(OOCCH2C6F13)2 in
bmimBF4. The diameters of the aggregation were about 20 to 150 nm, and multilamellar
vesicles were visible in the FFEM image. Also, clusters of nanospheres could be seen in the
negative-staining TEM image.

Kimizuka developed the ether-containing ILs which are capable of dissolving carbohydrates
such as β-D-glucose, α-cyclodextrin, amylose, agarose, and a glycosylated protein, glucose
oxidase. Stable bilayer membranes are formed when glycolipids are dispersed in these sugar-
philic ILs. Reversible thermal transformation from fibrous assemblies to vesicles was also
displayed in Figure 11. Physical gelation of ILs occurs by dissolving amide-group-enriched
glycolipids, providing a first example of self-assembling ionogels [66].

Figure 9. Phase transition of a quaternary ammonium gemini surfactant induced by minor structural changes of protic
ionic liquids. (Reproduced from Ref.[64], with permission).
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A thermoreversible  ion  gel  by  triblock  copolymer,  poly(N-isopropyl  acrylamide-b-ethyl‐
ene  oxide-b-N-isopropyl  acrylamide)  (PNIPAm–PEO–PNIPAm)  self-assembly  in  IL,  1-
ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)-imide  (emimTFSI)  has  been
recently  reported by  Lodge group [67].  The  ion gel  is  highly  conductive  and possesses
sufficient mechanical strength even under large strains. This thermoreversible ion gel offers
the advantage of solvent-free processing in practical applications. They also found that ion
gel  electrolyte  can  be  formed by  gelation  of  poly(styrene-block-ethylene  oxide-block-styr‐
ene)  (SOS)  triblock  copolymer  in  bmimPF6.  The  gelation  behavior,  ionic  conductivity,
rheological  properties,  and  microstructure  of  the  ion  gels  were  investigated.  The  ionic
conductivity of the ion gels is only modestly affected by the triblock copolymer network.
Its  temperature dependence nearly tracks that  of  the bulk IL viscosity.  The ion gels  are

Figure 10. Negative-staining and FFTEM images of self-assembled surfactants in ILs. (A) a typical negative-staining
TEM image of the self-assembled Zn(OOCCH2C6F13)2 bilayer vesicles in bmimBF4; (B) Negative-staining and (C)
FFTEM images of self-assembled surfactant nanospheres of C14DMAO and Zn(OOCCH2C6F13)2 in bmimPF6. (Repro‐
duced from Ref.[65], with permission).
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thermally  stable  up  to  at  least  100℃  and  possess  significant  mechanical  strength  [68].
Moreover, they also fabricated polymer semiconductor thin film transistors using the ion
gel as the gate dielectric layer. The gate capacitance of the ion gel can be as large as 40 μF/
cm2 at 10 Hz and 2 μF/cm2 at 1 kHz. The polarization response time of the ion gel is much
faster  than  previously  tested  solid  polymer  electrolytes,  allowing  the  ion  gel  gated
transistors to operate at higher frequencies and establishing ion gels as an attractive new
class of solution processible gate dielectric materials for organic electronics [69].

6. Conclusion

Due to their unique characteristics and potential environmentally friendly behavior, ILs are
finding more and more applications in a variety of research fields, such as extraction, separa‐
tion, chemical reactions, material preparations, and chromatography, among others. It can be
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said that once the physicochemical properties and microstructure of these neoteric self-
assembly in ILs are well established and understood, number of their applications of the self-
assemblies will increase dramatically as researchers are discovering more and more about
these exciting media. There is no doubt that, in the near future, self-assemblies in ILs will
establish themselves as important media in many research fields.
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1. Introduction

Emulsions are made by mixing two immiscible phases, preferentially in the presence of an
emulsifying agent. Hence, crude oil production is invariably accompanied by water in mature
oil reservoirs where the formation of stable water-in-oil (W/O) emulsions are frequently
encountered [1]. The dispersion of water droplets in oil is facilitated by the presence of
interfacial active agents in the crude oil such as asphaltenes, waxes, resins and naphthenic
acids. The content of these natural emulsifiers is more abundant in heavy than in light crude
oils, altogether with a specific density closer to water that difficult water separation that favor
the formation of more stable emulsions in heavy crude oils [2].

The presence of water causes several operational problems like corrosion in equipments and
pipelines, and generally increases the cost of oil production. Therefore, water must be
separated from crude oil before refining process [3]. There are several physical methods
(thermal, mechanical, electrical and chemical) to break water/oil emulsions. However,
chemical demulsification by adding demulsifiers is still one of the most frequently applied
industrial method to break crude oil emulsions [4]. The latter are generally combined with
physical methods to accelerate the demusification process [5].

Currently most of the recoverable crude oil around the world is heavy crude, i.e. specific
density equal or lower than 20 API. Their composition complexity and high viscosity makes
them difficult and expensive to produce and transport through pipeline because of their low
mobility and flowability. Different strategies to facilitate the handling and transport of such
crude oils are the dilution with condensates or lighter oils, the use of flow improvers and drag
reducing additives, and the formation of oil in water emulsion (O/W), known as inverse
emulsions, to increase the crude oil fluidity [6].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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The formation of O/W emulsions is competitive when compared to conventional technology.
However, this approach requires water separation and conditioning prior to crude oil
processing and refining [7]. Thus, the demulsification process is important to break direct
emulsions, more commonly W/O emulsions in order to avoid operational problems caused by
the presence of water in the refining process. Secondly, demulsification is needed to break
inverse O/W emulsions, that may also be formed naturally, but most commonly promoted as
a method for fluidizing heavy crude before pipelining [8].

In this regard, ionic liquids (ILs) have been widely studied in the last two decades because of
their unique properties, as an ecological alternative to solvents, cosolvents and catalysts in
organic synthesis [9], and in the chemical industry [10]. Since they have a very low vapor
pressure, thermal stability and non-flammability, they have been considered as “green,
ecofriendly chemicals” [11]. ILs have found a variety of applications in the oil industry, such
as pollutant removal, corrosion inhibitors and viscosity reducers [12-14]. ILs have found also
wide applications as surfactants [15-16], and recently the application of ILs as demulsifiers for
both W/O and O/W in petroleum industry have been described [17-19].

The purpose of this work is to share the qualitative perspective of ILs applications as surfac‐
tants and specially their applications as demulsifiers of petroleum emulsions. The chapter is
then divided into two parts. The first part involves a review about generalities about surfac‐
tants, theories of emulsion and demulsification, variability of applied chemicals, emulsion’s
formation, type of emulsion, factors affecting the emulsion’s stability, chemical demulsifica‐
tion, and proposed mechanisms for emulsion’s breaking. In the second part, we discuss the
ILs applications as surfactants with focus as demulsifiers of both O/W and W/O emulsions for
oilfield applications. The effect of microwave irradiation on breaking crude oil emulsions in
conjugation with ionic liquids is also discussed.

2. Theory about emulsions

2.1. Emulsion formation

An emulsion is generally defined as a system in which a liquid is distributed or dispersed
relatively in the form of droplets in another substantially immiscible liquid. An emulsion is a
lyophobic colloid, i.e. a sol that cannot be formed by spontaneous dispersion. The emulsions
are thermodynamically unstable, but they may be kinetically stabilized by the presence of an
emulsifying agent or surfactant. The latter forms a surface film on the existing interface
between each droplet and the continuous medium, thereby reducing interfacial tension and
preventing coalescence.

When a system containing enough surfactant, water and oil is subjected to mixing, one of the
phase is preferentially dispersed as droplets into the other and resulting in an emulsion [20].
The mission of the surfactant is to facilitate the extension of the interface during the formation
of the emulsion, and secondly, stabilizing the emulsion by retarding the coalescence of
dispersed phase droplets. The surfactant possesses an amphipathic nature, which allows
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locating at the interface between each droplet and the continuous medium and thereby
reducing interfacial tension and preventing coagulation.

There are three minimal requirements to form an emulsion:

• Two immiscible liquids such as water and oil.

• Enough shear force provided by mixing to disperse one liquid into droplets in the other.

• An emulsifying agent to allow reduction of the free surface energy and stabilize the
dispersed phase.

The nature of dispersion and continuous phases may be more complex as is the case of multiple
emulsions. By instance, the dispersion of oil droplets into segregated water phases that in turn
are dispersed in a continuous oil phase (oil/water/oil, O/W/O emulsion). The petroleum
industry uses to classify direct emulsions (Figure 1), i.e. water-in-oil emulsions, as hard and
soft. By definition a hard emulsion is very stable and difficult to break, mainly because the
dispersed water droplets are very small. Moreover, a smooth emulsion or dispersion is
unstable and easy to break. The inverse or oil-in-water emulsions are also present but more
like a complex emulsion rather than it self. Emulsions are difficult to treat from the operational
point of view and cause several problems, including difficulties to separate gas/oil phases,
crude out of specification, generate high pressures in pipes and also because water contains
many dissolved salts causing severe corrosion problems in pipelines, storage tanks and
equipment.

When water droplets of large diameter are present (> 100 microns), they are often easily
removed by gravitational force that favor coalescence and formation of a water continuous
phase. The water that is separated in less than five minutes is usually called free water. The
amount of water that remains emulsified may vary widely from 1 to 60% by volume. In case
of medium and light crude oils (> 20 ° API), emulsions typically contain 5 to 20% by volume
of water, while 10 to 35% water may still be present in heavy and extra heavy oil (<20 ° API).

Emulsions can also be classified according to their dispersed phase:

• Between 0 and 5% of dispersed phase, the emulsions present droplets that have no direct
interactions with each other..

• Between 5 to 30% of dispersed phase, droplets have some interactions with each other but
emulsion properties are mainly ruled by the continuous phase.

• Between 30 and 74% of dispersed phase, emulsions are considered as medium dispersed
phase, and their properties show remarkable deviations from Newtonian behavior and rely
heavily on their formulation and emulsification protocol.

• More than 74% of dispersed phase results on an emulsion of high dispersed phase, in which
contact between the droplets is very large, and the emulsion properties are ruled by the
dispersed phase.
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Figure 1. Representative scheme of two type of emulsions, oil-in-water (a) and water-in-oil (b) (oil in black, water in
grey).

2.2. Emulsion stability

Some emulsions are easily broken down into water and oil phases after formation, while others
can persist for days, months or even years. Stability is a consequence of the small droplet size,
the oil/water ratio, the presence of surfactants and factors as temperature, salt content, pH of
water, etc. The processes concerning emulsion breaking may be considered as:

• Creaming: Creaming is the opposite to the sedimentation phenomenon and is the result of
different densities between the two liquid phases which creates a concentration gradient
that moves the light dispersed phase to the top, and virtually no coalescence is present
because the attractive forces are not strong enough to cause aggregation and coalescence.

• Sedimentation: Droplets go to the bottom due to their larger density when compared to the
continuous phase but they retain their integrity and no coalescence is present.

• Coalescence: it occurs when droplets are near enough to others for a certain time and the
attractive forces acting among them cause droplets to merge and form larger drops until a
separated phase occurs (Figure 2).

When the interfacial film between droplets has thinned below a critical thickness, it is broken
and the difference in capillary pressure causes the emulsion to break. So the properties of the
thin film are extremely important for separation. All emulsions except perhaps microemul‐
sions are thermodynamically unstable, but may be relatively stable in the kinetic sense. An
emulsion may be kinetically stable against coalescence but unstable with respect to aggrega‐
tion. The emulsions may be characterized as stable, unstable or mesoestable emulsions.

2.3. Factors affecting the stability of emulsions in petroleum

Some of the most important factors affecting the stability of emulsions are:

• Heavy fraction of crude: Emulsions are stabilized by the presence of emulsifiers that locate
at the water/oil interface and form an interfacial film. Some organic molecules as asphaltenes
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and resins present in the crude can act as natural emulsifiers. These polar compounds tend
to migrate to the oily surface, reduce the interfacial tension and promote the dispersion and
emulsification of water (Figure 3).

Figure 3. a) W/O emulsion. b) Details of the interface of a drop of water forming a stabilized emulsion.

The asphaltenes are complex structures formed by a variety of polyaromatic and polycyclic
compounds. These compounds are attracted by electrostatic forces, mainly π bonds and

Figure 2. Scheme of emulsion breaking adapted from [4].
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hydrogen bonds, that allow an arrangement and packaging that generate clusters with high
stability and with paraffins are mainly responsible for the high viscosity and stability of the
heavy oil emulsions. In the other side, resins are complex molecules with high molecular
weight and soluble in n-heptane but very low soluble in ethyl acetate. The role of these
compounds is not well defined, but some theories consider that associated with asphaltenes
may form micelles that favor emulsion stability. The asphaltene/resin ratio appears to play an
important role in the type of film that forms and consequently are associated with the stability
of emulsions. Other important macromolecules present in the crude oil and especially in some
heavy crude oils are paraffins. Paraffinic compounds with high molecular weight hydrocar‐
bons, known also as waxes, which crystallize when the crude oil is cooled down its cloud point.
It has been found that the addition of a specific amount of asphaltene to a waxy oil promotes
the formation of stable emulsions. Indeed, paraffins may act synergistically with asphaltenes
to produce stable emulsions.

The main factors that can affect the stability of the emulsions are [2]:

• Solids: The presence of finely divided solids in the oily phase favors the stability of emul‐
sions. The effectiveness of the stability of these solids depends on factors such as particle
size, interaction between the particles and wettability of the solid particles. Solid particles
stabilize the emulsion by spreading across the interface.

• Temperature: The temperature can significantly affect the stability of the emulsion. Tem‐
perature affects the physical properties of oil-water interfacial film and the solubility of
surfactants, all of which influence the stability of the emulsion. Probably the most important
effect is related to the viscosity of the phases in the emulsion since it decreases with
increasing temperature. The increase in temperature also causes an increase in the thermal
energy of the droplets and therefore the actual number of collisions between them, which
in turn reduces the interfacial tension and favor the coalescence of the drops. It has been
shown that the increase in temperature causes a gradual destabilization of the oil/water
interface. Compressibility of the interface is also affected by changing the surfactants’s
solubility in the oily or aqueous bulk.

• Drop size: The dispersed droplets into a typical emulsion are found commonly between 1
to 50 microns. Bigger droplets tend to coalescence and resolve into a separated phase. The
smaller the droplets are, the emulsion is more stable and its viscosity increases since the free
volume between droplets diminished.

• pH: The pH of the aqueous phase strongly influences the stability of the emulsion. The
addition of acids or inorganic bases cause ionization of the interfacial film and drastically
changes the physical properties of the film. Acid pHs favor the formation of W/O emulsions,
while basic pHs favor the formation of O/W emulsions.

• Interfacial tension. A substantial reduction of interfacial tension is not sufficient to increase
the stability of the emulsion. It is need also a stabilizing agent that prevent aggregation,
sedimentation, creaming and coalescence.
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• Viscosity. A high viscosity of the continuous phase decreases the diffusion coefficient and
the collision frequency of the droplets, favoring the stability of the emulsion. A high
concentration of droplets also increases the apparent viscosity of the continuous phase and
stabilizes the emulsion. This effect can be minimized by heating the emulsion.

• Phase volume ratio. Increasing the volume of the dispersed phase, droplet number and/or
droplet size favor the probability of collision of droplets and reduce the stability of the
emulsion.

• Interface aging. As the emulsion aged, the interface surfactant adsorption is completed and
due to the lateral interaction between molecules, the rigidity of the interfacial film reaches
a stable value in about 3 to 4 hours. This film or skin around the droplets becomes thicker,
stronger and tougher. Furthermore, the amount of emulsifying agents is increased by
oxidation, photolysis, evaporation or by the action of bacteria.

• Salinity. The brine concentration is an important factor in forming stable emulsions. Fresh
water or brine with low salt promotes emulsion stability. Conversely, high salt concentra‐
tions tend to reduce it.

• Nature of oily phase. An oily phase rich in paraffins does not form stable emulsions, whereas
the presence of polar compounds as naphthenic acid and favor stable emulsions. The
presence of waxes, resins, asphaltenes and solids can influence the stability of the emulsion.

• Density. The net force of gravity acting on a drop is directly proportional to the difference
in densities between the droplet and the continuous phase. The increase in density gap by
increasing the temperature, accelerates the rate of sedimentation or creaming of the droplets
and therefore coalescence.

• The presence of metal ions. Divalent cations such as calcium and magnesium tend to
produce a compactation of the adsorbed film, probably as a result of electrostatic screening
on both sides, provoking the precipitation of insoluble salts in the interface.

• Interfacial rheological properties. Generally, chemical gradients are generated when an
interface with adsorbed surfactant molecules stretches or expands due to external factors
and consequently, the interface presents certain elasticity.

2.4. Demulsification

The demulsification is the breaking of an emulsion and resolution of the phases. This process
has gained importance in the petroleum industry because many crudes from offshore reser‐
voirs contain emulsionated water that must be separated before processing of the crude oil.

The demulsification process can be carried out by four main methods: mechanical, thermal,
electrical, chemical and their combinations. The pH adjustment, voltage application, filtration
and membrane separation are comprised among the available methods. Thermal demulsifi‐
cation may be reached by the use of microwaves [21]. The radiation favors temperature
elevation process by a non-conventional heating mechanism known as dielectric heating.
Many works of demulsification have been focused on the effect of microwave irradiation to
break emulsions [22-27].
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Now, the most common technologies employed in petroleum industry are the combined use
of heat and chemicals designed to neutralize and eliminate the effects of the emulsifying agents.
The selection of a suitable chemical is crucial to the demulsification process. However, this
process is rather an art than a science, because many factors play a role in this very complex
phenomenon. A chemical formulation can exhibit excellent performance for demulsification
of a crude oil and become completely ineffective when there are changes in the composition
of the oil. An emulsifier is usually a formulation of one or more chemicals dissolved in a
suitable solvent. The demulsifiers are commonly polymer chains with ethylene oxide alcohols,
ethoxylated phenols, ethoxylated alcohols and amines, ethoxylated nonylphenol, polyhydric
alcohols and sulfonic acid salts. The more common procedure for selecting a demulsifier is
through bottle tests in the laboratory. These tests allow the selection of right chemicals, evaluate
a suitable formulation and define the conditions of concentration, residence time and process
temperature. Due to the wide variety of components present in the crude oil, it is not surprising
that the performance of demulsifiers is largely dependent on the type of oil and composition,
whereby the performance of a formulation can vary drastically from one oil to another.

2.5. Possible chemical mechanisms for demulsification

The emulsification with the use of chemicals is a very complex phenomenon. Different theories
have been proposed to explain the mechanisms of demulsifier’s action. It is known that
demulsifiers establish an opposite type emulsion that those formed by the natural emulsifiers
(emulsion stabilizers), thereby displacing the emulsifiers of the drop interface, which favors
the coalescence of water or oil droplets. Therefore, the efficiency of demulsifier depends on
their adsorption capacity at the interfase in competition with other surface active species
present in the emulsion.

In 1949, Griffin introduced the concept of Hydrophilic-Lipophilic Balance (HLB) as an
empirical scale to weight the effect of the structural aspect of surfactant molecule and it is
related to the chemical groups that are similar or antagonistic to water [28]. The HLB for
polyethoxylated surfactants defined as 20 times the weight of the part consisting of polyoxy‐
ethylene. For example, for 5 sets of nonylphenol with ethylene oxide, the HLB is 10 and because
this molecule is exactly the same weight of the hydrophilic and lipophilic moiety, a rule has
been established that an HLB ≤ 8 (or HLB ≥ 12) indicate that this is a lipophilic surfactant (or
hydrophilic and this results in a W/O (or O/W emulsion) according to the Bancroft rule. The
HBL has the drawback that it does not take into account parameters such as temperature,
salinity, or the nature of the hydrophilic group so they cannot be used as a parameter for
comparison between different families of surfactants. So it was developed an equivalent taking
into account all these effects through a mathematical equation known as hydrophilic-lipophilic
deviation (HLD). The HLD can take positive or negative values related to the type of O/W or
W/O emulsion. The minimum emulsion stability occurs when the HLD equals zero. The HLD
is the dimensionless version of the SAD (surfactant affinity difference) and developed by
Salager and coworkwers [29-32].

When a surfactant or mixture of surfactants have a high hydrophilic or lipophilic affinity, they
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bulk by having high affinity and preferably not at the interface stabilizing the emulsion.
Moreover, when a surfactant has exactly the same affinity for both phases, also they generate
very unstable emulsions. The emulsion stability is high when the surfactant has a moderate
lipophilicity (for the case of a W/O emulsion) or moderately hydrophilic (in the case of O/W),
which is associated with a HLD of+3 or+4 for the case of a W / O emulsion or-3 to-4 for the case
of an O/W. The affinity of the surfactant by either phase can be manipulated through variations
in the formulation, i.e. by varying the nature of the components and their interaction with the
interface as variation in salinity (salt addition, the electrolyte type and concentration), oil type
(number of carbon atoms of the alkane or equivalent), size of the head and tail of the surfactant,
alcohol type and concentration, temperature and/or pressure.

The HLD expression for a system containing ethoxylated surfactants can be expressed as
following:

HLD = β -kEACN + bS − φ(A) + cTΔT
Where β is a characteristic parameter of the surfactant or surfactant mixture which increases
insofar as this is more lipophilic, EACN is the carbon number of the alkane or oil equivalent if
this is not an alkane, S is salinity and expressed in % by weight of salt in the aqueous phase,
φ (A) is a function of alcohol (type and concentration) which is commonly used as a cosurfac‐
tant and ΔT is the difference in temperature of the surfactant relative to room temperature (25
° C) and k and cT are constants. Thus, if the experiment was carried out using distilled water
in the absence of alcohol and at room temperature, the last three terms in the equation would
be zero and hence the HLD depend only on the characteristics of the surfactant and the
concentration of solvent.

When any of these variables change monotonically (i.e. salt concentration or temperature),
keeping all other variables constant can be studied very promptly the effect of these on the
emulsion stability. Another equation is set to non-ionic surfactants of ethoxylated type, which
can be expressed as follows:

HLD = α – EON + bx S – k x ACN + t (T – 25) + a x A
Where α, k and t are surfactant parameters, EON is the degree of ethoxylation of surfactant,
ACN is the carbon number of the alkane, S and A are the concentration of salt and alcohol, and
T the temperature. The above equation may be described as follows:

HLD =k ×β + b×S −k × ACN + t(T −  25) + a×A
Where the parameter β can be defined as:β=  (α −EON) / k,
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W/O emulsions naturally occur to the lipophilic nature of the natural surfactants, which have
a HLD value greater than 0, so demulsification essentially involve adding a second surfactant
to displace HLD value to 0. Accordingly, the surfactant to be added should be hydrophilic in
nature and must be added to such a concentration that the mixture to generate a natural
surfactant HLD=0, indicating that has the same affinity for the water than oil.

2.6. Chemical products for demulsification

Usually commercial demulsifiers are mixtures of several components having different
chemical structures and polymeric materials with a broad molecular weight distribution.
Demulsifiers are formed by a 30 to 50% of active material (surfactant) plus the addition of
suitable solvents such as alcohols and aromatic naphtha. Many kind of demulsifiers have been
employed since 1920 as soaps, nafthenic acids and salts, aromatics and alkylaromatic, sulfo‐
nated compounds, sulfonated and castor oils, esters, organic acids, epoxides, block copoly‐
mersof ethylene and propylene oxide, alkylphenol-formaldehyde resins, polyamines, fatty
alcohols, polyesteramines and oxyalkylated amines and mixtures thereof [33]. Figure 4 shows
some structures of commercial chemicals used in the demulsifier formulations in the last
decades. Commercial demulsifiers usually contain one or more of these active ingredients in
a suitable solvent. For polymers, molecular weight and chain distribution plays also an
important role in the demulsifier effects.
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Figure 4. Structures of some commercial chemicals used asa demulsifiers in Petroleum Industry.

2.7. Ionic liquids as surfactants

As described throughout this book, ILs present exceptional properties such as high solvent
abilities, negligible vapor pressures, extremely high electrical conductivities, chemical and
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2.7. Ionic liquids as surfactants
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thermal stability [34-35] that have been exploited in applications as diverse as in organic
synthesis [36-37], catalysis [38-39], biocatalysis [40-41], separations [42], extraction [43],
dissolution [44], polymerization reactions [45] and electrochemistry [46]. In petroleum
industry, ILs have found wide applications as corrosion inhibitors [14, 47], as inhibitors of
asphaltene precipitation [48] and for removing pollutants from refineries feedstocks [13].

Moreover, ILs with long-chain hydrocarbon residues exhibit surfactant properties in water
[49-53] and in other ILs as solvents [54]. ILs have also been widely explored as potential ionic
surfactants with different areas and applications such as extraction of organic compounds,
metal ions and radioactive isotopes [55-56], as template to produce micro/mesoporous
materials [57-58], in microemulsion [59-61]. The surfactant properties of ILs are easily under‐
stood if we consider that these compounds generally have a well-defined structure with
hydrophilic character and another with hydrophobic character, i.e. they are amphipatic.
Moreover, these compounds may be or anionic or cationic nature depending that in which
section of their structure the amphiphilic character is present. Switterion type ILs have also
well studied (Figure 5).
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Figure 5. Some examples of surfactants ILs.

There is an interesting study about the influence of ionic and non-ionic amphiphiles, i.e.,
Cetyltrimethylammonium bromide (CTAB) and 1-(2-aminoethyl)2-heptadecyl-2-imidazoline
(1), on the pore hierarchy and morphology of siliceous particles synthesized with. The
amphiphile (1) leads to the formation of spherical silica particles of about 250 nm diameter,
while the ionic surfactant CTAB led to porous silica spheres of about 750 nm diameter. A single-
particle analysis using High Resolution Electron Microscopy and Optical Density Transforms
show the inner pore structure of the particles synthesized with CTAB and low molecular
weight alcohols co-surfactants (ethanol and propanol) is oriented along the sphere radius,
while silica particles synthesized with (1) have a random-like pore structure. Both systems
were used as supports for adsorption of a photosensitive spiropyran (i.e., Spiro-6) type
compound (1',3',3'-trimethyl-6-nitrospiro-(2H-1-benzopyran-2,2'-indoline)) and their interac‐
tion with the silica surface was characterized by IR spectroscopy, showing a weak interaction
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with respect to other silicates (lamellar clays). These effects are potentially interesting for
applications on biomarkers, stable photosensitive materials, solid-phase organic synthesis and
dyes [62].

In petroleum industry, surfactant ILs have been explored as efficient chemicals for Enhanced
Oil Recovery (EOR) that is a generic term for techniques that increase the amount of crude oil
that can be extracted from a reservoir. It is estimated that two-thirds of crude oil remains in
oil reservoirs after primary and secondary (water flooding) recovery stage and with the
decrease in world oil reserves and a higher demand for petroleum and its derived products,
the effective exploitation of oil reservoirs has become increasingly important.

EOR-assisted by surfactants is an effective method for recovering the oil from reservoirs that
have lost their drive after the application of primary and secondary recovery methods. In this
sense, ILs have showed good potential as surfactant with this purpose [63-64], thus Lago et al.
showed the suitability of several ILs as effective replacements for conventional surfactants in
EOR [65-66]. The reservoir fluid has been modelled as a ternary system of water (pure water
or aqueous solution of NaCl) plus the IL: trihexyl(tetradecyl)phosphonium chloride plus
dodecane. Determination of its liquid-liquid phase equilibrium indicates the formation of a
Winsor type III system, with a triphasic region and adjacent biphasic regions. The interfacial
tensions in the system corroborate the ability of the IL to act as a surface active agent, as
desirable for its use in an EOR process. A relevant transport property such as viscosity, in
addition to density, has been experimentally measured for the equilibrium phases [65]. The
same research group showed in 2013 that the three-phase system generated when adding
trihexamethyl(tetradecyl)phosphonium chloride to the water-oil mixture remain stable in the
wide range of temperature and in the presence of salt, in contrast with other system, no co-
surfact is required. When the temperature increases, an important decrease of the microemul‐
sion-water/brine interfacial tension was observed [66].

Recently, the application results of ILs was reported, for the first time, at laboratory scale using
a sand-pack column model for EOR. A 2 wt% aqueous solution of 1-ethyl-3-methylimidazo‐
lium tosylate ([C2MIM][OTs]) was used to recover an aromatic oil. The results show that a
flooding processes using only 4 pore volumes (PV) could recover 65.7% (±1.0) of the oil in place,
almost the double of what was recovered with a brine solution (NaCl, 2 wt%). These prelimi‐
nary results, requiring further optimization of the IL characteristics and concentration, and
other process parameters, suggest that water-flooding with aqueous solutions of ILs can
contribute to EOR in mature reservoirs [67].

2.8. Ionic liquids as demulsifiers of emulsions in petroleum industry

ILs have also found application as surfactants in demulsification process for oil field applica‐
tion. As discussed above, crude oil is invariably accompanied by water and formations of stable
W/O emulsions are frequently encountered in the oil industry. These emulsions contain
significant quantities of contaminants, salts and other corrosive compounds and their stability
is increased for heavy and ultra-heavy crude oils due to the content of these natural emulsifiers
that is more abundant than in light crude oils [33].
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Destabilization of emulsions is an important step to obtain water-and salt-free oils, being the
chemical demulsification and desalting the most frequently applied industrial methods to
break crude oil emulsions. This process can be very difficult and non-efficient to demulsify
and desalt water-in-oil emulsions of heavy viscous crude oils, being also time consuming [68].
A study about W/O demulsification for three types of Mexican crude oils was reported using
several surface-active ILs analogues. The efficiency of these ILs was studied using emulsions
of medium, heavy and ultra-heavy crude oils under conventional heating. Some of these
surfactants were able to break water in oil emulsion in heavy and ultra-heavy crude oils. The
effect of microwave irradiation as non-conventional energy source to accelerate and increase
the efficiency of demulsification for heavy crude oil was also demonstrated [69]. Brazilian
researchers have also studied ILs and microwave effect on demulsification of crude oil
emulsions [17]. In their more recent work, they investigated the effect of five ILs, [BMIM]
[NTf2], [OMIM][NTf2], [C12MIM][NTf2], [BPy][NTf2] and [OMIM][OTf] and a set of operation
parameters on the demulsification process, including the heating type (conventional and
microwave), IL concentration (0.6 to 6.2 g/dm-3), effect of alkyl chain length, and effect of cation
and anion type on demulsification efficiency. The results indicated that the demulsification
was favored when more hydrophobic ILs and longer cation alkyl chains were employed, such
as [C12MIM][NTf2], reaching values close to 92% of water removal. Also microwaves in
conjunction with IL showed the highest demulsification efficiency [70]. Flores et al. studied
the anion and cation effect as ammonium type ILs as dehydrating agent of ultra-heavy crude
oil from the experimental and theoretical point of view using series of trioctylammonium
(TOA) ILs containing the anions: Cl-, HSO4

-and H2PO4
-, and other new ammonium salts (OCD)

with HSO4
-, MeSO3

-and MePhSO3
-. According with this study, the ranking of water removal

efficiency for the TOA series at 1000 ppm was Cl-> HSO4
-> H2PO4

-, while for ODC series, the
rankings for efficiency at 360 min were HSO4

-> MeSO3
-. Theoretical studies by means of density

functional theory (DFT) suggested that an increase in the softness and electrophilicity of the
cations correlated with lesser effectiveness as demulsifiers. Finally, the partition coefficient of
the cations showed that if the viscosity of the crude oil is low, it is possible to use ILs with a
low partition coefficient (log P), but if the viscosity is high, the log P of IL should be near to
the [TOA][Cl] value [71].

Ammonium-type IL anionic surfactants have also shown good efficience as demulsifiers of W/
O emulsions. Four amphiphilic cholinium carboxylates were synthesized by ionic exchange
from choline chloride (Vitamin B4) and fatty acid salts under microwave irradiation (Fig. 6).
These environmentally friendly anionic surfactants were evaluated as demulsifiers to break
water in crude oil emulsions using short intervals of microwave dielectric heating to follow
the kinetics of the demulsification and the results of the evaluations were validated and
confirmed by the classical “bottle test” procedure. Choline palmitate showed the best per‐
formance as demulsifier of the heavy Mexican crude oil emulsion [72].

Another application of ILs is on the demulsification of O/W emulsions, or inverse emulsions.
Unlike the W/O emulsion which tend to increase the viscosity, the inverse emulsion are less
common. The continuous phase of such emulsions is water, which substantially reduces the
viscosity of high viscous oils like heavy, extra heavy and bituminous oils and represents an
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interesting alternative for their transportation through pipelines. Nevertheless, crude oils must
be conditionned by removal of water and salts before further refining. Hence, the potential of
aminoacid based ILs as demulsifiers of O/W emulsions was probed to break an emulsion from
heavy crude oil [73]. The aforementioned O/W emulsions were prepared using alkyl-O-
glucoside and-cellobioside biosurfactants [74]. The effect of the addition of the ILs surfactant
GlyC12 (1000 ppm) on the water separation of an O/W emulsion was evaluated using oil bath
or microwave heating at 50 W (Fig. 7). As was observed, microwave heating is more effective
than oil bath heating in terms of rate of demulsification. Indeed, MW heating during two
minutes allowed water separation of 77% and only 37% under oil bath heating. The emulsion
in the presence and in the absence of GlyC12 reaches a water separation of 87% and 89%
respectively after 10 minutes of treatment.

Figure 7. Kinetics of the separated water (WS) from the initial O/W emulsion treated under oil bath (●) and MW heat‐
ing (■); and in the presence of a demulsifier (GlyC12, 1000 ppm) under oil bath (○) and MW heating (∆).
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The addition of the demulsifier increased the water separation efficiency for oil bath heating,
the separated water increased from 30% to 80% after 6 minutes of contact. It is clear that both
demulsifying approaches reached a high percentage of separated water after 10 minutes of
heating when the demulsifier was used. MW heating appears to be a good demulsifying
process for O/W emulsions since water separation occurs rapidly within the first minutes of
heating (Fig. 8) [18].

Figure 8. Photographs showing separated water (WS) from the initial O/W emulsion containing GlyC12 (1000 ppm) at
50 W, 60°C. Initial O/W emulsion before MW irradiation (A), emulsion after MW irradiation during 2 (B), 4 (C), 8 (D),
10 minutes (E).

Figure 9. Surface response of the water content respect to the dosage and chain length of Glycine-based demulsifiers at
60°C.
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We undertook recently a screening of commercial and synthesized emulsifiers and demulsi‐
fiers to develop a comprehensive and environmentally friendly methodology for transporting
ultra-heavy crude oil. For the screening of demulsifiers, a factorial 2k design was employed
and demulsification parameters as temperature, demulsifier concentration and pH were
studied (Fig. 9). A “green” ionic demulsifiers synthesized from glycine have satisfactory
dewatering ability for ultra-heavy crude oil emulsion. When GlyC14 was employed at 900
ppm, the dewatering efficiency reach 89.5% at pH 3. Considering low toxicity surfactants as
emulsifier and demulsifier, an environmentally friendly and technically feasible technology
was develop for transporting EHCO [75].

3. Conclusions

Complex emulsions are present during production and transporting of crude oil affecting
operations in a daily baisis and further petroleum refining. It is important to understant
the emulsion phenomena: formation, stability and rupture; and all the alternatives that exist
to  resolve  and  diminish  this  problem,  including  well-known  technologies  as  well  as
innovatives ones as  the use of  ionic  liquids as  demulsifiers  of  such complex emulsions.
Specially for heavy, extra heavy and non conventional crude oils as shale oil, bitumen, etc.
Then,  ionic  liquids present  very interesting properties  to break out such complex emul‐
sions and resolve in separate aqueous and oily phases. We presented then some current
research on the field but strongly believe that ionic liquid research may go further to develop
greener  chemicals,  like  amino acid-or  sugar-based liquid  ionics;  instead of  conventional
pyridinium or imidazolium-based ones.
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Extraction Based on Dispersive Assisted by Ionic Liquids
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Additional information is available at the end of the chapter
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1. Introduction

Determination of heavy metals in environmental, biological and in food samples has become
of interesting subject because of their toxic effects on living beings [1, 2]. Despite good
developments in the modern analytical instruments, direct determination of trace analytes at
low concentrations is often a problem for analytical chemists and as a result, a sample
preparation step is required. Therefore, preliminary preconcentration/separation step still
remains as a bottleneck of the analytical procedure. Recent efforts on sample treatments
techniques have involved following six general trends, namely: simplification, automation,
miniaturization, expeditiousness, economical and safety aspects. The continuous quest for
novel sample preparation procedures has led to the development of new methods, whose main
advantages are their speed and negligible volume of solvents used as well as allowing sample
extraction and preconcentration to be done in a single step. In this context, dispersive liquid
liquid extraction (D-LLE) [3, 4] and dispersive solid phase extraction (D-SPE) [5] have been
emerged as a response to those requirements that in some cases are unattainable with classical
techniques. In spite of some strength points, these methods suffer from some drawbacks. For
instance in D-LLE a problem still exists and that is continued reliance on using of toxic,
hazardous, flammable and environmentally damaging organic solvents. Or typically in D-SPE,
dispersion of sorbent in sample solution should assist by ultrasonic waves and phase separa‐
tion needs to centrifuging step and as a result, extraction will be time consuming. Reducing
the amount of organic solvents and using environmentally friendly solvents are the most
important aims of analytical chemists. Due to the unique properties of ionic liquids (ILs), by
using them in a proper way, these problems can overcome easily [6, 7].

Ionic liquids, emerging in recent years as novel stable and environmentally friendly com‐
pounds with amazing properties such as negligible vapor pressure, low flammability, and
liquid state in a broad temperature range [8]. They are composed of asymmetrically substituted
nitrogen-containing cations (e.g. imidazole, pyrrolidine, pyridine, etc.) with inorganic anions
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(e.g. Cl-, BF4
-, PF6

-, (CF3SO2)2N-, etc.). The range of available anion and cation combinations
could provide too many different ILs, so at first glance; perhaps it is difficult to select the
desired IL. But by considering some aspects, we can select the best IL based on desired
application easily. These valuable materials have potential of using in term of D-LLE and D-
SPE [6, 7]. D-LLE is a modified solvent extraction method which the appropriate mixture of
the extraction and disperser solvents is rapidly injected by syringe into aqueous samples
containing analytes. Thereby, a cloudy solution forms. In fact, the cloudy state results from the
formation of fine droplets of the extraction solvent, which disperse in the sample solution.
Then, this cloudy solution is centrifuged and the fine droplets sediment at the bottom of the
conical test tube [9]. Meanwhile, D-LLE based on ionic liquids is being recently considered as
replacement for these solvents in sample preparation, due to their unique chemical and
physical properties, good extractability for various organic compounds and metal ions as a
neutral or charged complex, and miscibility with water and organic solvents. The performance
of D-LLE based on ILs for preconcentration/separation of mercury in water samples has shown
great improvement in sample treatment techniques which has been done earlier by our
research team. This study provided simple, rapid, low cost and low toxicity extraction
technique since only very small amounts of an IL as a green extraction solvent used as a
replacement of environmentally damaging organic solvents [6].

D-SPE is based on the solid phase extraction (SPE) methodology, but the sorbent is directly
added into the extract without conditioning. The clean-up is easily carried out by just shaking
and centrifugation. The method was described as QuEChERS, which is the abbreviation of
quick, easy, cheap, effective, rugged and safe. Recently our research team has improved D-
SPE by using ionic liquid ferrofluids for monitoring lead in food and environmental samples [7].

Ferrofluids (FFs) are stable colloid dispersion of single-domain magnetic nanoparticles in a
carrier liquid, which consist of three parts: ferromagnetic nanoparticles, coating of these
nanoparticles and a carrier fluid [10]. The stability of the ferrofluid is due to the balance
between repulsive (Brownian motions, steric and electrostatic forces) and attractive interac‐
tions (Van der Waals and dipolar attractive forces) [11]. The peculiarity of FF is the combination
of normal liquid behavior with magnetic properties. As a result, wonderful applications in
different fields such as biomedical [12], microelectronics [13], and also analytical chemistry [7,
14] have been reported.

Coating material prevents magnetic nanoparticles from agglomerating; on the other hand it
has been proven that some chemical or physical surface modifications of coating material have
improved its selectivity and/or affinity towards special target [14]. Therefore, not only the
importance of coating material in FF is not deniable but also designs and production of
ferrofluid with especial coating material is currently under intensive investigation [15]. For
selecting an appropriate coating material, several criteria should be met. For instance, it should
be non-toxic, low cost, chemically stable, and also compatible with carrier liquid. On the other
hand to provide stable ferrofluid, a proper carrier solvent should have some properties. For
instance, it should be immiscible with aqueous solution and have a low vapor pressure to
prevent loss during extraction [16].

Due to the presence of electrostatic, hydrogen bonding and Van der Waals interactions, ILs
possess unique structure, which provide a protective shell around magnetic nanoparticles and
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improve ferrofluids stability greatly [17-19]. Therefore, by choosing ionic liquid as carrier fluid,
very stable ferrofluid can be prepared (ionic liquid ferrofluid (IL-FF)), which is suitable for
using in sample preparation methods. Due to rapid injection of an appropriate amount of IL-
FF in to the aqueous sample by a syringe, extraction can be achieved within a few seconds. In
addition, based on attraction of IL-FF to a magnet, there is no need to centrifuge for phase
separation. Therefore, ionic liquid ferrofluid based dispersive solid phase extraction (IL-FF-D-
SPE) provides very simple, rapid and low cost preconcentation/separation method [7, 14].

The importance of ionic liquids will be appeared more and more by discussing about their
applications in dispersive liquid liquid extraction and also in dispersive solid phase extraction.
Also in term of selectivity of ionic liquid ferrofluids some recent improvements which have
been done by our research team, will be reported. The following key points in regards to
application of ionic liquids in dispersive liquid liquid extraction and dispersive solid phase
extraction are considerably noteworthy: simplicity, cost efficiency and suitability for batch
operations (which could greatly shorten the sample preparation time).

2. Ionic liquid ferrofluid based dispersive solid phase extraction of lead
from water, soil and rice samples

2.1. Lead; the occurrence, toxicity and methods of determination

Toxic effect of heavy metals on human life and the environment is one of the most important
issues of our century and lead is one of the most hazardous members of the heavy metal family
[20]. The increasing industrial use of lead in different fields such as: storage batteries, cable
sheath and radiating shielding is contributing to the pollution of nature and using lead in
gasoline antiknock products and paint pigments plays substantial role in contaminating the
environment [21]. Due to its toxicity, non-biodegradability and tendency to accumulate in
living organisms the regular absorption of trace amount of lead may have serious negative
effects on humans (especially growing children) including: retardation of mental develop‐
ment, deficiencies in concentration and adverse effects on kidney function, blood chemistry
and the cardiovascular system [22, 23]. Therefore, monitoring quantitative trace amount of
lead in food, water and other environmental sample is inevitable.

Several analytical techniques have been reported in the literature for determination of lead
such as: cloud-point extraction [1, 24], precipitation [25, 26], liquid–liquid extraction (LLE) [27],
and solid-phase extraction (SPE) [28-30]. On one hand, SPE is widely used in the preconcen‐
tration methodology because of its simplicity, achievement of high recoveries, high sorption
capacity, minimal costs due to low consumption of reagents and low extraction time [31]. On
the other hand, in dispersive liquid-liquid extraction, as rather newly miniaturizing LLE,
because an appropriate mixture of the extraction and disperser solvents are injected into the
aqueous sample by a syringe, it is highly dispersed in the aqueous phase and extraction can
be achieved within a few seconds [32]. Therefore, by using the advantages of these two
techniques at the same time, ionic liquid ferrofluid-based dispersive solid phase extraction (IL-
FF-D-SPE) as a new power full extraction method was used for extraction of trace amount of
lead in water, soil and rice samples [7].
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2.2. Experimental

2.2.1. Instrumentation

A Varian model AA-400 atomic absorption spectrometer (Santa Clara, USA), equipped with
an air-acetylene burner and with lead hollow cathode lamp was used for the determination of
Pb(II). The lamp was operated at 5 mA, using the wavelength at 217.0 nm and slit of 1.0 nm,
and the flow rates of air and acetylene were set as recommended by the manufacturer.
Background correction has been used with a deuterium lamp. All measurements were carried
out in peak height mode. A pH-meter Model 692 from Metrohm (Herisau,Switzerland)
equipped with a glass combination electrode was used for the pH measurements. In addition,
for magnetic separations, a strong neodymium-iron-boron (Nd2Fe12B) magnet (1.31 T) was
used.

2.2.2. Reagents

All chemicals used were of analytical reagent grade unless otherwise stated. 1-Hexyl-3-
methylimidazolium tetrafluoroborate [Hmim]BF4 98 %, 1-(2-pyridylazo)-2-naphtol (PAN),
acetic acid, acetone, tetraethyl orthosilicate (TEOS), NH3, ethanol, Pb(NO3)2 were purchased
from Merck (Darmstadt, Germany). Standard stock solutions of Pb(II) were prepared by
dissolving spectral pure grade chemical Pb(NO3)2 (1000 mg mL-1 in 5 % HNO3; Merck) in
double distilled water with the addition of 5 mL of 12 mol L-1 nitric acid and further diluted
daily prior to use. Aqueous working solutions were prepared immediately before use by
diluting with water. A solution of 4 × 10-7 and 8 × 10-6 and 4.2 × 10-6 mol L-1 PAN were prepared
by dissolving appropriate amount of this reagent in pure ethanol. Nano-Fe3O4 was purchased
from Sigma-Aldrich (St. Loius, MO, USA) (Fe3O4 spheres powder, <40 nm, purity >98 %). Buffer
solution (pH = 5.8, 1 mol L-1) was prepared by mixing appropriate amount of potassium
hydrogen phthalate and sodium hydroxide. High purity HNO3 (65 %, ultra-pure, Merck),
HClO4 and HCl were used for the digestion of dust sample throughout this work.

2.2.3. Preparation of Ionic liquid ferrofluid and extraction procedure

In this work Fe3O4/SiO2 NPs were used as a sorbent. It was synthesized as below. Briefly, 2.0
g of Fe3O4 nanoparticles were suspended in 200 mL ethanol under sonication for 1 h. Then, 40
mL of concentrated ammonia, 35 mL deionized water and 1 mL TEOS were added to the
suspension. Next, for about 1 h the mixture was sonicated and finally approximately for 8 h
was mixed vortex. The silica-coated nanoparticles (SCMNPs) were collected simply by
magnetic separation and were thoroughly washed with deionized water three times and then
dried, yielding nanoparticles a fine powder.

After preparing coated magnetic nanoparticle, one step was needed to prepare ionic liquid
ferrofluid. In this context, 10 mg of silica-coated magnetic nanoparticles and 100 mL of acetic
acid were mixed in a vial and were heated at 90 ºC under stirring for approximately 45 min to
allow acetic acid adsorption. Next, acetic acid-coated magnetic nanoparticles were dispersed
in 0.1 gr 1-Hexyl-3-methylimidazolium tetrafluoroborate [Hmim]BF4. To obtain ionic liquid
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ferrofluid, the result suspension was sonicated for 30 min. The resulting suspension had a
magnetite fraction of 9.1 %. Finally, IL-FF-D-SPE was done simply as below. The sample, or
standard solution containing 40 μg L-1 of Pb(II), PAN (4 × 10-7mol L-1), NaNO3 (3.78 w/v%), and
1 mL buffer (pH = 5.8) were poured into a 50 mL tube.Then by using a 1.0 mL syringe, the ionic
liquid ferrofluid was injected into the sample solution and a dark cloudy suspension was
formed rapidly and the extraction process was quickly completed after approximately 6
seconds. Subsequently, a strong magnet was placed at the bottom of the tube to let the ionic
liquid ferrofluid settle. After about 2 min, the solution became clear and limpid and superna‐
tant was simply discarded by decanting. After removing the magnet, 1 mL nitric acid (2 mol
L-1) was added to the vial to desorb the lead through the sonication. By using the magnet at
the bottom of the vial, the clear solution containing of eluted metal ions was obtained. By
transferring this limpid solution to the glass tube, the analyte in the eluent was determined by
flame atomic absorption spectrometry (FAAS). A schematic view of IL-FF- D-SPE experimental
set up is shown in Figure 1.

Figure 1. A schematic view of IL-FF-D-SPE experimental set up [7].

2.3. Result and discussion

2.3.1. Selection of ionic liquid for preparation of the ferrofluid: type and volume

When selecting an appropriate carrier (solvent), several criteria should be met. For instance,
the solvent should be immiscible with aqueous solution and have a low vapor pressure to
prevent loss during extraction. According to these criteria, some ionic liquids such as 1-

Extraction Based on Dispersive Assisted by Ionic Liquids
http://dx.doi.org/10.5772/60136

331



Hexyl-3-methylimidazolium tetrafluoroborate [Hmim]BF4, 1-Hexyl-3-methylimidazolium
hexafluorophosphate [Hmim]PF6, 1-Hexyl-3-methylimidazolium bis(trifluoromethylsulfon‐
yl)imide [Hmim]Tf2N, were selected and by the qualitative observation of sedimentation of
each ferrofluid, the stability of the suspensions was checked.

For this purpose, in three vials, the same amount of coated magnetic nanoparticles added to
the same amount of these three ionic liquids separately. After 30 min sonication, the stability
of these three ferrofluids against sedimentation was investigated. As the result, only in the
case of using [Hmim]BF4 as the carrier, the ferrfluid maintained stable even after about 8 h.
Therefore, [Hmim]BF4 was selected as an environmentally friendly carrier to achieve stable
ferrofluid.

When choosing the minimum volume of [Hmim]BF4 for a quantitative extraction of Pb(II), the
range of 0.1-0.3 g was determined. Finally, 0.1 g [Hmim]BF4 was enough to preconcentration
the metal ions, at the studied concentrations and using 50 mL of sample. For higher amount
of [Hmim]BF4, the extraction efficiency was almost constant.

2.3.2. Selection of eluent

Various types of solvents such as: acetone, ethanol, ethanol (1% HNO3) and HNO3 were
examined in order to find the best eluent. Based on the desorption of Pb(II) from modified
nanoparticles in the acidic medium, nitric acid was chosen as the best eluent.

2.3.3. Screening and optimization strategy

The effect of the following six factors namely pH, concentration of 1-(2-pyridylazo)-2-naphtol
(PAN) as ligand to form complex with lead, sorbent amount, eluent volume, extraction time,
ionic strength which effected the extraction recovery of Pb(II) was investigated with the help
of chemometrics method. Therefore, in screening step by a half-factorial design these six factors
were evaluated in two levels. The low and high values were selected from the results of
previous experiments (Table 1).

Level

Parameters unit Low High

pH (A) - 4 8

Concentration of PAN (B) (mol L-1) 4 × 10-7 8 × 10-6

Sorbent amount (C) (gr) 0.01 0.06

Eluent volume (D) (mL) 0.5 1

Extraction time (E) (s) 2 6

Ionic strength (F) (w/v %) 0 10

Table 1. The experimental factors and levels of them in ferrofluid- based D-SPE of Pb(II) [7].
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By referencing the results of the ANOVA and Pareto charts, the main effects were selected.
Evaluation of the normalized results of the experimental design was based on P= 95 % and the
standard effect is estimated for computing a t-statistic for each effect. When its value is higher
than ± t, a parameter is considered as significant; otherwise the parameter is not significant in
the studied range. The analysis of the results is visualized using standardized main effect
Pareto charts (P = 95%) was shown in Figure 2. As it can be concluded from Figure 2, ionic
strength and pH are effective parameters which have negative and positive effects on the
extraction recovery respectively.
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Figure 2. Standardized (P = 0.05) Pareto chart, representing the estimated effects of parameters obtained from the half-fraction factorial 
design [7]. 

The results illustrated in Figure 2 also confirm that pH has significant effect on extraction recovery because it not only 
influences the surface active centers and charge of sorbent, but also affects the degree of ionization and solubilization of 
sorbate in aqueous solutions. According to Figure 2, extraction time has no significant effect on extraction recovery. This 
can be explained by the fact that based on the rapid injection of ferrofluid into the aqueous solution; the extraction was 
completed in only a few seconds. Due to the relatively large surface area, the highly active surface sites lead to a very fast 
mass transfer process and generally offer a fast extraction process. Therefore, time has no significant effect on extraction 
recovery. Based on these results, to continue the optimization; four insignificant parameters were fixed at appropriate 
amount (concentration of PAN: 4 × 10-7 mol L-1, sorbent amount: 0.01 gr, eluent amount: 1 mL, time: 6 s). 

The central composite design (CCD) was performed to evaluate the optimum condition of performance of ionic liquid 
Ferrofluid-based dispersive solid phase extraction of Pb(II) for the two significant parameters: pH and ionic strength. 
The number of experimental points (N) is defined by the expression: N = 2f +2f + Cp, where f is the number of variables 
and Cp is the number of center points. In this study, f and Cp were set at 2 and 3, respectively, which meant 11 
experiments had to be done. 

The 3D response surface plot and its related counter for the extraction recovery (%) were shown in Figure 3. As seen in 
Figure 3, the extraction recovery had an upward trend by increasing the pH and ionic strength and reached a peak value 
at pH 5.8 and ionic strength 3.78 (w/v %). Following that, the extraction recovery had a decline by increasing the pH and 
ionic strength. It is not surprisingly that pH 5.8 was chosen as the optimum pH value, because at lower pH values, 
ligand was protonated and at higher pH, Pb(II) could easily be precipitated with OH-, as a result in both cases the 
extraction recovery plummeted to minimum value. 
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Figure 2. Standardized (P = 0.05) Pareto chart, representing the estimated effects of parameters obtained from the half-
fraction factorial design [7].

The results illustrated in Figure 2 also confirm that pH has significant effect on extraction
recovery because it not only influences the surface active centers and charge of sorbent, but
also affects the degree of ionization and solubilization of sorbate in aqueous solutions.
According to Figure 2, extraction time has no significant effect on extraction recovery. This can
be explained by the fact that based on the rapid injection of ferrofluid into the aqueous solution;
the extraction was completed in only a few seconds. Due to the relatively large surface area,
the highly active surface sites lead to a very fast mass transfer process and generally offer a
fast extraction process. Therefore, time has no significant effect on extraction recovery. Based
on these results, to continue the optimization; four insignificant parameters were fixed at
appropriate amount (concentration of PAN: 4 × 10-7 mol L-1, sorbent amount: 0.01 gr, eluent
amount: 1 mL, time: 6 s).

The central composite design (CCD) was performed to evaluate the optimum condition of
performance of ionic liquid Ferrofluid-based dispersive solid phase extraction of Pb(II) for the
two significant parameters: pH and ionic strength. The number of experimental points (N) is
defined by the expression: N = 2f +2f + Cp, where f is the number of variables and Cp is the
number of center points. In this study, f and Cp were set at 2 and 3, respectively, which meant
11 experiments had to be done.
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Figure 3. Estimated response surface by plotting extraction recovery (%) versus ionic strength and pH, with related contours [7]. 

2.3.4. Effect of potentially interfering ions 

In order to assess the applications of the recommended procedure, the influences of possible matrix ions in the 
environmental samples and some transition metals on the recoveries of Pb(II) were also examined. By spiking 
appropriate amounts of potentially interfering ions in rage of 50-10000 μg mL-1 to 50.0 mL of solution containing 40 μg L-

1 of Pb(II) and excess amount of PAN at optimum condition, the effect of them in the natural water samples on the 
extraction recovery percent of Pb(II) were studied. A given species was considered to interfere if it resulted in a ± 5% 
variation of the absorbance. Based on obtained results, no interference was observed for Na+, K+ and NO3- up to 10000 μg 
mL-1, for Ni2+, Ag2+, Zn2+ and Ca2+ up to 1000 μg mL-1, for Mg2+, Cu2+, Hg2+and CO3- up to 100 μg mL-1 and for some 
species such as: Pd2+, Fe2+ and Fe3+ up to 50 μg mL-1. This results show that this preconcentration/separation method 
could be applied to the highly saline samples and the samples that contains some transition metals at μg mL-1 levels. 

2.3.5. Figures of merit and comparison of IL-FF-D-SPE with other methods 

At the optimum condition the limit of detection (LOD) of 1.66 μg L-1, linear range of 5-372 ng mL-1, and also relative 
standard deviation of 1.34 % were achieved. The obtained results were compared with other literatures in Table 2. As it 
can be concluded from Table 2, in addition to simplicity of this method (in comparison to a solid phase extraction), the 
presented IL-FF-D-SPE method has good limit of detection (1.66 μgL−1), good repeatability (RSD %). The proposed 
method is much faster due to dispersion of sorbent in the aqueous phase also there is no need to shake the sample 
solution. Moreover, for phase separation, there was no need to centrifuge or conical the bottom glass tube, which can be 
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Sorbent PF/EFa LOD b

(μg L-1) 
RSD c 

(%) 

Linear
range 
(ng mL-1) 

Sorption
capacity 
(mg g-1)f 

Extraction time 
(min) 

Ref 

Chromosorb101 
(FAAS) 

31 2.85 2.7 0.5- 10 d 7.50  10  [33] 

MnO2/CNTs 
(ETAAS) 

100 
 

4.4  3.2 - 6.7 
 

2  [34] 

Solid sulfur 
(FAAS) 
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Figure 3. Estimated response surface by plotting extraction recovery (%) versus ionic strength and pH, with related
contours [7].

2.3.4. Effect of potentially interfering ions

In order to assess the applications of the recommended procedure, the influences of possible
matrix ions in the environmental samples and some transition metals on the recoveries of Pb(II)
were also examined. By spiking appropriate amounts of potentially interfering ions in rage of
50-10000 μg mL-1 to 50.0 mL of solution containing 40 μg L-1 of Pb(II) and excess amount of
PAN at optimum condition, the effect of them in the natural water samples on the extraction
recovery percent of Pb(II) were studied. A given species was considered to interfere if it
resulted in a ± 5% variation of the absorbance. Based on obtained results, no interference was
observed for Na+, K+ and NO3

- up to 10000 μg mL-1, for Ni2+, Ag2+, Zn2+ and Ca2+ up to 1000 μg
mL-1, for Mg2+, Cu2+, Hg2+and CO3

- up to 100 μg mL-1 and for some species such as: Pd2+, Fe2+

and Fe3+ up to 50 μg mL-1. This results show that this preconcentration/separation method
could be applied to the highly saline samples and the samples that contains some transition
metals at μg mL-1 levels.

2.3.5. Figures of merit and comparison of IL-FF-D-SPE with other methods

At the optimum condition the limit of detection (LOD) of 1.66 μg L-1, linear range of 5-372 ng
mL-1, and also relative standard deviation of 1.34 % were achieved. The obtained results were
compared with other literatures in Table 2. As it can be concluded from Table 2, in addition to
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were also examined. By spiking appropriate amounts of potentially interfering ions in rage of
50-10000 μg mL-1 to 50.0 mL of solution containing 40 μg L-1 of Pb(II) and excess amount of
PAN at optimum condition, the effect of them in the natural water samples on the extraction
recovery percent of Pb(II) were studied. A given species was considered to interfere if it
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and Fe3+ up to 50 μg mL-1. This results show that this preconcentration/separation method
could be applied to the highly saline samples and the samples that contains some transition
metals at μg mL-1 levels.

2.3.5. Figures of merit and comparison of IL-FF-D-SPE with other methods

At the optimum condition the limit of detection (LOD) of 1.66 μg L-1, linear range of 5-372 ng
mL-1, and also relative standard deviation of 1.34 % were achieved. The obtained results were
compared with other literatures in Table 2. As it can be concluded from Table 2, in addition to
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simplicity of this method (in comparison to a solid phase extraction), the presented IL-FF-D-
SPE method has good limit of detection (1.66 μgL−1), good repeatability (RSD %). The proposed
method is much faster due to dispersion of sorbent in the aqueous phase also there is no need
to shake the sample solution. Moreover, for phase separation, there was no need to centrifuge
or conical the bottom glass tube, which can be easily damaged and are difficult to clean.

Sorbent PF/EFa LOD b

(µg L-1)
RSD c (%) Linear

range
(ng mL-1)

Sorption
capacity
(mg g-1)f

Extraction time
(min)

Ref

Chromosorb101
(FAAS)

31 2.85 2.7 0.5- 10 d 7.50 10 [33]

MnO2/CNTs
(ETAAS)

100 4.4 3.2 - 6.7 2 [34]

Solid sulfur
(FAAS)

250 3.2 4.7 10-300 15.6 e 33 [35]

Graphene
(FAAS)

125 0.61 3.25 10-600 16.6 50 [36]

Ambersorb-572
(FAAS)

75 3.65 2 - 0.17 f 4.5 h [37]

SCMNPs
(FAAS)

200 1.66 1.34 5-372 10.66 6 s This
study

a Preconcentration factor or enrichment factor.

b Limit of detection.

c Relative standard deviation.

d mg L-1.

e μg g-1.

f mmol gr-1.

h Hour.

s Second.

Table 2. Comparison of the published preconcentration methods for Pb(II) with the proposed method [7].

2.3.6. Analysis of real samples

After digestion of dust and rice sample according to previous report [38, 39] the standard
addition method was applied for determination of trace amounts of Pb(II) in water, soil, and
rice samples. Generally, the recoveries of Pd(II) ions were obtained in the range between
99.6-110.2 % (Table 3).

Extraction Based on Dispersive Assisted by Ionic Liquids
http://dx.doi.org/10.5772/60136

335



Sample Spiked
(ng mL-1)

Found
(ng mL-1)

Recovery
(%)

Mineral water a 0 ND e -
10 9.6 ± 0.2 96.0
20 20.9 ± 0.5 104.5

Tap water b 0 ND -
10 10.3 ± 0.3 103.0
20 21.3 ± 0.6 106.5

Road dust c 0 8.6 ± 0.4 -
50 59.1 ± 0.9 118.2

Rice d 0 ND -
20 20.7 ± 0.5 103.5

a Zam zam mineral water, Iran.

b From drinking water system of Tehran, Iran.

c From Niyayesh highway, Tehran, Iran.

d From Mazandaran, Iran.

e Not detected.

Table 3. Analytical result for determination of Pb(II) in different samples [7].

3. Selective ionic liquid ferrofluid based dispersive-solid phase extraction
for simultaneous preconcentration/separation of lead and cadmium in milk
and biological samples

3.1. Lead and Cadmium; the occurrence, toxicity and methods of determination

Determination of heavy metals in biological and in food samples has become a key interest
because of their toxic effects on living beings [1]. Heavy metals such as Cd(II) and Pb(II) cause
irreparable effects on the urinary tract, liver, blood chemistry and the cardiovascular system
[40]. Several studies have been reported for separation/ preconcentration of Cd(II) and Pb(II)
such as solid phase extraction [41, 42] liquid liquid extraction [43] and dispersive liquid liquid
extraction [3, 4]. In spite of some benefits, these methods suffer from many drawbacks.
Therefore, improvements are necessary. So for the first time our research team wanted to report
a very simple, fast, efficient, and selective separation/ preconcentration method which is
assisted by ionic liquid ferrofluid for cadmium and lead [14]. For this purpose, TiO2 as an
excellent coating material for magnetic nanoparticles was chosen and also improve its
selectivity by loading 1-(2-pyridylazo)-2-naphtol on its surface. Additionally, to provide a
stable ferrofluid, 1-Hexyl-3-methylimidazolium tetrafluoroborate was chosen as the carrier
liquid. Therefore, selective ionic liquid ferrofluid based dispersive solid phase extraction (IL-
FF-D-SPE) was used for separation/ preconcentration of cadmium and lead in milk, human
urine, and blood plasma samples combined with FAAS which is a very fast, easy, cheap, and
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selective determination technique in comparison with other methods such as ICP-MS.
Additionally, different parameters which effected the extraction recovery of Pb(II) and Cd(II)
were investigated with the help of chemometrics method [14]

3.2. Experimental

3.2.1. Instrumentation

The determination of Pb(II) and Cd(II) was carried out using a Varian Spectra AA-400 atomic
absorption spectrometer (Santa Clara, USA), equipped with a deuterium background correc‐
tion and an air-acetylene burner. The lamp currents were set at 5 and 4 mA for Pb(II) and Cd(II),
respectively. All measurements were carried out in the peak height mode at 217.0 and 228.8
nm, using a spectral band width of 1.0 nm and 0.5 nm for Pb(II) and Cd(II), respectively. A
pH-meter Model 692 from Metrohm (Herisau,Switzerland) equipped with a glass combination
electrode was used for the pH measurements. Additionally, for magnetic separations, a strong
neodymium-iron-boron (Nd2Fe12B) magnet (1.31 T) was used. For separation of human blood
plasma from a blood sample, a refrigerated centrifuge (Hettich, Universal 320R, Buckingham‐
shire, England) equipped with an angle rotor (6 place, 9000 rpm, cat no 1620A) was used.

3.2.2. Reagent

All chemicals used were of analytical reagent grade unless otherwise stated. The stock
standard solutions of Cd(II) and Pb(II) (1000 mgL−1) were prepared from appropriate amounts
of their nitrate salts (Merck, Darmstadt, Germany) in ultra-pure water and working standard
solutions were prepared by appropriate stepwise dilution of the stock standard solutions. 1-
Hexyl-3-methylimidazolium tetrafluoroborate [Hmim]BF4 98 %, 1-Hexyl-3-methylimidazoli‐
um hexafluorophosphate [Hmim]PF6, 1-Hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [Hmim]Tf2N, 1-(2-pyridylazo)-2-naphtol, tetra-n-butyl
orthotitanate (TBOT), NH3, ethanol, sodium dodecyl sulfate were purchased from Merck
(Darmstadt, Germany). Nano-Fe3O4 was purchased from Sigma-Aldrich (St. Loius, MO, USA,
Fe3O4 spheres powder, <40 nm, purity >98 %). Buffer solution (pH = 6.7, 1 molL-1) was prepared
by dissolving appropriate amounts of potassium dihydrogen phosphate (1 molL-1) and sodium
hydroxide (1 molL-1). High purity HNO3, H2O2, HClO4 and HCl were purchased from Merck
(Darmstadt, Germany), which were used for the digestion of milk, urine, and blood plasma
samples throughout this project. The pipettes and vessels were cleaned before use by soaking
in10 % nitric acid solution for at least 24 hours and then rinsed thoroughly with distilled water.

3.2.3. Preparation of Ionic liquid ferrofluid and extraction procedure

To prepare TiO2 coated Fe3O4 nanoparticles, first 10 mL of tetra-n-butyl orthotitanate was
dissolved in 70 mL ethanol to form a clear solution. Then, 0.2 g Fe3O4 nanoparticles were
dispersed in this solution under sonication for approximately 5 min. While the suspension
stirred vigorously over a period of 15 min, a 1:5 (v/v) mixture of water and ethanol was added
slowly with a dropper into this mixture. Then, the mixture was stirred further for 1 hour.
Finally, after separating and washing the residue with ethanol, the obtained powder was oven-
dried and calcinated at 200˚C for 6 h. In the next step to immobilize 1-(2-pyridylazo)-2-naphthol
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on sodium dodecyl sulfate -coated Fe3O4/TiO2 the following procedure was done. In a 250 mL
beaker, 1.0 g of Fe3O4/TiO2 nanoparticles were dispersed in 20 mL of 0.001 molL-1 HCl, under
sonication. During sonication of this mixture, to avoid any changes in ionic strength, 0.3 mL
of 1 molL-1 NaNO3 was added using a dropper. The pH of the solution was adjusted to 5. Then,
3 mL of 1 molL-1 sodium dodecyl sulfate was added and solution was stirred for 1 h. After that
0.2 g 1-(2-pyridylazo)-2-naphtol was added and the solution was stirred for further 1 h at 60˚C
in a water-bath. Finally, the suspension result was filtered and dried under a vacuum.

To form a selective ionic liquid ferrofluid, 30 mg of modified titana-coated magnetic nano‐
particles with 1-(2-pyridylazo)-2-naphtol and 100 mL acetic acid, as a stabilizing agent, were
mixed in a vial. The mixture was stirred and heated at 90˚C for approximately 45 min. Next,
the resulted powder was dispersed in 0.3 g [Hmim]BF4. After 30 min of sonication of this
mixture, stable suspension of magnetic nanoparticles (ionic liquid- ferrofluid) was obtained.

Finally, the selective IL-FF-D-SPE was done simply as below. The sample, or standard solution
contains 40 μg L-1 Pb(II) and 30 μg L-1 Cd(II), NaNO3 (0% w/v), at pH 6.7 which were poured
into a 50 mL tube. Then, by using a 1.0 mL syringe, the ionic liquid-ferrofluid, containing 0.03
g sorbent and 0.3 g ionic liquid was injected into the sample solution to form a dark cloudy
suspension. Due to the rapid injection of the ferrofluid into the aqueous sample, extraction
was achieved within a few seconds. By using a strong magnet at the bottom of tube, the
ferrofluid was settled and the solution became clear. After removing the supernatant by
decanting, 1 mL nitric acid (1.59 molL-1) was added to the vial to desorb the Pb(II) and Cd(II)
through 8 min sonication. Subsequently, a strong magnet was placed at the bottom of tube and
immediately the solution became limpid. By using a syringe this clear solution was transferred
to a vial for analyzing with FAAS.

A schematic view of selective ionic liquid ferrofluid based dispersive solid phase extraction is
shown in Figure 4.
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3.3. Result and discussion

3.3.1. Selection of ionic liquid for preparation of the ferrofluid

For selecting the best carrier fluid, apart from providing a stable ferrofluid, several criteria
such as: immiscibility with an aqueous solution, non-toxicity, having low vapor pressure to
avoid any loss during extraction, and compatibility with coating material should be met. For
this purpose, some ionic liquids such as 1-Hexyl-3-methylimidazolium tetrafluoroborate
[Hmim]BF4, 1-Hexyl-3-methylimidazolium hexafluorophosphate [Hmim]PF6, 1-Hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [Hmim]Tf2N, were selected and by the
qualitative observation of sedimentation of each ferrofluid, the stability of the suspensions was
checked. Finally 1-Hexyl-3-methylimidazolium tetrafluoroborate [Hmim]BF4, was chosen.

3.3.2. Selection of eluent

Based on the desorption of Pb(II) and Cd(II) from modified nanoparticles in the acidic medium,
this medium would be preferred in desorption step. To avoid any losses of sorbent, chloric
acid was not chosen because this acid can dissolve Fe3O4 nanoparticles. Also based on the
possibility of formation of precipitate of lead in presence of sulfate ions, sulfuric acid was not
chosen too. Therefore, the possibility of desorption of lead and cadmium ions in acidic medium
was examined by using nitric acid. Also some organic solvent such as ethanol, ethanol (1%
HNO3) and acetone were selected to examine the possibility of desorption of these ions in
organic medium. Based on the obtained result, nitric acid was chosen as the best eluent.

3.3.3. Screening and optimization strategy

In this study, Plackett-Burman screening design was used to select the variables that mainly
effect the extraction recovery of Pb(II) and Cd(II). Based on the preliminary experiments, the
effects of seven factors, at two levels were investigated. pH (4 and 8), sorbent amount (0.01
and 0.03 g), ionic liquid amount (0.3 and 0.5 g), ionic strength (0 and 10% NaNO3) eluent
volume(1 and 2 mL), eluent concentration (0.5 and 2 molL-1), and desorption time (5 and 10
min) were the variables of interest in this experiment. The total design matrix showed 15 runs
(12 + 3 center points) to be carried out randomly in order to eliminate the effects of extraneous
or nuisance variables. The evaluation of the main effects was done based on ANOVA results
and Pareto charts.

As it can be concluded from Figures 5 and 6, pH has significant positive effect on extraction
recovery of Pb(II) and Cd(II). Also the results illustrated in Figures 5 and 6 confirm that eluent
concentration and desorption time have significant positive effects on extraction recovery of
Pb(II) and Cd(II), respectively. And other parameters show no significant effect on the
extraction recovery of both elements.

Therefore, the Box-Behnken design (BBD) was performed to evaluate the optimum condition
of performance of selective IL-FF-D-SPE of Pb(II) and Cd(II) for the three significant parame‐
ters: pH, eluent concentration, and desorption time. The 3D response surface plots for the
extraction recovery (%) of both elements were shown in Figures 7 and 8. As seen in Figures
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7 and 8, an optimization showed that the best pH is 6.7, eluent concentration of 1.59 molL-1,
and desorption time of 8 min.
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3.3.4. Effect of potentially interfering ions

In order to assess the applications of the recommended procedure, the effect of potentially
interfering ion on the extraction recoveries of Pb(II) and Cd(II) were also examined. For this
purpose, by spiking appropriate amounts of potentially interfering ions in the range of 50-
15000 μg mL-1 to 50.0 mL of solution containing 40 μg L-1 of Pb(II) and 30 μg L-1 of Cd(II)
evaluation was done. The obtained results were summarized in Table4.

Ions Concentration
(µg mL-1)

Extraction recovery (%)

Pb(II) Cd(II)

Na+ 15000 101.2 ± 2.4 98.8 ± 2.5

K+ 10000 97.8 ± 2.2 99.1 ± 2.5

Pd2+ 1000 96.9 ± 2.5 100.5 ± 2.6

Cu2+ 50 101.6 ± 2.4 101.3 ± 2.7

Ni2+ 100 98.4 ± 2.6 97.6 ± 2.4

Ag+ 50 98.9 ± 2.5 100.7 ± 2.6

Zn2+ 50 97.4 ± 2.3 96.9 ± 2.5

Mg2+ 500 99.2 ± 2.2 96.5 ± 2.4

Cl- 10000 96.5 ± 2.3 97.2 ± 2.6

NO3 - 15000 100.7 ± 2.4 98.4 ± 2.6

Table 4. Effect of coexisting ions on recovery of 40 μg L-1 of Pb(II) and 30 μg L-1 of Cd(II) (n = 3) [14].

3.3.5. Figures of merit and comparison of selective IL-FF-D-SPE with other methods

Under the optimum conditions, the relative standard deviations of 2.2 and 2.4 % were obtained
for lead and cadmium, respectively (n = 7). The limit of detections were 1.21 μg L-1 for Pb(II)
and 0.21 μg L-1 for Cd(II). The preconcentration factors were 250 for lead and 200 for cadmium
and the maximum adsorption capacities of the sorbent were obtained 11.18 and 9.34 mg g-1 for
lead and cadmium respectively.
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The obtained results were compared with other literatures in Table 5. As it can be concluded
from Table 5, in addition to selectivity of ionic liquid ferrofluid, the presented IL-FF-D-SPE
method has lower limit of detection (1.21 μgL−1 for lead and 0.21 μgL−1 for cadmium), higher
preconcentration factor (250 and 200 for lead and cadmium respectively), good repeatability
(RSD%) and sorption capacity.

Sorbent PF/EFa LODb RSDc (%) Linear ranged Sorption
capacitye

Ref.

Pb2+ Cd2+ Pb2+ Cd2+ Pb2+ Cd2+ Pb2+ Cd2+ Pb2+ Cd2+

Amberlite XAD-2 /PAN 50 50 23.2 0.8 4.1 2.9 0-3000 0-1000 1.35 2.56 [41]

Surfactant mediated Fe3O4 25 25 0.74 0.15 3.82 3.15 1000-10000 100-1000 - - [42]
Chromosorb 101 /Bacillus
thuringiensis var.israelensis

31 31 2.85 0.37 2.7 2.5 500-10000 20-2000 7.50 8.90 [44]

MWCN/tartrazine 40 40 6.6 0.8 - - 500-8000 20-3000 - - [45]
Fe3O4/TiO2/PAN 250 200 1.21 0.21 2.2 2.4 4-470 1-110 11.18 9.34 This

work

a Preconcentration factor or enrichment factor.

b Limit of detection (μg L-1).

c Relative standard deviation.

d (μg L-1).

e (mg g-1)

Table 5. Comparison of the proposed method with other SPE method used for preconcentration and FAAS
determination of lead and cadmium ions [14].

3.3.6. Analysis of real samples

After digestion of milk, urine and blood plasma samples according to previous report [14], the
standard addition method was applied for determination of trace amounts of Pb(II) and Cd(II)
in these samples. The results are summarized in Table 6.

Sample Pb(II) Cd(II)

Spiked
(µg L-1)

Found
(µg L-1)

Recovery (%)
Spiked
(µg L-1)

Found
(µg L-1)

Recovery (%)

Milka 0 NDb - 0 ND -
10 10.2 ± 0.3 102.0 5 5.2 ± 0.2 104.0
20 19.8 ± 0.5 99.0 15 14.6 ± 0.4 97.3

Urine 0 ND - 0 ND -
10 10.4 ± 0.3 104.0 5 4.8 ± 0.2 96.0
20 21.1 ± 0.6 105.5 15 15.3 ± 0.4 102.0

Blood Plasma
plasma

0 ND - 0 ND -

10 9.8 ± 0.3 98.0 5 5.2 ± 0.2 104.0
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Sample Pb(II) Cd(II)

Spiked
(µg L-1)

Found
(µg L-1)

Recovery (%)
Spiked
(µg L-1)

Found
(µg L-1)

Recovery (%)

20 20.9 ± 0.6 104.5 15 15.1 ± 0.5 100.6

a Pegah milk, Tehran, Iran.

b Not detected

Table 6. Determination of Cd (II) and Pb(II) in real samples [14].

4. Conclusion and future work

Ionic liquids as environmentally friendly solvents with amazing properties such as negligible
vapor pressure, low flammability, and liquid state in a broad temperature range can be used
in sample preparation step such as D-LLE and also D-SPE, as mentioned in above studies. In
term of D-LLE by choosing IL as extraction solvent, great improvement was achieved since
only very small amount of the ionic liquid as a green extraction solvent was used as a replace‐
ment of environmentally damaging organic solvents in extraction procedure.

In addition, by introducing ionic liquid ferrofluids and also selective ionic liquid ferrofluid in
to the field of sample preparation, great improvements were achieved. In order to simplicity
and cost efficiency, in these environmentally friendly methods due to dispersion of sorbent in
the aqueous phase, extraction is much faster in comparison with SPE which is time consuming
column passing. Moreover, the magnetic separation greatly improved the separation rate.
Therefore, no centrifugation is need for phase separation.

We believe that by combinations of ferrofluidic materials with appropriate chelators may lead
to extraction schemes for various other ions. Typical combination may include ammonium
pyrrolidine dithiocarbamate (APDC), 1-(2-thiazolylazo)-2-naphthol (TAN) and 1-Phenylthio‐
semicarbazide (1-PTSC) as chelate agents for complexation for Pb(II), Cd(II), Co(II) and Cu(II)
or this method can be used in preconcentration of dyes without any need to chelate agents and
determination by spectrophotometry methods. Finally, we hope in near future we all use the
benefits of ionic liquids combined with these fast extraction methods.
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Imidazolium-Based Ionic Liquids as Solvents for Analysis
of Lipophilic Extractives from Biomass
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1. Introduction

Ionic liquids are organic salts made of cations and anions of which most of them are liquids at
room temperature [1-3]. This is generally a newly emerging class of compounds which so far
has been discovered to have numerous applications in chemistry [2] due to their attractive
features such as negligible vapour pressure, high thermal stability, biodegradability, ability to
solvate compounds of different polarity and miscibility with aqueous and organic solvents [4],
[5]. Different classes of ionic liquids have been synthesised so far, such as, imidazolium,
ammonium, pyridinium, isoquinolinium, sulfonium, phosphonium, pyrrolidium and others
[6]. Since their discovery ionic liquids have raised a considerable excitement among researchers
due to their ability to combine with different reagents in number of applications. The other
aspect of ionic liquids is their ability to be recycled which minimizes the cost of usage as well
as making them environmentally friendly. Ionic liquids so far have been used as solvents in
different areas including for catalysis, synthesis and purification [6]. They have high ability of
dissolving biopolymers such as cellulose and other biomass due to their ability to interact with
biopolymer matrix forming hydrogen bonding [7] (Scheme 1).
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Ionic liquids are known to have low toxicity due to their low volatility, a property which make
them to be considered as green and therefore recommended to replace volatile organic solvents
in different chemical processes [6, 8].

Lipophilic extractives are a class of non-structural component of the biomass composed of low-
molecular weight compounds such as fatty acids, fatty acid esters, sterols, sterol esters, fatty
alcohols, triglycerides, hydrocarbons, steroid hydrocarbons and steroid ketones [9-12].

Figure 1 shows some of the common lipophilic extractives obtained from different biomass.

Lipophilic extractives have received attention from researchers partly due to their negative
effect in paper and pulp industries as well as their importance in biofuel production and other
applications [13, 14]. Lipophilic extractives from wood materials used for the production of
pulp and paper affect negatively the pulping process as well as the final product. Whereas
lipophilic extractives from other biomass such as blue-green algae are common used for other
application such as biofuel production. Thus, effective and quick lipophilic extractives
analytical methods are required to characterize and study their qualitative and quantitative
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composition in the biomass. Thus, the application of ionic liquids in the analysis of lipophilic
extractives is attributed to their ability to dissolve biopolymers and biomass [14] whereby upon
adding precipitating solvents (polar solvents), they regenerate pure biopolymers and release
non-polymeric materials into the solution. Thus, lipophilic extractives can be easily extracted
from the ionic liquid aqueous solution using a small volume of non-polar solvents. The
approach is advantageous due to its use of small volume of organic solvent and shorter
extraction time. This chapter therefore, reports on the use of imidazolium-based ionic liquids
as an effective approach of extracting lipophilic extractives from chemical cellulose and blue-
green algae biomass prior to chromatographic analysis.

2. Chemical reagents and instrumentation

The following chemicals purchased from Sigma Aldrich (Steinheim, Germany) were used; 1-
butyl-3-methylimidazolium chloride [BMIM]Cl (98.0%), 1-ethyl-3-methylimidazolium
chloride [EMIM]Cl (98.0%), 1-butyl-3-imidazolium acetate [BMIM]Ac, (97.0%), 1-ethyl-3-
imidazolium acetate [EMIM]Ac (97.0%), 1-butyl-3-imidazolium methylsulphate
[BMIM]MESO4, 1-butyl-3-imidazolium hexafluorophosphate [BMIM]PF6 (97.0%). Methanol
(HPLC grade), acetone (HPLC grade), hexane (HPLC grade), ethyl acetate (99.7%), hydro‐
chloric acid (37.0%), and sodium sulphate anhydrous (99 – 100.5%). Chromatographic
instruments used were an Agilent GC-MS, 7890A GC System with a triple-axis detector (5975C
MSD), Shimadzu (GC-MS, QP2010, Kyoto, Japan), and GCxGC-TOFMS (Pegasus 4D, LECO
Corporation). FT-IR; PerkinElmer Spectrum 100 FT-IR spectrometer with attached diamond
attenuated total reflectance (ATR) accessory, TGA measurement was performed on a Perkin
Elmer TGA 4000 Thermogravimetric Analyser.

3. Experimental

3.1. dissolution of chemical cellulose in imidazolium-based ionic liquids

A variety of imidazolium-based ionic liquids were initially screened for their ability to dissolve
chemical cellulose at different temperatures. Chemical cellulose samples were accurately
weighed and dissolved in molten ionic liquid at 90oC forming a 5 % solution. 25 mL of distilled
water at 90oC was added to regenerate cellulose. Then samples were filtered and filtrates
extracted using hexane followed by hexane: ethyl acetate by first sonicating for 5 minutes then
auto shaking for 20 minutes. The extracts were dried, weighed and dissolved in 0.5 mL of
acetone for derivatization before GC-MS analysis.

3.2. Dissolution of blue-green algae biomass

A freeze dried algae biomass sample was accurately weighed in duplicate and dissolved in a
molten ionic liquid at 90⁰C forming a non viscous uniform solution of 5% algae biomass. About
5 mL of methanol was added to form slurry followed by addition of derivatization reagent.
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The mixture was heated for 1 h at 60⁰C in a thermostated water bath then cooled at room
temperature followed by extraction of fatty acids methyl esters (FAMEs) with 4 mL of hexane
under vigorous vortexing. The dried extracts were then dissolved in 1 mL of HPLC grade
hexane, filtered using PTFE disc filters for GCxGC-TOFMS analysis.

4. Ultrasonic solid liquid extraction using organic solvent

For comparison purpose the results of the qualitative and quantitative composition of
lipophilic extractives obtained from biomass by ionic liquid based extraction was compared
with the results obtained using volatile organic solvent under ultrasonic solid liquid extraction
technique (USLE) utilizing the mixture of acetone and methanol for chemical cellulose and
chloroform and methanol for blue-green algae biomass. The extraction was carried out at an
optimized temperature for 1 h. Extracts were then derivatized and analysed by GC-MS and
GCxGC-TOFMS analysis.

5. FT-IR and TGA analysis of extracted and un-extracted biopolymers
(cellulose)

For the investigation of the effect of ionic liquids on the analysed biopolymers the FT-IR and
TGA analyses were performed. The extracted and un-extracted biopolymers (cellulose) were
thoroughly washed with acetone followed by deionised water then dried in an oven at 90°C
prior to FT-IR and TGA analyses.

The FT-IR analysis was achieved using a PerkinElmer Spectrum 100 FT-IR spectrometer with
attached diamond attenuated total reflectance (ATR) accessory. Spectra were recorded from
4000 cm-1 to 650 cm-1 in transmittance mode with 4 scans per spectrum at a resolution of 4 cm-1.

Thermogravimetric analysis (TGA) measurements were performed on a Perkin Elmer TGA
4000 Thermogravimetric Analyser. About 10 mg of sample aliquots were placed in a platinum
sample holder pan. The TGA curves were recorded at temperatures ranging between 80°C and
700°C at a ramp-up rate of 10°C/min under nitrogen flow rate of 20 mL/min.

6. Results and discussion

6.1. Dissolution of biomass in ionic liquids

During the screening of ionic liquids on their abilities to dissolve chemical cellulose and blue-
green algae biomass it was observed that the dissolution capacity depends on the anions in
the ionic liquids and temperature. The dissolution trend was observed to be in the following
order: 1-butyl-3-imidazolium acetate > 1-ethyl-3-imidazolium acetate > 1-butyl-3-methylimi‐
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dazolium chloride > 1-ethyl-3-methylimidazolium chloride whereas those with methyl
sulphate and hexafluorophosphate anions were found to be non-solvent, Figure 2. It has to be
noted that the chloride (Cl-) and acetate (CH3COO-) anions are all strong hydrogen bonding
acceptor and thus have ability to disrupt the hydrogen bonding network in biomass biopoly‐
mers leading to their dissolution [7, 15, 16].

[BMIM]Cl

[BMIM]Ac

[EMIM]Cl

[EMIM]Ac

[BMIM] PF6

[BMIM]MESO4

Good solvent at about 90oC
and higher

Biomass was insoluble

Figure 2. Solubility of biomass in different imidazolium based ionic liquids

The effect of ionic liquids on the biomass was investigated by checking their effect on the
extracted and un-extracted chemical cellulose. This was examined using FT-IR and TGA and
the result showed no significant difference between the original and the regenerated cellulose
with an exception of the percentage of mass residues in the TGA profile, which was higher for
regenerated cellulose, compared to that of the original cellulose at 600°C, Figures 3 and 4. This
confirms that ionic liquids are just solvents because they have no reaction with biopolymers
and therefore can be used for analytical processes of biopolymers.
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Figure 3. FT-IR spectra of regenerated cellulose from ionic liquid (A) and original cellulose (B)
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Figure 4. TGA analysis of original and regenerated chemical cellulose at a temperature ranging from 80°C to 700°C

Thus, 1-butyl-3-methylimidazolium acetate and 1-butyl-3-methylimidazolium chloride were
selected for further investigation through which it was found that ionic liquids with chloride
anion was able to recover higher amount of lipophilic extractives.

Since [BMIM]Cl and [BMIM]Ac were identified to be suitable solvent for biopolymers, an
investigation and comparisons on their capacity to extract lipophilic extractives was per‐
formed. It was found that [BMIM]Cl extracted higher amount of lipophilic extractives than
[BMIM]Ac, Figure 5. This difference could be explained by the nature of the anions of the two
ionic liquids in which acetate has basic properties whereas chloride ionic liquid is acidic.
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The effect of temperature on the extraction ability of these two types of imidazolium ionic
liquids was also considered and found that the amount of lipophilic extractives obtained from
biopolymers (cellulose) increased with temperature as presented in Figure 5. Further investi‐
gation for effect of precipitating solvent temperature on the amount of lipophilic extractives
obtained was performed on the individual compounds as indicated in Figure 6. Thus, the
percentage recovery of the individual compounds was also verified to increase with temper‐
ature of the added precipitation solvent.

This can be explained by the fact that, at low temperature of the precipitation solvent, lipophilic
extractives precipitate on the surface of the cellulose due to their hydrophobicity. In this study
water was found to be the best polar solvent for precipitation of dissolved cellulose. When
trying to avoid the problem of lipophilic extractives depositing on cellulose surface during
regeneration of cellulose, the possibility of using any other polar volatile organic solvents as
cellulose precipitating solvents, was considered. However, most of these volatile organic
solvents boil at low temperatures while the dissolution temperature in this study was fixed at
the optimal temperature of 90oC which was too high for volatile organic solvent to exist as
liquids and therefore would result into serious environmental pollution.

In comparing with the conventional volatile organic solvent extraction, it was observed that
ionic liquids could quickly extract lipophilic extractives from biomass in which the qualitative
and quantitative compositions were found to be similar to that obtained using conventional
volatile organic solvents. In blue-green algae biomass the ionic liquid was used to extract fatty
acids in which it was confirmed that both ionic liquid extraction and volatile organic solvent
extraction obtained similar compositions. Therefore, the result warranted the use of ionic
liquids as extraction medium for lipophilic extractives analyses and the process is quick and
environmentally friendly.
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6.2. Identification and quantification of lipophilic extractives

Lipophilic extractives determined by GC-MS analysis on the extracts from chemical cellulose
were fatty acids, sterols, fatty alcohols, steroid hydrocarbons and steroid ketones. On the other
hand the GCxGC-TOFMS analysis of fatty acids composition of the extracts from blue-green
algae biomass was dominated by 7-hexadecenoic acid (C16:1), hexadecanoic acid (C16:0), γ-
linolenic acid (γ-C18:3); linoleic acid (C18:2); linolenic acid (C18:3); 6,9,12,15-octadecatetrae‐
noic acid (C18:4); oleic acid (C18:1) and octadecanoic acid (C18:0). The peaks of identified fatty
acids in blue-green algae biomass by GCxGC-TOFMS are shown in the one dimension (1D)
chromatogram with its corresponding two dimension (2D) contour chromatogram of the C18s
fatty acids which were somehow eluting at relatively very close retention times, Figure 7. Thus,
the determination of the fatty acids which were analysed as their methyl esters involved the
consideration of 1D and 2D chromatography with application of Windows-based ChromaTOF
software of the GCxGC-TOFMS.

Generally it can be observed that for the fatty acids with a chain of 18 carbon atoms (C18s)
were coeluting in 1D chromatography, however, through the application of deconvolution
power of the Pegasus 4D GCxGC-TOFMS they were properly determined, Figure 8. The
tendency of C18s fatty acids isomers to coelute and bear the identical mass spectra is actually
due to the fact that they all have similar chemical structures which only differs in the number
and positions of double bonds. Hence it can be observed in the given chromatograms that C18s
fatty acids methyl esters of Linolenic acid (C18:3), Oleic acid (C18:2) and 9-Octadecanoic acid
(C18:1) were somehow coeluting in this analysis. But their actual determination was achieved
by the employment of the deconvolution algorithm of ChromaTOF software which made the
separation of their mass spectra, identification and quantification accurately done. It is this
aspect of the GCxGC-TOFMS technique which makes this study to recommend it as a more
suitable and advanced technique for analysis of lipophilic extractives if one is to obtain reliable
data. Figure 8 shows the 1D GCxGC-TOFMS mass spectra of C18s fatty acids.

The obtained fatty acids composition from blue-green algae biomass using ionic liquids (IL)
[BMIM]Cl and that of volatile organic solvent (VOS) was found to be similar, Figure 9. It can
be easily observed that the quantitative composition of different fatty acids components
obtained by the two extraction techniques were similar with some few exceptions, i.e., the
amount of 7-hexadecenoic acid (C16:1), γ-6,9,12-octadecatrienoic acid (γ-C18:3) and 9,12-
octadecadienoic acid (C18:2) were relatively higher in ionic liquid extraction. While on the
other hand, hexadecanoic acid (C16:0), 6,9,12,15-octadecatetraenoic acid (C18:4), 9,12,15-
octadecatrienoic acid (C18:3) and octadecanoic acid (C18:0) were relatively higher in volatile
organic solvent extraction technique. To justify the similarity of the quantitative composition
of fatty acids one-way analysis of variance (ANOVA) was performed and confirmed that at
the 0.05 level there was no significant difference (P >> 0.05) between the means of the data sets
obtained by the two extraction techniques. This information indicates that there is no reaction
(such as oxidative reaction) between fatty acids and ionic liquid [BMIM]Cl and therefore, ionic
liquids are just solvents of fatty acids and lipophilic extractives in general.

The similarity in qualitative and quantitative composition of fatty acids from blue-green algae
biomass obtained using ionic liquid based extraction (IL) and conventional volatile organic
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solvent extraction (VOS) method justified that ionic liquid is a suitable solvent to replace
volatile organic solvent for reduced environmental pollution.

This study also investigated the difference between the amounts of fatty acids extracted from
blue-green algae biomass using ionic liquid extraction followed by derivatization stage against
the one with direct derivatization. The data showed that the extraction under direct derivati‐
zation enhanced the amount of fatty acids obtained. It was observed that the total amount of
fatty acids increased from 6.07 mg/g (of dry biomass sample) in ionic liquid extraction with
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Figure 7. 1D and 2D GCxGC-TOFMS chromatogram indicating the main fatty acids from blue-green algae biomass (C16s = 
C16:1 and C16:0, whereas C18s = γ-C18:3, C18:4, C18:2; C18:3, C18:1 and C18:0). The 2D chromatogram shows the 
corresponding C18s fatty acids methyl esters elution region in which the X-axis is retention time (second) on the primary 
column and the Y-axis is retention time (second) on the secondary column 
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separate derivatization step to 21.96 mg/g (of dry biomass sample) in ionic liquid extraction
with direct derivatization. It was further observed that for the saturated fatty acids the increase
was from 3.64 mg/g (of dry biomass sample) in ionic liquid extraction with separate derivati‐
zation step to 12.80 mg/g (of dry biomass sample) in ionic liquid extraction with direct
derivatization. For the unsaturated fatty acids the increase was from 2.43 mg/g (of dry biomass
sample) in ionic liquid extraction with separate derivatization step to 9.16 mg/g (of dry biomass
sample) in ionic liquid extraction with direct derivatization. Therefore in order to exhaust the
amount of fatty acids in blue-green algae biomass using ionic liquid extraction approach, direct
derivatization method is vital.

The use of ionic liquid can significantly reduce the pollution of the environment not only due
to its properties [4, 17-19] but also its miscibility with water, a property which makes it reduce
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Figure 8. 1D GCxGC-TOFMS mass spectral deconvolution of C18s fatty acids used for identification
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the use of volatile organic solvent in analytical procedures [19]. Due to the ability of ionic
liquids in dissolving biomass, the extraction of lipophilic extractives becomes more efficient
due to the fact that lipophilic extractives are released into the solution in which cellulose is
regenerated by the addition of precipitation solvent such as water. Thus, the extraction of
analytes is easily achieved using small amount of volatile organic solvents in the ionic liquid-
aqueous filtrate [5].

7. Conclusion

This study has demonstrated the application of imidazolium based ionic liquids in the
extraction of lipophilic extractives from biomass. Ionic liquids were screened for their disso‐
lution capacity of biomass and their ability to extract lipophilic extractives from the analysed
biomass (i.e. blue-green algae and chemical cellulose). It was observed that ionic liquids
particularly the ones with anions which are strong hydrogen bonding acceptor such as chloride
(Cl-) and acetate (CH3COO-) can easily dissolve biopolymers and other biomass. [BMIM]Ac
and [BMIM]Cl were identified to be the most suitable ionic liquids solvents for the extraction
of lipophilic extractives, in which [BMIM]Cl was found to extract more lipophilic extractives
than [BMIM]Ac. The study investigated the suitability of imidazolium ionic liquids in
extracting lipophilic extractives from biomass in which the composition obtained by using
volatile organic solvents and that of ionic liquids were similar. Therefore, imidazolium based
ionic liquids is just a solvent and suitable to replace volatile organic solvents for minimized
environmental pollution. The ionic liquid based extraction procedure was found to be quick,
effective and efficient as compared to volatile organic solvents based extraction procedure.
Based on the observed results direct derivatization for the ionic liquid based extraction is
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recommended when using ionic liquids for the extraction and analysis of lipophilic extractives
from biomass.
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Chapter 14

Dissolution and Hydrolysis of Lignocellulosic Biomass
using Tailored Ionic Liquids

Yue Dong, Jana Holm and Ulla Lassi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59049

1. Introduction

Over the course of the last few decades, the growing demand for energy globally has a wide
range of problems associated with it. Anthropogenic emission of greenhouse gases is the
severest among these. An increase of carbon dioxide (CO2) released by burning fossil carbon
contributes significantly to the greenhouse effect. Much discussion of limiting CO2 emission,
using renewable energy, generating energy from alternative renewable sources and waste is
the primary subject at present [1].

The international Energy Agency (IEA) has reported, approximately 10% of the world’s total
primary energy supply was biomass-based energy in 2009 [2]. The European Commission aim
is to receive 20% of the total energy in the EU from renewable sources (wind, solar and
hydropower as well as geothermal energy and biomass) by 2020 [3]. The European Network
of Transmission System Operators (ENTSO) expects through The ENTSO-E Ten-Year Network
Development Plan (TYNDP) 2014, the total electricity consumption in 34 European countries
will integrate up to 60% of renewable energy [4].

The term “biomass” refers to the abiotic organic matter and the living plants that store energy
through photosynthesis. Biomass is one of the most plentiful and common utilized sources
that is used to generate renewable energy in the world. Biomass-based energy is considered
as CO2 neutral based on the life cycle assessment (LCA) and carbon dynamics in the biosphere.
Therefore, biomass-based energy plays an important role in carbon mitigation, especially in
the replacement of fossil fuels [5] [6].

Significant research has been made on the conversion of lignocellulosic biomass to biofuel as
an alternative replacement of transportation fuel, due to its abundance and low cost. There are
three major stages in conventional production of biofuel from lignocellulosic biomass: i)

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.



delignification (pretreatment), ii) hydrolytic depolymerisation (hydrolysis) and iii) fermenta‐
tion. The amount of sugar that is produced in the former two steps affects the amount of
produced biofuel in the latter fermentation process. The pretreatment of lignocellulose is,
therefore, an essential step in improving the production of biofuel [7] [8].

Cellulose is an abundant renewable polymer that exists readily in nature, typically combined
with lignin and hemicellulose in the cell walls of lignocellulosic biomass. The conception of
pretreatment of lignocellulosic biomass is to reduce the crystallinity of cellulose and increase
the porosity of biomass so that expanding the accessible surface area of cellulose for hydrolysis.
The challenging pretreatment of using available cellulose involves its dissolution [9] [10].

Numerous studies have argued that the dissolution of lignocellulosic biomass with imidazo‐
lium-or pyridinium-cation and anions like Cl-, Br-, [OAc]- and [CH3CH2PO2]-based ionic
liquids (ILs), such as 1-Butyl-3-methylimidazolium Chloride ([BMIM]Cl) and 1-Allyl-3-
methylimidazolium chloride ([AMIM]Cl) would significantly improve sugar conversion in the
depolymerisation step [8] [11]. Recently, novel ILs that are especially tailored to combine
dissolution and hydrolysis of lignocellulosic biomass simultaneously brings the utilization of
lignocellulose to a new scenario.

2. Lignocellulosic biomass

Lignocellulosic biomass accounts for 50% of the world's biomass, such as residues of forest
and agriculture, grass and municipal solid waste. It represents an abundant carbon source that
stores sunlight energy through photosynthesis. Currently, biomass is the biggest source
provider of renewable energy, in all 28 EU countries (See Figure 1) [12] [13].
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Figure 1. Primary production of renewable energy in the European Union, 2012 [12].

Figure 2 shows the growth of final renewable energy consumption and the renewable energy
generated from biomass, wind and solar in all 28 EU countries in the last 12 years. Biomass
currently plays a dominant role in renewable energy production and the growth of biomass
demand is expected to increase as much as 50% of current demand within the next decade [12].
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Figure 2. Final renewable energy consumption and renewable energy generated from biomass, solar and wind in all 28
EU countries 2001-2012 [12].

Cellulose (the most abundant organic polymer in terrene), hemicellulose and lignin are the
three major organic components that constitute the general rigid structure of lignocellulosic
biomass. In general, lignocellulosic biomass contains 30-50% of cellulose by mass, 15-35% of
hemicellulose, 10-30% of lignin and small amounts of pectins, starches, extractives, sugars and
proteins [8] [14].

Cellulose is a natural linear homopolysaccharide of β-1.4-linked anhydro-D-glucose which
accounts for a large proportion of plant biomass. Pure cellulose has crystalline and amorphous
regions and is composed of 7000 to 15000 linked glucose (C6H10O5) monomers. Due to hydrogen
bonding between hydroxyl groups and oxygen atoms, cellulose chains form microfibril which
further forms cellulosic fiber (See Figure 3 and Figure 4). Approximately 95% of wood derived
cellulose is used in papermaking while cellulose derivatives, mainly ethers and esters are also
modified in a large-scale [10] [14] [15].

Figure 3. Cellulosic fiber structure with emphasis on the cellulose microfibril adopted and redrawn from Quiroz-Cas‐
tañeda and Folch-Mallol and Lavoine, et al [16] [17]
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Figure 4. Intra-and intermolecular hydrogen bonds in cellulose redrawn from Pinkert et al. [18].

Cellulose has an amphiphilic property, which has become a more recent perspective highlight
in the dissolution of lignocellulosic biomass. Three hydroxyl groups are located on the
equatorial positions of the glucopyranose ring which causes the hydrophilic character of
cellulose. Whereas, a hydrophobic character is observed on the axial direction since the
hydrogen atoms of C-H bonds are located axially (See Figure 5). Cellulose molecules therefore
have an intrinsically structural anisotropy [10] [19] [20] [21].

Bergenstråhle et al. have estimated the contributions of both hydrophobic stacking and
hydrogen bonding to the insolubility of crystalline cellulose by calculating the potentials of
mean force for separating the short cellulose oligomer in an aqueous solution through
molecular dynamic simulations [22]. A significant hydrophobic pairing energy was found to
favor a crystal-like association of cellulose oligomers over solution. Furthermore, the magni‐
tude of hydrophobic pairing energy was estimated to be much higher than that of the hydrogen
bond contribution [19] [21] [22].

As discussed above, hydrogen bonding and hydrophobic interactions are the major forces to
have influence on both the interactions and solubility of cellulose. However, most of the time
hydrophobic interactions are neglected [19] [21] [22].

In contrast to cellulose, the hemicellulose fraction of lignocellulosic biomass is an amorphous
heterogeneous polymer which comprises of five and six carbon sugars, abundant D-xylose, L-
arabinose, D-galactose, D-glucose and D-mannose monomers. Hemicellulose is characterized
as a non-bonding steric repulsion and consequently it is more reactive than hydrogen bonded
cellulose. In the cell wall, hemicellulose interlaces with cellulose fibers and keeps microfibrils
separate (See Figure 6) [14] [23] [24].

The main non-carbohydrate component of lignocellulosic biomass, lignin, is usually a highly
branched aromatic polymer, which has a random complex and cross-linked network structure.
The basic building blocks of lignin are ρ-coumaryl alcohol, confieryl alcohol and sinapyl
alcohol. The unmodified structure of lignin is therefore not well defined. Lignin fraction of
lignocellulosic biomass is usually found in plant cells and is always associated with hemicel‐
lulose by covalent bonds. In a rigid three-dimensional structure of the cell wall, lignin works
as cement in cross-linking cellulose and hemicellulose. Hemicellulose and cellulose are
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Bergenstråhle et al. have estimated the contributions of both hydrophobic stacking and
hydrogen bonding to the insolubility of crystalline cellulose by calculating the potentials of
mean force for separating the short cellulose oligomer in an aqueous solution through
molecular dynamic simulations [22]. A significant hydrophobic pairing energy was found to
favor a crystal-like association of cellulose oligomers over solution. Furthermore, the magni‐
tude of hydrophobic pairing energy was estimated to be much higher than that of the hydrogen
bond contribution [19] [21] [22].

As discussed above, hydrogen bonding and hydrophobic interactions are the major forces to
have influence on both the interactions and solubility of cellulose. However, most of the time
hydrophobic interactions are neglected [19] [21] [22].

In contrast to cellulose, the hemicellulose fraction of lignocellulosic biomass is an amorphous
heterogeneous polymer which comprises of five and six carbon sugars, abundant D-xylose, L-
arabinose, D-galactose, D-glucose and D-mannose monomers. Hemicellulose is characterized
as a non-bonding steric repulsion and consequently it is more reactive than hydrogen bonded
cellulose. In the cell wall, hemicellulose interlaces with cellulose fibers and keeps microfibrils
separate (See Figure 6) [14] [23] [24].

The main non-carbohydrate component of lignocellulosic biomass, lignin, is usually a highly
branched aromatic polymer, which has a random complex and cross-linked network structure.
The basic building blocks of lignin are ρ-coumaryl alcohol, confieryl alcohol and sinapyl
alcohol. The unmodified structure of lignin is therefore not well defined. Lignin fraction of
lignocellulosic biomass is usually found in plant cells and is always associated with hemicel‐
lulose by covalent bonds. In a rigid three-dimensional structure of the cell wall, lignin works
as cement in cross-linking cellulose and hemicellulose. Hemicellulose and cellulose are
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shielded by lignin from, such as enzymatic and chemical degradation. Thus, the major barrier
of utilizing lignocellulsic biomass more widely in energy is its strong structure. To achieve
this, its structure can be broken through dissolution to further dissolve cellulose and hemicel‐
lulos [14] [26] [27].

Figure 5. Hydrophilic and hydrophobic parts in cellulose molecules adopted from Medronho et al. [21].

Figure 6. Lignocellulosic biomass structure adopted from Alonso, et al. [25]
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3. Ionic liquid

Ionic liquids (ILs) are traditionally defined as liquids that consist exclusively or almost
exclusively of ions as well as molten salts or fused salts. In contrast to molten salts, ILs have
lower melting points. Hence, ILs are more or less defined as salts that have melting points
below the boiling point of water (100°C). Aqueous solutions of salts are not classified as ILs
due to the purity of ions. [28].

ILs are usually comprised of organic cations and organic or inorganic anions. Due to the
existence of a bulky and asymmetrical cation structure in ILs, there is a low tendency for ILs
to crystallize. Since the properties of ILs can be tailored for a particular need, ILs are also known
as “designer solvents” or “task-specific ionic liquid” (TSIL) [29] [30].

In general, it is possible to tailor the properties of ILs with almost infinite combinations of
suitable cations and anions. For instance, anions are responsible for such qualities such as air
and water stability while cations are responsible for organic solubility and melting tempera‐
ture. Figure 7 and Figure 8 represent the structures of commonly used cations and suitable
anions. In comparison to volatile organic compounds (VOCs), ILs are considered as remarkable
“greener” solvents in chemical processes, due to, for instance, their high thermal stability,
negligible vapour pressure and their ability to remain in a liquid form over a wide temperature
range. However with an increase of research on the utilization and toxicity of ILs, these
“greener solvents” have been questioned. [29] [30].

Figure 7. Commonly used cations in modern ionic liquids redrawn from Brandt, et al. [31].
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For the commonly used ILs, it is possible for them to be classified as two groups based on their
cation structures: aprotic (AILs) and protic (PILs) ionic liquids. PILs can be easily synthesized
by the transfer of a proton from an acid which can donate a proton (Brønsted acid HA) to a
base which can accept a proton (Brønsted base B):

HA + B→ BH + + A -
The reaction shows the basic formation of PIL through proton transfer from a Brønsted Acid
(A) to a Brønsted Base (B). PILs do not necessary contain entirely of ions, for instance, a small
amount of molecular species c can be found in PILs, due to the incomplete proton transfer [28]
[32].

AILs have been used as “classic” or “conventional” ILs for more than a decade. The main
difference between AILs and PILs is that AILs are not protonated but based on substitution
[29] [33] [34].

Figure 8. Commonly used anions in modern ionic liquids redrawn from Brandt, et al. [31].
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In dissolving lignocellulosic biomass, the dissolution of the major component, cellulose, is
mostly discussed, due to its structure and abroad applications. Imidazolium-or pyridinium-
cation and anions like Cl-, Br-, [OAc]- and [CH3CH2PO2]-based ILs have been identified as a
good combination in dissolving cellulose. Table 1 lists some of the tested ILs used in cellulose
dissolution and their dissolving abilities [8] [11].

Regarding dissolution of hemicellulose and lignin, no great differences from dissolution of
cellulose are expected. However, the efficiency of lignin dissolution is not as good compared
to cellulose dissolution [8] [11] [35].

Ionic Liquid Substrate
Solubility
wt/wt

T
(°C)

Structure of ionic liquid Ref.

1 [AMIM]Cl
Cellulose (Avicel) 9% 120

H2C CH3

Cl- [36]

Cellulose (Pulp) 14% 80 [37]

2 [BMIM]Cl
Cellulose (Avicel) 13% 110

CH3

Cl-

H3C

[38]

Cellulose (Pulp) 18% 83 [39]

3 [BMIM][HCOO] Cellulose (Avicel) 8% 110
CH3

H3C O-

O

[40]

4 [BMIM][OAc] Cellulose (Avicel) 12% 100
CH3

H3C O-

O

H3C [41]

6 [EMIM]Cl Cellulose (Avicel) 12% 80
CH3

H3C

Cl-

[42]

7 [EMIM][F] Cellulose (Avicel) 2% 100
CH3

H3C

F-

[41]

8 [EMIM][OAc]
Cellulose (Avicel) 15% 110

CH3

H3C O-

O
H3C

[40]

Cellulose (Avicel) 5% 90 [43]

9 [EMIM][MePO3Me]
Microcrystalline
cellulose

10% 45
CH3

H3C

P

O-

O

O

CH3

CH3

[44]

10 [EMIM][(MeO)2PO2]
Microcrystalline
cellulose

10% 65
CH3

H3C P

O-

O

O

CH3

H3C

O [44]

11 [EMIM][(EtO)2PO2] Cellulose (Avicel) 12-14% 100
CH3

H3C
P

O-

O

O

H3C

O
CH3

[41]

12 [EMIM][BF4] Cellulose (Avicel) Insoluble 90
CH3

H3C
B-F

F

F

F [43]

13 [HexMIM][Cl]
Cellulose (Avicel) 5% 50

CH3

H3C

Cl- [43]

Cellulose (Avicel) 7% 100 [45]
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In dissolving lignocellulosic biomass, the dissolution of the major component, cellulose, is
mostly discussed, due to its structure and abroad applications. Imidazolium-or pyridinium-
cation and anions like Cl-, Br-, [OAc]- and [CH3CH2PO2]-based ILs have been identified as a
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Ionic Liquid Substrate
Solubility
wt/wt

T
(°C)

Structure of ionic liquid Ref.
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H2C CH3
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CH3

Cl-

H3C

[38]
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CH3

H3C O-

O

[40]

4 [BMIM][OAc] Cellulose (Avicel) 12% 100
CH3

H3C O-

O

H3C [41]

6 [EMIM]Cl Cellulose (Avicel) 12% 80
CH3

H3C

Cl-

[42]

7 [EMIM][F] Cellulose (Avicel) 2% 100
CH3

H3C

F-

[41]

8 [EMIM][OAc]
Cellulose (Avicel) 15% 110

CH3

H3C O-

O
H3C

[40]

Cellulose (Avicel) 5% 90 [43]

9 [EMIM][MePO3Me]
Microcrystalline
cellulose

10% 45
CH3

H3C

P

O-

O

O

CH3

CH3

[44]
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Microcrystalline
cellulose

10% 65
CH3

H3C P

O-

O

O

CH3

H3C

O [44]
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CH3

H3C
P

O-

O

O

H3C

O
CH3

[41]

12 [EMIM][BF4] Cellulose (Avicel) Insoluble 90
CH3

H3C
B-F

F

F

F [43]
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CH3

H3C

Cl- [43]

Cellulose (Avicel) 7% 100 [45]

Ionic Liquids - Current State of the Art372

Ionic Liquid Substrate
Solubility
wt/wt

T
(°C)

Structure of ionic liquid Ref.

14 [HexMIM][Br] Cellulose (Avicel) 1-2% 100
CH3

H3C

Br-

[41]

15 [HepMIM][Cl] Cellulose (Avicel) 5% 100
CH3

H3C

Cl-

[45]

16 [MMIM][(MeO)2PO2] Cellulose (Avicel) 10% 100
CH3

H3C
P

O-

O

O

CH3

H3C

O [41]

17 [NMIM][Cl] Cellulose (Avicel) 2% 100
CH3

H3C

Cl-

[45]

18 [OMIM][Cl] Cellulose (Avicel) 4% 100
CH3

H3C

Cl-

[45]

19 [PeMIM][Cl] Cellulose (Avicel) 1% 100
CH3

H3C

Cl-

[41]

20 [PeMIM][Br] Cellulose (Avicel) 1-2% 100
CH3

H3C

Br-

[41]

21
1-(3,6-dioxahexyl)-3-
methylimidazolium
acetate

Cellulose (Avicel) 5% 110
CH3

H3C
O-

O

HO
[40]

22
1-ethyl-3-(3,6-
dioxaheptyl)imidazolium
acetate

Cellulose (Avicel) 12% 110 CH3

H3C
O-

O

H3C

[40]

23
1-ethyl-3-(3,6,9-
trioxadecyl)imidazolium
acetate

Cellulose (Avicel) 12% 110
CH3

H3C
O-

O

H3C
[40]

24
1-ethyl-3-(3,6,9,12-
tetraoxatridecyl)imidazoli
um acetate

Cellulose (Avicel) 10% 110 CH3

H3C
O-

O

H3C

[40]

25 [3MBPy][Cl] Cellulose (Pulp) 39% 105 CH3

H3C Cl-

[46]

26
N,N,N-triethyl-3,6-
dioxaheptylammonium
acetate

Cellulose (Avicel) 10% 110
H3C

O-

O

N+

H3C

H3C

H3C

CH3

[40]

27
N,N,N-triethyl-3,6,9-
trioxadecylammonium
acetate

Cellulose (Avicel) 10% 110
H3C

O-

O

N+

H3C

H3C

H3C

CH3

[40]

Table 1. Commonly tested ionic liquids in cellulose dissolution and their dissolving capacities.
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4. Dissolution of lignocellulosic biomass in an ionic liquid

4.1. Aim of dissolution

Different types of lignocellulosic biomass contains different components of cellulose, hemi‐
cellulose, lignin and other extractives. However, the three major components are cellulose,
hemicellulose and lignin. In any lignocellulosic biomass, cellulose is present in the form of
amorphous and crystalline structures. The form of crystalline cellulose in a cell wall is tightly
packed and highly resistant to chemical and biological hydrolysis, due to a complex biopoly‐
meric network [9] [10].

Figure 9. Pretreatment of lignocellulosic biomass redrawn from Holm and Lassi [8].

Cellulose has a clear amphiphilic nature and it is insoluble in common aqueous or organic
solvents, though polysaccharide is soluble. The hydrophobicity of crystalline cellulose forms,
together with acid, a dense layer of water on the hydrated cellulose surface, which resists to
further acidic hydrolysis. The strong intra-and intermolecular hydrogen bonding network in
crystalline cellulose obstructs enzymatic hydrolysis, whereas amorphous hemicellulose and
cellulose are possibly hydrolyzed. Thus, many applications of cellulose can be applied through
its dissolution to break the intra-and intermolecular hydrogen bond network, in order to
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increase the active accessible surface area of cellulose (See Figure 9). Other minor factors of
interactions among cellulose molecules have been mostly ignored [9] [10].

5. Anion and cation of ionic liquids and effects on dissolution of cellulose

The design of ILs for a specific application is critical to determine the properties of an IL. One
of the extraordinary features of ILs is their wide adjustable properties, such as the variations
of acid-base character, hydrophilicity and melting temperature. Designing properties and
trends of ILs can be achieved by modifying cation and anion independently. However, the
impurities, like water, halide anions and organic bases that are mainly from preparations of
ILs, may have an effect on the properties as well, which might lead to an unexpected side
reaction [18] [47] [48].

Figure 10. Schematic representation of hydrogen bonding in [EMIM]Cl adapted from Heinze, et al. [46]

The structure of IL is the critical factor that influences the outcome of the dissolution. As
known, ILs consist of anion and cation, and both can be varied, in order to provide different
functions of ILs. The size, symmetry, hydrogen bond interactions and charge delocalization
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of ILs judge van der Waals force and electrostatic interaction which govern the thermal
properties of ILs. Anion type shows greater significant effects on the melting temperature and
viscosity of ILs than cation. Recently, many researches have pointed out that dissolution in ILs
is driven mainly by the formation of hydrogen bonds between cellulose and anions and
hydrophobic interactions with cations. The reduction of anion size leads to the increase of the
melting point of IL, due to the increase of the Coulombic attraction contributions to the lattice
energy of the crystal and of the covalency of the ions. Hydrogen bonds that are present or
absent in ILs influence the melting temperature as well. In addition, greater charge delocali‐
zations can be caused by larger anions. The symmetry of the ions also have a direct relationship
to the melting points. Reducing symmetry in the ions reduces the melting points and therefore,
lowers the freezing point of ILs [18] [49] [50].

Similarly to many solvents, the viscosities of many ILs strongly depend on temperature.
Nevertheless, anion and cation properties, such as the anion’s ability of forming weak
hydrogen bonds with a cation, and the impurities in the ILs also vary the viscosity. Mantz et
al. have described that a series of non-haloaluminate ILs have the same cation, but with changes
in the anion, the viscosity can be clearly effected, however, not according to the size of the
anions. Conversely, for ILs with the same anion, but different cations, the larger the cation size,
the greater the viscosity. Another contributing factor on the effect of viscosity is the asymmetric
substitution of a cation. It has been identified as a highly asymmetric substitution obtaining a
low viscosity IL [51]. The low viscosity of an IL identifies high mobility of ions which promote
the dissolution process [10] [52] [53].

The solubility of water in ILs can be varied by changing cation substitution and anion types
present in ILs. Generally, coordinating anions relate to the miscibility of ILs with water and
conversely, large, non-coordinating, charge-diffuse anions produce hydrophobic ILs. As
organic solvents, ILs usually appear with high polarity, due to their ionic nature and respect
to organic solutes. Lignocellulosic biomass can be dissolved in ILs while the solubility of
cellulose increases in more polar ILs. The interactions between solvent and solute are greater
when the ILs have a better hydrogen bond acceptor capability, such as chloride. ILs become
more lipophilic with increasing alkyl substitution to reduce further the Coulombic ion-ion
interactions, resulting in an increasing solubility of hydrocarbons and non-polar organics [54].

Up to now, it has been reported that the ILs’ ability of dissolving cellulose is governed by the
interactions between anion and oligomers, although cations are of minor influence. Therefore,
theoretically, good hydrogen bond accepting anions bring better influence in the dissolution
of cellulose. Figure 10 demonstrates the strong hydrogen bonded network of [EMIM]Cl that
are formed by three imidazolium ring protons in three dimensions. Whereas paring with
certain cations can also create negative effects [10] [52] [53].

6. Effect of water in an ionic liquid

Water always exists in ILs, even in a neat IL. The role of water in an IL is rather complex. It is
considered as an impurity, which influences the properties of ILs. Stark, et al. reported that a
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hydrogen bonding network exits in a ‘neat’ IL due to the interactions between cations and
anions [55] [56] [57].

Figure 11. Graphical representation of the structural domains of [C2mim][CH3SO3] and its mixtures with water (tail–
tail aggregates, water–anion hydrogen-bonding) adopted from Stark [56].

Depending on the properties of anions and cations in an IL, water can have either positive or
negative effects in the utilization of ILs. Figure 11a illustrates that in [C2mim][OAc] cations’
ring plane a cation interacts with several anions to form a hydrogen bonding network [55] [56]
[57].

When water is added into the IL, the order of the cation–anion hydrogen bonding network is
disturbed. A strong hydrogen bond acceptor [OAc]-is disrupted which interacts with water
and becomes tightly incorporated into the hydrogen bond network of water. Hence, the
amount of water in [C2mim][OAc] reduces the ability of interactions between ions and cellulose
(See Figure 11b) [55] [56] [57].

7. Methods and considerations of cellulose dissolution using a tailored
ionic liquid

The conversion of lignocellulosic biomass to biofuel as an alternative replacement of trans‐
portation fuel can be proceeded through dissolution, hydrolysis and fermentation processes.
Dissolution plays a major role among these steps and such methods have been previously
discussed. The dissolution of lignocellulosic biomass breaks down intra-and intermolecular
hydrogen bonds, which mainly increases the accessible surface area of cellulose for further
hydrolysis [9] [10].
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Tailored ILs refer to the ILs that are designed for specific needs. In our early research, three
ILs (See Figure 12) were tailored to combine dissolution and hydrolysis of cellulose in a single
step (See Figure 13). As can be seen in Figure 12, besides common properties of ILs, these
tailored ILs also provide an acidic nature, which can simultaneously dissolve and acid
hydrolyze lignocellulosic biomass. Similar to the ILs that are used in lignocellulosic dissolu‐
tion, it is possible for tailored ILs to be recycled and reused again, based on our previous study,
but more research is required.

N N+ N+

N+

N

N

[glymim]HSO4

OH

OH

_
SO4H

OH

[hemim]HSO4

OH

[hpmim]HSO4

H3C H3C

H3C

_
SO4H

_
SO4H

Figure 12. Structures of tailored ionic liquids, [glymim]HSO4, [hemim]HSO4 and [hpmim]HSO4.

Fiber sludge is a by-product from chemical pulping, which was used as the cellulose sample.
According to chemical analysis, fiber sludge contained a mass fraction of approximately
93-94% cellulose and 6-7% hemicelluloses of total carbon materials. In addition, water content
in fiber sludge is around 53% of the total mass.

The method is rather similar to conventional dissolution of lignocellulosic biomass. Besides
dissolution of cellulose, cellulose is hydrolyzed simultaneously (See Figure 14). Thus, the
regenerated cellulose solution (Figure 14, right) consists of reducing sugars, tailored IL, anti-
solvent and regenerated cellulose. Based on the DNS method, the total reducing sugar yield
was measured which indicated that approximately up to 30% of the dry mass sample was
converted to sugars.

A couple of factors influence the outcome of lignocelulosic biomass pretreatment with ILs.
Certainly, the type of lignocellulosic biomass and IL are key considerations. The temperature
and reaction time should be controlled accordingly. The temperatures of typically used ILs in
lignocellulosic biomass pretreatment are between 70 and 150°C, with reaction times from 20
mins up to 15 hours. It is suggested that the temperature of dissolution should be controlled
approximately 10°C above the melting point of the IL. Too long a dissolution time and high
temperature runs the risk of degradation [18].

The production of derivatives are also possible as a by-product due to the unexpected side
reactions caused by impurities in ILs or feedstock [18]. In our early research, a gel formed
during the reaction and it is thought that the gelation is possibly caused by methylcellulose
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that is a derivative of cellulose. In the pulp mill industry, pulp is soaked and cooked in a
solution of sodium hydroxide (NaOH) for softening before the resulting pulp is subjected to
further processes. Fiber sludge, the residual from a pulp mill, consists of hydroxyl groups and
was rapidly dissolved in the ILs. This resulted in methylcellulose as the by-product in the
substitution reaction by replacing hydrophilic hydroxyl groups (-OH) with hydrophobic
methoxide groups (-OCH3) [58] [59] [60]. Based on the experimental data, it is reasonable to
believe that the impurities in the ILs had a side reaction with the fiber sludge and produced
methylcellulose. Methylcellulose has thermo-sensitive properties that allow it to be dissolved
in water at low temperature (approximately under 40°C) and it displays reversible gelation at
a particular temperature [61] [62] which may block further reactions.

According to the experimental results, cellulose dissolution using tailored ILs with a certain
amount of water gave higher yields of reducing sugars. Interestingly, the amount of water in
ILs also improved the efficiency of cellulose dissolution. Figure 15 presents images of filtrated
regenerated cellulose after dissolution (filter paper) with (right) and without (left) water in a
tailored IL. Almost no cellulose dissolution could be found in cellulose without water (Figure
15 left), but significant dissolution occurred when additional water was added (Figure 15
right).

14
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Figure 14. One-step dissolution and hydrolysis of fiber sludge (left) using tailored ionic liquid (middle, tailored IL and
fiber sludge) and regeneration of cellulose (right).

Presumably, the hydrophilic and hydrophobic parts of cellulose adjusted their conformation
in water while the contacts between hydrophobic parts and water was reduced [48]. It is
possible the IL in water disassociated and weaken the hydrophobic interactions in cellulose.
The anion of HSO4

- can also be further disassociated in water and provide H+ in hydrolysis.

Figure 15. Filtrated regenerated cellulose (dry filter paper) after dissolution of cellulose with (right) and without (left)
water in a tailored ionic liquids.

8. Cellulose regeneration

The shape of regenerated cellulose depends on the method and conditions of regeneration.
Typically, the dissolved cellulose is precipitated in a polar anti-solvent, such as water, ethanol
and acetone however distilled water is often preferred for clear economic reasoning. When the
crystalline cellulose is broken down, the regenerated cellulose is usually in the form of
amorphous and cellulose II. [11] [18].

There have been a significant number of studies published on the dissolution of cellulose in
an IL, however, only a few of these discussed the mechanism of cellulose regeneration. The
mechanistic understanding of the interactions between an IL, water and cellulose still remains
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elusive. For example, Liu, et al. used molecular dynamics simulations to study the structural
and dynamic properties of water, IL and cellulose in cellulose regeneration [11].

Figure 16. Intermediate structure of cellulose regeneration from [C2MIM][OAc] in water adopted from Liu, et al. [11]

It has been proposed that the regeneration of cellulose should go through a key intermediate
process due to the strong ion-ion interaction between cation and anion in the IL.The number
of hydrogen bonds among water molecules and polymer increases and form an anion-water-
cellulose hydrogen bonding network, when water diffuses inside the first solvation shell of
cellulose. Presumably, water forms hydrogen bonds with cellulose and acts as both a hydrogen
bond donor and a hydrogen bond acceptor, which displaces cation out of the first solvation
shell to the second solvation shell. However, existing anions in the second solvation shell bond
displaces cations in the second solvation shell through strong electrostatic interactions. The
hydrogen bonds’ bonded anions are liberated from dissolved cellulose into the water solution,
because the hydrogen bonds are pushed out to the first solvation shell. The formation of this
new hydrogen bonding network finally leads to cellulose precipitation [11].

9. Conclusion

The major barrier in many applications of lignocellulosic biomass is the crystal-like structure
and solubility of cellulose for water, acid or enzymes. With a good understanding of the
lignocellulose’s structure, the solubility of cellulose is mainly affected by intra-and intermo‐
lecular hydrogen bonds in cellulose and hydrophobic interactions. Hydrophobic interactions
have shown a significant contribution on the solubility of cellulose, as well as on its crystal-

Dissolution and Hydrolysis of Lignocellulosic Biomass using Tailored Ionic Liquids
http://dx.doi.org/10.5772/59049

381



like structure, that is even stronger than hydrogen bonding. Hydrophobic interaction is,
therefore, a perspective highlight in lignocellulosic biomass dissolution.

Cellulose has an intrinsic structural anisotropy which shows an amphiphilic nature, due to the
intra-and intermolecular hydrogen bonding. It is reasonable to think that an amphiphilic IL
would facilitate the dissolution of cellulose.

The properties of ILs can be designed for specific lignocellulosic biomass by carefully choosing
suitable cations and anions. Based on the ILs’ properties, water may promote or obstruct the
dissolution. In our research, we have tailored three types of acidic ILs to perform dissolution
and hydrolysis in a single step, and the total reducing sugar yield in the regenerated cellulose
solution was calculated, up to 30% of the dry mass, based on the DNS method. The water
content in tailored ILs is not as critical as in usual ILs in dissolution, due to the simultaneous
hydrolysis reaction.

The mechanistic understanding of interactions between IL, water and cellulose has been barely
discussed, however, water as an anti-solvent, is also expected to play an important role in
cellulose regeneration. According to molecular dynamics simulations, a key intermediate
process between cation and anion in the IL is performed.

Clearly, tailored ILs can be used in an one-step dissolution and hydrolysis of lignocellulosic
biomass. This is especially the case for wet lignocellulosic biomass which can be directly used
in tailored ILs that also differ from general ILs. The existing impurities in ILs or substrates can
cause side reaction in dissolution, which may obstruct or promote further reaction. A longer
reaction time could cause sugar degradation in tailored ILs.

Acknowledgements

This work has been carried out within the Forest Refine project (EU Interreg funding 00162639)
which is gratefully acknowledged.

Author details

Yue Dong1,2*, Jana Holm3 and Ulla Lassi1,2

*Address all correspondence to: yue.dong@chydenius.fi

1 University of Oulu, Department of Chemistry, University of Oulu, Finland

2 University of Jyväskylä/Kokkola University Consortium Chydenius, Kokkola, Finland

3 Centria University of Applied Sciences, Kokkola, Finland

Ionic Liquids - Current State of the Art382



like structure, that is even stronger than hydrogen bonding. Hydrophobic interaction is,
therefore, a perspective highlight in lignocellulosic biomass dissolution.

Cellulose has an intrinsic structural anisotropy which shows an amphiphilic nature, due to the
intra-and intermolecular hydrogen bonding. It is reasonable to think that an amphiphilic IL
would facilitate the dissolution of cellulose.

The properties of ILs can be designed for specific lignocellulosic biomass by carefully choosing
suitable cations and anions. Based on the ILs’ properties, water may promote or obstruct the
dissolution. In our research, we have tailored three types of acidic ILs to perform dissolution
and hydrolysis in a single step, and the total reducing sugar yield in the regenerated cellulose
solution was calculated, up to 30% of the dry mass, based on the DNS method. The water
content in tailored ILs is not as critical as in usual ILs in dissolution, due to the simultaneous
hydrolysis reaction.

The mechanistic understanding of interactions between IL, water and cellulose has been barely
discussed, however, water as an anti-solvent, is also expected to play an important role in
cellulose regeneration. According to molecular dynamics simulations, a key intermediate
process between cation and anion in the IL is performed.

Clearly, tailored ILs can be used in an one-step dissolution and hydrolysis of lignocellulosic
biomass. This is especially the case for wet lignocellulosic biomass which can be directly used
in tailored ILs that also differ from general ILs. The existing impurities in ILs or substrates can
cause side reaction in dissolution, which may obstruct or promote further reaction. A longer
reaction time could cause sugar degradation in tailored ILs.

Acknowledgements

This work has been carried out within the Forest Refine project (EU Interreg funding 00162639)
which is gratefully acknowledged.

Author details

Yue Dong1,2*, Jana Holm3 and Ulla Lassi1,2

*Address all correspondence to: yue.dong@chydenius.fi

1 University of Oulu, Department of Chemistry, University of Oulu, Finland

2 University of Jyväskylä/Kokkola University Consortium Chydenius, Kokkola, Finland

3 Centria University of Applied Sciences, Kokkola, Finland

Ionic Liquids - Current State of the Art382

References

[1] Fricke J, Borst WL. Essentials of energy technology sources, transport, storage, con‐
servation. 1st ed. Weinheim: Wiley-VCH Verlag & Co. KGaA; 2013. p. 1-9.

[2] International energy agency’s renewable energy division, (RED). Technology road‐
map bioenergy for heat and power. 2012. p. 10-16.

[3] Directive 2009/28/EC. Directive 2009/28/EC of the European parliament and of the
council on the promotion of the use of energy from renewable sources and amending
and subsequently repealing Directives 2001/77/EC and 2003/30/EC. OJ 2006 Jun:
L140/16-62.

[4] Regulation (EU) No 347/2013. Regulation (EU) No 347/2013 of the European parlia‐
ment and of the council on guidelines for trans-European energy infrastructure and
repealing decision No 1364/2006/EC and amending regulations (EC) No 713/2009,
(EC) No 714/2009 and (EC) No 715/2009. OJ 2013 Apr: L115 39-75.

[5] Nomiyama T, Aihara N, Chitose A, Yamada M, Tojo S. Biomass as local resource. In:
Tojo S, Hirasawa T, editors. Research approaches to sustainable biomass systems,
Waltham, USA: Academic Press; 2014. p. 7-16.

[6] Cherubini F, Guest G, Strømman AH. Bioenergy from forestry and changes in atmos‐
pheric CO2: Reconciling single stand and landscape level approaches. J Environ Man‐
ag 2013 Nov; 129: 292-301.

[7] Singh R, Shukla A, Tiwari S, Srivastava M. A review on delignification of lignocellu‐
losic biomass for enhancement of ethanol production potential. Renew Sustain Energ
Rev 2014 Apr; 32: 713-728.

[8] Holm J, Lassi U. Ionic liquids in the pretreatment of lignocellulosic biomass. In: Ko‐
korin A, editor. Ionic liuquids application and perspectives Rijeka: InTech; 2011. p.
545-560.

[9] Behera S, Arora R, Nandhagopal N, Kumar S. Importance of chemical pretreatment
for bioconversion of lignocellulosic biomass. Renew Sustain Energ Rev 2014 Agu; 36:
91-106.

[10] Medronho B, Lindman B. Brief overview on cellulose dissolution/regeneration inter‐
actions and mechanisms. Adv Colloid Interface Sci 2014 May (Available online).

[11] Liu H, Sale KL, Simmons BA, Singh S. Molecular dynamics study of polysaccharides
in binary solvent mixtures of an ionic liquid and water. J Phys Chem B 2011 Aug;
115: 10251-10258.

[12] Eurostat. Renewable energy statistics. 2014 Mar; Available at: http://epp.euro‐
stat.ec.europa.eu/statistics_explained/index.php/Renewable_energy_statis‐
tics#Further_Eurostat_information. Accessed July 22nd, 2014.

Dissolution and Hydrolysis of Lignocellulosic Biomass using Tailored Ionic Liquids
http://dx.doi.org/10.5772/59049

383



[13] Ibraheem O, Ndimba BK. Molecular adaptation mechanisms employed by ethanolo‐
genic bacteria in response to lignocellulose-derived inhibitory compounds. Int J Biol
Sci 2013; 9(6): 598-612.

[14] Lestander TA. Chemical composition of biomass. In: Bundschuh J, editor. Biomass as
energy source resources, systems and applications Leiden, the Netherlands: CRC
Press/Balkema; 2013. p. 35-56.

[15] Turley DB. The Chemmical value of biomass. In: Clark JH, Deswarte FEI, editors. In‐
troduction to chemicals from biomass New York City, USA: John Wiley & Sons, Ltd;
2008. p. 21-46.

[16] Lavoine N, Desloges I, Dufresne A, Bras J. Microfibrillated cellulose – Its barrier
properties and applications in cellulosic materials: A review. Carbohydr Polymer
2012 Oct; 90(2): 735-764.

[17] Quiroz-Castañeda RE, Folch-Mallol JL. Hydrolysis of biomass mediated by cellulases
for the production of sugars. In: Chandel AK, da Silva SS, editors. Sustainable degra‐
dation of lignocellulosic biomass-techniques, applications and commercialization
Croatia: InTech; 2013. p. 119-142.

[18] Pinkert A, Marsh KN, Pang S, Staiger MP. Ionic liquids and their interaction with cel‐
lulose. Chem Rev 2009; 102: 6712–6728.

[19] Medronho B, Romano A, Miguel MG, Stigsson L, Lindman B. Rationalizing cellulose
(in)solubility: reviewing basic physicochemical aspects and role of hydrophobic in‐
teractions. Cellulose 2012; 19: 581–587.

[20] Lindman B, Karlström G, Stigsson L. On the mechanism of dissolution of cellulose. J
Mol Liq 2010; 115: 76–81.

[21] Medronho B, Lindman B. Competing forces during cellulose dissolution: From sol‐
vents to mechanisms. Curr Opin Colloid Interface Sci 2014; 9(1): 32–40.

[22] Bergenstråhle M, Wohlert J, Himmel M, Brady J. Simulation studies of the insolubili‐
ty of cellulose. Carbohydr Res 2010 Sep; 345(14):2060-2066.

[23] Gírio FM, Fonseca C, Carvalheiro F, Duarte LC, Marques S, Bogel-Łukasik R. Hemi‐
celluloses for fuel ethanol: a review. Bioresource Technology 2010 Jul; 101(13):
4775-4800.

[24] Alonso DM, Bond JQ, Dumesic JA. Catalytic conversion of biomass to biofuels.
Green Chem 2010 Dec; 12(9): 1493-1513.

[25] Alonso DM, Wettstein SG, Dumesic JA. Bimetallic catalysts for upgrading of biomass
to fuels and chemicals. Chem Soc Rev 2012 Aug; 41(24): 8075-8098.

[26] Thakur VK, Thakur MK. Processing and characterization of natural cellulose fibers/
thermoset polymer composites. Carbohydr Polymer 2014 Aug; 109: 102-117.

Ionic Liquids - Current State of the Art384



[13] Ibraheem O, Ndimba BK. Molecular adaptation mechanisms employed by ethanolo‐
genic bacteria in response to lignocellulose-derived inhibitory compounds. Int J Biol
Sci 2013; 9(6): 598-612.

[14] Lestander TA. Chemical composition of biomass. In: Bundschuh J, editor. Biomass as
energy source resources, systems and applications Leiden, the Netherlands: CRC
Press/Balkema; 2013. p. 35-56.

[15] Turley DB. The Chemmical value of biomass. In: Clark JH, Deswarte FEI, editors. In‐
troduction to chemicals from biomass New York City, USA: John Wiley & Sons, Ltd;
2008. p. 21-46.

[16] Lavoine N, Desloges I, Dufresne A, Bras J. Microfibrillated cellulose – Its barrier
properties and applications in cellulosic materials: A review. Carbohydr Polymer
2012 Oct; 90(2): 735-764.

[17] Quiroz-Castañeda RE, Folch-Mallol JL. Hydrolysis of biomass mediated by cellulases
for the production of sugars. In: Chandel AK, da Silva SS, editors. Sustainable degra‐
dation of lignocellulosic biomass-techniques, applications and commercialization
Croatia: InTech; 2013. p. 119-142.

[18] Pinkert A, Marsh KN, Pang S, Staiger MP. Ionic liquids and their interaction with cel‐
lulose. Chem Rev 2009; 102: 6712–6728.

[19] Medronho B, Romano A, Miguel MG, Stigsson L, Lindman B. Rationalizing cellulose
(in)solubility: reviewing basic physicochemical aspects and role of hydrophobic in‐
teractions. Cellulose 2012; 19: 581–587.

[20] Lindman B, Karlström G, Stigsson L. On the mechanism of dissolution of cellulose. J
Mol Liq 2010; 115: 76–81.

[21] Medronho B, Lindman B. Competing forces during cellulose dissolution: From sol‐
vents to mechanisms. Curr Opin Colloid Interface Sci 2014; 9(1): 32–40.

[22] Bergenstråhle M, Wohlert J, Himmel M, Brady J. Simulation studies of the insolubili‐
ty of cellulose. Carbohydr Res 2010 Sep; 345(14):2060-2066.

[23] Gírio FM, Fonseca C, Carvalheiro F, Duarte LC, Marques S, Bogel-Łukasik R. Hemi‐
celluloses for fuel ethanol: a review. Bioresource Technology 2010 Jul; 101(13):
4775-4800.

[24] Alonso DM, Bond JQ, Dumesic JA. Catalytic conversion of biomass to biofuels.
Green Chem 2010 Dec; 12(9): 1493-1513.

[25] Alonso DM, Wettstein SG, Dumesic JA. Bimetallic catalysts for upgrading of biomass
to fuels and chemicals. Chem Soc Rev 2012 Aug; 41(24): 8075-8098.

[26] Thakur VK, Thakur MK. Processing and characterization of natural cellulose fibers/
thermoset polymer composites. Carbohydr Polymer 2014 Aug; 109: 102-117.

Ionic Liquids - Current State of the Art384

[27] Zheng Y, Zhao J, Xu F, Li Y. Pretreatment of lignocellulosic biomass for enhanced bi‐
ogas production. Progr Energ Combust Sci 2014 Jun; 42: 35-53.

[28] Freemantle M. An Introduction to ionic liquids. Cambridge, UK: The Royal Society of
Chemistry; 2010. p. 1-10.

[29] Peric B, Sierra J, Martí E, Cruañas R, Garau MA, Arning J, et al. (Eco)toxicity and bio‐
degradability of selected protic and aprotic ionic liquids. J Hazard Mater 2013 Oct;
261: 99-105.

[30] Mallakpour S, Dinari M. Ionic liquids as green solvents: progress and prospects. In:
Mohammad A, Inamuddin, editors. Green solvent II properties and applications of
ionic liquids Heidelberg: Springer; 2012. p. 1-30.

[31] Brandt A, Gräsvik J, Hallett JP, Welton T. Deconstruction of lignocellulosic biomass
with ionic liquids. Green Chem 2013; 15: 550-583.

[32] Greaves TL, Drummond CJ. Protic ionic liquids: properties and applications. Chem
Rev 2008; 108: 206-237.

[33] Peric B, Sierra J, Martí E, Cruañas R, Garau MA. A comparative study of the terrestri‐
al ecotoxicity of selected protic and aprotic ionic liquids. Chemosphere 2014 Aug;
108: 418-425.

[34] Pakiari AH, Siahrostami S, Ziegler T. An insight into microscopic properties of aprot‐
ic ionic liquids: A DFT study. J Mol Struct 2010 Sep; 955(1-3): 47–52.

[35] Achinivu EC, Howard RM, Li G, Gracz H, Henderson WA. Lignin extraction from
biomass with protic ionic. Green Chem 2014; 16(3): 1114-1119.

[36] Dadi AP, Schall CA, Varanasi S. Mitigation of cellulose recalcitrance to enzymatic hy‐
drolysis by ionic liquid pretreatment. Biotechnol Appl Biochem 2007; 137:407-421.

[37] Zhang H, Wu J, Zhang J, He J. 1-Allyl-3-methylimidazolium chloride room tempera‐
ture ionic liquid: a new and powerful nonderivatizing solvent for cellulose. Macro‐
molecules 2005 Oct; 38(20): 8272-8277.

[38] Zhao H, Jones CL, Baker GA, Xia S, Olubajo O, Person VN. Regenerating cellulose
from ionic liquids for an accelerated enzymatic hydrolysis. J Biotechnol 2009; 139:
47-54.

[39] Heinze T, Schwikal K, Barthel S. Ionic liquids as reaction medium in cellulose func‐
tionalization. Macromol Biosci 2005; 5(6): 520-525.

[40] Zhao H, Baker GA, Song Z, Olubajo O, Crittle T, Peters D. Designing enzyme-com‐
patible ionic liquids that can dissolve carbohydrates. Green Chem 2008; 10(6):
696-705.

[41] Vitz J, Erdmenger T, Haensch C, Schubert US. Extended dissolution studies of cellu‐
lose in imidazolium based ionic liquids. Green Chem 2009; 11(3): 417-424.

Dissolution and Hydrolysis of Lignocellulosic Biomass using Tailored Ionic Liquids
http://dx.doi.org/10.5772/59049

385



[42] Barthel S, Heinze T. Acylation and carbanilation of cellulose in ionic liquids. Green
Chem 2006; 8(3): 301-306.

[43] Zavrel M, Bross D, Funke M, Büchs J, Spiess AC. High-throughput screening for ion‐
ic liquids dissolving (ligno-)cellulose. Bioresource Technology 2009 May; 100(9):
2580-2587.

[44] Fukaya Y, Hayashi K, Wada M, Ohno H. Cellulose dissolution with polar ionic liq‐
uids under mild conditions: required factors for anions. Green Chem 2008; 10(1):
44-46.

[45] Erdmenger T, Haensch C, Hoogenboom R, Schubert US. Homogeneous tritylation of
cellulose in 1-butyl-3-methylimidazolium chloride. Macromol Biosci 2007; 7(4): 440–
445.

[46] Heinze T, Dorn S, Schöbitz M, Liebert T, Köhler S, Meister F. Interactions of ionic liq‐
uids with polysaccharides – 2: cellulose. Macromol Symp 2008; 262: 8–22.

[47] Freemantle M. An introduction to ionic liquids. Cambridge, UK: The Royal Society of
Chemistry; 2010. p. 31-39.

[48] Olivier-Bourbigou H, Magna L, Morvan D. Ionic liquids and catalysis: Recent prog‐
ress from knowledge to applications. Appl Catal Gen 2010; 373: 1–56.

[49] Holbrey JD, Rogers RD. Physicochemical properties of ionic liquids: melting points
and phase diagrams. In: Wasswerscheid P, Welton T, editors. Ionic liquids in synthe‐
sis Weinheim: Wiley-VCH; 2008. p. 57-72.

[50] Gupta KM, Jiang J. Cellulose dissolution and regeneration in ionic liquids: A compu‐
tational perspective. Chem Eng Sci 2014 July (Available online).

[51] Mantz RA, Trulove PC. Viscosity and density of ionic liquids. In: Wasserscheid P,
Welton T, editors. Ionic liquids in synthesis Weinheim: Wiley-VCH; 2008. p. 72-87.

[52] Stark A, Sellin M, Ondruschka B, Massonne K. The effect of hydrogen bond acceptor
properties of ionic liquids on their cellulose solubility. Sci China Chem 2012 Aug; 55:
1663-1670.

[53] Weerachanchai, Piyarat, Chen, Zhengjian, Leong SSJ, Chang, Matthew Wook, Lee o.
Hildebrand solubility parameters of ionic liquids: Effects of ionic liquid type, temper‐
ature and DMA fraction in ionic liquid. Chem Eng J 2012 Dec; 213: 356-362.

[54] Cocalia VA, Visser AE, Rogers RD, Holbrey JD. Solubility and solvation in ioinc liq‐
uids. In: Wasserscheid P, Welton T, editors. Ionic liquid in synthesis Weinheim: WI‐
Ley-VCH; 2008. p. 89-102.

[55] Stark A, Zidell AW, Hoffmann MM. Is the ionic liquid 1-ethyl-3-methylimidazolium
methanesulfonate [emim][MeSO3] capable of rigidly binding water? J Mol Liq 2011;
160: 166–179.

Ionic Liquids - Current State of the Art386



[42] Barthel S, Heinze T. Acylation and carbanilation of cellulose in ionic liquids. Green
Chem 2006; 8(3): 301-306.

[43] Zavrel M, Bross D, Funke M, Büchs J, Spiess AC. High-throughput screening for ion‐
ic liquids dissolving (ligno-)cellulose. Bioresource Technology 2009 May; 100(9):
2580-2587.

[44] Fukaya Y, Hayashi K, Wada M, Ohno H. Cellulose dissolution with polar ionic liq‐
uids under mild conditions: required factors for anions. Green Chem 2008; 10(1):
44-46.

[45] Erdmenger T, Haensch C, Hoogenboom R, Schubert US. Homogeneous tritylation of
cellulose in 1-butyl-3-methylimidazolium chloride. Macromol Biosci 2007; 7(4): 440–
445.

[46] Heinze T, Dorn S, Schöbitz M, Liebert T, Köhler S, Meister F. Interactions of ionic liq‐
uids with polysaccharides – 2: cellulose. Macromol Symp 2008; 262: 8–22.

[47] Freemantle M. An introduction to ionic liquids. Cambridge, UK: The Royal Society of
Chemistry; 2010. p. 31-39.

[48] Olivier-Bourbigou H, Magna L, Morvan D. Ionic liquids and catalysis: Recent prog‐
ress from knowledge to applications. Appl Catal Gen 2010; 373: 1–56.

[49] Holbrey JD, Rogers RD. Physicochemical properties of ionic liquids: melting points
and phase diagrams. In: Wasswerscheid P, Welton T, editors. Ionic liquids in synthe‐
sis Weinheim: Wiley-VCH; 2008. p. 57-72.

[50] Gupta KM, Jiang J. Cellulose dissolution and regeneration in ionic liquids: A compu‐
tational perspective. Chem Eng Sci 2014 July (Available online).

[51] Mantz RA, Trulove PC. Viscosity and density of ionic liquids. In: Wasserscheid P,
Welton T, editors. Ionic liquids in synthesis Weinheim: Wiley-VCH; 2008. p. 72-87.

[52] Stark A, Sellin M, Ondruschka B, Massonne K. The effect of hydrogen bond acceptor
properties of ionic liquids on their cellulose solubility. Sci China Chem 2012 Aug; 55:
1663-1670.

[53] Weerachanchai, Piyarat, Chen, Zhengjian, Leong SSJ, Chang, Matthew Wook, Lee o.
Hildebrand solubility parameters of ionic liquids: Effects of ionic liquid type, temper‐
ature and DMA fraction in ionic liquid. Chem Eng J 2012 Dec; 213: 356-362.

[54] Cocalia VA, Visser AE, Rogers RD, Holbrey JD. Solubility and solvation in ioinc liq‐
uids. In: Wasserscheid P, Welton T, editors. Ionic liquid in synthesis Weinheim: WI‐
Ley-VCH; 2008. p. 89-102.

[55] Stark A, Zidell AW, Hoffmann MM. Is the ionic liquid 1-ethyl-3-methylimidazolium
methanesulfonate [emim][MeSO3] capable of rigidly binding water? J Mol Liq 2011;
160: 166–179.

Ionic Liquids - Current State of the Art386

[56] Stark A. Shaping micro-and macroscopic properties of ionic liquid–solute systems:
Multi-functional task-specific agents. J Mol Liq 2014 Apr; 194: 144–152.

[57] Brehm M, Weber H, Pensado AS, Stark A, Kirchner B. Proton transfer and polarity
changes in ionic liquid–water mixtures: a perspective on hydrogen bonds from ab in‐
itio molecular dynamics at the example of 1-ethyl-3-methylimidazolium acetate–wa‐
ter mixtures—Part 1. Phys Chem Chem Phys 2012; 14: 5030-5044.

[58] Chang C, Zhang L. Cellulose-based hydrogels: present status and application pros‐
pects. Carbohydr Polym 2011 Feb; 84(1):40-53.

[59] Kadokawa J, Murakami M, Kaneko Y Y. A Facile preparation of gel materials from a
solution of cellulose in ionic liquid. Carbohydr Res 2008 Mar; 343(4): 769-772.

[60] Ye D, Farriol X. Improving accessibility and reactivity of celluloses of annual plants
for the synthesis of methylcellulose. Cellulose 2005 Oct; 16(5): 507-515.

[61] Bain MK, Bhowmick B, Maity D, Mondal D, Mollick MMR, Rana D, et al. Synergistic
effect of salt mixture on the gelation temperature and morphology of methylcellulose
hydrogel. Int J Biol Macromol 2012; 51(5): 831-836.

[62] Thormann E, Bodvik R, Karlson L, Claesson PM. Surface forces and friction between
non-polar surfaces coated by temperature-responsive methylcellulose. Colloid Sur‐
face Physicochem Eng Aspect 2013; 441: 701-708.

Dissolution and Hydrolysis of Lignocellulosic Biomass using Tailored Ionic Liquids
http://dx.doi.org/10.5772/59049

387





Chapter 15

Pyridinium-Based Ionic Liquids — Application for
Cellulose Processing

Elena S.  Sashina and Dmitrii A. Kashirskii

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59286

1. Introduction

Over the last two decades new direct solvents for cellulose and other natural polymers have
been actively explored; these are ionic liquids (ILs). The unique properties of this new class of
compounds allow the use of ILs in various fields of science and technology, among which the
use of ILs as the reaction medium for biomass processes occupies an important place [1-3],
especially for cellulose dissolution [4-13], and the dissolution of other natural polymers [14],
and produces from their solutions new biodegradable materials, including films, fibres and
membranes [15].

On the whole, imidazolium-, ammonium-and pyridinium-based ILs can be used for cellulose
dissolution (Figure 1). Imidazolium ILs are studied here in great detail, but the comparisons
between the cost of synthesis, toxicity [16-18] and dissolving power [4, 6] of the three classes
of ILs shows pyridinium-containing salts to be of most benefit. The most effective salts have
a pyridinium ring with position 1,3 of alkylic substituents [6, 7].

Figure 1. IL cations suitable for cellulose dissolution

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



The important feature of ILs is the possibility of selecting the cation-anion pairs for the
purposeful synthesis of solvents with desirable properties in technology. In view of the large
numbers of ILs available, the selection of ionic solvents out of all the possible cation-anion
pairs is a big problem. To make a reasonable selection it is important to understand the
relationship between the structure, physicochemical properties, and dissolving power of ILs.

2. Experimental

2.1. Quantum-chemical calculations

Quantum-chemical calculations were performed using the Gaussian 03 program by HF/
3-21G(d) and HF/6-31G(d) methods [7]. As the IL models were used the ionic pairs which they
contained associated cation and anion. For the cellulose model, we took the cellotetraose (i.e.,
saccharide consisting of four glycoside units). The interaction energy of the IL’s cation-anion
pairs, Ep, was calculated as a difference: the energy of the cation-anion complex, Eca, minus the
sum of the energies of the cation, Ec, and the anion, Ea:

Ep =2625.5∙ {Eca - (Ec + Ea)},

where 2625.5 is the conversion factor of the Hartree energy (atomic units) in kJ mol-1.

2.2. 1H-NMR spectroscopy

An analysis of the chemical shifts was carried out by the 1H-NMR spectra obtained with the
Bruker Avance II Plus 700 MHz spectrometer (at an operating frequency of 700 MHz) at a
temperature of 27 °C. For the preparation of the samples, a sample of the IL (19 – 27 mg) was
dissolved in CDCl3 (0.65 mL, δ=7.240 ppm). Solutions of cellulose with ILs were investigated
using the CDCl3 (δ=7.240 ppm). TMS (δ=0) was used as the internal standard [19].

2.3. Thermal analysis

Differential scanning calorimetry (NETZSCH-Gerätebau GmbH Thermal Analysis DSC 204),
thermogravimetry methods (F. Paulik J.Paulik L. Erdey system) and Boёtius heated stage (VEB
Wagetechnik Rapido) were used for the thermal analysis [20]. The conditions of the experiment
are shown in Table 1. For the Boёtius heated stage: the samples were placed on a microscope
slide and the cover glass, and these were added to the heated stage, and the melting process
was observed with the aid of a microscope PHMK 05 (with an increasing of 16 times). For the
melting point, the state of the total loss of the sharp edges of the salts’ crystals is taken.

2.4. Gas chromatography–mass spectrometry

The IL samples were identified on the Shimadzu GCMS-QP2010 Plus. For this equipment the
FFNSC 1.2 and NIST08 libraries were used. The main analysis conditions involved a capillary
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temperature of 27 °C. For the preparation of the samples, a sample of the IL (19 – 27 mg) was
dissolved in CDCl3 (0.65 mL, δ=7.240 ppm). Solutions of cellulose with ILs were investigated
using the CDCl3 (δ=7.240 ppm). TMS (δ=0) was used as the internal standard [19].

2.3. Thermal analysis

Differential scanning calorimetry (NETZSCH-Gerätebau GmbH Thermal Analysis DSC 204),
thermogravimetry methods (F. Paulik J.Paulik L. Erdey system) and Boёtius heated stage (VEB
Wagetechnik Rapido) were used for the thermal analysis [20]. The conditions of the experiment
are shown in Table 1. For the Boёtius heated stage: the samples were placed on a microscope
slide and the cover glass, and these were added to the heated stage, and the melting process
was observed with the aid of a microscope PHMK 05 (with an increasing of 16 times). For the
melting point, the state of the total loss of the sharp edges of the salts’ crystals is taken.

2.4. Gas chromatography–mass spectrometry

The IL samples were identified on the Shimadzu GCMS-QP2010 Plus. For this equipment the
FFNSC 1.2 and NIST08 libraries were used. The main analysis conditions involved a capillary
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chromatographic column (30 m), a stationary phase SLB-5ms, the carrier gas was helium, and
the evaporator temperature was 200 °C. The thermostat columns had a temperature range of
40 °C (for five minutes) to 280 °C, a heating rate of 10 deg/min and exposure for 15 minutes.
The detector of the mass spectrometer with the quadrupole mass analyser had a detection
range of M/Z 40 – 450 Da. The delay of the start of the registration (for the cut-off of the solvent)
was 2.2 min. For the sample preparation, IL crystals (5 mg) were dissolved in ethanol (1:200),
1 μL of solution was injected into the evaporator chromatograph with a microsyringe.

2.5. Fourier transform infrared spectroscopy

The FTIR spectra of the samples were recorded on a Nicolet 6700 FT-IR from Thermo Scientific.
The resolution was 0.5 cm-1. The spectra were recorded at room temperature using an NXR
FT-Raman module.

2.6. Dissolution of cellulose with ILs

Cellulose was added to the solvent after the complete dissolution of the previous sample (in
this case the solution was transparent to light and did not contain any undissolved cellulose
fibres visible under the microscope). To determine the maximum dissolving power of the ILs,
the dissolution was carried out for not less than 12 hours with a constant stirring and temper‐
ature control using the magnetic stirrer. The calculation of the dissolved cellulose concentra‐
tion was given by the formula:

D =
m1

m1 + m2
∙ (100 - W ),   

where D is the concentration of the cellulose solution with ILs, wt%; m1 and m2 are the mass
of the cellulose and ILs, respectively, g; W is the water content of the cellulose, wt% [7].

2.7. Optical microscopy

A microscopic examination of the samples was carried out using a laboratory microscope Euler
Science 670TD. A digital camera was used DCM 510 (5-MPix, 1/2'' CMOS) with a maximum
resolution of 2592×1944, and a sensitivity of 0.90 V/lux-sec at 550 nm.

Method Temperature range, ºC Heating rate, deg/min Sample mass, mg Atmosphere

DSC –80 ÷ 350 10 7.80 – 8.50 Nitrogen

DTG 20 ÷ 200 7.9 ~ 90.00 Air

Boёtius heated stage 20 ÷ m.p. 10 7.00 – 10.00 Air

Table 1. Conditions of the thermal analysis of ionic liquids [20].
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2.8. Degree of polymerization of cellulose

To determine the degree of polymerization (DP) of the initial cellulose and the regenerated
polymer (i. e. the film obtained from solution of cellulose with ILs) from an aqueous solution
of cadmium-ethylenediamine complex (cadoxene), containing 29 wt% ethylenediamine. The
cellulose was used at the following concentrations (D): 0.1, 0.2, 0.3, and 0.4 wt%. We used an
Ostwald viscometer (the capillary of which had an internal diameter of d=0.99 mm), analytical
balance (with a precision of four decimal places) and a thermostat at U15C MLW (bath
temperature: 20 °C). Using the time of the expiration (in sec.) of pure cadoxene (τ0) and the
solution (τi) the relative viscosity was calculated:

ηr =
τi

τ0
.

The specific viscosity was determined from the relationship: ηs=ηr – 1, and the reduced
viscosity: ηi=ηr/D. The intrinsic viscosity [η] found by graphical extrapolation to the value of
D=0 using the software package Origin 9.0 was:

lim
D→0

ηs

D = lim
D→0

ln ηr

D .

The intrinsic viscosity is related to the DP value for a given diameter of the viscometer capillary
as [η]=7 10-3 DP0.9, therefore

DP=( η
0.007

) 1
0.9 . 

3. Physical and chemical properties of pyridinium-based ionic liquids

3.1. Theoretical studies of the 1-alkylpyridinium- and 1-alkyl-3-methylpyridinium-based
salts, and their structural features

Quantum chemical calculations can give an insight into geometry and the charge distribution
of organic compounds. We studied pyridinium derivatives with different alkylic lengths and
the numbers of the substituents of the ring have different anions.

3.1.1. Features of the structures of the 1-substituted pyridinium-based ILs

Theoretically, the optimal geometry of the studied pyridinium derivatives can be determined
based on the results of quantum chemical calculations (method HF/3-21G(d)) as coordinates
of the minimum (minima) on the potential energy surface, PES. As an example, Figure 2 shows
the function of a cation-anion pair’s interaction energy, Ep, the distances between the cation
and anion r(H2···Cl), the torsion angle Θ between the atoms N, C2, H2 of 1-methylpyridinium rings,
and the chloride-anion Cl for [C1Py]Cl [11].

Ionic Liquids - Current State of the Art392



2.8. Degree of polymerization of cellulose

To determine the degree of polymerization (DP) of the initial cellulose and the regenerated
polymer (i. e. the film obtained from solution of cellulose with ILs) from an aqueous solution
of cadmium-ethylenediamine complex (cadoxene), containing 29 wt% ethylenediamine. The
cellulose was used at the following concentrations (D): 0.1, 0.2, 0.3, and 0.4 wt%. We used an
Ostwald viscometer (the capillary of which had an internal diameter of d=0.99 mm), analytical
balance (with a precision of four decimal places) and a thermostat at U15C MLW (bath
temperature: 20 °C). Using the time of the expiration (in sec.) of pure cadoxene (τ0) and the
solution (τi) the relative viscosity was calculated:

ηr =
τi

τ0
.

The specific viscosity was determined from the relationship: ηs=ηr – 1, and the reduced
viscosity: ηi=ηr/D. The intrinsic viscosity [η] found by graphical extrapolation to the value of
D=0 using the software package Origin 9.0 was:

lim
D→0

ηs

D = lim
D→0

ln ηr

D .

The intrinsic viscosity is related to the DP value for a given diameter of the viscometer capillary
as [η]=7 10-3 DP0.9, therefore

DP=( η
0.007

) 1
0.9 . 

3. Physical and chemical properties of pyridinium-based ionic liquids

3.1. Theoretical studies of the 1-alkylpyridinium- and 1-alkyl-3-methylpyridinium-based
salts, and their structural features

Quantum chemical calculations can give an insight into geometry and the charge distribution
of organic compounds. We studied pyridinium derivatives with different alkylic lengths and
the numbers of the substituents of the ring have different anions.

3.1.1. Features of the structures of the 1-substituted pyridinium-based ILs

Theoretically, the optimal geometry of the studied pyridinium derivatives can be determined
based on the results of quantum chemical calculations (method HF/3-21G(d)) as coordinates
of the minimum (minima) on the potential energy surface, PES. As an example, Figure 2 shows
the function of a cation-anion pair’s interaction energy, Ep, the distances between the cation
and anion r(H2···Cl), the torsion angle Θ between the atoms N, C2, H2 of 1-methylpyridinium rings,
and the chloride-anion Cl for [C1Py]Cl [11].

Ionic Liquids - Current State of the Art392

Figure 2. PES for [C1Py]Cl

The minimum of the Ep value corresponds to the location of the anion near the atom H2 (the
most electron-deficient atom) of the ring and H6 of the aliphatic chain (Fig. 3A). At the point
of the global minimum, the torsion angle between atoms N, C2, H2, and Cl becomes 0°, since
the ring of pyridine and its derivatives have a rigid and almost planar structure, and the anion
is located on the same plane. The energy of the complex is -519 kJ mol-1, r(H2···Cl) 2.17 Å. There
are local minima with energy Еp= -367.06 kJ mol-1 at r(H2···Cl)=5.87 Å, and Θ=23.38° (Fig. 3B)
and-363.45 kJ mol-1 at r(H2···Cl)=2.73 Å and Θ=10.87° (Fig. 3C). The least probable relative positions
of anion and cation correspond to the maximum positive value of Еp=+948.00 at r(H2···Cl)=3.08 Å,
Θ=90.61°, (Fig. 3D). In this case the anion is located above the plane of the ring. A positive value
of Ep is due to the repulsion of the anion by the π-bonds of the pyridinium ring saturated with
electron density.

The 1-substituted formation from pyridine molecule (Py) leads to minimal changes in the bond
lengths and angles on the pyridinium ring (Table 2). It indicates that these structures have rigid
and high symmetry geometry [21]. Appreciable differences were noted only in the angle values
of α and β for the 1-substituted pyridinium compared with Py.

Calculations show that the distance between the anion and the cation increases slightly with
the increasing length of the cationic substituent, but the distance between the anions and
cationic substituents (atom Н1') is reduced. So, in a series of C1–C6 the distance between the
chloride anion and the nearest H2 atom of the ring increases (2.190 →  2.225 Å). Starting from
C3 the anion approaches the substituents, and the distance between the anion and the nearest
atom H2 of the cationic substituent is shortened (2.624 ←  2.525 Å). In the C0–C4 series, as in the
case of the imidazolium-based ILs [22], there is a tendency for a gradual decrease in the
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interaction energy between the cation and the anion; this trend correlates with the experimen‐
tally observed decrease in the dissolving power toward cellulose and other higher plants (Table
3). It can be assumed that this leads to changes in the degree of the ordering of the ionic liquid
(density fluctuation) manifested as the appearance of polar and nonpolar domains [23]. In any
case, increases in the length of the substituent leads to a decrease in the density of the polar
component.

Paramet
ers:

Ру
[НРу]Cl [С1Py]Cl [С2Py]Cl [С3Py]Cl [С4Py]Cl [С5Py]Cl [С6Py]Cl [APy]Cl [BzPy]Cl

Calc. Ref. [21]

G
eo

m
et

ry

a 1.321 1.335 1.325 1.331 1.333 1.334 1.334 1.331 1.333 1.331 1.331

b 1.385 1.381 1.377 1.388 1.386 1.384 1.384 1.387 1.385 1.386 1.386

c 1.384 1.379 1.387 1.374 1.376 1.377 1.377 1.375 1.377 1.375 1.375

α 117.704 117.670 122.744 121.34 121.21 121.19 121.06 121.06 121.21 121.28 121.14

β 123.607 122.990 120.268 119.96 120.08 120.17 120.20 120.21 120.11 120.07 120.19

γ 118.229 118.840 118.285 119.48 119.44 119.42 119.41 119.41 119.41 119.39 119.39

 

A  B 

 

C  D 

   
Figure 3. Models of [C1Py]Cl with different arrangements of the anion around the cation, calculated by HF/3-21G(d) 
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Paramet
ers:

Ру
[НРу]Cl [С1Py]Cl [С2Py]Cl [С3Py]Cl [С4Py]Cl [С5Py]Cl [С6Py]Cl [APy]Cl [BzPy]Cl

Calc. Ref. [21]

δ 118.624 118.650 120.149 119.46 119.44 119.41 119.40 119.39 119.45 119.48 119.39

r(H2···Cl) 2.190 2.201 2.203 2.205 2.221 2.225 2.221 2.208

r(Cl…H1') 1.821 2.464 2.575 2.624 2.623 2.525 2.592 2.537 2.564

C
ha

rg
es

qCl -0.746 -0.852 -0.862 -0.864 -0.864 -0.852 -0.866 -0.866 -0.852

qN -0.515 -0.685 -0.603 -0.604 -0.605 -0.605 -0.603 -0.611 -0.607 -0.602

qH 2 0.202 0.293 0.363 0.364 0.363 0.363 0.357 0.365 0.359 0.361

qH 1' 0.431 0.325 0.305 0.304 0.305 0.317 0.299 0.314 0.314

Еp -436.965 -369.919 -367.434 -364.033 -362.158 -363.133 -365.211 -365.149 -866.474

μ→ ,  D 2.31 2.20 [24]

Table 2. The main geometrical parameters, the effective charge values on the atoms, q, the cation-anion interaction
energy, Ep (kJ mol-1), and the dipole moment, (D), of the models Py, 1-substituted pyridinium-based chlorides,
calculated by HF/6-31G(d) [11]

Solvents Dissolving power

[НPy]Cl biomass poplar 80 mg g-1*, pine 60 mg g-1* at 60°С [25]

[С2Py]Cl cellulose ~ 5 %, at 90 – 100 °С [26]

[С4Py]Cl biomass poplar 30 mg g-1* at 60 °С [25]

[APy]Cl biomass poplar mg g-1* at 60 °С [25]; cellulose ~ 5 % at 105 – 110 °С [26]

[APy]Br biomass poplar 5 mg g-1* at 60 °С [25]

[BzРу]Cl cellulose ~ 5 % at 110 – 115 °С [26]

* by dilution in DMSO (1:2).

Table 3. The solubility biomasses with 1-alkylpyridinium-based salts, according to the works [25,26]

Regardless of the kind of anion (we examined 1-methylpyridinium cation-based models of
salts with chloride-anion, bromide-anion and acetate-anion, Figure 4),these have been placed
near the pyridinium ring H2 atom, which is characterized by low electron density (Table 4).
The bond lengths of the pyridinium rings with chloride-, and bromide-based anions have
identical values. Effective negative charges on the nitrogen atoms are virtually identical to
chloride-, bromide-, and acetate-based salts which have a 1-methylpyridinium cation. Acetate
anion has the greatest negative charge on the O1 and O2 atoms. The main calculated parameters
of the optimized complexes are presented in Tables 4 and 5 [11].
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β  123.607  122.990  120.268  119.96  120.08  120.17  120.20  120.21  120.11  120.07  120.19 
γ  118.229  118.840  118.285  119.48  119.44  119.42  119.41  119.41  119.41  119.39  119.39 
δ  118.624  118.650  120.149  119.46  119.44  119.41  119.40  119.39  119.45  119.48  119.39 

r(H2···Cl)        2.190  2.201  2.203  2.205  2.221  2.225  2.221  2.208 
r(Cl…H1ʹ)      1.821  2.464  2.575  2.624  2.623  2.525  2.592  2.537  2.564 

C
ha

rg
es
  qCl      ‐0.746  ‐0.852  ‐0.862  ‐0.864  ‐0.864  ‐0.852  ‐0.866  ‐0.866  ‐0.852 

qN  ‐0.515    ‐0.685  ‐0.603  ‐0.604  ‐0.605  ‐0.605  ‐0.603  ‐0.611  ‐0.607  ‐0.602 
qH2  0.202    0.293  0.363  0.364  0.363  0.363  0.357  0.365  0.359  0.361 
qH1ʹ      0.431  0.325  0.305  0.304  0.305  0.317  0.299  0.314  0.314 

 
Еp      ‐436.965  ‐369.919  ‐367.434  ‐364.033  ‐362.158  ‐363.133  ‐365.211  ‐365.149  ‐866.474 
μ��, D 2.31  2.20 [24]                   

Table 2. The main geometrical parameters, the effective charge values on the atoms, q, the cation‐anion interaction energy, Ep (kJ 
mol‐1), and the dipole moment, μ�� (D), of the models Py, 1‐substituted pyridinium‐based chlorides, calculated by HF/6‐31G(d) 
[11] 
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Figure 4. Optimized models of 1-methylpyridinium bromide (A), and 1-methylpyridinium acetate (B) 
Table 4. The bond lengths (Å), angles (deg.), interaction energies Ep (kJ mol-1) and atomic charges of 1-methylpyridinium 

chloride and bromide, calculated by HF/6-31G (d). X = anion [11] 

 Parameters [С1Ру]+ [С1Py]Cl [С1Py]Br 

G
eo

m
et

ry
 a 1.339 1.331 1.331 

b 1.372 1.387 1.387 

Figure 4. Optimized models of 1-methylpyridinium bromide (A), and 1-methylpyridinium acetate (B)

Parameters [С1Ру]+ [С1Py]Cl [С1Py]Br

G
eo

m
et

ry

a 1.339 1.331 1.331

b 1.372 1.387 1.387

c 1.388 1.374 1.374

α 120.68 121.36 121.24

β 121.13 119.95 120.02

β' 121.13 121.27 121.32

γ 118.80 119.49 119.48

γ' 118.80 118.49 118.50

δ 119.46 119.46 119.43

r(X…H2) 2.191 2.348

r(X…H1') 2.463 2.580

C
ha

rg
es

qХ -0.852 -0.839

qN -0.655 -0.603 -0.604

qС 2 0.163 0.185 0.174

qС 3 -0.271 -0.301 -0.301

qС 4 -0.087 -0.097 -0.097

qС 5 -0.271 -0.284 -0.283

qС 6 0.163 0.156 0.165

qС 1' -0.332 -0.353 -0.356
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[НPy]Cl  biomass poplar 80 mg g‐1*, pine 60 mg g‐1* at 60°С [25] 
[С2Py]Cl  cellulose ~ 5 %, at 90 – 100 °С [26] 
[С4Py]Cl  biomass poplar 30 mg g‐1* at 60 °С [25] 
[APy]Cl  biomass poplar mg g‐1* at 60 °С [25]; cellulose ~ 5 % at 105 – 110 °С [26] 
[APy]Br  biomass poplar 5 mg g‐1* at 60 °С [25] 
[BzРу]Cl  cellulose ~ 5 % at 110 – 115 °С [26] 

Table 3. The solubility biomasses with 1‐alkylpyridinium‐based salts, according to the works [25,26] 

* by dilution in DMSO (1:2). 
Regardless of the kind of anion (we examined 1‐methylpyridinium cation‐based models of salts with chloride‐anion, 
bromide‐anion  and  acetate‐anion,  Figure  4),these  have  been  placed  near  the  pyridinium  ring H2  atom, which  is 
characterized  by  low  electron  density  (Table  4).  The  bond  lengths  of  the  pyridinium  rings with  chloride‐,  and 
bromide‐based anions have identical values. Effective negative charges on the nitrogen atoms are virtually identical 
to  chloride‐,  bromide‐,  and  acetate‐based  salts which  have  a  1‐methylpyridinium  cation.  Acetate  anion  has  the 
greatest negative charge on  the O1 and O2 atoms. The main calculated parameters of  the optimized complexes are 
presented in Tables 4 and 5 [11]. 
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Parameters [С1Ру]+ [С1Py]Cl [С1Py]Br

G
eo

m
et

ry

a 1.339 1.331 1.331

b 1.372 1.387 1.387

c 1.388 1.374 1.374

α 120.68 121.36 121.24

β 121.13 119.95 120.02

β' 121.13 121.27 121.32

γ 118.80 119.49 119.48

γ' 118.80 118.49 118.50

δ 119.46 119.46 119.43

r(X…H2) 2.191 2.348

r(X…H1') 2.463 2.580

C
ha

rg
es

qХ -0.852 -0.839

qN -0.655 -0.603 -0.604

qС 2 0.163 0.185 0.174

qС 3 -0.271 -0.301 -0.301

qС 4 -0.087 -0.097 -0.097

qС 5 -0.271 -0.284 -0.283

qС 6 0.163 0.156 0.165

qС 1' -0.332 -0.353 -0.356

Ionic Liquids - Current State of the Art396

Parameters [С1Ру]+ [С1Py]Cl [С1Py]Br

qН 2 0.311 0.363 0.367

qН 3 0.293 0.275 0.275

qН 4 0.296 0.248 0.258

qН 5 0.293 0.257 0.255

qН 6 0.311 0.255 0.266

qН 1' 0.236 0.325 0.316

qН 1'' 0.235 0.206 0.207

qН 1''' 0.244 0.206 0.206

Еp -369.918 -372.344

Table 4. The bond lengths (Å), angles (deg.), interaction energies Ep (kJ mol-1) and atomic charges of 1-
methylpyridinium chloride and bromide, calculated by HF/6-31G (d). X=anion [11]

Parameters Values

G
eo

m
et

ry

a 1.328

b 1.389

c 1.371

α 121.37

β 120.36

β' 120.91

γ 119.11

γ' 118.73

δ 119.52

r(О1…H2) 1.981

r(О2…H2) 2.045

angle (О1С2'О2) 125.59 (110.57)

r(С2'…С3') 1.527

C
ha

rg
es

qN -0.603

qС 2 0.138

qС 3 -0.301

qС 4 -0.104

qС 5 -0.283

qС 6 0.148

qС 1' -0.362
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Parameters Values

qС 2' 0.760 (0.723)

qС 3' -0.554 (-0.554)

qН 2 0.442

qН 3 0.298

qН 4 0.252

qН 5 0.248

qН 6 0.258

qН 1' 0.342

qН 1'' 0.200

qН 1''' 0.200

qН 3' 0.155 (0.116)

qН 3'' 0.160 (0.114)

qН 3''' 0.155 (0.116)

qО 1 -0.789 (-0.758)

qО 2 -0.759 (-0.758)

Σ (CH3COO) -0.872 (-1.000)

Еp -418.464

Table 5. Bond lengths (Å), angles (deg.), interaction energies Ep (kJ mol-1) and atomic charges of 1-methylpyridinium
acetate, calculated by HF/6-31G (d). (The values of the parameters for isolated acetate-anions are shown in
parentheses) [11].

It is important to note that in the series of acetate > chloride > bromide the negative charges of
the anion have been decreasing (for acetate-anion is the total value of the charges on the O1

and O2 atoms), and it decreases the positive charges on the cations which interact due to the
H2 and H1' atoms with the anions. This is due to a decrease in the electron density transfer
during interionic interactions. As a result, in the same series, the interaction energy between
the cation and anion decreases, and the distance between the anion and cation increases. In
practice, this could be the reason for the decrease in the solubility of the cellulose in these salts.
For example, [APy]Cl dissolves in seven times more biomass poplar than [APy]Br (Table 3).
It is also important that the imidazolium-based ILs produce similar theoretical and experi‐
mental results [22, 27].

3.1.2. Features of the structures of 1,3-disubstituted-pyridinium-based ILs

Figure 5 shows the potential energy surface for the 1,3-disubstituted pyridinium IL from the
example of [C4MPy]Cl. For [C4MPy]Cl we observed two structures of ion pairs in mutual
arrangement. These structures correspond to the minima of Ep: chloride-anion is located near
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the protons H2 (Figure 5, point I) and H6 (Figure 5, point II). The Ep values of both the cation-
anion pairs with variable positions (Figure 6) for these ions are not significantly different.

Figure 5. PES for [C4MPy]Cl. The Roman numerals indicate the points of the energy minima on the PES
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Figure 6. Two optimized models of [C4MPy]Cl: on a PES to point I corresponds to structure A, and for point II – structure B 
The results of the quantum chemical calculations for the other IL models give similar geometries with the mutual 

arrangement of the anion around the cation. The optimized models of [С4МРу]CH3COO and [С4МРу]Br are shown in Figure 7. Figure 6. Two optimized models of [C4MPy]Cl: on a PES to point I corresponds to structure A, and for point II – struc‐
ture B
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The results of the quantum chemical calculations for the other IL models give similar geome‐
tries with the mutual arrangement of the anion around the cation. The optimized models of
[С4МРу]CH3COO and [С4МРу]Br are shown in Figure 7.

 
 

A B 

  

Figure 7. Optimized models of [C4MPy]CH3COO (A), and [C4MPy]Br (B) 
Since we observed the global minimum of the potential energy on the PES for the model with the anion located near to 

the H2 ring proton, this model was adopted for all subsequent calculations of geometry. The main results of the quantum 
chemical calculations are shown in Tables 6 and 7. The mutual arrangement of the anion around the cation is characterized by the 
torsion angle Θ between the anion X, and the pyridinium ring atoms H2, C2, and N, and the distance r(H2…X) between the anion X 
and the H2 atom. Thus, for 1,3-disubstituted chloride-containing pyridinium models, the torsion angle Θ has a range from 0.2º 
(for [C1MPy]Cl) to 11.1º and 14.2º (for the substituted pyridinium-based chlorides with chain lengths of C2 to C10). We can 
compare, for monosubstituted 1-methylpyridinium chloride the Θ ≈ 0º. The Θ angle for bromide-containing models is 7 – 15º 
more than the same chloride-based models. Having the anion located further away from the plane of the pyridinium ring, and the 
increase in the Θ between the cation and anion in the homologous series, and finally the changing of the anion Cl– to Br– makes 
the cation-anion pair still less associated. The reason for this is the reducing of the ion’s packing density in the IL crystal, and 
thus their melting point was changed. A decrease in the degree of the association is also confirmed by a characteristic change in 
the Ep values. The length of the С—С bonds, and angles with the pyridinium ring for the calculated models in general are not 
very different from each other. Monosubstituted and disubstituted salts have different geometric parameters: the long distances of 
b and c, and the relatively large angles of α and β have a 1-alkyl-3-methylpyridinium ring relative to the 1-alkylpyridinium ring. 
These differences are caused by relatively strong interactions with the anions.  

Figure 7. Optimized models of [C4MPy]CH3COO (A), and [C4MPy]Br (B)

Since we observed the global minimum of the potential energy on the PES for the model with
the anion located near to the H2 ring proton, this model was adopted for all subsequent
calculations of geometry. The main results of the quantum chemical calculations are shown in
Tables 6 and 7. The mutual arrangement of the anion around the cation is characterized by the
torsion angle Θ between the anion X, and the pyridinium ring atoms H2, C2, and N, and the
distance r(H2…X) between the anion X and the H2 atom. Thus, for 1,3-disubstituted chloride-
containing pyridinium models, the torsion angle Θ has a range from 0.2º (for [C1MPy]Cl) to
11.1º and 14.2º (for the substituted pyridinium-based chlorides with chain lengths of C2 to C10).
We can compare, for monosubstituted 1-methylpyridinium chloride the Θ ≈ 0º. The Θ angle
for bromide-containing models is 7 – 15º more than the same chloride-based models. Having
the anion located further away from the plane of the pyridinium ring, and the increase in the
Θ between the cation and anion in the homologous series, and finally the changing of the anion
Cl– to Br– makes the cation-anion pair still less associated. The reason for this is the reducing
of the ion’s packing density in the IL crystal, and thus their melting point was changed. A
decrease in the degree of the association is also confirmed by a characteristic change in the
Ep values. The length of the С—С bonds, and angles with the pyridinium ring for the calculated
models in general are not very different from each other. Monosubstituted and disubstituted
salts have different geometric parameters: the long distances of b and c, and the relatively large
angles of α and β have a 1-alkyl-3-methylpyridinium ring relative to the 1-alkylpyridinium
ring. These differences are caused by relatively strong interactions with the anions.
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Since we observed the global minimum of the potential energy on the PES for the model with
the anion located near to the H2 ring proton, this model was adopted for all subsequent
calculations of geometry. The main results of the quantum chemical calculations are shown in
Tables 6 and 7. The mutual arrangement of the anion around the cation is characterized by the
torsion angle Θ between the anion X, and the pyridinium ring atoms H2, C2, and N, and the
distance r(H2…X) between the anion X and the H2 atom. Thus, for 1,3-disubstituted chloride-
containing pyridinium models, the torsion angle Θ has a range from 0.2º (for [C1MPy]Cl) to
11.1º and 14.2º (for the substituted pyridinium-based chlorides with chain lengths of C2 to C10).
We can compare, for monosubstituted 1-methylpyridinium chloride the Θ ≈ 0º. The Θ angle
for bromide-containing models is 7 – 15º more than the same chloride-based models. Having
the anion located further away from the plane of the pyridinium ring, and the increase in the
Θ between the cation and anion in the homologous series, and finally the changing of the anion
Cl– to Br– makes the cation-anion pair still less associated. The reason for this is the reducing
of the ion’s packing density in the IL crystal, and thus their melting point was changed. A
decrease in the degree of the association is also confirmed by a characteristic change in the
Ep values. The length of the С—С bonds, and angles with the pyridinium ring for the calculated
models in general are not very different from each other. Monosubstituted and disubstituted
salts have different geometric parameters: the long distances of b and c, and the relatively large
angles of α and β have a 1-alkyl-3-methylpyridinium ring relative to the 1-alkylpyridinium
ring. These differences are caused by relatively strong interactions with the anions.
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ILs r(H2…X) r(С2…Н2) a b c d e f α β β' γ γ' δ Θ Φ

[С1МРу]Cl 2.182 1.085 1.331 1.391 1.380 1.396 1.363 1.342 121.48 121.20 120.56 117.47 118.76 120.53 0.193

[С2МРу]Cl 2.192 1.085 1.332 1.389 1.382 1.393 1.366 1.340 121.36 121.30 120.65 117.45 118.74 120.50 11.148

[С3МРу]Cl 2.213 1.084 1.333 1.388 1.382 1.393 1.366 1.339 121.36 121.31 120.65 117.43 118.73 120.51 10.827 177.687

[С4МРу]Cl 2.215 1.084 1.333 1.388 1.383 1.392 1.366 1.339 121.36 121.32 120.65 117.43 118.74 120.51 13.791 177.768

[С5МРу]Cl 2.216 1.084 1.333 1.388 1.383 1.393 1.366 1.338 121.36 121.32 120.65 117.43 118.74 120.51 13.547 177.479

[С6МРу]Cl 2.216 1.084 1.333 1.388 1.383 1.392 1.367 1.338 121.36 121.32 120.65 117.43 118.73 120.51 14.083 177.477

[С7МРу]Cl 2.216 1.084 1.333 1.388 1.383 1.392 1.366 1.338 121.36 121.32 120.65 117.43 118.74 120.51 14.185 177.482

[С8МРу]Cl 2.216 1.084 1.333 1.388 1.383 1.392 1.367 1.338 121.36 121.32 120.65 117.43 118.74 120.51 14.190 177.479

[С9МРу]Cl 2.216 1.084 1.333 1.388 1.383 1.392 1.367 1.338 121.36 121.32 120.65 117.43 118.73 120.51 14.191 177.496

[С10МРу]Cl 2.216 1.084 1.333 1.388 1.383 1.392 1.366 1.338 121.36 121.32 120.65 117.43 118.73 120.51 14.192 177.500

[AМРу]Cl 2.223 1.081 1.329 1.393 1.379 1.396 1.363 1.343 121.40 121.38 120.56 117.39 118.79 120.52 54.890 114.289

[С2МРу]Br 2.335 1.083 1.332 1.388 1.382 1.393 1.366 1.339 121.20 121.52 120.66 117.39 118.81 120.42 26.664 177.256

[С4МРу]Br 2.377 1.082 1.333 1.387 1.383 1.392 1.367 1.338 121.23 121.49 120.66 117.38 118.78 120.45 20.810 175.746

[С4МРу]CH

3COO
1.841* 1.088 1.333 1.389 1.382 1.393 1.366 1.339 121.45 121.12 120.70 117.58 118.72 120.45 177.256

* The distance from the O1 oxygen atom of acetate-anion to H2 of pyridinium ring; distance from O2 to H2 is 2.526 Å.

Table 6. The main geometrical parameters: bond lengths (Å), and angles (degrees) for 1,3-disubstituted pyridinium
salts, calculated by HF/6-31G (d) (An explanation of the symbols is given in the text and in figure 7)

ILs qX qH 2 qH 6 qH 1' qH 3'' qN qR qM µ, D Ep

[С1МРу]Cl -0.854 0.356 0.262 0.321 0.253 -0.604 0.381 0.117 15.268 -366.799

[С2МРу]Cl -0.863 0.357 0.261 0.300 0.251 -0.604 0.401 0.114 14.903 -364.635

[С3МРу]Cl -0.865 0.359 0.262 0.297 0.249 -0.610 0.409 0.113 14.683 -364.851

[С4МРу]Cl -0.866 0.360 0.262 0.295 0.249 -0.611 0.411 0.113 14.547 -363.813

[С5МРу]Cl -0.867 0.360 0.262 0.295 0.249 -0.611 0.412 0.113 14.501 -363.096

[С6МРу]Cl -0.867 0.360 0.262 0.295 0.249 -0.611 0.412 0.113 14.447 -362.593

[С7МРу]Cl -0.867 0.360 0.262 0.295 0.249 -0.611 0.412 0.113 14.447 -362.245

[С8МРу]Cl -0.867 0.360 0.262 0.295 0.249 -0.611 0.412 0.113 14.414 -362.009

[С9МРу]Cl -0.867 0.360 0.262 0.295 0.249 -0.611 0.412 0.113 14.430 -361.838

[С10МРу]Cl -0.867 0.360 0.262 0.295 0.249 -0.611 0.412 0.113 14.403 -361.719

[AМРу]Cl -0.871 0.350 0.264 0.307 0.248 -0.607 0.395 0.115 14.622 -362.775

[С2МРу]Br -0.849 0.363 0.262 0.286 0.249 -0.606 0.390 0.113 15.094 -370.408

[С4МРу]Br -0.848 0.363 0.263 0.283 0.245 -0.611 0.397 0.112 14.778 -371.665

[С4МРу]CH3COO -0.774* 0.443 0.257 0.328 0.267 -0612 0.398 0.104 11.269 -412.003

* A partial charge of the O1 oxygen atom; partial charges to other atoms of the acetate-anion:-0.749 for O2, 0.753 for C',-0.556
for C'', 0.160 for H', 0.156 for H'', 0.156 for H''', the total charge of the acetate-anion q(CH 3COO -) is-0.854e.

Table 7. The partial charges q for atoms and the substituents by the Mulliken value, energy Ep (kJ mol-1) and dipole
moments (μ→ ) for the models of 1,3-disubstituted pyridinium salts, are calculated by HF/6-31G(d).
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For the IL which has an allylic substituent we observed a relatively more larger in the Θ angle
relative to [C3MPy]Cl. This may be the result of the interaction of the anion with the π-electrons
of the allylic substituent. Because the anion for all of the salts slightly shifted toward the
substituent on the nitrogen atom (including [C1МРу]Cl), then in the comparison of these two
compounds the closest anion is located in the more polar allylic substituent than the proplic
substituent (the distance between the chloride-anion and H1' atom are 2.617 Å and 2.675 Å,
respectively). This may indicate a more dense atomic packing for [AМРу]Cl. The Φ angle value
for [AМРу]Cl on average is less than the other models.

With respect to the values of the electron density distribution in the ion pair, an increase in the
alkyl chain length of the cation clearly affects only the length of C4. A further increase in the
length of the substituent does not lead to significant changes in the charge of the atom H2. This
leads to a decrease in the solvent polarity as a result of increasing the volume portion of the
non-polar components. The electric dipole moment μ→  values, which are characteristic of the
electron density asymmetry, are gradually reduced in chloride-containing ILs, where the
length of the substituents are increased. The displacement dipole of the moment vector along
the alkyl chain length takes place gradually, as shown in Figure 8. The calculated values of μ
for bromide-containing ILs are also subject to a similar downward trend of the alkyl chain
elongation.

 
A   

B 

   

Figure 8. The displacement vector of the dipole moments for [C2MPy]Cl (A) and [C10MPy]Cl (B) 
3.2. Physical and chemical properties of 1-alkyl-3-methylpyridinium-based ILs

A series of 1-alkyl -3-methylpyridinium-based ILs (Table 8) was examined experimentally. The synthesis of these 
solvents was performed as described in paper [7]. 

Table 8. List of investigated solvents: 1-alkyl-3-methylpyridinium-based ILs, and their molecular weight 

No. ILs Symbol 
М, 

g mol-1 

1 1-Ethyl-3-methylpyridinium chloride [С2МРу]Cl 157.6415 

2 1-Propyl-3-methylpyridinium chloride [С3МРу]Cl 171.6682 

3 1-Butyl-3-methylpyridinium chloride [С4МРу]Cl 185.6949 

4 1-Pentyl-3-methylpyridinium chloride [С5МРу]Cl 199.7215 

5 1-Hexyl-3-methylpyridinium chloride [С6МРу]Cl 213.7482 
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For the IL which has an allylic substituent we observed a relatively more larger in the Θ angle
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compounds the closest anion is located in the more polar allylic substituent than the proplic
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respectively). This may indicate a more dense atomic packing for [AМРу]Cl. The Φ angle value
for [AМРу]Cl on average is less than the other models.
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non-polar components. The electric dipole moment μ→  values, which are characteristic of the
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length of the substituents are increased. The displacement dipole of the moment vector along
the alkyl chain length takes place gradually, as shown in Figure 8. The calculated values of μ
for bromide-containing ILs are also subject to a similar downward trend of the alkyl chain
elongation.
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shows the general scheme of the 1-alkyl-3-methylpyridinium ring and acetate-anion numbered to correlate with corresponding 
the chemical shifts (δ) of protons and proton groups. 
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and the acetate-anion CH3COO− (B)

For the peaks of the resonance signals of the ring protons, we observed singlet (H2), duplet
(H4 and H6) and triplet (H5). Here, the J for H4 peak are 7.7 or 8.4 Hz, for H5 J=14, 11.9 or 14.7
Hz (for [С4МРу]CН3СОО), and for H6 J=5.6, 6.3 or 4.2 Hz (for [С4МРу]CН3СОО).

We observed the greatest changes in the values of the chemical shifts during the alkyl chain
lengthening for H2 and H6 atoms (labelled peaks 2 and 6, respectively) of the 1-alkyl-3-
methylpyridinium ring (to Δδ=0.30 and 0.24 ppm, respectively) [19]. According to the quan‐
tum-chemical calculations, these provisions in the ion pairs are the most optimal. The changing
of the δ value confirms the calculations made on the basis of the findings of the interaction of
these atoms with an anion Cl–, as well as to change the distance between the ion pair in the
homologous series of ILs.

With an increase of the alkylic chain length, the δ signals for the H2 and H6 atoms begin to
move upfield (shielding), while the resonance frequency of the H4 and H5 protons are practi‐
cally unchanged. The upfield δ gives an increase in the distance between the chloride-anion
and the corresponding hydrogen atoms of the aromatic ring. For example, according to
calculations (see Table 6), the distance r(Н2…Cl) for [С2МРу]Cl is 2.192 Å, and Θ angle=11.148º,
whereas [С10МРу]Cl is 2.216 Å, and 14.192º, this corresponds to a change δ2 of 9.617 ppm to
9.323 ppm.

The replacement of the Cl−-anion with the Br−-anion leads to a significant move upfield for the
IL hydrogen atoms. This can be attributed to differences in the effective charges on the atoms
and the distances between the cations and the Cl−/Br−-anions. According to quantum chemical
calculations, the r(Н2…Cl) distances for some of the chloride-based models are less than the
corresponding bromides.

For almost all the pyridinium-based salts, we did not observe any significant changes in Δδ
for the hydrogen atoms of the methyl (labelled 3" and extreme in the ring from 2' to 10') and
methylene (except for the extreme groups: from 2' to 9') groups following changes of the alkyl
chain length and/or anion species. This indicates the relatively minimal interaction of the anion
with the hydrocarbon atoms of the alkyl chain. It may be noted that for [АМРу]Cl, the H3' atom
is more upfield shifted in comparison with the same atom for [С3МРу]Cl. These effects can be
explained by the greater sensitivity due to the π-electron contribution to the allylic substituent,
and the presence of two doublets splitting for the group 3' from two magnetically inequivalent
protons in the cis- and trans-positions (Figure 11).
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For the peaks of the resonance signals of the ring protons, we observed singlet (H2), duplet
(H4 and H6) and triplet (H5). Here, the J for H4 peak are 7.7 or 8.4 Hz, for H5 J=14, 11.9 or 14.7
Hz (for [С4МРу]CН3СОО), and for H6 J=5.6, 6.3 or 4.2 Hz (for [С4МРу]CН3СОО).

We observed the greatest changes in the values of the chemical shifts during the alkyl chain
lengthening for H2 and H6 atoms (labelled peaks 2 and 6, respectively) of the 1-alkyl-3-
methylpyridinium ring (to Δδ=0.30 and 0.24 ppm, respectively) [19]. According to the quan‐
tum-chemical calculations, these provisions in the ion pairs are the most optimal. The changing
of the δ value confirms the calculations made on the basis of the findings of the interaction of
these atoms with an anion Cl–, as well as to change the distance between the ion pair in the
homologous series of ILs.

With an increase of the alkylic chain length, the δ signals for the H2 and H6 atoms begin to
move upfield (shielding), while the resonance frequency of the H4 and H5 protons are practi‐
cally unchanged. The upfield δ gives an increase in the distance between the chloride-anion
and the corresponding hydrogen atoms of the aromatic ring. For example, according to
calculations (see Table 6), the distance r(Н2…Cl) for [С2МРу]Cl is 2.192 Å, and Θ angle=11.148º,
whereas [С10МРу]Cl is 2.216 Å, and 14.192º, this corresponds to a change δ2 of 9.617 ppm to
9.323 ppm.

The replacement of the Cl−-anion with the Br−-anion leads to a significant move upfield for the
IL hydrogen atoms. This can be attributed to differences in the effective charges on the atoms
and the distances between the cations and the Cl−/Br−-anions. According to quantum chemical
calculations, the r(Н2…Cl) distances for some of the chloride-based models are less than the
corresponding bromides.

For almost all the pyridinium-based salts, we did not observe any significant changes in Δδ
for the hydrogen atoms of the methyl (labelled 3" and extreme in the ring from 2' to 10') and
methylene (except for the extreme groups: from 2' to 9') groups following changes of the alkyl
chain length and/or anion species. This indicates the relatively minimal interaction of the anion
with the hydrocarbon atoms of the alkyl chain. It may be noted that for [АМРу]Cl, the H3' atom
is more upfield shifted in comparison with the same atom for [С3МРу]Cl. These effects can be
explained by the greater sensitivity due to the π-electron contribution to the allylic substituent,
and the presence of two doublets splitting for the group 3' from two magnetically inequivalent
protons in the cis- and trans-positions (Figure 11).
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ILs 2 3" 4 5 6 1' 2' 3' 4' 5' 6' 7' 8' 9’ 10' а

[С2МР
у]Cl

9.617 2.597 8.182 7.949 9.475 4.974 1.650

s s
d,

J=7.7
t, J=14

d,
J=6.3

t,
J=21.7

t,
J=14.7

[С3МР
у]Cl

9.441 2.601 8.207 7.984 9.353 4.888 2.053 0.959

s s
d,

J=7.7
t, J=14

d,
J=6.3

t,
J=14.7

J=36.4
t,

J=14.7

[С4МР
у]Cl

9.633 2.584 8.192 7.968 9.450 4.928 1.974 1.348 0.880

s s
d,

J=7.7
t, J=14

d,
J=5.6

t,
J=14.7

J=30.1 J=37.8 t, J=14.7

[С5МР
у]Cl

9.307 2.585 8.211 7.995 9.237 4.869 1.976 1.294 0.817

s s
d,

J=7.7
t, J=14

d,
J=5.6

t,
J=14.7

J=29.4 J=11.2
t,

J=14.7

[С6МР
у]Cl

9.338 2.576 8.205 7.993 9.241 4.855 1.961 1.270 1.197 0.780

s s
d,

J=7.7
t, J=14

d,
J=5.6

t,
J=14.7

J=30.1 J=58.8 J=49.7 t, J=14.7

[С7МР
у]Cl

9.592 2.579 8.191 7.979 9.394 4.909 1.974 1.292 1.240 1.157 0.760

s s
d,

J=7.7
t, J=14

d,
J=5.6

t,
J=15.4

J=30.1 J=29.4 J=28.7 J=42 t, J=14

[С8МР
у]Cl

9.566 2.573 8.188 7.979 9.370 4.890 1.966 1.286 1.227 1.142 0.758

s s
d,

J=7.7
t, J=14

d,
J=5.6

t,
J=14.7

J=30.8 J=29.4 J=28.7 J=53.2 t, J=14

[С9МР
у]Cl

9.488 2.591 8.198 7.987 9.341 4.906 1.978 1.304 1.257 1.186 0.793

s s
d,

J=7.7
t, J=14

d,
J=6.3

t,
J=15.4

J=30.1 J=30.1 J=20.3 J=67.2 t, J=14 0.793

[С10МР
у]Cl

9.323 2.586 8.207 7.992 9.235 4.871 1.966 1.278 1.215 1.178 1.805 1.805

s s
d,

J=8.4
t,

J=13.3
d,

J=5.6
t,

J=14.7
J=29.4 J=45.5 J=27.3 J=13.3 t, J=14

[AМРу
]Cl

9.473 2.598 8.221 7.962 9.557 5.682 6.123 5.565

s s
d,

J=8.4
t, J=14

d,
J=6.3

t, J=6.3 J=39.9 d, d

[С2МР
у]Br

9.510 2.626 8.224 7.972 9.357 5.007 1.697

s s
d,

J=8.4
t, J=14

d,
J=6.3

t,
J=21.7

t, J=14

[С4МР
у]Br

9.490 2.614 8.236 7.987 9.312 4.924 1.998 1.385 0.917

s s
d,

J=7.7
t,

J=11.9
d,

J=4.2
t,

J=14.7
J=28.7 J=37.1

t,
J=14.7

[С4МР
у]CH3

COO

9.198 2.573 8.119 7.928 9.198 4.818 1.934 1.344 0.900 3.540

s s
d,

J=8.4
t,

J=14.7
d,

J=4.2
t,

J=15.4
J=23.1 J=37.8

t,
J=14.7

s

Table 9. Chemical shifts δ (ppm), and spin-spin coupling J (Hz) from the 1H-NMR spectra for ILs with CDCl3 [19]
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Figure 11. Fragment of the 1H-NMR spectrum, indicating the peaks of the allylic substituent in [АМРу]Cl (A), and the structure of 
the [АМРу]+ cation (B). Here δ = 5.459 (d, J = 10.5 Hz, 1Н) – 3', -cis; δ = 5.639 (d, J = 17.5 Hz, 1Н) – 3', -trans; δ = 5.682 (d, J = 

6.3 Hz, 2Н) – 1'; δ = 6.123 (ddt, J = 39.9 Hz, 1Н) – 2' 
In this way, the 1H-NMR signals of the spectra for ILs depend strongly on the structure, and this firstly depends on the 

distances between the cation and anion. 
3.2.2. Thermal analysis of 1-alkyl-3-methylpyridinium-based ILs

The phase transition for ILs was investigated using DSC calorimetry and the heated stage [20]. Table 10 shows the melting 
points and glass transition values for IL. 

Table 10. ILs glass transition temperature and melting obtained by differential scanning calorimetry (DSC) and use of the Boetius 
heated stage (Bo.), ºC [20] 

ILs 
Glass trans. (DSC) Melting (DSC) Melting 

(Bo.) Onset Tg Endpt Tm Endpt Ref. 

[С2МРу]Cl 25 29 33   130 

[С3МРу]Cl 9 18.5 28    92 

[С4МРу]Cl 17 35 53 93 113 95 [4], 111.35 [9] 97 

[С5МРу]Cl 16 21.5 27    92 

[С6МРу]Cl    62 84 81.95 [9] 77 

[С7МРу]Cl 8 16.5 25    72 

Figure 11. Fragment of the 1H-NMR spectrum, indicating the peaks of the allylic substituent in [АМРу]Cl (A), and the
structure of the [АМРу]+ cation (B). Here δ=5.459 (d, J=10.5 Hz, 1Н) – 3',-cis; δ=5.639 (d, J=17.5 Hz, 1Н) – 3',-trans; δ=5.682
(d, J=6.3 Hz, 2Н) – 1'; δ=6.123 (ddt, J=39.9 Hz, 1Н) – 2'

In this way, the 1H-NMR signals of the spectra for ILs depend strongly on the structure, and
this firstly depends on the distances between the cation and anion.

3.2.2. Thermal analysis of 1-alkyl-3-methylpyridinium-based ILs

The phase transition for ILs was investigated using DSC calorimetry and the heated stage [20].
Table 10 shows the melting points and glass transition values for IL.

It should be noted that the glass transition was not revealed for all the ILs. It appeared that the
DSC-method was not useful for finding the melting points of some of the ILs, mainly with an
odd number of carbon atoms in the alkylic chain. Most of the melting peaks obtained by DSC
were not clearly defined. It was impossible to determine the melting point of [C4MPy]Br by
means of DSC, but that IL was a greenish-brown viscous liquid at room temperature, and
therefore it could be related to the room temperature ionic liquid (RTIL) species. In contrast,
the salt [C2MPy]Br, due to the high value of its melting point, was not considered as an ionic
liquid.
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Table 10. ILs glass transition temperature and melting obtained by differential scanning calorimetry (DSC) and use of the Boetius 
heated stage (Bo.), ºC [20] 

ILs 
Glass trans. (DSC) Melting (DSC) Melting 

(Bo.) Onset Tg Endpt Tm Endpt Ref. 

[С2МРу]Cl 25 29 33   130 

[С3МРу]Cl 9 18.5 28    92 

[С4МРу]Cl 17 35 53 93 113 95 [4], 111.35 [9] 97 

[С5МРу]Cl 16 21.5 27    92 

[С6МРу]Cl    62 84 81.95 [9] 77 

[С7МРу]Cl 8 16.5 25    72 

Figure 11. Fragment of the 1H-NMR spectrum, indicating the peaks of the allylic substituent in [АМРу]Cl (A), and the
structure of the [АМРу]+ cation (B). Here δ=5.459 (d, J=10.5 Hz, 1Н) – 3',-cis; δ=5.639 (d, J=17.5 Hz, 1Н) – 3',-trans; δ=5.682
(d, J=6.3 Hz, 2Н) – 1'; δ=6.123 (ddt, J=39.9 Hz, 1Н) – 2'

In this way, the 1H-NMR signals of the spectra for ILs depend strongly on the structure, and
this firstly depends on the distances between the cation and anion.

3.2.2. Thermal analysis of 1-alkyl-3-methylpyridinium-based ILs

The phase transition for ILs was investigated using DSC calorimetry and the heated stage [20].
Table 10 shows the melting points and glass transition values for IL.

It should be noted that the glass transition was not revealed for all the ILs. It appeared that the
DSC-method was not useful for finding the melting points of some of the ILs, mainly with an
odd number of carbon atoms in the alkylic chain. Most of the melting peaks obtained by DSC
were not clearly defined. It was impossible to determine the melting point of [C4MPy]Br by
means of DSC, but that IL was a greenish-brown viscous liquid at room temperature, and
therefore it could be related to the room temperature ionic liquid (RTIL) species. In contrast,
the salt [C2MPy]Br, due to the high value of its melting point, was not considered as an ionic
liquid.
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In general, it was noticed that there is a tendency that the melting point values of 1-alkyl-3-
methylpyridinium chloride-based ILs are reduced with a lengthening of the alkylic chain. This
trend could be explained by a decrease in the packing density of the ion pairs of IL following
an increase in the number of the alkylic chain carbon atoms.

A complete decomposition of the IL sets is seen at a temperature of about 250 °C [20]. The
decomposition temperature values slightly decreased with the growth of the alkylic chain
length. Furthermore, again the quaternary pyridinium salts, [С2МРу]Cl and [С3МРу]Cl,
appeared to be the exceptions, as well as with respect to the melting point tendency. A change
of the anion ambiguously affected the decomposition temperature, thus [С2МРу]Br decom‐
posed at a higher temperature than [С2МРу]Cl but the decomposition temperature of bromides
and chlorides with the [С4МРу]+cation was comparable.

With the use of a gas chromatography-mass spectroscopy, we can identify the fragments
resulting from the decomposition [С4МРу]Cl (at temperatures up to 280 °C). In the chroma‐
togram shown in Figure 12A, there are two significant peaks. Peak 1 (M/Z 93, 94, Figure 12B)
corresponds to 3-methylpyridine, CAS №108-99-6 (with a similarity of 94%). This result is
expected, since the 3-methylpyridine is a natural result of the fragmentation of these salts. Peak
2 (M/Z 150, 151) when compared with the libraries FFNSC 1.2 and NIST08 does not give a
satisfactory result. The said peak value may correspond to an isolated cation (C10H16N) with a
molecular weight of 150.2417 g mol-1. A peak with different M/Z values is less intense, but the
molecular weight can suggest some probable fragments (Figure 13). From the analysis of

ILs
Glass trans. (DSC) Melting (DSC)

Melting (Bo.)
Onset Tg Endpt Tm Endpt Ref.

[С2МРу]Cl 25 29 33 130

[С3МРу]Cl 9 18.5 28 92

[С4МРу]Cl 17 35 53 93 113 95 [4], 111.35 [9] 97

[С5МРу]Cl 16 21.5 27 92

[С6МРу]Cl 62 84 81.95 [9] 77

[С7МРу]Cl 8 16.5 25 72

[С8МРу]Cl 69 83 67.1 [10], 80.05 [9] 74

[С9МРу]Cl 64

[С10МРу]Cl 55 82 79.35 [9] 64

[AМРу]Cl 18 27.5 37 108

[С2МРу]Br 146 165 163

[С4МРу]Br RTIL

[С4МРу]СН3СОО RTIL

Table 10. ILs glass transition temperature and melting obtained by differential scanning calorimetry (DSC) and use of
the Boetius heated stage (Bo.), ºC [20]

Pyridinium-Based Ionic Liquids — Application for Cellulose Processing
http://dx.doi.org/10.5772/59286

407



Figures 12B and 13, it becomes obvious that the peaks with an M/Z of less than 79 – 77 may
represent fragments of the ILs, formed in the destruction of the pyridinium ring.
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Figure 12. Chromatogram: the function of the time input sample [С4МРу]Cl, and the values of the detector signal (A); mass 
spectrum: the M/Z function and the peaks’ intensity (B) 
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Figure 13. Series of hypothetical fragments formed during the decomposition of [С4МРу]Cl. Numerals showing the molecular weight 
of these fragments 

Thus, the decomposition fragments of [С4МРу]Cl are 1-alkyl-3-methylpyridinium cations, 3-methylpyridine, etc. 
3.2.3. Solvatochromism of 1-alkyl-3-methylpyridinium-based ILs solutions

To determine the Kamlet-Taft hydrogen bond acceptor (basicity, β parameter) for the series of ILs we used indicator 
[Cu(tmen)(acac)](ClO4). The obtained data of the β parameter for ILs (from 0.70 to 0.99) indicate a relatively high basicity of the 1-
alkyl-3-methylpyridinium-based ILs. More detailed information will published in other works. 
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3.2.3. Solvatochromism of 1-alkyl-3-methylpyridinium-based ILs solutions

To determine the Kamlet-Taft hydrogen bond acceptor (basicity, β parameter) for the series of
ILs we used indicator [Cu(tmen)(acac)](ClO4). The obtained data of the β parameter for ILs
(from 0.70 to 0.99) indicate a relatively high basicity of the 1-alkyl-3-methylpyridinium-based
ILs. More detailed information will published in other works.

4. Dissolution mechanism of cellulose in pyridinium-based ionic liquids

4.1. Dissolution of cellulose with 1-alkyl-3-methylpyridinium-based ILs

Our study of the solubility of cellulose in the synthesized ILs showed that for the same cation
the 1-alkyl-3-methylpyridinium bromides show a lower dissolving ability than chlorides, the
latter providing more concentrated solutions of cellulose (Table 11). This is consistent with the
results of studies on 1-alkyl-3-methylimidazolium halides [7]. An increase in the temperature
from 110 to 165 °C leads to a twofold increase in the maximum concentration of cellulose in
the solutions of the bromide-containing ILs. With the increasing length of the substituent in
the pyridinium chloride ionic liquids, their dissolving power toward cellulose decreases. A
similar trend was found for 1-alkylpyridinium [25-29] and 1-alkyl-3-methylimidazolium [27]
halides.

ILs Temperature, °С D, wt%

[С2МРу]Cl 140 26

[С3МРу]Cl
110 22

120 22.5

[С4МРу]Cl 120 23

[С5МРу]Cl
110 21

120 21

[С6МРу]Cl
110 19

120 19

[С7МРу]Cl
110 14.5

120 15

[С8МРу]Cl
110 6.5

120 8

[С9МРу]Cl
110 4

120 5.5

[С10МРу]Cl 110 6
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ILs Temperature, °С D, wt%

120 7.5

[AМРу]Cl 130 24

[С2МРу]Br 165 6.5

[С4МРу]Br
110 3.5

165 7

[C4MIm]Cl 120 17

Table 11. The maximum achieved concentration (D) of cellulose Alicell Super (DP 599) in chloride-and bromide-based
ILs [7]

Thus, the results obtained suggest that 1,3-disubstituted pyridinium cation-based ILs are the
most effective solvents for cellulose. Pyridinium salt can dissolve in 1.5 times more cellulose
than the imidazolium salt with the same substituents and anion. This is confirmed by the data
of [4, 6]. We can obtain the 5 – 6 wt% cellulose solutions in [С2МРу]Cl, [С3МРу]Cl, [С4МРу]Cl,
[С5МРу]Cl, [С6МРу]Cl during 7 – 15 min (Figure 14).
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Figure 14. Dissolution of 5 wt% of cellulose with [С4МРу]Cl for 1 min (A), and 10 min (B) at 120 °C. Increased by four times 
The influence of the temperature during the dissolution is accompanied by the degradation of the natural polymer, as 

exemplified by the reduction in the degree of polymerization (DP) (Table 12). 
Table 12. DP changing for regenerated cellulose films from their solution in [С4МРу]Cl at 120 °C, and its influence on dissolution 

time: 
Dissolution time, min 0 20 120 180 

DP 734 419 137 <100 

 
In the FTIR spectra of regenerated cellulose samples of IL, we observed the appearance of characteristic peaks at ~1000 

cm-1 corresponding predominantly to the С6Н2–О6Н6 group. Their presence indicates the modification of cellulose II [30]. For the 
modification of cellulose I (Alicell Super) stretching vibrations of υС6

–О
6
 were observed at 1031 cm-1. The appearance of two bands at 

3440 cm-1 and 3484 cm-1 (the weak hydrogen bond group of С2–О2Н2) also indicate the modification of cellulose II (Figure 15). 

Figure 14. Dissolution of 5 wt% of cellulose with [С4МРу]Cl for 1 min (A), and 10 min (B) at 120 °C. Increased by four
times

The influence of the temperature during the dissolution is accompanied by the degradation of
the natural polymer, as exemplified by the reduction in the degree of polymerization (DP)
(Table 12).

Dissolution time, min 0 20 120 180

DP 734 419 137 <100

Table 12. DP changing for regenerated cellulose films from their solution in [С4МРу]Cl at 120 °C, and its influence on
dissolution time:
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the natural polymer, as exemplified by the reduction in the degree of polymerization (DP)
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In the FTIR spectra of regenerated cellulose samples of IL, we observed the appearance of
characteristic peaks at ~1000 cm-1 corresponding predominantly to the С6Н2–О6Н6 group. Their
presence indicates the modification of cellulose II [30]. For the modification of cellulose I
(Alicell Super) stretching vibrations of υС

6
–О

6 were observed at 1031 cm-1. The appearance of
two bands at 3440 cm-1 and 3484 cm-1 (the weak hydrogen bond group of С2–О2Н2) also indicate
the modification of cellulose II (Figure 15).

Figure 15. FTIR spectra of Alicell Super and regenerated cellulose from a 23 wt% solution in [С4МРу]Cl

4.2. Study of cellulose solutions with 1-alkyl-3-methylpyridinium-based ILs by 1H-NMR
spectroscopy

Table 12 presents 1H-NMR chemical shifts values for cellulose solutions in [С4МРу]Cl and
[С4МРу]CH3COO. The Δδ values for cellulose varied insignificantly for each of the peaks. We
observed the greatest change of Δδ (Δδ=δsolution – δIL) for cellulose in [С4МРу]Cl for H2 and H6

protons of the pyridine ring, which shifted upfield. This could be related to the distancing of
the anion interacting with the cellulose at the formation of the hydrogen bond. The chemical
shifts of H2 and H6 changed insignificantly for [С4МРу]CH3COO after adding cellulose to the
solution. It could be assumed that this was related to the ability of the acetate anion to interact
simultaneously with two electron-acceptor centres (cellulose hydroxyls and the IL cation). The
δа downfield shift of the acetate hydrogen’s atoms of the –СН3 group confirmed that the anion
of the IL interacted with the cellulose.
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ILs 2 4 5 6

[С4МРу]Cl
9.573

(-0.060)
8.199

(0.007)
7.977

(0.009)
9.425

(-0.025)

[С4МРу]CH3COO
9.202

(0.004)
8.117

(-0.002)
7.926

(-0.002)
9.202

(0.004)

A. IL ring protons

ILs 3" 1' 2' 3' 4' а

[С4МРу]Cl
2.601

(0.017)
4.943

(0.015)
1.986

(0.012)
1.367

(0.019)
0.903

(0.023)

[С4МРу]CH3COO
2.569

(-0.004)
4.814

(-0.004)
1.931

(-0.003)
1.340

(-0.004)
0.917

(0.017)
3.780

(0.240)

B. IL protons of –СН3, and –СН2 groups

Table 13. Chemical shifts (δ), taken from the 1H-NMR spectra of cellulose solutions in [С4МРу]Cl, [С4МРу]CH3COO,
and their changing Δδ (shown in parentheses) of relative solvents (see Table 9). The solutions were obtained in CDCl3

[19]

Therefore, the interaction of cellulose with pyridinium-based ILs is caused by the ability of the
IL anion to exist as the hydrogen bond acceptor.

4.3. Study of the mechanism of cellulose solvation by 1-alkyl-3-methylpyridinium-based
ILs using a quantum-chemical calculation

A study of the formation of ‘cellulose – ionic liquids’ complexes were performed by HF/
6-31G(d) quantum-chemical calculation method for the ‘cellotetraose – 1-butyl-3-methylpyri‐
dinium X’ model, wherein X are acetate-, chloride-, and bromide-anions. The geometry of the
complexes with optimum energy characteristics are shown in Figure 16.

The formation of the solvate complex is accompanied by the appearance of two hydrogen
bonds between the anion and the primary О6Н6, and the secondary О2'Н2' hydroxyl from the
neighbouring glycosidic link of the cellotetraose. The distance between the anion and the
hydrogen atoms of the cellotetraose hydroxyls, r(H6-X), r(H2'-X), ranges from 1.8 to 2.7 Å, and
increases in the series of [[С4МРу]CH3COO < [С4МРу]Cl < [С4МРу]Br.

The geometric characteristics obtained meet the criteria for the formation of the hydrogen
bonds [31]: for example, the formation of a hydrogen bond with the chloride-anion has a
distance  Csp3 –OH···Cl– in ranges from ~2 Å to ~2.4 Å, and a bond angle (between O, H and Cl)
> 140º. The anion of the solvent model is positioned closer to the hydrogen atom of the primary
hydroxyl group С6Н2–О6Н6.

The interaction of [С4МРу]Br with the model of the cellulose (Figure 16B), as shown by
quantum-chemical calculations, is similar: anion forms hydrogen bonds with both the primary
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distance  Csp3 –OH···Cl– in ranges from ~2 Å to ~2.4 Å, and a bond angle (between O, H and Cl)
> 140º. The anion of the solvent model is positioned closer to the hydrogen atom of the primary
hydroxyl group С6Н2–О6Н6.

The interaction of [С4МРу]Br with the model of the cellulose (Figure 16B), as shown by
quantum-chemical calculations, is similar: anion forms hydrogen bonds with both the primary
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and secondary hydroxyl groups. The distance between the bromide-anion and the cellote‐
traose hydroxyl is larger than it is for the chloride-anion (2.445 Å for O6Н6…Br, 2.710 Å for
O2'Н2'…Br and 2.295 Å for O6Н6…Cl, 2.514 Å for O2'Н2'…Cl), because the length of the hydrogen
bond between the halide and H-donor increases with the radii of the halide-ions [31].

A B 

 

C 
Figure 16. Fragments of optimized complexes of cellotetraose with 1-butyl-3-methylpyridinium chloride (A), bromide (B), and 
acetate (C) 

Table 16. The main calculated parameters for the solvation complexes of cellotetraose with [С4МРу]CH3COO, [С4МРу]Cl, and 
[С4МРу]Br. (In parentheses are the values of the changing parameters relative to the IL pairs, see. Tables 6 and 7) 
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Table 14. The main calculated parameters for the solvation complexes of cellotetraose with [С4МРу]CH3COO,
[С4МРу]Cl, and [С4МРу]Br. (In parentheses are the values of the changing parameters relative to the IL pairs, see.
Tables 6 and 7)

5. Conclusion

Thus, using quantum-chemical calculations, the features of the interaction of cellulose with 1-
alkyl-3-methylpyridinium-based ILs were identified. This shows a decrease in the intensity of
the binding of the hydroxyl anions in the series CH3COO–, Cl–, Br–, which explains the
difference in the solvent power of ILs.

According to the theoretical studies (quantum-chemical calculations) and experimental
studies (analysis of the chemical shifts), we propose a probable mechanism of the solvation of
pyridinium ILs with cellulose, shown in Figure 17.

Figure 17. Schematic representation of the interaction mechanism of cellulose with pyridinium-based ILs

In the first stage, the interaction of the polymer with the solvent's anion forms hydrogen bonds
with primary and secondary cellulose hydroxyls. The anion maintains ionic bonding with the
cation, which at solvation was weakened (the distance between the ions increases).

Ionic Liquids - Current State of the Art414



Parameters [С4МРу]CH3COO [С4МРу]Cl [С4МРу]Br

D
is

ta
nc

es

r(H2…X), Å 2.531 (0.316) 2.640 (0.263)

r(H2…О1), Å 2.403 (0.562)

r(H2…О2), Å 2.252 (-0.274)

r(H2'-X), Å 1.853 2.514 2.710

r(H6-X), Å 1.806 2.295 2.445

A
ng

les Х–О2'–Н2' , deg. 160.17 166.52 167.46

Х–О6–Н6 , deg. 165.33 163.94 158.09

Table 14. The main calculated parameters for the solvation complexes of cellotetraose with [С4МРу]CH3COO,
[С4МРу]Cl, and [С4МРу]Br. (In parentheses are the values of the changing parameters relative to the IL pairs, see.
Tables 6 and 7)

5. Conclusion

Thus, using quantum-chemical calculations, the features of the interaction of cellulose with 1-
alkyl-3-methylpyridinium-based ILs were identified. This shows a decrease in the intensity of
the binding of the hydroxyl anions in the series CH3COO–, Cl–, Br–, which explains the
difference in the solvent power of ILs.

According to the theoretical studies (quantum-chemical calculations) and experimental
studies (analysis of the chemical shifts), we propose a probable mechanism of the solvation of
pyridinium ILs with cellulose, shown in Figure 17.

Figure 17. Schematic representation of the interaction mechanism of cellulose with pyridinium-based ILs

In the first stage, the interaction of the polymer with the solvent's anion forms hydrogen bonds
with primary and secondary cellulose hydroxyls. The anion maintains ionic bonding with the
cation, which at solvation was weakened (the distance between the ions increases).

Ionic Liquids - Current State of the Art414

Acknowledgements

This work was supported by the Ministry of Education and Science of the Russian Federation
(State Task No. 2014/186).

Author details

Elena S.  Sashina* and Dmitrii A. Kashirskii

*Address all correspondence to: organika@sutd.ru

Institute of Applied Chemistry and Ecology, St. Petersburg State University of Technology
and Design, St. Petersburg, Russia

References

[1] Tan S.S.Y., MacFarlane D.R. Ionic Liquids in Biomass Processing, Topics in Current
Chemistry 2010; 290 311-339.

[2] da Costa Lopes A.M., Joãoa K.G., Rubik D.F., Bogel-Łukasik E., Duarte L.C., An‐
dreaus J., Bogel-Łukasik R. Pre-treatment of lignocellulosic biomass using ionic liq‐
uids: Wheat straw fractionation. Bioresource Technology 2013; 142 198-208.

[3] da Costa Lopes A.M., João K.G., Morais A.R.C., Bogel-Łukasik E., Bogel-Łukasik R.
Ionic liquids as a tool for lignocellulosic biomass fractionation. Sustainable Chemical
Processes 2013; 1 3.

[4] Heinze T., Schwikal K., Barthel S. Ionic liquids as reaction medium in cellulose func‐
tionalization. Macromolecular Bioscience 2005; 5 520-525.

[5] Swatloski R.P., Spear S.K., Holbrey J.D., Rogers R.D. Dissolution of Cellulose with
Ionic Liquids. Journal of the American Chemical Society 2002; 124(18) 4974–4975.

[6] Basa M.L.T.N. Ionic Liquids: Solvation Characteristics and Cellulose Dissolution.
PhD thesis. University of Toledo; 2010.

[7] Sashina E.S., Kashirskii D.A., Zaborski M., Jankowski S. Synthesis and dissolving
power of 1-alkyl-3-methylpyridinium-based ionic liquids. Russian Journal of General
Chemistry. 2012; 12(82) 1994-1998.

[8] Harjani J.R., Singer R.D., Garcia M., Scammells P.J. Biodegradable pyridinium ionic
liquids: design, synthesis and evaluation. Green Chemistry. 2009; 11 83-90.

Pyridinium-Based Ionic Liquids — Application for Cellulose Processing
http://dx.doi.org/10.5772/59286

415



[9] Pereiro A.B., Rodriguez A., Blesic M., Shimizu K., Lopes J.N.C., Rebelo L.P.N. Mix‐
tures of Pyridine and Nicotine with Pyridinium-Based Ionic Liquids. Journal of
Chemical & Engineering Data. 2011; 56 4356-4363.

[10] Sastry N.V., Vaghela N.M., Macwan P.M., Soni S.S., Aswal V.K., Gibaud A. Aggrega‐
tion behavior of pyridinium based ionic liquids in water – Surface tension, 1H NMR
chemical shifts, SANS and SAXS measurements. Journal of Colloid and Interface Sci‐
ence. 2012; 371 52–61.

[11] Sashina E.S., Kashirskii D.A., Martynova E.V. Features of the molecular structure of
pyridinium salts and their dissolving power with respect to cellulose. Russian Jour‐
nal of General Chemistry. 2012; 4(82) 729-735.

[12] Conceiçao L.J.A., Bogel-Łukasik E., Bogel-Łukasik R. A new outlook on solubility of
carbohydrates and sugar alcohols in ionic liquids. RSC Advances 2012; 2 1846-1855.

[13] Zakrzewska M.E., Bogel-Łukasik E., Bogel-Łukasik R. Solubility of Carbohydrates in
Ionic Liquids, Energy & Fuels. 2010; 24 737-745.

[14] Sashina E.S., Novoselov N.P., Kuz’mina O.G., Troshenkova S.V. Ionic liquids as new
solvents of natural polymers, Fibre Chemistry. 2008; 3(40) 270-277.

[15] Kuzmina O.G., Sashina E.S., Novoselov N.P., Zaborski M. Blends of cellulose and
silk fibroin in 1-buthyl-3-methylimidazolium chloride based solutions. Fibres & Tex‐
tiles in Eastern Europe. 2009; 6(77) 36-39.

[16] Cho C., Jeon Y., Pham T.P.T., Vijayaraghavan K., Yun Y. The ecotoxicity of ionic liq‐
uids and traditional organic solvents on microalga Selenastrum capricornutum. Eco‐
toxicology and Environmental Safety. 2008; 71 166–171.

[17] Couling D.J., Bernot R.J., Docherty K.M., Dixona J.N.K., Maginn E.J. Assessing the
factors responsible for ionic liquid toxicity to aquatic organisms via quantitative
structure–property relationship modeling. Green Chemistry. 2006; 8 82-90.

[18] Docherty K.M., Kulpa C.F. Toxicity and antimicrobial activity of imidazolium and
pyridinium ionic liquids. Green Chemistry. 2005; 7 185-189.

[19] Sashina E.S., Kashirskii D.A., Jankowski S. PMR study of structural features of ionic
liquids based on 1-alkyl-3-methylpyridinium and mechanism of their interaction
with cellulose. Fibre Chemistry. 2014; 5(45) 268-273.

[20] Sashina E.S., Kashirskii D.A., Janowska G., Zaborski M. Thermal properties of 1-al‐
kyl-3-methylpyridinium halide-based ionic liquids. Thermochimica Acta. 2013; 568
185-188.

[21] Krygowski Т.М., Szatyłowicz Н., Zachara J.Е. How H-bonding Modifies Molecular
Structure and π-Electron Delocalization in the Ring of Pyridine/Pyridinium Deriva‐
tives Involved in H-Bond Complexation. The Journal of Organic Chemistry. 2005; 70
8859-8865.

Ionic Liquids - Current State of the Art416



[9] Pereiro A.B., Rodriguez A., Blesic M., Shimizu K., Lopes J.N.C., Rebelo L.P.N. Mix‐
tures of Pyridine and Nicotine with Pyridinium-Based Ionic Liquids. Journal of
Chemical & Engineering Data. 2011; 56 4356-4363.

[10] Sastry N.V., Vaghela N.M., Macwan P.M., Soni S.S., Aswal V.K., Gibaud A. Aggrega‐
tion behavior of pyridinium based ionic liquids in water – Surface tension, 1H NMR
chemical shifts, SANS and SAXS measurements. Journal of Colloid and Interface Sci‐
ence. 2012; 371 52–61.

[11] Sashina E.S., Kashirskii D.A., Martynova E.V. Features of the molecular structure of
pyridinium salts and their dissolving power with respect to cellulose. Russian Jour‐
nal of General Chemistry. 2012; 4(82) 729-735.

[12] Conceiçao L.J.A., Bogel-Łukasik E., Bogel-Łukasik R. A new outlook on solubility of
carbohydrates and sugar alcohols in ionic liquids. RSC Advances 2012; 2 1846-1855.

[13] Zakrzewska M.E., Bogel-Łukasik E., Bogel-Łukasik R. Solubility of Carbohydrates in
Ionic Liquids, Energy & Fuels. 2010; 24 737-745.

[14] Sashina E.S., Novoselov N.P., Kuz’mina O.G., Troshenkova S.V. Ionic liquids as new
solvents of natural polymers, Fibre Chemistry. 2008; 3(40) 270-277.

[15] Kuzmina O.G., Sashina E.S., Novoselov N.P., Zaborski M. Blends of cellulose and
silk fibroin in 1-buthyl-3-methylimidazolium chloride based solutions. Fibres & Tex‐
tiles in Eastern Europe. 2009; 6(77) 36-39.

[16] Cho C., Jeon Y., Pham T.P.T., Vijayaraghavan K., Yun Y. The ecotoxicity of ionic liq‐
uids and traditional organic solvents on microalga Selenastrum capricornutum. Eco‐
toxicology and Environmental Safety. 2008; 71 166–171.

[17] Couling D.J., Bernot R.J., Docherty K.M., Dixona J.N.K., Maginn E.J. Assessing the
factors responsible for ionic liquid toxicity to aquatic organisms via quantitative
structure–property relationship modeling. Green Chemistry. 2006; 8 82-90.

[18] Docherty K.M., Kulpa C.F. Toxicity and antimicrobial activity of imidazolium and
pyridinium ionic liquids. Green Chemistry. 2005; 7 185-189.

[19] Sashina E.S., Kashirskii D.A., Jankowski S. PMR study of structural features of ionic
liquids based on 1-alkyl-3-methylpyridinium and mechanism of their interaction
with cellulose. Fibre Chemistry. 2014; 5(45) 268-273.

[20] Sashina E.S., Kashirskii D.A., Janowska G., Zaborski M. Thermal properties of 1-al‐
kyl-3-methylpyridinium halide-based ionic liquids. Thermochimica Acta. 2013; 568
185-188.

[21] Krygowski Т.М., Szatyłowicz Н., Zachara J.Е. How H-bonding Modifies Molecular
Structure and π-Electron Delocalization in the Ring of Pyridine/Pyridinium Deriva‐
tives Involved in H-Bond Complexation. The Journal of Organic Chemistry. 2005; 70
8859-8865.

Ionic Liquids - Current State of the Art416

[22] Sashina E.S., Novoselov N.P. Effect of structure of ionic liquids on their dissolving
power toward natural polymers. Russian Journal of General Chemistry. 2009; 6(79)
1057-1062.

[23] Zherenkova L.V., Komarov P.V., Pavlov A.S. A polymer in an ionic liquid: Structural
properties of a system during attraction between the polymer and cations of the ionic
liquid. Polymer Science Series A. 2010; 8(52) 864-871.

[24] Klots T.D., Emilsson T., Ruoff R.S., Gutowsky H.S. The Journal of Physical Chemis‐
try. 1989; 93(4) 1255–1261.

[25] Holm J., Lassi U. Ionic Liquids in the Pretreatment of Lignocellulosic Biomass. In:
Kokorin А. (ed.) Ionic Liquids: Applications and Perspectives. Rijeka: InTech; 2011.
p529-544. Available from http://www.intechopen.com/books/ionic-liquids-applica‐
tions-and-perspectives/ionic-liquids-in-the-pretreatment-of-lignocellulosic-biomass
(accessed 21 February 2011).

[26] Cellulose solution – United States Patent 1943176/ Charles, Graenacher Publication
Date: 01.09.1934.

[27] Aerov A.A., Khokhlov A.R., Potemkin I.I. Why Ionic Liquids Can Possess Extra Sol‐
vent Power. The Journal of Physical Chemistry B. 2006; 33(110) 16205-16207.

[28] Park T.-J., Murugesan S., Linhardt R.J. Cellulose composites prepared using ionic liq‐
uids (ILs)-Blood Compatibility to Batteries. In: Edgar K.J., Heinze T., Buchanan C.M.
(ed.). ACS Symposium Series: Polysaccharide Materials: Performance by Design.
Washington: American Chemical Society; 2009. p.133-152.

[29] Bentivoglio G., Röder T., Fasching M., Buchberger M., Schottenberger H., Sixta H.
Cellulose processing with chloride-based ionic liquids. Lenzinger Berichte. 2006; 86
154-161.

[30] Maréchal Y., Chanzy H. The hydrogen bond network in Iβ cellulose as observed by
infrared spectrometry. Journal of Molecular Structure. 2000; 523 183-196.

[31] Bernet B., Vasella A. Intra-and Intermolecular H-Bonds of Alcohols in DMSO, 1H-
NMR Analysis of Inter-Residue H-Bonds in Selected Oligosaccharides: Cellobiose,
Lactose, N,N′-Diacetylchitobiose, Maltose, Sucrose, Agarose, and Hyaluronates. Hel‐
vetica Chimica Acta. 2000; 9(83) 2055-2071.

Pyridinium-Based Ionic Liquids — Application for Cellulose Processing
http://dx.doi.org/10.5772/59286

417





Chapter 16

Utilization of Ionic Liquids in Wood and Wood-Related
Applications — A Review

Samir I. Abu-Eishah

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59079

1. Introduction

The development of potentially “green” technologies based on renewable feedstock’s is one
of the main challenges for mankind in the next decades and centuries underlining the social
and economic importance of research conducted in this area [1]. Wood is one of the most
versatile biological raw materials that is available today in large, renewable reserves around
the world. Wood products have countless important industrial applications, such as in design,
furniture and construction. These applications have a bright future ahead. At the same time,
chemical and mechanical wood processing provides the basis for a growing range of globally
significant fiber-based tissue, paper and packaging applications and solutions. At the sharp
end, advances in the use of the individual chemicals and polymers that make up wood are
creating the foundation for future biorefineries and helping change the shape of society for the
better. The human use of wood reaches back thousands of years. The nowadays escalating
global population and limited natural resources, however, call for new ways of improving the
efficiency of our use of this vital natural resource. This opens up significant opportunities for
products based on renewable, non-food materials (‘non-food bio-products’) [2].

In addition, the fading fossil resources with the simultaneously increasing demand for global
energy and arising environmental concerns generate a strong need for new technologies based
on renewable and inexhaustible resources. Thus in the face of the current oil prices and the
sustainability challenges, the bio-economy concept is the fast winning ground. The question
arises, can we increase the share of “consumer products” using renewable raw materials, like
wood, instead of the non-renewable resources, like oil? The forest-based industry sees this
opportunity and believes that the industry will play a decisive role in the development towards
a bio-economy. With this goal in sight, diversifying the product output of the primary wood

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



refining process – pulping – is a rational strategic starting point. The pulp mills of today are
being redefined as the biorefineries of tomorrow [2].

Fossil fuel resources are limited so alternative renewable resources are needed to fill the gap
that inevitably will be created once the fossil resource supplies start to dwindle. Biomass has
the potential to fill this gap. To utilize this renewable resource in the production of fuel and
chemicals, the so called “biorefineries” specialized in fractionation and making use of all
components of the biomass are needed [3].

The development of potentially “green” technologies based on renewable feedstocks is one of
the main challenges for mankind in the coming years underlining the social and economic
importance of research conducted in this area. On this regard, biomass is expected to have the
potential to fill the gap of the dwindling fossil fuel resources. Replacement of fossil fuels with
new sustainable resources is becoming crucial due to the depleting petroleum reserves,
increasing global energy demand, and arising environmental concerns. In particular, ligno‐
cellulosic biomass can be an alternative to fossil resources as a sustainable and environmen‐
tally-friendly feedstock for producing chemicals and fuels. However, today, only a small
portion of the world’s annual production of biomass is utilized by mankind, while the rest is
allowed to decay naturally.

With the inevitable depletion of petroleum-based resources, there has been an increasing
worldwide interest in renewable resources such as biomass. One reason for the current
approaches being taken to utilize biomass is the difficulty in processing lignocellulosic
materials and the energy needed for separation of their components. The three major compo‐
nents of biomass (cellulose, lignin, and hemicellulose) are covalently bonded together, which
makes dissolution and further separation of these components difficult. This has been
recognized as the grand challenge for biomass utilization [4]. Ionic liquids (ILs) are relatively
new family of solvents for dissolution of cellulose and could aid in this task.

The use of ILs for cellulose dissolution stems from the unique properties of these solvents to
interact with the strong hydrogen bonds of polysaccharides. The scientific discovery of the
dissolution of cellulose in ILs is being translated into new processing technologies, cellulose
functionalization methods and new cellulose materials including blends, composites, fibers
and ion gels. These materials can replace current analogs to overcome the environmental issues
associated with petroleum-based products. Although there are many ILs available that can
dissolve cellulose, the processing difficulties such as fractionation need to be overcome to
support large-scale use. The dissolution and functional modification of cellulose in ionic
liquids based on previous researches have been reviewed and summarized by reference [5].
However, due to the chemical versatility of both cellulose and ILs new developments leading
to the next generation of cellulosic materials are expected in the near future [6].

Dissolution of cellulose in ILs allows the comprehensive utilization of cellulose by combining
two major “green” chemistry principles; using environmentally-preferable solvents and bio-
renewable feed-stocks. However, the utilization of cellulose or cellulosic materials has not been
developed entirely because of its poor solubility in common organic solvents. But the cellulose
dissolved in ILs can be regenerated with anti-solvents such as water, ethanol and acetone.
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Ionic liquids are organic compounds that contain at least one ionic bond. ILs consist of organic
cations and organic or inorganic anions. ILs are salts with melting points below 100 oC, which
possess many advantageous properties. Moreover, ILs are non-volatile, non-toxic, nonflam‐
mable and thermally and chemically stable. Due to their larger molecular radii, ILs exhibit only
weak cohesion compared with common salt.

In 2002, it was discovered that cellulose is soluble in ILs. Later ILs have been investigated as
powerful solvents and reaction media for cellulose in its pure form and in its naturally
surrounding matrix including hemicelluloses and lignin. ILs can dissolve cellulose as well as
remove or reduce the lignin content in lignocellulosic materials. But it was shown that these
solvents are not entirely inert and thus have to be selected carefully.
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ionic liquids such as [Amim]Cl and [Emim][OAc] have been proven highly effective in the
dissolution of cellulose, lignin, and hemicellulose in different types of lignocellulosic biomass
including corn stover, switchgrass, rice straw, and various hard and softwoods [7].
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loses recalcitrance is in part, the development of an effective pretreatment process [8].

A promising new pretreatment method for lignocellulosic materials relies on their solubility
in solvent systems based on ILs and the interaction of natural polymers (present in wood) with
ILs. The precipitated cellulose and lignin act as a natural binder for the wood particles thus
avoiding the use of toxic organic resins as adhesives. The obtained composites present good
water stability and compressive mechanical strength. Additionally, carbohydrates are
important natural products that play important biological and commercial roles as food, drug
and chemical feedstock. However, the use of natural carbohydrates has two main drawbacks:
low solubility in most solvents and their complex highly chiral structures [9].

Lignin, a readily available form of biomass, is a potential source of renewable aromatic
chemicals through catalytic conversion. Recent work has demonstrated that ILs are excellent
solvents for processing woody biomass and lignin. Seeking to exploit ILs as media for
depolymerization of lignin, the reactions of lignin model compounds in or with ILs has been
investigated [10].

Looking at the solubility of lignocellulosics in ionic liquids, a thorough literature review was
performed by reference [11]. The survey combined with additional screening of a range of in-
house ionic liquid structures allows identifying potential opportunities with regard to
efficiency of cellulose and lignin dissolution as well as wood fibrillation.
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Ionic liquids have shown great potential in the field of biomass processing in general and in
the pretreatment of lignocellulose in particular. However, a few things need to be addressed
before any large-scale processing can be considered: Finding new routes for IL synthesis that
make “on-site” production possible; investigation into the challenges facing IL pretreatment
of lignocellulose such as possible depolymerization of cellulosic material during the pretreat‐
ment and investigating what influence different ILs have on the pretreatment of cellulosic
material by methods like enzymatic hydrolysis [3].

Lignocellulose dissolution in ILs is a relatively new biomass pretreatment technology that is
receiving growing interest from the biofuels community as a route to provide readily-
hydrolyzable holocellulose. Despite its proven advantages over other pretreatment technolo‐
gies – including feedstock invariance, high monomeric sugar yields over short saccharification
times and extensive delignification– there are several core issues that stand in the way of
commercialization. These include the relative high cost of the ILs themselves, a lack of
knowledge in terms of process considerations for a biorefinery based on these solvents, and
scant information on the coproducts this pretreatment technology could provide to the
marketplace. An initial techno-economic model of a biorefinery that is based on the IL
pretreatment technology has been presented and identified by reference [12], through a
comprehensive sensitivity analysis, the most significant areas in terms of cost savings/revenue
generation that must be addressed before IL pretreatment can compete with other, more
established, pretreatment technologies. This new pretreatment technology has been evaluated
through the perspective of a virtual operating biorefinery, and although there are significant
challenges that must be addressed, there is a clear path that can enable commercialization of
this novel approach.

Although some basic studies of ILs, such as their economical syntheses and toxicology are
eagerly needed and some engineering problems still exist, research for application of ILs in
wood-related industries has made great progress in recent years. The use of ILs has provided
a new platform for efficient utilization of wood. A comprehensive database on toxicity of ILs
has been established by reference [13]. The database includes over 4000 pieces of data. Based
on the database, the relationship between IL's structure and its toxicity has been analyzed
qualitatively. Furthermore, quantitative structure-activity relationships (QSAR) model has
been conducted to predict the toxicities (EC50 values) of various ILs toward the Leukemia rat
cell line IPC-81.

In this chapter, applications of ILs in wood and wood-related industries are reviewed. First,
the use of ILs in wood preservation and the improvement of wood anti-electrostatic and fire-
proof properties are illustrated. The dissolution of wood main constituents (cellulose, lignin,
and hemicellulose) in ILs and its application are described along with “green” wood process‐
ing with ILs. Finally, application of ILs in dissolution of wood biomass and product retrieval
media are briefly reviewed. A summary table of the abbreviations of the ionic liquids used in
this chapter is presented in the Appendix.
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2. Ionic liquids as wood preservatives

Wood is a widely-used, economical, and renewable building resource. However, untreated
wood is subject to attack by insects and microorganisms, for example, decay, stain, mould
fungi, and bacteria. To ensure long-term structural performance, wood must be protected from
biotic wood degradation factors. Preserved wood can be defined as lumber or plywood that
has been treated with wood preservatives to protect it from termites and fungal decay. Many
preservatives have been used in wood industry, and still many efforts are made to develop
new preservatives. The reason is that most of the wood preservatives in current use are
chemicals that might be harmful to human health or are not eco-friendly [14].

Natural fibers are made up from different components; cellulose, hemicellulose and lignin are
the main elements, but many natural fibers also contain pectin, small amounts of ash and may
exhibit a thin wax layer on the surface [15]. Lignin is a 3-D, heavily cross-linked copolymer
with aliphatic and aromatic structures. The aromatic structures are formed by the removal of
water from a sugar unit. Several monomers can form lignin and the types and properties
depend on the source material. In contrast to cellulose and hemicellulose, lignin is hydrophobic
in nature. Together with the hemicellulose, it provides matrix for the strong cellulose fibrils
[16]. Lignin also resists most microorganisms and its aerobic breakdown is slow, and therefore
it protects the load bearing cellulose from a premature degradation [17,18].

Different types of lignin can be found in different plants and even within different plant
structures. This can have a strong effect on not only biodegradation but also susceptibility to
microbial activity and therefore fiber-retting during fiber processing [19].

Like cellulose, lignin is considered one of the most abundant bio-polymers of the world.
However, to date, most of the industrially processed lignin is mainly used as an energy source
for the paper industry and finds only few industrial applications [20]. Lignin is hydrophobic
in spite of being completely amorphous. Lignin is found in close proximity to the cellulose
micro-fibrils in natural fibers [21]. The varying interaction of cellulose, hemicellulose and
lignin with moisture is responsible for the complex swelling behaviour of natural fibers [16].

ILs have shown great potential in becoming the eco-friendly, as well as free of both arsenic
and pentachlorophenol, and yet they also show effectiveness as wood preservatives. An
extensive research has been done on this subject in [22-24]; ILs in wood preservation has been
addressed in [22] and protic ILs with organic anion as wood preservative has been discussed
in [23]. Some ILs with a nitrate counter ion, such as 3-alkoxymethyl-1-methyl-imidazolium
tetrafluoroborates and hexafluoro-phosphates, didecylmethyl-ammonium and benzalkonium
nitrates, exhibited good fungicidal activity and could be potential candidates as wood
preservatives [24]. In addition, the use of ILs in strategies for saving and preserving cultural
artifacts has been discussed in [25].

On the other hand, four pyridinium-based ILs have been successfully tested in [26] as com‐
ponents of potential wood preservatives: 1-alkoxymethyl-3-dimethylamino-pyridinium
chlorides, 1-alkoxymethyl-4-dimethylamino-pyridinium chlorides, 1-alkoxy methyl-3-
dimethylamino-pyridinium acesulfamates and 1-alkoxymethyl-4-dimethylamino-pyridinium
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acesulfamates. These ILs are new biocides that penetrate well into wood. The tested pyridini‐
um ILs with an alkoxymethyl substituent, consisting of 8, 9 or 10 carbon atoms, exhibited
fungicidal activity against the basidiomycetes Coniophora puteana and Trametes versicolor and
the blue-stain fungus Sclerophoma pityophila.

However, the doses and toxic values of tested 1-decyloxymethyl-4-dimethylamino-pyridini‐
um chloride and acesulfamate were found comparable with benzalkonium chloride and
didecyl dimethyl ammonium chloride but the ILs tested were found largely unleachable from
wood by water [26]. The mechanical properties of the wood treated with the former two ILs
were lower than natural wood. Wood treated with the chloride and acesulfamate was,
however, characterized by lower absorption of free water than the control wood. Only in the
case of treatment with acesulfamate was the hygroscopicity of the treated wood distinctly
lower than that of control wood. The durability of the wood was increased by 1-decyloxy‐
methyl-4-dimethylamino-pyridinium chloride and acesulfamate.

Due to the high interest in the applications of ILs, new, cheaper, multifunctional ILs which are
easy to prepare are highly desired. A new group of air-and moisture-stable, hydrophobic
ammonium-based ILs and their properties, including the single-crystal X-ray structure of
benzethonium nitrate has been presented in [24]. These salts have utility as anti-bacterial, anti-
fungal agents. Additionally, the potential application of these ILs for wood preservation was
tested with positive results. The toxicity of benzalkonium and didecyl dimethyl ammonium
nitrates were studied and are presented therein.

Ranke [27] presented tabulated and referenced data to show that the use of conventional
molecular solvents as a reference for IL toxicity to microorganisms and cell cultures has become
common practice. On the other side of the activity spectrum, both cationic surfactants with
antimicrobial or germicidal activity and reactive biocides have been chosen for convenient
comparison of biological effects. The numerical results given in these studies suggest that IL
toxicities toward microorganisms and cell cultures cover the whole range of biocidal potencies
from rather inactive molecular solvents, such as ethanol or dimethyl sulfoxide that are
biocompatible up to very high aqueous concentrations, up to highly active biocides, leading
even to the proposal of some ILs as wood preservatives [23]

The use of ILs has provided a new platform for efficient utilization of wood. The applications
of ILs in wood-related industries have been reviewed by [14]: dissolution of wood in ILs and
its application, ILs used for wood preservation and improvement of wood anti-electrostatic
and fire-proof properties, and finally, ‘green’ wood processing with ILs.

ILs with low hydrogen-bond basicity are not able to break the hydrogen bonds in the matrix
and therefore do not expand it at all or only minimally, as observed for [Bmim][OTf] IL at
120°C. Since these ILs cannot dissolve the cellulose fibers, the wooden ultrastructure is
preserved and no extraction is observed [28].

The wettability of wood surface protected with three ILs differing in terms of cation and anion
structure as well as fungicidal properties has been tested and measured by [29]. [Ciech][1] IL
with didecyl dimethyl ammonium cation and herbicidal anion; [DDA][ABS] didecyl dimethyl
ammonium dodecyl benzene sulfonate, and [ArqC35][NO3] nitrate(V) with cation derived
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from natural coconut oil. The tests were carried out on Pinus sylvestris L. wood. The results
indicated that the ILs containing 12-carbon hydrophobic alkyl chain in their structure, i.e.
[DDA][ABS] and [ArqC35][NO3], worsened wood wettability, thus improved the protection
of wood against water.

The results of tests on the effectiveness of the action of a new group of synthesized biocidal
ILs are presented in [30]. These ILs are derivatives of the leading structure, i.e. didecyl dimethyl
ammonium nitrate, and demonstrated strong action against mould fungi. Natural quaternary
ammonium salts, mainly extracts from coconut and soybean, and from vegetable fats, were
the basis for syntheses. Mycological tests were carried out on the Pinus sylvestris L. sapwood
in accordance with the method assumed binding for the assessment of biocide efficacy.

The impregnation of wood with wood preservatives may have an influence on its physical and
mechanical properties. The knowledge about the character of that influence is of great
importance for characterisation of functional properties of wood and, as a consequence,
determination of its use classes. The ILs of imidazolium tetrafluoroborates series, which
penetrate very well into Scots pine wood, are active against wood-destroying fungi and
generally have a positive, although insignificant, influence on physical and mechanical
properties of wood, especially on its resistance to colour change during exposure to light.
However, various ILs may differ widely in that respect. A research has been carried out in [31]
to clarify the influence of dodecyl dimethyl ammonium nitrite, [DDA][NO2], and IL with
dodecyl dimethyl ammonium cation and anion of herbicide character, [DDA][herbicide], on
selected physical and mechanical properties of Scots Pinus sylvestris L. wood. The miniature
sapwood samples were subjected to sorption with the ILs by vacuum method.

Strongly hydrophobic ammonium ILs penetrating the wood structure and protecting solid
wood from water absorption have been developed by [32] and found that by covering the
surface of the wood with ammonium IL, the wood became hydrophobically and antiseptically
protected for a long time. The swelling and water absorption of the protected wood was several
times less compared to unprotected wood and its dimensional stability was also improved.

The application of didecyl dimethyl ammonium nitrate, [DDA][NO3], and benzalkonium
nitrate, [BA][NO3], ILs in preservation of panels resistant to biotic factors has been investigated
by [33]. The method for application of ILs to particleboards, the type and amount of chosen
ILs, as well as their influence on standard parameters of the panels were also investigated. The
amine resin available on the domestic market and particles obtained from debarked Scots pine
chips were used in the tests. The results demonstrated that ILs worsened parameters of the
panels, but improved their resistance to decay fungi.

The subject of wood finishes that are often used to improve the durability of wood by pro‐
tecting it from scratching and wearing, minimizing swelling when in contact with water or
acting as UV stabilizers for lignin and cellulose has been addressed by [34]. Traditional wood
finishes include tung oil or polymerized linseed oil-based products, wax, shellac, rosin,
paraffin, synthetic polyurethane, acrylic resin and epoxy-based products. One disadvantage
of traditional wood finishes include the use of volatile organic solvents, such as toluene,
acetone, or ethanol-acetone mixtures, which are expensive and possess an environmental risk,
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also by their capacity to transform their selves in the atmosphere, under the influence of UV
radiation and the catalytic action of the nitrogen oxides, in more aggressive species with
carcinogenic potential. As consequence, the replacement of the traditional volatile solvents
from wood industry with less toxic and volatile solvents became an important aim for the
scientists working both in material science and in environmental protection.

The solubility of four frequently used wood finishing products, namely Paraloid B72 thermo‐
plastic resin, paraffin, rosin and bees wax in three types of alkylimidazolium-based ILs:
[Bmim]Cl, [Hmim][BF4] and [Hmim][PF6], at 23 oC and 90 oC, by using the turbidimetric
method also determined by [34] and found that the selected ILs were able to dissolve the
respective wood finishes, in amounts higher than those achieved by using traditional volatile
organic solvents. It was also found that the solubilities of Paraloid B72 in these ILs are higher
than those reported for the traditional organic solvents. For paraffin, rosin and bees wax the
obtained solubilities are similar to those reported by using volatile organic solvents. Taking
into account that the studied ILs are non-volatile, electrically conductive, that they possess
anti-fungal character and they are able to plastify wood, their use as solvents for finishes could
impart some useful properties to the treated wood, such as higher workability and durability.

The influence of the two ILs [Bmim][BF4] and [Bmim][PF6] on the properties of sycamore maple
(Acer pseudoplatanus) veneers at different temperatures by using contact angle measurements
and Fourier transform infrared spectroscopy analysis has been studied in [35]. The measure‐
ments showed that the wood wettability is increased by IL treatment. It has been determined
that the ILs decrease the crystallinity and improve the flexibility of the cellulose matrix. Also,
it has been determined that at 60 oC and 80 oC delignification of wood occurred, thus making
the studied ILs useful alternatives to traditional toxic and expensive reagents used in wood
industry.

The Wood Technology Institute in Poznan (Poland) conducts innovative research on the use
of ILs (derivatives of quaternary ammonium salts) in wood preservation technology and wood
materials in order to increase the sustainability of wood. The research resulted in the devel‐
opment of "multi-tasking" fungicides, which are alternative to commercial wood preservatives
that are environmentally toxic and contain heavy metals. One of the goals of such research is
the development of innovative technologies of increasing durability of wood and composite
wood materials using ILs. This goal has been established through the development of bioactive
derivatives of azoles in the form of ILs in order to intensify biocidal activity, increase pene‐
tration, and minimize the necessary amount of these biocides introduced to protect lignocel‐
lulosic materials [36]. The activity of azole-derivative ILs against decaying Coniophora
puteana fungus (pine Pinus sylvestris L.) have been determined. Thanks to innovative solutions,
a new type of biodegradable biocides with low threshold values against fungi and bacteria
(pathogens of wood) was developed. The threshold values for [Azole][Cytr] are ED50: 1 ppm;
ED100: 10 ppm; LD: 50 ppm, and for [[Azole][HCl] are ED50: < 0.1 ppm; ED100: 5 ppm; LD: 5 ppm.
These biocides have significant economic and environmental effects and at the same time no
adverse effects on humans. The result is an original in the world. The ILs used in the tests were
prepared in the Poznan University of Technology laboratory, according to the method
described by [30]. The main substances used in the tests were didecyldimethyl ammonium
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nitrite ([DDA][NO2]) and IL with didecyldimethyl ammonium cation and anion of herbicide
character ([DDA][herbicide]). The concentration of each of the tested ILs was 91–97% and they
were easy dissolved in propanol-2 and water-propan-2-ol mixture. The FTIR spectra of the
treated wood confirmed the bond of ammonium ILs to wood. Formation of ammonium
carboxylate in the chemical structure of wood and wood modification by long alkyl chain was
observed [36].

The use of ILs in protecting technologies for wood-based panels and plywood allowed
development of novel protic ILs that can be used as hardeners of adhesive amine resins [36].
The designed structure of these compounds, their parallel multi-activity, plays a role in curing
resins and biocides, which is extremely desirable in the process of protection of wood materials.
It was concluded that (1) the innovative nature of proposed solutions lies in creating stable
and sustainable, deeply wood-penetrating new ILs as wood preservatives of specific properties
with respect to microorganisms responsible for wood degradation, and at the moment of
(insignificant) wood leaching easily degradable by the micro-flora in soil and water environ‐
ment; (2) the results of physico-chemical research on the effect of ILs on material allowed
identification of bonds of new biocides and wood, which is indispensable for identifying
application of ILs in wood preservation; and (3) the ability of combining ILs with other
biocides, e.g. boron or copper compounds, is an offer of new generation of antifungal prepa‐
rations for the chemical and wood industries as well as building construction [36].

The biotic properties of novel structure of tebuconazole IL derivatives: tebuconazole hydro‐
chloride, allyl tebuconazole chloride, methyl tebuconazole iodide, tebuconazole dihydroci‐
trate have been examined in [37]. Their investigation against wood-degrading fungi contained
also the dodecyl dimethyl ammonium 3-aminotriazolate as well as didecyl dimethyl ammo‐
nium nitrate(V), [DDA][NO3], with tebuconazole or with (tebuconazole+propiconazole). It was
found that the most active compound against brown and white rot fungi were precursor of
ILs tebuconazole hydrochloride. The fungistatic dose (ED50) for Coniophora puteana reached 0.1
ppm, the fungitoxic dose (ED100) 5 ppm and the lethal dose (LD) 5 ppm. The fungicidal value
of didecyl dimethyl ammonium nitrate(V) with tebuconazole for Coniophora puteana were <
0.73 kg/m3, for T. versicolor ranged from 0.81 kg/m3 to 1.76 kg/m3. The investigation of protic
triazole-based ILs demonstrated the strongest action against blue stain and mold fungi. The
growth of mycelium on the surface of wood samples was inhibited in the amount of application
15 g/m2. The penetration depth into Scots Pinus sylvestris L. wood of didecyl dimethyl ammo‐
nium nitrate(V) including the tebuconazole reached 6.2 mm [37].
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versicolor reached was < 0.2 kg/m3. In the case of tebuconazole dihydrocitrate the biocidal
activity for T. versicolor was at the level of 0.86-1.38 kg/m3. Ammonium–based ILs with a cation
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fungi comparable with the reference preparation of Sadolin base (150 g/m2). Quaternary
tebuconazole derivatives with methyl and allyl substituents demonstrated a slightly weaker
fungicidal action than tebuconazole. The majority of the examined salts were characterized by
a strong anti-mould action when only 15 g/m2 were applied onto the surface of pine wood.
Hydrophobic ILs did not undergo leaching from treated wood. Water-soluble triazole-based
ILs with 3-aminotriazolate anion got fixed in treated wood. The ATR spectra analysis of treated
Scots pine wood indicated the presence of the cation [DDA]+and the 3-aminotriazolate anion
in the structure of wood. The positive results of the investigations of the novel functional ILs
presented in this study make their potential application in wood protection possible [37].

A very interesting group of ILs is that with a long chain quaternary ammonium cation. They
are formed by direct synthesis or by an anion-exchange reaction in quaternary ammonium
halides. Popular and cheap precursors for the preparation of ILs are dodecyl dimethyl
ammonium chloride and benzalkonium chloride. These compounds have biological activity
and are widely used in industry [38]. Use of cations with long alkyl chains suggests that the
resulting ILs will have biocidal and wood preservative properties [39,40]. It has been found
that didecyldimethyl ammonium and benzalkonium bisulfates (IV), propionates, sorbates and
undecyles are hydrophobic compounds and thus have the ability to preserve wood and refresh
its surface [38].

A study aimed at improving the functionality of linen fabric by antimicrobial finishing with
the use of IL, i.e., quaternary ammonium salt has been carried out in [41]. Antimicrobial activity
of ILs strongly depends on their structure. The study included testing the susceptibility of linen
fabric protected with didecyl dimethyl ammonium nitrate, [DDA][NO3], IL to the bio-
deterioration process with special attention paid to fungi resistance. Finished linen fabric was
tested in relation to the action of five mildew mixtures. The degree of microorganism growth
and its effect on physico–mechanical properties of the fabrics were evaluated. The antimicro‐
bial effectiveness of the IL applied to linen fabric was determined by the use of SEM. Applying
this biocide in the finishing processes of natural textile materials allows the attainment of
antimicrobial barrier properties.

The influence of three types of imidazolium chlorides ILs, namely, [Bmim]Cl, [Hmim]Cl, and
[Dmim]Cl, on the surface properties of wood (Populus sp.) veneers has been studied in [42] by
using contact angle and electrical conductivity analysis. The measurements showed that wood
wettability has increased by IL treatment, thus enabling a higher compatibility of wood with
polar additives or adhesives. The electrical conductivities of treated wood by the method
presented in [42] are in the 0.8-1.65 mS/cm range, higher than the ones reported in the reference
literature, which confers the treated wood anti-electrostatic properties. The treatment of wood
veneers with ILs could be useful in improving the workability of wood by decreasing its
rigidity, and in preventing the build-up of static electric charges on the surface of the wood
during finishing, as well as improving its wettability, thus increasing its compatibility with
polar adhesives or additives. Still further studies need to be conducted in order to assess also
the influence of weathering conditions (humidity, temperature, UV irradiation) and duration
on the surface properties of the wood treated with ILs. Another direction of study should focus
on evaluating the antibacterial properties of the wood treated with the selected ILs, in order
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to have a complete overview of the plethora of useful properties that IL treatment may impart
to wood materials [42].

3. Dissolution of wood biomass in Ionic liquids

Dissolution of wood biomass in common solvents is practically difficult due to the 3-D network
structure of lignin which binds the plant cells together, providing mechanical strength to it.
Therefore, to break this network and for further wood biomass processing, various types of
methods have been used to manipulate its properties for various applications. But each of these
methods has some drawbacks. Biological methods require long time of treatment [43]. Physical
methods (mechanical milling) are energy demanding, expansive and ineffective in complete
removal of lignin. Chemical methods (acid or base treatment) are costly and not environmen‐
tally benign [44]. Physiochemical methods (steam explosion), even though considered as very
promising methods require high pressures/ temperatures and the use of catalysts [45].

Cellulose is one of the most abundant biological and bio-renewable materials in the world,
with a long and well-established technological base. Derivitized products have many impor‐
tant applications in the fiber, paper, membrane, polymer, and paints industries. The applica‐
tion of cellulose is widely distributed among various industries such as fiber, paper,
pharmaceutical, membrane, polymer and paint. However, the utilization of cellulose or
cellulosic materials has not been developed entirely because of its poor solubility in common
organic solvents. Cellulose dissolved in ILs can be regenerated with anti-solvents such as
water, ethanol and acetone. It was pointed out that dissolved pulp cellulose (subjected to
certain heating methods) is soluble in [Bmim]Cl, [Bmim]Br, [Bmim][SCN], and [Hmim]Cl;
insoluble in [Bmim][BF4] and [Bmim][PF6]; and slightly soluble in [Omim]Cl [46].

The efficient dissolution of cellulose is a long-standing goal in cellulose research and is still of
great importance. Cellulose can be dissolved in several ILs and can easily be regenerated by
contacting with water. A short survey of the relevant literature with respect to historical
developments and potential industrial uses of ILs is given in [47], which then proceeded to the
latest results in cellulose/IL chemistry. The dissolution and reconstitution experiments, fiber
characteristics and molecular mass distribution data have been also described in [47].

Dissolution of cellulose with ILs allows the comprehensive utilization of cellulose by combin‐
ing two major green chemistry principles: using environmentally preferable solvents and bio-
renewable feed-stocks. The dissolution of cellulose with ILs and its application is reviewed in
[48] and found that (1) cellulose can be dissolved, without derivation, in some hydrophilic ILs,
such as [Amim]Cl and [Bmim]Cl; (2) microwave heating significantly accelerates the dissolu‐
tion process; (3) cellulose can be easily regenerated from its IL solutions by addition of water,
ethanol or acetone; and (4) the ILs can be recovered and reused after its regeneration. Typical
applications include fractionation of lignocellulosic materials and preparation of cellulose
derivatives and composites. It was concluded that although economical syntheses and
toxicology of IL studies are still much needed, commercialization of these processes has made
great progress in recent years [48].
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It was demonstrated that both hardwoods and softwoods are readily soluble in various
imidazolium-based ILs under gentle conditions [49]. More specifically, a variety of ILs can
only partially dissolve wood chips, while ILs such as [Amim]Cl and [Bmim]Cl have good
solvating power for Norway spruce sawdust and Norway spruce and Southern pine thermo‐
mechanical pulp (TMP) fibers. Despite the fact that the obtained solutions were not fully clear,
these ILs provided solutions which permitted the complete acetylation of the wood.

Alternatively, transparent amber solutions of wood could be obtained when the dissolu‐
tion of the same lignocellulosic samples was attempted in 1-benzyl-3-methylimidazolium
chloride, [Bzmim]Cl. This realization was based on a designed augmented interaction of
the aromatic character of the cation of the IL with the lignin in the wood. After dissolu‐
tion, wood can be regenerated as an amorphous mixture of its original components. The
cellulose  of  the  regenerated  wood  can  be  efficiently  digested  to  glucose  by  a  cellulase
enzymatic hydrolysis treatment [49]. It was thus demonstrated that the dissolution of wood
in  ILs  now  offers  a  variety  of  new  possibilities  for  its  structural  and  macromolecular
characterization,  without  the  prior  isolation  of  its  individual  components.  Furthermore,
considering the relatively wide solubility and compatibility of ILs with many organic or
inorganic functional chemicals or polymers, it is envisaged that this research could create
a variety of new strategies for converting abundant woody biomass to valuable biofuels,
chemicals, and novel functional composite biomaterials [49].

A simple and a novel alternative approach for processing of lignocellulosic materials that relies
on their solubility in solvent systems based on the IL [Bmim]Cl has been presented in [8].
Dissolution profiles for woods of different hardness are presented, making emphasis on the
direct analysis of the cellulosic material and lignin content in the resulting liquors. The cellulose
obtained can be readily reconstituted from the IL-based wood liquors in fair yields by the
addition of a variety of precipitating solvents. Spectroscopic and thermogravimetric studies
indicated that the polysaccharide obtained in this manner is virtually free of lignin and
hemicellulose and has characteristics that are comparable to those of pure cellulose samples
subjected to similar processing conditions.

The effect of the anion of ILs on air-dried pine (Pinus radiata) dissolution has been investigated
in [28]. All ILs used in that study contained the 1-butyl-3-methylimidazolium cation; the anions
were trifluoromethane sulfonate, methyl sulfate, dimethyl phosphate, dicyanamide, chloride
and acetate. Using a protocol for assessing the ability to swell small wood blocks (10 x 10 x 5)
mm, it was shown that the anion has a profound impact on the ability to promote both swelling
and dissolution of biomass. Time course studies showed that viscosity, temperature and water
content were also important parameters influencing the swelling process. The Kamlet-Taft
parameters were used to quantify the solvent polarity of the ILs and found that the anion
basicity described by the parameter β correlated with the ability to expand and dissolve pine
lignocellulose. It was shown that 1-butyl-3-methylimidazolium dicyanamide, [Bmim][DCA],
dissolves neither cellulose nor lignocellulosic material. It was also shown that the lignocellu‐
losic components, particularly the carbohydrate polymers, are rich in hydroxyl groups and
the IL anions that can strongly coordinate these hydroxyl groups (high β), are able to weaken
the hydrogen-bonding interactions in the wood matrix and allow the chips to expand [28].
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A challenge in producing wood-plastic composites (WPCs) with a high wood content using
extrusion processes is the poor processability, which gives rise to inadequate properties of the
resulting WPC. Plasticizing the stiff wood cell walls can be a strategic response to this
challenge. Two thoughts to improve the plasticity of wood particle cell walls: use of ILs or use
of low molecular weight organic thermal conductors is addressed in [50]. An IL can dissolve
the cell wall surface and therefore reduce the stiffness of the cell wall during the extrusion
process. Incorporation of ILs can also impart anti-microbial and antistatic properties to the
resulting composites, as well as improving the fire retardancy and resistance against fungal
decay. However, high cost and leachability of ILs are the main issues that impede their
application in wood-plastic composites (WPCs) processes. In addition, ILs exhibit extremely
high polarity and can absorb moisture from surrounding environment, which may cause
dimensional instability of the resulting WPC. The presence of ILs may also cause the formation
of a weak interfacial layer between wood particles and plastic matrices [50].

One other achievement of the Wood Technology Institute in Poznan (Poland) project was
the development of a method for cellulose isolation from lignocellulosic raw materials using
developed new morpholine ILs. The project focused on development of a novel method of
dissolving papermaking raw materials and semi-finished products in ILs in order to extract
the carbohydrate from the lignin fraction and ultimately obtain cellulose from a chemical-
morphological conglomerate that wood is. The results of the investigation of application of
ILs blends as cellulose solvents is expected to be an innovative R&D trend in the forest-
based sector [36].

An ideal IL for cellulose transformation should possess the following properties: (1) high
dissolution capacity for cellulose; (2) low melting point; (3) good thermal stability; (4) non-
volatile; (5) non-toxic; (6) chemically stable; (7) no cellulose decomposition; (8) easy cellulose
regeneration, and (9) low cost and simple process [51]. Imidazolium is one of the most
commonly used cations of ILs, while anions include quite a number such as chloride, hexa‐
fluorophosphate, tetrafluoroborate and others. To improve the solubility of cellulose and
lignocellulose in ILs, it is important to optimize the suitable anions and cations in ILs, some‐
times necessitating structural modifications [52].

The dissolution of cellulose and lignocellulose in various ILs including key properties such as
high hydrogen-bonding basicity, which increases the ability of the IL to dissolve cellulose has
been described in the review by [9]. As a pretreatment in biofuel production, the review in [9]
details aspects such as the regeneration of cellulose from ILs, structural changes that arise in
the regenerated cellulose and its effect on enzymatic hydrolysis, the potential for IL recycling,
and finally, exploiting ILs in an integrated bioprocess. The review in [9] also presented the
solubility of assorted lignocellulosic material and constituent polymers using different ILs.
The outcomes clearly show that some ILs such as [Bmim]Cl are beneficial in dissolving biomass
samples (cellulose solubility of up to 25 wt.%), whilst other ILs containing large non-coordi‐
nating anions [PF6]-and [BF6]-are unsuitable as a solvent for either cellulose [46] or lignin
liquefaction [53]. Longer chained substituted ILs such as [Hmim]Cl and [Omim]Cl also appear
to be less efficient in dissolving cellulose [46,53]. At 100 oC, [Hmim]Cl was found to dissolve
only 5 wt.% of cellulose, whereas [Bmim]Cl dispersed up to 10 wt.% of cellulose.
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The discovery of [Bmim]Cl, which is reported to completely dissolve cellulose without the
formation of derivatives, has created a basis for studying the use of ILs in wood processing.
This finding paved the way for a many studies on interactions between cellulose and ILs [54].
The superiority of [Bmim]Cl in breaking the extensive hydrogen-bond network present in
cellulose can be attributed to its high chloride anion concentration. Owing to its strong
hydrogen-bonding basicity, ILs with elevated chloride anions possess the capacity to rapidly
dissolve greater amounts of cellulose [9]. The poor performance of ILs containing [PF6]-and
[BF6]-anions was attributed to the weak hydrogen-bonding basicity of these anions [55].
However, weak activity associated with longer-chained substituted ILs such as [Hmim]Cl and
[Omim]Cl may be ascribed to a reduction in the effective chloride concentration of these ILs [9].

ILs based on polar organic solvents such as dimethyl formamide (DMF), dimethyl acetamide
(DMAc), dimethyl imidazolidinone (DMI) or dimethyl sulfoxide (DMSO) and usually coupled
with charged species such as LiCl, are frequently used for dissolving cellulose. Methylsulfate
imidazolium-based ILs showed excellent results when dissolving softwood Kraft lignins [52].

The research efforts in processing of lignocellulosic biomass using ILs as solvents is described
[4]. Cellulose composite fibers were prepared based on IL solution with dispersion of the
additives. Wood and bagasse were completely dissolved in ILs. Partial separation of the
components was obtained using selected reconstitution solvents. High temperature and fast
dissolution was found to be an efficient method for both dissolution and separation of biomass
components. Biomass composite fibers can be prepared directly from such biomass solutions.
With selected catalysts in solution, improved dissolution and separation was achieved, making
the delignification and pulp yield comparable to the Kraft pulping process [4].

The interaction of natural polymers (Avicel, wood, “beech” cellulose) with the [Emim]Cl IL
and their structural features before and after the regeneration process have been investigated
in [56]. The observed dissolution mechanisms were found to be fully controlled by the physical
and chemical organizations of the macromolecular chains. The XRD results indicated that the
crystalline structure of the substrates regenerated from the IL is mostly disrupted.

One of the major challenges of biomass-based technologies is to extract sugars that are
covalently trapped inside the lignocellulosic biomass efficiently. ILs have been recognized as
promising solvents for mild and rapid hydrolysis of biomass feedstocks with higher sugar
yields. An IL-based biomass hydrolysis strategy for large-scale production of fermentable
sugars from corn stover has been developed and evaluated in [57]. Toward this aim, a process
simulation model based on literature experimental studies and a simulated-moving-bed (SMB)
system has been developed. The IL cost has been identified as the major cost driver. Analysis
suggested that process alternatives with lower IL consumption and/or separation strategies
that would allow higher recycle of ILs should be studied [57].

Pine and eucalyptus woods were dissolved in ILs [Emim][OAc], [Amim]Cl, [Bmim]Cl and
[Emim]Cl, and successfully regenerated lignin from the solutions of these woods in the
chloride-based ILs after 24 h at 150 oC in a thermostatic bath using methanol or ethanol as anti-
solvents or after 1 h at 170 oC in a microwave oven [58]. Similarly, cellulose was recovered from
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the wood solutions in [Amim]Cl after 20 min at 120 oC in the microwave oven. The regenerated
products were found to be similar to the reference samples [58].

The [Bmim]Cl IL was used to dissolve two lignocellulosic materials including bagasse soda
lignin and Populus deltoides wood flour at 70 °C for 72 h while stirring in [59]. The lignin and
wood flour samples were acetylated with addition of acetic anhydride to each container with
a 1:1 ratio and heated for 3 days at 110 oC. The functional groups and the number and type of
carbon as well as their structure were examined and identified.

The dissolution and regeneration of both hardwood and softwood dissolving pulps with and
from the two ILs ([Bmim][OAc] and [Bmim]Cl were investigated in [60]. The impact of treating
cellulose with ILs was also evaluated by using different analytical techniques (size exclusion
chromatography, thermal gravimetric analysis and scanning electron microscopy).

Regarding IL recyclability, the new classes of ‘switchable’ and ‘distillable’ ILs can effectively
lignocellulose. Whereas previous structures have low recyclabilities, the new structures can
be converted from their ‘ionic’ form into “neutral” species, which allows for distillation of the
materials in high yields and recovery. This increases the overall sustainability of the prospec‐
tive processes, beyond what was capable before and offers significant energy savings [11].

A route for IL synthesis making use of alcohols and carboxylic acids both commonly found in
a biorefinery is presented in [3]. Some of these ILs have also been tested for their ability to
dissolve cellulose. He addressed the possibilities but also challenges upon IL-mediated
lignocellulose processing. This includes investigating several ILs and their efficiency as a
pretreatment solvent for enzymatic hydrolysis; these studies involve a large variety of different
cellulosic materials. It has been demonstrated that depolymerization during the IL pretreat‐
ment is a possibility and that this can complicate the recovery processes and gives guidance
into what type of ILs might be suited as pretreatment solvents for different cellulosic materials,
including amorphous and crystalline cellulose, processed and native lignocellulose, different
types of wood samples and hemicellulose [3].

Pretreatment of lignocellulosic biomass materials from poplar, acacia, oak, and fir with
different ILs containing 1-alkyl-3-methylimidazolium cations and various anions was carried
out [61]. The dissolved cellulose from the biomass was precipitated by adding anti-solvents
into the solution with vigorous stirring. Commercial cellulases were used for the hydrolysis
of untreated and pretreated lignocellulosic biomass. The hydrolysis of the cellulose was
facilitated by the pretreatment with [Emim][OAc] and [Emim][CF3COO]. Among the tested
ILs, [Emim][OAc] showed the best efficiency and resulted in highest amount of liberated
reducing sugars. It was also found that enzymatic hydrolysis using combined pretreatment
techniques could result in significant improvements of enzymatic hydrolysis efficiency.
Combined pretreatment of the lignocellulosic biomass using glycerol-ILs and dilute acid-ILs
were evaluated and compared with single pretreatment using glycerol, ILs or dilute acid [61].

Lignin was isolated from rubber wood using 1,3-dimethylimidazolium methyl sulfate IL in
[62], and the optimum parameters to isolate lignin, namely, concentration of IL (0.5 mol),
isolation duration (120 min) and isolation temperature (100 °C) investigated. Lignin could be
isolated from rubber wood up to 13.03 wt.% by IL which is less than that obtained using acid
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(22.15 wt.%) and alkaline (18.56 wt.%) isolation methods. The lignin preliminary structures
isolated by IL have been confirmed based on Fourier transform infrared (FTIR) results.
However, the isolated lignin by IL provides a lignin without other related isolatives. In
addition, the IL can be recycled up to three times compared to acid and alkaline isolation
methods [62].

A new composite material was obtained by using a waste resulted from wood industry, namely
spruce wood flour and an ecologic green solvent for lignocellulose, namely 1-butyl-3-methyl‐
imidazolium chloride, [Bmim]Cl [63]. The method consists of dissolving wood in ILs followed
by precipitation by water addition. The precipitated cellulose and lignin act as natural binders
for the wood particles thus avoiding the use of toxic organic resins as adhesives. The obtained
composites showed good water stability and compressive mechanical strength. Taking into
account that the studied IL is non-volatile, the proposed method is more ecological than other
traditional fiberboard-obtaining processes, which are energetically inefficient and contribute
to the pollution of the atmosphere [63].

Lots of reports are available on dissolution of cellulose in ILs and its applications (48,64].
Dissolution of cellulose samples in some imidazolium–based ILs,  collected from referen‐
ces  [46,  65-69]  is  available  in  [70].  Selected  results  for  cellulose  dissolution  in  ILs  are
presented in [4]. Recently, the extent of cellulose solubility in the most commonly used ILs
is summarized in [6]. On the other hand, a summary table on the dissolution behavior of
various types of wood–based lignocellulose in different ILs, based on data from [49] and
[71], are provided in [72].

However, dissolution of wood in ILs is far more complicated than cellulose dissolution due to
the wood complex structure from the 3-D lignin network [49]. Up to now, wood dissolution
in ILs is limited to the imidazole-based ones [14]. A summary of the ILs used for wood
dissolution according to various published sources [8,49,73,74] is presented in [14].

Wood fractionation through IL-mediated pretreatment for obtaining simple fermentable
sugars, namely oligo-and mono-saccharides, and in particular hexoses (and pentoses) has been
investigated in [75] focusing on softwood, Scots pine (Pinus sylvestris) and Norway Spruce
(Picea abies), exposed to 1-ethyl-3-methylimidazolium chloride, [Emim]Cl, IL. Since both
[Emim]Cl and the mono-saccharides are water-soluble and dissolve readily in similar solvents,
the separation of this hydrophilic IL from sugars is difficult. Moreover, the analysis of mono-
saccharides released from lignocellulosics with the help of [Emim]Cl is challenging [75].

It was found that both softwood (southern yellow pine) and hardwood (red oak) can be
completely dissolved in the IL 1-ethyl-3-methylimidazolium acetate, [Emim][OAc], after mild
grinding [76]. Complete dissolution was achieved by heating the sample in an oil bath,
although wood dissolution can be accelerated by microwave pulses or ultrasound irradiation.
It was shown that [Emim][OAc] is a better solvent for wood than 1-butyl-3-methylimidazolium
chloride, [Bmim]Cl, and that variables such as type of wood, initial wood load, particle size,
etc. affect the dissolution and the dissolution rates; for example, red oak dissolves better and
faster than southern yellow pine [76].
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Lipophilic wood extractives composition is currently a big concern of pulp and paper indus‐
tries due to their negative impacts on the quality of the pulp and on the environment. Because
of the shortcomings of different extraction procedures using volatile organic solvents in
capturing residual lipophilic extractives in pulp, the use of ILs as an effective approach for
such extraction is reported in [77]. The capacity of [Bmim][OAc] and [Bmim]Cl ILs to recover
wood extractives was compared and observed that [Bmim]Cl recovered a higher amount of
extractives than [Bmim][OAc]. Thus, the effectiveness of the IL in this process was due to the
anion and not the cation of the solvent [77]. Based on the fact that ILs are biodegradable, non-
volatile and non-flammable, this approach of analysis is definitely a highly green process for
the determination of lipophilic extractives in dissolving pulp.

Lignin is an aromatic, amorphous, heterogeneous polymer that represents the second most
abundant natural polymeric material on Earth [78]. It is known that the bulk of lignin in wood
consists of non-phenolic aryl-glycerol-β-O-aryl ether units. Other units, such as phenylcou‐
maran (β-5), resinol (β-β), and dibenzodioxocins(5-5/β-O-4, α-O-4) are also present within the
lignin macromolecule [79]. Furthermore, lignin is usually covalently linked to carbohydrates
forming a refractory lignin-carbohydrate network [80].

Ionic liquids, especially those based on imidazolium cations, are capable of dissolving cellulose
in a wide range of values of the polymerization degree (even bacterial cellulose) without
covalent interactions [81,82]. Scientists are currently investigating the application of ILs as the
solvent for the chemical modification of cellulose [See for example, 81,83-86].

The dissolution mechanism of cellulose in ILs involves the oxygen and hydrogen atoms of the
cellulose-OH groups in the formation of electron donor-electron acceptor (EDA) complexes
which interact with the IL. On the basis of the analysis of experimental and theoretical data, it
was found that hydrogen-bond interactions are created between H-atom of OH-groups in
cellulose and electron-donor center of the anion of the IL [87]. The cation of the IL doesn’t
interact with the cellulose directly. The cations role is considered as a steric obstacle for the
prevention of interactions between polymeric chains, shielding them from each other after
dissolution [87].

Lignin contributes to the recalcitrance of lignocellulosic biomass and affects enzymatic activity
during biorefinery operations, therefore, it must be removed before further processing [88].
Organic solvents and ILs are two important pretreatments for delignifying lignocellulosic
biomass; both have been proven beneficial for fractionating and recovering cellulose and
hemicellulose, as well as lignin with useful physicochemical properties. Volatility and harsh
conditions of the acidic systems that result in toxicity, corrosion, and pollution are the main
problems of organic solvents. Ionic liquids, generally recognized as green solvents, have also
been proposed as a possible solution to the challenge of using lignocellulosic biomass. Ionic
liquids can either dissolve the lignocellulosic biomass completely or dissolve it into individual
fractions. The advantages and disadvantages of organic solvents and ILs were considered,
since both are important methods to fractionate lignocellulosic biomass in their main compo‐
nents which can be converted into value added products [88].
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The application of selected ILs as aprotic green solvents for dissolution of lignin (isolated from
pine Kraft pulp) were examined in [53]. Up to 20 wt.% lignin could be dissolved in [Hmim]
[CF3SO3], [Mmim][C1SO4] and [Bmim][C1SO4]. For the [Bmim]+‐containing ILs, the order of
lignin solubility for varying anions was: [MeSO4]− > Cl− ∼ Br− ⋙[PF6]−, indicating that the
solubility of lignin was principally influenced by the nature of the anions. ILs containing large,
non‐coordinating anions [PF4]− and [PF6]− were unsuitable as solvents for lignin [53].

The enzymatic pretreatment of wood biomass for degrading lignin, which is a complex
aromatic polymer, has received much attention as an environmentally safe or “green” process.
However, this process for lignin degradation has been found to be very slow, even needed
several months. To overcome this limitation, a new approach for enhanced enzymatic
delignification of wood biomass using ILs-a potentially attractive “green” and “designer”
solvent-as co-solvents and/or pretreated agents has been reported in [89]. This approach
comprised pretreatment of wood biomass prior to enzymatic delignification in ILs-aqueous
systems with the aim of overcoming low delignification efficiency associated with the
difficulties in enzyme accessibility to the solid substrate and the poor substrate and products
solubility in aqueous system. The results showed that IL [Emim][OAc] was a better solvent for
wood delignification than IL [Bmim]Cl. The recovered cellulose rich materials obtained from
combination effects of IL and biological pretreatment contained significantly lower amounts
of lignin as compared to the amounts found when each method applied alone. It is believed
that this newly developed process will play a great role in converting cellulosic biomass to
biomaterials, biopolymers, biofuels, bioplastics and hydrocarbons [89].

The [Bmim]Cl and [Bmim][MeSO4] ILs have been examined to dissolve wood flour, cellulose
and chemical-mechanical pulp (CMP) in [90]. The overall evaluation indicated the inability of
[Bmim][MeSO4] in full dissolution of lignocellulosic materials and sample treatment with this
solvent led to water-soluble degradation products, whereas, [Bmim]Cl was able to dissolve
lignocelluloses. Density, clarity, water absorption and thickness swelling of regenerated
cellulose films were significantly higher than those of CMP and wood flour, and CMP higher
than wood flour. Also, cellulose film has the lowest water vapor permeability compared to
wood flour and CMP. Tensile strength, Young's modulus and strain at breaking point of
cellulose film were significantly higher than the CMP and wood flour samples [90].

The state of art on the dissolution of cellulose, lignin and wood using ionic liquids is presented
in [91] with emphasis on the relationship between the properties of ionic liquids and the
dissolution capacity. The impact of the solvation parameters, namely, Hildebrand solubility
parameter and hydrogen-bond basicity were related to the dissolution of lignocellulosic
material. Good solvents for cellulose are [Bmim]Cl, [Amim]Cl and [Emim][OAc], whereas for
lignocellulosic material the best solvents are [Emim][OAc]and [Amim]Cl [91]. In the allyl
group, the ethylene functionality facilitates B-interactions with the aromatic lignin structure.
Furthermore, small polarizable anions are also powerful when aiming at dissolution of
cellulose. The properties of the regenerated cellulose and the reconstituted lignin were
compared with those of the native materials and the results from the regeneration and reuse
of ionic liquids were presented [91].
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The dissolution of ball-milled poplar wood (PW), chemical-mechanical pulp (CMP), and cotton
linter (CEL) in two imidazolium ILs, namely, 1-butyl-3-methyl-1-imidazolium chloride,
[Bmim]Cl, and 1,3-methylimidazolium dimethyl sulfate, [Dimim][MeSO4] have been tested in
[92]. The overall evaluation indicated the inability of [Dimim][MeSO4] in complete dissolution
of lignocellulosic materials, and sample treatment with this solvent did not lead to water
soluble degradation products. However, [Bmim]Cl was able to dissolve all used lignocellulosic
materials by destroying inter-and intra-molecular H+bonds between lignocelluloses. The
physical and mechanical properties of the regenerated CEL films were much higher than those
of CMP and PW composites. In addition, CEL film showed the lowest water vapor permea‐
bility compared to the WF and CMP composite films [92].

4. Lignin extraction in ionic liquids

Biodegradable plastics and biocompatible composites, generated from renewable biomass
feedstock, are regarded as promising materials that could replace synthetic polymers and
reduce global dependence on fossil fuel sources [93]. Wood cellulose, the most abundant
biopolymer on earth, holds great potential as a renewable biomass feedstock for the future.
The lignocellulosic biomass composes a diversity of feedstock raw materials representing an
abundant and renewable carbon source and a key sustainable source of biomass for transfor‐
mation into biofuels (e.g. bioethanol) and bio–based products (feedstock molecules for the
chemical industry such as phenols and other aromatics). Because of the worldwide energy
shortage and environmental pollution, the world has to make full use of lignocellulose in order
to develop clean energy and bio-products in the future. However, the great diversity of
lignocellulosic biomass opens a great opportunity for the production of various commodities
using the wise valorization processes [94].

In majority lignocellulose is constituted by carbohydrate macromolecules, namely, cellulose
(30-50 wt.%) and hemicellulose (15-30 wt.%), and by lignin (10-30 wt.%); a poly-phenylpro‐
panoid macromolecule. Between these bio-macromolecules, there are several covalent and
non-covalent interactions defining an intricate, complex and rigid structure of lignocellulose.
The deconstruction of the lignocellulosic biomass makes these fractions susceptible for easier
transformation to large number of commodities including energy, chemicals and material
within the concept of biorefinery [94].

Cellulose is a major component in plant cell walls, which is made up of 6 carbon sugar (glucose)
in the form of long chains. Hemicellulose is composed of 5 carbon sugars (xylose) which is the
second most abundant source in the plant cell walls, and it is interconnected with cellulose
molecules. Lignin provides the structural strength for the plant. Due to the complex structure
of lignocellulose, it is resistant to traditional solvents, which inhibits hydrolysis and commer‐
cial utilization. Since different lignocellulosic materials have different physico-chemical
characteristics, it is necessary to adopt suitable pretreatment methods for the lignocellulosic
biomass [95]. However, the separation of lignin from cellulose and hemicellulose is a vital step.
Also lignocellulosic biomass is highly recalcitrant (unmanageable) to biotransformation, both
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microbial and enzymatic, which limits its use and prevents economically viable conversion
into value-added products. As a result, effective pretreatment strategies are necessary, which
invariably involve high energy processing or results in the degradation of key components of
the lignocellulose [96]. To unlock the entire scope of potential benefits of this feedstock, the
wood components, namely cellulose, hemicellulose and lignin, need to be separated and
processed individually [93].

Lignin is a renewable bio-resource with a variety of applications. It is an important component
of the biomass from which several useful chemicals can be derived as indicated by the work
initiated in the second half of the last century and the renewed interest today. Lignin valori‐
zation constitutes an important component of the modern biorefinery scheme, and the
structure and composition of lignin offer unique routes to produce several fine and bulk
chemicals. The different approaches and strategies currently available for catalytic lignin
valorization are presented in [97]. Generally, lignin reduction catalytic systems produce bulk
chemicals with reduced functionality, whereas lignin oxidation catalytic systems produce fine
chemicals with increased functionality [97].

The development of green processes for wood dissolution and lignin regeneration would be
really useful in the context of biorefinery and biomass efficient employment. One of the most
traditional methods to lignin extraction used in the industry is by the Kraft process. Even
though most of the lignin is extracted, the Kraft process has several major disadvantages: (1)
high temperature and pressure; (2) pollution; (3) odor problem (due to the use of sulphite); (4)
high water usage; and (5) large plant size [98]. Several other methods to extract lignin from
lignocellulose have been designed and developed in the past. These include physical (limited
pyrolysis and mechanical disruption/comminution), physiochemical (steam explosion,
ammonia fiber explosion), and chemical (acid hydrolysis, alkaline hydrolysis, high tempera‐
ture organic solvent pretreatment, oxidative delignification) methods [52]. The above extrac‐
tion methods have one main disadvantage; the lignin starts to degrade after a certain amount
of lignin is extracted.

Generally, the biomass pretreatment depends on the final goal in the biomass processing. The
recalcitrance of lignocellulose materials is the main limitation of its processing once the
inherent costs are excessively high for the conventional pretreatments. Furthermore, none of
the currently known processes is highly selective and efficient for the satisfactory and versatile
use, thus, new methodologies are still broadly under study [94].

The IL technology on biomass processing is relatively recent and first studies were focused on
the lignocellulosic biomass dissolution in different ILs. The dissolution in IL drives to the
structural changes in the regenerated biomass by reduction of cellulose crystallinity and lignin
content contrasting to the original biomass. These findings provided ILs as tools to perform
biomass pretreatment and the advantageous use of their specific properties over the conven‐
tional pretreatment processes [94].

ILs have played an important role in the production of clean energy owing to their excellent
physico-chemical properties and outstanding performance in the dissolution and separation

Ionic Liquids - Current State of the Art438



microbial and enzymatic, which limits its use and prevents economically viable conversion
into value-added products. As a result, effective pretreatment strategies are necessary, which
invariably involve high energy processing or results in the degradation of key components of
the lignocellulose [96]. To unlock the entire scope of potential benefits of this feedstock, the
wood components, namely cellulose, hemicellulose and lignin, need to be separated and
processed individually [93].

Lignin is a renewable bio-resource with a variety of applications. It is an important component
of the biomass from which several useful chemicals can be derived as indicated by the work
initiated in the second half of the last century and the renewed interest today. Lignin valori‐
zation constitutes an important component of the modern biorefinery scheme, and the
structure and composition of lignin offer unique routes to produce several fine and bulk
chemicals. The different approaches and strategies currently available for catalytic lignin
valorization are presented in [97]. Generally, lignin reduction catalytic systems produce bulk
chemicals with reduced functionality, whereas lignin oxidation catalytic systems produce fine
chemicals with increased functionality [97].

The development of green processes for wood dissolution and lignin regeneration would be
really useful in the context of biorefinery and biomass efficient employment. One of the most
traditional methods to lignin extraction used in the industry is by the Kraft process. Even
though most of the lignin is extracted, the Kraft process has several major disadvantages: (1)
high temperature and pressure; (2) pollution; (3) odor problem (due to the use of sulphite); (4)
high water usage; and (5) large plant size [98]. Several other methods to extract lignin from
lignocellulose have been designed and developed in the past. These include physical (limited
pyrolysis and mechanical disruption/comminution), physiochemical (steam explosion,
ammonia fiber explosion), and chemical (acid hydrolysis, alkaline hydrolysis, high tempera‐
ture organic solvent pretreatment, oxidative delignification) methods [52]. The above extrac‐
tion methods have one main disadvantage; the lignin starts to degrade after a certain amount
of lignin is extracted.

Generally, the biomass pretreatment depends on the final goal in the biomass processing. The
recalcitrance of lignocellulose materials is the main limitation of its processing once the
inherent costs are excessively high for the conventional pretreatments. Furthermore, none of
the currently known processes is highly selective and efficient for the satisfactory and versatile
use, thus, new methodologies are still broadly under study [94].

The IL technology on biomass processing is relatively recent and first studies were focused on
the lignocellulosic biomass dissolution in different ILs. The dissolution in IL drives to the
structural changes in the regenerated biomass by reduction of cellulose crystallinity and lignin
content contrasting to the original biomass. These findings provided ILs as tools to perform
biomass pretreatment and the advantageous use of their specific properties over the conven‐
tional pretreatment processes [94].

ILs have played an important role in the production of clean energy owing to their excellent
physico-chemical properties and outstanding performance in the dissolution and separation

Ionic Liquids - Current State of the Art438

of lignocellulose. However, the research in this area is still at its infant stage and some problems
have to be solved. In the future work, the following main issues are suggested [70].

1. To study the interaction mechanism between ILs and cellulose, hemicellulose or lignin
further through macroscopic and microcosmic methods, and to know how cations and
anions of the ILs disrupt the cross-linked structure, and the intra-and inter-molecular
hydrogen bonding of lignocellulose.

2. To develop the knowledge of the relationship between the structure of ILs and their
dissolution performance for cellulose, hemicellulose and lignin, and then to design and
prepare more new task-specific ILs which are ought to have low viscosity, low melting
points and high dissolution and separation capability for lignocellulose.

3. To develop inexpensive methods for the recovery and recycle of ILs, and to promote the
application of microwave heating and other intensification technologies in the dissolution
and separation of lignocellulose components with ILs.

4. To investigate the effect of precipitation solvents on the crystalline state and thermo-
physical properties of regenerated cellulose, hemicellulose and lignin, and then to regulate
the structure and properties of the regenerated components for different applications.

ILs have proven the inordinate potential in reactions and separation including biomass
processing. The pretreatment of lignocellulosic biomass can affect its physical properties, such
as alter the structure of cellulosic biomass to make cellulose more accessible to the enzymes
that convert carbohydrate polymers. Subsequently, when lignocellulose is separated into its
components, it can be hydrolyzed to fermentable sugars (monosaccharaides) using mineral
acids or enzymes. Mono-saccharides can then be further converted to other valuable bio–based
chemicals [95].

ILs can dissolve extensive quantities of biomass, and even be designed to be multifunctional
solvents [99]. In the past decade, ILs have been used as solvents for natural polymers, including
cellulose and starch [e.g., 8,46,48]. Current methods to separate wood components, such as
Kraft pulping for example, suffer considerable drawbacks and cannot be considered environ‐
mentally benign [85]. These drawbacks lead researchers to trying to design and develop ILs
that are able to dissolve lignin and thus, extracting them from the lignocellulosic biomass with
the aim of minimizing lignin degradation. In order to separate lignin from plant constituents
using ILs, the ideal IL should possess properties such as: high dissolution capacity for lignin;
low melting point; good thermal stability; non-volatile; non-toxic; chemically stable; no lignin
decomposition; easy lignin regeneration; low cost and simple process [51,52].

The tremendous chemical and physical breadth of ILs can be exploited in the design of new
ILs with improved lignin extraction capability while providing a ready source of highly
degradable cellulose and hemicellulose. Further studies, such as precipitation or extraction of
lignin and removal or reuse of ILs by ion exchange, are needed to evaluate the efficient removal
of the pristine lignin from the IL, thereby providing a new source for highly functionalized
natural product [96].
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The unique solvating properties of ILs foster the disruption of the 3-D network structure of
lignin, cellulose, and hemicellulose, which allows high yields of fermentable sugars to be
produced in subsequent enzymatic hydrolysis. Lignocellulosic biomass pretreatment in ILs is
a promising alternative, with comparable or superior yields of fermentable sugars, than
conventional pretreatments. The broad number of ILs that can be synthesized allows the design
of solvents with specific physicochemical properties that play a critical role interacting with
lignocellulosic biomass subcomponents [72]. Today, these interaction mechanisms are better
understood. However, future challenges rely on the ability to make this process economically
attractive. This might be achieved by optimizing large-scale pretreatment conditions, per‐
forming post-pretreatment steps in ILs, reusing ILs, recycling the ILs with reduced energy
consumption and enhancing process efficiency, and producing high-value products in
addition to ethanol (e.g., products traditionally derived from petroleum, fine chemicals or fuels
with higher energy value). Moreover, the potential high-value of lignin suggests that it might
instead be used in the large-scale diversified manufacture of high value chemicals, tradition‐
ally obtained from petroleum [72].

The physico-chemical properties of ILs that make them effective solvents for lignocellulose
pretreatment, including mechanisms of interaction between lignocellulosic biomass sub-
components and ILs, along with the several recent strategies that exploit ILs and generate high
yields of fermentable sugars suitable for downstream biofuel production, and new opportu‐
nities for use of lignocellulosic components, including lignin, have been summarized and
highlighted in [72].

A variety of ILs have been used to dissolve lignocellulosic biomass. The mostly reported
efficient ILs used to dissolve lignocellulose are those containing Cl-anion, e.g. [Amim]Cl and
[Bmim]Cl. The ions in these ILs dissociate to individual cations and Cl-ions. The free Cl-ions
associate with the cellulose hydroxyl proton, which are the hydrogen-bond accepters and the
free cations are moderate hydrogen-bond donators that complex with the cellulose hydroxyl
oxygen. This leads to the disruption of hydrogen bonds in cellulose and to the dissolution of
cellulose [95]. However, chlorine has been proved as an ecologically destructive element in the
industrial utilization and its by-products are also harmful for human. Therefore, finding new
chlorine-free ILs that also provide good dissolution ability on lignocellulosic biomass (cellu‐
lose, hemicellulose and lignin) is underway [95].

Recently, a number of publications introduced a variety of technical developments and solvent
systems based on several types of ILs to fractionate lignocellulose into individual polymeric
components, after full or partial dissolution [100]. Many new technical advances are apparent,
including more refined ILs, electrolytes, pretreatments and processing techniques. However,
the application of fundamental knowledge related to the connectivity of wood biopolymers,
morphology, ultrastructure, and even the wood solubility in ILs seems to have been largely
neglected. Increasing awareness related to IL reactivity has brought both challenges and
possibilities to wood fractionation. Depolymerization during fractionation can result in
undesired products. This is most relevant when molecular weight distributions should be
maintained, e.g. for the production of cellulosic pulps. However, in some cases degradation
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may be beneficial, e.g. for dissolving the lignin-carbohydrate complexes (LCC) network or
reducing the recalcitrance of wood for biofuel production [100].

On the other hand, the polar nature of ILs has the ability for dissolution and fractionation of
wood biomass for various applications. Dissolved wood biomass fractions are regenerated by
the addition of non-solvents, i.e., water, acetonitrile, etc. [46,101]. Using ILs for the preparation
of cellulose and wood biomass composites and derivatives will contribute towards reducing
the dependency on petroleum as raw material whilst enhancing the use of wood biomass.
Though ILs are considered as green solvents, there are some drawbacks associated with them
such as non-biodegradable, expensive and the toxicity is still not known. This calls for further
research in order to understand their toxicity and also to develop new economically viable
methods for producing ILs at industrial scale [102].

The application of ILs in cellulose dissolution has promising futures due to three factors: (i)
ILs properties such as like extremely low vapor pressure, high polarity, and high chemical and
thermal stabilities, and the most important properties of ILs is the possibility of reaction at
high temperature without hazard; (ii) cellulose abundance, biodegradability and biocompat‐
ibility; and (iii) the dissolution of cellulose in ILs takes place in wide temperature range (60–
130oC) which may help in applying different types of modifiers in the blending process of
grafting copolymerization [103].

Modification of cellulose in ILs media provides possibilities for preparation of various
advanced materials, including cellulose derivatives and composites, which may replace
synthetic polymers, which biodegrade slowly or to a less extent. The important target for this
technology is how to increase the solubility efficiency, which may be achieved by careful design
of what is called “Task-Specific IL (TSIL)” [104]. TSIL is a design specific type of ILs produced
by introducing functional groups at the imidazolium cation to make the IL more effective in
the cellulose dissolution process [55]. A reactive extrusion process to modify the cellulose has
been successfully applied where a specific IL has been used with cellulose and cyclic anhydride
to modify the cellulose by using twin screws. This process may open a new horizon for cellulose
modification through melting process or may lead to regeneration of cellulose through melting
process [103].

In a typical process of lignocellulose biomass pretreatment, lignocellulose and IL are heated
up to 100°C for a certain time. The dissolution time depends on the structure of the cellulose
and the type of the IL. The dissolved cellulose in the IL can be precipitated by adding a non-
solvent (anti-solvent), such as water, methanol, ethanol, or acetone and separated by filtration.
The filtrated IL can be recovered and reused through the distillation of the anti-solvent [95].

The dissolution of three wood species in the IL [Amim]Cl, followed by pretreatment with small
amounts of hydrochloric acid, has been studied as a function of time in [105]. The materials
regenerated from the IL solutions were determined to contain significantly higher amounts of
lignin than the original wood. Detailed analyses of the recovered IL revealed the presence of
typical wood degradation compounds. Thus an IL–based acid pretreatment of wood may offer
a potential platform for the efficient conversion of woody biomass to readily digestible
carbohydrates and other valuable chemicals.

Utilization of Ionic Liquids in Wood and Wood-Related Applications — A Review
http://dx.doi.org/10.5772/59079

441



The effect of temperature on enhancing the enzymatic hydrolysis of cellulose wheat straw in
the IL [Amim]Cl has been studied and the morphology, enzymatic hydrolysis rate, the
recovery and the composition of the recovered solid have been investigated in [106]. It was
concluded that treatment with [Amim]Cl is an efficient pretreatment method to enhance the
enzymatic hydrolysis of wheat straw; too intense treatment condition would induce degra‐
dation of wheat straw and the most easily degradable component is hemicellulose. Heating at
150°C for 2 h is a suitable condition for the pretreatment [106].

The chemical interaction of dissolving pulp with ILs, where softwood and hardwood industrial
dissolving pulps were pretreated with ILs [Bmim][OAc] and [Bmim]Cl have been investigated
in [107]. Time (28-330 h) and temperature (80 oC and 105 oC) dependence of the dissolution
process as well as the impact of the pretreatment on the molecular weight properties, thermal
stability, morphology, and crystallinity of the cellulose were evaluated. It was shown that the
dissolution of cellulosic material in ILs is a temperature-dependent process; however, the
viscosity of the IL affected the efficiency of dissolution at a given temperature. Molecular
weight properties were affected negatively by increased dissolution temperature, while the
type of anti-solvent for the regeneration of cellulose had no major impact on the degree of
polymerization of the cellulose. Water was found to be more efficient than ethanol for the
regeneration of cellulose when performed at an elevated temperature. The pretreatment
decreased the crystallinity of the cellulosic material. This might lead to the increased accessi‐
bility and reactivity of the cellulose [107].

Various wood samples (subjected to some mechanical pretreatment) were dissolved in some
Cl--containing ILs, namely, [Amim]Cl, [Bmim]Cl, and [Bzmim]Cl for 8 h at temperatures
between 80 and 130 oC and results showed that wood can be dissolved in some ILs, including
[Amim]Cl and [Bmim]Cl, with high wood regeneration yield [49].

Cellulolytic enzymatic hydrolyses of wood regenerated from IL solutions was determined to
produce higher saccharification yields than those of untreated wood. When these ILs were
used for additional wood pretreatment cycles, it was observed that the hydrolysis rate of the
cellulose increased, accompanied by lignin degradation. As such, it became of interest to
investigate the effect of small amounts of acid in ILs on wood degradation and its hydrolytic
conversion during such a pretreatment stage. In this effort, three wood species pretreated with
dilute hydrochloric acid in water and in [Amim]Cl have been compared. The lignin contents
of the regenerated wood were determined, and the components that remained within the
recycled IL were examined [49]. However, studies on the recycled ILs from the pretreatment
of wood revealed that the ILs contain carboxylic acids from the dissolved hemicelluloses [108].

The IL [Emim][ABS] has been used for extraction of lignin from sugarcane bagasse. The results
showed that the lignin extraction increases with elevating temperature (170-190 °C), and when
the extraction time increases from 30 min to 120 min. Also, a lignin extraction with more than
93% yield was successfully attained at atmospheric pressure [109].

The pretreatment of oil palm frond (OPF) lignocellulosic feedstock with the IL [Bmim]Cl,
followed by regeneration of cellulose using an anti-solvent, to facilitate the conversion of the
OPF into fermentable sugar (glucose) has been investigated [110]. SEM analysis showed a
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significant destruction of the biomass structure after pretreatment with the IL, which in turn
reduced the crystallinity and improved the enzymatic digestibility of the biomass. An
optimum 100% glucose recovery was found with pretreatment conditions of 80 oC, a 15-min
retention time and 10% solid loading [110].

Some difficulties in dissolving and extracting lignin from maple wood flour were faced by [96]
using the same ILs used earlier in [53], namely, [Hmim][CF3SO3], [Mmim][MeSO4] and [Bmim]
[MeSO4]. However, Cl-–containing ILs, [Amim][Cl] and [Bmim] [Cl], have shown better
capabilities. This might be due to the high solubility of the wood flour as a whole. However,
Cl-ions are good H+acceptors and are able to interact with the OH-groups of the sugars, causing
dissolution of cellulose too. It was also found that [Emim][OAc] IL provides a balance between
good lignin extraction and low wood flour solubility [96]. Hence, lignin extraction can be done
using [Emim][OAc] without much disruption of the cellulose and hemicellulose structures
[98]. On the other hand, an extensive summary on lignin dissolution in ILs is presented in [96]
while solubilities and extraction efficiency of lignin in various ILs are presented in [97].

The imidazolium–based ILs were used for the study of the dissolution of residual softwood
lignin isolated from a southern pine Kraft pulp (at 25-100 oC). It was found that the lignin
solubility can be influenced by the nature of the anion when different [Bmim]+–containing ILs
are used. It was also concluded that ILs containing large, non-coordinating anions like [BF4]-

and [PF6]-are not suitable for dissolving lignin; and that imidazolium methyl sulfate–based ILs
are effective for dissolution of such lignins. The solubilities of lignin in some imidazolium–
based ILs (at 50-120 oC) are presented; and almost similar conclusions are still valid [53].

The IL 1-ethyl-3-methylimidazolim glycine [Emim][Gly], which has a high hydrogen-bond
basicity, has been used to dissolve bamboo biomass and found to be effective at 120 °C in 8 h.
While, 1-ethyl-3-methylimidazolim trifluoroacetate, [Emim][TFA], which contains an acetate–
based anion, and choline propionate, which has high hydrogen-bond basicity, none of them
could dissolve the bamboo biomass after 24 h [102].

Food additive-derived imidazolium acesulfamate ILs have been used for extraction of lignin
from wood flour and showed promising results without disrupting the cellulose crystallinity
[93]. Among all, 1-ethyl-3-methylimidazolium acesulfamate [Emim][Ace] IL is desirable for
industrial processing due to its physical properties. The extracted lignins have a larger average
molar mass as well as a more uniform molar mass distribution compared to that obtained from
the Kraft process. This adds to another advantage of using imidazolium acesulfamate ILs. The
various extraction conditions: extraction temperature and time; water content; wood load,
particle size and species; types of IL cation; effect of IL recycling; multi-step treatment and use
of co-solvents were also examined in [93]. Interestingly, the use of dimethyl sulfoxide (DMSO)
as a co-solvent in weight ratios of (wIL: wDMSO=9:1) increased the extraction efficiency by almost
50%. It is believed that the penetration and interaction of the lignocellulosic biomass with IL
are enhanced due to loosening of the tight hydrogen bond network of the cellulose and the
decrease in the overall viscosity of the mixture caused by the use of DMSO [93]. The lignin
extract and the wood residues were characterized via infrared spectroscopy, elemental
analysis, thermogravimetric analysis, differential scanning calorimetry, X-ray diffraction, and
gel permeation chromatography. An extraction efficiency of 0.43 of wood lignin was achieved
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in one gentle extraction step (100oC, 2 h), and it was found that the presence of a co-solvent
increased the extraction efficiency to 0.60. Gentle conditions during IL treatment did not
decrease the crystallinity of the wood sample, and the extracted lignin had both a larger molar
mass and a more uniform molar mass distribution, compared to commercially available Kraft
lignin [93].

On the other hand, lignin extraction can also be done after complete dissolution of the whole
cellulosic biomass. A cellulose-lignin mixture system has been separated and recovered from
ILs [Bmim]Br and [Bmim]Cl. The cellulose precipitates when water is added to the solution
(cellulose-lignin mixture in IL). Lignin is then recovered from the precipitate formed when the
filtrate is treated with ethanol. The IL can be regenerated by evaporating the ethanol from the
second filtrate with more than 95% yield. On the other hand, lignin yields of 69% and 49%
were isolated from [Bmim]Br and [Bmim]Cl, respectively [111]. However, the influence of
water on dissolution of cellulose in selected ionic liquids is discussed in [112].

Both softwood and hardwood were dissolved in [Emim][OAc] and lignin was extracted using
acetone/water (1:1 v/v) and the effects of IL, particle size, wood species, and initial wood
concentration and pretreatment were evaluated [76]. The same method in [102], lignin has been
extracted from the solution using acetone/water anti-solvent. The ideal process flow of the
dissolution and regeneration of wood in IL is shown in Figure 1.

It was reported also that IL [Emim][OAc] is an effective solvent for lignin extraction from
triticale straw, flax shives and wheat straw and the extraction yields were much higher than
those of [Bmim]Cl. The extraction capability was found to increase with higher temperatures
(up to 150°C) and longer extraction times (up to 24 h) [113].

The structural features of poplar wood lignin extracted using IL [Emim][OAc] has been
compared with that using dioxane-water (classical method). A higher yield of extraction was
obtained using the IL [114]. Even though the lignins obtained from both extractions have
relatively similar methoxy and phenolic hydroxyl contents, the molecular weight of that
obtained from classical method is higher. However, the poly-dispersity index (PDI) of IL
extraction is lower and thus, indicating that lignin from IL extraction is of rather uniform size.
This suggests that some form of depolymerization had occurred. On top of that, thermal
behaviour of the lignins were also analyzed. Lignin obtained from classical method has a
higher maximum decomposition rate and temperature, indicating that it is thermally more
stable [114].

A large number of ILs, sorted by cations and anions, have been screened for their solubility
characteristics towards infinite concentrations of cellulose. The calculations show a very well-
defined dependency on the anion for the dissolution kinetics. Further calculations concern the
influence of water in ILs, because in experiments a very rapid decrease in the solubility of
cellulose in ILs has been observed. At this point, a link to experimental results must be
established in order to validate the calculations and to develop the routines and databases of
a COSMO-RS software. These calculations can then be used as reliable screening method to
identify new candidates of eligible ILs for the dissolution of wood [115].
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Fractions of pulverized Norway spruce (Picea abies) and Eucalyptus grandis wood were solvated
and precipitated by agitating and heating the lignocellulosic materials in IL [Amim]Cl
followed by precipitation using non-solvents, such as acetonitrile (MeCN) and water [116].
The efficiency of precipitation was found to be dependent upon molecular weight, with the
dissolved higher molecular weight and partially soluble wood components precipitating first.
Moreover, when coarse sawdust samples were fractionated, the selective dissolution of
cellulose from the fiber was observed; this allowed for the regeneration of a fraction of
delignified and bleachable cellulose. Additionally, finely milled softwood samples, with
demonstrated narrowly distributed low molecular weights, did not efficiently fractionate most
likely due to the presence of an extensive lignin-carbohydrate complexes (LCC) network [116].

A comparison of the fractionation of coarse and finely pulverized wood from [Amim]Cl
identified that fractionation mainly is dependent on molecular weight and not chemical
composition. This was observed for softwood (Norway spruce) and hardwood (Eucalyptus)
species. When finely milled wood is completely dissolved in [Amim]Cl, most of its components
can be precipitated in the order of decreasing molecular weight using MeCN and MeOH as
non-solvents [116]. Contrary to reports of highly efficient fractionation of cellulose doped with
high purity lignin [111], it was only possible to fractionate the finely pulverized and dissolved
spruce wood with marginal selectivity. It is likely that the presence of extensive LCCs,
especially within the softwood material, is preventing the separation of lignin and polysac‐
charides. This suggests the need for a pretreatment of wood so as to break the LCCs in order
to increase the selectivity of fractionation [116].

In the fractionation of sawdust, it was determined that cellulose preferentially dissolves in the
initial dissolution step and that lignin is relatively resistant to being removed from the fiber.
After precipitation of the residual insoluble material it was possible to precipitate the dissolved
cellulose in bleachable grade and relatively high purity [116]. This result, using [Amim]Cl, is
contrary to previous publications [76] using [Emim][OAc] and suggests either a different mode
of dissolution of wood between the two classes of ILs or between different species. Addition‐
ally, extraction of the residual fibrous and the precipitated materials after the fractionation of
sawdust afforded acetylated galactoglucomannan (a water-soluble hemicellulose, consisting
of galactose, glucose and mannose) with relatively high molecular weight [116].

On the other hand, the IL [Emim][OAc] was used as a pretreatment solvent to decrease both
lignin content and cellulose crystallinity of maple wood flour [96]. The cellulose in the
pretreated wood flour becomes far less crystalline without undergoing solubilization. In
addition, [Emim][OAc] was easily reused, thereby resulting in a highly concentrated solution
of chemically unmodified lignin, which may serve as a valuable source of a poly-aromatic
material as a value-added product. The [Emim][OAc] did not dissolve the wood flour;
however, facile extraction of the lignin was achieved. A strong inverse relationship was found
between the effectiveness of cellulase-catalyzed hydrolysis of wood flour cellulose and both
lignin content and cellulose crystallinity. Complete lignin removal was not needed and
maximal cellulose degradability (> 90%) was achieved even at 40% total lignin extraction.
Finally, [Emim][OAc] was reusable without significant loss in the yield of lignin extracted and
subsequent cellulose hydrolyzed after four cycles. Furthermore, chemically unmodified lignin
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with high hydrophobicity could be easily precipitated from concentrated lignin solution in
[Emim][OAc] by adding excess water [96].

It was also demonstrated in [117] that the IL [Emim][OAc] can be used as a potential solvent
for the pretreatment of lignocellulosic biomass such as energy cane bagasse (ECB). Further‐
more, the sugar yields obtained post pretreatment have great potential as building blocks in
the production of renewable fuels and chemicals. The energy cane bagasse pretreated with
recycled [Emim][OAc] resulted in a decrease of lignin removal as compared to bagasse
pretreated with the original IL. However, further research is still needed to improve the
efficiency of this pretreatment on energy crops. Among the future research work that still to
be investigated are the optimal pretreatment conditions with extended design space, assess
the efficiency of recycled IL pretreatment at optimal processing conditions, and calculate the
cost for the entire conversion process and energy returned on energy invested.

The regeneration of lignin from some woods dissolved in imidazolium–based ILs: [Bmim]
[OAc], [Emim][OAc], [Emim]Cl, [Bmim]Cl and [Amim]Cl have been studied in [118]. The
lignin was successfully regenerated by precipitation with an anti-solvent from solutions of
wood in [Amim]Cl, [Bmim]Cl or [Emim]Cl. The regenerated lignin, characterized by Fourier
transform infrared spectroscopy, 13C nuclear magnetic resonance, elemental analysis, ther‐
mogravimetric analysis, and differential scanning calorimetry, was compared to Indulin AT
lignin, and showed different properties depending on the IL employed and the wood species.

Figure 1. Flowchart for the process of dissolution and regeneration of wood in IL [4].
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On the other hand, the latest developments and knowledge in the field of fractionation of
lignocellulosic materials with ILs have been briefly reviewed and an alternative fractionation
method based on the controlled regeneration of components from [Amim]Cl has been
introduced in [100]. Norway spruce (Picea abies) and Eucalyptus grandis woods were dissolved
in their fibrous state or by utilizing ball milling to improve solubility. The resulting wood
solutions were precipitated gradually resulting into fractions by addition of non-solvents, such
as acetonitrile and water. Further water extraction of the crude fractions resulted in better
separations. Fractionation efficiency was found to be highly dependent on the modification of
the wood cell wall ultrastructure and the degree of reduction of the molecular weights of the
main components, arising from mechanical degradation. Isolation of cellulose enriched
fractions was archived with Spruce sawdust and ball milled Eucalyptus, evidently following
from distinct dissolution mechanisms [100]. It was also demonstrated that wood (sawdust and
highly pulverized spruce) is not completely soluble in [Amim]Cl in its native state. One
possible reason for this is the presence of a lignin-carbohydrate complexes (LCC) matrix in
wood that is simply of too high molecular weight and interconnected to dissolve. This property
can be utilized to extract cellulose, as it is not covalently bound to the insoluble LCC matrix.
Cellulose is extracted and by careful control of non-solvent addition, the insoluble lignin-
hemicellulose rich fraction can be first isolated, followed by regeneration of relatively pure
cellulose. This cellulose extraction procedure is not yet at a stage that would yield a technically useful
pulp, due to apparent depolymerization, in comparison to technical pulps and holocellulose. However,
the more we learn about the stability of wood and lignocellulose, in technical and pure ILs,
the better are our chances of yielding close-to native polymers [100].

Samples of corn stover, Norway spruce, and Eucalyptus grandis were pulverized to different
degrees, subjected to quantitative analyses, upon the basis of pre-dissolution into imidazolium
chloride–based ILs [Amim]Cl and [Bmim]Cl, followed by labeling of hydroxyl groups as
phosphite esters and quantitative “wood solubility” using 31P NMR analysis. Analysis of
different pulverization degrees provided semi-empirical data to chart the solubility of Norway
spruce in these ILs [119].

The solubility of the Norway spruce wood samples (subjected to varying degrees of mechanical
pulverization) in a range of common ionic and molecular solvents, was quantified using a
novel 31P NMR technique [120]. The results showed that intact wood is not soluble under mild
treatment conditions, in cellulose-dissolving or swelling solvents. Further refinement afforded
an optimized method of analysis of the lignin phenolic functionalities, without prior isolation
of the lignin from the fiber. The lignin in the samples was further enriched using cellulase and
acidolysis treatments, allowing for comparison with the fibrous samples. Analysis of all
samples charts the polymerized-monomer availability for each stage of the treatment. Condi‐
tions required for adequate signal-to-noise ratios in the 31P NMR analysis were established
with a notable improvement observed upon the lignin enrichment steps [120].

The critical outlook on the study of biomass dissolution and changes occurred in the biomass
during this process as well as on the influence of several crucial parameters that govern the
dissolution and further pretreatment process are reviewed in [94]. The currently known
methods of biomass fractionation in IL and aqueous-IL mixtures are also discussed and
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perspectives regarding these topics are given as well. The review in [94] also shows that ILs
have potential to be used in the biomass pretreatment and demonstrated that ILs can be
successfully used to obtain cellulose, hemicellulose and lignin fractions with purity and
efficiency equal or superior to the classical pretreatment methods. The exploitation of ILs in
the lignocellulosic biomass processing demonstrates the enormous potential in this research
area, especially in the context of a biorefinery; however, an extensive research is still required
to better understand and predict the outcomes of these processes.

The multi-functional use of ILs with respect to lignin processing has been reviewed in [99] and
the use of ILs in selectively or non-selectively dissolving lignin, the attempted depolymeriza‐
tion reactions on lignin in ILs, and the observed effect of ILs on such processes have been
highlighted. Some of the challenges and issues that must be addressed before the informed
and large-scale application of ILs can be realized for lignin processing has been presented and
finally it was concluded that, there is both great scope for innovation and huge potential in the
sophisticated application of ILs, in order to produce high yields of chosen, monomeric
aromatics from a wide variety of lignin sources [99].

The up-to-date progress in selective breakdown of lignocellulose in ILs, especially molecular
level understanding of the dissolution of biomass in ILs, strategies for the conversion of
lignocellulose into fermentable sugars and furans, and related chemicals have been highlight‐
ed [121]. Further research in the area of selective breakdown of lignocellulose, or utilization of
biomass incorporating ILs technology, is expected for example in, exploitation of novel
chemistry of lignocellulose in ILs or IL–containing media; integration of the ILs processes with
other chemical or biological processes; design and preparation of cheaper, greener and process-
compatible ILs; developing new strategies for ILs recycling and product recovery.

The complex structure and the 3-D lignin network that binds lignocellulosic components
together makes it practically impossible to dissolve lignocellulosic materials in their native
form in conventional solvents. The aromatic electron-rich cationic moiety creates strong
interactions for polymers which undergo π-π stacking (lignin). The chloride anion in an IL is
the most efficient in disrupting the extensive inter-and intra-molecular H-bonding interactions
present in wood (cellulose) allowing the IL [Amim]Cl, for example, to diffuse into the interior
of the material [122].

The conversion of lignocellulosic biomasses has been considered to be economically unfeasible
due to the crystalline structure of cellulose. Molecular dynamic simulation (MDS) tools have
been applied to (1) determine driving force(s) for the crystalline structure of cellulose, (2)
illuminate the interactions between cellulose molecules and candidates of decrystallization
chemicals, and (3) search for a novel chemical to allow the decrystallization of cellulose
followed by the saccharification without an intervening process [123].

5. Future prospects

Use of ionic liquids provided a new platform for comprehensive utilization of wood, although
many problems need to be further addressed: First, dissolution of wood in ILs has opened a
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new avenue for wood chemistry research and to improve the efficient utilization of wood.
Second, the ILs can be used as wood preservatives or to improve wood’s anti-electrostatic and
fire-proof properties. This will extend the range of wood applications and reduce the use of
some dangerous chemicals. Finally, use of ILs is also a competitive alternative exhaust
treatment technology in the wood processing, which can reduce the energy consumption and
waste of resources [14]. However, application of ILs in wood-related industry at industrial
scale still faces some challenges.

1. The cost of ILs hampers the use of ILs at a commercial scale. Therefore, economical
synthesis of ILs and efficient recovery and recycling technologies play vital roles in their
industrial applications. Depending on the IL used and the application performed on it, a
variety of recycling methods were possible. By picking the right purification steps, an
individually optimized work-up procedure can be obtained [124]. Several procedures on
how to recover ionic liquids from their solution have been reviewed in [125]: distillation/
stripping at some suitable temperature (< 300 oC) and under vacuum, liquid-liquid
extraction (using objectionable VOCs!), supercritical fluids (using CO2 at room tempera‐
ture and several MPa), and membrane separation (to separate nano size particles from
ILs).

2. The biodegradability, toxicology, and thermodynamic data of ILs are still scarce. There
are also lots of engineering problems that need to be solved. ILs have the reputation of
being “green” chemicals, but not all of them can pass favourably the tests evaluating their
environmental effects. For example, reference [126] focused on ionic liquids’ environ‐
mental impact, ecotoxicity and potential biodegradability, while compiling results of
different ecotoxicological studies. A comprehensive database on toxicity of ILs has been
established in [13] in a database that includes over 4000 pieces of data. Based on this
database, the relationship between IL's structure and its toxicity has been analyzed
qualitatively. Furthermore, quantitative structure-activity relationships (QSAR) model
has been conducted to predict the toxicities (EC50 values) of various ILs toward the
Leukemia rat cell line IPC-81.

3. The most challenging engineering problem is the high viscosity of ILs, which is expected
to cause severe mass and heat transfer problems during their industrial use. Some
measures have been taken to reduce ILs viscosity, such as development of low viscous
ILs [66] and use of mixtures of ILs [49], but these measures can only partially resolve this
problem.

Although these challenges still exist, great progress has been made in research for application
of ILs in wood-related industries in recent years. Although many problems associated with
application of ILs in wood-related industries need to be solved, it is quite clear that in the near
future these applications will be implemented at a full industrial scale and society can be
expected to benefit greatly from these applications [14].

Thus understanding of ILs volatility, purity, stability, biodegradability and toxicity is neces‐
sary for their recovery, since this determines whether an IL can be sustainably developed. In
other words, a long way is still to go before large-scale implementation of ILs becomes feasible
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and practical. However, issues over the cost of ionic liquids for industrial applications still
exist.

Appendix: Abbreviations of some of the ionic liquids used in this chapter

Ionic liquid Abbreviation

1-allyl-3-methylimidazoium chloride [Amim]Cl

1-butyl-3-methylimidazolium chloride [Bmim]Cl

1-butyl-3-methylimidazolium chloride [Bmim]Br

1-butyl-3-methylimidazolium acetate [Bmim][OAc]

1-butyl-3-methylimidazolium methyl sulfate [Bmim][C1SO4]

1-butyl-3-methylimidazolium trifluoromethane sulfonate [Bmim][OTf]

1-butyl-3-methylimidazolium tetrafluoroborate [Bmim][BF4]

1-butyl-3-methylimidazolium hexafluorophosphate [Bmim][PF6]

1-butyl-3-methylimidazolium sulfocyanate [Bmim][SCN]

1-benzyl-3-methylimidazolium chloride [Bzmim]Cl

1-ethyl-3-methylimidazolium chloride [Emim]Cl

1-ethyl-3-methylimidazolim glycine [Emim][Gly]

1-ethyl-3-methylimidazolim trifluoroacetate [Emim][TFA]

1-ethyl-3-methylimidazoium acetate [Emim][OAc]

1-ethyl-3-methyl-imidazolium trifluoroacetate [Emim][CF3COO]

1-ethyl-methylimidazolium alkyl benzene sulfonate [Emim][ABS]

1-ethyl-3-methylimidazolium acesulfamate [Emim][Ace]

1-hexyl-3-methylimidazolium chloride [Hmim]Cl

1-hexyl-3-methylimidazolium tetrafluoromethane sulfonate [Hmim][CF3SO3]

1-hexyl-3-methylimidazolium tetrafluoroborate [Hmim][BF4]

1-hexyl-3-methylimidazolium hexafluorophosphate [Hmim][PF6]

1,3-dimethylimidazolium methyl sulfate [Mmim][C1SO4]

1-methyl-3-octylimidazolium chloride [Omim]Cl
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Chapter 17

Ionic Liquid as Green Solvent for Ring-Opening Graft
Polymerizaion of ε-Caprolactone onto Hemicelluloses

X.Q. Zhang, M.J. Chen, H.H. Wang, X.X. Wen,
C.F. Liu and R.C. Sun

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59679

1. Introduction

The depletion of fossil fuels has led to rapidly increasing interest in the utilization of environ‐
mentally friendly, readily available, biodegradable, and renewable biomass to produce
biofuels, biocomposites, biochemicals, and a host of other bioproducts [1-3]. Agricultural crop
residues, such as cereal straws and sugarcane bagasse (SCB), are underutilized lignocellulosic
biomass and have great potential for the production of biocompatible and biodegradable
materials to replace fossil-based products [4,5].

Hemicelluloses, the second most abundant class of renewable and biodegradable polysac‐
charides found in nature after cellulose, account for on average about 20-35% of most plant
materials [6,7]. Compared with cellulose and lignin, the exploiting of hemicelluloses was paid
little attention until the last decades due to their inherent low molecular weight and hetero‐
geneous structure. In their natural state, hemicelluloses are generally considered to be non-
crystalline, with a DP of 80 to 200.They are heterogeneous polymers of pentose (xylose,
arabinose), hexoses (mannose, glucose, and galactose), and sugar acids. Xylans are the most
abundant hemicelluloses [8]. In many plant materials, xylans are heteropolysaccharides with
homopolymeric backbone chains of 1,4-linked β-D-xylopyranose (Xylp) units [9]. In addition,
there can be O-acetyl, α-L-arabinofuranosyl, α-1,2-linked glucuronic, or 4-O-methylglucuronic
acid substituents on the backbone [10].

Chemical modification is an important way to impart biomass with desired properties for
specific applications [11-13]. From the chemist point of view, a broad variety of chemical
modification reactions both at OH groups and the C atoms are possible [14]. Ring-opening
graft polymerization (ROGP) is a multifunctional modification technique for the synthesis of
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polymers from cyclic monomers that can endow polymers with controlled molecular weights
and molecular weight distributions [15-17]. Due to their excellent biodegradability, biocom‐
patibility, and permeability, considerable attention has been paid to aliphatic polyesters from
lactones and lactides, among which poly (ε-caprolactone) (PCL) is especially interesting for its
applications [1,18,19]. It is a hydrophobic aliphatic polyester with excellent biocompatibility,
low immunogenicity, nontoxicity, and good mechanical and thermoplastic properties, making
it a potential matrix candidate in biocomposites [1,20,21]. Much consideration had been paid
to graft copolymerization between cellulose derivatives and aliphatic polyesters [1,22,23]. In
contrast to cellulose, there is a little information about the graft polymerization of biodegrad‐
able aliphatic polyesters onto hemicellulose. Moreover, reactions on hemicellulose are not
easy, mainly because of the almost impossible proposition of dissolving hemicellulose in a
suitable solvent without significant degradation.

In recent years, with the development of green chemistry and the requirement for environment
protection, much attention has been focused on the utilization of ionic liquids as novel solvents
and reaction media due to their eco-friendliness, negligible vapor pressure, non-flammability,
chemical stability, good thermal stability, and high reaction rates [24]. In general, ionic liquids
are screened with a range of anions, from small hydrogen-bond acceptors (Cl-) to large
noncoordinating anions, including Br-, SCN-, [PF6]-, and [BF4]- [25]. They are capable of
dissolving complex polymeric materials and macromolecules, such as carbohydrates. The ionic
liquids can break the extensive hydrogen-bonding network in the polysaccharides and
promote their dissolution [26]. Various polysaccharide derivatives have been prepared in ionic
liquids from cellulose [27,28], hemicelluloses [11,26] and starch [29]. These results indicated
that there are no derivatization reactions occur during the dissolution of polysaccharides in
ionic liquids. They are satisfactorily homogeneous media [30], and can be desirable alternatives
to conventional solvents and reaction media in modification.

The aim of the present research was to investigate homogeneous ROGP of ε-CL onto hemi‐
celluloses using 1-butyl-3-methylimidazolium chloride ([C4mim]Cl) ionic liquid as a homo‐
genous reaction medium with 4-dimethylaminopyridine (DMAP) as a catalyst to prepare
hemicellulose-g-PCL copolymers. The physico-chemical properties of the graft copolymers
were characterized by FT-IR, 1H-NMR, 1H-1H Correlation Spectroscopy (COSY), 13C-NMR,
1H-13C Correlation 2D NMR (HSQC), XRD, SEM and thermal analysis.

2. Experimental

2.1. Materials

Sugarcane bagasse (SCB) was obtained from a local sugar factory (Guangzhou, China). It was
dried in sunlight and then cut into small pieces. The cut SCB was ground to pass a 0.8-mm
screen. It was dried in a cabinet oven with air circulation for 20 h at 50oC.

4-Dimethylaminopyridine (DMAP, 99%) and ε-caprolactone (ε-CL, 99%) were supplied by
Aladdin Reagents Co., Ltd. (Shanghai, China). The ionic liquid 1-butyl-3-methylimidazolium
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chloride ([C4mim]Cl, 99%) was purchased from Cheng Jie Chemical Co., Ltd. (Shanghai,
China), and dried in vacuum for 48 h at 70oC before used. All other chemicals were of analytical
reagent grade and directly used without further purification.

2.2. Isolation and characterization of the native hemicellulose from SCB

Sugarcane bagasse was first delignified with sodium chlorite in acidic solution (pH 4.0,
adjusted by 10% acetic acid) at 75 oC for 2 h. The hemicelluloses were then extracted from the
holocellulose with 10% NaOH for 10 h at 20 oC with a liquor ratio of 1 to 20, followed by the
acidification of the supernatant to pH 6.0 with 6M HCl and then the precipitation in 3 volumes
of 95% ethanol. After filtration, the pellets of the hemicelluloses were washed with acidified
70% ethanol and then air dried. The main procedure of isolation hemicelluloses is shown in
Scheme 1.

Sheme 1 Extraction of hemicelluloses from sugarcane bagasse

2.3. Synthesis of Hemicellulose-g-PCL copolymers in [C4mim]Cl

Dry hemicelluloses (0.33 g, 0.005 mol of hydroxyl group in hemicelluloses) were added to
[C4mim]Cl (7.5 g) in a 50-mL dried three-neck flask. The mixture was stirred at 85oC for 1 h
under the protection of nitrogen to achieve a homogenous solution. Then, the required
quantities of ε-CL and DMAP were added gradually over a period of 2 min into the solution.
The ROGP reaction was carried out under the protection of nitrogen with vigorous stirring for
24 h. After the required time, the solution was cooled to room temperature and the resultant
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graft copolymer was precipitated in excessive ethanol and dialyzed with a 3000-molecular
weight dialysis bag in ultrapure water for 7 days. The final product was freeze-dried for 48 h.
Each sample was duplicated under the same conditions to reduce errors and confirm the
results.

2.4. Characterization of hemicelluloses and hemicellulose-g-PCL copolymers

FT-IR spectra of unmodified hemicelluloses and hemicelluloses-g-PCL copolymers were
recorded on an FT-IR spectrophotometer (Tensor 27, Germany) from a KBr disc containing 1%
(w/w) finely ground samples in the range of 4000 to 400 cm-1. Thirty-two scans were taken for
each sample, with a resolution of 2 cm-1 in the transmittance mode.

The 1H-NMR, 1H-1H COSY, 13C-NMR, and 1H-13C HSQC spectra of unmodified hemicellulose
and hemicellulose-g-PCL copolymers were recorded from 40 mg samples in 0.5 mL DMSO-
d6 on a Bruker Avance III 400 M spectrometer (Germany) with a 5 mm multinuclear probe. For
the 1H-NMR analysis, the detailed collecting and processing parameters were listed as follows:
number of scans, 64; receiver gain, 456; acquisition time, 1.3631 s; relaxation delay, 3.0 s; pulse
width, 3.0 s; spectrometer frequency, 400.13 MHz; and spectral width, 6009.6 Hz. For the 1H-1H
COSY analysis, the detailed collecting and processing parameters were listed as follows:
number of scans, 8; receiver gain, 447; acquisition time, 0.4588 s; relaxation delay, 2.0 s; pulse
width, 9.0 s; spectrometer frequency, 400.13/400.13 MHz; and spectral width, 4000.0/4000.0 Hz.
For the 13C-NMR analysis, the detailed collecting and processing parameters were listed as
follows: number of scans, 2112; receiver gain, 2048; acquisition time, 0.3296 s; relaxation delay,
5.0 s; pulse width, 9.8 s; spectrometer frequency, 100.61 MHz; and spectral width, 25062.7 Hz.
For the 1H-13C HSQC analysis, the detailed collecting and processing parameters were listed
as follows: number of scans, 28; receiver gain, 2050; acquisition time, 0.0639 s; relaxation delay,
2.0 s; pulse width, 8.5 s; spectrometer frequency, 400.13/100.61 MHz; and spectral width,
8012.8/20161.3 Hz. The detailed structure factors of hemicellulose-g-PCL copolymers, includ‐
ing the degree of polymerization of PLA (DPPLA), the molar substitution of PLA (MS), the
degree of substitution of PLA (DS), and the weight content of PLA side chains (WPLA), were
determined by 1H-NMR.

The thermal stability of the samples was performed using thermogravimetric analysis (TGA)
and derivative thermogravimetry (DTG) on a Q500 thermogravimetric analyzer (TA, USA).
Samples weighing between 9 and 11 mg were heated from room temperature to 600oCat a
thermal ramp of 10oC/min under nitrogen flow.

The surface morphology was examined by SEM on a field emission microscopy (LEO 1530 VP,
LEO, Germany). The samples were prepared by casting few solids onto a mica sheet followed
by gold-plating.

XRD was determined on a D/Max-III X-ray diffractometer (Rigaku, Japan) equipped with the
high-intensity monochromatic nickel-filtered Cu Kα1 radiation (λ=0.154 nm). The operating
voltage and current were 40 kV and 40 mA, respectively. Data were collected with diffraction
angle 2θ ranging from 5 to 60° with a step size of 0.04° and time per step of 0.2 s at room
temperature.
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3. Results and discussion

3.1. Synthesis of hemicellulose-g-PCL copolymers in [C4mim]Cl

DMAP and ε-CL could be easily dissolved in [C4mim]Cl within several minutes. Therefore,
the homogeneous ROGP reaction of ε-CL onto hemicelluloses was performed with DMAP as
a catalyst, and a schematic reaction is shown in scheme 2. The effects of reaction conditions,
including reaction temperature, the molar ratios of ε-CL to anhydroxylose units (AXU) in
hemicelluloses, and the dosage of DMAP catalyst on the detailed structure factors, were
investigated. Table 1 shows the preparation conditions of hemicellulose-g-PCL copolymers
and their detailed structural factors calculated from 1H-NMR.

According to the results in Table 1, an increase in reaction temperature from 110 oC to 120 oC
resulted in an increase in DS from 0.03 to 0.09, DP from 1.39 to 1.45, MS from 0.04 to 0.13 and
WPCL from 3.33% to 10.09%, which was probably due to the favorable effect of temperature on
the molecule motion and collision with the increased temperature. However, further improve‐
ment of reaction temperature from 120 oC to 130 oC led to a decrease in DS from 0.09 to 0.06,
DP from 1.45 to 1.26, MS from 0.13 to 0.07 and WPCL from10.09% to 5.71%, probably due to the
increased degradation of hemicelluloses in ionic liquid at a higher temperature under the given
conditions. The DS, DP, MS and WPCL of the products remarkably increased from 0.09 to 0.22,
1.45 to 1.48, 0.13 to 0.32 and 10.09% to 21.65%, respectively, with an increase in the dosage of
DMAP catalyst from 2% to 3%, indicating the good catalytic ability of DMAP for ROGP of ε-
CL onto hemicelluloses in [C4mim]Cl; while it significantly decreased with a further increase
in DMAP dosage to 4%,indicating the detrimental effects of excessive DMAP, which was
probably due to the fact that the strong basicity of DMAP inhibited the attachment of PCL onto
hemicelluloses. Increasing the molar ratio of ε-CL to AXU in hemicelluloses from 1:1 to 3:1
resulted in an improvement of DS from 0.04 to 0.22, DP from 0.93 to 1.48, MS from 0.04 to 0.32
and WPCL from 3.34% to 21.65%, which was probably due to the greater availability of ε-CL in
the proximity of the reactive hydrogel groups in hemicelluloses at a higher molar ratio of ε-
CL to AXU. However, a further increase in the molar ratio of ε-CL to AXU from 3:1 to 5:1 led
to decrease in DS, DP, MS and WPCL, which was probably due to the quick self-polymerization
of ε-CL.
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Table 1. Properties of hemicellulose-g-PCL copolymers under various conditions in [C4mim]Cl. 
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Temp 
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ε-CL/ 
AXU 

Time 
(h) DPPCL

a MSb DSc Wd
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1 110 2% 3:1 24 1.39 0.04 0.03 3.33% 
2 120 2% 3:1 24 1.45 0.13 0.09 10.09% 
3 130 2% 3:1 24 1.26 0.07 0.06 5.71% 
4 120 3% 3:1 24 1.48 0.32 0.22 21.65% 
5 120 4% 3:1 24 1.39 0.03 0.02 2.52% 
6 120 3% 1:1 24 0.93 0.04 0.04 3.34% 
7 120 3% 2:1 24 1.26 0.07 0.06 5.70% 
8 120 3% 4:1 24 1.38 0.21 0.13 13.45% 
9 120 3% 5:1 24 1.29 0.11 0.08 8.68% 

a The degree of polymerization of PCL, calculated by 1H-NMR. 
b Molar composition in the graft copolymer, calculated by 1H-NMR. 
c The degree of substitution of the copolymer, calculated by 1H-NMR. 
d The PCL content, calculated by 1H-NMR. 
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9 120 3% 5:1 24 1.29 0.11 0.08 8.68%

a The degree of polymerization of PCL, calculated by 1H-NMR.

b Molar composition in the graft copolymer, calculated by 1H-NMR.

c The degree of substitution of the copolymer, calculated by 1H-NMR.

d The PCL content, calculated by 1H-NMR.

Table 1. Properties of hemicellulose-g-PCL copolymers under various conditions in [C4mim]Cl.

3.2. FT-IR spectra

The FT-IR spectra of the isolated hemicelluloses and hemicellulose-g-PCL copolymer samples
2 and 4 are shown in Figure 1. The sharp peak at 893 cm-1 is indicative of typical β-anomers,
indicating the primary β-glycosidic linkages between the sugar units in the hemicellulosic
fractions [26]. The strong absorption band at 1045 cm-1 is largely due to the C-O stretching in
the C-O-C linkages [26]. The small band at 1252 cm-1 originates from the C-O antisymmetric
stretching in ester. The band at 1382 cm-1 corresponds to the C-H bending, and that at 1638
cm-1originates from the bending mode of the absorbed water. The peak at 1736cm-1 is the
characteristic absorption of C=O stretching. The characteristic absorbance at 3431cm-1 is
assigned to the hydroxyl group stretching vibrations, and that at 2910 cm-1 is attributed to the
C-H stretching vibrations. In the FT-IR spectra of hemicellulose-g-PCL copolymers, the
increased intensities of the bands at 2910, 1738, 1252, and 1170 cm-1, from C-H stretching, C=O
stretching, C-O antisymmetric stretching, and C-O-C vibration, respectively, were observed
compared with those in unmodified hemicelluloses, indicating the successful modification of
hemicelluloses in [C4mim]Cl under the given conditions.
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Figure 1. FT-IR spectra of unmodified hemicelluloses (spectrum a) and hemicellulose-g-PCL copolymer samples 2
(spectrum b) and 4 (spectrum c) prepared in [C4mim]Cl

3.3. 1H-NMR, 1H-1H COSY, 13C-NMR and 1H-13C HSQC spectra

Figure 2 shows the 1H-NMR spectrum of hemicellulose-g-PCL copolymer sample 2. The
resonance peaks derived from the protons of xylan appear at 4.26, 3.03, 3.25, 3.49, 3.17 and 3.78
ppm, assigned to H-1, H-2, H-3, H-4, H-5a and H-5e, respectively[31]. The signals from the
methylene proton in PCL appeared at 2.25 ppm (-COCH2-, a), 1.53 ppm (-CH2-, b, d), 1.30 ppm
(-CH2-, c), 1.41 ppm (-CH2-, d’), 3.87 ppm (-CH2O-, e), 3.38 ppm (-CH2O-, e’) and 4.39 ppm (-
CH2OH-, e´, end unit) [17]. These observations confirmed the attachment of PCL onto hemi‐
celluloses in ionic liquid [C4mim]Cl. In addition, the signals at 4.53 and 4.87 ppm are associated
with the protons at substituted C-2 and C-3 positions, respectively, confirming the attachment
of PCL on C-2 and C-3 positions in AXU. Meanwhile, the detailed structural factors of
hemicellulose-g-PCL copolymers, including DS, MS, DPPLA, and WPLA, could be calculated from
the peak intensity of corresponding signals based on the following equations:

Terminal e' a e

H 4 H 4

CL I / 2 (I I )DS
AXU I I

-
= = = (1)

a

H 4

CL IMS
AXU 2 I

= = (2)

Ionic Liquid as Green Solvent for Ring-Opening Graft Polymerizaion of ε-Caprolactone onto Hemicelluloses
http://dx.doi.org/10.5772/59679

467



Total (e e') a

Terminal e' a e

CL I IDP
CL I I I

+
= = =

-
(3)
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+
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where DS is the degree of substitution of PCL, DP is the degree of polymerization of PCL, MS
is the molar substitution of PCL, WPCL is the weight content of PCL side chains, AXU is
anhydroxylose unit, CLTerminal is the end unit of PCL, CLTotal is the total units of PCL, 2 is two
protons in each methylene group, Ie, Ie’ and Ia are the integral area of the resonances of the
corresponding methylene protons at e, e’, and a positions of PCL, and IH4 is the integral area
of theresonance assigned to H4 of AXU. The 114 g mol-1 and 132 g mol-1 in equation (4) are the
molecular weight of ε-caprolactone and the molecular weight of xylan unit, respectively.

The DS, MS, DPPLA, and WPLA values calculated from 1H-NMR are listed in Table 1. The results
indicated that the xylan derivatives with DS 0.02–0.22, DP 0.93-1.48, MS 0.03-0.32 and WPCL

2.52-21.65% were obtained under the selected conditions, lower than those of cellulose-g-PCL
prepared in [Bmim]Cl [18]. Considering the linear macromolecular structure of cellulose with
more hydroxyl groups available, which allowed for more side chains attached on the biopol‐
ymer, the estimated DS, MS, DPPLA, and WPLA values of hemicellulose-g-PCL copolymers in
the present study were reasonable and acceptable. In addition, the different calculation
equation based on the different assignments of the typical proton signals [18] was also
responsible for the differences of DS, MS, DPPLA, and WPLA of the copolymers in ionic liquids.

Figure 2. 1H-NMR spectrum of hemicellulose-g-PCL copolymer sample 2

To confirm the correct assignment of the primary proton signals of the attached PCL side
chains, Figure 3 shows the 1H-1H COSY spectrum of hemicellulose-g-PCL copolymer sample
2. To clearly show the cross-correlations of the protons on the attached PCL side chains, the
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spectrum is illustrated at higher contour level and as a result the primary signals in AXU and
their cross-correlations are not shown. The cross-correlations of PCL side chains, a/b, b/c, c/d’,
d’/e’, e’/e’-OH, were clearly observed, indicating the assignment of the proton signals was
correct. Moreover, the cross-correlations for repeating unit indicated the DP of xylan-g-PCL
copolymers was over 1, which was corresponded to the results in Table 1.

Figure 3. 1H-1H COSY spectrum of hemicellulose-g-PCL copolymer sample 2

Figure 4 illustrates the 13C-NMR spectra of unmodified hemicelluloses (A) and hemicellulose-
g-PCL copolymer sample 2 (B). In Figure 4A, the five major signals at 101.8, 75.6, 74.4, 73.4,
and 63.5 ppm correspond to C-1, C-4, C-2, C-3, and C-5 of the 1,4-linked β-D-Xylp (xylopyra‐
nose) units, respectively [32]. The signals at 97.6, 71.6, 69.9, 82.4, 171.7, and 59.1 ppm can be
assigned to C-1, C-3, C-2, C-4, C-6, and the methoxy group of the 4-O-methyl-D-glucuronic
acid residue is linked to C-3 of the backbone of the β-D-Xylp units[30]. These results indicated
that the native hemicelluloses were composed of 4-O-methyl-D-glucuronic acid-D-xylans. In
Figure 4B, the signal at 171.8 ppm is attributed to the carbonyl carbon (in position f) in the PCL
segment, and those at 33.5, 24.7, 25.1, 32.1, 32.1, 63.2 and 60.4 ppm correspond to the methylene
carbon signals of PCL in the a, b, d, d’, e, and e’ positions, respectively. The main signals of the
β-D-Xylp units are all observed, indicating no significant structural changes in the hemicellu‐
losic backbone. Compared with spectrum A, the relative intensity of the signal of C-3 in the
β-D-Xylp units slightly decreased in spectrum B, suggesting that a partial substitution occurred
at the C-3 hydroxyl group.
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Figure 4. 13C-NMR spectra of unmodified hemicelluloses (A) and hemicellulose-g-PCL copolymer sample 2 (B)

1H-13C HSQC provides detailed information of signals overlapped in 1H- and 13C-NMR spectra,
and could be applied for qualitative and quantitative analysis of chemical structure. HSQC
spectrum of sample 2 was illustrated in Figure 5. To exhibit the primary correlations both
unsubstituted and substituted, the spectrum is illustrated at a relatively low contour level. The
strong correlations at δC/δH 33.2/2.26, 24.2/1.52, 24.8/1.30, 31.9/1.38, 32.9/1.52, 60.8/3.39 and
62.7/3.88 ppm are associated with Ca-Ha, Cb-Hb, Cc-Hc, Cd’-Hd’, Cd-Hd, Ce’-He’ and Ce-He,
respectively, indicated that the PCL side chains were successfully attached onto xylan. Clearly,
the strong correlations in carbohydrate region at δC/δH 102.4/4.24, 72.9/3.02, 73.8/3.23, 75.7/3.49,
63.6/3.79, and 63.6/3.14 ppm are attributed to C1-H1, C2-H2, C3-H3, C4-H4, C5e-H5e and C5a-H5a in
AXU of xylan, respectively. More importantly, the correlations at δC/δH 72.7/4.51 and 75.1/4.81
for substituted C2-H2 (2’) and substituted C3-H3 (3’), respectively, provided the possible
quantitative estimation of ROGP reaction occurred at C2 and C3 positions.Clearly, more PCL
side chains were attached to C3 position than to C2 position. The integrated resonances for
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substituted and unsubstituted C2/H2 and C3/H3 indicated that 16.34% and 83.66% of PCL side
chains were attached to C2 and C3 positions of AXU, respectively.

Figure 5. HSQC spectrum of hemicellulose-g-PCL copolymer sample 2

3.4. Thermal analysis

The thermal properties of unmodified hemicelluloses and hemicellulose-g-PCL copolymers
were studied using TGA (Figure 6A) in the temperature range from 50oC to 600oC under a
nitrogen atmosphere. Clearly, the thermal decomposition can be divided into three distinct
stages. In the first stage, the weight loss observed below 100oC was the result of evaporation
of moisture. At the second stage, the unmodified hemicelluloses began to decompose at about
215oC, while hemicellulose-g-PCL copolymer samples 2 and 4 started to decompose at about
200oC. The decomposition temperature for a 50% weight loss occurred at 280oC for unmodified
hemicelluloses, 275oC for hemicellulose-g-PCL copolymer sample 2, and 270oC for sample 4.
In the third stage, the weight marginally decreased after 300oC for ummodified hemicelluloses,
after 320oC for sample 2, and after 350oC for sample 4. These results indicated that the thermal
stability of hemicellulose-g-PCL copolymers decreased after grafting in ionic liquid compared
with that of unmodified hemicelluloses. In addition, complete thermal decomposition of
hemicellulose-g-PCL copolymers required either a higher temperature or a longer time.

To further explore the thermal degradation process, derivatives of TGA for the unmodified
hemicelluloses and the hemicellulose-g-PCL copolymers were studied, as shown in Figure 6B.
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DTGmax represents the maximum degradation rate and can be used to compare the thermal
stability between the samples [33]. Unmodified hemicelluloses showed the maximum degra‐
dation rate at about 278oC, while hemicellulose-g-PCL copolymer sample 2 showed two
degradation peaks, at 231oC and 293oC.In general, it is impossible to avoid the degradation of
biopolymers during dissolution and derivatization in ionic liquids [24,34]. The former
DTGmax was due to the decomposition of hemicelluloses, providing the evidence of degrada‐
tion of the hemicellulose substance in ionic liquids. Sample 4 exhibited a similar thermal
stability to that of hemicelluloses, with a DTGmax at 231 oC, indicating the similar degradation
of hemicelluloses in [C4mim]Cl under the given conditions. These results indicated that the
thermal stability of hemicellulose-g-PCL copolymers decreased after grafting in ionic liquid
compared with that of unmodified hemicelluloses. The latter DTGmax was due to the decom‐
position of PCL side chains. Compared with sample 2, the second DTGmax of sample 4 with

 

Ionic liquid as green solvent for ROGP of ε-caprolactone onto hemicelluloses 
11 

1 

 2 
Fig.6. TGA (A) and DTG (B) curves of unmodified hemicelluloses and hemicellulose-g-PCL 3 
copolymer samples 2 and 4. 4 

To further explore the thermal degradation process, derivatives of TGA for the 5 
unmodified hemicelluloses and the hemicellulose-g-PCL copolymers were studied, as 6 
shown in Figure6B. DTGmax represents the maximum degradation rate and can be used to 7 
compare the thermal stability between the samples [33]. Unmodified hemicelluloses showed 8 
the maximum degradation rate at about 278oC, while hemicellulose-g-PCL copolymer 9 
sample 2 showed two degradation peaks, at 231oC and 293oC.In general, it is impossible to 10 
avoid the degradation of biopolymers during dissolution and derivatization in ionic liquids 11 
[24,34]. The former DTGmax was due to the decomposition of hemicelluloses, providing the 12 
evidence of degradation of the hemicellulose substance in ionic liquids. Sample 4 exhibited 13 
a similar thermal stability to that of hemicelluloses, with a DTGmax at 231 oC, indicating the 14 
similar degradation of hemicelluloses in [C4mim]Cl under the given conditions. These results 15 
indicated that the thermal stability of hemicellulose-g-PCL copolymers decreased after 16 
grafting in ionic liquid compared with that of unmodified hemicelluloses. The latter DTGmax17 
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increased attachment of PCL increased to 304oC, indicating improved thermal stability with
the enhanced PCL attachment. The higher thermal stability of the attached PCL compared to
that of hemicelluloses was confirmed. A similar improved thermal stability of glucuronoxylan
from aspen wood was also reported after acetylation [35].

3.5. SEM

To investigate how chemical modification affects the morphology of hemicelluloses, a series
of SEM observation of native hemicelluloses and hemicelluloses-g-PCL copolymers are
illustrated in Figure 7. The changes of the morphology of the native and modified hemicellu‐
loses were clearly observed with different reaction conditions. The unmodified hemicelluloses
showed fluffy block structure, with a smooth and dense surface, and porous structure was
clearly observed for the native and modified hemicelluloses. Compared with native hemicel‐
luloses, the all hemicelluloses-g-PCL copolymers displayed more smaller and ruleless lamellar
structure when grafting PCL onto it.

 
(a)  (b) 

 
(c)  (d) 

 
Figure 7. Scanning electron micrographs of the surface of unmodified hemicelluloses (a) and hemicelluloses-g-PCL co‐
polymer samples 2 (b), 4 (c) and 8 (d)
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3.6. XRD

The crystal structure of hemicelluloses and hemicelluloses-g-PCL copolymers were studied
using X-ray diffraction analysis and the X-ray diffraction patterns are shown in Figure 8. In
spectrum a of native hemicelluloses, there are two small significant diffraction peaks at 2θ
11.2o and 12.4 o, and a strong peak at 19.1o. The strong diffraction peak are shifted in the spectra
of hemicelluloses-g-PCL samples 2, 4, 8, and 9 to 20.2o (b), 20.9o (c), 20.4o (d) and 19.8o (e),
respectively, and the intensity of diffraction patterns decreased. The small peaks at 11.2 o and
12.4 o could not be observed in the diffraction patterns of hemicelluloses-g-PCL copolymers.
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HSQC analyses confirmed the attachment of PCL to hemicelluloses. TGA/DTG suggested the
decreased thermal stability of hemicelluloses after ROGP in [C4mim]Cl and confirmed the
higher thermal stability of the attached PCL than that of hemicelluloses. Considering the good
biodegradability of hemicellulose and PCL, this kind of hemicellulose-g-PCL copolymers
could be used as environmentally friendly materials.
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1. Introduction

Titanium and its alloys are widely used in aerospace, medical and structural applications
because of their unique specific strength that is maintained at elevated temperature, high
corrosion resistance and excellent biocompatibility. However, the use of them has been highly
selective due to high cost resulting from their high energy consumption and complicated
procedure. Therefore, researchers around the world attempt to find a cheap and simple process
for production of titanium and its alloys. Electrochemical preparation is a promising method
for fabrication of titanium and its alloys, because it is simple, manufacturable, inexpensive,
and its ability to control crystal structure and morphology of them by adjusting electrochemical
parameters. Since the deposition potential of titanium is more negative than that of hydrogen,
the deposition of titanium or its alloys from aqueous solution is impossible. As a result, aprotic
solvents such as molten salts, in which the evolution of hydrogen is precluded, may be good
alternatives to aqueous solution for the electrochemical preparation of titanium and its alloys.
The electrochemical preparation of titanium and its alloys has been widely studied in con‐
ventional inorganic molten salts, but the results are disappointed because these fused salts
have many disadvantages, such as high melting point, high viscosity, and high corrosivity.

In recent three decades, ionic liquids as environmentally benign solvents have drawn much
attention and have been found wide applications in the organic synthesis, catalyst, electro‐
chemistry, and extraction separation. For electrochemical application ionic liquids combine
the advantages of both aqueous solution and high temperature molten salt: they display wide
electrochemical window, excellent electrical conductivity, negligible vapor pressure, low
melting point (100°C), wide temperature range for the liquid phase, and free from hydrogen
evolution. Thus, Ionic liquids are good solvents for the electrochemical preparation of metals
and alloys, especially for active elements. The electrochemical preparation of titanium and its

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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alloys from ionic liquids has been investigated by several researchers. Based on our previous
work and those reported by others, we will show the electrochemical preparation of titanium
and its alloys such as Al-Ti, Zn-Ti and Al-Mn-Ti in ionic liquid.

2. Electrochemical preparation of titanium from ionic liquid

2.1. Electrodeposition of titanium from ionic liquid

Titanium is an industrially important metal used in many applications, because of its unique
properties such as excellent corrosion resistance and high specific strength. Since the electro‐
deposition of titanium is impossible from aqueous solution, the high temperature molten salt
as a promising electrolyte for the production of titanium has been investigated by many
researchers. The electrodeposition of titanium from high temperature molten salt had been
developed and scaled up until a pilot plant by Italian Ginatta Titanium Turin and America
New-Jersey Company. The obtained titanium had low impurity contents, depending on the
purity of the TiCl4. However, this process was eventually abandoned due to some technology
and economic problems, including incontrollable back reaction of between TiCl2 and chlorine
to TiCl4, difficulties to change the cathodes and high corrosion caused by the hot chlorine gas.
Recently, there were some attempts to electrodeposit titanium at room temperature in the air
and water-stable ionic liquid using TiCl4 as a source of titanium [1-4]. Freyland et al. reported
for the first time electrodeposition of titanium in l-methyl-3-butyl-imidazolium bis(trifluoro‐
methylsulfone)imide ([Bmim]BTA) and 1-butyl-3-methylimidazolium bis((trifluoro- meth‐
yl)sulfonyl)amide ([Bmim]Tf2N) containing TiCl4 as a source of titanium at room temperature
[1, 2]. The cyclic voltammograms showed that Ti(IV) was reduced to Ti(II) and subsequently
reduced to Ti(0) in [Bmim]Tf2N ionic liquid. In situs canning tunneling microscopy (STM)
measurements showed that titanium may be electrodeposited at the step edge of highly
oriented pyrolytic graphite (HOPG) in nanowires [1] and on Au(111) substrate in ultrathin
layers [2].

However, Endres et al. reported that their attempts to deposit micrometer thick titanium
deposits with the recipe in Ref. [2] failed. Instead of titanium metal, polymeric subvalent
titanium halide species are obtained. Moreover, they extensively investigated whether
titanium could be electrodeposited from its halides (TiCl4, TiF4, TiI4) in different ionic liquids,
namely 1-ethyl-3-methylimidazolium bis(tri- fluoromethylsulfonyl)amide ([Emim]Tf2N), 1-
butyl-1-methyl-pyrrolidinium bis(trifluoromethylsul- fonyl)amide ([BMP]Tf2N), and trihex‐
yltetradecylphosphonium bis(trifluoromethylsulfonyl)amide ([P14,6,6,6]Tf2N). The cyclic
voltammetry and electrochemical quartz crystal microbalance (EQCM) measurements show
that, instead of elemental Ti, only non-stoichiometric halides are formed, for example with
average stoichiometries of TiCl0.2, TiCl0.5 and TiCl1.1 [3]. Wallace et al. used pyrrole and
polypyrrole as a nucleating agent to induce titanium depositionin in [Emim]Tf2N [4]. Titanium
containing polypyrrole codeposits have been achieved, but bulk metallic titanium is not
observed. The measurement results from in situ EQCM indicate that the viscosity of ionic
liquid electrolyte increases significantly in the process of electroreducing TiCl4, furthermore
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titanium deposition might change with breakdown of Tf2N [5]. Abbott has explained that the
obvious increase in electrolyte viscosity results from the change of double layer interface
structure during electrolysis [6]. In addition, we also tried to electrodeposit titanium in the
ionic liquids 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4) and 1-butyl-3-
methylimidazolium hexafluorophosphate([Bmim]PF6) containing TiCl4. There is again no
evidence for the titanium electrodeposited from both ionic liquids except TiClx deposited on
the surface of cathode. The formation of insoluble titanium chloride complex usually involves
the solvent, which was proved by the experimential results obtained from electrochemical and
chemical reduction of TiCl4 in ionic liquids. Thermodynamically, the electrodeposition of Ti
should be possible in ionic liquids, as its electrode potential is -1.64 V vs. NHE. Aluminum has
practically the same electrode potential for reduction (about -1.67 V vs. NHE), which can be
electrodeposited quite easily in different ionic liquids. Nevertheless, more effort is required to
find a suitable ionic liquid and especially the right titanium precursors for a technically
relevant process.

2.2. Direct electrochemical reduction of titanium oxide to titanium

At present, titanium is industrially produced by the Kroll process in which titanium tetra‐
chloride is reduced to titanium sponge by magnesium. This is a complicated and time-
consuming batch process, which makes titanium an expensive metal [7]. Although titanium
has many very useful properties such as high strength, low density and very good corrosion
resistance, its application is restricted by the high processing cost. With this background, much
effort has been directed towards the development of alternative low-cost processes to produce
titanium. Various new methods have been developed, including FFC [8], OS [9], EMR [10] and
PRP [11]. The FFC method is considered as the most promising alternative method for
production of titanium, but it is potentially limited by high reaction temperature.

Recently, we reported for the first time that the direct electrochemical reduction of titanium
dioxide to metallic titanium at room temperature in in Lewis basic AlCl3-1-butyl-3-methyli‐
midizolium (AlCl3-BMIC) ionic liquid [12, 13]. The TiO2 film obtained by oxidizing titanium
foil in a furnace at 823 K in air for 144 h was used as the working electrode and a silver wire
as the reference electrode. The typical cyclic voltammograms of oxidized titanium electrode
in AlCl3-BMIC melt at 343 K was shown in Figure 1. The initial sweep toward more negative
potentials exhibits two clearly-defined reduction waves A and B at -0.33 and -0.60 V (vs. Ag),
which may be owing to reduction of the TiO2 film. Furthermore, the anodic peak observed in
the solid curve at -0.18 V (vs. Ag) is indicative of metal dissolution, which has been formed in
the original cathodic sweep. After 5 minute electrolysis, the oxidation peak at the cathode
potential of -1.6 V (dash line) becomes greater, which indicates that a substantial amount of
fresh titanium metal was available for the oxidation.

For more extensive reduction, the oxidized Ti strip was held at a potential of -1.6V for 8 h. The
reduction waves and their corresponding anodic waves were absent, and the appearance of
cyclic voltammogram was very similar to that of the bare Ti foil. The result indicates that
titanium oxide can be electroreduced to Ti metal.
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The cyclic voltammetry experiments demonstrated a dependence of the reduction potential
on the thickness of TiO2 film formed on the Ti foil, as shown in Figure 2. The initial reduction
potentials shift to more negative potential with increasing the thickness of oxide film. An
increase in thickness of oxide film (resistance) might enhance the cathode polarization, which
was resulted from the cathode inhibition effect of the oxide film on the reduction process. Thus
the direct electrochemical reduction of bulk TiO2 should need a greater overpotential.

Tafel curves recorded at oxidized Ti foil with different thickness of TiO2 film indicated that
equilibrium potential negatively shifted, and the exchange current density as well as cathode

Figure 1. Cyclic voltammograms of oxidized Ti foil and glassy carbon electrode in Lewis basic AlCl3-BMIC obtained at
50m V s-1 and 343 K. [Ref.12]

Figure 2. Cathode polarization curves for oxidized Ti foils with different thickness of titanium oxide film in Lewis ba‐
sic AlCl3-BMIC at 343K and 5mVs-1. [Ref.12]
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Figure 2. Cathode polarization curves for oxidized Ti foils with different thickness of titanium oxide film in Lewis ba‐
sic AlCl3-BMIC at 343K and 5mVs-1. [Ref.12]
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Tafel slope decreased along with an increasing linear polarization resistance when TiO2 film
became thicker. Obviously, direct electrochemical reduction of bulk TiO2 should need a greater
driving force. This conclusion was in agreement with the cyclic voltammetry measurement.
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Figure 3. Alternating current impedance spectra of oxidized Ti foil in Lewis basic AlCl3-BMIC at 343 K and corre‐
sponding equivalent circuit. [Ref.13]

Alternating current impedance spectra of oxidized Ti foil clearly showed that an increase in
cathodic overpotential led to a decrease in reduction charge resistance (see Figure 3). One
semicircle was observed in the higher frequency region of all Nyquist plots obtained at
different cathodic potential, suggesting that the interface charge transfer process between the
TiO2 film and ionic liquid could be the rate-determining step for the reduction of TiO2 film.
On the contrary, a nearly linear increasing of −Z with Z at the low frequency region may be
attributed to the mass transfer in the ionic liquid. The equivalent circuit has been used to
simulate the Ti/TiO2 film/IL (ionic liquid) system, which fitted the experimental data best
(Figure 3). In this system, Rfilm and CPEfilm represent the resistance and capacity of oxide film
respectively; Rt refers to the charge transfer resistance process occurring on the oxide film
surface; CPEdl delegates the double capacity at the interface between the oxide film and tested
IL; Rs can be explained to be the resistance of the tested IL; W can describe the diffusion control
process at low frequency. Fitted results from Alternating current impedance spectra of
oxidized Ti foil with different TiO2 thickness showed that the Rfilm increased with increasing
of thickness of TiO2 film.

For increasing the reduction rate of this process, the dependence of electrochemical behavior
of TiO2 film on the reaction temperature was investigated. The cathode polarization curves of
oxidized titanium foil in AlCl3-BMIC at different temperatures showed that cathode overpo‐
tential decreased with an increase in reaction temperature. Accordingly, it is concluded that
increasing reaction temperature can weaken the cathode inhibition of this reduction process.
Alternating current impedance experiments of TiO2 films at different temperatures showed
that the resistance of the electrochemical reduction decreased with the reaction temperature
increasing. The parameters fitted from experimental data by the equivalent circuit mentioned
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above showed increasing temperature made the charge transfer resistance Rt and tested IL
resistance Rs decline.

Metallographic microscopic image showed the reduced TiO2 film obviously has metallic luster,
implying that TiO2 film was reduced to metal. It was found that a lot of bubbles were generated
at the bottom of cathode and less at anode during the electrochemical reduction process of
TiO2 film. It could be predicted that the reduction of TiO2 film in basic AlCl3-BMIC was possibly
occurred at the edges of the foil, mostly due to the different potential distribution at the edges
of the electrode.

From the above results, it is evident that TiO2 film can be electroreduced in AlCl3-BMIC ionic
liquid. As further proof of this conclusion, the electrochemical reduction of titanium dioxide
pellet in ionic liquid was investigated. After electrochemical reduction for 48 h, the TiO2 pellet
visually turned to bright black. The X-ray photoelectron spectroscopy indicated the electrore‐
ducted TiO2 pellet contains a small amount of titanium metal, suggesting that TiO2 may be
reduced to metallic Ti in this experiment, but the reaction rate is very low.

The mechanism for electroreduction of TiO2 in high temperature molten salt has been exten‐
sively studied. It is generally known that oxygen ions are formed at cathode and oxygen
evolves at the surface of the anode [7]. However, a lot of bubbles are generated in cathode
region during the electrochemical reduction of TiO2 and only a few of bubbles are observed in
anode region, indicating that the reduction process of TiO2 in ionic liquid is different from that
in high temperature molten salt and may be attributed to interfacial electrochemical reaction
mechanism. TiO2 is an n-type semiconductor that has a wide band gap (Eg≈3.2 eV) [14-16],
which makes charge transfer more difficult than other narrow ones. The increase in cathodic
polarization may cause the electronic bands bending downward at the interface between
TiO2 and ionic liquid, resulting in a decrease of the space- charge region of TiO2 with formation
of electron-accumulation layer at the surface of TiO2, where oxygen ions are formed, and as a
consequence, the TiO2 is reduced [17]. Correspondingly, it is considered that TiO2 film is
reduced in AlCl3-BMIC melt according to these steps below (Figure 4).

(1) With negative shift of cathode potential, the electronic bands at the interface between
TiO2 and ionic liquid bent downward, where charge transfer occurred. In other words, oxygen
ions are generated as a result of TiO2 molecules reacting with electrons at the interface of
TiO2 /ionic liquid (TiO2 + 4e →  Ti + 2O2−). (2) The space formed among these reduced Ti would
be filled with ionic liquid at once. (3) The oxygen ions dissolved in ionic liquid would diffuse
through the porous layer of reduced titanium. (4) Oxygen ions diffused from cathode region
to the surface of the anode and anodically discharged to form O2 (2O2− →  O2 ↑  + 4e). (5) When
new generated titanium film formed which then served as anode, O2 was generated at the
interface of new generated titanium, TiO2 and ionic liquid. At this moment, the anode just
acted as a conductor.

In short, TiO2 film on titanium foil can be electroreduced to metallic Ti in AlCl3-BMIC melt at
room temperature. However, reduction of bulk TiO2 needs greater overpotential, so the
electrochemical reduction of TiO2 to metal is very difficult. More effort is required to find a
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suitable ionic liquid and especially the right methods of making TiO2 electrode to improve
conductivity of TiO2 with a technically relevant process.

3. Electrodeposition of titanium alloys in ionic liquid

3.1. Electrodeposition of Al-Ti alloy

Al-Ti alloys are widely used in aerospace industry because of their excellent corrosion
resistance, high temperature oxidation resistance and mechanical properties [18, 19]. As Al
and Ti are reactive metal (E°

Al(III)/Al = –1.67 V vs. NHE, E°
Ti(II)/Al = –1.64 V vs. NHE), Al-Ti alloy

can not be obtained from an aqueous electrolyte. The electrolytes for Al, Ti and Al-Ti alloy
electrodeposition must be aprotic, such as high temperature molten salt or ionic liquid. The
electrodeposition of Al-Ti alloys from high temperature molten salt has been extensively
investigated [20], but many disadvantages such as high melting point, high viscosity, and high
corrosivity limit its practical application. In recent years, the development of room-tempera‐
ture ionic liquid has resulted in another potential approach for Al-Ti alloy electrodeposition.
Tsuda et al. firstly investigated the electrochemical preparation of Al-Ti alloys from Lewis
acidic AlCl3-EMIC (aluminum chloride-1-ethyl-3-methylimidazolium chloride) melts with
various concentration of Ti(II) at 353K [21, 22]. The Ti(II) ions used here can be obtained by the
addition of TiCl2 or by chemical reduction of TiCl3 dissolved into ionic liquid by Al metal. In
additions, our investigations conducted in AlCl3-BMIC indicate that Ti(II) can also be obtained

Figure 4. Model for the reduction process of oxides film on titanium foil in Lewis basic AlCl3-BMIC ionic liquid. [Ref.
13]
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in ionic liquid by the direct reduction of TiCl4 with Al metal. Since TiCl4 and TiCl3, as well as
aluminum, are much less expensive than TiCl2, the in situ reduction of TiCl4 or TiCl3 to Ti(II)
by aluminum metal may be a useful method for introducing Ti(II) into chloroaluminate ionic
liquid.

It was proposed that TiCl2 dissolves in the liquid by forming [Ti(AlCl4)3]− and its solubility
increases with increasing ionic liquid acidity, i.e., with increasing Al2Cl7

- concentration.

( ) ( )
-- -

2 2 7 4 43
TiCl s  + 2Al Cl Ti AlCl + AlClé ù® ë û (1)

The liquid acidity is decreased by changing the molar ratio of AlCl3 to BMIC from 2:1 to 3:2,
leading to the disproportionation reaction of the [Ti(AlCl4)3]− for the production of TiCl3

precipitates and metal Ti [21, 22].

( ) ( )
- -

4 4 3 2 73
3 Ti AlCl + 3AlCl 2TiCl s  + Ti + 6Al Clé ù
ë û € (2)

Ti(II) species tends to form polymers or aggregates upon increasing the Ti(II) concentration or
the liquid acidity. The value of DTi(II) decreases with the increase of the Ti(II) concentration,
which is attributed to that the formation of a polymeric or aggregated species leads to a
diffusing entity with a larger solvodynamic radius. Electrochemical, galvanostatic or poten‐
tiostatic, oxidation of Ti metal produces either insoluble passive TiCl3 film or volatile TiCl4

which can escape from the liquid. At higher potential, the TiCl3 passive film breaks down and
generates Ti(IV). The oxidation of metallic titanium to Ti(II) by direct anodization of Ti metal
in this liquid has not been studied by Tsuda et al. Our observation indicates that the galvano‐
static oxidation of titanium at the current density of 2-20 mA cm2 produces Ti(IV). Furthermore,
we can not obtain the Ti(II) in AlCl3 based ionic liquid using either galvanostatic oxidation of
titanium. These results suggest that anodic oxidation of metallic titanium is almost impossible
for introducing Ti(II) because of the difficulty of controlling the oxidation potential.

From the cyclic voltammograms of stationary and rotating Pt disk electrodes in the acidic
AlCl3-EMIC melt containing Ti(II), it can be seen that the reduction potential of Ti(II) to Ti(0)
is close to the deposition potential of Al [21, 22]. The potential of the stripping wave shifts
positively due to the codeposition of Ti with Al to form Al-Ti alloy, which is more difficult to
oxidize than pure Al. Furthermore, the value of negative shifts increases as the concentration
of Ti(II) increases. The electrodeposition of bulk Al-Ti alloys is performed under constant
current at a current density of 10 mA cm-2 in an ionic liquid with saturated Ti(II) [21]. The
content of Ti in the Al-Ti alloys deposited in this way becomes higher with a decrease in applied
current density, implying that the reduction of Ti(II) to Ti(0) occurs at a more positive potential
than the deposition of Al. At low reduction current densities and correspondingly less negative
potentials, the partial current density for the electrodeposition of Ti metal would be a larger
fraction of the total current density. Increasing the total applied reduction current densities or
making the applied potential more negative, the partial current for the electrodeposition of Ti
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quickly increases to a mass transport limited value because Al (III) concentration is much more
than Ti(II), while the partial current density for Al deposition will keep increasing, which
causes an decrease in the Ti content of Al-Ti alloys deposited. The maximum content of
titanium in Al-Ti alloys that are electrodeposited from this ionic liquid depends on the
saturation concentration of TiCl2 in the ionic liquid and the minimum current density that can
be practically used. It can be seen from scanning electron images of the Al-Ti alloy electrode‐
posited that the deposits were compact, dense and composed of nodular crystals [21, 22]. The
nodular crystals grow up as current density is increased or Ti content is decreased, indicating
that the grain refinement is driven by the incorporation of Ti metal into the alloy rather than
the deposition overpotential. This nicely demonstrates that the impurities and alloying
additions have an impact on morphology of the deposit. The XRD (X-ray powder diffraction)
analysis results indicate that electrodeposited Al-Ti alloys with the Ti content of 7.0-18.4 at.%
are the disordered face-centered cubic (fcc) structure, as highly similar with the structure of
Al. The lattice parameters of the alloys decrease, which is to be expected as the smaller Ti atoms
substitute for Al atoms in the fcc lattice [22]. Furthermore, X-ray reflection peaks of the Al-Ti
alloys broaden with increasing Ti content, suggesting a decrease in the grain size of the deposit.
Recorded for Al-Ti alloys electrodeposited on copper electrodes in deaerated aqueous NaCl
solution, the potentiodynamic anodic polarization curves show that the pitting potential of
electrodeposited Al-Ti alloys significantly increases as compared to that of pure Al, which is
in accord with that is observed for Al-Ti alloys obtained by sputter deposition [21].

Aliet al. examined the electrodeposition of Al-Ti alloys on platinum electrode in AlCl3-BPC-
TiCl4 (molar ratio 6.14:3.07:0.09) ionic liquid using controlled-potential and pulse potential
method at 298K [23]. Al-Ti alloys containing up to 27 % atomic fraction (a/o) titanium can be
electrodeposited from this electrolyte at the deposition potential of -0.06 V vs. Al/Al(III), but
the titanium content of these alloys decreases as the reduction current density is increased or
the deposition potential is negatively shifted. The Al-Ti alloy deposits obtained either by
controlled-potential or by pulse potential method are compact and smooth. The efficiency of
the process is about 97%. The X-ray powder diffraction (XRD) patterns of the electrodeposits
show that the electrodeposited alloy containing 27 at.% Ti is composed of Al, Ti and Al3Ti, but
a single phase of Al solid solution with Ti are obtained as the Ti content in electrodeposited
alloy decreases to 15 at.%.

The electrodeposition of Al-Ti alloys on Au(111) in an acidic aluminum chloride-1-butyl-3-
methylimidazolium chloride(AlCl3-BMIC) containing 10 mmol TiCl4 at 298 K was also
reported by Freylandet al. [22, 24]. From cyclic voltammograms, it is found that Ti(IV) can be
firstly electroreduced to Ti(III) and subsequently reduced to Ti(II), whereby Ti (III) is formed
precipitates on the electrode as sparingly soluble TiCl3. The reduction of Ti(III) to Ti(II) occurs
at a potential where underpotential deposition (UPD) of Al on Au(111) also occurs. Further‐
more, the codeposition of Al and Ti is followed by the deposition of bulk Al. A stripping peak
is observed at more negative potential relative to the Al stripping during an anodic scan, which
is assigned to oxidation of Al-Ti alloy. The electrochemical scanning tunneling microscopy
(EC-STM) analysis for the underpotential deposits show that Al preferentially grow up along
the step edges of Au substrate resulting in step edge decoration, whereas Al-Ti grow into
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smaller clusters homogenously spread on the Au electrode. Furthermore, the Al-Ti clusters
are clearly smaller in size than the Al clusters. The formation of an Al-Ti alloy phase in the
electrodeposits is further confirmed by an X-ray photoelectron spectra (XPS) analysis.

Reddy et al. attempted electrochemical production of Al-Ti alloys from AlCl3-BMIC-TiCl4

(molar ratio 2:1: 0.019) and AlCl3-BMIC (molar ratio 2:1) ionic liquids at temperature between
70-125°C and constant voltage between 1.5-3.0 V [25, 26]. The Al-Ti alloys containing about
15-27 at% Ti are produced with a current efficiency of about 25-38%. Ti content in Al-Ti alloy
deposits decreases as the applied cell voltage increases or the temperature increases. Increasing
the applied cell voltage probably leads to mass-transport-limited value for Ti deposition, while
the total charge passed through the cell still increases, resulting in the Ti content in the alloy
deposits decreasing. The scanning electron micrographs show that the deposits are nodular
but not so dense or compact. As the applied voltage decreases, average particle size decreases
and deposits becomes uniform and compact. In addition, the deposits particle size increases
slightly with the temperature increasing from 70 to 100℃. But increasing temperature beyond
100°C, particles begin to grow quickly, which results in the formation of clusters rather than
separated particles. At low voltage or low temperature, lower the migration rate of reducible
ions and growth rate of crystal nuclei make the deposits become smoother and fine grained.
Finally, the optimum conditions for production of smooth, compact, fine particle size and high
Ti content Al-Ti alloys are 1.5-2.0 V voltage and 70-100°C temperature. The X-Ray diffraction
(XRD) analysis of electrodeposited alloy confirms the formation of Ti-Al alloy. The cathodic
current efficiency in AlCl3-BMIC-TiCl4 electrolyte is very low (25-38%) for all experiments. The
lower current efficiency is due to the formation of TiCl3 passive layer on electrode surfaces,
which retards the kinetics of redox reaction, and reduces the cathode current efficiency. This
obstacle of low current efficiency can be overcome by using AlCl3-BMIC instead of AlCl3-
BMIC-TiCl4. Titanium metal is used as the anode and its dissolution serves the source of Ti ion
in the electrolyte. The cathodic current efficiency of the process in AlCl3-BMIC as electrolyte
is up to 78-87%. The absence of TiCl4 in the electrolyte reduces the formation of TiCl3 passive
layer on the electrodes because TiCl4 is easily reduced to TiCl3. The energy consumption for
the production of Ti-Al alloy using this ionic liquid is about 3.92-9.47 kWh/kg, which is far
lower than that for the commercially production of Al-Ti in molten salt.

Although the Al-Ti alloy can be successfully produced using constant voltage in AlCl3-BMIC-
TiCl4, (molar ratio 2:1:0.019) and AlCl3-BMIC (molar ratio 2:1) electrolytes, the studies on
process variables are limited to applied voltage and temperature. Our group investigated the
electrodeposition of Al-Ti alloy by using galanostatic on copper, titanium and stainless steel
from an acidic AlCl3-BMIC (2:1 molar ratio) ionic liquid containing TiCl4 [27]. The substrates
have great influence on the morphology and composition of the alloy deposits. The Ti content
of Al-Ti alloys prepared at a current density of -5 mA cm−2 in this ionic liquid containing 0.2
mol L-1 TiCl4 on copper, titanium and stainless steel is 4.9 at.%, 6.3 at.%and 9.0 at.%, respec‐
tively. The scanning electron micrographs show that the deposits on both copper and stainless
steel are nodular, whereas deposits on titanium are sheet-like structures. Furthermore, the
particle size on copper is smaller than that on stainless steel. It is observed that the Ti content
in Al-Ti alloy deposited on these substrates decreases with increasing current density. Since
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the reduction current of Ti(II) reaches limiting current condition more quickly than that of
Al2Cl7 −, the partial current for the Al deposition remains increasing when partial current for
the Ti deposition reaches a limiting current density, which results in a decrease in the Ti content
of the alloys electrodeposited with an increase in current density [21]. Also, it is found that the
content of Ti in Al-Ti alloys increases with increasing Ti(IV) concentration in ionic liquid.
Results from SEM examinations reveal that the morphology of the Al-Ti deposits varies with
the alloy composition. The deposit particle decreases in size with increasing Ti composition,
decreasing current density and increasing Ti(IV) concentration.

The Al-Ti alloys can be successfully electrodeposited on different substrates in ionic liquids,
but deposits are not very dense, smooth or bright, limiting its practically plating application.
Quite recently we examined the addition of toluene and NH4Cl additives and their effect upon
the composition and morphology of electrodeposited Al-Ti alloys [28]. The cyclic voltammetric
responses of AlCl3-BMIC-TiCl4 (molar ratio 2:1:0.037) in the absence and presence of equimolar
quantities of the additives toluene and NH4Cl indicate that the shape of the voltammograms
and peak current densities is dependent on the additives used (see Figure 5). From these results
it is evident that either the Al-Ti alloys deposition or stripping processes is affected by the
addition of the additives. The onset of the Al-Ti alloy deposition potentials shifted anodically
in the presence of NH4Cl, suggesting that the NH4Cl promotes the reduction of Al-Ti alloy.
However, the opposite shiftis observed for the addition of toluene, suggesting that toluene
restrains the deposition of Al-Ti alloy. Additionally, it should be noted that the charge passed
during Al-Ti alloy reduction is greatly increased in the presence of toluene, but decreased in
the presence of NH4Cl relative to the additive free solution. These results indicate that the
presence of the additives affects the Al-Ti deposition processes and various additives have
different effect on Al-Ti electrodeposition, leading to change in the composition and morphol‐
ogy of Al-Ti alloy. The EDS analysis indicates that Ti content of Al-Ti alloy deposits increases
in the presence of toluene, but decreases in the presence of NH4Cl. The Al-Ti morphology is
further modified upon the introduction of NH4Cl or toluene to the solution. In contrast to the

Figure 5. Cyclic voltammograms obtained at glassy carbon electrode at 50 mV s-1 in AlCl3- BMIC-TiCl4 (molar ratio
2:1:0.037) (a) and with the following additives: (b) 0.25 mol dm-3 toluene and (c) 0.25 mol dm-3 NH4Cl
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deposits in the absence of additive, the deposits particles size obviously decreases and deposits
become more smooth, dense, and uniform in the presence of additives.

3.2. Electrodeposition of Zn-Ti alloys

Zn-Ti alloys are used widely as metallic coatings in the corrosion protection of iron and steel
due to their excellent corrosion resistance [29]. The electrodeposition is one of most promising
techniques to prepare Zn-Ti alloy because it is simple and inexpensive, and is able to tailor the
properties of the deposit by adjusting the deposition conditions. However, the electrodeposi‐
tion of Zn-Ti alloys from aqueous solutions is impossible by the fact that hydrogen evolves
before Ti deposition. The electrodeposition of Zn-Ti alloys were investigated by our group in
a ZnCl2-urea (1:3 molar ratios) eutectic-basedionic liquid containing 0.27 mol L-1 TiCl4 [30].
Cyclic voltammograms recorded at glassy carbon electrode in the ZnCl2-urea (1:3 molar ratios)
eutectic-based ionic liquid are shown in Figure 6. Only a pair of redox peaks appears in the
cyclic voltammogram of pure ZnCl2-urea ionic liquid, which can be attributed to the deposition
and stripping of Zn. After the addition of TiCl4 to ZnCl2-urea liquid, two additional reduction
waves are observed in the voltammetry curve. Voltammetric data show that the first cathodic
wave at -0.36 V (vs. Pt) corresponds to the reduction of Ti(IV) to Ti(III). It is noted that the
violet passivating film is formed on the electrode surface after this reaction, indicating that
Ti(III) is insoluble in ZnCl2-urea eutectic-basedionic liquid. Thus, the reaction of Ti(IV) to Ti(III)
in ZnCl2-urea liquid involves the following sequence of reactions:

( ) ( )-
solv solv

Ti IV + e Ti III€ (3)

( ) -
3solv

Ti III + Cl TiCl ¯€ (4)

The second wave (B) at the more positive potential than that of Zn electrodeposition is
contributed to the reduction of Ti(III) to Ti(II). Furthermore, the wave ascribed to the reduction
of Zn(II) shows a small negative shift and the oxidation wave shifts to more positive potentials
in the presence of TiCl4. The positive shift of the stripping wave indicates formation of Zn-Ti
alloy that is more stable toward oxidation than pure Zn.

The Zn-Ti alloys are electrodeposited on Cu substrate from ZnCl2-urea deep eutectic ionic
liquid with TiCl4. The effects of deposition potential and temperature on the surface morphol‐
ogy and composition of electrodeposited Zn-Ti alloys are studied. The obtained alloys are
adherent onto Cu substrate, but not very compact or dense. The EDX analysis shows that the
deposits are composed of Zn and Ti, which are chloride-free. At the same temperature, the Ti
content in Zn-Ti alloy increases with increasing potential from -1.3 to -1.8 V, but the Ti content
tends to decrease as potential increased from -1.8 to -2.2 V. Because the initial deposition
potential of Zn is more positive than that of Ti, the partial current for the electrodeposition of
Ti metal would increase with increasing the deposition potential at lower deposition potential
[8]. However, the Ti ion concentration (0.27 mol L-1) is much less than Zn ion concentration
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(4.79 mol L-1) in the electrolyte. With further increasing of the deposition potential from -1.8 to
-2.2 V, the partial current for the reduction of Ti (II) ions probably reaches a limiting value,
whereas partial current for the reduction of Zn (II) ions continues to increase, and then Ti
content in Zn-Ti alloys decreases. Under the same deposition potential, the Ti content in the
deposits increases as the temperature increases. Ti ion concentration is very low in the
electrolyte and the reduction of Ti is controlled by mass-transport process [25, 31]. An increase
in the temperature would enhance the mass transport rate of Ti(II), and increase the deposition
rate of Ti. The XRD patterns for electrodeposits show that the Zn-Ti alloy exhibits a chemically
disordered hexagonal close-packed (hcp) structure very similar to that of pure zinc. The largest
lattice parameters (a) corresponding lattice expansion (∆a/a) of 0.67% occur at an alloy with Ti
content about 8.4 at.%, suggesting the formation of Zn-Ti alloys. The SEM images shown in
Figure 7 demonstrate the particle size increases gradually as the deposition potential becomes
more negative or temperature increases. When the deposition potential becomes negative to
-2.0 V or temperature is increased up to 363 K, deposited grains grow quickly and the deposits
become a little rough. At low deposition potentials or low temperature, the discharge rate of
reducible ions on the electrode is lower and nucleation rate is faster than the crystal-growth
rate, which results in fine-grained deposit.

In addition, the effect of substrates on the morphology and composition of the deposits was
also investigated. The Ti content of Zn-Ti alloys on mild steel is significantly lower than that
on copper and particle size on mild steel is obviously smaller than that on copper.

In contrast to DC plating, pulsed electrodeposition (PED) offers unique advantages, such as
deposition of uniform and crack free coating with desirable characteristics. Recently, our group
investigated that the electrodeposition of Zn-Ti alloys on mild steel in a ZnCl2-urea (1:3 molar
ratios) eutectic-based ionic liquid [32]. At constant current off-time and pulse current density,
the grain size decreases with decreasing current on-time, deposits become more compact and
refined grain structure (see Figure 8). In contrast, an increase in the current off-time at constant

Figure 6. Cyclic voltammograms recorded at a glassy carbon electrode in the ZnCl2-urea (1:3 molar ratios) eutectic
based ionic liquid with and without TiCl4 at 353 K. The sweep rate was 0.02 V s-1. [Ref. 30]
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current on-time and pulse current density results in the grain growth. The turned-on time is
reduced and the turned-off time keeps constant, namely increasing the effective number of
cycles (ton+toff), lead to an increase in the number of nuclei. As a result, the size of grain reduces.
When the average current density in pulsed electrodeposition is equal to the current density
applied in the continuous process, deposit obtained by pulsed electrodeposition shows a more
refined granulation, due to the higher nucleation rate. At constant current on-time and off-
time, the grain size of deposits decreases with increasing pulse current density.

Regarding the composition of deposits, higher on-time and current density causes a decrease
in the content of titanium in the deposit. Furthermore, the Ti content in deposits obtained by
continuous electrodeposition is smaller than that of the pulse deposited. This is important and
should be taken into account when preparing deposits of a desired composition. It was also
noticed that the proportion of Ti in the coating is higher than its proportion in the bath,
indicating its preferential deposition. The reasons for this type of behavior are discussed in
several works, without reaching a conclusion [33, 34]. Galvanic corrosion tests show that
corrosion resistance of Zn-Ti alloy coatings increased with increasing Ti content.

The Zn-Ti alloys can be successfully electrodeposited from ZnCl2-ureaeutectic-based ionic
liquid, but deposits are not very compact or bright. So we investigated the effect of additives
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Figure 8 The scanning electron micrographs of Zn–Ti alloy coatings obtained by pulse 
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on the composition and morphology of electrodeposited Zn-Ti alloys [35]. The cyclic voltam‐
mograms obtained in ZnCl2-urea (molar ratio 10:1) containing 0.43 mol L-1 TiCl4 in the absence
and the presence of equimolar quantities of the additives LiCl, NaCl, KCl, NH4Cl or etrame‐
thylammonium chloride (TMAC) demonstrate that the presence of the additive causes changes
in the shape and position of the voltammograms. These results indicate that the presence of
the additives affects both the Zn-Ti alloys deposition and stripping processes. The current
crossovers in the cathodic region are evident in all the systems, indicating that nucleation and
growth of Zn-Ti centre occur under the tested conditions. The deposition potential of the Zn-
Ti alloy is negatively shifted in the presence of these additives, suggesting that the additives
restrain the deposition of Zn-Ti alloy.

The EDX analysis indicates that Ti content of Al-Ti alloy deposits is almost unchanged in the
presence of various additives. SEM images of Zn-Ti alloy deposits show that deposits become
smooth and grain size decreases in the presence of NaCl or KCl additives (see Figure 9 a, c and
d). In addition, the decrease in particle size is not obvious but deposits become more smooth
in the presence of LiCl, NH4Cl and TMAC (see Figure 9 a, b, e and f).
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Figure 9 Representative scanning electron micrographs of Zn-Ti alloys electrodeposited on mild steel 

from ZnCl2-urea (molar ratio 10:1) containing 0.43 mol L-1 TiCl4 (a) and with 1.67 mol L-1 following 

additives: (b) LiCl, (c) NaCl, (d) KCl, (e) NH4Cl and (f) TMAC.  

The electrodeposition of Zn-Ti alloy from ZnCl2-urea-TiCl4 in the presence of NaCl was further 

investigated at different deposition potential and temperature. The Ti content of the electrodeposited 

alloys increases with increasing current density and temperature under our experimental conditions. 

As the reduction potential of Zn (II) is more positive than that of Ti (II), the partial current for the 
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electrodeposited alloys increases with increasing current density. It is also noted that the Ti content in 
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Figure 9. Representative scanning electron micrographs of Zn-Ti alloys electrodeposited on mild steel from ZnCl2-urea
(molar ratio 10:1) containing 0.43 mol L-1 TiCl4 (a) and with 1.67 mol L-1 following additives: (b) LiCl, (c) NaCl, (d) KCl,
(e) NH4Cl and (f) TMAC.

The electrodeposition of Zn-Ti alloy from ZnCl2-urea-TiCl4 in the presence of NaCl was further
investigated at different deposition potential and temperature. The Ti content of the electro‐
deposited alloys increases with increasing current density and temperature under our
experimental conditions. As the reduction potential of Zn (II) is more positive than that of Ti
(II), the partial current for the deposition of Ti increases quickly with increasing current
density. As a result, the Ti content of the electrodeposited alloys increases with increasing
current density. It is also noted that the Ti content in Zn-Ti alloys increases with increasing Ti
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(IV) concentration in ionic liquid. Results from SEM examinations reveal that the structure of
the Al-Ti deposits varies with the alloy composition. The deposit particle decreases in size with
increasing Ti composition, resulting from the increase in current density, temperature and Ti
(IV) concentration.

3.3. Electrodeposition of Al-Mn-Ti alloy

The Ti addition to Al-Mn alloy can effectively improve high temperature oxidation and pitting
corrosion resistance. Since both Al-Ti [21] and Al-Mn [36] alloys can be electrodeposited from
Lewis acidic AlCl3-EMIC (or BMIC) ionic liquid, we investigated the electrodeposition of the
Al-Mn-Ti ternary alloys in the AlCl3-BMIC (2:1 molar ratios) ionic liquid at the temperature
range from 80 to 100℃ [37]. Mn(II) and Ti ions were introduced into the ionic liquid by
dissolution of MnCl2 and anodic dissolution of titanium sheet, respectively. Based on the
relationship between the charge passed and weight loss of titanium sheet, the number of
electrons involved in the reaction was calculated from Faraday’s law to be approximately 4,
indicating that the anodic oxidation of metal Ti produced Ti(IV) ions in AlCl3-BMIC ionic
liquid. It was found that Ti(IV) was reduced to Ti(II) in two one-electron steps.

( ) ( )-Ti IV  + e Ti III€ (5)

( ) ( )-Ti III  + e Ti II€ (6)

As discussed previously, Al deposition occurs by the electrochemical reduction of the
coordinately unsaturated Al2Cl7

− ion in Lewis acidic AlCl3-BMIC ionic liquid [38]

- - -
2 7 44Al Cl + 3e = 7AlCl + Al (7)

However, when Mn(II) or Ti(II) is present in the ionic liquid, this reaction becomes

( ) ( ) ( ) ( ) ( )p-2 - - - -
4 2 7 1-x x 4p

xM AlCl + 4 1- x Al Cl + 3-x e =Al M + 7 1-x  + px AlClé ùë û (8)

Where M(AlCl4)p
(p−2)− represents Mn(II) or Ti(II) solvated in the chloroaluminate ionic liquid

by AlCl4
− and Al1−xMx denotes the resulting aluminum-transition metal alloy. In the pure melt,

a stripping wave for electrodeposited Al begins at ~0 V, but this wave is replaced by waves
corresponding to the stripping of the electrodeposited Al-Mn and Al-Ti alloys in the solutions
containing Mn(II) or Ti(II), respectively [21, 36].

The cyclic voltammograms recorded at a glassy carbon electrode for the solutions revealed
that the presence of Mn(II) in the solution inhibits the nucleation of Al (see Figure 10a and b).
The cyclic voltammograms recorded at glassy carbon electrode in the ionic liquid containing
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both Mn(II) and Ti(II) is similar in appearance to that recorded in the Mn(II) solution (see
Figure 10b and d). This implies that the formation of Al-Mn dominates the ternary Al alloy
deposition process. In fact, the Ti content of all of the Al-Mn-Ti alloys produced during this
investigation was less than 3.8 at. %.

Controlled current techniques were employed to prepare Al-Mn, Al-Ti and Al-Mn-Ti alloy
samples at a copper substrate. In the case of the binary alloys that were prepared in solutions
containing only one of the two transition metal precursors [i.e., either Mn(II) or Ti(II)], the Mn
content of the Al-Mn alloys is always greater than the Ti content of the corresponding Al-Ti
alloys when the two binary alloys were prepared under identical conditions such as applied
current density, concentration of the precursor ions, and temperature. This same result carries
over to the ternary alloys, including those prepared with CMn(II)= CTi(II), because the Ti content
of these alloys is always smaller than the Mn content. The jt signifies the total applied current
density, and jTi, jMn, and jAl express the partial current densities for Ti, Mn, and Al, respectively.
From plots of –jTi, −jMn, and −jAl against −jt, it can be seen that −jAl depends linearly on jt, whereas
the variations of −jMn and −jTi with −jt show more complex behavior. −jTi increases at low values
of −jt, but reaches a limiting value as −jt is increased. This behavior explains why the Ti content
of the Al–Ti and Al–Mn–Ti alloys decreases as −jt is increased, because once –jTi reaches a
limiting value, it becomes a smaller fraction of −jt, whereas −jAl becomes an increasingly larger
fraction of −jt as the latter is increased. This result was noted during previous studies of the
electrodeposition of Al-Ti in a similar ionic liquid, and it is based on the fact that the concen‐

Figure 10. Cyclic staircase voltammograms recorded at a glassy carbon in Lewis acidic AlCl3-BMIC ionic liquid: (a)
pure ionic liquid, (b) 25 mmol L−1 Mn(II), (c) 25mmol L−1 Ti(IV), (d) 25 mmol L−1 Mn (II) +25 mmol L−1 Ti(IV). The scan
rate was 0.05 V s−1, and the temperature was 323 K.
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tration of Ti(II) in the solvent is much smaller than the concentration of the reducible Al(III)
species. On the other hand, −jMn increases with −jt, so that the Mn content of the alloys increases
with increasing –jt. Furthermore, the −jTi derived from the solution containing Mn(II) and Ti(II)
is generally smaller than the value observed in the solution containing Ti(II), but no Mn(II),
suggesting that the deposition of Ti is inhibited by Mn(II). Overall, the Al-Mn-Ti alloys rich in
Ti are obtained at small −jt, whereas the alloys rich in Mn are obtained at large −jt. The inhibition
of the deposition of the nobler component, Ti, by the less noble component, Mn, makes the
codeposition of Al, Ti, and Mn an anomalous process.
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eutectic based ionic liquid containing TiCl4 and NiCl2. The total concentration of TiCl4 and NiCl2 in 

the bath kept 0.15 mol/L while the TiCl4/NiCl2 mole ratio was varied. The cyclic voltammograms 
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Figure 11. SEM micrographs of electrodeposited Al-Mn-Ti alloy samples at 80℃ by different current density. (a)
4mAcm-2, (b) 6mAcm-2, (e) 8mAcm-2

SEM images of the Al-Mn-Ti alloy deposits reveal that the morphology varies from spherical
nodules to a shining surface, depending on the current density and the Mn concentrations (see
Figure11). The EDX analysis of the Al-Mn-Ti alloy deposits indicates that Al, Mn and Ti were
distributed uniformly in the deposits. XRD analysis revealed that the Al-Mn-Ti alloy deposits
are an amorphous phase similar to Al-Mn deposits [36]. Pitting potential measurements of the
electrodeposited Al-Mn-Ti alloys revealed that the addition of relatively modest amounts of
Ti and Mn to the alloy resulted in a significant increase in corrosion resistance, compared with
pure Al and the comparable binary alloy containing only titanium metal components.

3.4. Electrodepositin of Ni-Ti alloy

Ni-Ti alloys are widely used in industrial and medical devices because of their unique shape
memory, excellent corrosion resistance, and good biocompatibility [39]. The electrodeposition
is an effective, cheap and ready method to prepare alloy coating. However, the electrodepo‐
sition of Ni-Ti alloy is very difficult owing to the larger difference of electrode potential
between Ni and Al. Recently, our group preliminarily investigated thecodeposition of Ni-Ti
alloy from the BMIC-EG (molar ratio 1:2) eutectic based ionic liquid containing TiCl4 and
NiCl2. The total concentration of TiCl4 and NiCl2 in the bath kept 0.15 mol/L while the TiCl4/
NiCl2 mole ratio was varied. The cyclic voltammograms recorded at a glassy carbon electrode
in BMIC-EG, BMIC-EG-NiCl2 and BMIC-EG-TiCl4 solution are shown in Figure 12. For the
BMIC-EG-NiCl2 liquid, only one redox couple due to the cathodic deposition and anodic
stripping of Ni was observed in the cyclic voltammograms. It is noted that reduction potential
of BMIC-EG positively shifted in the presence of Ni(II), suggesting Ni(II) may promote the
decomposition of ionic liquids. The addition of TiCl4 produced an additional reduction wave
at a potential more negative than reduction potential of Ni(II). Multiple stripping waves
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SEM images of the Al-Mn-Ti alloy deposits reveal that the morphology varies from spherical
nodules to a shining surface, depending on the current density and the Mn concentrations (see
Figure11). The EDX analysis of the Al-Mn-Ti alloy deposits indicates that Al, Mn and Ti were
distributed uniformly in the deposits. XRD analysis revealed that the Al-Mn-Ti alloy deposits
are an amorphous phase similar to Al-Mn deposits [36]. Pitting potential measurements of the
electrodeposited Al-Mn-Ti alloys revealed that the addition of relatively modest amounts of
Ti and Mn to the alloy resulted in a significant increase in corrosion resistance, compared with
pure Al and the comparable binary alloy containing only titanium metal components.

3.4. Electrodepositin of Ni-Ti alloy

Ni-Ti alloys are widely used in industrial and medical devices because of their unique shape
memory, excellent corrosion resistance, and good biocompatibility [39]. The electrodeposition
is an effective, cheap and ready method to prepare alloy coating. However, the electrodepo‐
sition of Ni-Ti alloy is very difficult owing to the larger difference of electrode potential
between Ni and Al. Recently, our group preliminarily investigated thecodeposition of Ni-Ti
alloy from the BMIC-EG (molar ratio 1:2) eutectic based ionic liquid containing TiCl4 and
NiCl2. The total concentration of TiCl4 and NiCl2 in the bath kept 0.15 mol/L while the TiCl4/
NiCl2 mole ratio was varied. The cyclic voltammograms recorded at a glassy carbon electrode
in BMIC-EG, BMIC-EG-NiCl2 and BMIC-EG-TiCl4 solution are shown in Figure 12. For the
BMIC-EG-NiCl2 liquid, only one redox couple due to the cathodic deposition and anodic
stripping of Ni was observed in the cyclic voltammograms. It is noted that reduction potential
of BMIC-EG positively shifted in the presence of Ni(II), suggesting Ni(II) may promote the
decomposition of ionic liquids. The addition of TiCl4 produced an additional reduction wave
at a potential more negative than reduction potential of Ni(II). Multiple stripping waves
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appeared in the presence of TiCl4 and relative magnitude of these stripping waves depends
on the reversing potential, indicating the codeposition of Ti and Ni. The dense and compact
Ni-Ti alloys could be electrodeposited by potentiostatic electrolysis at Cu substrate (see Figure
13). The XPS analysis showed that the deposits contained Ti metal in addition to Ni. The EDS
analysis indicated that the Ni and Ti were distributed uniformly in the alloy. It was found that
the Ti content of electrodeposited Ni-Ti alloy is increased with an increase in current density
(or cathodic overpotential), suggesting that the Ti is deposited at a more negative potential as
compared to pure Ni. In addition, the composition of the alloy could also be controlled by the
ionic liquid bath composition.

Figure 12. cyclic voltammograms recorded at a glassy carbon electrode in BMIC-EG containing NiCl2, TiCl4 and a mix‐
ture of NiCl2 and TiCl4 at 353 K. The scan rate is 10 mV s-1.

Figure 13. SEM micrograph of the deposits formed potentiostatically on Cu in BMIC-EG containing NiCl2 and TiCl4 at
a potential of -1.3V (vs. Pt) and 353 K.
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4. Conclusion

In this chapter we have summarized the findings from literature and our studies on the
electrochemical preparation of titanium and its alloys in ionic liquids. It has been demonstrated
that elemental titanium can not be electrodeposited from ionic liquid in the presence of
chloride. The successful deposition of titanium in ionic liquids will require the development
of tailored titanium precursors. In addition, it is difficult to preparation of titanium by direct
electrochemical reduction of titanium dioxide in ionic liquid due to very slow reduction rate.
However, it is shown that titanium could be co-deposited in ionic liquid with aluminum and
transition metal, such as zinc and nickel. Some titanium alloys like Al-Ti, Zn-Ti, Al-Mn-Ti and
Ni-Ti can be successfully electrodeposited from ionic liquid. In this context, ionic liquids are
very promising for titanium alloys preparation. Both wide electrochemical window and high
thermal stability allow these processes of Ti and its alloy electrodeposition which are impos‐
sible in aqueous or organic solvents.
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1. Introduction

Climate change and the limited availability of fossil fuels have greatly affected the world’s
economy and ecology. With a fast-growing market for portable electronic devices and the
development of hybrid electric vehicles, there has been an ever increasing and urgent demand
for environmentally friendly high-power energy resources [1]. The production of electro‐
chemical energy is under serious consideration as an alternative energy/power source, as long
as the consumption of this energy is designed to be more sustainable and more environmen‐
tally friendly. Systems for electrochemical energy storage and conversion include batteries,
fuel cells and electrochemical capacitors (ECs) [2]. Electrochemical capacitors (ECs) are known
by different names such as ultracapacitors, EDLC, or super capacitors. These names were
invented by different manufactures of the ECs. The trade name of the first commercial device
made by Nippon Electric Company (NEC) was supercapacitors, but Pinnacle Research
Institute (PRI) called the ECs ultracapacitors. Whatever the trade name of ECs, they all refer
to a capacitor, which stores electrical energy in the interface between an electrolyte and a solid
electrode. Because of the low capacitance values of the electrostatic capacitors, they are limited
to low power applications or at most short term memory back-up supplies [3-7]. A large
capacitance value and a high operating cell voltage are required for a supercapacitor to have
good performance [8, 9]. Hence, the development of both novel electrode materials with
increased capacitance, such as grapheme-based materials [10–16], and electrolytes with wider
potential windows, such as ionic liquid electrolytes or organic electrolytes, is required to
optimize the overall performance of the supercapacitor [17]. Carbide-derived carbons have
been investigated for use as electrodes in EDLCs. High surface area carbon materials mainly
include activated carbon [18,19], porous carbon [20], carbide-derived carbon [21], onion-like
carbon, carbon aerogels [22], carbon nanotubes (CNTs) [23, 24], carbon shell [25], graphene
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[26], and graphene quantum dots [27]. CNT, especially the single-walled carbon nanotube
(SWCNT), has intrinsically excellent properties as an active material, such as high SSA, high
conductivity, high flexibility, regular pore structures, and electrochemical stability. Woong et
al. fabricated all-solid-state flexible SCs using CNTs, regular office papers, and ionic-liquid-
based silica gel electrolyte [28]. Although CNTs possess high electrical conductivity and large
SSA, CNT-based supercapacitors still cannot meet an acceptable performance, which is
probably due to the observed contact resistance between the electrode and the current
collector. Compared with traditional porous carbon materials, graphene has very high
electrical conductivity, large surface area, and a profuse interlayer structure. Hence, graphene-
based materials are hugely favourable for their application to EDLCs [29, 30]. The advent of
new forms of carbon materials such as high quality graphene sheets (single layer to a few
layers) with superior electrical properties have allowed for the development of new engineered
carbons for energy storage [31-35]. Owing to their large in-plane conductivities, graphene films
are expected to play a crucial role in the development of electrodes for a variety of energy
applications such as photovoltaics [36-39] and supercapacitors [40]. These materials have
recently been used in supercapacitor devices to replace conventional carbon electrodes and
have shown very good performance [41-46].

Graphene has been found to exhibit exceptionally high thermal conductivity, electrical
conductivity and strength. [47-49]

Another outstanding characteristic of graphene is its exceptionally high specific surface area
of up to 2675 m2/g. Most significantly, the intrinsic capacitance of graphene was recently found
to be 21 μF/ cm2, [50] which sets the upper limit of EDL capacitance for all carbon-based
materials. This study asserts that graphene is the ideal carbon electrodematerial for EDL
supercapacitors because it is capable of storing an EDL capacitance value of up to 550 F/g,
provided the entire 2675m2/g is fully utilized. Another advantage of graphene in a superca‐
pacitor electrode is the notion that both major surfaces of a graphene sheet are exterior surfaces
readily accessible by electrolyte [51]. For EDLCs, ionic liquids (ILs) [52], room temperature
molten salts composed of organic cation (and anion) are widely considered the electrolyte of
the future. Ionic liquids are solventless electrolytes with many properties that make them
attractive for electrochemical energy storage: high chemical and thermal stability, negligible
vapour pressure, a broad electrochemical stability potential window and an immense param‐
eter space in terms of ion selection and resulting properties. The most popular ionic liquids
are based on imidazolium and several salts with the 1-ethyl-3-methyl-imidazolium cation
(EMI), which displays a cathodic stability of -1.8 V vs. NHE, and with such anions as BF4,PF6,
(CF3SO2)2N,CF3SO3, which in turn divergently affect the limit of the anodic window, the
melting point and hence the conductivity of the ionic liquids were developed [53-55]. The
compatibility is between graphene sheets and ionic liquids, which are significantly larger than
the molecular sizes of aqueous and other organic liquid electrolytes.

In this chapter, the efficacy of ionic liquids in supercapacitors and the research lines for the
design of advanced electrode materials and configurations for graphen and IL-based high-
performance supercapacitors are reviewed and discussed.
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2. Discussion

2.1. Operating principles of double-layer capacitors

2.1.1. Device configuration

An ES is a charge-storage device similar to batteries in design and manufacturing. As shown
in Fig. 1, electrochemical capacitors (supercapacitors) consist of two electrodes separated by
an ion permeable membrane (separator), and an electrolyte connecting both electrodes
electrically. By applying a voltage to the capacitor, an electric double layer is formed at both
electrodes, which has a positive or negative layer of ions deposited in a mirror image on the
opposite electrode [56, 57]. The principles of a single-cell double-layer capacitor and an
illustration of the potential drop at the electrode/electrolyte interface are shown in figure1.

[Reprinted from [57] Kotz K, Carlen M. Principles and applications of electrochemical capacitors, Electrochim. Acta.
2000, 45, 2483-2498, Copyright (2000), with permission from Elsevier].

Figure 1. Principles of a single-cell double-layer capacitor and illustration of the potential drop at the electrode/electro‐
lyte interface.

2.1.2. Capacitance distribution

The two electrodes form a series circuit of two individual capacitors C1 and C2. The total
capacitance Ctotal is given by equation 1:

1 2

1 2

.
total

C CC
C C

=
+

(1)
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Supercapacitors may have either symmetric or asymmetric electrodes. Symmetry implies
that both electrodes have the same capacitance value.  If  C1  = C2,  then Ctotal  =  0.5 C1.  For
symmetric  capacitors  the  total  capacitance  value  equals  half  the  value  of  a  single  elec‐
trode. For asymmetric capacitors, one of the electrodes typically has a higher capacitance
value than the other. If C1 >> C2, then Ctotal ≈ C2. Thus, with asymmetric electrodes the total
capacitance may be approximately equal to the smaller electrode [56, 57].

Ultracapacitors  based  on  electrochemical  double-layer  capacitance  (EDLC)  are  electrical
energy storage devices that store and release energy by nanoscopic charge separation at
the electrochemical interface between an electrode and an electrolyte. As the energy stored
is  inversely  proportional  to  the  thickness  of  the  double  layer,  these  capacitors  have  an
extremely high energy density compared to conventional dielectric capacitors. This simple
Helmholtz  EDL model  was  further  modified  by  Gouy  and  Chapman  [58,  59]  with  the
consideration of a continuous distribution of electrolyte ions (both cations and anions) in
the electrolyte solution, driven by thermal motion, which is referred to as the diffuse layer.
However, the Gouy–Chapman model leads to an overestimation of the EDL capacitance.
The capacitance of two separated arrays of charges increases inversely with their separa‐
tion distance, hence a very large capacitance value would arise in the case of point charge
ions close to the electrode surface. Later, Stern [60] combined the Helmholtz model with
the Gouy–Chapman model to explicitly recognize two regions of ion distribution, the inner
region called the compact layer or the Stern layer and the diffuse layer [61, 62]. The structure
of the electrolytic double layer and absorbed intermediates in electrode processes in aqueous
solutions is shown in figure 2.

Research efforts have focused on increasing the energy and power densities of supercapa‐
citors by increasing the surface area of porous electrodes and tailoring their morphology
or pore size distribution [63]. Wang et al. presented general mathematical formulations for
simulating  electric  double-layer  capacitors  (EDLCs)  with  three-dimensional  ordered
structures. A general set of boundary conditions was derived in order to account for the
Stern  layer  without  simulating  it  in  the  computational  domain.  These  boundary  condi‐
tions  were  valid  for  planar,  cylindrical,  and spherical  electrode particles  or  pores.  They
conducted  the  simulations  of  EDLCs  with  as  complex  geometries  as  possible  while
rigorously accounting for both the Stern and diffuse layers. The model also simultaneous‐
ly accounted not only for 3D electrode morphology but also for finite ion size and field-
dependent electrolyte dielectric permittivity. It was used to faithfully simulate the complex
structure of an EDLC electrode consisting of ordered bimodal mesoporous carbon, featuring
both macropores and mesopores. Areal and gravimetric capacitances were predicted based
on  non-solvated  and  solvated  ion  diameters.  These  two  cases  set  the  upper  and  lower
bounds for the predicted capacitances. The capacitances predicted using non-solvated ion
diameter  were  found  to  be  in  good  agreement  with  experimental  data  reported  in  the
literature. All surfaces contributed to the overall capacitance of the EDLCs. The gravimet‐
ric  capacitance  of  different  bimodal  carbons  increased  linearly  with  increasing  specific
surface area corresponding to constant areal capacitance.
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2.2. State-of-the-art of constituent materials of a symmetrical carbon/carbon supercapacitor

2.2.1. Electrode

Static storage mechanisms in EDLCs efficiently store charges upon the electrodes at high rates.
Unlike rechargeable batteries, ESs involves no chemical breakdown or redeposition of
electrode materials during the operation. This lowers the risk of electrode phase changes
during operation and enables long electrode cycle lives. The important requirements for the
optimization of electrode materials include: minimal irreversible redox processes, high specific
surface area, thermodynamic stability for a large potential window of operation, ability to
control morphology, pore size, particle size, and material distribution, surface wettability, and
high electrical conductivity.

The most suitable carbon structures used as active material for EDLC electrodes are: activated
carbon, carbide derived carbon, onion-like carbons, carbon nanotubes and graphene. Carbon-
based electrodes are of great interest as they are light-weight, of moderate cost, abundant, easy
to process, possess high electronic conductivity and high specific surface area (high charge
storage). A large surface area can be obtained owing to their versatility which enables the

[Reprinted from [62] P. Kurzweil Capacitors | Electrochemical Double-Layer Capacitors, Reference Module in Chemis‐
try, Molecular Sciences and Chemical Engineering Encyclopedia of Electrochemical Power Sources,2009, Pages 607–
633, Copyright (2009), with permission from Elsevier].

Figure 2. Structure of the electrolytic double layer and absorbed intermediates in electrode processes in aqueous solu‐
tions. Below: potential profile through the rigid Helmholtz layer and the diffuse layer. Right: comparison of electrolytic
and electrostatic capacitors.

High-Performance Supercapacitors Based on Ionic Liquids and a Graphene Nanostructure
http://dx.doi.org/10.5772/59201

509



different nanostructures to be produced, providing a wide variety of physical properties, to
tailor for different types of applications.

2.2.1.1. Carbon materials for EDLC supercapacitors1

Activated Carbon (AC)

Activated carbon (AC) was the first material chosen for the EDLC electrodes. It has an electrical
conductivity of 1,250 to 3,000 S/m, approximately 0.003% of metallic conductivity, but
sufficient for supercapacitors [64,65].

Solid activated carbon, also called consolidated amorphous carbon (CAC), is the most used
electrode material for supercapacitors and may be cheaper than other carbon derivatives. It is
produced from activated carbon powder pressed into the desired shape, forming a block with
a wide distribution of pore sizes. An electrode with a surface area of about 1000 m2/g results
in a typical double-layer capacitance of about 10 μF/cm2 and a specific capacitance of 100 F/g.
Activated carbon electrodes exhibit a predominantly static double-layer capacitance, but also
exhibit pseudocapacitance. Pores with diameters <2 nm are accessible only to de-solvated ions
and enable faradaic reactions [66].

Carbide-derived Carbon (CDC)

Carbide-derived carbon (CDC), also known as tunable nanoporous carbon, is the common
term for carbon materials derived from carbide precursors, such as binary (e.g., SiC, TiC), or
ternary carbides, also known as max phases (e.g., Ti2AlC, Ti3SiC2) [67-71]. CDCs have also been
derived from polymer-derived ceramics such as Si-O-C or Ti-C, and carbonitrides, such as Si-
N-C [72-74]. CDCs can occur in various structures, ranging from amorphous to crystalline
carbon, from sp2- to sp3-bonded, and from highly porous to fully dense. Carbide-derived
carbons are used as an active material in electrodes for electric double-layer capacitors which
have become commonly known as supercapacitors or ultracapacitors. This is because of their
good electrical conductivity combined with high surface area [75], large micropore volume
[76] and pore size control [77] that enable them to match the porosity metrics of the porous
carbon electrode to a certain electrolyte [78].

Onion-like carbons

Onion-like carbons are 0-dimensional carbon nanomaterials yielding a non-porous but highly
conductive carbon network. They provide a SSA of up to 600 m2 g-1 which is fully accessible
for ions. The combination of high conductivity and ion accessibility yield a high specific power.
However, due to the small SSA the specific capacitance is limited to approximately 30 F g-1 [79].

Carbon nanotubes

Carbon nanotubes (CNTs) are expected to also be attractive for capacitor electrode materials.
Their important and promising characteristics as capacitor electrode materials include not only
on their large area of exposed surface and different storage spaces for electrolyte ions, but also

1 The content has been taken from Wikipedia and [80]
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1 The content has been taken from Wikipedia and [80]
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their high electrical conductivity. Comparison on conducting paths for electron and electrolyte
ion is in an aligned carbon nanotubes and granular activated carbon.

Irreversible electrochemical reactions, such as electrolyte decomposition, easily occur at a high
potential, which prevent the use of the capacitor at high voltage. On such an ideal surface of
CNTs, therefore, a large capacitance of EDL is expected to be accompanied by a wide potential
window. However, most of the CNTs are known to be bundled with each other due to the van
der Waals force, where only the outermost tubes in a bundle are exposed to the electrolyte and
so-called bundle spaces among tubes are difficult to use for the formation of EDL. Conse‐
quently, the debundling of most of the CNTs is required in order to make all the surfaces of
the tubes available for EDL formation. The inner surface of nanotubes is also useful for the
access of electrolyte ions if suitable openings are formed. An interlayer space in the wall of
multi-walled nanotubes can be intercalated by an electrolyte ion such as Li +. Therefore, the
intercalation might be possible also as a faradaic reaction to give a pseudo-capacitance.
However, it must be pointed out that excess enlargement of the interlayer spaces by interca‐
lation will cause some degradation of the electrode which shortens the cycle life of the
capacitor. In Fig. 3, the conducting paths for electrolyte ions and electrons in the aligned CNTs
are schematically compared with activated carbon (AC) [80].

[Reprinted from [80] Inagaki M, Konno H, Tanaike O. Carbon materials for electrochemical capacitors. Journal of Pow‐
er Sources. 2010, 195, 7880–7903, Copyright (2010), with permission from Elsevier].

Figure 3. Comparison of conducting paths for electron and electrolyte ion in an aligned carbon nanotubes and granu‐
lar activated carbon.

Graphene

Overview of the properties of graphene

Graphene is a two-dimensional material consisting of a single layer of carbon atoms arranged
in a honeycomb. It has been the subject of considerable research activities owing to its unusual
and intriguing mechanical, thermal, electrical and optical properties [81–85]. Generally, a
material’s electrical and optical properties are closely related to its size and dimensions. This
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is particularly reflected in the dimension control of graphene, both vertically and laterally [86]
(figure 4).

[Reprinted from [86] Sun, D. K. James, J.M. Tour, Graphene Chemistry: Synthesis and Manipulation,| J. Phys. Chem.
Lett. 2011, 2, 2425–2432., Copyright (2011), with permission from ACS].

Figure 4. Manipulation of the geometry of graphene. Vertical control of graphene from (A) few-layer graphene to (B)
bilayer graphene to (C) monolayer graphene. Lateral control of graphene from (D) plane sheet to (E) graphene mesh to
(F) graphene ribbons.

With the advent of atomically thin and flat layers of graphene, new designs for thin film energy
storage devices with good performance have become possible [87].

2.3. Utilization of graphene for EDLCs

One graphene-based supercapacitor uses curved graphene sheets that do not stack face-to-
face, forming mesopores that are accessible to and wettable by environmentally friendly ionic
electrolytes at voltages up to 4 V. They have a specific energy density of 85.6 Wh/kg (308
kJ/kg) at room temperature equalling that of a conventional nickel metal hydride battery, but
with a power density 100-1000 times greater [88, 89].

The two-dimensional structure of graphene improves its charging and discharging. Charge
carriers in vertically oriented sheets can quickly migrate into or out of the deeper structures
of the electrode, thus increasing currents. Such capacitors may be suitable for 100/120 Hz filter
applications, which are unreachable by supercapacitors using other carbons [90].

2.4. Graphene-based electrodes for EDLCs

The first utilization of graphene as an active material for an EDLC electrode was reported by
Vivekchand et al. in early 2008 [91]. In order to develop energy storage devices with high power
and energy densities, electrodes should hold well-defined pathways for efficient ionic and
electronic transport. Choi et al. [92] demonstrate high-performance supercapacitors by
building a three-dimensional (3D) macroporous structure that consists of chemically modified
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is particularly reflected in the dimension control of graphene, both vertically and laterally [86]
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(F) graphene ribbons.
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graphene (CMG). These 3D macroporous electrodes, namely, embossed-CMG (e-CMG) films,
were fabricated by using polystyrene colloidal particles as a sacrificial template. Furthermore,
for a further capacitance boost, a thin layer of MnO2 was additionally deposited onto e-CMG.
The porous graphene structure with a large surface area facilitates fast ionic transport within
the electrode while preserving decent electronic conductivity and thus endows MnO2/e-CMG
composite electrodes with excellent electrochemical properties, such as a specific capacitance
of 389 F/g at 1 A/g and 97.7% capacitance retention upon a current increase to 35 A/g. Moreover,
when the MnO2/e-CMG composite electrode was asymmetrically assembled with an e-CMG
electrode, the assembled full cell shows remarkable cell performance: an energy density of 44
Wh/kg, a power density of 25 kW/kg and an excellent cycle life.

Yoo et al. [93] reported an “in-plane” fabrication approach for ultrathin supercapacitors based
on electrodes comprised of pristine graphene and multilayer reduced graphene oxide. The in-
plane design is straightforward to implement and efficiently exploits the surface of each
graphene layer for energy storage. The open architecture and the effect of graphene edges
enable even the thinnest of devices, made from as-grown 1-2 graphene layers, to reach specific
capacities up to 80 μFcm-2, while much higher (394 μFcm-2) specific capacities are observed in
multilayer reduced graphene oxide electrodes. The performances of devices with pristine as
well as thicker graphene-based structures are examined using a combination of experiments
and model calculations. The demonstrated all solid-state supercapacitors provide a prototype
for a broad range of thin-film-based energy storage devices. Table 1 shows a performance
evaluation and comparison of the G and RMGO 2D “In-plane” supercapacitors.

a N = number of layers; T = thickness of the electrode. The capacitance values are reported for the best performance obtained
using the CD curves with current density of 281 n Acm-2 for RMGO and 630 mAcm-2 for G. b Electrode capacitance
converted from the device capacitance assuming asymmetrical capacitor. c Normalized by the electrode mass. d

Normalized by one electrode’s geometrical area. e Normalized by one electrode’s interface area. f Calculated using the
mass, the geometrical area, and the specific area of one side of graphene (1310 m2 g -1).

[Reprinted from [93] Yoo J J, Balakrishnan K, Huang J, Meunier V, Sumpter B G, Srivastava A, Conway M, Mohana Reddy
AL, Yu J, Vajtai R, Ajayan PM. Ultrathin Planar Graphene Supercapacitors, Nano Lett. 2011, 11, 1423–1427, Copyright
(2011), with permission from ACS].

Table 1. Performance Evaluation and Comparison of the G and RMGO 2D “In-Plane” Supercapacitors

Ruoff group [94] has pioneered a new carbon material that we call chemically modified
graphene (CMG). CMG materials are made from one-atom thick sheets of carbon, functional‐
ized as needed, and here they demonstrate their performance in an ultracapacitor cell. Specific
capacitances of 135 and 99 F/g in aqueous and organic electrolytes, respectively, have been
measured. In addition, high electrical conductivity gives these materials consistently good
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performance over a wide range of voltage scan rates. These encouraging results illustrate the
exciting potential for high performance, electrical energy storage devices based on this new
class of carbon material. Figure 4 shows a SEM image of a CMG particle surface, TEM image
showing individual graphene sheets extending from the CMG particle surface, low and high
(inset) magnification SEM images of CMG particle electrode surfaces, and the schematic of a
test cell assembly. Figure 5d also shows a schematic of the two-electrode ultracapacitor test
cell and fixture assembly. CMG-based ultracapacitor cells were tested with three different
electrolytes commonly used in commercial EDLCs.

[Reprinted from [94] Stoller M D, Park S, Zhu Y, An J, Ruoff R S, Graphene-Based Ultracapacitors. Nano Lett.,2008; 8,
3498-3502, Copyright (2008), with permission from ACS]

Figure 5. (a) SEM image of CMG particle surface, (b) TEM image showing individual graphene sheets extending from
CMG particle surface, (c) low and high (inset) magnification SEM images of CMG particle electrode surface, and (d)
schematic of a test cell assembly.
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A supercapacitor with graphene-based electrodes was found to exhibit a specific energy
density of 85.6 Wh/kg at room temperature and 136 Wh/kg at 80 °C (all based on the total
electrode weight), measured at a current density of 1 A/g by Liu et al. [95]. These energy density
values are comparable to those of the Ni metal hydride battery, but the supercapacitor can be
charged or discharged in seconds or minutes. The key to success was the ability to make full
utilization of the highest intrinsic surface capacitance and the specific surface area of single-
layer graphene by preparing curved graphene sheets that will not restack face-to-face. The
curved morphology enables the formation of mesopores accessible to and wettable by
environmentally benign ionic liquids capable of operating at a voltage >4V. Highly corrugated
graphene sheets (HCGS) were prepared by a rapid, low-cost and scalable approach through
the thermal reduction of graphite oxide at 900 °C followed by rapid cooling using liquid
nitrogen by Yan et al. [96]. The wrinkling of the graphene sheets can significantly prevent them
from agglomerating and restacking against one another face to face and thus increase the
electrolyte-accessible surface area. The maximum specific capacitance of 349 F g-1 at 2mV s-1 is
obtained for the HCGS electrode in a 6 M KOH aqueous solution. Additionally, the electrode
shows excellent electrochemical stability along with an approximately 8.0% increase of the
initial specific capacitance after 5000 cycle tests. These features make the present HCGS
material a quite promising alternative for the next generation of high-performance superca‐
pacitors.

2.5. The electrolytes

The performance of a supercapacitor is not only dependent on the electrode materials, but is
also strongly affected by the electrolytes employed. A high cell operating voltage provides
both high energy density and power density, but is limited by the stability of the electrolyte
in the applied potential. The most recent supercapacitors available in the market use electro‐
lytes based on aprotic solvents, typically acetonitrile or carbonate-based solvents (i.e., propy‐
lene carbonate) [97].

2.5.1. Electrolyte solution2

Most of the commercial EDLCs use non-aqueous electrolyte solutions to achieve a high
terminal voltage, V, because the capacitor energy, E, and the maximum power, Pmax, are given
by:

2 2E = CV /2 and Pmax = V /4R

where C is the cell capacitance in F and R is the internal resistance in Ω. The EDLCs that use
non-aqueous electrolyte solutions dominate the market for capacitors focusing on energy
storage, but those that use aqueous electrolyte solutions are also marketed. Aqueous solutions
are potentially beneficial to large installations for the storage of surplus power and unsteady

2 The content has been taken from [80]
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electricity generated by natural energy resources, because of their low cost, high safety, long
lifetime and low internal resistance. Representative electrolytes and solvents (with abbrevia‐
tions) are listed in Table 1, where some of their properties are also indicated [80, 98].

In EDLCs, the sizes of the cation and anion of the electrolyte are important factors in relation
to the surface area, effective for the adsorption of the ions, of the electrode carbons. In the case
of non-aqueous electrolyte solutions numerous combinations of electrolytes, both organic and
inorganic, with solvents are possible. The solvent itself also affects the capacitance [99,100] and
one combination is not always optimum for all carbon materials. When the electrolytes
containing lithium ions were used in EDLC, it was shown that the intercalation of Li + ions
occurred together with its adsorption onto the surface of the carbon electrode [101], which is
also used in hybrid capacitors, as will be described below [80]. Table 2 shows electrolytes and
solvents that are often used.

a Stokes diameter of hydrated ions.
b The diameter in PC, depending strongly on the solvent used.

[Reprinted from [80] Inagaki M, Konno H, Tanaike O. Carbon materials for electrochemical capacitors. Journal of Power
Sources. 2010, 195, 7880–7903, Copyright (2010), with permission from Elsevier].

Table 2. Electrolytes and solvents that are often used.

Ionic liquid (IL)-based electrolytes containing molecular solvents were also shown to be
attractive for extreme temperature applications in electric double-layer capacitors (EDLCs).
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2.5.1.1. Supercapacitors: Ionic liquid electrolytes3

Certain unique properties of these environmentally friendly ionic liquids, including high ionic
conductivity (up to 10−2 Scm−1), large liquid phase range (−100–400 °C), wide electrochemical
window (4–6V), non-volatility, non-flammability, and non-toxicity, have made them an
excellent electrolyte for electrochemical energy. The ionic liquids mainly studied for superca‐
pacitor application are imidazolium, pyrrolidinium and asymmetric aliphatic quaternary
ammonium salts of anions such as tetrafluoroborate (BF4), trifluoromethanesulfonate (Tf),
bis(trifluoromethanesulfonyl)imide (TFSI) (bis(fluorosulfonyl)imide (FSI), and hexafluoro‐
phosphate (PF6), and all feature an ESW wider than that of the conventional organic electrolytes
at RT. The ESW is defined as the potential range limited by the cathodic and anodic stability
potentials evaluated on glassy carbon or platinum smooth electrodes. Figure 6 shows conduc‐
tivity and ESW data at RT of some ionic liquids based on 1-ethyl-3-methylimidazolium (EMI),
1-butyl-3-methylimidazolium (BMIM), N-diethyl- N-methyl(2-methoxyethyl)ammonium
(DEME), N-butyl-N-methyl-pyrrolidinium (PYR14), N-methyl- N-propyl-pyrrolidinium
(PYR13), and N-methoxyethyl- N-methylpyrrolidinium cations with different anions [102].

The interface models developed for high-temperature molten salts are not completely appro‐
priate for ionic liquids, mainly because of the weaker cation–anion interactions in ionic liquids
than in molten salts. On the contrary, the absence of solvents in ionic liquids implies that the
double layer cannot be described by the Helmholtz model developed for conventional
concentrated electrolyte solutions, as depicted in Figure 7. In such solutions, the solvent
molecules in the inner Helmholtz plane (IHP) separate electrode surface charges and electro‐
lyte counter ions located in the outer Helmholtz plane (OHP) by a distance l, so that the solvent
molecular size, rather than ion size, and solvent dielectric constant (e) significantly affect
electrode capacitance (Ce), which is given by:

eC kº A l= e (2)

where κº= 8.85×10-12 Fm-1 and A is the electrode surface area. In the case of solvent-free ILs,
the electrified electrode surface comes up against the ionic liquid counter ions located in the
IHP. Thus, the relation between Ce and A depends on the ionic liquid ion chemistry and
structure at the electrode–IL interface. The size, orientation under electric field and polariza‐
bility of ionic liquids directly affect thickness, the dielectric constant of the double layer, and
the capacitive response of the electrodes [102].

2.5.1.2. Ionic liquids as electrolyte for activated carbon, carbon nanotubes and associated composite
supercapacitors

Before protic ionic liquid as an electrolyte for high-density electrochemical double-layer
capacitors with activated carbon electrode material prior can be implemented for grid-scale
applications of the energy storage devices, there remain several key issues to address including

3 The content has been taken from [102]
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the development of low-cost, high-performance materials and electrolytes which are environ‐
mentally friendly and compatible with low-temperature and large-scale processing. Anouti et
al. [103] reported the preparation, characterization and comparative application of two protic
ionic liquids namely, diisoprpylethylammonium methanesulfonate, [DIPEA][MeSO3], and
pyrrolidinium methanesulfonate, [Pyrr][MeSO3], in a mixture with water as an electrolyte for
supercapacitor applications. Different electrochemical measurements like cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and galvanostatic charge–discharge were
conducted to study the performance of these aqueous solutions as supercapacitors with an
activated carbon electrode.

[Reprinted from [102] Mastragostino M, Soavi F. Electrochemical Capacitors: Ionic Liquid Electrolytes, Reference Mod‐
ule in Chemistry, Molecular Sciences and Chemical Engineering, Elsevier, 2009, Pages 649–657, Copyright (2009), with
permission from Elsevier].

Figure 6. (a) Conductivity (σ) and (b) electrochemical stability window (ESW) data at room temperature of ILs based
on 1-ethyl-3-methylimidazolium (EMI), 1-butyl-3-methylimidazolium (BMIM), N-diethyl-N-methyl(2-methoxyeth‐
yl)ammonium (DEME), N-butyl-N-methyl-pyrrolidinium (PYR14), N-methyl-N-propyl-pyrrolidinium (PYR13), and N-
methoxyethyl-N-methylpyrrolidinium cations with different anions.
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From this work, good specific capacitances of up to 102 F g−1 have been observed even at high-
rate cyclability, as well as an increase of the specific power close to 13.9 kW kg−1 at a high
current density of 15 A g−1. Fig. 7 shows galvanostatic charge/discharge and capacitance as a
function of current density for DIPEA methanesulfonate in water (w = 0.707) and pyrrolidini‐
um methanesulfonate in water (w = 0.557). Figure 8 shows galvanostatic charge/discharge and
capacitance as a function of the current density for DIPEA of methanesulfonate in water and
pyrrolidinium methanesulfonate in water.

Balducci et al. [104] present results on the electrochemical and cycling characterizations of a
supercapacitor cell using a microporous activated carbon as the active material and N-butyl-
N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) ionic liquid as the
electrolyte. The microporous activated carbon exhibited a specific capacitance of 60 F g−1

[Reprinted from [102] Mastragostino M, Soavi F. Electrochemical Capacitors: Ionic Liquid Electrolytes, Reference Mod‐
ule in Chemistry, Molecular Sciences and Chemical Engineering, Elsevier, 2009, Pages 649–657, Copyright (2009), with
permission from Elsevier].

Figure 7. Schematic representation of the double layer at the negatively charged carbon electrode–electrolyte interface
in (a) conventional electrolyte solution and (b) solvent-free ionic liquid electrolyte.
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 measured from the three-electrode cyclic voltammetry experiments at a 20mVs−1 scan rate,
with a maximum operating potential range of 4.5V at 60 ºC. A coin cell assembled with this
microporous activated carbon and PYR14TFSI as the electrolyte were cycled for 40,000 cycles
without any change in cell resistance (9cm2), at a voltage up to 3.5 V at 60 ºC, demonstrating
a high cycling stability as well as a high stable specific capacitance in this ionic liquid electro‐
lyte. These high performances now make this type of supercapacitor suitable for high tem‐
perature applications (≥60 ºC). Protic ionic liquids (PILs) have been proposed as novel
electrolytes for supercapacitors by Brandta et al. [105]. Nevertheless, so far the long term
cycling stability of PIL-based supercapacitors has never been investigated in detail. Since high
cycling stability is essential for such devices, a study about this aspect therefore appears to be
of importance for understanding the advantages and the limits of PIL-based systems. In this
work we showed that using protic ionic liquids as electrolytes, it is possible to implement
electrochemical double-layer capacitors (EDLCs) with an operative voltage as high as 2.4 V,
able to feature good cycling stability in a broad range of temperatures. Moreover, we also
showed that the pseudo-capacitive behaviour of activated carbon (ACs) in these electrolytes
strongly depends on the water content and on the surface groups present on the ACs. When
protic ionic liquids with a lower content of water were used in combination with AC containing
few surface groups, PIL-based supercapacitors exhibit specific capacitance comparable to
classical organic electrolytes without any evident pseudo-capacitive contribution.

Figure 9 shows the chemical structures of the protic ionic liquids (a) triethylammonium
bis(tetrafluoromethylsulfonyl)imide (Et3NHTFSI), (b) trimethylammonium bis(tetrafluoro‐
methylsulfonyl)imide (Me3NHTFSI) and (c) pyrrolidinium nitrate (PYRNO3).

Table 3 shows ionic conductivities, electrochemical stability windows (ESWs) and the protic
ionic liquids’ mole fractions of the used electrolytes containing protic ionic liquids at 20 °C.

[Reprinted from [103] Anouti M, Couadou E, Timperman L, Galiano H. Protic ionic liquid as electrolyte for high-densi‐
ties electrochemical double-layer capacitors with activated carbon electrode material. Electrochimica Acta. 2012, 64,
110–117, Copyright (2012), with permission from Elsevier].

Figure 8. Galvanostatic charge/discharge (a) and capacitance (b) as a function of current density for DIPEA methane‐
sulfonate in water (w = 0.707) and pyrrolidinium methanesulfonate in water (w = 0.557).
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Coadou et al. [106] report a comparative study on the performances of two bis[(trifluorometh‐
yl)sulfonyl]imide-based protic (PIL) and aprotic (AIL) ionic liquids, namely, trimethyl-
ammonium bis[(trifluoromethyl)sulfonyl]imide ([HN111][TFSI], PIL) and trimethyl-sulfonium
bis[(trifluoromethyl)sulfonyl]imide ([S111][TFSI], aprotic ionic liquids), as mixtures with three
molecular solvents: gamma butyrolactone (γ-BL), propylene carbonate (PC) and acetonitrile
(ACN) as electrolytes for supercapacitor applications. After an analysis of their transport
properties as a function of temperature, cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and galvanostatic charge–discharge, measurements were conducted at 25
and −30 °C to investigate the performance of these mixtures as electrolytes for supercapacitors
using activated carbon as the electrode material. Surprisingly, for each solvent investigated,
no significant differences were observed between the electrolytes based on the protic ionic
liquids and aprotic ionic liquids in their electrochemical performance due to the presence or
the absence of the labile proton. Furthermore, good specific capacitances were observed in the
case of γ-BL-based electrolytes even at low temperatures. Capacitances of up to 131 and 80 F

[Reprinted from [105] Brandt A, Pires J, Anouti M, Balducci A. An investigation about the cycling stability of superca‐
pacitors containing protic ionic liquids as electrolyte components. Electrochimica Acta 2013,108, 226– 231, Copyright
(2013), with permission from Elsevier].

Figure 9. Chemical structures of the protic ionic liquids (a) triethylammonium bis(tetrafluoromethylsulfonyl)imide
(Et3NHTFSI), (b) trimethylammonium bis(tetrafluoromethylsulfonyl)imide (Me3NHTFSI) and (c) pyrrolidinium nitrate
(PYRNO3).

[Reprinted from [105] Brandt A, Pires J, Anouti M, Balducci A. An investigation about the cycling stability of superca‐
pacitors containing protic ionic liquids as electrolyte components. Electrochimica Acta 2013,108, 226– 231, Copyright
(2013), with permission from Elsevier].

Table 3. Ionic conductivities, electrochemical stability windows (ESWs) and protic ionic liquids’ mole fractions of the
used electrolytes containing protic ionic liquids at 20 °C.
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g–1 are observed for the case of the [S111][TFSI] + γ-BL mixture at 25 and −30 °C, respectively.
This latter result is very promising particularly for the formulation of new environmentally
friendly electrolytes within energy storage systems even at low temperatures. Lu reported
[107] a new class of nanocomposite electrodes for the development of high-performance
supercapacitors with environmentally friendly ionic liquid electrolytes. Having high-surface-
area activated carbons, carbon nanotubes, and ionic liquids as integrated constituent compo‐
nents, the resultant composites show significantly improved charge storage and delivery
capabilities. In an ionic liquid electrolyte, the composites possess a superior capacitance (188
F/g) over a pure carbon nanotube electrode (20 F/g) and a conventional activated carbon
electrode (90 F/g). On the basis of these nanocomposite electrodes and an ionic liquid electro‐
lyte, we have further developed prototype supercapacitors with a high cell voltage (4 V), and
superior energy and power densities (50 Wh/kg and 22 kW/kg, respectively, in terms of the
mass of the active electrode material). The nanocomposite supercapacitors developed in this
study clearly outperform the current supercapacitor technology, providing a new approach
in fabricating advanced supercapacitors with a high-performance, inherently safe operation
and long lifetime. Zhao et al. [108] reported the synthesis of novel nanocomposite electrodes
based on MnO2 nanosheets, Pt, Au, or Pd nanoparticles (NPs), exfoliated carbon nanotubes
(CNTs), and Ni foam (NF) substrates. The MnO2Pd–CNT–NF electrode in 1-butyl-3-methyl-
imidazolium hexafluorophosphate (BMIM-PF6)/N, N-dimethylformamide (DMF) electrolyte
exhibits a high specific capacitance of 559.1 F/g based on MnO2 with a wide potential window
(2.1 V). To the best of our knowledge, this is one of the highest capacitance for MnO2 in ionic
liquid (IL) electrolytes ever reported. The IL hybrid supercapacitors are assembled using
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PYR14Tf and PYR13FSI as well as the effect of their properties on the electropolymerization and
electrochemical performance of pMeT, which features >200 Fg−1 at 60°C when prepared and
tested in such ionic liquids, are reported and discussed; the results of the electrochemical
characterization in N-butyl-N-methyl-pyrrolidiniumbis(trifluoromethanesulfonyl)imide of
the so-obtained pMeT are also given, for comparison.

2.5.1.3. Ionic liquids as electrolyte for graphene, graphene oxide and associated composite
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The activation behaviour and achievable specific capacitance of intercalation-like carbon
materials, such as partially reduced graphite oxide (GOpr), employing pure and diluted ionic
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liquid 1-ethyl-3-methyl-imidazolium tetrafluoroborate (EMIMBF4). Furthermore, the effect of
the organic solvent acetonitrile (AN) on the activation was tested by a stepwise dilution of the
ionic liquid. It is shown that a rudimentary electrochemical activation of GOpr is possible with
EMIMBF4. However, the resulting specific capacitance was below 100 F g−1 indicating an
incomplete activation reaction. By the stepwise dilution of EMIMBF4 with AN, the specific
capacitance was increased up to approximately 180 F g−1. Therefore, it seems that the electro‐
chemical activation of intercalation-like carbon materials was based on both a reaction with
the ions as well as with the employed solvent. Moreover, this experimental study indicates
that an increased molarity of organic electrolytes has no influence on the maximum achievable
specific capacitance. Figure 8 visualizes the specific capacitances for the different molarities of
EMIMBF4/AN, which are calculated from galvanostatic discharge measurements at 0.1 Ag−1.
If a decreased molarity and thus a lack of ions results in a decreasing specific capacitance, they
double and reach a stable value for molarities smaller than 5.2 M EMIMBF4/AN. For molarities
between 0.9 and 5.2 M EMIMBF4/AN, the specific capacitances of GOpr44 and GOpr39 are
similar with approximately 180 ± 10 F g−1. Therefore, even an ion concentration of 0.9 M seems
to be enough to reach the maximum achievable specific capacitance. A summary of positive
(red) and negative (blue) polarization cycles after electrochemical activation for a changing
concentration of EMIMBF4/AN for GOpr44 is shown in figure 10.

Tamilarasan et al. [111] reported the fabrication of a mechanically stable, flexible graphene-
based all-solid-state supercapacitor with ionic liquid incorporated polyacrylonitrile (PAN/
[BMIM][TFSI]) electrolyte for electric vehicles (EVs). The PAN/[BMIM][TFSI] electrolyte
shows high ionic conductivity (2.42 mS/cm at 28 °C) with high thermal stability. The solid-like
layered phase of ionic liquid is observed on the surface of the pores of the PAN membrane
along with a liquid phase which made it possible to hold 400 wt% of the mobile phase. This
phase formation is facilitated by the ionic interaction of C≡N moieties with the electrolyte ions.
A supercapacitor device, comprised of PAN/[BMIM][TFSI] electrolyte and graphene as the
electrode, is fabricated and its performance is demonstrated. Several parameters of the device,
such as energy storage and discharge capacity, internal power dissipation, operating temper‐
ature, safe operation and mechanical stability, meet the requirements of future EVs. In
addition, a good cyclic stability is observed even after a drop of 1000 cycles of potential.

Figure. 10 shows the energy density and power density of 30.51 Wh/kg and 15.34 kW/kg,
respectively, at the specific current of 10 A/g corresponding to the Cs of 98 F/g, in terms
of the mass of the total electrode material. The Ragone plot drops faster with the power
due to the fast voltage decay during discharge at high power. The maximum energy storage
capacity (Emax) and the maximum reduced graphene oxide (RGO) was prepared with HBr
as  a  reducing  reagent.  RGO-based  supercapacitors  in  two-electrode  systems  have  been
fabricated  in  ionic  liquid  electrolytes  of  1-butyl-3-methylimidazolium  hexafluorophos‐
phate (BMIPF6) and 1-butyl-3-methylimidazolium tetrafluoroborate (BMIBF4), respectively
by Chen et al. [112].

RGO in BMIBF4 shows a higher capacitance of 74 F g−1 at 10 mV s −1, while RGO in BMIPF6

merely exhibits 45 F g−1. However, due to the wider potential window of 4 V for BMIPF6, RGO
in BMIPF6 has higher energy and power densities. The highest power density of 27.8 kWkg−1
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 is obtained at 14 A g−1 and the maximum energy density of 18.9Wh kg−1 at 1Ag−1 for BMIPF6.
The exciting results suggest the potential application of RGO in BMIPF6. High specific surface
area (SSA ~2000 m2/g) porous KOH-activated microwave exfoliated graphite oxide (‘a-MEGO’)
electrodes have been tested in a eutectic mixture of ionic liquids (1:1 by weight or molar ratio
N-methyl-N-propylpiperidinium bis(fluorosulfonyl)imide (PIP13-FSI) and N-butyl-N-
methylpyrrolidinium bis(fluorosulfonyl)imide (PYR14-FSI)) as an electrolyte for supercapa‐
citor applications by Tsai et al. [113].

By optimizing the carbon/electrolyte system, outstanding capacitive performance has been
achieved with high capacitance (up to 180 F/g) and a wide electrochemical window (up to 3.5
V) over a wide temperature range from -50 °C to 80 °C. This is the first demonstration of a

[Reprinted from [110] Birbilis N, Bouzek K, Bultel Y, Cuesta A, Ferapontova E, Hartl F, Hebert K, Jones D J, Komaba S,
Kuhn A, Hantel M M, Płatek A, Kaspar T R, Nesper R, Wokaun A, Kötz R. Investigation of diluted ionic liquid 1-eth‐
yl-3-methyl-imidazolium tetrafluoroborate electrolytes for intercalation-like electrodes use supercapacitors. Electrochi‐
mica Acta.2013; 110, 234–239, Copyright (2013), with permission from Elsevier].

Figure 10. (a) Summary of positive (red) and negative (blue) polarization cycles after electrochemical activation for a
changing concentration of EMIMBF4/AN for GOpr44. The CVs were all taken with a sweep rate of 1 mV s−1. (b) Specific
capacitance calculated from the galvanostatic discharge of a positive polarized (red squares) or negative polarized
(blue circles) GOpr39 (open symbols) and GOpr44 (filled symbols), respectively at 0.1 Ag−1 as a function of the molarity
of EMIMBF4/AN. (For an interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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carbon–ionic liquid system capable of delivering capacitance in excess of 100 F/g below room
temperature. The excellent electrochemical response of the proposed couple shows that
optimization of the carbon/electrolyte interface is of great importance for improving capacitive
energy storage. Wei et al. studied [114] the application of different types of room temperature
ionic liquids (RTILs) into flexible supercapacitors. Typical RTILs including 1-buthyl-3-methyl-
imidazolium [BMIM][Cl], trioctylmethylam monium bis(trifluoromethylsulfonyl)imide
[OMA][TFSI] and triethylsulfonium bis(trifluoromethylsulfonyl)imide ([SET3][TFSI]) were
studied. [SET3][TFSI] shows the best result as an electrolyte in electrochemical double-layer
(EDLC) supercapacitors, with a very high specific capacitance of 244 F/g at room temperature,
overceiling the performance of conventional carbonate electrolytes such as dimethyl carbonate
(DMC) with a more stable performance and much larger electrochemical window. Fig. 12
shows the cyclic voltammogram curves of the supercapacitors with electrolytes.

Chatterjee et al. [115] demonstrate the electrochemical stability of nanostructured silicon in
corrosive aqueous, organic, and ionic liquid media enabled by conformal few-layered gra‐
phene heterogeneous interfaces. They demonstrate direct gas-phase few-layered graphene
passivation (d = 0.35 nm) at temperatures that preserve the structural integrity of the nano‐
structured silicon. This passivation technique is transferrable both to silicon nanoparticles (Si-
NPs) as well as to electrochemically etched porous silicon (P-Si) materials. For Si-NPs, we find
the graphene-passivated silicon to withstand physical corrosion in NaOH aqueous conditions

[Reprinted from [111] Tamilarasan P, Ramaprabhu S. Graphene-based all-solid-state supercapacitors with ionic liquid
incorporated polyacrylonitrile electrolyte, Energy.2013; 51, 374-381, Copyright (2013), with permission from Elsevier].

Figure 11. Ragone plot of HEG e PAN/[BMIM][TFSI] supercapacitor. Inset: power dissipated in equivalent series re‐
sistance RESR (PESR) as a function of specific current.
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where unpassivated Si-NPs spontaneously dissolve. For P-Si, we demonstrate electrochemical
stability with widely different electrolytes, including NaOH, enabling these materials for use
in electrochemical supercapacitors. This leads us to develop high-power on-chip porous silicon
supercapacitors capable of up to 10 Wh/kg and 65 kW/kg energy and power densities,
respectively, and 5 Wh/kg energy density at 35 kW/kg—comparable to many of the best high-
power carbon-based supercapacitors. As surface reactivity wholly dictates the utilization of
nanoscale silicon in diverse applications across electronics, energy storage, biological systems,
energy conversion, and sensing, we strongly suggest the direct formation of few-layered
graphene on nanostructured silicon as a means to form heterogeneous on-chip interfaces that
can maintain stability in even the most reactive of environments. Graphene nanosheets (GNS)
were modified by 1-Butyl-3-methylimidazolium hexafluorophosphate, which is one of the
ionic liquids (IL). Owing to the modification of graphene with ionic liquids, graphene can not
only be structurally stabilized, but also showed the highest charge transfer that allows it to
exhibit an enhanced electrochemical performance. Furthermore, a graphene aggregation by
the intersheet van der Waals interaction can be prevented because ionic liquids act as an
effective agent for the exfoliation of graphene sheets. The prepared composites showed the
enhanced electrochemical performance such as high rate capability and excellent cycle
performance [116]. Figure 13 shows a schematic representation of the preparation process of
GNS/IL composites.

Figure 14 shows the cycle performance of the pristine GNS and GNS/IL composites. The cycle
stability of the prepared composites was evaluated at a potential range between -0.8 V to 0.2
V at a scan rate of 100 mVs−1 for 3000 cycles. The GNS/IL composite electrode exhibits an
excellent cycle performance (∼80% of initial value for 3000 cycles), which was higher than the
45% retention of the pristine GNS.

[Reproduced from [114] Wei D, Ng T W. Application of novel room temperature ionic liquids in flexible supercapaci‐
tors, Electrochemistry Communications.2009; 11, 1996–1999, Copyright (2009), with permission from Elsevier].

Figure 12. The cyclic voltammogram curves of the supercapacitors with electrolytes of (A) 5 wt% LiTFSI in DMC (B) 5
wt% LiTFSI in [SET3][TFSI]. Electrochemical window is in the range of -1.5 to 1.5 V, -2.0 to 2.0 V and -2.5 to 2.5 V with
a scan rate of 50 mV/s
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[Reproduced from [116] Kim J, Kim S. Preparation and electrochemical property of ionic liquid-attached graphene
nanosheets for the application of a supercapacitor electrode. Electrochimica Acta. 2014; 119, 11– 15, Copyright (2014),
with permission from Elsevier].

Figure 14. Cycling performances of pristine GNS and GNS/IL composites.

[Reproduced from [116] Kim J, Kim S. Preparation and electrochemical property of ionic liquid-attached graphene
nanosheets for the application of a supercapacitor electrode. Electrochimica Acta. 2014; 119, 11– 15, Copyright (2014),
with permeation from Elsevier].

Figure 13. Schematic representation of the preparation process of GNS/IL composites.
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2.5.1.4. Poly ionic liquid as an electrolyte for graphene supercapacitors

Maoa et al. reported [117] a new concept of using conjugated polyfluorene imidazolium ionic
liquids (PILs) intercalated reduced graphene oxide for high-performance supercapacitor
electrode materials. Two polyfluorene homo-polymers (hoPIL) and co-polymers (co-PIL)
carrying hexyl imidazolium bromide side chains were designed and synthesized. Their
corresponding intercalated reduced graphene oxide materials, hoPIL-RGO and coPIL-RGO,
exhibited good electrochemical performance in aqueous electrolytes as well as in ionic liquid
electrolyte 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4). High specific capaci‐
tances of 222 F g-1at a current density of 0.2 A g-1 and 132 F g-1 at 0.5 A g-1 were obtained for
coPIL-RGO in 6 M KOH and BMIMBF4 accordingly. When assembled into a symmetric two-
electrode cell with graphene materials as electrodes and BMIMBF4/acetonitrile (1:1) as an
electrolyte, an energy density of 14.7 Wh kg-1 was obtained for coPIL-RGO at a current density
of 0.5 A g-1, and a maximum power density of 347 kW kg-1 was achieved for hoPIL-RGO at a
current density of 5 A g-1 with good cycling stability.

Figure 15 shows the chemical structure of conjugated polyfluorenes and their corresponding
conjugated polyfluorene imidazolium ionic liquids.

Improving the electrolyte’s accessibility to the surface of the carbon nanomaterials is a
challenge to be overcome in supercapacitors based on ionic liquid electrolytes. Trigueiro et al.
[118] report the preparation of supercapacitors based on reduced graphene oxide (RGO)
electrodes and ionic liquid as the electrolyte (specifically, 1-methyl-1-propylpyrrolidinium
bis(trifluoromethylsulfonyl)imide or [MPPy][TFSI]).

Two types of electrodes were compared: the RGO-based electrode and a poly(ionic liquid)-
modified  RGO  electrode  (PIL:RGO).  The  supercapacitor  produced  with  the  PIL:RGO
electrode  and [MPPy][TFSI]  showed an electrochemical  stability  of  3  V and provided a
capacitance of 71.5 F g-1 at room temperature; this capacitance is 130% higher with respect
to the RGO-based supercapacitor. The decrease of the specific capacitance after 2000 cycles
is only 10% for the PIL:RGO-based device. The results revealed the potential of the PIL:RGO
material  as  an  electrode  for  supercapacitors.  This  composite  electrode  increases  the
compatibility with the ionic liquid electrolyte compared to an RGO electrode, promoting
an increase in the effective surface area of the electrode accessible to the electrolyte ions.
Galvanostatic charge/discharge curves for RGO and PIL:RGO capacitors at 25 °C (current
density: 0.2 A g-1) are shown in figure 16.

Kim et al. [119] reported a high-performance supercapacitor incorporating a poly(ionic liquid)-
modified reduced graphene oxide (PIL:RG-O) electrode and an ionic liquid (IL) electrolyte
(specifically, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide or EMIM-
NTf2). PIL:RG-O provides enhanced compatibility with the IL electrolyte, thereby increasing
the effective electrode surface area accessible to electrolyte ions. The supercapacitor assembled
with PIL:RG-O electrode and EMIM-NTf2 electrolyte showed a stable electrochemical response
of up to a 3.5 V operating voltage and was capable of yielding a maximum energy density of
6.5 W h/kg with a power density of 2.4 kW/kg. These results demonstrate the potential of the
PIL:RG-O material as an electrode in high-performance supercapacitors.
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[Reprinted from [117] Maoa L, Li Y, Chi C, Chan H, Wu J. Conjugated polyfluorene imidazolium ionic liquids interca‐
lated reduced graphene oxide for high-performance supercapacitor electrodes, Nano Energy 2014: 6, 119–128, Copy‐
right (2014), with permission from Elsevier].

Figure 15. Chemical structure of conjugated polyfluorenes and their corresponding conjugated polyfluorene imidazoli‐
um ionic liquids.
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2.5.1.5. Miscellaneous application of ionic liquids in supercapacitors based on graphene

Beta-nickel hydroxide nanowires/reduced graphene oxide (RGO) composites are fabricated
by a one-step reactable ionic liquid-assisted hydrothermal method, using the versatile 1-
butyl-3-methylimidazolium trifluoroacetate as templates, co-solvents and reactants as used by
Liu et al. [120]. The results show that β-Ni(OH)2 nanowires are well dispersed on the surface
of the reduced graphene oxide sheets, and the as-prepared β-Ni(OH)2 nanowires/RGO
composite exhibits a huge BET surface area of 216.99 m2g−1 with a pore volume of 0.34m3g−1.
Furthermore, a β-Ni(OH)2 nanowires/RGO composite as an electrode material for supercapa‐
citors displays high specific capacitance, good cycling stability and coulombic efficiency. An
extremely high specific capacitance of ∼1875 F g−1 can be obtained at 1 A g−1 in 6M KOH
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properties of the resulting composites by enhancing the ion diffusion and charge transport.
The TEM images showed that IL was coated on the surface of rGO in a translucent manner.
The electrochemical analysis of the prepared composites was carried out by performing cyclic
voltammetry (CV), galvanostatic charge/discharge, and electrochemical impedance spectro‐
scopy (EIS). Among the prepared composites, the one with a weight ratio of rGO to IL of 1:7
showed the highest specific capacitance of 147.5Fg−1 at a scan rate of 10mVs−1. In addition, the
rate capability and cycle performance of the composites were enhanced compared to pristine
rGO. These enhanced properties make the composites suitable as electrode materials for better
performance supercapacitors.

Yang et al. [122] demonstrated a high-performance all-solid-state supercapacitor with a
graphene-doped carbon electrodematerial and a graphene oxide (GO)-doped ion gel as a gel
polymer electrolyte and separator. The configuration of the all-solid-state supercapacitor
described here is schematically shown in Figure17.

Because of the ultrahigh specific surface area (3193 m2 g-1), suitable pore-size distribution
(primarily 1–4 nm), and excellent electrical conductivity (67 Sm-1) of the graphene-doped
carbon material, as well as the broad electrochemical window (0–3.5 V) and high ionic

[Reproduced from [122] Yang X, Zhang L, Zhang F, Zhang T, Huang Y, Chen Y. A high-performance all-solid-state
supercapacitor with graphene-doped carbon material electrodes and a graphene oxide-doped ion gel electrolyte. Car‐
bon.2014; 72, 381 – 386, Copyright (2014), with permission from Elsevier].

Figure 17. (a) Diagram of an all-solid-state supercapacitor. (b) Low-magnification scanning electron microscopy (SEM)
image of themorphology of the GO-doped ion gel. (c) SEM image of graphene-doped carbonmaterial. The activated
carbon is dispersed and coated on the graphene sheets. (d) Schematic of the structure of the graphene-doped carbon
material. (e) Transmission electron microscopy (TEM) image of the graphene-doped carbon material. (f) High-resolu‐
tion transmission electron microscopy (HR-TEM) image of the activated carbon, coated on the graphene sheets.
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conductivity of the GO-doped ion gel, the all-solid-state supercapacitor demonstrates out‐
standing performance with a specific capacitance of 190 F g-1 and an energy density of 76Wh
kg-1at 1Ag-1, and a specific capacitance of 160 F g-1 and an energy density of 57Wh kg-1 at 10 A
g-1. In addition, the all-solid-state supercapacitor exhibits similar and excellent performance
as does the compared conventional liquid supercapacitor with respect to specific capacitance,
capacitance retention, internal resistance, and frequency response. The performance charac‐
teristics of the all-solid-state supercapacitors are shown in figure 18. Tamilarasan et al. [123]
reported the fabrication of a mechanically stable, flexible grapheme-based all-solid-state
supercapacitor with ionic liquid incorporated polyacrylonitrile (PAN/[BMIM][TFSI]) electro‐
lyte for electric vehicles (EVs). The PAN/[BMIM][TFSI] electrolyte shows high ionic conduc‐
tivity (2.42 mS/cm at 28 °C) with high thermal stability. The solid-like layered phase of ionic
liquid is observed on the surface of the pores of the PAN membrane along with the liquid
phase which made it possible to hold 400 wt% of the mobile phase. This phase formation is
facilitated by the ionic interaction of C^N moieties with the electrolyte ions. A supercapacitor
device, comprised of PAN/[BMIM][TFSI] electrolyte and graphene as an electrode, is fabri‐

[Reproduced from [122] Yang X, Zhang L, Zhang F, Zhang T, Huang Y, Chen Y. A high-performance all-solid-state
supercapacitor with graphene-doped carbon material electrodes and a graphene oxide-doped ion gel electrolyte. Car‐
bon.2014; 72, 381 – 386, Copyright (2014), with permission from Elsevier].

Figure 18. Performance characteristics of the all-solid-state supercapacitor. (a) Cyclic voltammetry (CV) curves at vari‐
ous scan rates. (b) Galvanostatic charge/discharge curves under different current densities. (c) Ragone plot. (d) Nyquist
impedance plots in the frequency range 10–100 kHz. The inset shows a magnified view of the high frequency region of
the impedance spectra.
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cated and the performance is demonstrated. Several parameters of the device, such as, energy
storage and discharge capacity, internal power dissipation, operating temperature, safe
operation and mechanical stability, meet the requirements of future EVs. In addition, a good
cyclic stability is observed even after 1000 cycles.

All-solid-state thin supercapacitors were fabricated by Pandey et al. [124] using current pulse
polymerized poly(3,4-ethylenedioxythiophene) (PEDOT) over carbon fibre paper and ionic
liquid-based gel polymer electrolyte. The performance characteristics of the supercapacitor
cells were evaluated by ac impedance spectroscopy, cyclic voltammetry and galvanostatic
charge/discharge techniques. The PEDOT electrode shows the specific capacitance of w154.5
F g-1, which corresponds to the cell area-normalized capacitance of 85 mF cm-2. The maximum
specific energy and specific power of the solid-state supercapacitor cell, calculated from
charge/discharge characteristics, are 6.5 Wh kg-1 and 11.3 kW kg-1, respectively. The solid-state
supercapacitor shows good cycle durability and time stability. The thin, lightweight, gel
electrolyte-based supercapacitor shows considerable potential for low-cost, high-performance
energy storage applications. Cyclic voltammetry (CV) curves of the supercapacitor cell at
different scan rates are shown in figure 19.

[Reproduced from [124] Pandey G P, Rastogi A C, Westgate C R. All-solid-state supercapacitors with poly(3,4-ethyle‐
nedioxythiophene)-coated carbon fiber paper electrodes and ionic liquid gel polymer electrolyte. Journal of Power
Sources.2014; 245, 857-865, Copyright (2014), with permission from Elsevier].

Figure 19. (a) Cyclic voltammetry (CV) curves of supercapacitor cells at different scan rates. (b) Variation in the capaci‐
tance of the PEDOT electrode, calculated from CV curves, as a function of the scan rates.

3. Conclusions

Graphene-based materials have great potential for application in supercapacitors and other
green energy devices. There has been much interest in graphene-based electronic devices
because graphene provides excellent electrical, optical and mechanical properties. While the
supercapacitors available today perform well, it is generally agreed that there is considerable
scope for improvement (e.g., improved performance at higher frequencies). Thus, it is likely
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that graphene will continue to play a principal role in supercapacitor technology, mainly
through the further optimization of porosity, surface treatments to promote wettability, and
reduced inter-particle contact resistance. The use of ILs as solvent-free electrolytes in super‐
capacitors permits a high cell voltage and is the most powerful strategy for increasing specific
energy. An effective application in supercapacitors requires that ILs be designed to match wide
ESWs to high conductivity and wide duty temperature. The design and synthesis of new
nanostructures and architectures based on grapheme and modern ionic liquids will be an
important task in the future.
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1. Introduction

Ionic liquids are liquid (molten) salts, distinguished by having melting points below room
temperature [1].  The favorable properties of  ionic liquids such as high thermal stability,
low volatility,  non-flammability,  low melting point,  and broad liquid range make them
suitable for use in superior lubricants and additives. Moreover, the physical and chemical
properties of ionic liquids can be tailored by changing the structure and type of the cation
or  anion.  However,  there  are  difficulties  hindering  the  practical  use  of  ionic  liquids  as
lubricants. One of the most critical problems is that almost ionic liquids undergo a complex
tribochemical  reaction  with  metal  surfaces  [2-4].  In  addition,  the  ionic  liquid  forms  a
characteristic structure at solid-liquid interface; the effect of this interfacial structure on the
tribological properties has not been assessed because of the difficulties associated with the
analysis [5-8]. Hence, for the molecular design of ionic liquids that can be used as lubri‐
cants, the mechanisms of corrosive wear and lubrication should be clarified. In this respect,
developing an in situ technique that enables direct observation of the ionic liquid mole‐
cule under lubricating conditions is an important step toward understanding the complex
molecular behavior of ionic liquids.

In this paper, we explain our recent research at attempting to clarify the mechanisms of
corrosive wear and lubrication of ionic liquids. Specifically, we examined the corrosive wear
induced by a  tribochemical  reaction via  Fourier  transform infrared (FT-IR)  spectroscopy
and the lubrication mechanism via sum frequency generation (SFG) spectroscopy.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



2. Effect of water in ionic liquid on corrosive wear – Analysis by FT-IR
spectroscopy [3,9]

2.1. Experimental

In general, the corrosive wear caused by an ionic liquid is attributed to the reaction between
the halogen species in the anion part and water which is a common contaminant in ionic
liquids. We used the hygroscopic 1-butyl-3-methylimidazolium trifluoromethanesulfonate
([BMIM] OTf) as a model ionic liquid and investigated the effect of water on corrosive wear
against AISI 52100, which is a typical friction material. We used an FT-IR instrument equipped
with a pin-on-disk tribometer for the analysis, with a calcium fluoride disk and an AISI 52100
pin with a diameter of 8 mm. The weight of the pin was 36 mN. This apparatus helped us
obtain molecular information of the ionic liquid film sandwiched between the pin and the disk.
To investigate the molecular behavior of water contained in the ionic liquid, the IR spectrum
in the static state (without disk rotation) was mainly examined.

2.2. Results and discussion

Figure 1(a) shows time variations in the IR spectrum of the ionic liquid under static conditions
(humidity: 4.6–6.9 g/m3, relative humidity: 20–30%). The test duration was 72 h. Figure 1(b)
shows the surface image of the pin after the test. The IR spectra recorded over the test period
showed that the ionic liquid absorbed water from the air. At the same time, it is important to
note that two mixture phase of water were observed. The O-H stretching mode at ~3506 cm-1

and ~3582 cm-1 increased from the start of the test until 4–5 h had elapsed. However, after 5–
7 h, a new peak at 3400 cm-1 was observed, and the intensity of this peak started to increase.

IR analysis focusing on water in the ionic liquid was previously carried out by Cammarata et
al. Figure 2 shows the IR spectrum of water mixed with different hydrophilic ionic liquids,
from that study. The peaks for the O-H stretching mode at ~3506 cm-1 and ~3582 cm-1 were
found to be attributed to “free water,” and this state corresponded to water molecules showing
weak interactions with the anion [10]. The peak of the O-H stretching mode at 3400 cm-1 was
attributed to the three-coordinate integrated water state, that is, “liquid-like water,” and this
state corresponded to water molecules interacting with one another to form a network
structure [11].

From the above results, it was inferred that water is initially absorbed into the ionic liquid as
free water, and after the elapse of 5–7 h, the amount of liquid-like water increases. Figure
1(b) shows the optical image of the pin surface after the test, indicating severe corrosion. On
the other hand, when the test was stopped before the observed increase in the amount of liquid-
like water (Figure 3), corrosion did not occur at the pin surface. From these results, it is evident
that there is some relationship between the amount of liquid-like water and corrosion.

Subsequently, to clarify the relationship between sliding, corrosion, and the generation of
liquid-like water, we attempted to investigate the water behavior in the rotating state. Tests
were conducted at 10 rpm of disk rotation from the test start. The test duration was 8 h, and
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([BMIM] OTf) as a model ionic liquid and investigated the effect of water on corrosive wear
against AISI 52100, which is a typical friction material. We used an FT-IR instrument equipped
with a pin-on-disk tribometer for the analysis, with a calcium fluoride disk and an AISI 52100
pin with a diameter of 8 mm. The weight of the pin was 36 mN. This apparatus helped us
obtain molecular information of the ionic liquid film sandwiched between the pin and the disk.
To investigate the molecular behavior of water contained in the ionic liquid, the IR spectrum
in the static state (without disk rotation) was mainly examined.

2.2. Results and discussion

Figure 1(a) shows time variations in the IR spectrum of the ionic liquid under static conditions
(humidity: 4.6–6.9 g/m3, relative humidity: 20–30%). The test duration was 72 h. Figure 1(b)
shows the surface image of the pin after the test. The IR spectra recorded over the test period
showed that the ionic liquid absorbed water from the air. At the same time, it is important to
note that two mixture phase of water were observed. The O-H stretching mode at ~3506 cm-1

and ~3582 cm-1 increased from the start of the test until 4–5 h had elapsed. However, after 5–
7 h, a new peak at 3400 cm-1 was observed, and the intensity of this peak started to increase.

IR analysis focusing on water in the ionic liquid was previously carried out by Cammarata et
al. Figure 2 shows the IR spectrum of water mixed with different hydrophilic ionic liquids,
from that study. The peaks for the O-H stretching mode at ~3506 cm-1 and ~3582 cm-1 were
found to be attributed to “free water,” and this state corresponded to water molecules showing
weak interactions with the anion [10]. The peak of the O-H stretching mode at 3400 cm-1 was
attributed to the three-coordinate integrated water state, that is, “liquid-like water,” and this
state corresponded to water molecules interacting with one another to form a network
structure [11].

From the above results, it was inferred that water is initially absorbed into the ionic liquid as
free water, and after the elapse of 5–7 h, the amount of liquid-like water increases. Figure
1(b) shows the optical image of the pin surface after the test, indicating severe corrosion. On
the other hand, when the test was stopped before the observed increase in the amount of liquid-
like water (Figure 3), corrosion did not occur at the pin surface. From these results, it is evident
that there is some relationship between the amount of liquid-like water and corrosion.

Subsequently, to clarify the relationship between sliding, corrosion, and the generation of
liquid-like water, we attempted to investigate the water behavior in the rotating state. Tests
were conducted at 10 rpm of disk rotation from the test start. The test duration was 8 h, and
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Figure 1. Static<$%&?>condition<$%&?>test<$%&?>for<$%&?>72<$%&?>hours<$%&?>at<$%&?>4.6<$%&?>~<$%&?>6.9<$%&?>g/m3<$

%&?>(a)<$%&?>Time<$%&?>dependent<$%&?>change<$%&?>of<$%&?>FT-IR<$%&?>spectra<$%&?>of<$%&?>[BMIM]OTf,(b)<$%&?>

Pin<$%&?>surface<$%&?>image<$%&?>after<$%&?>the<$%&?>test<$%&?>[9] 

IR<$%&?>analysis<$%&?>focusing<$%&?>on<$%&?>water<$%&?>in<$%&?>the<$%&?>ionic<$%&?>liquid<$%&?>wa
s<$%&?>previously<$%&?>carried<$%&?>out<$%&?>by<$%&?>Cammarata<$%&?>et<$%&?>al.<$%&?>Figure<$%&?>
2<$%&?>shows<$%&?>the<$%&?>IR<$%&?>spectrum<$%&?>of<$%&?>water<$%&?>mixed<$%&?>with<$%&?>differ
ent<$%&?>hydrophilic<$%&?>ionic<$%&?>liquids,<$%&?>from<$%&?>that<$%&?>study.<$%&?>The<$%&?>peaks<$
%&?>for<$%&?>the<$%&?>O-H<$%&?>stretching<$%&?>mode<$%&?>at<$%&?>~3506<$%&?>cm-1<$%&?>and<$%&?
>~3582<$%&?>cm-1<$%&?>were<$%&?>found<$%&?>to<$%&?>be<$%&?>attributed<$%&?>to<$%&?>“free<$%&?>wat
er,”<$%&?>and<$%&?>this<$%&?>state<$%&?>corresponded<$%&?>to<$%&?>water<$%&?>molecules<$%&?>showin
g<$%&?>weak<$%&?>interactions<$%&?>with<$%&?>the<$%&?>anion<$%&?>[10].<$%&?>The<$%&?>peak<$%&?>of
<$%&?>the<$%&?>O-H<$%&?>stretching<$%&?>mode<$%&?>at<$%&?>3400<$%&?>cm-1<$%&?>was<$%&?>attribute
d<$%&?>to<$%&?>the<$%&?>three-coordinate<$%&?>integrated<$%&?>water<$%&?>state,<$%&?>that<$%&?>is,<$%
&?>“liquid-like<$%&?>water,”<$%&?>and<$%&?>this<$%&?>state<$%&?>corresponded<$%&?>to<$%&?>water<$%&
?>molecules<$%&?>interacting<$%&?>with<$%&?>one<$%&?>another<$%&?>to<$%&?>form<$%&?>a<$%&?>networ
k<$%&?>structure<$%&?>[11]. 

Figure 1. Static condition test for 72 hours at 4.6 ~ 6.9 g/m3 (a) Time dependent change of FT-IR spectra of [BMIM]OTf,
(b) Pin surface image after the test [9]

Figure 2. ATR-IR spectra of water in six ionic liquids [10]
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the humidity was 3.8 g/m3 (relative humidity: 20%). Time variations in the IR spectrum are
shown in Figure 4(a). During the test period, the O-H stretching mode corresponding to liquid-
like water was not observed, indicating that water is absorbed into the ionic liquid as free
water. Corrosion was observed from the surface image after the test (Figure 4(b)), even though
liquid-like water was not observed. The reason for this result is because scratch scars induced
by sliding were created at the pin surface. The scars gave rise to a topical potential difference,
consequently resulting in a galvanic corrosion environment. The absence of liquid-like water
under rotating conditions was rationalized as follows: even if liquid-like water was produced
near the frictional surface, it was instantly emitted from the share field and went undetected
by FT-IR. On the other hand, under static conditions, liquid-like water produced on the surface
remained at the site of generation and increased in amount with time.

To confirm this consideration, we performed the test in the following sequence: the rotating
state was maintained from the start of the test until 0.5 h had elapsed; subsequently, the disk
was stopped and kept in a static state for 8 h. The test duration was set to 8 h for comparison
with the rotation test. The humidity was 4.0 g/m3 (relative humidity: 22%). Figure 5(a) shows
the variation in the IR spectrum over time. The intensity of the O-H peak corresponding to
liquid-like water increased immediately after stopping the disk rotation. The corrosion
proceeded in the rotation and static test (Figure 5(b)) than in the rotation test (Figure 4(b)). This
result agrees with the results observed under static conditions; that is, the increase in the
amount of liquid-like water relates to the corrosion.
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Figure 3. .<$%&?>Static<$%&?>condition<$%&?>test<$%&?>for<$%&?>5<$%&?>hours<$%&?>at<$%&?>6.0<$%&?>g/m3<$%&?>(a)<$%&

?>Time<$%&?>dependent<$%&?>change<$%&?>of<$%&?>FT-IR<$%&?>spectra<$%&?>of<$%&?>[BMIM]OTf,(b)<$%&?>pin<$%&?>s

urface<$%&?>image<$%&?>after<$%&?>the<$%&?>test<$%&?>[9] 

Subsequently,<$%&?>to<$%&?>clarify<$%&?>the<$%&?>relationship<$%&?>between<$%&?>sliding,<$%&?>corrosion
,<$%&?>and<$%&?>the<$%&?>generation<$%&?>of<$%&?>liquid-like<$%&?>water,<$%&?>we<$%&?>attempted<$%
&?>to<$%&?>investigate<$%&?>the<$%&?>water<$%&?>behavior<$%&?>in<$%&?>the<$%&?>rotating<$%&?>state.<$
%&?>Tests<$%&?>were<$%&?>conducted<$%&?>at<$%&?>10<$%&?>rpm<$%&?>of<$%&?>disk<$%&?>rotation<$%&
?>from<$%&?>the<$%&?>test<$%&?>start.<$%&?>The<$%&?>test<$%&?>duration<$%&?>was<$%&?>8<$%&?>h,<$%
&?>and<$%&?>the<$%&?>humidity<$%&?>was<$%&?>3.8<$%&?>g/m3<$%&?>(relative<$%&?>humidity:<$%&?>20%)
.<$%&?>Time<$%&?>variations<$%&?>in<$%&?>the<$%&?>IR<$%&?>spectrum<$%&?>are<$%&?>shown<$%&?>in<$
%&?>Figure<$%&?>4(a).<$%&?>During<$%&?>the<$%&?>test<$%&?>period,<$%&?>the<$%&?>O-H<$%&?>stretchin
g<$%&?>mode<$%&?>corresponding<$%&?>to<$%&?>liquid-like<$%&?>water<$%&?>was<$%&?>not<$%&?>observe
d,<$%&?>indicating<$%&?>that<$%&?>water<$%&?>is<$%&?>absorbed<$%&?>into<$%&?>the<$%&?>ionic<$%&?>liq
uid<$%&?>as<$%&?>free<$%&?>water.<$%&?>Corrosion<$%&?>was<$%&?>observed<$%&?>from<$%&?>the<$%&?>
surface<$%&?>image<$%&?>after<$%&?>the<$%&?>test<$%&?>(Figure<$%&?>4(b)),<$%&?>even<$%&?>though<$%&
?>liquid-like<$%&?>water<$%&?>was<$%&?>not<$%&?>observed.<$%&?>The<$%&?>reason<$%&?>for<$%&?>this<$
%&?>result<$%&?>is<$%&?>because<$%&?>scratch<$%&?>scars<$%&?>induced<$%&?>by<$%&?>sliding<$%&?>wer
e<$%&?>created<$%&?>at<$%&?>the<$%&?>pin<$%&?>surface.<$%&?>The<$%&?>scars<$%&?>gave<$%&?>rise<$%
&?>to<$%&?>a<$%&?>topical<$%&?>potential<$%&?>difference,<$%&?>consequently<$%&?>resulting<$%&?>in<$%
&?>a<$%&?>galvanic<$%&?>corrosion<$%&?>environment.<$%&?>The<$%&?>absence<$%&?>of<$%&?>liquid-like<$
%&?>water<$%&?>under<$%&?>rotating<$%&?>conditions<$%&?>was<$%&?>rationalized<$%&?>as<$%&?>follows:<
$%&?>even<$%&?>if<$%&?>liquid-like<$%&?>water<$%&?>was<$%&?>produced<$%&?>near<$%&?>the<$%&?>frict

Figure 3. Static condition test for 5 hours at 6.0 g/m3 (a) Time dependent change of FT-IR spectra of [BMIM]OTf,(b) pin
surface image after the test [9]
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the humidity was 3.8 g/m3 (relative humidity: 20%). Time variations in the IR spectrum are
shown in Figure 4(a). During the test period, the O-H stretching mode corresponding to liquid-
like water was not observed, indicating that water is absorbed into the ionic liquid as free
water. Corrosion was observed from the surface image after the test (Figure 4(b)), even though
liquid-like water was not observed. The reason for this result is because scratch scars induced
by sliding were created at the pin surface. The scars gave rise to a topical potential difference,
consequently resulting in a galvanic corrosion environment. The absence of liquid-like water
under rotating conditions was rationalized as follows: even if liquid-like water was produced
near the frictional surface, it was instantly emitted from the share field and went undetected
by FT-IR. On the other hand, under static conditions, liquid-like water produced on the surface
remained at the site of generation and increased in amount with time.

To confirm this consideration, we performed the test in the following sequence: the rotating
state was maintained from the start of the test until 0.5 h had elapsed; subsequently, the disk
was stopped and kept in a static state for 8 h. The test duration was set to 8 h for comparison
with the rotation test. The humidity was 4.0 g/m3 (relative humidity: 22%). Figure 5(a) shows
the variation in the IR spectrum over time. The intensity of the O-H peak corresponding to
liquid-like water increased immediately after stopping the disk rotation. The corrosion
proceeded in the rotation and static test (Figure 5(b)) than in the rotation test (Figure 4(b)). This
result agrees with the results observed under static conditions; that is, the increase in the
amount of liquid-like water relates to the corrosion.
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Figure 3. .<$%&?>Static<$%&?>condition<$%&?>test<$%&?>for<$%&?>5<$%&?>hours<$%&?>at<$%&?>6.0<$%&?>g/m3<$%&?>(a)<$%&

?>Time<$%&?>dependent<$%&?>change<$%&?>of<$%&?>FT-IR<$%&?>spectra<$%&?>of<$%&?>[BMIM]OTf,(b)<$%&?>pin<$%&?>s

urface<$%&?>image<$%&?>after<$%&?>the<$%&?>test<$%&?>[9] 

Subsequently,<$%&?>to<$%&?>clarify<$%&?>the<$%&?>relationship<$%&?>between<$%&?>sliding,<$%&?>corrosion
,<$%&?>and<$%&?>the<$%&?>generation<$%&?>of<$%&?>liquid-like<$%&?>water,<$%&?>we<$%&?>attempted<$%
&?>to<$%&?>investigate<$%&?>the<$%&?>water<$%&?>behavior<$%&?>in<$%&?>the<$%&?>rotating<$%&?>state.<$
%&?>Tests<$%&?>were<$%&?>conducted<$%&?>at<$%&?>10<$%&?>rpm<$%&?>of<$%&?>disk<$%&?>rotation<$%&
?>from<$%&?>the<$%&?>test<$%&?>start.<$%&?>The<$%&?>test<$%&?>duration<$%&?>was<$%&?>8<$%&?>h,<$%
&?>and<$%&?>the<$%&?>humidity<$%&?>was<$%&?>3.8<$%&?>g/m3<$%&?>(relative<$%&?>humidity:<$%&?>20%)
.<$%&?>Time<$%&?>variations<$%&?>in<$%&?>the<$%&?>IR<$%&?>spectrum<$%&?>are<$%&?>shown<$%&?>in<$
%&?>Figure<$%&?>4(a).<$%&?>During<$%&?>the<$%&?>test<$%&?>period,<$%&?>the<$%&?>O-H<$%&?>stretchin
g<$%&?>mode<$%&?>corresponding<$%&?>to<$%&?>liquid-like<$%&?>water<$%&?>was<$%&?>not<$%&?>observe
d,<$%&?>indicating<$%&?>that<$%&?>water<$%&?>is<$%&?>absorbed<$%&?>into<$%&?>the<$%&?>ionic<$%&?>liq
uid<$%&?>as<$%&?>free<$%&?>water.<$%&?>Corrosion<$%&?>was<$%&?>observed<$%&?>from<$%&?>the<$%&?>
surface<$%&?>image<$%&?>after<$%&?>the<$%&?>test<$%&?>(Figure<$%&?>4(b)),<$%&?>even<$%&?>though<$%&
?>liquid-like<$%&?>water<$%&?>was<$%&?>not<$%&?>observed.<$%&?>The<$%&?>reason<$%&?>for<$%&?>this<$
%&?>result<$%&?>is<$%&?>because<$%&?>scratch<$%&?>scars<$%&?>induced<$%&?>by<$%&?>sliding<$%&?>wer
e<$%&?>created<$%&?>at<$%&?>the<$%&?>pin<$%&?>surface.<$%&?>The<$%&?>scars<$%&?>gave<$%&?>rise<$%
&?>to<$%&?>a<$%&?>topical<$%&?>potential<$%&?>difference,<$%&?>consequently<$%&?>resulting<$%&?>in<$%
&?>a<$%&?>galvanic<$%&?>corrosion<$%&?>environment.<$%&?>The<$%&?>absence<$%&?>of<$%&?>liquid-like<$
%&?>water<$%&?>under<$%&?>rotating<$%&?>conditions<$%&?>was<$%&?>rationalized<$%&?>as<$%&?>follows:<
$%&?>even<$%&?>if<$%&?>liquid-like<$%&?>water<$%&?>was<$%&?>produced<$%&?>near<$%&?>the<$%&?>frict

Figure 3. Static condition test for 5 hours at 6.0 g/m3 (a) Time dependent change of FT-IR spectra of [BMIM]OTf,(b) pin
surface image after the test [9]
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In summary, there are two states of water in [BMIM] OTf: free water and liquid-like water. In
addition, it is indicated that liquid-like water significantly affects the corrosion of ferrous
materials.

erved<$%&?>under<$%&?>static<$%&?>conditions;<$%&?>that<$%&?>is,<$%&?>the<$%&?>increase<$%&?>in<$%&?
>the<$%&?>amount<$%&?>of<$%&?>liquid-like<$%&?>water<$%&?>relates<$%&?>to<$%&?>the<$%&?>corrosion. 

In<$%&?>summary,<$%&?>there<$%&?>are<$%&?>two<$%&?>states<$%&?>of<$%&?>water<$%&?>in<$%&?>[BMIM
]<$%&?>OTf:<$%&?>free<$%&?>water<$%&?>and<$%&?>liquid-like<$%&?>water.<$%&?>In<$%&?>addition,<$%&?>
it<$%&?>is<$%&?>indicated<$%&?>that<$%&?>liquid-like<$%&?>water<$%&?>significantly<$%&?>affects<$%&?>the
<$%&?>corrosion<$%&?>of<$%&?>ferrous<$%&?>materials. 
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Figure 5. Rotation<$%&?>and<$%&?>static<$%&?>condition<$%&?>test<$%&?>for<$%&?>8<$%&?>hours<$%&?>at<$%&?>4.0<$%&?

>g/m3<$%&?>(a)<$%&?>Time<$%&?>dependent<$%&?>change<$%&?>of<$%&?>FT-IR<$%&?>spectra<$%&?>of<$%&?>[BMIM]OTf,<$%

&?>(b)<$%&?>pin<$%&?>surface<$%&?>image<$%&?>after<$%&?>the<$%&?>test 

3. Effect<$%&?>of<$%&?>the<$%&?>solid-liquid<$%&?>interface<$%&?>of<$%&?>ionic<$%&
?>liquid<$%&?>on<$%&?>frictional<$%&?>property<$%&?>–<$%&?>analysis<$%&?>by<$%&?
>SFG<$%&?>spectroscopy<$%&?>[12] 

3.1. Experimental 

For<$%&?>the<$%&?>effective<$%&?>design<$%&?>of<$%&?>ionic<$%&?>liquids<$%&?>to<$%&?>be<$%&?>used<$
%&?>as<$%&?>lubricants<$%&?>in<$%&?>practical<$%&?>applications,<$%&?>it<$%&?>is<$%&?>important<$%&?>t
o<$%&?>clarify<$%&?>the<$%&?>relationship<$%&?>between<$%&?>molecular<$%&?>structure<$%&?>and<$%&?>f
rictional<$%&?>properties.<$%&?>Because<$%&?>an<$%&?>ionic<$%&?>liquid<$%&?>forms<$%&?>a<$%&?>charact
eristic<$%&?>interfacial<$%&?>structure<$%&?>that<$%&?>differs<$%&?>from<$%&?>the<$%&?>liquid<$%&?>bulk,

Figure 5. Rotation and static condition test for 8 hours at 4.0 g/m3 (a) Time dependent change of FT-IR spectra of
[BMIM]OTf, (b) pin surface image after the test

ional<$%&?>surface,<$%&?>it<$%&?>was<$%&?>instantly<$%&?>emitted<$%&?>from<$%&?>the<$%&?>share<$%&?
>field<$%&?>and<$%&?>went<$%&?>undetected<$%&?>by<$%&?>FT-IR.<$%&?>On<$%&?>the<$%&?>other<$%&?>
hand,<$%&?>under<$%&?>static<$%&?>conditions,<$%&?>liquid-like<$%&?>water<$%&?>produced<$%&?>on<$%&
?>the<$%&?>surface<$%&?>remained<$%&?>at<$%&?>the<$%&?>site<$%&?>of<$%&?>generation<$%&?>and<$%&?>
increased<$%&?>in<$%&?>amount<$%&?>with<$%&?>time. 
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Figure 4. Rotation<$%&?>condition<$%&?>test<$%&?>for<$%&?>8<$%&?>hours<$%&?>at<$%&?>3.8<$%&?>g/m3<$%&?>(a)<$%&?>Tim

e<$%&?>dependent<$%&?>change<$%&?>of<$%&?>FT-IR<$%&?>spectra<$%&?>of<$%&?>[BMIM]OTf,<$%&?>(b)<$%&?>pin<$%&?

>surface<$%&?>image<$%&?>after<$%&?>the<$%&?>test<$%&?>[9] 

To<$%&?>confirm<$%&?>this<$%&?>consideration,<$%&?>we<$%&?>performed<$%&?>the<$%&?>test<$%&?>in<$%
&?>the<$%&?>following<$%&?>sequence:<$%&?>the<$%&?>rotating<$%&?>state<$%&?>was<$%&?>maintained<$%
&?>from<$%&?>the<$%&?>start<$%&?>of<$%&?>the<$%&?>test<$%&?>until<$%&?>0.5<$%&?>h<$%&?>had<$%&?>e
lapsed;<$%&?>subsequently,<$%&?>the<$%&?>disk<$%&?>was<$%&?>stopped<$%&?>and<$%&?>kept<$%&?>in<$%
&?>a<$%&?>static<$%&?>state<$%&?>for<$%&?>8<$%&?>h.<$%&?>The<$%&?>test<$%&?>duration<$%&?>was<$%&
?>set<$%&?>to<$%&?>8<$%&?>h<$%&?>for<$%&?>comparison<$%&?>with<$%&?>the<$%&?>rotation<$%&?>test.<$
%&?>The<$%&?>humidity<$%&?>was<$%&?>4.0<$%&?>g/m3<$%&?>(relative<$%&?>humidity:<$%&?>22%).<$%&?>
Figure<$%&?>5(a)<$%&?>shows<$%&?>the<$%&?>variation<$%&?>in<$%&?>the<$%&?>IR<$%&?>spectrum<$%&?>o
ver<$%&?>time.<$%&?>The<$%&?>intensity<$%&?>of<$%&?>the<$%&?>O-H<$%&?>peak<$%&?>corresponding<$%
&?>to<$%&?>liquid-like<$%&?>water<$%&?>increased<$%&?>immediately<$%&?>after<$%&?>stopping<$%&?>the<$
%&?>disk<$%&?>rotation.<$%&?>The<$%&?>corrosion<$%&?>proceeded<$%&?>in<$%&?>the<$%&?>rotation<$%&?
>and<$%&?>static<$%&?>test<$%&?>(Figure<$%&?>5(b))<$%&?>than<$%&?>in<$%&?>the<$%&?>rotation<$%&?>test
<$%&?>(Figure<$%&?>4(b)).<$%&?>This<$%&?>result<$%&?>agrees<$%&?>with<$%&?>the<$%&?>results<$%&?>obs

Figure 4. Rotation condition test for 8 hours at 3.8 g/m3 (a) Time dependent change of FT-IR spectra of [BMIM]OTf, (b)
pin surface image after the test [9]
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3. Effect of the solid-liquid interface of ionic liquid on frictional property
– Analysis by SFG spectroscopy [12]

3.1. Experimental

For the effective design of ionic liquids to be used as lubricants in practical applications, it
is important to clarify the relationship between molecular structure and frictional proper‐
ties. Because an ionic liquid forms a characteristic interfacial structure that differs from the
liquid bulk, we investigated the relationship between the frictional properties and the layer
structure of ionic liquid formed at the interface. As mentioned in section 2, ionic liquids
are understood to undergo complex chemical reactions with the surface of ferrous materi‐
als.  Therefore,  to  minimize  the  influence  of  such  reactions,  we  used  a  self-assembly
monolayer (SAM) formed on a gold substrate as a model surface. In this study, we analyze
the interfacial  structure of  an ionic  liquid at  SAM surfaces using SFG spectroscopy and
discuss  the  effect  of  the  interfacial  structure  of  imidazolium-based  ionic  liquids  on  the
frictional properties. Three 1-butyl-3-methylimidazolium [BMIM]-based ionic liquids were
used: [BMIM]OTf, which is miscible with water; hexafluorophosphate ([BMIM]PF6), which
is  water-insoluble;  and  tricyanomethide  ([BMIM]TCC),  which  is  water-insoluble  and
halogen-free. Mercaptohexadecanoic acid (MHDA), which forms a hydrophilic surface, was
selected. The basics of SFG are as follows. Two pulsed laser beams, one of mode-rocked
visible  frequency  (ωvis)  and  the  other  of  variable-wavelength  IR  frequency  (ωIR)  are
overlapped at a surface, and the nonlinear optical effect of SFG results in the emission of
light  at  ωSFG=ωvis+ωIR;  this  SFG light  is  detected.  The  intensity  of  the  SFG light  (ISFG)  is
proportional to |χ(2)|2, where χ(2) is the second-order nonlinear susceptibility. Because χ(2)

is zero in centrosymmetric environments, SFG spectroscopy can be used to selectively probe
the surface and interface [13, 14]. SFG measurements were conducted over the 2800–3200
cm-1 wavenumber range, which includes the C-H stretching mode peaks and polarization
of ppp (SFG, visible,  infrared).  In addition, the molecular orientation can be determined
from the SFG intensity. In this study, the orientation angle of the imidazolium ring was
analyzed. The obtained SFG spectra were fitted using the following function [15,16]:

( )
2(2)2 2 qSFG NR q q qAI iw c

w w
µ +

- + Gå (1)

χ(2)
NR represents the nonresonant term and ω2 represents the frequency of the IR light. Aq,

ωq, and Γq correspond to the amplitude, vibration frequency, and damping factor of the qth
vibrational  mode,  respectively.  We  calculated  the  peak  intensity  from  the  relationship
between A and Γ, which is obtained from the fitting result.
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The molecular orientation angle of the imidazolium ring was analyzed by the relation between
the theoretical value and the experimental result of the peak intensity ratio of νSSHC(4)-C(5)H to
νASHC(4)-C(5)H. We assumed the stretching vibration of methylene but omitted the detailed
molecular orientation analysis [17, 18]. Figure 6 shows the definition of the orientation angle
(θ, φ, χ) of the imidazolium ring. A tilt angle θ of 0° is defined as the surface normal and that
of 90° as parallel to the surface plane. A twist angle φ of 0° is defined as parallel to the surface
and that of 90° as perpendicular to the surface. The azimuthal angle χ is within the plane of
the surface. In this calculation, the average of the Euler angles can be calculated for the
rotationally isotropic system in the interface plane, i.e., with no azimuthal angle χ dependence.
Baldelli et al. noted that the twist angle φ of an imidazolium ring ranges from 0° to 30° because
of molecular steric hindrance [17]. Therefore, we calculated the value of φ in this range.

In addition, we performed friction tests to investigate the effect of the interfacial structure of
the ionic liquid at the MHDA surface on the frictional properties using a pin-on-plate recip‐
rocating friction tester. We used MHDA, which forms a hydrophilic surface on a gold substrate,
as the plate specimen and borosilicate glass, with a tip diameter of 3 mm, as the pin. We
conducted a sliding test at a reciprocating frequency of 0.1 Hz, amplitude of 10 mm, sliding
speed of 1 mm/s, and load of 10 mN. The test duration was 180 min, and the friction test was
performed four times for each ionic liquid.

x-y plane

CH3 N
N+

CH3

z axis
c2 axis

θ

φ

Figure 6. Definition of imidazolium orientation angle in the laboratory coordination
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3.2. Results and discussion

Figure 7 shows the SFG spectrum of each ionic liquid spin-coated on the MHDA surface, in
the range of 3200–3050 cm-1. Three dip peaks were observed, which were attributed to the C-
H stretching mode derived from the imidazolium ring: ~3127 cm-1 (νC(2)H), ~3153 cm-1

(νASHC(4)-C(5)H), and ~3174 cm-1 (νSSHC(4)-C(5)H) [18,19].
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angles for the three ionic liquids could be attributed to the respective anion sizes. The anion radii follow the order PF6 (1.57 Å) < 

Figure 7. SFG spectrum in the range of 3200 – 3050cm-1 which includes C-H stretching mode peaks derived from cation
of (a) TCC, (b) OTf and (c)PF6

Ionic Liquids - Current State of the Art552



3.2. Results and discussion

Figure 7 shows the SFG spectrum of each ionic liquid spin-coated on the MHDA surface, in
the range of 3200–3050 cm-1. Three dip peaks were observed, which were attributed to the C-
H stretching mode derived from the imidazolium ring: ~3127 cm-1 (νC(2)H), ~3153 cm-1

(νASHC(4)-C(5)H), and ~3174 cm-1 (νSSHC(4)-C(5)H) [18,19].

  

―9― 

0.14

0.12

0.10

0.08

S
FG

 In
te

ns
ity

3200 3150 3100 3050

Wavenumber (cm
-1

)

(a)TCC

1.4

1.3

1.2

1.1

S
FG

 In
te

ns
ity

3200 3150 3100 3050

Wavenumber (cm
-1

)

(b)OTf

0.45

0.40

0.35

S
FG

 In
te

ns
ity

3200 3150 3100 3050

Wavenumber (cm
-1

)

(c)PF6

C
5

C
4

CH3 6 N
3

C
2 N+

1

C
7 C

8

C
9 CH310

C2-HH-C4-C5-H
(SS) (AS)

 
Figure 7. SFG spectrum in the range of  3200 – 3050cm-1 which includes C-H stretching mode peaks derived from cation of (a) 

TCC, (b) OTf and (c)PF6 

 

 

Figure 8 shows the relationship between the SFG intensity ratio and the molecular orientation angle of the imidazolium ring, 

which is theoretically calculated. In addition, the figure includes the intensity ratios obtained from the fitting result of the SFG 

spectra in Figure 7. From the result of the molecular orientation analysis of the imidazolium ring, the imidazolium tilt angle θ is 
determined to be 30–33° for [BMIM]TCC, 40–45° for [BMIM]OTf, and 61–65° for [BMIM]PF6. This difference between the tilt 

angles for the three ionic liquids could be attributed to the respective anion sizes. The anion radii follow the order PF6 (1.57 Å) < 

Figure 7. SFG spectrum in the range of 3200 – 3050cm-1 which includes C-H stretching mode peaks derived from cation
of (a) TCC, (b) OTf and (c)PF6

Ionic Liquids - Current State of the Art552

Figure 8 shows the relationship between the SFG intensity ratio and the molecular orientation
angle of the imidazolium ring, which is theoretically calculated. In addition, the figure includes
the intensity ratios obtained from the fitting result of the SFG spectra in Figure 7. From the
result of the molecular orientation analysis of the imidazolium ring, the imidazolium tilt angle
θ is determined to be 30–33° for [BMIM]TCC, 40–45° for [BMIM]OTf, and 61–65° for
[BMIM]PF6. This difference between the tilt angles for the three ionic liquids could be attributed
to the respective anion sizes. The anion radii follow the order PF6 (1.57 Å) < OTf (1.94 Å) < TCC
(2.57 Å); that is, PF6 had the smallest size. Thus, there is a clear relationship between the anion
size and the tilt angle of the imidazolium ring; that is, a smaller anion results in a larger tilt
angle.

Figure 8. The relation between SFG intensity ratio of νSSHC(4)-C(5)H to νASHC(4)-C(5)H and molecular orientation an‐
gle of imidazolium ring.

Figure 9 shows the relationship between the tilt angle of the imidazolium ring and the mean
value of the friction coefficient. [BMIM]PF6 exhibited the lowest friction coefficient, followed
by [BMIM]OTf and [BMIM]TCC. In addition, the results indicated a clear trend: the larger the
imidazolium ring tilt angle, the smaller was the corresponding friction coefficient.

We now discuss how the tilt angle of the imidazolium ring affects the frictional properties
under a shear field. We propose two possible explanations for the tilt-angle dependence on
the frictional properties: the film formation ability and the energy loss by molecular motion.

• Film formation ability

A small anion forms a dense film because in this case, the distance between the anion and the
cation is short. This dense film is capable of supporting a load and preventing serious break‐
down, consequently leading to friction reduction.
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• Energy loss by molecular motion

The molecular motion hypothesis is based on the supposition that the entire surface layer of
the ionic liquid has sufficient ability to support a load and prevent serious breakdown. The
diagonal length of the imidazolium ring is approximately 1.12 Å, which is comparable to the
radius of the PF6 anion (1.57 Å); consequently, a smoother and better-defined shear plane is
formed [20]. This smooth surface limits energy loss by the rotation of the imidazolium ring,
and the shear-induced increase in the lattice spacing of the surface layer of the ionic liquid. As
a result, friction would be reduced. On the other hand, the difference in size between the
imidazolium ring and the OTf or TCC anion might make the surface rough. Under a shear
field, energy is needed for the rotation of the imidazolium ring and extension of the lattice
spacing of the surface layer of the ionic liquid, so that the rough surface is smoothened.

4. Conclusion

We investigated the mechanisms of corrosive wear and lubrication of ionic liquids from the
viewpoint of molecular behavior. FT-IR results indicated the presence of two types of water
phases within [BMIM]OTf, viz., free water and liquid-like water; the liquid-like water has a
more pronounced effect on corrosion. In addition, comparison of the results of molecular
orientation analysis by SFG spectroscopy and the results of friction tests revealed that the tilt
angle of the imidazolium ring affects the frictional properties of the ionic liquid.
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Thus, a combination of friction tests with FT-IR or SFG spectroscopy enables us to evaluate
tribochemical reactions or the relationship between the interfacial molecular arrangement and
the frictional properties. These methods serve to advance the understanding of interfacial
phenomena in the field of tribology.
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1. Introduction

Rubber compounds consist of an elastomer matrix and solid additives. The most important
role of these additives is to act as fillers and vulcanization activators in the case of sulfur
crosslinked elastomers. Elastomers are filled with small and hard particles to improve their
mechanical properties, such as resistance to abrasion, elastic modulus, and hardness [1].
Reinforcing fillers added to an elastomer can provide a rubber product with a very high tensile
strength or tear resistance [2]. The basic requirement to achieve the optimum reinforcement is
a fine and homogeneous dispersion of filler particles in the elastomer matrix, which results in
effective interactions and good adhesion at the elastomer/filler interface. Due to their unique
physical and chemical properties, over the past few years polymer composites with nanofillers
such as nanosilica, carbon black, layered silicates, and carbon nanotubes have been widely
discussed [3, 4]. It has been proven that the degree of dispersion of nanofiller particles is crucial
to achieve the ultimate required properties of nanocomposites [5]. Unfortunately, nanofillers
exhibit a high tendency to agglomerate in the elastomer matrix because of their high surface
energy [6, 7]. Therefore, it is technologically challenging to obtain a homogeneous dispersion
of filler nanoparticles in elastomers.

Recently, ionic liquids (ILs) have been widely used to improve the degree of dispersion of
nanoparticles in polymers, particularly in elastomers [8-10]. ILs are typically organic salts with
the melting points below 100 °C [11]. Due to their unique properties such as thermal, chemical,
and electrochemical stability, low vapor pressure, and high ionic conductivity, ILs have
attracted much attention for applications in polymer science [11-13], particularly toward
developing conducting polymer composites. ILs have excellent ionic conductivity up to their
decomposition temperature, which enables them to play an important role in electrolyte
matrices. For example, N-ethylmethylimidazolium bis(trifluoromethanesulfonyl)imide
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(EMITFSI) was used for the preparation of flexible solid polymer electrolytes based on
acrylonitrile-butadiene elastomers and poly(ethylene oxide) [14]. The formation of either
cationic and anionic interpenetrating or semi-interpenetrating polymer networks caused a
considerable increase in the tensile strength and elasticity of the polymer electrolyte. When
swollen in EMITFSI, the composites exhibited good mechanical properties and elongation at
break, and an ionic conductivity higher than 10-4 S cm-1 at room temperature. Similar results
were obtained for interpenetrating polymer networks containing alkylpyrrolidinium bis(tri‐
fluoromethanesulfonyl)imides [15]. Conductive NBR composites with an ionic conductivity
of 2.54×10-4 S cm-1 have also been prepared using 1-butyl-3-methylimidazolium bis(trifluoro‐
methylsulfonyl)imide [16]. This ionic liquid was also used to produce conductive composites
from poly(methyl methacrylate) containing in situ formed silica [17]. When increasing the IL
content, the conductivity of the obtained hybrid ionogels increased, and a decrease in the
Young’s modulus was observed as a result of the plasticizing effect of ILs. Similar results were
reported for N-ethylimidazolium bis(trifluoromethylsulfonyl)imide (EITFSI). Composites
consisting of NBR and ionic liquid were prepared as elastic and thermally stable polymer
electrolytes, and EITFSI showed good miscibility with NBR. The presence of lithium salts in
NBR/EITFSI composites enhanced the ionic conductivity approximately 100 times to reach 1.0
× 10-4 S cm-1 at 30 °C [18].

Moreover, some ILs have been suggested to be used for solubilizing metal oxides [19]. This
property could be useful in the improvement of dispersion degree of metal oxide particles in
elastomers. 1-allyl-3-methylimidazolium chloride (AMICl) was applied to improve the
dispersion of particles in carbon black-filled elastomers. Attractive interactions between the
carbon black surface and AMICl, which result from the interaction of π-electrons of graphitic
structures at the carbon black surface with the cations of ionic liquid, have been demonstrated.
AMICl acted as plasticizer at the carbon black surface and accelerated the formation of the
carbon black network in the elastomer matrix, supporting the depletion of polymer chains
from the space between carbon black aggregates. Moreover, an increase in the conductivity of
elastomer composites was observed [10]. ILs have also been reported to improve the dispersion
of silica and clays [20, 21]. For example, 1-methylimidazolium sorbate was used as modifier
for silica to increase the interfacial interactions between the filler and styrene-butadiene rubber
(SBR). As a result, the mechanical performance of SBR/silica composites were effectively
improved, and similar results were also achieved for 1-methylimidazolium methacrylate
(MimMa). The ionic liquid was reactive toward SBR through the graft copolymerization onto
elastomer chains during vulcanization. Hydrogen bonding between silica particles and the
ionic unit of MimMa was shown to be present. As a result, the interactions between silica
particles were weakened, and the filler networking of silica in SBR was effectively restrained.
An improvement in the dispersion of silica and the mechanical properties of vulcanizates,
particularly damping behavior and abrasion resistance, was observed [8]. Imidazolium salts
have been demonstrated as excellent cationic treatments for layered silicates (clays). The best
activity was achieved when one of the imidazolium alkyl groups of the IL was a C16 aliphatic
chain [22]. This IL exhibited excellent compatibility with polymers, and due to its high thermal
stability, it enabled high-temperature curing and melt processing. Trihexyltetradecylphos‐
phonium tetrafluoroborate was used for cationic exchange on the surfaces of natural and
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synthetic nanoclays [21]. Significant enhancements in the thermal stability of nanoclays were
achieved, up to 150 °C, compared with conventional quaternary ammonium-modified
silicates. These IL-modified nanoclays have been melt blended with poly(ethylene terephtha‐
late) (PET), and optically transparent nanocomposites with high levels of exfoliation have been
produced, in which nanoclay platelets were uniformly dispersed in the PET matrix.

Polymer composites filled with carbon nanotubes (CNTs) are of particular interest for the
development of conductive polymer nanocomposites or nanoelectronic devices [23, 24]. A
major problem in this field is to ensure the homogeneous dispersion of carbon nanotubes in
the polymer matrix due to the high ability of these tubes to agglomerate. One of the techniques
to improve the dispersion of CNTs in polymers is their chemical modification through covalent
or noncovalent attachments of CNT functional groups with the matrix [25]. To enhance the
CNT/polymer interactions, ILs have been commonly used. For example, conducting poly‐
chloroprene rubber composites were developed using 1-butyl-3-methylimidazolium bis(tri‐
fluoromethylsulfonyl)imide and multi-walled carbon nanotubes (MWCNTs). The cation-π-
interactions between the ionic liquid and tubes resulted in improved dispersion and the
formation of a percolating MWCNT network that significantly increased the conductivity of
the rubber composite. It was believed that the bundles of MWCNTs were uniformly distributed
due to the strengthening of filler-rubber interactions, as well as the reduction in the inter-
tubular interactions between the tubes. This was confirmed by the Payne effect in the compo‐
site, which is associated with the network formation of exfoliated carbon nanotubes in the
rubber matrix. This secondary aggregate network of filler is broken down with the increase in
the strain amplitude, and as a consequence, a decrease in the storage module was observed in
the dynamic mechanical analysis. Moreover, the ILs acted as a plasticizer, affecting the storage
module of the composite [9, 26].

ILs have also been applied to ensure better compatibility and enhance the dispersibility of
MWCNTs in a blend of solution-SBR and polybutadiene rubber [27]. The best activity was
found for the ionic liquid with a double bond in the cation (AMICl). In this case, the best
reinforcing effect of the MWCNTs toward the rubber blend was achieved. It was suggested
that the double bond in the AMICl molecules was chemically linked with the diene rubber
double bonds by sulfur bridges. Additionally, in the presence of AMICl, the nanotubes
strongly adhered to the rubber phase and formed a special type of bound rubber aggregation.
No agglomeration of the MWCNTs was observed, leading to a continuous percolation network
that increased the electrical and mechanical performance of the composites. Moreover,
dynamic behavior in the vicinity of the CNT surface was detected by observing an extra
relaxation peak at a temperature of approximately 80 °C. It was hypothesized that AMICl,
having a reactive double bond towards sulfur vulcanization, reacted with the other reactive
sites of the diene rubber. In this way, relaxation of the bound rubber that was very close to the
surface of the CNTs took place at higher temperatures. In general, the use of imidazolium ILs
gives rise to new possibilities to develop CNT composites with commodity polymers such as
polystyrene (PS). For example, 1-cetyl-2, 3-dimethylimidazolium tetrafluroborate was
reported as an excellent compatibilizer for MWCNTs toward polystyrene [28]. This PS
composite contained highly dispersed individual carbon nanotubes. However, the mixture of
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the MWCNTs and ionic liquid needed pretreatment at 185°C before it was added to the
polymer; otherwise, the MWCNTs were hardly dispersed in the PS and formed large agglom‐
erates. Evidence for π interactions between the nanotubes and the imidazolium cation of the
ILs was also reported. Moreover, the 20 °C improvement in the thermal stability of the PS
composites was also demonstrated, which was explained by the enhanced degree of dispersion
of the carbon nanotubes in the polymer matrix and better interfacial bonding between them.

Regarding elastomer compounds, one of the most important solid additives is vulcanization
activator. Zinc oxide is widely used as an activator of the vulcanization of unsaturated
elastomers by sulfur. It increases the amount of bound sulfur and as a result improves the
efficiency of the crosslinking system. Additionally, zinc oxide reduces the vulcanization time
of rubber compounds and improves the processing and physical properties of vulcanizates.
Despite the important role of zinc oxide in sulfur vulcanization, its concentration in rubber
compounds must be restricted to at least below 2.5% because zinc oxide is classified as being
toxic to aquatic life. The release of zinc from rubber products occurs during their manufac‐
turing, use, and recycling or disposal in landfills. Therefore, over the past several years, human
activity has caused a significant increase in the amount of zinc in the environment. Designed
EU legislation regarding environmental protection requires a reduction in the use of zinc oxide
and zinc-containing compounds in technology. For elastomer technology, the most important
of these is the European Commission Directive 2003/105/EC, which dictates that rubber
products containing more than 2.5% of zinc compounds are considered to be highly toxic to
aquatic ecosystems. Thus, methods to reduce the amount of zinc oxide in elastomers have been
widely studied. The possibilities of reducing the ZnO content by incorporating zinc with a
higher chemical activity in the form of reactive zinc complexes has been reported [29]. The
availability of zinc ions in a complex molecule is believed to be higher than that in ZnO crystals.
It has been shown that the zinc oxide content in natural rubber or ethylene-propylene-diene
elastomer compounds can be reduced to 2 phr without affecting their vulcanizate properties
[30]. Further reduction requires the use of anti-reversion agents. Another demonstrated
approach to reduce the amount of Zn2+ions in rubber compounds is the deposition of zinc ions
on the surface of layered aluminosilicate, which also could serve as a filler [31]. However, the
crosslink density of vulcanizates was significantly lower due to the low content of zinc ions in
the crosslinking system and their limited availability for interaction. According to Nieuwen‐
huizen [32], the ZnO surface acts as a catalytic reaction template by activating and joining
reactants. Accelerator particles, sulfur, and fatty acids diffuse through the elastomer matrix
and are adsorbed onto the ZnO surface, forming intermediate reactive complexes. Therefore,
the contact between the ZnO particles and accelerators in the elastomer matrix should be
maximized to enhance the efficiency of zinc oxide during vulcanization. This contact depends
on the ZnO particle shape, size, and specific surface area. Therefore, to reduce the amount of
ZnO in rubber compounds, we intend to apply nanosized zinc oxide. A reduction in the particle
size results in an increase in the zinc oxide specific surface area, providing better contact
between the zinc oxide, accelerators, and sulfur particles. However, the dispersion of zinc oxide
particles in an elastomer is also very important for the activation of sulfur vulcanization.
Unfortunately, zinc oxide exhibits a high tendency to agglomerate in the elastomer matrix
because of its high surface energy [6, 33]. From a technological point of view, it is difficult to
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obtain a homogeneous dispersion of ZnO nanoparticles in elastomers. Because zinc oxide and
vulcanization accelerators are insoluble in rubber, it is assumed that the crosslinking reactions
occur in a two-phase system and are catalyzed by conventional phase transfer catalysts. ILs
are thought to catalyze the interfacial reactions; therefore, they can be assumed to play the
same role in the crosslinking process [11]. Traditionally, stearic acid is used to improve the
dispersion of zinc oxide in the elastomer. A complex of zinc, an accelerator, and fatty acid is
formed during the vulcanization and consists of a central zinc cation, two stearyl anions, and
accelerator residues. This complex is strongly polar and also exhibits a tendency to agglom‐
erate in the elastomer. The crosslinking efficiency depends on the mobility of zinc ions in the
complex molecule and on the diffusion rate of the remaining components in the crosslinking
system. Therefore, the application of ligands with higher degrees of solvation towards zinc
cations than towards stearyl anions should improve the dispersion of the components of the
crosslinking system in the elastomer matrix, which is a role that ILs could play [33].

Designing ILs with special and functional structures is of crucial importance in exploring novel
dispersing agents for nanosized zinc oxide and silica in elastomer composites. ILs can be
fabricated with a high efficiency, and their structure can be easily tailored using various
commercially available and cheap raw materials. Our preliminary studies have shown that an
improvement in the dispersion of ZnO nanoparticles due to the ILs reduced the zinc ion content
in vulcanizates, according to European Commission Directive 2003/105/EC. ILs also reduced
the vulcanization time of the rubber compounds significantly and increased the crosslink
density of the vulcanizates. Applying alkylimidazolium chlorides and tetraalkylammonium
bromides allowed for the production of vulcanizates with the amount of zinc oxide, sulfur,
and MBT reduced to 1.3 phr. These vulcanizates exhibit tensile strengths comparable to those
without a dispersing agent [33].

Therefore, in this work, we intended to apply long-chain alkylimidazolium salts of chlorides,
bromides, tetrafluoroborates, and hexafluorophosphates to improve the dispersion degree of
zinc oxide nanoparticles in the butadiene-styrene (SBR) and ethylene-propylene-diene
elastomers (EPDM) and, as a result, increase its activity during crosslinking. Moreover,
because of the catalytic activity of ILs during interfacial reactions, an increase in the crosslink‐
ing efficiency is expected. In these studies, ILs such as alkylimidazolium salts with decyl-,
didecyl-, dodecyl-, octadecyl-, and hexadecyl-chains in the cation, together with nanosized
zinc oxide, were used to develop elastomer composites with a reduced amount of vulcaniza‐
tion activator. Vulcanizates were filled with nanosized silica in order to improve their
mechanical performance.

2. Experimental section

2.1. Materials

The butadiene-styrene elastomer (KER 1500) containing 22-25 wt % styrene was obtained from
Synthos Dwory, Oswiecim (Poland). Its Mooney viscosity was (ML1+4 (100°C):46-54). It was
vulcanized with sulfur (Siarkopol Tarnobrzeg, Poland) with microsized zinc oxide as the
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standard activator (ZnO, Aldrich, Germany). 2-mercaptobenzothiazole (MBT, Aldrich,
Germany) and N-cyclohexyl-2-benzothiazolesulfenamide (CBS, Aldrich, Germany) were
applied as accelerators.

Ionic Liquid Symbol

1-Decyl-3-methylimidazolium chloride DMICl

1-Decyl-3-methylimidazolium tetrafluoroborate DMIBF4

1, 3-Didecyl-2-methylimidazolium chloride DIDMICl

1-Dodecyl-3-methylimidazolium chloride DODMICl

1-Dodecyl-3-methylimidazolium bromide DODMIBr

1-Dodecyl-3-methylimidazolium tetrafluoroborate DODMIBF4

1-Dodecyl-3-methylimidazolium hexafluorophosphate DODMIPF6

1-Hexadecyl-3-methylimidazolium chloride HDMICl

1-Hexadecyl-3-methylimidazolium tetrafluoroborate HDMIBF4

1-Hexadecyl-3-methylimidazolium hexafluorophosphate HDMIPF6

1-Methyl-3-octadecylimidazolium chloride MODICl

1-Methyl-3-octadecylimidazolium hexafluorophosphate MODIPF6

Table 1. Ionic liquids used in this study

The ethylene-propylene-diene elastomer (Buna 5450) containing 48-56 wt % ethylene and
3.7-4.9 wt % ethylidene norbornene was obtained from Lanxess (Germany). Its Mooney
viscosity was (ML1+4 (125°C):41-51). It was vulcanized with sulfur (Siarkopol Tarnobrzeg,
Poland) with microsized zinc oxide as the standard activator (ZnO, Aldrich, Germany). 2-
mercaptobenzothiazole (MBT, Aldrich, Germany), tetramethylthiuram monosulfide (TMTM,
Akrochem Corporation, USA) and zinc dibutyldithiocarbamate (ZDBC, Performance Addi‐
tives, Malaysia) were applied as accelerators.

To reduce the amount of zinc ions in the rubber compounds, nanosized zinc oxide (nZnO,
Nanostructured & Amorphous Materials, Inc., USA) was used as an alternative to microsized
ZnO. Silica with a specific surface area of 380 m2/g (Aerosil 380, Evonic Industries, Germany)
was used as a filler. The ionic liquids given in Table 1 were obtained from IoLiTec (Germany).

2.2. Preparation and characterization of rubber compounds

Rubber compounds with the formulations given in Table 2 were prepared using a laboratory
two-roll mill. The samples were cured at 160 °C until they developed a 90% increase in torque,
as measured by a rotational rotorless rheometer. The kinetics of rubber compound vulcaniza‐
tion was studied using a DSC1 (Mettler Toledo) analyzer by decreasing the temperature from
25 to-100 °C at a rate of 10 °C/min and then heating to 250 °C with the same heating rate.

The crosslink densities (νT) of the vulcanizates were determined by their equilibrium swelling
in toluene, based on the Flory-Rehner equation [34]. The Huggins parameter of the SBR-solvent
interaction (χ) was calculated from the equation 1
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= +χ  0.370  0.560Vr (1)

where Vr is the volume fraction of elastomer in the swollen gel and for the EPDM-solvent
interaction.

= +χ  0.425  0.340Vr (2)

The tensile properties of the vulcanizates were measured according to the ISO-37 standard
procedures using a ZWICK 1435 universal machine.

SBR (phr) EPDM(phr)

Elastomer 100 Elastomer 100

Sulfur 2 Sulfur 2.5

*ZnO 5 *ZnO 5

MBT 1 MBT 1

CBS 1 TMTM 1

Silica 30 ZDBC 1.5

Ionic liquid 1.5 Silica 30

- Ionic liquid 1.5

Table 2. Composition of the SBR and EPDM-based rubber compounds (*2 phr of nanosized zinc oxide was used as an
alternative to 5 phr of standard activator)

2.3. Dynamic-mechanical analysis

Dynamic-mechanical measurements were carried out in tension mode using a DMA/
SDTA861e analyzer (Mettler Toledo). Measurements of the dynamic moduli were performed
over the temperature range of-80-100°C with a heating rate of 2°C/min, a frequency of 1 Hz,
and a strain amplitude of 4 μm. The temperature of the elastomer glass transition was
determined from the maximum of tan δ=f(T), where tan δ is the loss factor and T is the
measurement temperature.

2.4. Scanning Electron Microscopy (SEM)

The degree of dispersion of crosslinking agents and filler nanoparticles in the elastomer matrix
was estimated using scanning electron microscopy with a LEO 1530 SEM. The vulcanizates
were broken down in liquid nitrogen and the surfaces of the vulcanizate fractures were
examined. Prior to the measurements, the samples were coated with carbon.

2.5. Thermogravimetric analysis

The thermal stability of the vulcanizates was studied using a TGA/DSC1 (Mettler Toledo)
analyzer. Samples were heated from 25 °C to 700 °C in an argon atmosphere (60 ml/min) with
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a heating rate of 10 °C/min. Decomposition temperatures at a weight loss of 2% (T02), 5% (T05),
50% (T50), and the total weight loss during decomposition of the vulcanizates were determined.

2.6. Thermo-oxidative and UV aging

The thermo-oxidative degradation of the vulcanizates was performed at a temperature of 100
°C for 240 h. The UV degradation of the vulcanizates was carried out for 120 h using a UV 2000
(Atlas) machine in two alternating segments: a day segment (irradiation 0.7 W/m2, temperature
60 °C, time 8 h) and a night segment (without UV radiation, temperature 50 °C, time 4 h).

To estimate the resistance of the samples to aging, their mechanical properties and crosslink
densities after aging were determined and compared with the values obtained for the vulcan‐
izates before the aging process. The aging factor (S) was calculated as the numerical change in
the mechanical properties of the samples upon aging (Equation 3) [35], where TS is the tensile
strength of the vulcanizates and EB is the elongation at break:

( ) ( )× ×
after aging before aging

S = TS  EB TS  EB (3)

3. Results and discussion

3.1. SBR composites containing ILs

Dispersion degree of activator and filler nanoparticles in the SBR

The degree of dispersion of zinc oxide nanoparticles in the elastomer matrix is very important
to the activation of sulfur vulcanization. Homogeneous dispersion of ZnO nanoparticles
provides better contact between the activator and other components of the crosslinking system
and, as a consequence, enhances the efficiency of zinc oxide during vulcanization. SEM images
were taken to estimate the dispersion degree of zinc oxide particles in the elastomer in the
presence of ILs (Figures 1-6).

The zinc oxide nanoparticles (Figure 1) are not homogeneously distributed in the SBR. They
create microsized agglomerates with different shapes, consisting of nanosized primary
particles. The high tendency of ZnO particles to agglomerate results from their high surface
energy and ability for specific interactions [6]. The agglomeration of zinc oxide particles causes
their surface area to decrease, followed by a decrease in the interface between the ZnO,
accelerator, and sulfur particles. As a result, the efficiency of elastomer crosslinking decreases.
In general, the ILs improved the dispersibility of ZnO and silica nanoparticles in the SBR, but
to different degrees. Homogeneous dispersion of the nanoparticles was achieved for DMICl,
DODMIBF4, and MODIPF6. These ILs seemed to be the best dispersing agents, which effec‐
tively prevented ZnO and filler nanoparticles from agglomeration. In the case of HDMICl-and
MODICl-containing vulcanizates, some agglomerates of nanoparticles can be seen; however,
they are of smaller size and better elastomer wettability than those observed for the vulcani‐
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zates without IL. The different effect of ILs on the dispersibility of nanoparticles in the
elastomer matrices could result from their different miscibilities with the elastomers during
the preparation of rubber compounds. For example, HDMICl and MODICl exhibited poorer
miscibility with SBR than other ILs and caused elastomer crumbling during the preparation
of rubber compounds.

Figure 1. SEM image of SBR vulcanizates containing NZnO without IL

Figure 2. SEM image of SBR vulcanizates containing NZnO and DMICl

Ionic Liquids Applied to Improve the Dispersion of Solids in Elastomers
http://dx.doi.org/10.5772/58980

565



Figure 3. SEM image of SBR vulcanizates containing NZnO and DODMIBF4

Figure 4. SEM image of SBR vulcanizates containing NZnO and HDMICl
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Figure 5. SEM image of SBR vulcanizates containing NZnO and MODICl

Figure 6. SEM image of SBR vulcanizates containing NZnO and MODIPF6

Curing characteristics and the crosslink density of SBR vulcanizates

Because the ILs improved the degree of dispersion of the activator nanoparticles and are
considered to catalyze the interface reactions, they should affect the vulcanization efficiency
of SBR compounds. The influence of the ILs on the vulcanization process was estimated based
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on rheometer measurements. The cure characteristics of SBR compounds and crosslink
densities of vulcanizates are given in Table 3.

The nanosized zinc oxide used alternatively to microsized activator increased the crosslink
density of the vulcanizates and, as a result, the torque increment during the vulcanization of
the rubber compounds. It also decreased the vulcanization time of the SBR compounds by 10
minutes and reduced the scorch time by a factor of two. Applying ILs resulted in a considerably
shorter vulcanization time compared with micro-or nano-ZnO systems. This confirms that ILs
act as catalysts of interface crosslinking reactions. The influence of the anion present in the ILs
on the vulcanization time was also observed: the shortest cure times were exhibited by rubber
compounds containing alkylimidazolium tetrafluoroborates, whereas the longest t90 values
were observed for rubber compounds with alkylimidazolium bromide and chlorides. The
length of the alkyl chains in the ILs did not significantly affect the torque increment of the
rubber compounds during vulcanization. There was also no correlation between the length of
the IL alkyl chains and the vulcanization time. However, the length of the alkyl chains in the
imidazolium cation seemed to have an impact on the crosslink density. The highest crosslink
densities were exhibited by the elastomer compounds with 1-hexadecyl-3-methylimidazolium
salts.

ILs ΔG (dNm) t90 (min) tp (min) νT * 104(mol/cm3)

ZnO 18.8 60 0.7 15.4

NZnO 20.8 50 0.3 16.5

DMICl 21.5 36 0.5 17.9

DMIBF4 20.6 29 0.5 17.7

DIDMICl 20.6 27 0.5 17.3

DODMICl 22.2 33 0.5 16.9

DODMIBr 22.4 40 0.5 17.4

DODMIBF4 19.8 24 0.5 17.4

DODMIPF6 19.4 27 0.5 17.1

HDMICl 19.5 30 0.5 18.4

HDMIBF4 20.2 25 0.5 20.0

HDMIPF6 19.8 29 0.4 18.1

MODICl 18.9 36 0.5 17.8

MODIPF6 20.6 32 0.6 18.2

Table 3. Curing characteristics and crosslink densities of SBR vulcanizates (ΔG-increment of torque in the rubber
compound during vulcanization; t90-optimal vulcanization time; tp-scorch time, νT – crosslink density of vulcanizates)
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Having studied the effect of nanosized zinc oxide and ILs on the curing characteristics of SBR
compounds, we then examined their influence on the temperature and energetic effects of
vulcanization using DSC analysis. The results for SBR compounds are given in Table 4.

The vulcanization of SBR is an exothermic process that takes place in a temperature range of
179-232 °C, with an energetic effect of 10 J/g. Nanosized zinc oxide had no significant influence
on the temperature and heat of vulcanization compared with those of the SBR compounds
containing microsized ZnO. However, it is worth noting that ILs decreased the vulcanization
onset temperature by 30°C compared with rubber compounds with micro-or nanosized
activator. This is important for technological reasons because application of these ILs allows
the SBR elastomer to be cured at lower temperatures than the commonly used 160°C. The
highest onset vulcanization temperatures were achieved for hexafluorophosphates, whereas
the lowest were observed for alkylimidazolium chlorides. ILs decreased the energetic effect of
vulcanization, particularly hexafluorophosphates. The influence of the cations was also
observed: the energetic effect of vulcanization was the lowest for rubber compounds contain‐
ing ILs with 1-hexadecyl-3-methylimidazolium and 1-methyl-3-octadecylimidazolium
cations.

ILs
Vulcanization temperature range Energetic effect of vulcanization

(°C ) (J/g)

ZnO 179-232 10.0

NZnO 181-226 9.1

DMICl 148-239 8.4

DMIBF4 149-234 7.6

DIDMICl 148-239 9.0

DODMICl 148-241 9.9

DODMIBr 149-239 7.7

DODMIBF4 148-235 6.5

DODMIPF6 154-233 6.7

HDMICl 150-223 6.4

HDMIBF4 150-233 6.4

HDMIPF6 154-230 5.3

MODICl 145-236 5.6

MODIPF6 157-233 4.7

Table 4. Temperature and energetic effects of SBR vulcanization measured by DSC
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Mechanical properties of SBR vulcanizates

The aim of applying the ILs was to achieve a homogeneous dispersion of the zinc oxide and
silica nanoparticles in the elastomer and thereby improve the mechanical properties of the
vulcanizates, such as the tensile strength. Agglomerates of zinc oxide particles may be
responsible for local increases in the crosslink density of vulcanizates and the formation of
densely crosslinked domains with low elasticity, which may initiate breaking of the sample
under external stress. Filler nanoparticle agglomerates can also concentrate stress and con‐
tribute to a deterioration of the strength parameters of the vulcanizates.

The mechanical properties of the SBR vulcanizates were studied under static and dynamic
conditions. The results of the tensile tests are presented in Table 5.

ILs TS (MPa) EB (%)

ZnO 18.3 777

NZnO 22.4 781

DMICl 29.1 964

DMIBF4 28.5 982

DIDMICl 26.1 962

DODMICl 24.2 889

DODMIBr 29.8 954

DODMIBF4 27.2 985

DODMIPF6 22.1 973

HDMICl 20.7 972

HDMIBF4 22.5 915

HDMIPF6 26.5 987

MODICl 21.5 946

MODIPF6 24.8 989

Table 5. Tensile strengths (TS) and elongation at breaks (EB) of the SBR vulcanizates

SBR crosslinked with microsized zinc oxide used as a vulcanization activator exhibited a tensile
strength of 18.3 MPa and an elongation at break of approximately 777%. Nanosized zinc oxide
increased the tensile strength of vulcanizate by 4 MPa, whereas the elongation at break did
not change. ILs caused a further increase in the tensile strengths of the vulcanizates. This effect
was most significant for vulcanizates containing ILs with decyl-, didecyl-, and dodecyl-chains
in the cation. It should be noted that these ILs allowed for a homogeneous dispersion of ZnO
and filler nanoparticles in the SBR elastomer. The lowest tensile strengths were exhibited for
vulcanizates with HDMICl and MODICl due to the poor dispersion of nanoparticles in the
elastomer matrix.
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In addition to the mechanical properties under static conditions, the dynamic mechanical
properties are also important for the technological application of rubber products. The
influence of ILs on the loss factor (tan δ) was determined with DMA. The loss factor is a measure
of the material ability to dampen vibration. A plot of tan δ as a function of temperature for the
vulcanizates containing ILs is presented in Figure 7, and the data are also shown in Table 6.
The presence of the glass transition of the SBR elastomer can be observed, with a maximum
that represents the glass transition temperature Tg.

ILs Tg (°C) tan δ at Tg (-) tan δ at 25 °C (-) tan δ at 100 °C (-)

ZnO -40.9 0.58 0.13 0.09

NZnO -40.1 0.63 0.13 0.09

DMICl -37.3 0.70 0.11 0.08

DMIBF4 -35.1 0.86 0.09 0.07

DODMIBr -36.4 0.74 0.13 0.10

DODMIBF4 -38.0 0.76 0.09 0.06

HDMIPF6 -36.9 0.68 0.12 0.10

MODIPF6 -35.1 0.73 0.13 0.10

Table 6. Glass transition temperature (Tg) and loss factor (tan δ) of SBR vulcanizates
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Figure 7. Loss factor (tan δ) versus temperature for SBR vulcanizates

Applying nanosized ZnO had no influence on the glass transition temperature of SBR and the
values of the loss factor. However, an increase in the Tg of the vulcanizates was observed when
using ILs, which was the result of the crosslink density increase. The densely crosslinked
elastomer network that was formed during vulcanization restricted the mobility of the SBR
chains. Regarding the loss factor, tetrafluoroborates increased the value of tan δ at Tg but
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decreased the loss factor at room temperature and elevated temperatures. Other ILs slightly
increased the values of the loss factor at the glass transition temperature but had no significant
effect on tan δ at 25 °C and 100 °C. Considering the magnitude of the change in the value of
loss factor, it can be concluded that the use of ILs had no significant effect on the ability of
vulcanizates toward vibration damping. In addition, vulcanizates exhibited stable dynamic
properties at the temperatures studied.

Thermal stability and aging resistance of SBR vulcanizates

Thermal stability is very important for the technological application of rubber products.
Therefore, ILs used to improve the degree of dispersion of zinc oxide and silica in the elastomer
should not deteriorate this property. The thermal stabilities of the vulcanizates were examined
based on their decomposition temperature and the total weight loss of the sample determined
by TGA analysis. The results are presented in Table 7.

The  thermal  decomposition  of  SBR  containing  microsized  zinc  oxide  began  at  288  °C.
Replacing the standard activator with nanosized zinc oxide improved the thermal stabili‐
ty of SBR. The decomposition of the vulcanizate began at a temperature that was 15 °C
higher than that of the reference vulcanizate. The use of ILs caused a further increase in
the thermal stability of SBR, likely due to the homogeneous dispersion of the nanoparti‐
cles  in the elastomer matrix.  The highest  T02  temperature was achieved for  vulcanizates
with DMICl and DMIBF4, where filler and activator nanoparticles were the most uniform‐
ly distributed in the SBR. The network created by the filler nanoparticles may be a barrier
for  the  transport  of  gases  and  volatile  pyrolysis  products,  thus  increasing  the  thermal
stability of the composite. Additionally, ILs did not affect the temperatures at 5% and 50%
weight loss. A 5% weight loss was achieved in the temperature range of 357-361 °C, and a
50% weight loss occurred at 441-442 °C. The total weight loss during decomposition was
similar for all vulcanizates and was in the range of 74-77%.

ILs T02 (°C) T05 (°C) T50 (°C) Total weight loss (%)

ZnO 288 362 442 74.2

NZnO 303 360 442 76.9

DMICl 320 362 442 75.6

DMIBF4 314 360 444 75.5

DODMIBr 318 361 441 76.0

DODMIBF4 314 361 444 75.3

HDMIPF6 306 357 442 75.0

MODIPF6 306 357 441 75.3

Table 7. Decomposition temperatures at a weight loss of 2% (T02), 5% (T05), 50% (T50), and total weight loss during the
decomposition of SBR vulcanizates
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One of the most important properties of rubber products is their aging resistance. Therefore,
the effect of nanosized zinc oxide and ILs on vulcanizate resistance to UV and thermo-oxidative
aging was examined through the change in their mechanical properties and crosslink density.

Figure 8. Elongation at breaks of SBR vulcanizates after aging

Figure 9. Crosslink densities of SBR vulcanizates after aging

In Figure 8, the change in elongation at break upon aging is given for SBR vulcanizates. The
aging process had a considerable impact on the elongation at break of vulcanizates, causing it
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to decrease by approximately 200% for UV aging and 300-400% for thermo-oxidative aging.
These changes reflect the large increase in the crosslink density of the vulcanizates. Under the
influence of aging factors such as UV radiation and elevated temperature, further crosslinking
of the elastomer took place. In the case of vulcanizates containing ILs, the extent of further
crosslinking of the elastomer was greatly reduced (Figure 9). UV radiation caused a twofold
increase in the crosslink density of the vulcanizates, while in the case of the thermo-oxidative
aging, a threefold increase in the crosslink density was observed. Due to the considerable
changes in the crosslink density of SBR vulcanizates, the aging process deteriorated their
tensile strength. The smallest change in the tensile strength was achieved for the vulcanizate
containing DODMIPF6 and MODICl (Figure 10).

Figure 10. Tensile strengths of SBR vulcanizates after aging

To quantitatively estimate the change in the mechanical properties of vulcanizates due to
aging, the aging factor S was calculated (Table 8). This factor is a measurement of the changes
in the sample deformation energy caused by the aging process. Values of the S-factor that are
closer to 1 indicate smaller changes in the mechanical properties of the vulcanizates from the
aging process.

The aging factor (S) for vulcanizates without ILs is 0.39 (UV aging) and 0.35 (thermo-oxidative
aging). Therefore, it can be concluded that the SBR vulcanizates are characterized by a
susceptibility to degradation under prolonged exposure to elevated temperature or UV
radiation. The application of ILs did not significantly improve the resistance of SBR to UV
aging. The highest values of SUV were observed for the vulcanizates containing DODMICl and
HDMICl, which were 0.57 and 0.51, respectively. These ILs provided the best protection for
SBR against UV aging. No improvement in the SBR resistance to thermo-oxidative aging was
observed.
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ILs SUV (-) ST (-)

ZnO 0.39 0.35

NZnO 0.39 0.35

DMICl 0.41 0.41

DMIBF4 0.45 0.35

DIDMICl 0.46 0.34

DODMICl 0.57 0.28

DODMIBr 0.38 0.23

DODMIBF4 0.46 0.36

DODMIPF6 0.45 0.39

HDMICl 0.51 0.30

HDMIBF4 0.47 0.25

HDMIPF6 0.37 0.32

MODICl 0.45 0.32

MODIPF6 0.48 0.38

Table 8. UV and thermo-oxidative aging factors for SBR vulcanizates

3.2. EPDM composites containing ILs

Dispersion degree of activator and filler nanoparticles in the EPDM

Having established the effects of nanosized zinc oxide and ILs on the SBR properties, we then
examined the EPDM vulcanizates. EPDM is widely applied to manufacture rubber products
for the automotive industry (tires and damping elements) and the building industry (sealing
profiles) due to its useful properties such as resistance to ozone and elevated temperature and
elasticity at low temperatures. Therefore, it is reasonable to search for new substances to
improve the degree of dispersion of zinc oxide and silica nanoparticles in EPDM elastomer.

As expected, zinc oxide and filler nanoparticles were not homogeneously distributed in the
EPDM elastomer matrix, and poor dispersion was observed. They created microsized ag‐
glomerates with complex structures, as shown in Figure 11. The size of the agglomerates was
several micrometers, whereas the primary particles were below 300 nm in size. Moreover, the
agglomerates displayed poor adhesion to the elastomer. We found that ILs prevented the
nanoparticles from agglomeration, with the most effective being alkylimidazolium chlorides
and bromides, which allowed for a homogeneous distribution of nanoparticles in the EPDM
elastomer (Figures 12, 13, 15). In the case of tetrafluoroborates, some agglomerates are observed
in the SEM images. However, they are smaller in size and exhibit better adhesion to the
elastomer than for the vulcanizate without ILs (Figures 14, 16). Therefore, it can be concluded
that the efficiency of ILs as dispersing agents in EPDM depends mainly on the anion type and
not the length of alkyl chains in the imidazolium cation.
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Figure 11. SEM images of SBR vulcanizates containing NZnO without IL

Figure 12. SEM images of SBR vulcanizates containing NZnO and DODMIBr
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Figure 13. SEM images of SBR vulcanizates containing NZnO and DMICl

Figure 14. SEM images of SBR vulcanizates containing NZnO and DMIBF4
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Figure 15. SEM images of SBR vulcanizates containing NZnO and HDMICl

Figure 16. SEM images of SBR vulcanizates containing NZnO and HDMIBF4

Curing characteristics and the crosslink density of EPDM vulcanizates

Rheometric measurements were performed to study the effect of nanosized zinc oxide and ILs
on the torque increment during vulcanization, which corresponds to the crosslinking degree
of the elastomer. The vulcanization times and scorch times were also determined (Table 9).
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Replacing 5 phr of microsized zinc oxide with 2 phr of zinc oxide nanoparticles increased the
torque increment during vulcanization and therefore the crosslink density of vulcanizates,
despite the reduction in the amount of zinc oxide in the rubber compound. As discussed, this
reduction is important for ecological reasons. There was no considerable effect on the vulcan‐
ization time or scorch time observed. ILs caused a further increase in the crosslink densities of
the vulcanizate and, as a consequence, the torque increment during vulcanization. It should
be noticed that the highest crosslink densities were achieved for vulcanizates containing
alkylimidazolium bromide and chlorides, which provided a homogeneous dispersion of zinc
oxide nanoparticles in the elastomer. As a result, the interface between the activator particles
and other components of the crosslinking system increased, improving the efficiency of the
vulcanization process. Regarding the cation type of IL, the lowest crosslink densities were
observed for vulcanizates containing 1-methyl-3-octadecylimidazolium cation. ILs, especially
those with decyl-, didecyl-, and dodecyl-chains, reduced the vulcanization time of rubber
compounds. A small reduction in the scorch times was also observed, but it was not of
technological significance.

ILs ΔG (dNm) t90 (min) tp (s) νT * 105(mol/cm3)

ZnO 16.5 40 50 9.3

NZnO 18.0 38 45 10.6

DMICl 20.4 25 36 14.0

DMIBF4 21.0 28 32 12.2

DIDMICl 20.8 28 35 13.5

DODMICl 23.1 25 39 14.6

DODMIBr 22.0 30 35 14.0

DODMIBF4 20.0 30 33 12.0

DODMIPF6 21.4 36 38 14.1

HDMICl 22.7 33 42 14.7

HDMIBF4 18.5 33 38 12.1

HDMIPF6 21.2 35 40 12.2

MODICl 18.9 30 42 12.1

MODIPF6 20.4 32 42 11.3

Table 9. Curing characteristics and crosslink densities of EPDM vulcanizates (ΔG-increment of torque in the rubber
compound during vulcanization; t90-optimal vulcanization time; tp-scorch time, νT – crosslink density of vulcanizates)

Using DSC, we determined the vulcanization temperature range and the energetic effect of
vulcanization for the rubber compounds (Table 10).
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IL Vulcanization temperature range (°C ) Energetic effect of vulcanization (J/g)

ZnO 133-193 10.3

NZnO 139-199 9.8

DMICl 112-229 7.4

DMIBF4 114-228 6.8

DIDMICl 110-225 7.4

DODMICl 112-229 8.5

DODMIBr 114-239 7.2

DODMIBF4 120-234 8.3

DODMIPF6 112-223 8.4

HDMICl 120-226 6.5

HDMIBF4 121-232 6.4

HDMIPF6 120-224 7.4

MODICl 142-227 4.4

MODIPF6 139-223 4.7

Table 10. Temperature and energetic effects of EPDM vulcanization measured by DSC

The vulcanization of EPDM is an exothermic process that takes place in the temperature range
of 133-193°C, with an energetic effect of 10.3 J/g for microsized ZnO. Nanosized activator had
no significant influence on the temperature and heat of vulcanization compared with the
microsized ZnO. The catalytic effect of ILs on the interface crosslinking reactions is also
apparent in the case of EPDM. ILs decreased the vulcanization onset temperature by 20-30°C
and the energetic effect of vulcanization compared with rubber compounds without alkyli‐
midazolium salts. Exeptions are ILs with 1-methyl-3-octadecylimidazolium cation, which did
not influence the vulcanization temperature. However, they considerably decreased the
energetic effect of vulcanization and therefore the vulcanization efficiency. It should be
mentioned that in the case of these ILs, the smallest crosslink densities of EPDM vulcanizates
were also achieved.

Mechanical properties of EPDM vulcanizates

Having established the effect of alkylimidazolium salts on the degree of dispersion of zinc
oxide and silica nanoparticles in the elastomer and on the crosslink density of vulcanizates,
we then examined the mechanical properties of EPDM vulcanizates (Table 11).

Applying nanosized zinc oxide alternatively to the corresponding microsized activator
decreased the tensile strength of the vulcanizate. This was likely due to the agglomeration of
nanoparticles in the EPDM. Agglomerates with poor wettability with the elastomer can
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Having established the effect of alkylimidazolium salts on the degree of dispersion of zinc
oxide and silica nanoparticles in the elastomer and on the crosslink density of vulcanizates,
we then examined the mechanical properties of EPDM vulcanizates (Table 11).

Applying nanosized zinc oxide alternatively to the corresponding microsized activator
decreased the tensile strength of the vulcanizate. This was likely due to the agglomeration of
nanoparticles in the EPDM. Agglomerates with poor wettability with the elastomer can
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concentrate stress during deformation, resulting in the destruction of the sample. The increase
in the tensile strength of vulcanizates containing ILs is closely related to the improvement of
the degree of dispersion of the nanoparticles in the EPDM and to the increase in the crosslink
density of the vulcanizates. The more uniform the dispersion of nanoparticles is in the
elastomer, which results in a higher the crosslink density of the vulcanizates, the higher their
tensile strength. In general, ILs increased the elongation at break of vulcanizates due to the
increase in their elasticity.

ILs TS (MPa) EB (%)

ZnO 13.4 529

NZnO 10.7 569

DMICl 20.7 690

DMIBF4 13.4 566

DIDMICl 19.5 667

DODMICl 25.1 735

DODMIBr 22.1 715

DODMIBF4 13.2 528

DODMIPF6 18.6 643

HDMICl 19.5 765

HDMIBF4 12.5 581

HDMIPF6 16.6 690

MODICl 19.6 778

MODIPF6 18.3 702

Table 11. Tensile strengths (TS) and elongation at breaks (EB) of EPDM vulcanizates

The influence of ILs on the dynamic mechanical properties was determined with DMA. The
loss factor as a function of temperature for the EPDM vulcanizates containing ILs is presented
in Table 12. Measurements were performed for vulcanizates containing alkylimidazolium
chlorides.

The determined glass transition temperatures for the vulcanizates with microsized and
nanosized ZnO were approximately-45.4oC and-44.0oC, respectively, whereas the Tg value was
slightly higher for the vulcanizates with ILs. This was likely due to the higher crosslink
densities of the vulcanizates containing ILs. Nanosized zinc oxide and ILs did not considerably
affect the values of the loss factor (tan δ). Therefore, it can be concluded that vulcanizates with
ILs exhibit damping properties comparable to the reference sample containing microsized
ZnO.
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ILs Tg (°C) tan δ at Tg (-) tan δ at 25 °C (-) tan δ at 100 °C (-)

ZnO -45.4 0.56 0.08 0.09

NZnO -44.0 0.60 0.10 0.09

DMICl -42.1 0.52 0.11 0.09

DIDMICl -41.8 0.55 0.10 0.10

DODMICl -43.5 0.58 0.09 0.09

HDMICl -43.3 0.66 0.10 0.08

MODICl -39.3 0.49 0.08 0.09

Table 12. Glass transition temperatures (Tg) and loss factors (tan δ) of EPDM vulcanizates

Thermal stability and aging resistance of EPDM vulcanizates

TGA analysis was performed to determine the effect of nanosized zinc oxide and alkylimda‐
zolium salts on the thermal stability of EPDM vulcanizates. The results are given in Table 13.

The onset decomposition temperatures (T02) for EPDM vulcanizates crosslinked with micro‐
sized activator was 354 °C. Applying nanosized zinc oxide alternatively to the standard
activator increased the values of T02 and T05 by 9 °C and 4 °C, respectively, but had no influence
on the T50 temperature. The use of ILs considerably increased the onset decomposition
temperature of the vulcanizates and increased the T05 and T50 values by 14-17°C and 6-10oC,
respectively. The increase in the thermal stability of vulcanizates resulted from the gas barrier
effect of the filler network in the elastomer matrix, similar to the results obtained for the SBR
elastomer. The total weight loss was approximately 75% for all examined vulcanizates.

ILs T02 (°C) T05 (°C) T50 (°C) Total weight loss (%)

ZnO 354 418 468 72.8

NZnO 363 422 467 75.3

DMICl 419 436 474 75.4

DIDMICl 418 436 474 75.0

DODMICl 421 437 475 75.6

HDMICl 416 437 476 75.4

MODICl 421 439 478 75.9

Table 13. Decomposition temperatures at a weight loss of 2% (T02), 5% (T05), 50% (T50), and total weight loss during the
decomposition of EPDM vulcanizates

EPDM, as previously mentioned, is widely applied in the manufacturing of rubber products
for the automotive and building industries. Such rubber products are exposed to external
factors such as increased temperature and UV radiation. Therefore, ILs applied as dispersing
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agents should not deteriorate these properties. The resistance of EPDM vulcanizates to thermo-
oxidative and UV aging was studied based on the changes in the tensile parameters and
crosslink densities of the vulcanizates.

Figure 17. Crosslink density of EPDM vulcanizates after aging

Figure 18. Tensile strength of EPDM vulcanizates after aging

Thermo-oxidative and UV aging caused the crosslink densities of the vulcanizates to increase
considerably (Figure 17). It is shown that prolonged exposure to elevated temperatures and
UV radiation resulted in the further crosslinking of the EPDM, similar to the case of SBR.
However, the increase in the crosslink density was smaller in the case of the vulcanizates
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containing nanosized ZnO with DMICl, DODMICl, HDMICl, and MODICl. UV aging
deteriorated the tensile strength of the vulcanizates with ILs, as the vulcanizates with nano‐
sized ZnO (Figure 18). The highest decrease in TS was achieved for vulcanizates containing
alkylimidazolium chlorides, whereas the smallest changes in TS were observed for tetrafluor‐
oborates. Thermo-oxidative aging had less impact on the tensile strength of EPDM vulcani‐
zates in comparison with UV radiation, and only small changes in the TS values were observed.

The aging factor was calculated to quantitatively estimate the change in the mechanical
properties of the vulcanizates (Table 14). EPDM vulcanizates are highly susceptible to UV
degradation. The SUV values are very low (approximately 0.11). Small improvements in the
SUV values were achieved for vulcanizates containing alkylimidazolium tetrafluoroborates.
EPDM vulcanizates exhibited higher resistance to thermo-oxidative aging, for which ILs
increased the ST values. The most active in preventing the degradation of vulcanizates upon
thermo-oxidative aging were also alkylimidazolium tetrafluoroborates.

ILs SUV (-) ST (-)

ZnO 0.11 0.45

NZnO 0.11 0.38

DMICl 0.11 0.62

DMIBF4 0.25 0.76

DIDMICl 0.12 0.67

DODMICl 0.10 0.52

DODMIBr 0.10 0.60

DODMIBF4 0.32 0.79

DODMIPF6 0.10 0.56

HDMICl 0.11 0.56

HDMIBF4 0.25 0.90

HDMIPF6 0.15 0.83

MODICl 0.10 0.53

MODIPF6 0.10 0.47

Table 14. Thermo-oxidative and UV aging factors for EPDM vulcanizates

4. Conclusions

Alkylimidazolium salts considerably improved the degree of dispersion of zinc oxide and filler
(silica) nanoparticles in SBR and EPDM, of which the most active seemed to be alkylimidazo‐
lium chlorides and bromide. In the IL-containing vulcanizates, nanoparticles of zinc oxide and
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silica were homogeneously distributed in the elastomer matrix. It can be concluded that ILs
decreased the intermolecular interactions between nanoparticles and reduced their tendency
for agglomeration in the elastomer.

Applying nanosized zinc oxide allowed for a reduction in the amount of ZnO by 60% in the
comparison with commonly used microsized ZnO. Nanosized zinc oxide used with ILs
resulted in the shortening of the optimal vulcanization time and decreased the onset vulcan‐
ization temperature by 20-30°C, which is very important from a technological and economical
point of view. An increase in the crosslink density of vulcanizates was also achieved. Despite
the reduced amount of zinc oxide, SBR and EPDM composites containing ILs exhibited tensile
strengths higher or comparable to the standard vulcanizates crosslinked with the microsized
activator. The positive effect of ILs on the vulcanization kinetics and crosslink densities of the
vulcanizates results from the improvement in the degree of dispersion of ZnO nanoparticles
in the elastomer. This leads to better contact between the vulcanization activator particles and
other components of the crosslinking system. Of equal importance is the catalytic action of ILs
in the interfacial crosslinking reactions.

Alkylimidazolium salts considerably increased the thermal stability of the vulcanizates, while
ILs did not significantly increase the resistance of SBR and EPDM to UV aging. Regarding the
resistance of the vulcanizates to thermo-oxidative aging, some improvement was achieved for
EPDM, especially for vulcanizates containing alkylimidazolium tetrafluoroborates.
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1. Introduction

Vulcanization is  the basic process used in elastomer technology. The first  patent for the
sulfur vulcanization of natural rubber was issued to Charles Goodyear in 1839. The most
important disadvantage of sulfur vulcanization at its creation was the long process time of
several  hours.  In  1906,  Oenslager  discovered the  accelerating  effect  of  aniline  on  sulfur
vulcanization [1].  This  discovery was followed by the introduction of  guanidines.  Other
organic vulcanization accelerators,  such as thiazole and sulfenamide,  were developed in
1930 [2]. In later years, thiurames and dithiocarbamates were applied. Although vulcaniza‐
tion is one of the oldest and best known processes, thiazoles, sulfenamides and dithiocarba‐
mates  were  the  last  significant  accelerator  classes  to  be  introduced  in  industry.  Soon
afterward, it was discovered that zinc oxide could activate the sulfur vulcanization process.
Zinc oxide reacts with accelerators to form zinc complexes, which are more reactive than
free  accelerators.  Sulfur  is  then  incorporated  into  these  complexes,  and  active  sulfating
agents are formed that react with the allylic hydrogen atoms of unsaturated elastomers to
form crosslink precursors. These precursors then react with other rubber chains to gener‐
ate crosslinks that contain large amounts of sulfur atoms in their bridges. In the next step
of the vulcanization process, crosslink shortening, usually accompanied by side reactions,
produces the final elastomer network [3].

It is commonly postulated that acceleration of sulfur vulcanization results from homogeneous
catalysis by zinc complexes or zinc salts [3]. Traditionally, stearic acid is used together with
zinc oxide to activate sulfur vulcanization. In this way, a complex composed of zinc, an
accelerator, and stearic acid is formed during vulcanization and includes a central zinc cation,
two stearyl anions, and accelerator residues. This complex and other components of the
crosslinking system are strongly polar and also reveal a tendency for agglomeration in the
elastomer, resulting in the reduction of vulcanization efficiency [4]. Therefore, the application
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of novel ionic liquids (ILs)-the derivatives of 2-mercaptobenzothiazole-as accelerators for the
vulcanization process seems to be reasonable. Because of their catalytic activity [5], ILs increase
the rates of interfacial crosslinking reactions. Moreover, because of their ionic character, ILs
should be able to form salts or complexes with zinc ions, similarly to standard accelerators;
however, these complexes are more reactive than zinc-accelerator complexes. Additionally,
the application of ligands with higher solvation power towards zinc cations than stearyl anions
should improve the dispersion degree of the active sulfurating agent as well as of the cross‐
linking system components in the elastomer. As a result, the crosslinking rate and efficiency
should increase considerably.

Recently,  IL research has been one of the most rapidly growing fields in chemistry and
industry,  mainly  due to  the  many unique properties  of  ionic  liquids,  such as  chemical,
electrochemical and thermal stability, low vapor pressure and high ionic conductivity [6].
ILs  are  generally  defined  as  salts  with  melting  temperatures  lower  than  100  °C  and
commonly  consist  of  an  asymmetric,  organic  cation  and  a  rather  weakly  coordinating
organic or inorganic anion [6,7]. Most ILs have good miscibility with organic solvents or
monomers, are able to solvate a large variety of organic polar and nonpolar compounds,
and  show  potentially  “environmentally-friendly”  characteristics  due  to  their  negligible
vapor pressure and flammability [8]. ILs are nonvolatile compounds; thus, the chance for
fugitive emissions during their use in technology is limited. Due to their ionic character,
ILs  are  highly  polar  but  non-coordinating,  so  they  may affect  the  course  of  ionic  reac‐
tions [9].  Therefore, ILs can be used as solvents for electrochemical processes [6,10],  and
their chemical and physical properties can be tailored by varying the cations and anions
for a wide range of potential applications. In recent years, ILs have been widely used in
polymer science, mainly as solvents in different types of polymerizations (e.g., free radical
polymerization [11], atom transfer radical polymerization [12] or ionic polymerization [13]).
Wang  et  al.  used  room-temperature  ILs  such  as  triethylamine  hydrochloride-aluminum
chloride  (Et3NHCl-AlCl3)  as  an  initiator  for  the  cationic  copolymerization  of  1,3-penta‐
diene with styrene [14]. The best results were obtained for AlCl3 content of 60 wt%. The
reaction  produced a  high-molecular-weight  copolymer  with  a  smaller  molecular  weight
distribution than that produced when using an organic solvent. Increasing the concentra‐
tion of IL led to an increase of copolymerization yield. Moreover, as the concentration of
ionic liquid increased, more crosslinked products were achieved as a result of the higher
concentration  of  macromolecular  chains  in  the  reaction  medium,  which  favored  the
intermolecular  reaction  of  carbocations  with  the  copolymer.  The  cationic  ring-opening
polymerization  of  3,3-bis(chloromethyl)oxacyclobutane  was  carried  out  in  1-butyl-3-
methylimidazolium  tetrafluoroborate  and  hexafluorophosphate  [15].  The  polymerization
process proceeded to high conversions, although polymer molecular weights were limited,
similar  to  polymerization in  organic  solvents.  ILs  were able  to  be  separated from other
reagents  and reused.  The moisture-stable ionic  liquid composed of  choline chloride and
zinc chloride was applied to the radiation-induced copolymerization of vinyl monomers –
styrene and methyl methacrylate. The mechanism of copolymerization was the same as in
conventional organic solvents at room temperature, and the copolymer was produced with
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high  efficiency  [16].  The  IL  1-butyl-3-methylimidazolium  hexafluorophosphate  was  also
used as a solvent in the radical polymerization of methyl methacrylate [17]. A considera‐
ble increase in the rate constant of propagation was observed that was related to increas‐
ing polarity of the polymerization medium that favored a transition state involving charge
transfer  or  complex  formation  between  IL  and  either  monomer  or  radical.  The  rate  of
polymerization was approximately 10 times higher than in traditionally used benzene. The
molecular weights of polymers were also considerably higher, indicating a decrease in the
rate of termination. This ionic liquid can be successfully used for synthesis of styrene and
methyl methacrylate block copolymers [18]. The IL 1-butylpyridinium tetrafluoroborate was
used in the radical polymerization of 2-hydroxyethyl methacrylate [19].  Transparent and
highly  conductive  polymer  electrolytes  were  obtained  and  characterized  with  high
mechanical  strength.  ILs  can  serve  as  solvents  for  the  organotellurium-mediated  living
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and formate [29]. Pernak et al. reported the possibility of dissolving cellulose using ILs with
4-benzyl-4-methylmorpholinium and alkyl(cyclohexyl)dimethylammonium cations [30,31].
Alkylimidazolium 1,2,4-triazolates and benzotriazolates were tested for fungistatic activity
against strains of Aspergillus and Penicillium molds. The highest antifungal activity was
demonstrated by 1-dodecyl-methylimidazolium 1,2,4-triazolate, which effectively protected
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ILs are used for filler modification to increase the interactions between a filler and an elastomer
matrix and to improve the dispersion of filler particles in the elastomer, especially in the case
of silica, clays, carbon black and carbon nanotubes [33-35]. ILs such as 1-butyl-3-methylimi‐
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dispersion degree of magnetic fillers in an ethylene-octene copolymer [36]. ILs increased the
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filler nanoparticles in the polymer. A significant improvement of the mechanical properties of
composites, such as tensile strength, was achieved.
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Due to very high ionic conductivity below their decomposition temperature, ILs can have an
important role in electrolyte matrices. The application of ILs provides the polymer electrolyte
with high tensile strength and elasticity by giving conductivity to elastomers. Conductive
butadiene-acrylonitrile elastomer (NBR) composites with an ionic conductivity of 2.54×10-4 S
cm-1 have previously been prepared using 1-butyl-3-methylimidazolium bis(trifluoromethyl‐
sulfonyl)imide [37]. The use of ILs resulted in the development of conductive polychloroprene
rubber containing a low concentration of multi-walled carbon nanotubes [38]. Stable polymer
electrolytes with an ionic conductivity of over 10-4 S cm-1 were obtained from polymerizable
ionic liquids with an imidazolium cation [39].

Despite the wide applications of ionic liquids in polymer and elastomer science, their use as
accelerators for the sulfur vulcanization of unsaturated elastomers has not yet been reported,
with the exception of our previous publications [40,41]. Thus, this chapter represents an
innovative and original solution.

For our studies,  we believe that the application of ILs will  result  in the development of
new  eco-friendly  accelerators  for  elastomer  sulfur  vulcanization.  The  most  popular
accelerator (MBT) is an allergenic agent. Like guanidines, sulfenamides are amine deriva‐
tives with different amine moiety contents. Therefore, their application in technology should
be limited because of toxicity. The proposed ILs are derived from conventional accelera‐
tors, but due to their greater activity, the amount of crosslinking system components (sulfur,
zinc  oxide,  accelerator)  in  rubber  products  can  be  reduced.  Moreover,  because  of  the
application of ILs, conductive elastomer composites should be possible. Preliminary studies
have confirmed that mercaptobenzothiazolate or dithiocarbamate anions could be success‐
fully incorporated into IL structures [40].  The proposed solution could make an original
contribution to both the synthesis of novel ionic liquids and their application as well  as
provide for the development of new, environmentally friendly accelerators for elastomer
vulcanization. Traditional accelerators have been applied in the rubber industry for years.
However,  severe  European Union directives  regarding environmental  protection require
the reduction of  sulfur  and zinc  oxide contents  in  rubber  products  and modification of
recipes for producing elastomer composites. Novel vulcanization accelerators based on ILs
may allow the requirements of EU legislation to be met and improve the properties of the
obtained rubber products.

Because of their catalytic activity, ILs can accelerate the process of elastomer crosslinking and
increase the efficiency of sulfur consumption. As a result, reduction in the sulfur content of
rubber products should be achieved for ecological reasons. Moreover, ILs may act as disper‐
sants, improving the dispersion of crosslinking system components (sulfur or activator) in
elastomers. The dispersion degree of zinc oxide, sulfur, and accelerator is very important for
the activation of sulfur vulcanization. Our preliminary studies confirmed the high activity of
synthesized ILs with 2-mercaptobenzothiazolate in the vulcanization of elastomers [40,41].
This result was most likely due to the more homogeneous dispersion of crosslinking agents in
the elastomer. SEM images showed that, in the case of a standard NBR vulcanizate with 2-
mercaptobenzothiazole (MBT), zinc oxide particles were not homogeneously distributed in
the elastomer matrix. The agglomeration of zinc oxide particles caused the particle surface area
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to decrease, which was followed by a reduction in the interfacial area between crosslinking
system components. As a result, the efficiency of elastomer crosslinking decreased. In the case
of vulcanizates produced with the prepared ILs, more homogeneously dispersed crosslinking
agent particles were observed. The application of ILs increased the crosslink density of the
vulcanizates. Therefore, the application of appropriately structured ILs as vulcanization
accelerators seems to be reasonable.

In these studies, ILs such as alkylimidazolium and alkylammonium salts of 2-mercaptoben‐
zothiazole as well as nanosized zinc oxide were used to successfully form pro-ecological
elastomer composites with reduced amounts of vulcanization accelerators and activators.
Several aspects were analyzed, including crosslink density, static and dynamic mechanical
properties of the vulcanizates, as well as their thermal stability and resistance to UV and
thermo-oxidative aging.

Pro-ecological composites based on NBR and SBR elastomers containing ILs as vulcanization
accelerators were manufactured and studied. Elastomers were vulcanized with sulfur and
nanosized zinc oxide in the presence of ILs as accelerators, alternatively to standard 2-
mercaptobenzothiazole (MBT) and N-cyclohexyl-2-benzothiazolesulfenamide (CBS). As
accelerators, the salts of 2-mercaptobenzothiazole with the following cations were used:
dioctyldimethylammonium (C8DM), didecyldimethylammonium (C10DM), dodecyltrime‐
thylammonium (C12TMA), 1-butyl-3-methylimidazolium (C4mim), 1-methyl-3-octylimida‐
zolium (C8mim), and 1-dodecyl-3-methylimidazolium (C12mim).

2. Experimental section

2.1. Materials

The acrylonitrile-butadiene elastomer (EUROPREN N3960) containing 39 wt % acrylonitrile
was obtained from Polimeri Europa (Rome, Italy). The Mooney viscosity was (ML1+4 (100°C):
60). This elastomer was vulcanized with sulfur (Siarkopol, Poland) with microsized zinc oxide
as the activator (ZnO, Aldrich, Germany).

The butadiene-styrene elastomer (KER 1500) containing 22-25 wt % styrene was obtained from
Synthos Dwory, Oswiecim (Poland). The Mooney viscosity was (ML1+4 (100°C):46-54). This
elastomer was vulcanized with sulfur (Siarkopol Tarnobrzeg, Poland) with microsized zinc
oxide as the standard activator (ZnO, Aldrich, Germany). Accelerators included 2-mercapto‐
benzothiazole (MBT, Aldrich, Germany) and N-cyclohexyl-2-benzothiazolesulfenamide (CBS,
Aldrich, Germany).

To reduce the number of zinc ions in rubber compounds, nanosized zinc oxide (nZnO,
Nanostructured & Amorphous Materials, Inc., USA) was used as an alternative to microsized
ZnO. Silica with a specific surface area of 380 m2/g (Aerosil 380, Evonic Industries, Germany)
was used as a filler. The ionic liquids listed in Table 1 were synthesized at the Poznan Uni‐
versity of Technology, according to a procedure described elsewhere [40,41].
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Ionic Liquid Symbol

Dioctyldimethylammonium 2-mercaptobenzothiazolate C8DMA

Didecyldimethylammonium 2-mercaptobenzothiazolate C10DMA

Dodecyltrimethylammonium 2-mercaptobenzothiazolate C12TMA

1-Butyl-3-methylimidazolium 2-mercaptobenzothiazolate C4mim

1-Methyl-3-octylimidazolium 2-mercaptobenzothiazolate C8mim

1-Dodecyl-3-methylimidazolium 2-mercaptobenzothiazolate C12mim

Table 1. Ionic liquids used in this study

2.2. Preparation and characterization of rubber compounds

Rubber compounds with the formulations given in Table 2 were prepared using a laboratory
two-roll mill. The samples were cured at 160 °C until they developed a 90% increase in torque,
as measured by an oscillating disc rheometer (Monsanto).

SBR (phr) NBR (phr)

Without IL
(reference sample)

With IL
Without IL

(reference sample)
With IL

Elastomer 100 100 Elastomer 100 100

Sulfur 2 2 Sulfur 2 2

*ZnO 5 2 *ZnO 5 2

MBT 1 - MBT 2 -

CBS 1 - Silica 30 30

Silica 30 30
Ionic liquid - 2.5

Ionic liquid - 3

Table 2. Composition of SBR-and NBR-based rubber compounds (*2 phr of nanosized zinc oxide was used
alternatively with 5 phr of standard activator)

The kinetics of rubber compound vulcanization was studied using a DSC1 (Mettler Toledo)
analyzer by decreasing the temperature from 25 to-100 °C at a rate of 10 °C/min and then
heating to 250 °C with the same heating rate.

The crosslink densities (νT) of the vulcanizates were determined by their equilibrium swelling
in toluene, based on the Flory-Rehner equation [42]. The Huggins parameter of the SBR-solvent
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interaction (χ) was calculated from the equation χ=0.3700+0.5600Vr (Equation 1), where Vr is
the volume fraction of elastomer in the swollen gel, and χ=0.3809+0.6707Vr for NBR-solvent
interaction (Equation 2).

The tensile properties of the vulcanizates were measured according to ISO-37 standard
procedures using a ZWICK 1435 universal machine.

2.3. Dynamic-mechanical analysis

Dynamic-mechanical measurements were carried out in tension mode using a DMA/
SDTA861e analyzer (Mettler Toledo). Measurements of the dynamic moduli were performed
between-80 and 100°C with a heating rate of 2°C/min, a frequency of 1 Hz and a strain
amplitude of 4 μm. The temperature of the elastomer glass transition was determined from
the maximum of tan δ=f(T), where tan δ is the loss factor and T is the measurement temperature.

2.4. Scanning Electron Microscopy (SEM)

The dispersion degree of zinc oxide and filler nanoparticles in the elastomer matrix was
estimated using scanning electron microscopy with an LEO 1530 SEM. The vulcanizates were
broken down in liquid nitrogen, and the surfaces of the vulcanizate fractures were examined.
Prior to measurements, the samples were coated with carbon.

2.5. Thermogravimetry analysis

The thermal stability of the vulcanizates was studied using a TGA/DSC1 (Mettler Toledo)
analyzer. Samples were heated from 25 °C to 700 °C in an argon atmosphere (60 ml/min) with
a heating rate of 10 °C/min. Decomposition temperatures at weight losses of 2% (T02), 5% (T05),
50% (T50) and total weight loss during decomposition of vulcanizates were determined.

2.6. Thermo-oxidative and UV aging

The thermo-oxidative degradation of the vulcanizates was performed at a temperature of 100
°C for 240 h. The UV degradation of the vulcanizates was carried out for 120 h using a UV 2000
(Atlas) machine in two alternating segments: a day segment (irradiation 0.7 W/m2, temperature
60 °C, time 8 h) and a night segment (without UV radiation, temperature 50 °C, time 4 h).

To estimate the resistance of the samples to aging, their mechanical properties and crosslink
densities after aging were determined and compared with the values obtained for vulcanizates
before the aging process. The aging factor (S) was calculated as the numerical change in the
mechanical properties of the samples upon aging (Equation 3) [43], where TS is the tensile
strength of the vulcanizate, and EB is the elongation at break:

( ) ( )  
    /   

after aging before aging
S TS EB TS EB= × × (1)

Ionic Liquids in the Vulcanization of Elastomers
http://dx.doi.org/10.5772/59064

597



3. Results and discussion

3.1. SBR composites containing ILs

3.1.1. Curing characteristics and crosslink densities of SBR vulcanizates

The activity of novel ILs as accelerators in the sulfur vulcanization of SBR was estimated based
on rheometry measurements. The curing characteristics of the SBR compounds and the
crosslink densities of the vulcanizates are given in Table 3. To reduce the amount of vulcani‐
zation activator, nanosized zinc oxide was applied (2 phr) alternatively with the normally used
microsized ZnO (5 phr).

SBR ΔG (dNm) t90 (min) tp (min) νT * 104 (mol/cm3)

ZnO 53.3 60 3.7 15.4

nZnO 59.3 50 3.3 16.5

C8DMA 72.3 30 2.1 19.9

C10DMA 64.1 30 2.5 18.3

C12TMA 60.5 30 2.0 17.5

C4mim 72.9 35 2.6 20.8

C8mim 69.2 35 2.8 18.3

C12mim 67.8 35 2.5 17.3

Table 3. Curing characteristics and crosslink densities of SBR vulcanizates (ΔG-increment of torque in the rubber
compound during vulcanization; t90-optimal vulcanization time; tp-scorch time, νT – crosslink density of vulcanizates).

Nanosized zinc oxide seems to be very active in SBR vulcanization. Despite the reduced
amount of vulcanization activator, an increase in the crosslink density of vulcanizates is
observed, and, as a consequence, the torque increment during vulcanization is comparable to
that of the reference rubber compound with microsized ZnO. Moreover, a reduction of
vulcanization time by 10 min was achieved. The nanosized zinc oxide does not influence the
scorch time of rubber compounds. Applying ILs as vulcanization accelerators results in a
further increase in torque increment during the vulcanization process because of the increase
in vulcanizate crosslink densities. Alkylammonium and alkylimidazolium salts of MBT seem
to catalyze the interface crosslinking reactions, which is evident from the considerable
reduction of vulcanization time (approximately 25-30 min) and scorch time (approximately
1.5 min) compared to conventionally crosslinked SBR compounds. Alkylammonium and
alkylimidazoilum ILs have comparable activity in the vulcanization of SBR. However, the
crosslink density of vulcanizates decreases slightly with the increase of alkyl chain length in
the ammonium or imidazolium cation of ILs.
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The most important parameters of the vulcanization process are temperature and energetic
effect. The influence of nanosized zinc oxide and novel ILs on these parameters is given in
Table 4.

SBR Vulcanization temperature range (°C ) Energetic effect of vulcanization (J/g)

ZnO 175-231 10.0

nZnO 173-226 9.1

C8DMA 156-236 4.9

C10DMA 152-234 4.4

C12TMA 150-237 8.8

C4mim 147-235 9.8

C8mim 148-237 8.6

C12mim 149-236 8.0

Table 4. Temperatures and energetic effects of SBR vulcanization measured by DSC

Nanosized zinc oxide has no significant influence on the temperature and heat of vulcanization
in comparison with SBR compounds containing a microsized activator. Vulcanization is an
exothermic process that occurs in a temperature range of 173-226 °C, with an energetic effect
of 9 J/g. 2-Mercaptobenzothiazolate ILs, especially alkylimidazolium salts, decrease consider‐
ably the onset temperature of vulcanization. The vulcanization process begins in the temper‐
ature range of 150-156 °C for SBR compounds containing alkylammonium ILs and 147-149 °C
in the case of alkylimidazolium salts. This result confirms the catalytic effect of ILs on interfacial
crosslinking reactions. The energetic effect of vulcanization ranges from 8.0 J/g to 9.8 J/g and
decreases with alkyl chain length for rubber compounds with alkylimidazolium salts. A
considerable reduction in the heat of vulcanization is achieved for alkyldimethylammonium
ILs, indicating a decrease in the efficiency of the vulcanization process and confirming that the
structure of the accelerator (ILs) affects vulcanization efficiency.

3.1.2. Dispersion degree of crosslinking system particles in SBR

Having concluded that the novel ILs catalyze interfacial crosslinking reactions and influence
the efficiency of vulcanization, we then examined their effect on the dispersion degree of
crosslinking system components in the SBR elastomer. The homogeneous distribution of ZnO,
sulfur and accelerator particles is very important for the activation of sulfur vulcanization.
Sulfur and accelerator diffuse inside the elastomer matrix and are adsorbed on the zinc oxide
surface during vulcanization.

For the vulcanizate with MBT, crosslinking system particles are not homogeneously distrib‐
uted in the elastomer matrix (Figure 1). Microsized agglomerates (several micrometers in size)
are created. The agglomeration of particles causes their surface area to decrease, followed by
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a reduction of the interface between zinc oxide, sulfur, and the accelerator. As a result, the
efficiency of elastomer crosslinking decreases.

Figure 1. SEM images of SBR vulcanizates containing nZnO without IL

Figure 2. SEM images of SBR vulcanizates containing nZnO with C8DMA
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Figure 3. SEM images of SBR vulcanizates containing nZnO with C10DMA

Figure 4. SEM images of SBR vulcanizates containing nZnO with C12TMA

In the case of vulcanizates with novel ILs, a more homogeneous distribution of crosslinking
agent particles in SBR is observed (Figures 2-6). The dispersion degree depends on the IL
structure and improves with the decrease in the ammonium or imidazolium cation alkyl chain
length. In the case of ILs with C8 chains in the cation, particles of the crosslinking system are
homogeneously distributed in the elastomer, and no agglomeration is observed. For ILs with
C12 chains, some agglomerates can be observed in the SEM images but with a smaller size
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than conventionally crosslinked SBR vulcanizates. Therefore, it can be concluded that, apart
from accelerating action, ILs act as dispersing agents that prevent crosslinking system particles
from agglomeration. The homogeneous dispersion of particles provides better contact between
the activator and other components of the crosslinking system, resulting in higher vulcaniza‐
tion efficiency.

Figure 5. SEM images of SBR vulcanizates containing nZnO with C8mim

Figure 6. SEM images of SBR vulcanizates containing nZnO with C12mim
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3.1.3. Mechanical properties of SBR vulcanizates

Having established the influence of ILs on the vulcanization process and on the crosslink
density of vulcanizates, we then examined their mechanical properties. The results are given
in Table 5.

SBR TS (MPa) EB (%)

ZnO 18.3 777

nZnO 22.4 781

C8DMA 32.0 634

C10DMA 25.5 635

C12TMA 24.2 580

C4mim 28.2 607

C8mim 27.2 651

C12mim 26.0 665

Table 5. Tensile strength (TS) and elongation at break (EB) of SBR vulcanizates

Despite the reduced amount of zinc oxide, vulcanizates containing nanosized ZnO exhibit
approximately 4 MPa higher tensile strength than the reference sample. The elongation at
break is similar in both vulcanizates. Applying ILs increases the tensile strength of SBR by 10
MPa in the case of C8DMA as a result of the improved dispersion degree of crosslinking system
and filler particles in the SBR. The tensile strength decreases with the increase in IL alkyl chain
length, as the dispersion degree of crosslinking system particles deteriorates. The elongation
at break is reduced by 100 – 150% due to the increase in the crosslink density of the vulcanizates.

For technological applications of SBR, dynamic mechanical properties are very important.
Rubber products must meet requirements of rigidity and strength so that their stability during
use is sufficient. Even more important is their ability to dampen vibrations. Using DMA, the
influence of ILs on the loss factor (tan δ) was determined. The loss factor, tan δ, as a function
of temperature for the vulcanizates containing ILs is presented in Figure 7 and Table 6.

The existence of one transition can be observed (Figure 7), the glass transition of SBR, with a
maximum that represents Tg. Applying nanosized zinc oxide alternatively with microsized
activator does not influence the glass transition temperature of SBR, which is approximate‐
ly-41.0 °C. Vulcanizates containing ILs exhibit higher glass transition temperatures than the
reference samples because of their higher crosslink density. A greater number of crosslinks in
the elastomer network results in greater restriction of mobility of the elastomer chains and, as
a consequence, higher Tg. As expected, the highest Tg values occur for vulcanizates with the
highest crosslink densities.

Nanosized zinc oxide or ILs have no significant effect on the tan δ values of SBR vulcanizates
(Table 6). Only a slight increase in the tan δ at glass transition temperature is observed for IL-
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containing vulcanizates. The loss factor is practically unchanged in the temperature range of
25-100 °C. Therefore, it could be concluded that SBR vulcanizates exhibit stable dynamic
mechanical properties at application temperatures. It is worth noting that ILs applied as novel
vulcanization activators alternatively to standard MBT and CBS do not deteriorate the dynamic
mechanical properties of SBR and its ability for vibration damping, which is very important
for technological reasons.

SBR Tg (°C) tan δ at Tg (-) tan δ at 25 °C (-) tan δ at 100 °C (-)

ZnO -40.9 0.58 0.13 0.09

nZnO -40.1 0.63 0.13 0.09

C8DMA -33.4 0.71 0.09 0.07

C10DMA -36.1 0.73 0.12 0.11

C12TMA -38.0 0.69 0.12 0.11

C4mim -36.8 0.68 0.12 0.09

C8mim -38.8 0.71 0.13 0.12

C12mim -38.9 0.68 0.11 0.09

Table 6. Glass transition temperature (Tg) and loss factor (tan δ) of SBR vulcanizates

Figure 7. Loss factor (tan δ) versus temperature for SBR vulcanizates
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3.1.4. Thermal stability and aging resistance of SBR vulcanizates

Rubber products often work at elevated temperatures. Therefore, novel vulcanization accel‐
erators must not reduce the thermal stability of vulcanizates. Using TGA analysis, the effect
of ILs on the thermal stability of SBR vulcanizates was determined (Table 7).

Nanosized zinc oxide increases the onset decomposition temperature of SBR (T02) by 15 °C.
Most likely, the network created by the zinc oxide and filler nanoparticles is a barrier for the
transport of gases and volatile pyrolysis products during the decomposition process, thus
increasing the thermal stability of the elastomer. ILs result in a further increase in the onset
decomposition temperature of SBR, likely due to the improved dispersion degree of the
nanoparticles in the elastomer matrix. The T02 for IL-containing vulcanizates is in the range of
363-365 °C. No influence of nanosized ZnO and ILs is achieved for T05 and T50 temperatures as
well as for the total weight loss during decomposition (approximately 76%).

SBR T02 (°C) T05 (°C) T50 (°C) Total weight loss (%)

ZnO 288 362 442 74.2

nZnO 303 360 442 76.9

C8DMA 325 364 445 75.9

C10DMA 324 365 445 76.3

C12TMA 322 363 445 75.8

C4mim 326 365 444 76.3

C8mim 324 364 444 75.9

C12mim 325 364 444 76.4

Table 7. Decomposition temperatures at weight losses of 2% (T02), 5% (T05), 50% (T50) and total weight loss during the
decomposition of SBR vulcanizates

Having established the effects of nanosized zinc oxide and ILs on thermal stability, we then
examined SBR resistance to thermo-oxidative and UV aging. The influence of ILs on aging
resistance was studied through changes in mechanical properties and the crosslink density of
the vulcanizates (Figures 8-10).

Thermo-oxidative and UV aging significantly increase the crosslink densities of SBR vulcani‐
zates (Figure 8). This change is most evident in the case of thermo-oxidative degradation,
where an almost threefold increase in the number of crosslinks is determined. Prolonged
exposure to elevated temperatures results in further crosslinking of SBR. However, the increase
in crosslink density is slightly smaller in the case of vulcanizates containing ILs. The elongation
at break is reduced by 300-400% in comparison with vulcanizates before the aging process.
This change is due to the large increase in the crosslink density of vulcanizates (Figure 9). In
most cases, thermo-oxidative and especially UV aging deteriorate the tensile strength of
vulcanizates with ILs, as in the case of vulcanizates with standard accelerators (Figure 10).
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Figure 8. Crosslink density of SBR vulcanizates after aging

Figure 9. Elongation at break of SBR vulcanizates after aging

Figure 10. Tensile strength of SBR vulcanizates after aging
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The aging factor S was calculated to quantitatively estimate the change in mechanical prop‐
erties of vulcanizates. This factor is the change in the sample deformation energy under the
aging process (Table 8).

Nanosized zinc oxide used as an alternative to the microsized ZnO does not influence the
resistance of vulcanizates to aging. ILs, mainly alkylammonium salts, improve the resistance
of SBR vulcanizates to thermo-oxidative and UV aging, most likely due to the limitation of the
increase in vulcanizate crosslink density. An increase in the ST and SUV values of 0.2 is achieved
for alkylammonium salts.

SBR SUV (-) ST (-)

ZnO 0.39 0.35

NZnO 0.39 0.35

C8DMA 0.54 0.56

C10DMA 0.56 0.55

C12TMA 0.59 0.52

C4mim 0.49 0.41

C8mim 0.50 0.43

C12mim 0.53 0.45

Table 8. Thermo-oxidative and UV aging factors for SBR vulcanizates

3.2. NBR composites containing ILs

Acrylonitrile-butadiene elastomer (NBR) is characterized by high resistance to oil, petrol and
aliphatic hydrocarbons. As a result, NBR is widely applied to the manufacture of seals, inner
tubes, hoses for liquid fuels and oils as well as elements used for damping vibration. Therefore,
the use of novel ILs as accelerators for sulfur vulcanization of NBR was studied. To reduce the
amount of zinc oxide in NBR compounds, nanosized ZnO was applied (2 phr) alternatively
with traditionally used microsized activator (5 phr).

3.2.1. Curing characteristics and crosslink densities of NBR vulcanizates

Based on rheometric measurements, the effect of nanosized zinc oxide and ILs on the curing
characteristics of NBR compounds was examined. Results are given in Table 9.

Nanosized zinc oxide increases the torque increment during vulcanization by approximately
20 dNm compared with the reference NBR compound containing microsized ZnO due to the
increase in crosslink density of the vulcanizate. The amount of nanosized ZnO is 60% lower
than for the microsized activator. Therefore, nanosized zinc oxide effectively activates the
sulfur vulcanization of NBR. Zinc oxide particle size does not appear to affect vulcanization
time or scorch time. Applying ILs causes a threefold increase in the torque increment during
vulcanization compared to the rubber compound with microsized ZnO and a twofold increase
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in ΔG in comparison with nanosized ZnO-containing NBR. These results occur because of the
considerable increase in the crosslink density of vulcanizates. Moreover, ILs reduce the
vulcanization time of NBR compounds by 10-20 min, whereas no influence is observed for
scorch time. Higher activity in the vulcanization process is observed for alkylimidazolium salts
of MBT. The length of alkyl chains in the imidazolium or ammonium cations of ILs does not
seem to affect their activity in vulcanization.

NBR ΔG (dNm) t90 (min) tp (s) νT * 105 (mol/cm3)

ZnO 44.5 50 2.2 19.8

nZnO 67.8 50 2.9 20.4

C8DMA 113.1 40 2.9 25.4

C10DMA 122.2 40 3.0 24.8

C12TMA 122.9 35 2.8 24.5

C4mim 127.6 30 2.6 26.3

C8mim 127.0 35 2.5 26.0

C12mim 127.2 35 2.4 25.1

Table 9. Curing characteristics and crosslink densities of NBR vulcanizates (ΔG-increment of torque in the rubber
compound during vulcanization; t90-optimal vulcanization time; tp-scorch time, νT – crosslink density of vulcanizates)

Having established the effect of nanosized zinc oxide and ILs on the vulcanization time and
crosslink density of vulcanizates, we then examined their influence on vulcanization temper‐
ature and energetic effect (Table 10).

NBR Vulcanization temperature range (°C ) Energetic effect of vulcanization (J/g)

ZnO 163-240 10.1

nZnO 165-231 14.6

C8DMA 144-232 6.1

C10DMA 148-231 5.5

C12TMA 143-220 13.5

C4mim 141-220 12.8

C8mim 142-220 9.7

C12mim 143-220 10.4

Table 10. Temperatures and energetic effects of NBR vulcanization measured by DSC

Despite the reduced amount of ZnO, nanosized zinc oxide has no significant influence on
vulcanization temperature. Moreover, the heat of vulcanization is higher in comparison with
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the NBR compound containing microsized ZnO, so the vulcanization is most likely more
effective. Vulcanization is an exothermic process that occurs in a temperature range of 165-231
°C, with an energetic effect of 14.6 J/g. Therefore, nanosized ZnO can be applied as an activator
for NBR without detrimental effects on vulcanization characteristics. ILs decrease the vulcan‐
ization temperature by 17-24 °C. Alkylammonium ILs, especially dioctyl-and didecyldime‐
thylammonium salts decrease the energetic effect of vulcanization. Alkylimidazolium salts
also reduce the amount of heat generated during vulcanization but to a smaller degree than
in the case of alkylammonium ILs.

The reduction of vulcanization time and temperature as well as the increase in the crosslink
densities of vulcanizates could be due to the catalytic action of ILs during NBR crosslinking,
similar to the SBR vulcanization process. However, the dispersion degree of crosslinking
system components in the elastomer should be taken into account.

3.2.2. Dispersion degree of crosslinking system particles in NBR

Assuming that particles of accelerators, sulfur, and fatty acids diffuse through the polymer
matrix and are adsorbed on the surface of zinc oxide to form intermediate complexes, the
dispersion of zinc oxide nanoparticles in the elastomer matrix has great importance to the
activation of sulfur vulcanization. SEM images of the vulcanizate surfaces were collected to
estimate the dispersion degree of activator particles and other components of crosslinking
system in the NBR elastomer (Figures 11-16).

Figure 11. SEM images of NBR vulcanizates containing nZnO without IL

ZnO nanoparticles are poorly dispersed in the elastomer matrix (Figure 11), creating micro‐
sized clusters of particles with complex structures. The agglomeration of zinc oxide nanopar‐
ticles decreases the efficiency of vulcanization. However, in IL-containing vulcanizates,
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particles are homogenously distributed in the elastomer (Figures 12-16). The estimated size of
crosslinking system particles seems to be in the nanometer range, which makes their surfaces
available for interactions. Thus, the interactions of these particles with sulfur and accelerators
are more efficient. Furthermore, filler nanoparticles are also homogeneously distributed in the
elastomer.

Figure 12. SEM images of NBR vulcanizates containing nZnO with C8DMA

Figure 13. SEM images of NBR vulcanizates containing nZnO with C10DMA
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Figure 14. SEM images of NBR vulcanizates containing nZnO with C12TMA

Figure 15. SEM images of NBR vulcanizates containing nZnO with C8mim
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Figure 16. SEM images of NBR vulcanizates containing nZnO with C12mim

3.2.3. Mechanical properties of NBR vulcanizates

Due to the industrial applications of novel ILs as accelerators for the sulfur vulcanization of
NBR, their effect on the mechanical properties of vulcanizates should be studied.

NBR TS (MPa) EB (%)

ZnO 20.4 531

nZnO 22.6 526

C8DMA 33.4 418

C10DMA 32.1 433

C12TMA 26.5 398

C4mim 29.4 411

C8mim 30.7 415

C12mim 28.3 420

Table 11. Tensile strength (TS) and elongation at break (EB) of NBR vulcanizates

From the data compiled in Table 11, the application of nanosized zinc oxide increases by 2
MPa the tensile strength of vulcanizate compared to the use of conventional ZnO. Therefore,
it is possible to reduce the amount of ZnO by 60% without a detrimental effect on the tensile
parameters. In addition, ILs used an alternative to standard accelerators considerably increase
the tensile strength of NBR vulcanizates, which is very important technologically. The highest
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Table 11. Tensile strength (TS) and elongation at break (EB) of NBR vulcanizates

From the data compiled in Table 11, the application of nanosized zinc oxide increases by 2
MPa the tensile strength of vulcanizate compared to the use of conventional ZnO. Therefore,
it is possible to reduce the amount of ZnO by 60% without a detrimental effect on the tensile
parameters. In addition, ILs used an alternative to standard accelerators considerably increase
the tensile strength of NBR vulcanizates, which is very important technologically. The highest
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tensile strength is exhibited by vulcanizates with dioctyl-and didecyldimethylammonium salts
(approximately 33 MPa). The lowest TS value of the C12TMA-containing vulcanizate is the
result of an inhomogeneous distribution of nanoparticles in the elastomer matrix. In the case
of alkylimidazolium ILs, the tensile strength of vulcanizates is between 28 MPa (C12mim) and
31 MPa (C8mim). Vulcanizates containing ILs exhibit approximately 100% lower elongation
at break compared to reference vulcanizates, which results from their higher crosslink
densities.

The effect of nanosized zinc oxide and ILs on the dynamic mechanical properties was examined
using DMA and is presented in Table 12 and Figure 17.

NBR Tg (°C) tan δ at Tg (-) tan δ at 25 °C (-) tan δ at 100 °C (-)

ZnO -7.3 0.58 0.11 0.06

nZnO -6.1 0.79 0.15 0.08

C8DMA -5.9 0.86 0.19 0.10

C10DMA -5.3 0.84 0.14 0.08

C12TMA -6.5 0.85 0.14 0.07

C4mim -4.4 0.88 0.20 0.09

C8mim -5.5 0.82 0.21 0.10

C12mim -6.6 0.86 0.17 0.09

Table 12. Glass transition temperatures (Tg) and loss factors (tan δ) of NBR vulcanizates

Figure 17. Loss factor (tan δ) versus temperature for NBR vulcanizates

Ionic Liquids in the Vulcanization of Elastomers
http://dx.doi.org/10.5772/59064

613



The glass transition temperature for conventionally crosslinked NBR vulcanizates is-7.3 °C.
Nanosized zinc oxide slightly increases the Tg of NBR. An increase is observed for loss factor
values at Tg and temperatures of 25 °C and 100 °C. ILs cause a further increase in glass transition
temperature due to the higher crosslink density of vulcanizates, which reduces the mobility
of elastomer chains. An increase in the loss factor is also achieved, so vulcanizates containing
ILs should exhibit a higher ability for vibration damping compared with the reference sample.
These properties are important for the industrial application of rubber products based on NBR
elastomers.

3.2.4. Thermal stability and aging resistance of NBR vulcanizates

In Table 13, the effect of nanosized zinc oxide and ILs on decomposition temperature and
weight loss for NBR vulcanizates is given.

NBR T02 (°C) T05 (°C) T50 (°C) Total weight loss (%)

ZnO 300 368 446 68.5

nZnO 320 367 448 72.6

C8DMA 323 364 447 76.1

C10DMA 324 367 447 77.3

C12TMA 324 369 448 77.3

C4mim 323 371 446 77.8

C8mim 324 370 446 76.1

C12mim 329 374 446 76.6

Table 13. Decomposition temperatures at weight losses of 2% (T02), 5% (T05), 50% (T50) and total weight loss during the
decomposition of NBR vulcanizates

Replacing microsized zinc oxide with a nanosized activator increases the onset decomposition
temperature of NBR by 20 °C. Applying ILs as vulcanization accelerators does not considerably
influence the thermal stability compared with a vulcanizate containing nanosized ZnO. The
thermal decomposition of vulcanizates begins at a temperature range of 323-329 °C. A weight
loss of 5% is achieved in the temperature range of 364-374 °C, whereas 50% weight loss occurs
at 446-448 °C. ILs increase the total weight loss during NBR decomposition, which is approx‐
imately 77%. The positive effect of nanosized ZnO and ILs on the thermal stability of NBR is,
as in the case of SBR, caused by the network formed by nanoparticles in the elastomer, which
restrains the diffusion of gases and volatile decomposition products in the elastomer matrix.

NBR rubber products often work at elevated temperatures and are exposed to factors that
cause aging (e.g., temperature and UV radiation). If ILs are industrially used as accelerators
instead of MBT, they should not deteriorate the aging resistance of vulcanizates.
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Prolonged exposure to UV radiation and especially elevated temperatures results in further
crosslinking of NBR. The increase in crosslink density is comparable for all NBR vulcanizates
(Figure 18). Thermo-oxidative aging, despite the increase in crosslink density, has no consid‐
erable influence on the tensile strength of vulcanizates (Figure 19). UV degradation deterio‐
rates the tensile strength of vulcanizates with ILs, as it does to vulcanizates with standard
accelerator and nanosized zinc oxide. There is no influence of IL structure on the change in
crosslink density or tensile strength of vulcanizates. In the case of vulcanizates without ILs,
the aging process causes a reduction in elongation at break of approximately 100% for UV
radiation and approximately 300% for elevated temperatures (Figure 20). These results arise
from the increase in crosslink density of vulcanizates as well as their stiffness and fragility. ILs
decrease the changes in elongation at break, especially under thermo-oxidative aging. This
result is most evident for vulcanizates containing alkylimidazolium salts. It is possible that
these ILs limit the loss of vulcanizate elasticity during aging. Vulcanizates containing these ILs
are less rigid, which could confirm this assumption.

Figure 18. Crosslink density of NBR vulcanizates after aging

Figure 19. Tensile strength of NBR vulcanizates after aging
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Figure 20. Elongation at break of NBR vulcanizates after aging

Based on the above results, it is difficult to estimate the resistance of NBR vulcanizates to the
aging process considering the changes in tensile strength and elongation at break separately.
Therefore, UV and thermo-oxidative aging factors were calculated to quantitatively estimate
changes in mechanical properties of NBR vulcanizates (Table 14).

NBR SUV (-) ST (-)

ZnO 0.68 0.43

nZnO 0.70 0.45

C8DMA 0.63 0.65

C10DMA 0.62 0.64

C12TMA 0.70 0.72

C4mim 0.63 0.96

C8mim 0.60 0.96

C12mim 0.66 0.92

Table 14. UV and thermo-oxidative aging factors for NBR vulcanizates

In terms of SUV factor, nanosized zinc oxide and ILs do not affect the resistance of NBR to UV
degradation. However, ILs increase the resistance of vulcanizates to thermo-oxidative aging.
In the case of vulcanizates containing alkylammonium ILs, an increase in ST values from
approximately 0.45 to 0.72 is achieved. A considerable improvement of resistance to thermo-
oxidative degradation is observed for NBR containing alkylimidazolium salts. The values of
ST are close to 1, so the mechanical properties of vulcanizates with alkylimidazolium ILs do
not change under the influence of thermo-oxidative aging.

4. Conclusions

Applying ILs allowed for the replacement of standard accelerators in sulfur vulcanization of
SBR and NBR elastomers, resulted in the shortening of the optimal vulcanization time and
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SBR and NBR elastomers, resulted in the shortening of the optimal vulcanization time and
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decreased the temperature of vulcanization by approximately 20 °C. These results are very
important for technological and economical reasons. NBR and SBR composites containing ILs
exhibited tensile strengths and crosslink densities higher than those of standard vulcanizates
crosslinked with MBT and CBS. These results were due to the considerable improvement of
crosslinking system nanoparticle distribution in the elastomer. ILs restrained the tendency of
nanoparticles to agglomerate in the elastomer; as a result, the surface of contact between
nanosized zinc oxide and other components of crosslinking system was maximized and the
efficiency of vulcanization increased. Moreover, ILs could catalyze the interface crosslinking
reaction that improves the efficiency of vulcanization.

Nanosized zinc oxide and ILs increased the thermal stability of elastomers. The onset decom‐
position temperature increased by approximately 20 °C. Most likely, the network created by
zinc oxide and filler nanoparticles homogeneously distributed in the elastomer may be a
barrier for the transport of gases and volatile pyrolysis products during the decomposition
process, thus increasing the thermal stability of the elastomer.

NBR and SBR composites containing ILs exhibited stable dynamic properties at the tempera‐
ture of use. Moreover, NBR vulcanizates could be expected to demonstrate better damping
properties than conventionally crosslinked samples. ILs, especially alkylimidazolium salts,
increased the resistance of NBR vulcanizates to thermo-oxidative aging. In the case of SBR,
improved resistance to UV and thermo-oxidative degradation was achieved, mainly for
alkylammonium ILs. Further crosslinking of elastomers during aging was greatly reduced in
comparison with vulcanizates containing standard accelerators.

Most important, applying nanosized zinc oxide and ILs allowed for the reduction of zinc oxide
amount by 60% as well as the elimination of CBS from SBR composites and, in the case of NBR,
reduction in the amount of MBT, an allergic agent, by 30-50% in comparison with conventional
rubber compounds (Table 15). This result is very important ecologically.

Accelerator
Accelerator content

in NBR compound (g)
MBT content

in accelerator (mmol/g)

MBT content
in NBR compound (mmol/100 g of

NBR)

NBR

MBT 2.0 5.98 11.96

C8DM 2.5 1.39 3.48

C10DM 2.5 2.69 6.27

C12TMA 2.5 2.52 6.30

C4mim 2.5 3.25 8.12

C8mim 2.5 2.75 6.88

C12mim 2.5 2.38 5.95

Table 15. MBT content in accelerators applied in NBR compounds
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Ionic Liquids Facilitate the Development of Absorption
Refrigeration

Shiqiang Liang, Wei Chen, Yongxian Guo and
Dawei Tang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58982

1. Introduction

The rapid progress in the development of ionic liquids has generated enthusiasm for their
application in many traditional fields and renewed interest in absorption refrigeration. New
absorption refrigeration working pairs containing ionic liquids have gained widespread
attention in the past decade. In a chapter entitled “The Latent Application of Ionic Liquids in
Absorption Refrigeration” [1] that we have published 3 years ago with InTech in the book
entitled “Applications of Ionic Liquids in Science and Technology” achieved impressive
readership results and has so far been accessed more than 4000 times. Over the past 3 years,
progress in this field has been outstanding, and a few commercially competitive new working
pairs were discovered. In this chapter, we describe the latest progress in the development of
a few mentionable new working pairs containing ionic liquids for absorption refrigeration and
a type of completely new conceptual absorption refrigeration working pair that was proposed
by us and is expected to lead to a major breakthrough in the development of absorption
refrigeration.

2. Recent progress in absorption refrigeration working pairs containing
ionic liquids

In the past 3 years, enthusiasm for studies on absorption refrigeration working pairs containing
ionic liquids seems to have waned. The once preferred ionic liquid working pairs, such as
Freon-IL, CO2-IL, and NH3-IL, do not receive attention from researchers any longer. However,
some impressive progress is still being made for working pairs composed of a refrigerant and
[RR’Im]DMP (1-R,3-R’-imidazolium dimethylphosphate).

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



2.1. [mmIm]DMP-CH3OH

Zhao Jie et al. [2] measured the saturation vapor pressure of [mmIm]DMP-CH3OH at T =
303.15–363.15 K and over a low methanol mole fraction range for x including 0.529, 0.558, 0.582
and 0.605. Zhao Jin et al. [3] measured the saturation vapor pressure of [mmIm]DMP-CH3OH
at T = 280–370 K and over the high methanol mole fraction range for x including 0.8222, 0.9123,
0.9418 and 0.9652. These experimental results were confirmed by Chen et al. [4] using the
UNIFAC model and the Wilson model to predict the vapor pressure and the excess enthalpy,
respectively. Figs. 1 and 2 show the predicted vapor pressure and excess enthalpy, respectively,
at T = 280–380 K and x = 0–1.

Figure 1. The predicted vapor pressure of [mmIm]DMP-CH3OH.

Figure 2. The predicted excess enthalpy of [mmIm]DMP-CH3OH.
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The performance characteristics of [dmIm]DMP-H2O and LiBr-H2O single effect absorption
refrigeration at tE = 10 °C, tC = 40 °C, tA = 30 °C, and tG = 80 °C were calculated and are listed in
Table 1. It can be seen that the COP of the [dmIm]DMP-H2O system is slightly lower than but
close to that of the traditional working pair LiBr-H2O.

Working pair ω2 ω1 f COP

[dmIm]DMP-H2O 0.867 0.768 8.77 0.829

LiBr-H2O 0.537 0.486 6.59 0.835

Table 1. Comparison of performance characteristics between the [dmIm]DMP-H2O and LiBr-H2O systems

Figure 7. Effects of tG on the COPs of the [dmIm]DMP-H2O and LiBr-H2O systems.

Fig. 7 shows the effects of changes in the tG on the COP for the [dmIm]DMP-H2O and LiBr-H2O
systems with tE = 10 °C, tC = 40 °C, and tA = 30 °C. It can be seen that as the tG is increased, the
COPs of the [dmIm]DMP-H2O and LiBr-H2O systems stabilize after a sharp rise, and there is
an optimum tG, at which the COP reaches the highest value. When reaching the stable stage,
the COP of the [dmIm]DMP-H2O system is very close to that of the LiBr-H2O system. Moreover,
the operating temperature range has been extended and operational safety has been achieved
for the [dmIm]DMP-H2O working pair, because it has no limitation of crystallization. These
findings indicate that [dmIm]DMP-H2O has the potential to be novel working pair for
absorption refrigeration.

2.3. [emIm]DMP-H2O

Ren et al. [6] measured the vapor pressure of the [emIm]DMP-H2O binary system at different
IL mole fractions, x, ranging from 0.1 to 0.5, and the experimental data were fitted using the
NRTL model (Fig. 8).
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Figure 8. Vapor pressure of [emIm]DMP-H2O with different mole fractions of IL and at different temperatures.

Figure 9. Specific heat capacities of [emIm]DMP-H2O with different mole fractions of IL and at different temperatures.

The specific heat capacities of the [emIm]DMP-H2O binary system were also measured at T =
298.15–323.15 K and with different IL mole fractions, x, ranging from 0.18 to 1. Fig. 9 presents
the experimental data and the model predictions.

Based on the above thermophysical properties, Zhang et al. [7] investigated the thermody‐
namic performance of an absorption chiller employing the [emIm]DMP-H2O working pair.
Fig. 10 shows the effect of tE on the COP of the system at tG = 80 °C, tC = 40 °C, and tA = 35 °C.
The results indicated that, at the same tC and tA, the COP of the [emIm]DMP-H2O system is
less than that of an aqueous solution of LiBr-H2O but still greater than 0.7, whereas the tG is
less than that of the LiBr-H2O system. Thus, [emIm]DMP-H2O has the potential to be a new
working pair for use in an absorption chiller driven by low-grade waste heat or hot water
generated by a common solar collector.
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Figure 10. Effects of tE on the COP of the [emIm]DMP-H2O system.

2.4. Summary

All three of the working pairs described above possess good theoretical cycle characteristics
that are better than those of H2O-NH3, but still slightly lower than those of LiBr-H2O. Due to
the advantages of the negligible vapor pressure of the absorbent, no corrosion, and no
crystallization, these three working pairs can be applied in a wider range of operating
conditions than H2O-NH3 or LiBr-H2O. Therefore, it is expected that these three working pairs
have enormous potential in industrial applications and strong possibilities for commercial
development.

3. A new conceptual chemical absorption refrigeration working pair
consisting of ammonia and a metal chloride-containing ionic liquid

3.1. The proposal

Adsorption refrigeration is a type of environmentally friendly refrigeration that has been
studied for many years. The most commonly used working pairs in adsorption refrigeration
systems are ammonia–activated carbon, methanol–activated carbon, water–zeolite, ammonia–
calcium chloride, and methanol–calcium chloride. The first three are physical adsorption
working pairs, and the last two are chemical adsorption working pairs. The following review
begins with the NH3-CaCl2 system.

Calcium chloride reacts with ammonia to form coordination compounds:

2 3 1 2 3 3 1

2 3 2 2 3 3 2

2 3 3 2 3 3

CaCl 8NH CaCl 4NH 4NH at 
CaCl 4NH CaCl 2NH 2NH at 
CaCl 2NH CaCl 2NH at 
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where ∆H1~∆H3 are the enthalpies of the reaction, and Te1~Te3 are the equilibrium temperatures.
Benefiting from the reaction, the most impressive advantage of the NH3-CaCl2 system lies in
its higher adsorption capacity compared to the others, while the main disadvantages are the
low performances of heat and mass transfer and the phenomena of swelling and agglomeration
in the process of adsorption [8]. Much effort has been spent attempting to overcome these
defects. For example, Kai Wang et al. [9] proposed a new type of compound adsorbent
composed of CaCl2 and an expanded graphite adsorbent, which could mitigate the deteriora‐
tion of the adsorption capacity that occurs in the long-term adsorption/desorption process.
Using the compound adsorbent, Liwei Wang et al. [10] designed a multi-effect heat pipe-type
adsorption refrigeration system, and a COP for their system of 0.39 was reported at a low tE of
-20 °C. Obviously, these improvements have little effect, and many other similar efforts [11]
proved futile. The essence of all these failures can be attributed to the fact that the adsorbent
is a solid. Except for CaCl2, typical metal chlorides used as an ammonia adsorbent include
SrCl2, LiCl2, and ZnCl2, among others. If only the solid metal chlorides could be dissolved in
ionic liquids, there would be no problem that could not be solved in the absorption or
adsorption systems. Fortunately, a few ionic liquids containing metal chlorides have been
synthesized, including [bmim]Zn2Cl5 [12], that offer high hydrothermal stability and negligible
vapor pressure to perfectly meet the absorbent criteria for absorption refrigeration. Compared
with a solid adsorbent or other ionic liquids, the advantage of the ionic liquid [bmim]Zn2Cl5

is self-evident. The chemical reaction between NH3 and Zn2+ will largely enhance the solubility
of NH3 in the absorbent and reduce the pressure of vapor phase as well as in the NH3-CaCl2

system, and no defects in heat and mass transfer, swelling, or agglomeration are a problem.
Some other metal cations such as Ni2+ [13], Cu2+ [14], and Fe3+ [15] were also found to dissolve
in ionic liquids, and thus, a family of new conceptual chemical absorption refrigeration
working pairs consisting of ammonia and metal chloride-containing ionic liquids seems ready
to be developed.

3.2. VLE behavior of the binary system of NH3-[bmim]Zn2Cl5

In order to reveal the promising latent application of NH3-[bmim]Zn2Cl5 as a working pair in
absorption refrigeration, the vapor pressure data of the binary system of [bmim]Zn2Cl5/NH3

are urgently needed. In our previous work [16], VLE data for the binary system of NH3-
[bmim]Zn2Cl5 were measured and fitted using the modified UNIFAC (Dortmund) model.

3.2.1. Experimental data [16]

100x2 pexp/kPa pcal/kPa 100x2 pexp/kPa pcal/kPa 100x2 pexp/kPa pcal/kPa

T = 323.15 K T = 383.15 K 86.04±0.04 1148.2 1148.5

85.78±0.04 67.4 65.6 91.34±0.05 699.6 704.5 87.34±0.05 1287.2 1188.0

86.84±0.04 77.4 77.0 92.39±0.05 829.7 828.8 89.05±0.05 1516.9 1517.5

87.76±0.05 87.7 88.6 93.67±0.06 1040.8 1029.9 90.58±0.06 1787.3 1787.5

88.92±0.05 103.5 106.7 T = 403.15 K T = 483.15 K

90.42±0.06 134.9 137.2 84.79±0.03 488.6 489.8 83.62±0.02 1081.2 1080.8
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100x2 pexp/kPa pcal/kPa 100x2 pexp/kPa pcal/kPa 100x2 pexp/kPa pcal/kPa

91.76±0.06 170.8 174.2 85.90±0.04 544.9 546.5 84.83±0.03 1183.8 1182.7

92.77±0.07 210.6 210.8 86.86±0.05 602.3 603.5 85.88±0.04 1283.9 1284.4

93.99±0.08 285.6 269.6 88.08±0.05 687.5 689.4 87.21±0.05 1434.2 1435.1

T = 343.15 K 89.68±0.06 829.9 832.7 88.94±0.05 1682.0 1682.2

85.65±0.03 119.6 117.8 91.11±0.06 1000.0 1003.1 90.49±0.06 1970.7 1972.3

86.72±0.04 137.4 136.5 92.19±0.07 1170.8 1170.1 T = 503.15 K

87.63±0.05 155.8 155.6 93.51±0.07 1452.6 1439.7 83.48±0.02 1187.0 1185.3

88.80±0.05 183.4 184.8 T = 423.15 K 84.71±0.03 1294.9 1293.3

90.31±0.06 230.9 234.5 84.39±0.03 668.4 669.3 85.77±0.04 1400.7 1400.5

91.66±0.06 286.5 294.5 85.53±0.04 740.5 741.4 87.11±0.05 1558.8 1559.2

92.68±0.07 347.7 353.5 86.51±0.05 813.4 813.5 88.87±0.05 1816.5 1818.8

93.91±0.08 461.2 448.4 87.76±0.05 921.9 921.9 T = 523.15 K

T = 363.15 K 89.41±0.06 1100.9 1101.8 83.32±0.02 1300.6 1300.4

85.45±0.03 202.5 202.2 90.88±0.06 1313.0 1314.9 84.57±0.03 1414.3 1413.5

86.52±0.04 230.7 230.7 91.99±0.07 1523.0 1523.6 85.65±0.04 1525.2 1525.2

87.45±0.05 259.6 259.8 93.35±0.07 1859.8 1861.3 87.01±0.05 1688.7 1690.1

88.62±0.05 303.0 304.1 T = 443.15 K 88.80±0.05 1955.7 1957.8

90.15±0.06 375.1 378.9 84.08±0.03 821.5 821.4 T = 543.15 K

91.52±0.06 463.8 468.7 85.24±0.04 905.7 905.1 83.11±0.02 1443.5 1443.6

92.55±0.07 555.1 557.1 86.25±0.05 989.4 988.8 84.38±0.03 1563.9 1563.5

93.81±0.08 711.8 699.5 87.53±0.05 1114.1 1114.0 85.48±0.04 1681.1 1681.5

T = 383.15 K 89.21±0.06 1320.9 1320.6 86.87±0.04 1853.9 1854.1

85.15±0.03 327.4 325.3 90.71±0.06 1564.7 1564.5 T = 563.15 K

86.25±0.04 368.5 366.5 91.85±0.07 1805.7 1802.7 83.02±0.02 1535.6 1535.8

87.19±0.05 410.7 408.2 T = 463.15 K 84.30±0.03 1661.9 1661.4

88.38±0.05 473.6 471.4 83.82±0.02 961.2 960.8 85.41±0.04 1784.8 1784.6

89.94±0.06 577.1 577.5 85.01±0.03 1055.2 1054.8 86.82±0.04 1964.6 1964.5

Table 2. The P-T-x data of binary solutions [bmim]Zn2Cl5 (1) + NH3 (2)

The pressure-temperature-composition (p-T-x) data of the binary solutions [bmim]Zn2Cl5 (1)
+ NH3 (2) with NH3 mole fractions of x2 = 0.83–0.94 at T = 323.15, 343.15, 363.15, 383.15, 403.15,
423.15, 443.15, 463.15, 483.15, 503.15, 523.15, 543.15, and 563.15 K are summarized in Table 2.
The uncertainties in the NH3 mole fraction in the binary solution, which can be due to the
random and systematic errors in the experimental method and the calculation accuracy of the
ammonia equation of state (EOS), are also presented in the table.
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3.2.2. The modified UNIFAC (Dortmund) model [16]

Because of the non-volatilization of the ionic liquid [bmim]Zn2Cl5, the vapor phase of the
binary system [bmim]Zn2Cl5 (1) + NH3 (2) consists only of NH3, and the total pressure p of the
binary solution can be given by [17],

'
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where x2 is the mole fraction of NH3 in the binary solution, γ2 is the activity coefficient of
NH3, V2

L is the liquid mole volume of NH3, B2 is the second virial coefficient in the ammonia
EOS, and P2

S’ is the vapor pressure of pure NH3, When the temperature T is below the TC, P2
S’

is equal to the saturation vapor pressure, PS, which can be calculated by [18],

( )' 2 3 7
2

1ln 4.2522 7.929445 0.3807783 4.039557
0.101947

S
r r r

r

P T T T
T

= - + + -
- (2)

where Tr is the ratio of the solution temperature T and TC, When the temperature T is higher
than the TC, the P2

S’ is defined as the pure NH3 pressure at T and the critical mole fraction VC,
which can be calculated by the RK type EOS as follows [19]:
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The EOS constants for NH3 βk and the critical parameters TC, VC, and PC are given in Table 3.

β0 β1 β2 TC / K PC / kPa VC / m3mol-1

1.00027 0.45689 -0.05772 406.15 11424 0.00427

Table 3. EOS constants and critical parameters for NH3
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In the UNIFAC model, the excess Gibbs free energy is composed of two contributing parts,
the combinatorial part and the residual part, and the activity coefficient γi can be given as
follows:

ln ln lnC R
i i ig g g= + (7)

where γi
C is the combinatorial activity coefficient and γi

R is the residual activity coefficient.

The combinatorial activity coefficient γi
C describes the repulsive interaction attributed to the

molecular size and shape, which can be calculated by:

ln ln ln
2

C i i i
i i i j j

ji i i

Z q l x l
x x
j q jg

j
= + + - å (8)

( ) ( )1
2i i i i
Zl r q r= - - - (9)

/i i i j j
j

q x q xq = å (10)

/i i i j j
j

r x r xj = å (11)

( )i
i k kq Qn=å (12)

( )i
i k kr Rn=å (13)

where Z is normally set to 10, vk
(i) is the number of group k in component i, and Rk and Qk are

the volume and surface parameters of the group k, respectively. The values of Rk and Qk for
the group used in our experiment are listed in Table 4.

[bmim]+ Zn2+ Cl- NH3

Rk 6.0334 [20] 3.0 [21] 0.6560 [20] 0.8239 [22]

Qk 4.7910 [20] 3.0 [21] 0.6730 [20] 0.7780 [22]

Table 4. Volume parameters Rk and surface parameters Qk

The residual activity coefficient γi
R accounts for the intermolecular forces resulting from the

corresponding group interaction, which is described as the summation of the group activity
coefficient Γ for group k of component i,
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( ) ( )ln (ln ln )
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R i i
i k k k

k
Γ Γg n= -å (14)

where Γk and Γk
(i) are the activity coefficients for group k in binary solution and in the compo‐

nent i, respectively, and can be described as:
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Eqs. 15–17 can also be used to calculate lnΓk
(i), except that the group composition variable Xm

is now the group fraction of group k in component i. For the modified UNIFAC (Dortmund)
model, the group interaction parameters between groups n and m, φn,m, is described as:

2

, exp( )nm nm nm
n m

a T b T c
T

f + +
= - (18)

where anm (K-1), bnm, and cnm (K) are the adjustable interaction parameters for correlating the
experimental vapor pressure data. The corresponding correlation results are listed in Table 5.

n m anm/K-1 bnm cnm/K

NH3 [bmim]+ 0.00617 -1.9768 -378.1920

NH3 Zn2+ -0.02754 2.7884 1119.6973

NH3 Cl- 0.03904 -39.2835 11459.2768

[bmim]+ NH3 -0.00915 -2.7566 2059.6872

[bmim]+ Zn2+ -0.01720 -12.6476 5508.8668

[bmim]+ Cl- 22.62142 -82.6723 -5307.7598

Zn2+ NH3 -0.00911 -3.0401 2070.4982

Zn2+ [bmim]+ -0.02991 -6.8487 12385.2753

Zn2+ Cl- 16.45937 66.7508 -2708.8868

Cl- NH3 -0.00281 -1.6807 -548.2453

Cl- [bmim]+ 0.09208 313.3495 -86.4292

Cl- Zn2+ 0.19296 59.8376 -5434.4813

Table 5. Adjustable interaction parameters for UNIFAC model
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Figure 11. P-T-x phase diagrams (Lines: calculated with the UNIFAC model. Symbols: experimental data) [16].

The P-T-x phase diagrams with symbols for experimental data and lines for the UNIFAC model
calculations are shown in Fig. 11. It can be seen from the figure that with an increase in the
NH3 mole fraction, the vapor pressure also increases, and the rising trend becomes increasingly
more obvious. With an increase in the binary solution temperature, the vapor pressure
increases rapidly. When the temperature is below the TC, the rate of increase becomes more
rapid, but when the temperature is higher than the TC of NH3, the rate of increase tends to slow
and the vapor pressure even declines slightly.

Figure 12. Comparison of experimental data and the UNIFAC model calculations [16].
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A comparison of the experimental data and the UNIFAC model calculations is shown in Fig.
12. All deviations are below 5.0% and are mainly produced by the uncertainties in the volumes
of the high pressure vessel (0.7%) and liquid phase of binary system (1.1%), the weights of
[bmim]Zn2Cl5 (0.01%) and NH3 (0.05%), the temperature distribution in the high pressure
vessel (0.7%), EOS calculation accuracy (1.2%), and the fitting uncertainty (1.6%). Based on the
above uncertainties, the total uncertainty of the measurements is estimated to be within 4.3%.

3.2.3. Comparison with normal ionic liquids and ZnCl2

Fig. 13 compares the vapor pressures of [bmim]Zn2Cl5/NH3 solutions with x2 = 0.9507 and
0.9231 to those of ZnCl2 6NH3 [23] at T = 330–420 K. When x2 = 0.9507, the NH3 mass fraction
of the binary solution is equal to the NH3 mass fraction in ZnCl2 6NH3, and when x2 = 0.9231,
the mole ratio of NH3 and Zn2+ is 6, which is equal to that in ZnCl2 6NH3. From Fig. 13, the
vapor pressures of NH3 in [bmim]Zn2Cl5 with x2 = 0.9507 and 0.9231 are 2–3 times higher than
that of ZnCl2 6NH3, which can be attributed to the effects of the ionic liquid [bmim]Cl on the
complexation reaction production of NH3 and Zn2+ ions.

Figure 13. Comparison of vapor pressures of NH3-[bmim]Zn2Cl5 solution and ZnCl2 6NH3 [16].

Fig. 14 compares the vapor pressure of the NH3-[bmim]Zn2Cl5 solution and ammonia solutions
containing ionic liquids [19] [emim][Ac], [emim][SCN], [emim][EtOSO3], and [DMEA][Ac] at
T = 348 K and x2 = 0–1. From Fig. 14, the vapor pressure of NH3 in [bmim]Zn2Cl5 is one order
of magnitude smaller than that in normal ionic liquids at x2 = 0–0.95, which means that the
complexion reaction of NH3 and Zn2+ ions can largely reduce the vapor pressure of NH3 in the
ionic liquid and largely enhance the solubility of NH3 in the ionic liquid.

Based on the results in Figs. 13 and 14, the absorption characteristics of [bmim]Zn2Cl5 are much
better than those of normal ionic liquids but slightly lower than those of ZnCl2. Additionally,
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the liquid form of [bmim]Zn2Cl5 offers a major advantage over ZnCl2, which will completely
resolve the abovementioned limitations to improve the cycle performance for ZnCl2/NH3

adsorption refrigeration. Therefore, working pairs of NH3-[bmim]Zn2Cl5 have good latent
application potential in absorption refrigerator and heat pump operation.

3.3. Heat capacities and excess enthalpies of the NH3-[bmim]Zn2Cl5 system

In order to investigate the cycle characteristics of [bmim]Zn2Cl5/NH3 absorption refrigeration,
data for the heat capacities of [bmim]Zn2Cl5 and excess enthalpies of [bmim]Zn2Cl5/NH3 are
urgently needed. In our previous work, the heat capacities of [bmim]Zn2Cl5 for T = 210.15–
383.15 K were obtained by differential scanning calorimetry (DSC), and the excess enthalpies
of [bmim]Zn2Cl5/NH3 at various ammonia mole fractions for T = 288.15–333.15 K were
measured experimentally. The data for excess enthalpies were fit by a five-parameter NRTL
model. Based on the heat capacity of [bmim]Zn2Cl5 and the excess enthalpy of [bmim]Zn2Cl5/
NH3, the enthalpies of [bmim]Zn2Cl5/NH3 solution at x1 = 0–1 for T = 273.15–343.15 K were
calculated.

3.3.1. Heat capacities of [bmim]Zn2Cl5

Fig. 15 shows the result of TG scanning for [bmim]Zn2Cl5, which was determined using a TGA/
SDT instrument. Onset of a 2.5% weight loss in a nitrogen atmosphere occurs at 676.15 K, and
approximately 40% of the mass is gone by 774.15 K, which is a typical volatilization tempera‐
ture for imidazolium salts. Continued heating of [bmim]Zn2Cl5 eventually results in a constant
weight near 1043.15 K, with a residual weight of 36.4%. These results indicate that
[bmim]Zn2Cl5 possesses high thermal stability at T < 673.15 K.

Figure 14. Comparison of vapor pressures of [bmim]Zn2Cl5/NH3 solution and ammonia solutions containing the ionic
liquids [emim][Ac], [emim][SCN], [emim][EtOSO3] and [DMEA][Ac] [16].
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Figure 15. Thermogravimetric (TG) scan results for [bmim]Zn2Cl5.

Figure 16. DSC scanning results for [bmim]Zn2Cl5: (a) variations in heat flow, qm, and specific heat capacity, cp, along
with the temperature of [bmim]Zn2Cl5; (b) cp-T diagram of [bmim]Zn2Cl5 for T = 243.15–383.15 K.

Fig. 16(a) shows the variation in the specific heat flow, qm, and the specific heat capacity, cp,
along with temperature variations for [bmim]Zn2Cl5. The specific heat flow increases with an
increase in temperature. The rate of increase of the specific heat flow rises at T < 243.15 K, and
the variation in the rate of increase of the specific heat flow is minor for T > 243.15 K. The
specific heat capacity increases with an increase in the [bmim]Zn2Cl5 temperature at T < 243.15
K, and the rate of increase also increases. The specific heat capacity presents an increasing trend
after a decline for T > 243.15 K. These results indicate that the melting temperature of
[bmim]Zn2Cl5 is near 243.15 K. By careful observation, it is found that variations in the specific
heat capacity with T > 251.15 K can be well fitted by the following quadratic equation:

22.39327-0.00691 0.000011767pc T T= + (19)
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Fig. 16(b) shows the cp-T diagram for T = 243.15–383.15 K. The symbols represent the experi‐
mental data, and the lines represent the calculated conic curve. It can be seen that variation in
the specific heat capacity with temperature is accurately described by the quadratic curve.

3.3.2. Experimental data for excess enthalpy of NH3-[bmim]Zn2Cl5

Temperature-component-molar excess enthalpy (T-x-HE) data for the binary systems
[bmim]Zn2Cl5 (2) + NH3 (1) at ammonia mole fractions of x1 = 0.60–0.95 and T = 288.15, 303.15,
318.15, and 333.15 K are summarized in Table 6. Uncertainties in the temperature, ammonia
mole fraction, and molar excess enthalpy are also presented in the table. The uncertainties are
due to random errors as well as systematic errors for the experimental apparatus and the
calculation accuracy of the UNIFAC model for the VLE of NH3/[bmim]Zn2Cl5. With an increase
in the ammonia mole fraction, x1, the molar excess enthalpy presents an increasing trend after
an initial decline.

T/K x2 HE/J/mol T/K x2 HE/J/mol

288.15 0.617 -6052 318.15 0.631 -6237

288.15 0.709 -6446 318.15 0.725 -6795

288.15 0.819 -6385 318.15 0.796 -6825

288.15 0.873 -6007 318.15 0.877 -6301

288.15 0.935 -4778 318.15 0.929 -5282

303.15 0.614 -6102 333.15 0.622 -6233

303.15 0.718 -6657 333.15 0.698 -6851

303.15 0.782 -6665 333.15 0.773 -6870

303.15 0.866 -6242 333.15 0.854 -6638

303.15 0.947 -4393 333.15 0.931 -5412

Table 6. Mole excess enthalpy of binary systems [bmim]Zn2Cl5 (1) + NH3 (2).

3.3.3. NRTL model

Based on the local composition representation of the excess Gibbs energy, GE, Renon and
Prausnitz [24] proposed the NRTL model. The GE for the NRTL model can be described by:

E
21 21 12 12

1 2
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RT x x G x x G
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( ) ( )12 12 21 21exp , expG Gat at= - = - (22)

where gij and gjj are the interaction energy between ij and jj component pairs, respectively, and
α is the non-random parameter. The relationship between GE and the activity coefficient is
given by:
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Therefore, the activity coefficients of components 1 and 2 in a binary mixture can be written as:
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The definition of the activity coefficient for ammonia, γ1, is presented in our previous work
[16]. For the NRTL model, the interaction energy between the ij and jj component pairs are
defined as:

12 22 1 1g g A B T- = + (26)

21 11 2 2g g A B T- = + (27)

The Gibbs-Helmholtz equation for excess enthalpy is:
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For the five-parameter NRTL model, the excess enthalpy can be calculated by:
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The correlation results are shown in Table 7.
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α A1/Jmol-1 B1/Jmol-1K-1 A2/Jmol-1 B2/Jmol-1K-1

0.1043 14062.6306 419.6197 -164.3040 -256.9565

Table 7. Binary parameters and non-random parameters for NRTL model

Figure 17. T-x-HE diagram of [bmim]Zn2Cl5/NH3 for T = 288.15–333.15 K.

Fig. 17 shows the T-x-HE diagram for the binary system of [bmim]Zn2Cl5/NH3 at T = 288.15–
333.15 K. The symbols represent the experimental data, and the lines represent the calculations
from the NRTL model. From Fig. 17, with an increase in the NH3 mole fraction, the excess
enthalpy shows an increasing trend after a decline. There are minimum excess enthalpies for
each temperature: -6555.7, -6707.1, -6846.3, and -6974.7) J/mol appear at x1 = 0.772, 0.774, 0.776,
and 0.777 for T = 288.15, 303.15, 318.15, and 333.15 K, respectively.

Figure 18. Absolute deviations and relative deviations with the NRTL model.
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Fig. 18 shows the absolute deviations and relative deviations between the experimental data
and the values predicted by the NRTL model for excess enthalpy data. The results indicate
that all deviations for excess enthalpy data are less than 3.9%. The measurement deviations
are mainly produced by the uncertainties in volumes of the high pressure vessels (0.5%), the
little tank (0.5%) and the liquid phase of binary system (0.2%); the weights of [bmim]Zn2Cl5

(0.01%), NH3 (0.05%) and water (0.01%); temperature distributions in the water bath (1.4%)
and the bath container (1.2%); and the UNIFAC calculation accuracies (0.9%). Based on the
above uncertainties, the total uncertainty of measurement is estimated to be less than 4.8 %.

3.3.4. Enthalpy of [bmim]Zn2Cl5/NH3 solution

The enthalpy of a solution of [bmim]Zn2Cl5/NH3 at T and a given NH3 mass fraction ω1 can be
calculated by:

E
1 1 1 2(1 )h h h hw w= - + + (30)

The enthalpy of [bmim]Zn2Cl5, h1, can be calculated by:

0
1

T

pT
h c dT= ò (31)

where cp is the specific heat capacity of [bmim]Zn2Cl5, which can be calculated using Eq. (1),
and T0 is defined as 273.15 K. The enthalpy of NH3 can be calculated by [19]:
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Figure 19. Calculations for enthalpies of [bmim]Zn2Cl5/NH3 solution at x1 = 0–1 for T = 273.15–343.15 K.
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Figure 19. Calculations for enthalpies of [bmim]Zn2Cl5/NH3 solution at x1 = 0–1 for T = 273.15–343.15 K.
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Fig. 19 shows the calculated enthalpies for [bmim]Zn2Cl5/NH3 solution at ω1 = 0–1 and T =
273.15–343.15 K. Based on the VLE properties and the enthalpies of [bmim]Zn2Cl5/NH3

solutions, the thermodynamic performances of the [bmim]Zn2Cl5/NH3 absorption system can
be investigated.

3.4. Thermodynamic analysis of an absorption system using NH3-[bmim]Zn2Cl5 as the
working pair [25]

In our previous work, the modified UNIFAC model was used to describe the VLE properties
of [bmim]Zn2Cl5/NH3 [16] and the NRTL model was used to predict the excess enthalpic
properties of [bmim]Zn2Cl5/NH3. Based on a single-effect absorption refrigeration model, the
thermodynamic performance of the [bmim]Zn2Cl5/NH3 absorption system was simulated and
compared with that of the NaSCN/NH3 adsorption system. The coefficients of performance
for cooling (COP) and heating (COP*) and circulation ratios under the condition of a subzero
evaporating temperature were calculated and analyzed.

3.4.1. System description and simulation

Fig. 20 shows a schematic diagram of the single effect absorption system. The main system is
composed of the generator (G), the absorber (A), the condenser (C), the evaporator (E), the
regenerator (R), the valves (V), and the solution pump (P). In Fig. 20, the status point numbers
are given, and the fluids at each point are marked: i denotes the [bmim]Zn2Cl5/NH3 solution
from the absorber with a high NH3 mass fraction, ii denotes the [bmim]Zn2Cl5/NH3 solution
from the generator with a low NH3 mass fraction, and iii denotes the refrigerant NH3. The
symbols qE, qC, qA, and qG represent the heat flow of the evaporator, the condenser, the absorber,
and the generator, respectively.

Figure 20. Schematic diagram of the single effect absorption system [25].
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In order to simulate the thermodynamic performance of an absorption system using
[bmim]Zn2Cl5/NH3 as a working pair, several assumptions were made as follows [25]:

1. The simulation is conducted under steady state;

2. The vapor pressure losses are neglected, the pressure of the evaporator is equal to that of
the absorber, and the pressure of the condenser is equal to that of the generator;

3. The refrigerant flowing out of the condenser is in a saturated liquid state, and the
refrigerant flowing out of the evaporator is in a saturated gas state;

4. The heat recovery rate of the regenerator is set to 0.80 [26]; and

5. The thermal losses and pumping work are negligible.

The mass and energy conservation equations for the evaporator are given by:

5 6m m= (33)

E 6 6 5 5q m h m h= - (34)

The mass and energy conservation equations for the condenser are given by:

1 4m m= (35)

C 1 1 4 4q m h m h= - (36)

For the absorber, the mass conservation equation of the solution, the mass conservation
equation of IL, and the energy conservation equation are given by:

7 6 8m m m= + (37)

7 7 6 8 8(1 ) (1 )m m mw w- = + - (38)

A 6 6 8 8 7 7q m h m h m h= + - (39)

For the generator, the mass conservation equation of the solution, the mass conservation
equation of IL, and the energy conservation equation are given by:

2 1 3m m m= + (40)
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2 2 1 3 3(1 ) (1 )m m mw w- = + - (41)

G 1 1 3 3 2 2q m h m h m h= + - (42)

For the regenerator, the energy conservation equation is given by:

2 2 9 3 10 8( ) ( )m h h m h h- = - (43)

Based on the above assumptions and the conservation equations for mass and energy conser‐
vation, the heat flow values of qG, qC, qE, and qA; mass flow values of m2 and m3; and mass
fractions of ω2 and ω3, can be calculated. The circulation ratio (f) is calculated by:

3 3

1 2 3

1mf
m

w
w w
-

= =
- (44)

The COP for cooling is defined by:

E

G

qCOP
q

= (45)

The exergy efficiency (ηex) for cooling is given by:
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The COP* for heating is defined as:

* A C E

G G

1q q qCOP
q q
+

= = + (47)

The exergy efficiency for cooling (η*
ex) is given by:
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3.4.2. Results and discussion

Fig. 22 shows variations in the COP and ηex of [bmim]Zn2Cl5/NH3 absorption refrigeration with
variations in tA and tC at a tG = 90 °C and tE = -10 °C. These results show that both the COP and
ηex decline with increases in tA and tC. This is because increases in tA and tC lead to a decrease
in the mass fraction of solution from the absorber (ω2) and an increase in the mass fraction of
solution from the generator (ω3). These changes in both ω2 and ω3 result in a decrease of qE.
The slopes of both the COP and ηex curves are less steep when tA and tC are lower, and as tA

and tC continue to increase, the slopes become increasingly steep. This can be explained by the
fact that,with the continuous increases in tA and tC, the difference between ω2 and ω3 continues
to become smaller. By comparison, the thermal performance of the [bmim]Zn2Cl5/NH3 system
is better than that of the NaSCN/NH3 system when tA and tC are low. However, when tA and
tC are high, the thermal performance of the NaSCN/NH3 system is better than that of the
[bmim]Zn2Cl5/NH3 system, and the upper operating limit of tA and tC for NaSCN/NH3 is higher
than that for the [bmim]Zn2Cl5/NH3 system. This can also be explained by the properties of
NH3 solubility in [bmim]Zn2Cl5 and NaSCN. The higher solubility of NH3 in [bmim]Zn2Cl5

ensures that the [bmim]Zn2Cl5/NH3 system possesses better thermal performance than the
NaSCN/NH3 system with operating conditions of low tA and tC. The stronger combination of
NH3 and [bmim]Zn2Cl5 demonstrates that the upper operating limit of tA and tC for the
[bmim]Zn2Cl5/NH3 system are lower than those of the NaSCN/NH3 system.

Figure 21. Variations in the COP and ηex of [bmim]Zn2Cl5/NH3 absorption refrigeration with changes in TG for tA = tC =
25 °C and tE= -10 °C [25].

Fig. 23 shows the effects of tG on the COP for tG = 110–230 °C with tA = tC = 35 °C and tE= -10 °C,
-20 °C, -30 °C, or -40 °C. With an increase in tC, the COP presents a trend of first increasing and
the decreasing. The reason for this trend is that the increase in tG has both positive and negative
effects on the COP. The positive and negative effects are the same as indicated by the analysis
of the trend in COP shown in Fig. 2. When tG is lower, the positive effect is predominant, and
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the COP increases with an increase in tG. With a further increase in tG, the negative effect is
gradually enhanced, and the rate at which the COP increases is continually reduced until it
finally becomes negative. When tG is higher, the negative effect is predominant, and the COP
decreases with an increase in tG. For tE= -10 °C, -20 °C, -30 °C, and -40 °C, the maximum COPs
for the [bmim]Zn2Cl5/NH3 system of 0.54, 0.48, 0.42, and 0.35 appear at tG =133 °C, 161 °C, 188
°C, and 225 °C, respectively. When tE = -10 °C and -20 °C, the maximum COPs for the NaSCN/
NH3 system occurs at tG = 81 °C and 98 °C, respectively [27]. These results indicate that the
required temperature of the heat source for the [bmim]Zn2Cl5/NH3 system is higher than that
of the NaSCN/NH3 system.

Figure 22. Variations in the COP and ηex of [bmim]Zn2Cl5/NH3 absorption refrigeration with varying tA and tC for tG =
90 °C and tE = -10 °C [25].

Figure 23. Effects of TG on the COP for tG = 110–230 °C, tA = tC = 35 °C and tE= -10 °C, -20 °C, -30 °C, or -40 °C [25].
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Figure 24. Effects of tG on f for tG = 110–230 °C, tA = tC = 35 °C and tE= -10 °C, -20 °C, -30 °C, or -40 °C [25].

Fig. 24 shows effects of tG on the f for tG = 110–230 °C with tA = tC = 35 °C and tE= -10 °C, -20 °C,
-30 °C, or -40 °C. With an increase in tG, the f declines, because the increase in tG is conducive
to desorption of NH3 in the generator. With an increase in tE, the f grows, because the increase
in tE will decrease the absorption pressure of the absorber. Thus, the absorption ability of the
absorber will be decreased. The f is an important parameter for absorption refrigeration. An
increase in the f will lead to an increase in the amount of energy used to heat the solution from
tA to tG. If the f is greater than 10, the COP decreases, even when the efficiency of the regenerator
is greater than 0.9. For tE = -10 °C, -20 °C, and -30 °C, the circulation ratios are less than 10 when
tG is greater than 115°C, 139 °C, or 187 °C, respectively. Based on the results shown in Figs. 23
and 24, the [bmim]Zn2Cl5/NH3 system can be used when tE = -10 to -30 °C.

Figure 25. Effects of tG on the COP* for tG = 170–300 °C with tA = tC = 55 °C, 57 °C, 59 °C, or 61 °C and tE = -10 °C [25].

Fig. 25 shows the effects of tG on the COP* for tG = 170–300 °C with tA = tC = 55 °C, 57 °C, 59 °C,
or 61 °C and tE = -10 °C. The COP* presents a trend of declining after increasing with an increase
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in tG. For tA = tC = 55 °C, 57 °C, 59 °C, and 61 °C, the maximum COP* values of 1.447, 1.422,
1.390, and 1.348 appear at tG =266 °C, 276 °C, 283 °C, and 289 °C, respectively. The COP*

decreases with increases in tA and tC, because the increase in tA is not conducive to absorption
of NH3 in the absorber. In addition, the increase in tC is not conducive to desorption of NH3 in
the generator.

Figure 26. Effects of tG on η*
ex for tG = 170–300 °C with tA = tC = 55 °C, 57 °C, 59 °C, or 61 °C and tE= -10 °C [25].

Fig. 26 shows the effects of tG on η*
ex for tG = 170–300 °C with tA = tC = 55 °C, 57 °C, 59 °C, or 61

°C and tE= -10 °C. With an increase in tG, the η*
ex presents a trend of decreasing after initially

increasing. For tA = tC = 55 °C, 57 °C, 59 °C, and 61 °C, the maximum values of η*
ex of 0.341,

0.368, 0.384, and 0.402 appear at tG =193 °C, 206 °C, 221 °C, and 246 °C, respectively. It can be
seen that the optimalη*

ex occurs at a lower tG than did the optimal COP*. This is because the
increase in tG leads to an increase in the exergy proportion in qE, which induces a decreasing
trend in η*

ex but has no effect on the COP*.

Figure 27. Effects of tG on the f for tG = 170–300 °C with tA = tC = 55 °C, 57 °C, 59 °C, or 61 °C and tE= -10 °C [25].
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Fig. 27 shows the effects of tG on the f for tG = 170–300 °C with tA = tC = 55 °C, 57 °C, 59 °C, or
61 °C and tE= -10 °C. The variation in the f is the same as that for the COP for cooling in Fig.
6. For tA = tC = 55 °C, 57 °C, 59 °C, and 61 °C, the f values are less than 10 when tG is greater than
220 °C, 244 °C, 263 °C, and 285 °C, respectively. Overall, the results in Figs. 21–27 indicate that
the [bmim]Zn2Cl5/NH3 absorption system is suitable for use in heating applications.

Figure 28. Effects of tG on the COP for tG = 75–130 °C with tA = 35°C, tC = 40 °C, and tE = 5 °C.

The theoretical cycle characteristic of the [bmim]Zn2Cl5/NH3 absorption system is also
compared with that of the LiBr/H2O system. Fig. 28 shows the effects of tG on the COP for tG =
75–130 °C with tA = 35°C, tC = 40 °C, and tE = 5 °C and a heat recovery rate of the regenerator
of 0.75. For both systems, the COP initially exhibits a significant increase as the tG increases.
As tG continues to increase though, the slope of the COP curve for the [bmim]Zn2Cl5/NH3

system becomes less steep, whereas the COP curve for the LiBr/H2O system presents a trend
of a slight decrease after the increase. When tG < 95°C, the COP of the [bmim]Zn2Cl5/NH3 system
is slightly higher than that of the LiBr/H2O system. When 95 < tG < 115 °C, the COP of the
[bmim]Zn2Cl5/NH3 system is slightly less than that of the LiBr/H2O system. When tG > 115 °C,
the COP of the [bmim]Zn2Cl5/NH3 system is higher than that of the LiBr/H2O system. As tG

continues to increase, the COP curve for the [bmim]Zn2Cl5/NH3 system still maintains the
upward trend with a small slope, but the COP curve of the LiBr/H2O system shows a down‐
ward trend with a small slope. Although the COP of the [bmim]Zn2Cl5/NH3 system is less than
the COP of the LiBr/H2O system at some specific temperatures, the overall theoretical cycle
characteristic of the [bmim]Zn2Cl5/NH3 system is slightly better than that of the LiBr/H2O
system, especially at higher tG values.

3.5. Summary

The vapor pressures of the binary solution of [bmim]Zn2Cl5/NH3 with NH3 mole fraction x2 =
0.83–0.94 at T = 323.15–563.15 K were measured via a static method with a total uncertainty of
measurement below 4.3% [16]. The experimental data were fit using the modified UNIFAC
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model, and new group interaction parameters between any two of the four tested groups were
obtained with a maximum deviation less than 5% [16]. Vapor pressures were compared
between ZnCl2 6NH3, ammonia solutions containing normal ionic liquids ([emim][Ac], [emim]
[SCN], [emim][EtOSO3] and [DMEA][Ac]), and [bmim]Zn2Cl5/NH3. The results indicate that
the absorption characteristics of [bmim]Zn2Cl5 are much better than those of normal ionic
liquids but slightly lower than those of ZnCl2. However, the liquid form of [bmim]Zn2Cl5 offers
a major advantage over ZnCl2. Therefore, working pairs of [bmim]Zn2Cl5/NH3 have good
latent application in absorption refrigerator and heat pump operation.

TG scanning of [bmim]Zn2Cl5 was carried out using a TGA/SDT instrument over the range of
T = 323.15–1173.15 K. The results indicate that [bmim]Zn2Cl5 possesses high thermal stability
for T < 637.15 K. Heat capacity data at T = 210.15–383.15 K were obtained by using a DSC 910S
operated with a rate of temperature increase of 5 Kmin-1 and a nitrogen volume flow of 40
cm3min-1. Molar excess enthalpy data for [bmim]Zn2Cl5/NH3 at x1 = 0.60–0.95 for T = 288.15,
303.15, 318.15, and 333.15 K were measured. The excess enthalpy data were fit using the NRTL
model. Measurement uncertainties and the maximum deviation of correlations for the excess
enthalpy data were lower than 4.8% and 3.9%, respectively. With an increase in the NH3 mole
fraction, excess enthalpy showed a trend of increasing after declining. Minimum excess
enthalpies of -6555.7, -6707.1, -6846.3, and -6974.7 J/mol appeared at x1 = 0.772, 0.774, 0.776, and
0.777 for T = 288.15, 303.15, 318.15, and 333.15 K, respectively. Based on the heat capacity of
[bmim]Zn2Cl5 and the excess enthalpy of [bmim]Zn2Cl5/NH3, the enthalpies of [bmim]Zn2Cl5/
NH3 solutions can be calculated, which makes it feasible to investigate the thermodynamic
performances of the [bmim]Zn2Cl5/NH3 absorption system.

Based on the modified UNIFAC model and the NRTL model, the thermodynamic performance
of a single effect absorption system using [bmim]Zn2Cl5/NH3 as the working pair was simu‐
lated and compared with those of the NaSCN/NH3 adsorption system [25] and the H2O-LiBr
absorption system. The thermal performance of the [bmim]Zn2Cl5/NH3 system is better than
that of the NaSCN/NH3 system when the tG is high and tA and tC are low and also better than
that of the H2O-LiBr absorption system in some cases. With an increase in tG, the COP and
COP* present trends of declining after increasing, and the circulation ratios show a decreasing
trend. When tE = -30 °C and tA = tC =35 °C, the maximum COP of the [bmim]Zn2Cl5/NH3 system
is still greater than 0.42. When tE = -10 °C and tA = tC = 60 °C, the maximum COP* is still greater
than 1.40. Under these two operating conditions, the circulation ratios remain acceptable.
Although the COP of the [bmim]Zn2Cl5/NH3 system is less than that of the LiBr/H2O system
in some specific temperature ranges, the overall theorertical cycle characteristic of the
[bmim]Zn2Cl5/NH3 system is slightly better than that of the LiBr/H2O system, especially when
tG is high. Overall, these results indicate that the [bmim]Zn2Cl5/NH3 absorption system offers
good thermal performance for use in both cooling and heating applications.

4. Conclusions and outlook

Ten years have passed since ionic liquids were introduced in the field of absorption refriger‐
ation, and unfortunately, the research progress pertaining to absorption refrigeration working
pairs containing ionic liquids has been disappointing to us. Most of the working pairs proposed
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by researchers from all over the world are gradually fading from view due to a lack of practical
applications. Particular attention was paid to ionic liquid working pairs containing
[RR’Im]DMP (1-R,3-R’-imidazolium dimethylphosphate). When applied in absorption
refrigeration, the cycle characteristics of the three representative working pairs of
[dmIm]DMP-H2O, [emIm]DMP-H2O and [mmIm]DMP-CH3OH are better than that of H2O-
NH3, but still slightly lower than those of LiBr-H2O. So far, the new conceptual chemical
absorption refrigeration working pairs containing an ionic liquid, with [bmim]Zn2Cl5/NH3 as
the representative, are the most ideal ionic liquid-type working pairs for absorption refriger‐
ation. The thermodynamic performances of absorption refrigeration using the proposed
chemical working pairs are comparable to those achieved with the LiBr-H2O system. Addi‐
tionally, the ranges of operating conditions for the chemical working pairs are wider than those
of the conventional working pairs. At present, promoting the industrial application of
[bmim]Zn2Cl5/NH3 is our next priority. The discovery of chemical absorption refrigeration
working pairs containing an ionic liquid is a milestone in the development of absorption
refrigeration technology. It is foreseeable that the application of ionic liquids in absorption
refrigeration will achieve a major breakthrough in the development of this technology, with
the continued discovery of similar ionic liquid working pairs based on the chemical reaction.

Acknowledgements

This work was supported by the National Basic Research Program of China (973 Program)
under Grant No. 2015CB251503 and the National Natural Science Foundation of China under
Grant No. 51276180.

Author details

Shiqiang Liang1*, Wei Chen2, Yongxian Guo1 and Dawei Tang1

*Address all correspondence to: liangsq@mail.etp.ac.cn

1 Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing, P.R. China

2 College of Electromechanical Engineering, Qingdao University of Science and Technology,
Qingdao, P.R. China

References

[1] S Q Liang, W Chen, K Y Cheng et al. The latent application of ionic liquids in absorp‐
tion refrigeration. In: Application of ionic liquid in science and technology. InTe‐
chOpen, Croatia 2011:467-494.

Ionic Liquids - Current State of the Art652



by researchers from all over the world are gradually fading from view due to a lack of practical
applications. Particular attention was paid to ionic liquid working pairs containing
[RR’Im]DMP (1-R,3-R’-imidazolium dimethylphosphate). When applied in absorption
refrigeration, the cycle characteristics of the three representative working pairs of
[dmIm]DMP-H2O, [emIm]DMP-H2O and [mmIm]DMP-CH3OH are better than that of H2O-
NH3, but still slightly lower than those of LiBr-H2O. So far, the new conceptual chemical
absorption refrigeration working pairs containing an ionic liquid, with [bmim]Zn2Cl5/NH3 as
the representative, are the most ideal ionic liquid-type working pairs for absorption refriger‐
ation. The thermodynamic performances of absorption refrigeration using the proposed
chemical working pairs are comparable to those achieved with the LiBr-H2O system. Addi‐
tionally, the ranges of operating conditions for the chemical working pairs are wider than those
of the conventional working pairs. At present, promoting the industrial application of
[bmim]Zn2Cl5/NH3 is our next priority. The discovery of chemical absorption refrigeration
working pairs containing an ionic liquid is a milestone in the development of absorption
refrigeration technology. It is foreseeable that the application of ionic liquids in absorption
refrigeration will achieve a major breakthrough in the development of this technology, with
the continued discovery of similar ionic liquid working pairs based on the chemical reaction.

Acknowledgements

This work was supported by the National Basic Research Program of China (973 Program)
under Grant No. 2015CB251503 and the National Natural Science Foundation of China under
Grant No. 51276180.

Author details

Shiqiang Liang1*, Wei Chen2, Yongxian Guo1 and Dawei Tang1

*Address all correspondence to: liangsq@mail.etp.ac.cn

1 Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing, P.R. China

2 College of Electromechanical Engineering, Qingdao University of Science and Technology,
Qingdao, P.R. China

References

[1] S Q Liang, W Chen, K Y Cheng et al. The latent application of ionic liquids in absorp‐
tion refrigeration. In: Application of ionic liquid in science and technology. InTe‐
chOpen, Croatia 2011:467-494.

Ionic Liquids - Current State of the Art652

[2] J Zhao, S Q Liang, J Chen, et al. VLE for the High Concentration [MMIm]DMP-Meth‐
anol Solutions. Chemical Engineering, 38 (2010) 52-56

[3] J Zhao, X C Jiang, C X Li. Vapor Pressure Measurement for Binary and Ternary Sys‐
tems Containing a Phosphoric Ionic Liquid. Fluid Phase Equilibria, 247 (2006)
190-198.

[4] W Chen, S Q Liang, Y X Guo et al. Thermodynamic performances of [mmim]DMP/
methanol absorption refrigeration. Journal of Thermal Science, 21 (2012) 557-563.

[5] L Dong, D X Zheng, N Nie et al. Performance prediction of absorption refrigeration
cycle based on themeasurements of vapor pressure and heat capacity of H2O +
[DMIM]DMP system. Applied Energy, 98 (2012) 326-332.

[6] J Ren, Z C Zhao, X D Zhang. Vapor pressures, excess enthalpies, and specific heat
capacities of the binary working pairs containing the ionic liquid 1-ethyl-3-methyli‐
midazolium dimethylphosphate, Journal of Chemical Thermodynamics, 43(2011)
576-583.

[7] X D Zhang, D P Hu. Performance simulation of the absorption chiller using water
and ionic liquid 1-ethyl-3-methylimidazolium dimethylphosphate as the working
pair. Applied Thermal Engineering, 31 (2010) 3316-3321.

[8] R Z Wang, L W Wang. Adsorption refrigeration- green cooling driven by low grade
thermal energy. Chinese Science Bulletin, 50 (2005) 193-204.

[9] K Wang. Performance and application of CaCl2/expanded graphite adsorbent for
double heat pipes type refrigeration. Ph. D dissertation of Shanghai Jiao Tong Uni‐
versity, Shanghai, 2007.

[10] L W Wang, R Z Wang, J Y Wu. Design of heat pipe type adsorption ice-making for
fishing boats. Journal of Chemical Engineering, 13 (2005) 403-410.

[11] T X Li, R Z Wang, R G Oliveira. Performance analysis of an innovative multimode,
multisalt and multieffect chemisorption refrigeration system. Journal of American In‐
stitute of Chemical Engineers, (2007) 3222-3230.

[12] Y Wei, Q G Zhang. Properties of ionic liquid based on zinc chloride BMIZn2Cl5. Acta
Chemica Sinica, 66 (2008) 1879-1883.

[13] M B Meredith, C H McMillen, J T. Goodman. Ambient temperature imidazolium-
based ionic liquids with tetrachloronickelate(II) anions. Polyhedron, 28(2009)
2355-2358.

[14] I Lin, C S Vasam. Metal-containing ionic liquids and ionic liquid crystals based on
imidazolium moiety. Journal of Organometallic Chemistry 690 (2005) 3498-3512.

[15] W Guan, L Li, H Wang et al. Studies on thermochemical properties of ionic liquids
based on transition metal. Journal of Thermal Analysis and Calorimetry, 94
(2008)507-510.

Ionic Liquids Facilitate the Development of Absorption Refrigeration
http://dx.doi.org/10.5772/58982

653



[16] W Chen, S Q Liang, Y X Guo et al. Investigation on vapor-iquid equilibria for binary
systems of metal ion-containing ionic liquid [bmim]Zn2Cl5/NH3 by experiment and
modified UNIFAC model. Fluid Phase Equilibria, 360 (2013) 1-6.

[17] A W Islam, M H Rahman. A review of Barker’s activity coefficient method and VLE
data reduction. Journal of Chemical Thermodynamics, 44 (2012) 31-37.

[18] S Li, Z L Cheng, Y Q Ma et al. The new concise equation of state for ammonia. Jour‐
nal of Engineering Thermophysics, 21 (2000) 17-19.

[19] A Yokozeki, M B Shiflett. Vapor-liquid equilibria of ammonia + ionic liquid mixtures.
Applied Energy, 84 (2007) 1258-1273.

[20] R S Santiagoa, G R Santos, M Aznar. Liquid-liquid equilibrium in ternary ionic liquid
systems by UNIFAC: new volume, surface area and interaction parameters. Fluid
Phase Equilibria, 295 (2010) 93-97.

[21] L Lemos, P Patrício, G Rodrigues et al. Liquid-liquid equilibrium of aqueous two-
phase systems composed of poly(ethylene oxide) 1500 and different electrolytes
((NH4)2SO4, ZnSO4 and K2HPO4): Experimental and correlation. Fluid Phase Equili‐
bria, 305 (2011) 19-24.

[22] J A Gonzalez, I G Fuenta, J C Cobos. Thermodynamics of mixtures with strongly neg‐
ative deviations from Raoult’s Law Part 4. Application of the DISQUAC model to
mixtures of 1-alkanols with primary or secondary linear amines. Comparison with
Dortmund UNIFAC and ERAS results. Fluid Phase Equilibria, 168 (2000) 31-58.

[23] L Chen, S H Yu, Y K Tan. An experimental study on the adsorption refrigeration
characteristics of ammonia. Journal of Refrigeration, 4 (2000) 18-22.

[24] H Renon, J M Prausnitz. Local compositions in thermodynamic excess functions for
liquid mixtures. Journal of American Institute of Chemical Engineers, 14 (1968)
135-144.

[25] W Chen, S Liang, Y Guo, D Tang. Thermodynamic analysis of an absorption system
using [bmim]Zn2Cl5/NH3 as the working pair. Energy Conversion and Management,
85 (2014) 13-19.

[26] L H Zhu, J J Gu. Second law-based thermodynamic analysis of ammonia/sodium thi‐
ocyanate absorption system. Renewable Energy, 35 (2010) 1940-1946.

[27] L G Farshi, C A I Ferreira, S M S Mahmoudi et al. First and second law analysis of
ammonia/salt absorption refrigeration systems. Journal of Refrigeration, 40 (2014)
111-121.

Ionic Liquids - Current State of the Art654



[16] W Chen, S Q Liang, Y X Guo et al. Investigation on vapor-iquid equilibria for binary
systems of metal ion-containing ionic liquid [bmim]Zn2Cl5/NH3 by experiment and
modified UNIFAC model. Fluid Phase Equilibria, 360 (2013) 1-6.

[17] A W Islam, M H Rahman. A review of Barker’s activity coefficient method and VLE
data reduction. Journal of Chemical Thermodynamics, 44 (2012) 31-37.

[18] S Li, Z L Cheng, Y Q Ma et al. The new concise equation of state for ammonia. Jour‐
nal of Engineering Thermophysics, 21 (2000) 17-19.

[19] A Yokozeki, M B Shiflett. Vapor-liquid equilibria of ammonia + ionic liquid mixtures.
Applied Energy, 84 (2007) 1258-1273.

[20] R S Santiagoa, G R Santos, M Aznar. Liquid-liquid equilibrium in ternary ionic liquid
systems by UNIFAC: new volume, surface area and interaction parameters. Fluid
Phase Equilibria, 295 (2010) 93-97.

[21] L Lemos, P Patrício, G Rodrigues et al. Liquid-liquid equilibrium of aqueous two-
phase systems composed of poly(ethylene oxide) 1500 and different electrolytes
((NH4)2SO4, ZnSO4 and K2HPO4): Experimental and correlation. Fluid Phase Equili‐
bria, 305 (2011) 19-24.

[22] J A Gonzalez, I G Fuenta, J C Cobos. Thermodynamics of mixtures with strongly neg‐
ative deviations from Raoult’s Law Part 4. Application of the DISQUAC model to
mixtures of 1-alkanols with primary or secondary linear amines. Comparison with
Dortmund UNIFAC and ERAS results. Fluid Phase Equilibria, 168 (2000) 31-58.

[23] L Chen, S H Yu, Y K Tan. An experimental study on the adsorption refrigeration
characteristics of ammonia. Journal of Refrigeration, 4 (2000) 18-22.

[24] H Renon, J M Prausnitz. Local compositions in thermodynamic excess functions for
liquid mixtures. Journal of American Institute of Chemical Engineers, 14 (1968)
135-144.

[25] W Chen, S Liang, Y Guo, D Tang. Thermodynamic analysis of an absorption system
using [bmim]Zn2Cl5/NH3 as the working pair. Energy Conversion and Management,
85 (2014) 13-19.

[26] L H Zhu, J J Gu. Second law-based thermodynamic analysis of ammonia/sodium thi‐
ocyanate absorption system. Renewable Energy, 35 (2010) 1940-1946.

[27] L G Farshi, C A I Ferreira, S M S Mahmoudi et al. First and second law analysis of
ammonia/salt absorption refrigeration systems. Journal of Refrigeration, 40 (2014)
111-121.

Ionic Liquids - Current State of the Art654

Chapter 24

New Class of Ionic Liquids for Dye-Sensitized Solar Cells

Chun-Ting Li, Ling-Yu Chang, Miao-Syuan Fan,
Pei-Yu Chen, Jiang–Jen Lin, Kuo–Chuan Ho and
Chuan-Pei Lee

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59057

1. Introduction

1.1. Dye-Sensitized Solar Cells (DSSCs)

Nowadays, the raising consumption of fossil fuel illustrates the urgent needs for alternative
energy resources. Considering the variable environmental issues, renewable clean energy
resources is the most reliable replacement for the sustainable usage in the future due to their
unlimited energy input onto the earth. Among various kinds of renewable clean energy, solar
energy is the only external energy source derived from outer space. Solar energy is nominated
for its clean, non-hazardous, sufficient, and infinite power supply, and it is remarkable that a
mere 10 min of solar irradiation onto the earth’s surface is equal to the total yearly human
energy consumption [1]. Thereby, solar energy can be considered as the most promising
renewable power supplement without limitation in the next generation. Solar energy conver‐
sion can be divided into three parts: solar-to-electricity conversion, solar-to-chemical conver‐
sion, and solar-to-thermal conversion. For the case of solar-to-electricity conversion, plenty of
solar cells have been widely explored for decades; the most common solar cell is the inorganic
solid-state junction devices, including GaAs or CdTe tandem cells, crystalline or amorphous
silicon solar cells, and CIGS or CZTS solar cells. However, the expensive, energy-intensive,
high-temperature, and high-vacuum processes is needed for the fabrication of inorganic solid-
state junction devices, thereby the extremely high cost of those solar cells limits their usages
and applications. Therefore, the third generation solar cells are designed to cost down and are
based on the cheap, simple, and easy fabrication process.

In recent years, dye-sensitized solar cells (DSSCs) have been extensively investigated and
wildly developed due to its outstanding advantages, i.e., low-cost production, large-scale
fabrication, and good conversion efficiency. In 1991, Professor M. Grätzel introduced the
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nanoporous films as the dye-derived wide‐band semiconductor and made the breakthrough
in the solar-to-chemical conversion efficiency of DSSCs [2]. In 2014, by incorporating the novel
porphyrin dye (SM315), the DSSC containing the cobalt complex redox electrolyte reached the
highest efficiency record of 13.00% [3], which encouraged lots of explorations of new organic
materials for higher efficiency. As shown in Figure 1, a DSSC device is in a sandwich-like
construction, which is composed of three adjacent thin layers [4]: (1) working electrode
contains a high band-gap nanocrystalline semiconductor-based mesoporous film adsorbed
with dye molecules; (2) the electrolyte contains a redox mediator and several additives; (3)
counter electrode contains a electrocatalytic film. Generally, for a working electrode, the
titanium dioxide (TiO2) semiconductor is used for the mesoporous film, and the ruthenium
bipyridyl derivatives (N3, N719, Z907 or black dye, etc.) are employed for the dye sensitizers.
For the counter electrode, the platinum thin film is usually applied for collecting electrons and
triggering the redox reaction of the electrolyte. The electrolyte mostly contains iodide/triiodide
(I-/I3

-) redox couple, which is obtained by the mixing of iodine (I2) and inorganic or organic
salts with iodide anion in suitable non-aqueous solvents.

The solar-to-electricity conversion mechanism of the DSSCs [4-5] is motivated from the solar
illumination as shown in Figure 2. Upon absorption of light, a photo-induced electron is
injected from a metal-to-ligand charge transfer excited state of the dye into the conduction
band of the TiO2 film. The rate of this electron injection reaction is ultrafast, typically occurring
on the order of hundreds of femtoseconds to tens of picoseconds. The injected electron
transports through the TiO2 film via a “hopping” mechanism, which is driven by a chemical
diffusion gradient (rather than an electric field), and is collected at a transparent conductive
substrate of fluorine doped tin oxide glass. After passing through an external circuit, the
electron is reintroduced into the solar cell at the platinum counter electrode, where triiodide
ion is reduced to iodide ion. The iodide then regenerates the oxidized dye, thereby completing
the circuit without net chemical change. Among a DSSC, the electrolyte is a key part to
determine the cell performance, because it provides the necessary ionic conductivity in the
bulk of the electrolyte solution and sets the proper potential barrier for the energy conversion.
In addition, it offers a reduction reaction at the counter electrode and helps for the dye
regeneration by the charge-transfer reaction with the dye molecules. However, the DSSCs
encounter two virtual problems induced by using the conventional liquid electrolytes: (i)
limited conversion efficiency and (ii) poor long term stability. The limited conversion efficiency
is mainly caused by some unfavorable reactions, including the recombination between the
photo-induced electrons and I3

- ions, and the delayed dye regeneration due to the low
diffusivity and ionic conductivity of the electrolyte, etc. The poor long term stability is
attributed to the evaporation and leakage of organic solvent in the liquid electrolyte; also, the
permeation of oxygen and water and their corresponding side reactions with the electrolyte
can damage the stability. To solve these two problems, ionic liquids (ILs) can be considered to
be most attractive for replacing the conventional electrolytes due to their low melting points
(below 100 oC), good chemical and electrochemical stability, high thermal stability, non-toxic,
non-flammability, negligible vapor pressure, and high ionic conductivity [6-8].
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Figure 1. The construction of dye–sensitized solar cells (DSSCs) [4].

Figure 2. The energy diagram of the kinetics of DSSC function [5].

1.2. Ionic liquids as the mediator for DSSCs

Traditional ILs are composed by only ions and are characterized by the weak interactions
between the large cations and a charge-delocalized anions. Therefore, the ILs are in a low
tendency to crystallize due to the flexibility caused by the anions and the dissymmetry caused
by the cations. ILs are basically composed of organic cations and anions [6-8]; the cations
include imidazolium, N-substituted imidazolium, benzimidazolium, pyridinium, pyrrolidi‐
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nium, alkylammonium, alkylphosphonium, guanidinium, alkylpyrrolidinium, and alkylsul‐
fonium groups, etc., and the anions include chloride (Cl-), iodide (I-), bromide (Br-),
tetrafluoroborate, hexafluorophosphate, trifluoromethansulfonate, bis(trifluoromethylsulfon‐
yl)imide, bis(fluorosulphonyl)imide groups, etc. The versatility of ILs, in terms of molecular
structure, conductivity, hydrophobicity, melting point, viscosity, solubility, etc., can be varied
by altering the substitutive group on the cation part, or the combined anion type. Various kinds
of salts can be used to design the ILs with the desired properties for the specific applications.

For the use as the “mediator” in the DSSCs, a specific group of ILs containing the redox species
(Cl-, I-, Br-, S2-, CN-, etc.) as the anions has been highlighted. Lee et al. [9] employed two iodide-
based ILs, 1-ethyl-3-methylimidazolium iodide (EMII) and 1-methyl-3-propyl imidazolium
iodide (PMII), as the redox mediator. The binary IL electrolyte rendered a cell efficiency of
3.49% to its all-solid-state DSSC. Chen et al. [10] applied two kinds of IL mediators, 1-butyl-3-
methylimidazolium iodide (BMII) and 1-butyl-3-methylimidazolium thiocyanate (BMISCN)
for the electrolyte of DSSCs. In the binary electrolyte, the BMISCN was used to lower the
viscosity, enhance the ionic conductivity, and reduce the interfacial charge transfer resistance
of the electrolyte. The pertinent cell efficiency of 5.55% was obtained by using the binary IL
electrolyte containing BMII, BMISCN, and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI). Chi et al. [11] synthesized two solid-state iodide-based ILs, 1-[(4-ethenylphenyl)meth‐
yl]-3-butyl-imidazolium iodide (EBII) with a single aliphatic C=C bond and 1-[(4-ethenyl‐
phenyl)methyl]-3-vinyl-imidazolium iodide (EVII) with two aliphatic C=C bonds. The EBII
exhibited weaker π-π stacking interactions, longer d-spacing, and a lower melting tempera‐
ture. Therefore, the solid-state EBII-based DSSC reached higher efficiency of 4.7% than that of
the EVII-based DSSC (3.8%) due to its facile charge transport and lower electron recombina‐
tion. Hsu et al. [12] synthesized four kinds of iodide-based ILs, 1-allyl-3-ethylimidadolium
iodide (AEII), 1-allyl-3-propylimidazolium iodide (APII), 1-3-diallylimidazolium iodide
(DAII), and 1-methyl-3-propylimidazolium iodide (MPII), as the mediators in the novel
agarose gel electrolytes. The agarose gel electrolyte containing AEII exhibited the highest I3

−

diffusion coefficient of 7.7 × 10−6 cm 2 s−1 and thereby gave the best DSSC efficiency of 5.89%.
Liu et al. [13] synthesized two kinds of sulfide-based ILs, tetra-methylammonium sulfide
(TMAS) and 1-propyl-2,3-dimethylimidazolium sulfide (DMPIS), as the sulfide/polysulfide
mediators. In their research, several iodide-based ILs (EMII, 1,3-dimethylimidazolium iodide
(DMII) or PMII,) were applied as another kind of the mediators. The electrolyte containing
TMAS, EMI and DMII as the IL mediators can provide its DSSC a cell efficiency of 6.40%, while
the electrolyte containing DMPIS and PMII as the IL mediators can provide its DSSC a cell
efficiency of 6.20% under 100 mW cm-2 illumination and a higher cell efficiency of 6.60% under
10 mW cm-2 illumination. Furthermore, by controlling the concentration of TMAS, the
electrolyte containing TMAS and 1,2-dimethyl-3-propylimidazolium iodide (DMPII) as the IL
mediators can provide its DSSC a cell efficiency of 9.10% [14].

Except for the anions, the cations of IL mediators also play important roles in determining the
conversion efficiency of the DSSCs. For example, the imidazolinium cations were reported as
the efficient functional group to retard the charge recombination at the working electrode/
electrolyte interface [15]. And the alkyl chain-substituted imidazolinium cations were de‐
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signed for prolonging the electron lifetime within a DSSC[16]. Therefore, different functional
group-substituted cations of the IL mediators can be designed for compensating the defaults
of the DSSCs with traditional electrolyte. Recently, the development of new classes of func‐
tional group-substituted IL mediators has been demonstrated as a promising strategy to
further enhance the efficiency and the long-term stability of DSSCs. This chapter mainly
reviewed the recent researches on the topic of new classes of ILs used as the electrolyte in
DSSCs. Here the new classes of ILs employed in the electrolytes of DSSCs can be divided into
two sections: (i) the applications in liquid electrolytes in DSSCs and (ii) the applications in
quasi/all-solid-state electrolytes in DSSCs.
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2. New class of ionic liquids

2.1. Applications in liquid electrolytes in DSSCs

To improve the conversion efficiency of the IL-based DSSCs, novel functional IL mediators
were investigated by incorporating versatile organic functional groups into the traditional IL
mediators. Those organic functional groups on the newly synthesized ILs were designed for
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pristine ILs. Abate et al. [17] synthesized a polyfluorinated IL, 1-methyl-3-(3,3,4,4,5,5,6,6,6,-
nonafluorohexyl)imidazolium iodide (FIL, Figure 3a). The high electronegative
3,3,4,4,5,5,6,6,6,-nonafluorohexyl functional group is designed for making FIL to improve the
dye regeneration and facilitate the charge transport by providing a microphase separation
(fluorophobic effect) between the long alkyl chains of the amphiphilic dye and the fluorous
environment in the electrolyte. Therefore, a cell efficiency (η) of 5.10% was obtained with an
open-circuit voltage (VOC) of 610 mV, short-circuit current (JSC) of 11.50 mA cm-2, and fill factor
(FF) of 0.73. Cerneaux et al. [18] synthesized three new triethoxysilanes bearing quaternary
ammonium alkyl iodides ILs, N,N,N-triethyl-3-(triethoxysilyl)propan-1-aminium iodide (1),
N,N,N-triheptyl-3-(triethoxysilyl)propan-1-aminium iodide (2), and N,N,N-tridodecyl-3-
(triethoxysilyl)propan-1-aminium iodide (3). The alkylsilane functional group were intro‐
duced due to their benefits to the solubility and electron transfer of the electrolytes. By
adjusting the compositions of IL-based liquid electrolyte containing 2 (Figure 3b), the pertinent
DSSC showed the best efficiency of 5.00% under 100 mW cm-2 and provided a very high
efficiency of 8.1% under 10 mW cm-2. Zalas et al. [19] synthesized three Si-tripodand-function‐
alized ILs by using the polyoxaethylene chains with different lengths to attach to the central
silicon atom, namely 1-methyl-3-(3-(trimethoxysilyl)propyl)imidazolium iodide (3a), 1-
methyl-3-(3-(tris(2-methoxyethoxy)silyl)propyl) imidazolium iodide (3b), and 1-methyl-3-(3-
(tris(2-(2-methoxyethoxy)ethoxy)silyl)propyl) imidazolium iodide (3c). Those Si-tripodand-
functionalized ILs are thermally stable (decomposition temperatures, Td ≈ 270 oC) and
electrpchemically stable. The 3b (Figure 3c) exhibited specific conductivity adequate for DSSCs,
and thereby the pertinent electrolyte possessed a very high conductivity approaching 10−2 S
cm−1 at ambient temperature. And the DSSC containing 3b showed a η of 5.10% with VOC of
688 mV, JSC of 14.30 mA cm-2, and FF of 0.52. In 2013, Lee et al. introduced three novel classes
of siloxane-functionalized ILs, including (i) siloxane diimidazolium iodides [20], (ii) siloxane
pyridinium iodides [21], and (iii) siloxane cyclic sulfonium iodides [22], as the liquid electro‐
lytes for DSSCs. Siloxane chains possessed highly thermal stability (up to 350 oC), relatively
low permittivity, excellent flexibility and good amphiphilicity. Additionally, oxygens of
siloxane were expected to have a complex with TiO2 and capturing effect of cation, which could
enhance the stability of the electrolytes and possibly be advantageous to the transportation of
anionic species in the cell. The three types of the siloxane-functionalized ILs are depicted as
the follows:

i. For the case of siloxane diimidazolium iodides (SiDII) ILs [20], three siloxane moieties
with different chain lengths were separately incorporated between two imidazolium
cations to form three different SiDII ILs (SiDII1, SiDII2, and SiDII3). The synthesized
SiDII were viscous liquids with different color and with good thermal stability
(decomposition temperatures, Td ≈ 380 oC). With an increase in the siloxane chain
lengths, the flexibilities and diffusion coefficients of the SiDII ILs increased, but the
viscosities and conductivities decreased; the unusual decrease in their viscosities was
attributed to that the amphiphilic siloxane chains could make SiDII ILs reduce the
surface tension of both water and organic solvents. Among the SiDII-based DSSCs,
the cell containing SiDII1 (Figure 3d) in the electrolyte showed a maximum conver‐
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pristine ILs. Abate et al. [17] synthesized a polyfluorinated IL, 1-methyl-3-(3,3,4,4,5,5,6,6,6,-
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688 mV, JSC of 14.30 mA cm-2, and FF of 0.52. In 2013, Lee et al. introduced three novel classes
of siloxane-functionalized ILs, including (i) siloxane diimidazolium iodides [20], (ii) siloxane
pyridinium iodides [21], and (iii) siloxane cyclic sulfonium iodides [22], as the liquid electro‐
lytes for DSSCs. Siloxane chains possessed highly thermal stability (up to 350 oC), relatively
low permittivity, excellent flexibility and good amphiphilicity. Additionally, oxygens of
siloxane were expected to have a complex with TiO2 and capturing effect of cation, which could
enhance the stability of the electrolytes and possibly be advantageous to the transportation of
anionic species in the cell. The three types of the siloxane-functionalized ILs are depicted as
the follows:

i. For the case of siloxane diimidazolium iodides (SiDII) ILs [20], three siloxane moieties
with different chain lengths were separately incorporated between two imidazolium
cations to form three different SiDII ILs (SiDII1, SiDII2, and SiDII3). The synthesized
SiDII were viscous liquids with different color and with good thermal stability
(decomposition temperatures, Td ≈ 380 oC). With an increase in the siloxane chain
lengths, the flexibilities and diffusion coefficients of the SiDII ILs increased, but the
viscosities and conductivities decreased; the unusual decrease in their viscosities was
attributed to that the amphiphilic siloxane chains could make SiDII ILs reduce the
surface tension of both water and organic solvents. Among the SiDII-based DSSCs,
the cell containing SiDII1 (Figure 3d) in the electrolyte showed a maximum conver‐
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sion efficiency (η) of 6.20% with an open-circuit voltage (VOC) of 721 mV, short-circuit
current (JSC) of 12.90 mA cm-2, and fill factor (FF) of 0.67. In addition, SiDII1-based
DSSC showed better long-term stability than the DSSC with other conventional liquid
type electrolytes.

ii. For the case of siloxane pyridinium iodides (SiDPI) ILs [21], three siloxane moieties
with different chain lengths were separately incorporated between two pyridinium
cations to form three different SiDPI ILs (SiDPI1, SiDPI2, and SiDPI3). All SiDPI ILs
showed good thermal stability (Td ≈ 300 oC). The solid-state SiDPI1 with short chain
length was brown. The gel-state SiDPI2 and SiDPI3 with long chain length were
shown as the highly viscous ILs. The DSSC containing SiDPI2 (Figure 3e) in the
electrolyte achieved the highest η of 6.80% with VOC of 703 mV, JSC of 15.85 mA cm-2,
and FF of 0.61, which could be attributed to the reason that SiDPI2 had the relative
low viscosity and the largest diffusion coefficient.

iii. For the case of siloxane cyclic sulfonium iodides (SiCSI) ILs [22], two siloxane moieties
with different chain length were separately incorporated between two cyclic sulfo‐
nium cations to form SiCSI1 and SiCSI2 ILs, and the SiCSI3 IL is constructed by a
siloxane chain sited as the terminal group of one cyclic sulfonium cation. The
thermooxidative stabilities of SiCSI ILs were lower than those of SiDII ILs because
the bond strength of S+-C in sulfonium was lower than that of N+-C in imidazolium.
The bis-sulfonium electrolytes (SiCSI1 and SiCSI2) were solid due to their high
molecular weight and large size of sulfur element even though they had siloxane
group; meanwhile, they were with relative low thermal stability (Td ≈ 260 oC). The
mono-sulfonium (SiCSI3) electrolyte maintains gel state owing to its low molecular
weight and free siloxane functional group; thereby SiCSI3 (Figure 3f) possesses the
best thermal stability (Td ≈ 300 oC), highest ionic conductivity, and the largest
diffusion coefficient than those values of SiCSI1 and SiCSI2 ILs. The SiCSI3-based
liquid electrolyte renders its DSSC the highest η of 7.30% with VOC of 689 mV, JSC of
18.03 mA cm-2, and FF of 0.59.

Among all the functional IL mediators for the liquid electrolyte in DSSCs, a novel class of free
radical-substituted IL mediators brings the brand new level and broadens the horizons of the
ILs applications recently. A free radical-substituted IL mediator can provide double redox
channels: one is the free radical-substituted cation, and the other is the anion. The free radical-
substituted IL mediator was designed to largely improve the redox potential, ionic conduc‐
tivity, diffusion coefficient, and the intrinsic redox reaction of the liquid electrolytes for DSSCs.
In 2014, our group (Chu et al. [23]) synthesized a new IL mediator, 1-butyl-3-(2-oxo-2-((2,2,6,6-
tetramethyl-piperidin-1-oxyl-4-yl)amino)ethyl)-1H-imidazol-3-ium iodide (JC-IL, Figure 3g).
The synthetic pathway to JC-IL was depicted in Figure 4a. The 2,2,6,6-tetra-methylpiperidin-
N-oxyl (TEMPO) functional group could provide a nitroxide free radical (N-O.), which was
notable for its simple one-electron redox reaction, extremely fast charge transfer ability, high
redox potential, and large diffusion coefficient. Therefore, the JC-IL possessed dual redox
channels, the TEMPO-substituted imidazolium cation and the iodide anion, which made the
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JC-IL to exhibit three electron transfer redox reaction, high distinct redox potential (Figure
4b), large diffusion coefficient, and rapid intrinsic heterogeneous electron-transfer rate. The
DSSC with JC-IL electrolyte showed a good cell efficiency of 8.12% with remarkably high VOC

of 858 mV, JSC of 13.70 mA cm-2, and FF of 0.69. The high open-circuit voltage of DSSCs with
JC-IL was over 850 mV, which was approximately 150 mV higher than that of the DSSCs with
a standard iodide-based liquid electrolyte. Currently, we further exchanged the iodide (I-) to
another redox anion, selenocyanate (SeCN-), to synthesize a novel iodide-free IL mediator, 1-
butyl-3-(2-oxo-2-((2,2,6,6-tetramethyl-piperidin-1-oxyl-4-yl)amino)ethyl)-1H-imidazol-3-ium
selenocyanate (TISeCN, Figure 3h). Since the selenocyanate was beneficial for faster kinetic
electron transfer for redox reaction accompanying with a high redox potential, the TISeCN
electrolyte could facilitate the charge transportation within the electrolyte and thus greatly
reduced the energy loss in the cell. Thus, a DSSC with TISeCN-based liquid electrolyte showed
a good cell efficiency of 8.38% with a high VOC value of 854.3 mV, JSC of 14.70 mA cm–2, and FF
of 0.67 [24].

Table 1 is a partial list of the DSSCs’ performance containing above novel functional IL
mediators in the liquid electrolytes.

SiCSI2 ILs. The SiCSI3‐based liquid electrolyte renders its DSSC the highest η of 7.30% with VOC of 689 mV, JSC of 
18.03 mA cm‐2, and FF of 0.59. 

 

 
 

 
Figure  4  (a) The synthetic pathway  to  JC‐IL.  (b) Mechanism  for  the  function of  JC‐IL,  iodide, and TEMPO  in DSSCs; 
energy levels of these charge mediators and those of the dye at ground and excited states are also shown [23]. 
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Figure 4. (a) The synthetic pathway to JC-IL. (b) Mechanism for the function of JC-IL, iodide, and TEMPO in DSSCs;
energy levels of these charge mediators and those of the dye at ground and excited states are also shown [23].
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Figure 4. (a) The synthetic pathway to JC-IL. (b) Mechanism for the function of JC-IL, iodide, and TEMPO in DSSCs;
energy levels of these charge mediators and those of the dye at ground and excited states are also shown [23].
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ILs Liquid electrolytes Dye
η

(%)
VOC

(mV)
JSC

(mA cm-2)
FF Ref.

FIL
0.6 M FIL, 0.03 M I2, 0.1 M GuSCN, 0.5 M

TBP in ACN/VN (v/v = 85/15)
Z907 5.10 610 11.50 0.73 [17]

2
1.5 M 2, 0.08 M I2, 0.1 M GuSCN, 0.5 M TBP

in ACN
Z907 4.40 769 13.50 0.42 [18]

3b
0.6 M 3b, 0.03 M I2, 0.1 M GuSCN, 0.5 M TBP

in ACN
N3 5.10 688 14.30 0.52 [19]

SiDII1
0.5M SiDII1, 0.05M I2, 0.1 M GuSCN, 0.5 M

TBP in MPN
N719 6.20 721 12.90 0.67 [20]

SiDPI2
0.6 M SiDPI2, 0.05M I2, 0.1 M GuSCN, 0.5 M

TBP in MPN
N719 6.80 703 15.85 0.61 [21]

SiCSI3
0.6 M SiCSI3, 0.05M I2, 0.1 M GuSCN, 0.5 M

TBP in MPN
N719 7.30 689 18.03 0.59 [22]

JC-IL 0.4 M JC-IL, 0.04 M NOBF4 in ACN CR147 8.12 858 13.70 0.69 [23]

TISeCN 0.2 M ITSeCN and 0.05 M (SeCN)2 in ACN. CR147 8.38 854 14.70 0.67 [24]

Note: Guanidinuim thiocyanate (GuSCN), tert-butylpyridine (TBP), acetonitrile (ACN), valeronitrile (VN), 3-methoxy‐
propionitrile (MPN), nitrosyl tetrafluoroborate (NOBF4)

Table 1. A partial literature review of the DSSCs’ performance containing the novel functional IL mediators in the
liquid electrolytes.

2.2. Applications in quasi/all-solid-state electrolytes in DSSCs

To further enhance the long-term stability of the IL-based DSSCs, several classes of functional
IL mediators are designed in the quasi-solid-state or all-solid-state to prevent the leakage and
volatilization of the electrolyte. Various organic functional groups were designed for enhanc‐
ing the ionic conductivity, charge transfer ability, and mechanical stability of the newly
synthesized ILs.

First, conductive IL mediators were introduced to enhance the conductivity of electrolyte and
thereby improved the electron/hole transfer ability within a quasi/all-solid-state DSSC. Midya
et al. [25] synthesized three solid-state conductive IL mediators, namely SD1 (Figure 5a), SD2
(Figure 5b), and SD3, which all contained carbazole-substituted imidazolium cations. Consid‐
ering the iodide species as the redox couple, two carbazole-imidazolium iodide (CBZ-IMDZ-
I) ILs, SD2 and SD3, were composed of an iodide (I-) anion and a carbazole-substituted
imidazolium cation, which were the 1-carbazole-3-methyl-imidazolium and 1-carbazole-3-
hexyl-imidazolium, respectively. In the presence of iodine (I2), the LUMO-state dye was
regenerated by oxidizing an I-into the triiodide (I3

-) ion, and the I3
-ion was subsequently

reduced to I-by the cation of CBZ-IMDZ-I because it could transport the holes to the counter
electrode via a hole hopping mechanism (Figure 6a). Moreover, the hole hopping mechanism
in the CBZ-IMDZ-I might assist the traditional Grotthuss-type exchange mechanism or work
in parallel, leading to a fast I3

-diffusion in the electrolyte. In a CBZ-IMDZ-I IL conductor, the
carbazole functional group worked as the hole conductor to facilitate the dye regeneration via
a hole hopping mechanism (Figure 6a) and to transport the iodine radical to the counter
electrode via a Grotthuss-type mechanism (Figure 6b). Therefore, the solid-state electrolyte
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containing SD2 can provide dual channels for hole/iodide transportation, and thereby could
render its solid-state DSSC a cell efficiency of 2.85% with VOC of 718 mV, JSC of 6.23 mA cm-2,
and FF of 0.64. Furthermore, the SD1 contained a 1-carbazole-3-hexyl-imidazolium cation with
a thiocyanate (SCN-) anion, and thereby the pertinent solid-state DSSC reached a cell efficiency
of 1.43% with VOC of 726 mV, JSC of 3.10 mA cm-2, and FF of 0.64. Wang et al. [26] synthesized
two conductive IL mediators, namely propargyl-substituted imidazolium iodide (PMIm) and
propargyl-functionalized piperidinium (PMPi). The pendent propargyl group possessed a
lamellar structure, which was favorable for charge transfer and was expected to yield high
conductivity. As compared to the alkyl-substituted imidazolium iodide, the introduction of
unsaturated propargyl group to the imidazolium ring enhanced the conductivity by more than
4 orders. The newly synthesized propargyl-functionalized IL were in the solid state below 80
°C and had good thermal stability (Td ≈ 330 °C); they were also with good solubility in common
organic solvents such as methanol and ethanol, which was advantageous to solution process‐
ing for pore-filling of the solid-state electrolyte in the DSSCs. Moreover, the PMIm and PMPi
could be used directly as the single-component solid-state electrolyte for the DSSCs, which
could perform efficiently without any additives in the electrolyte and any post-treatments on
the dye-loaded TiO2 films. By coupling an organic sensitizer (MK2), the DSSC with solely
PMIm (Figure 5c) as the solid-state electrolyte achieved cell efficiency of 6.30% with VOC of 710
mV, JSC of 12.65 mA cm-2, and FF of 0.70, and exhibited good long-term stability under
continuous 1 sun illumination for 1,500 h. Besides, they also synthesized five kinds of ester-
substituted IL mediators [27], 1-(2-methoxy-2-oxylethyl)-3-alkyl imidazolium iodide, contain‐
ing different alkyl chain (methyl, ethyl, propyl, hexyl, dodecyl). The ester functional group
possessed advantages over inorganic and organic hole conductors. First, the ester-substituted
IL can form a three-dimensional (3D) ionic channel of iodides, which was advantageous for
fast movement of iodides and charge transfer along the polyiodide chain. Secondly, the
coordination interactions between esters and Li+ions (typically used cations in the electrolyte
of DSSCs) could form dimers of conductor molecules, and thus the distance of adjacent
polyiodides was reduced, resulting in faster charge transfer and higher conductivity. In
addition, the molecular size of the ester-substituted IL permitted a deep penetration of the
electrolytes into the porous TiO2 films, which facilitated the reduction of the oxidized dye
molecules and favored high photocurrent generation. Among their five ester-substituted IL
mediators, the 1-(2-methoxy-2-oxylethyl)-3-methyl imidazolium iodide (1, Figure 5d) showed
the best conductivity of 5.76 mS cm−1 because of the formation of ionic channels and the
interaction of Li+with the oxygen in the ester group, which resulted in fast charge transfer along
the polyiodide chain. Thus, the pertinent DSSC exhibited a cell conversion efficiency as high
as 6.63% with VOC of 660 mV, JSC of 13.77 mA cm-2, and FF of 0.73, and exhibited excellent long-
term stability remained at 100% of the initial value after continuous light soaking for 1,000 h.
Li et al. [28] synthesized a novel solid-state conductive IL mediator, hydroxyethyl and ester
co-substituted imidazolium iodide (HEII, Figure 5e). The ester functional group could
significantly enhance the ionic conductivity of the IL electrolyte and thus to remarkably
improve DSSC performance. The oxygen and hydrogen atoms within the hydroxyethyl
functional group were designed to participate in hydrogen bonding, which was favorable to
form a closely packed structure towards high conductivity. The solid-state HEII started to
decompose at 150 °C and had a melting point of 79 °C. By coupling an organic sensitizer (MK2),
the DSSC with HEII in the solid-state electrolyte achieved cell efficiency of 7.45% with a VOC
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of 733 mV, JSC of 14.66 mA cm-2, and FF of 0.69. Under continuous 1 sun illumination for 1,000
h, the cell efficiency maintained 96% and exhibited good long-term stability. Additionally, they
synthesized a double-ester-substituted imidazolium iodide, 1,3-di(2-methoxy-2-oxoethyl)imi‐
dazolium iodide (DEII, Figure 5f) to act as the electron donor [29]. The donor (DEII) was
deposited in the photoanode for efficient dye regeneration preceded by electron injection from
the excited dye to the conduction band of TiO2, while the acceptor (mixture of DEII and iodine)
was deposited on the counter electrode surface for efficient electron relay for circuit comple‐
tion. The counter electrode was placed on top of the photoanode to form a close contact
between the donor and acceptor, which was then sealed into a solid device. As compared to
the redox mixture electrolyte based device A (Figure 7), separating the electron donor and
acceptor of a redox couple in device B (Figure 7) could significantly retard charge recombina‐
tion because of the absence of I3

-in the photoanode. Device A produced a cell efficiency of 2.41%
(with a VOC of 562 mV, JSC of 7.02 mA cm-2, and FF of 0.61), while device B produced a cell
efficiency of 6.50% (with a VOC of 633 mV, JSC of 16.29 mA cm-2, and FF of 0.63). Briefly, with
the new device structure, the DSSC performance could be further improved by increasing the
ionic conductivity of IL mediator through molecular design. Upon separation of the donor and
acceptor of the IL mediator, the new device structure opened up a new way for optimization
of the solar cell performance. Miao et al. [30] synthesized a novel solid-state conductive IL
mediator, namely ILMC (Figure 5g), which was composed of the carboxyl-substituted
imidazolium-europium (Eu) complex as the cation and the bromide as the anion. ILMC was
synthesized through a green route by simply adding europium oxide into the carboxyl-
substituted imidazolium IL, and the component, Eu, was selected as the metal center due to
its excellent photophysical properties of the corresponding complexes. Thus, ILMC possessed
the advantages of an easy and green preparation process, simple composition, light color, high
conductivity, superior stability as well as the most important property of high efficiency. The
solid-state DSSC with ILMC in the solid-state electrolyte achieved cell efficiency of 6.99% with
a VOC of 640 mV, JSC of 15.28 mA cm-2, and FF of 0.72. Xu et al. [31] synthesized a pyridylheptyl-
substituted IL, N-butyl-N-(4-pyridylheptyl)imidazolium bromide ([BuPyIm]Br, Figure 5h).
The pyridylheptyl functional group gave [BuPyIm]Br the good thermal stability (Td ≈ 360 oC)
and a good solubility in aqueous solution. The DSSC containing [BuPyIm]Br in the electrolye
exhibited higher VOC than the cell without [BuPyIm]Br. The enhanced VOC of cell could be
assigned from the suppression of the charge recombination at the TiO2/electrolyte interface,
and it was attributed to that the nitrogen-containing pyridylheptyl functional group anchored
on the free areas of the dye-coated TiO2 surface. Besides, the iodine could form anion complexes
with some anions such as I2Br−, and the imidazolium rings could interact strongly with I2Br−

because the bigger anions had a lower charge density. Therefore, these anion complexes could
also reduce the recombination between the photo-induced electrons and I3

−, thus enhanced the
VOC of the DSSC. However, the electrolyte containing [BuPyIm]Br provided the smaller values
of both ionic conductivity and diffusion coefficient than those of the electrolyte without
[BuPyIm]Br. Under the optimized condition with the addition of 0.1 M [BuPyIm]Br in the
electrolyte, the highest conversion efficiency is 5.67 % under 100 mW cm-2 and 6.69% under 15
mW cm-2. The pertinent [BuPyIm]Br-based DSSC maintained almost 95% of its initial efficiency
after 60 days long-term test under 80 oC, and thereby the [BuPyIm]Br IL could render a
promising stability to its DSSC.
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Figure 5 A partial literature review of the molecular structure of novel functional IL mediators for the application for the 
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Figure 5. A partial literature review of the molecular structure of novel functional IL mediators for the application for
the quasi/all-solid-state electrolytes in DSSCs.
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Figure 6 Schematic illustration of charge transfer phenomenon of the CBZ-IMDZ solid state IL 15
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Figure 6. Schematic illustration of charge transfer phenomenon of the CBZ-IMDZ solid state IL conductor via (a) hole
hopping mechanism and (b) Grotthuss-type mechanism [25].

Figure 7. The device structures for device A and device B. A redox-couple mixture is used as the solid-state electrolyte
in device A while the electron donor and acceptor of the redox-couple are separated in device B: the donor is in the
photoanode layer but the acceptor (the mixture of donor and acceptor) is on top of the photoanode in contact with the
counter electrode [29].

Second, quasi/all-solid-state alkylsilane-substituted IL mediators were also studied for their
benefits of electron transfer within the electrolytes. Wu et al. [32] synthesized a room temper‐
ature (RT) IL, 1-methyl-3-(trimethylsilyl)methyl-imidazolium iodide (MSII, Figure 5i). The
trimethylsilyl functional group was designed to reduce the viscosity and to enhance the
conductivity of the IL. The DSSCs with a MSII-based quasi-solid-state IL electrolyte showed
the largely decreased electron transfer resistance (Rct) and increased electron lifetime (τe);
thereby a cell efficiency (η) of 3.23% is provided with an open-circuit voltage (VOC) of 600 mV,
short-circuit current (JSC) of 8.97 mA cm-2, and fill factor (FF) of 0.61. Lee et al.[33] synthesized
a novel quasi-solid-state alkylsilane-substituted IL, 3-(iodohexyl)-1-(3-(triethoxysilyl)propyl‐
carbamoyl)-1H-benzo[d]imidazol-3-ium iodide (SSBI, Figure 5j) by using the 1,6-diiodohexane
and the silane-substituted benzimidazole (SSB), N-[3-(triethoxy-4-silyl)propyl]-1H-benzimi‐
dazole-1-carboxamide, as the reagents. The quasi-solid-state SSBI was prepared through the
in-situ gelation, which was induced by the reaction of 1,6-diiodohexane and SSB in a DSSC
cell heated at 60 °C for 30 min. The SSBI presumably formed a three-dimensional network due
to the formation of hydrogen bonds among the amide groups of the silane-substituted
benzimidazolium and the van der Waals force between the two iodohexyl moieties. Therefore,
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the SSBI was able to immobilize the cations and facilitate the anionic transport in the quasi-
solid-state DSSC, which showed a cell efficiency of 5.0 % with a VOC of 710 mV, JSC of 11.20 mA
cm-2, and FF of 0.63. The DSSC with quasi-solid-state SSBI-based electrolyte decreased to 52%
of its initial value, while the cell with liquid electrolyte decreased to 79% of its initial value.
Fontaine et al. [34] synthesized a novel alkylsilane-substituted IL, 1,3-(3-propyltriethoxysilane,
3-propyltrimethoxysilane)-4,5-dihydroimidazolium iodide (Si-IL, Figure 5k), which was used
to from a hybrid ionogel containing silica-based matrix and imidazolium iodide redox
mediator as shown in Figure 8. In the ionogel with 3-D architecture, ILs were immobilized
through covalent bonds with silane groups. The Si-IL ionogel constructed multiple ion
channels to facilitate the transport of iodide ions; thus the charge transfer at the electrode/
electrolyte interfaces would be enhanced and then the reaction with the hole and the iodide
would be facilitated, avoiding electron/hole recombination. The DSSC coupled with solely Si-
IL as the ionogel electrolyte showed an efficiency of 1.25% with a VOC of 680 mV, JSC of 2.80 mA
cm-2, and FF of 0.65. The presence of covalent bonds between silica and ILs might avoid leakage
or volatilization of ILs and prevent electrolyte from leaking. These conditions were more
favorable for long-term performances and the flexible applications.

Figure 8. Schematic of the organization of the imidazolium groups into the silica network [34].

Third, polymeric IL mediators were designed by incorporating the polymer chain into the ILs
as the gelator for the solidification of ILs-based electrolytes. Wang et al. [35-37] synthesized a
group of solid-state IL polymers, poly(1-alkyl-3-(acryloyloxy)hexylimidazolium iodide)
(PAAII) with four different alkyl side chains (methyl, ethyl, propyl, and butyl). The PAAII was
synthesized by a thermal bulk polymerization of IL monomers, 1-alkyl-3-(acryloyloxy)hexy‐
limidazolium iodide; thereby, multiple comb-like imidazolium iodide ILs were fixed onto the
main chain of PAAII containing three ethylene units. The PAAII was a flexible solid with good
ionic conductivity and good thermal stability (Td ≈ 380 °C) due to its specific functions,
including charge transport of target ions, specific polar environment, and mechanical strength.
Among all the PAAII ILs, the one with an ethyl side chain, namely poly(1-ethyl-3-(acryloy‐
loxy)hexylimidazolium iodide) (PEAII, Figure 5l), showed the highest ionic conductivity (3.63
x 10-4 S cm-1) and good charge transport ability. Due to the conjugation effect of imidazolium
ring and the steric hindrance of polymer backbone, the attraction between the cation and the
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iodide anion was weak, resulting in easy diffusion of iodide anions in PEAII. A π-stacked
imidazolium chain in PEAII can provide the favorable channel for holes transport from the
photoanode to the counter electrode. The electron was fast transported from the counter
electrode to the dye by diffusion of I-. Therefore, without the presence of iodine (I2), the DSSC
assembled with solid-state PEAII electrolyte reached the good cell efficiency of 5.29% with a
VOC of 838 mV, JSC of 9.75 mA cm-2, and FF of 0.65. Under long-term stability test for 1,000 h,
the DSSC assembled with PEAII electrolyte maintained about 85% of their initial efficiency
after 1,000 h without sealing. Fang et al. [38] synthesized an acidic IL polymer, P[((3-(4-
vinylpyridine) propanesulfonic acid) iodide)-co-(acrylonitrile)] (P-HI, Figure 5m), which was
composed of a co-polymer chain (polyethylene and polyacrylonitrile) and a sulfonic acid
group. The sulfonic acid group possessed strong electronegativity, which was benefitial to
form the homogeneous and continuous framework of ILs polymer for enhancing transporta‐
tion of redox couples in the electrolyte. Without the addition of I2, the DSSC containing P-HI
in the solid-state electrolyte achieved the cell efficiency of 6.95% with a VOC of 643 mV, JSC of
15.10 mA cm-2, and FF of 0.72. Chi et al. [39] designed and synthesized a polymerized IL,
poly((1-(4-ethenylphenyl)methyl)-3-butyl-imidazolium iodide) (PEBII, Figure 5n). An (4-
ethenylphenyl)methyl functional group was anchored on 1-butylimidazolium iodide IL and
served as the self-polymerization site and rendered high conductivity (2.0 × 10−4 S cm-1 at 25
°C) to the PEBII due to the strong π–π stacking interaction between the benzene groups. For
the application of iodine-free solid-state electrolyte in DSSCs, the solid-state PEBII was able to
deeply penetrate into mesoporous TiO2 film, perfectly fill the nanopores between the TiO2

nanoparticles, and prevent the formation of cavities during solvent evaporation. Therefore,
the charge transfer at the electrode/electrolyte interface and the electron lifetime within the
pertinent cell were significantly improved, and the conversion efficiency of the solid-state DSSC
with PEBII electrolyte reached 5.93%, measured at 100 mW cm-2. Furthermore, by coupling a
photoanode containing double layer mesoporous TiO2 beads, the PEBII electrolyte rendered
its DSSC an enhanced cell efficiency up to 6.70% with a VOC of 760 mV, JSC of 16.60 mA cm-2,
and FF of 0.53 [40]. Chang et al. [41] synthesized a novel polymeric IL, poly(1-(2-acryloyloxy-
ethyl)-3-methyl-imidazol-1-ium iodide (poly(AMImI), Figure 5o), by using an atom transfer
radical polymerization (ATRP) method. The monomeric IL, 1-(2-acryloyloxy-ethyl)-3-methyl-
imidazol-1-ium iodide (AMImI), possessed a 2-acryloyloxy-ethyl functional group anchoring
on 1-methylimidazolium iodide IL. The 2-acryloyloxy-ethyl functional group served as the
self-polymerization site. The solid-state DSSC with poly(AMImI)-based electrolyte reached
the 1.16%. By adding multi-wall carbon nanotubes (MWCNTs) into the poly(AMImI)-based
electrolyte, the pertinent DSSC achieved 3.55% with a VOC of 646 mV, JSC of 8.51 mA cm-2, and
FF of 0.64.

Recently, our group (Chang et al. [42]) synthesized a novel polymeric IL, poly(oxyethylene)–
imide imidazolium iodide (POEI–II, Figure 5p). The synthetic pathway to POEI–II was
depicted in Figure 9. A poly(oxyethylene)–segmented oligo(imide) (POEI) functional group
incorporated with two 1–butylimidazolium iodide ILs at both ends of POEI. The POEI
possessed aromatic imides and hydrophilic POE segments with multiple dipole-dipole
interaction sites, which rendered POEI–II a high solubility in aqueous solutions as well as in
organic solvents. The POE segment in the POEI–II could chelate lithium cations (Li+) within
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the electrolyte to improve the VOC value of a DSSC and enable the strong inner π-π and long-
pair-π electron interactions to enhance the ionic conductivity and the diffusivity of POEI–II.
Consequently, the quasi-solid-state DSSC with POEI–II gel electrolyte reached a high cell
efficiency of 7.19%. In addition, MWCNTs were incorporated into POEI–II gel electrolyte
(Figure 10) as the extended electron transfer material (EETM) to facilitate charge transfer from
counter electrode to redox mediator, which benefited the dye regeneration more efficiently.
Meanwhile, the POE segments on POEI–II could prevent the MWCNTs from aggregation,
which made the well dispersed MWCNTs to largely expose to I-/I3

-redox mediators and thereby
gave more charge transfer active sites. The highest cell efficiency of 7.65% was achieved by
using the MWCNTs/POEI–II gel electrolyte and showed an unfailing durability of greater than
1,000 h under 50 oC as shown in Figure 11.

Figure 10. Photographs of the (a) pristine POEI–II, (b) POEI–II gel electrolyte, and (c) POEI–II/MWCNTs gel electrolyte
[42].

Figure 9. Synthetic pathway to poly(oxyethylene)–imide imidazolium iodide (POEI–II) [42].
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Figure 11. At–rest durability data of the DSSCs (stored in dark at 50 oC) with POEI–II/MWCNTs gel electrolyte and
with an organic solvent electrolyte [42].

Table 2 is a partial list of the DSSCs’ performance containing above novel functional IL
mediators in the quasi/all-solid-state electrolytes.

ILs Quasi/All-solid-state Electrolytes Dye
η
(%)

VOC

(mV)
JSC

(mA cm-2)
FF

Durability
(% to the
initial η)

Ref.

SD1
0.12 M SD1, 0.03 M I2, 0.1 M TBP,
0.12 M LiTFSI, 0.012 M EMIB(CN)4

in EtOH
N719 1.43 726 3.10 0.64 N.A. [25]

SD2
0.12 M SD2, 0.03 M I2, 0.1 M TBP,
0.12 M LiTFSI, 0.012 M EMIB(CN)4

in EtOH
N719 2.85 718 6.23 0.64

84% (after 1
month)

[25]

PMIm PMIm MK2 6.30 710 12.65 0.70
100% (after
1500 h)

[26]

1 1/I2/LiI/EMIBF4 = 5/1/1.25/0.25 MK2 6.63 660 13.77 0.73
100% (after
1000 h)

[27]

HEII
HEII/I2/LiI/NMBI/MPII =
12:1:3:10:0.5

MK2 7.45 733 14.66 0.69 96% (after 1500 h)[28]

DEII For WE: DEII; For CE: DEII/I2 = 6:1 FNE29 6.50 633 16.29 0.63 N.A. [29]

ILMC
0.1 M I2, 0.1 M LiI in PMII/ILMC
(v/v = 3/1)

N719 6.99 640 15.28 0.72
100% (after
1000 h)

[30]
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ILs Quasi/All-solid-state Electrolytes Dye
η
(%)

VOC

(mV)
JSC

(mA cm-2)
FF

Durability
(% to the
initial η)

Ref.

[BuPyIm]Br
0.1 M [BuPyIm]Br, 0.2 M I2, 0.14 M
GuSCN in PMII/EMISCN (v/v =
13/7)

Z907 5.67 640 13.60 0.66
96% (after 60
days)

[31]

MSII MSII/I2/BI/GuSCN (24/2/2/0.4) DPP-I 3.23 600 8.97 0.61 N.A. [32]

SSBI
0.05 M I2, 0.1 M LiI, 0.5 M TBP,
0.053 M SSB, 0.22 M diiodoalkane
in MPN

N719 5.00 710 11.20 0.63 52% (after 1000 h)[33]

Si-IL Si-IL D5 1.25 680 2.80 0.65 N.A. [34]

PEAII PEAII N3 5.29 838 9.75 0.65 85% (after 1000 h)[35-37]

P-HI
20 wt% of P-HI in HMII/AMII/
NMBI/GuSCN (8/8/1.2/1.2)

N3 6.95 643 15.10 0.72 N.A. [38]

PEBII PEBII N719 6.70 760 16.60 0.53 N.A. [39-40]

poly
(AMImI)

0.5 wt% MWCNT/AMBImI, 0.05
M I2, 0.17 M NMBI, 0.013 M
GuSCN, and 1 g poly(AMImI) in
ACN

N3 3.55 646 8.51 0.64 N.A. [41]

POEI–II
5 wt% MWCNTs, 0.1 M LiI, 0.05 M
I2, 0.5 M TBP, and 0.3 M POEI–II in
ACN/MPN (v/v = 1/1).

N719 7.65 784 14.50 0.67
100% (after
1000 h)

[42]

Note: 1-ethyl-3-methylimidazolium tetracyanoborate (EMIB(CN)4), ethanol (EtOH), 1-methyl-3-ethyl-imidazolium
tetrafluoroborate (EMIBF4), 1-methylbenzimidazole (NMBI), 1-Ethyl-3-methyl-imidazolium thiocyanate (EMISCN),
benzimidazole (BI), 1-hexyl-3-methylimidazolium iodide (HMII), 1-allyl-3-methylimidazoliumiodide (AMII), 1-(2-
acryloyloxy-ethyl)-3-methyl-benzoimidazol-1-ium iodide (AMBImI)

Table 2. A partial literature review of the DSSCs’ performance containing the novel functional IL mediators in the
quasi/all-solid-state electrolytes.

3. Summary and future prospects

Traditional ILs are organic salts basically composed of variable cation-anion unions that exhibit
low volatility accompanying with high thermal stability, excellent electrochemical stability,
and high ionic conductivity. These characteristics of ILs create the possibility of designing ideal
electrolytes for DSSCs. Recently, the development of new classes of functional group-substi‐
tuted ILs, i.e. conductive ILs, dual redox mediators-based ILs, and polymeric ILs, etc., has been
demonstrated as a promising strategy to further enhance the efficiency and the long-term
stability of ILs electrolyte-based DSSCs. In this chapter, we mainly review the recent researches
on the topic of new classes of ILs used as the electrolyte in DSSCs, and our last relevant works
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are also introduced for comparison. The new classes of ILs employed in the electrolytes of
DSSCs are divided into two sections: (i) the applications in liquid electrolytes in DSSCs and
(ii) the applications in quasi/all-solid-state electrolytes in DSSCs.

Among section (i), our group synthesized a novel IL with TEMPO-imidazole complex coupling
with I-, namely JC-IL, for preparing the liquid electrolyte for DSSCs. Due to its dual redox
mediators of nitroxide radical (N-O.) and I-, this kind of electrolyte exhibited not only faster
regeneration rate toward oxidized dye but also the more positive redox potential in DSSCs
than the traditional electrolyte containing only I-redox mediator. As a result, the DSSC with
JC-IL-based liquid electrolyte showed a good cell efficiency of 8.12% with remarkably high
VOC of 858 mV. Based on the structure of JC-IL, we further exchanged I-to SeCN-for synthesizing
an iodide-free IL mediator coded as TISeCN. The combination of the dual charge transfer
mediators, i.e. N-O. and SeCN-, in the TISeCN-based liquid electrolyte could facilitate the
charge transportation within the electrolyte and greatly reduced the energy loss in the cell,
such as charge recombination, usually occurring in a DSSC with I-/I3

-redox couple. An
impressive cell efficiency of 8.38% with a high VOC of 854 mV, JSC of 14.70 mA cm–2, and FF of
0.67 was achieved for the iodide-free DSSC by using the TISeCN-based liquid electrolyte.

In section (ii), an polymeric IL, POEI-imidazole complex coupling with I-(coded as POEIII),
was synthesized for preparing the gel electrolyte for quasi-solid-state DSSCs. Herein, POEIII,
which acted simultaneously as a redox mediator for dye regeneration and a gelator for the
solidification of organic solvent-based electrolyte, was used to improve cell durability. The
presence of the POE segment in the POEIII could chelate lithium cations (Li+) within the
electrolyte to improve the VOC of a DSSC and enable the strong inner π-π and long-pair-π
electron interactions to enhance the ionic conductivity and the diffusivity of redox couple
within the gel electrolyte. Consequently, the quasi-solid-state DSSC with POEIII gel electrolyte
reached a high cell efficiency of 7.19%. In addition, appropriate amount of MWCNTs were
incorporated into POEIII gel electrolyte as the extended electron transfer materials to facilitate
charge transfer from counter electrode to redox mediator, which benefited the dye regenera‐
tion more efficiently. Meanwhile, the POE segments in POEIII could prevent the MWCNTs
from aggregation, which made the well dispersed MWCNTs to largely exposed to I-/I3

-redox
mediators. The highest cell efficiency of 7.65% was achieved by using the MWCNTs/POEIII
gel electrolyte and showed a unfailing durability of greater than 1,000 h under 50 °C.

Up to now, most quasi/all-solid state DSSCs with IL electrolyte achieved relatively low cell
efficiency as compared to the traditional DSSCs with liquid electrolyte. Despite the former
system which showed superior durability than that of the latter, the cell efficiency indeed needs
to be further improved because both stability and solar-to-electricity efficiency are the two
essential criteria for a good DSSC. Besides, iodine-free electrolyte is desirable for developing
flexible DSSCs where a metal substrate is prone to corrosion by iodine. Accordingly, in the
future, we can synthesize a novel IL with TEMPO-Imidazole-POEI complex coupling with
SeCN-for preparing an iodine-free and quasi-solid state electrolyte for DSSCs. This kind of
multi-functional ILs could potentially provide dual channels for charge transportation within
the DSSCs, and simultaneously acts as a gelator for the solidification of organic solvent-based
electrolyte. This idea would be a key issue for future study.
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