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Preface

Concerns with ionic liquids are one of the most interesting and rapidly developing areas in
modern physical chemistry, materials science, technologies, and engineering. Increasing
attention has also been paid to the use of ionic liquids in the research fields of biological
aspects and natural resources. This book provides the forum for dissemination and
exchange of up-to-date scientific information on theoretical, generic, and applied areas of
ionic liquids. It, therefore, tends to review recent progresses in ionic liquid research on
fundamental properties, solvents and catalysts in organic reactions, biological applications,
providing energies and fuels, biomass conversions, functional materials, and other
applications. I trust that this book will provide an active source of information for research
in ionic liquid science and engineering.

Prof. Dr. Jun-ichi Kadokawa
Kagoshima University

Kagoshima, Japan
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Chapter 1

The Dynamical Properties on Ionic Liquids: Insights
from Molecular Dynamics Study

Tateki Ishida

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51652

1. Introduction

Ionic liquids (ILs) have attracted many researchers in the areas including physics and chem‐
istry because of their characteristics that are different from conventional molecular liquids
and, today, ILs have been one of interesting subjects of scientific study. ILs are consisted of
ions and liquids at or near room temperature, and show negligible vapor pressure, thermal
and chemical properties, and so on [1-8]. Also, ILs have been widely used as solvents for
organic reactions with the expectation of high yields [1]. Most interesting features of ILs can
be attributed to remarkable interionic interactions, and these can be an important key factor
to study the characteristics of ILs at molecular level. From the results of both experimental
and theoretical investigations, it has been recognized that the interionic interaction of ILs
could determine physical and chemical properties.

From an experimental side, both femtosecond optically heterodyne-detected Raman-in‐
duced Kerr effect spectroscopy (OHD-RIKES)[3, 9, 10] and THz time-domain spectroscopy
(THz-TDS)[11, 12] have been applied to investigate the intermolecular vibrational dynamics
in ILs. In particular, with OHD-RIKES studies, the possibility to control a property such as
shear viscosity by substituting an atomic element in an ionic unit has been reported [13, 14].
On the other hand, from theoretical and computational viewpoints in recent years, ILs have
been chosen to study static properties such as structural and thermophysical proper‐
ties[15-18] and novel interionic dynamics under solvation dynamics [19-21], dynamical
properties [22-26], and Kerr spectra analyses [14, 27]. It has been suggested from the simula‐
tion studies by Ishida et al. [14] that interionic properties in ILs could be effectively adjusta‐
ble by substituting an atomic unit in an ion unit in addition to a combination of cations and
anions. Also, it has been pointed out that the interplay of motions between cation and anion
species could play an important role in specific interionic interactions of ILs.[28]

© 2013 Ishida; licensee InTech. This is an open access article 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.

© 2013 Ishida; licensee InTech. This is a paper 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.



Now, we can consider two factors important to understand specific interionic interactions in
ILs. One is the interionic interaction depending on specific correlations such as cross-correla‐
tion terms between cations and anions, and the other is polarization effects due to many-
body interactions caused by cations and anions in ILs. While a large number of experimental
approaches have been applied to investigate these subjects, molecular-level understanding
of many specific properties of ILs has been left unresolved. Obviously, theoretical researches
are suitable to tackle these problems to which experimental procedures are not accessible.
Thus, it is expected that such computational method as molecular dynamics (MD) simula‐
tions enables us to obtain significant information of ILs, utilizing the force field with well-
parameterized potential functions and partial charges [29].

With the MD simulation procedures, it is possible to study the effects of the cross-correla‐
tions on dynamic collective motions of ions in ILs which are considered to govern the
strength and behavior of couplings between ionic motions through interionic interactions
[28]. The computation of the time correlations of velocity and momentum between a tagged
ion and other unlike ions at different distances provides cross-correlation and momentum
correlation functions [28, 30, 31]. Utilizing these calculated functions, we can investigate not
only interionic interactions at molecular level but also how collective motions in ILs can pro‐
ceed accompanied by the momentum transfer between ions in the target IL system.

On the other hand, electrostatic interactions between ions in ILs could be modulated due to
many-body interactions and, then, it could emerge as polarization effects caused by the distor‐
tion of electron densities under anisotropic environment in ILs. It has been pointed out that the
inclusion of polarization effects is significant to investigate the characteristics of ILs in structur‐
al and dynamical properties [23, 24]. Therefore, it is required for us to carry out the MD simula‐
tion, introducing such procedures as a point dipole model and a polarization energy term into
the total potential energy representation of the system [32]. In addition to electrostatic interac‐
tions, describing the variation and relaxation of the polarizability anisotropy of ILs is impor‐
tant to investigate dynamics in ILs. For achieving this, we need to compute time-dependent
polarization effects on a target system due to environmental effects in ILs. Theoretically, when
we would take polarizability anisotropy into account, to track the change of molecular polariz‐
ability tensor partly dependent on molecular orientations such as rotational motions would be
required. With the calculation of the time correlation function (TCF) of off-diagonal elements
of the total polarizability of the system, we can investigate collective properties with the result
of the polarizability anisotropy relaxation of the system.

In this chapter, we choose a 1-butyl-3-methylimidazolium cation based ILs with hexafluoro‐
phosphate anion, [BMIm][PF6], and bis(trifluoromethylsulfonyl)amide anion, [BMIm][NTf2],
as target systems. (See Figure 1 for all the molecular structures of [BMIm] +, [PF6]– and
[NTf2]–.) Firstly, we focus on the collective properties of [BMIm][PF6] with the cross-correla‐
tion functions of ionic species in the IL and polarization effects on ionic motions. As a sec‐
ond, we investigate dynamical properties of [BMIm][NTf2]. Below, we start from the
explanation for the velocity cross-correlations of a central atom with neighboring atoms.
Then, we show how to evaluate both cross-correlation and momentum correlation functions
of the target IL. In addition, we describe the introduction of a polarization energy term and
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the procedure to calculate induced dipole moments and the polarization energy. Following
those, the theoretical background of polarization TCFs is given. Computational details are
also summarized. In later sections, we discuss polarization effects on interionic interactions
and specific properties related to those based on the MD simulation results. We show com‐
putation results obtained from performing MD simulation and computing the polarization
TCF with the dipole-dipole (DID) approximation [4,5]. Also, we examine the relation be‐
tween the anisotropic polarizability relaxation and collective motions of ionic species. Last‐
ly, we discuss relaxation processes of ILs including an explanation of important points in
studying dynamical properties on ILs.

Figure 1. Molecular structures and definitions of body-fixed coordinate axes: (a) [BMIm]+, (b) [PF6]– and (c) [NTf2]–. (See
text.) In [BMIm]+, the Y direction is along the line connecting two nitrogen (blue colored) atoms in the ring, and the Z
direction is set perpendicular to the ring plane and the Y direction axis. The X directionis set in the ring plane orthogo‐
nal to both the Y and the Z axes. In [PF6] –, the X, Y, and Z direction axes are set equivalently. In [NTf2]–, the Y axis is
along the line connecting two sulfurs (dark yellow colored), and the Z axis is set perpendicular the S-N-S plane and the
X axis. The X axis is set in the S-N-S plane orthogonal to both the Y and Z axes.

2. Tracking Ionic Motions Through Interionic Interactions: Cross-
Correlation, Polarization Effects, and Dynamical Properties

As mentioned in the previous section, for many problems of ILs to which experimental pro‐
cedures are not accessible, theoretical investigations with computer simulation procedures
are promising and suitable to obtain detailed information at molecular level. In particular,
specific correlations such as cross-correlations between cations and anions seem not to be
feasible to detect experimentally, but the MD simulations enable us to evaluate those. Also,
for tracing dynamics in ILs such as librational and reorientational dynamics of ionic species,

The Dynamical Properties on Ionic Liquids: Insights from Molecular Dynamics Study
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cross-correlated ionic motions, and the influence of polarization coming from many-body ef‐
fects caused by cations and anions in ILs from a microscopic point of view, the MD simula‐
tions are considered to be one of useful and powerful tools. In this chapter, we will show
and explain the dynamical properties on ILs based on MD simulation results taking into
consideration mainly following points:

1. how can cross-correlated ionic motions in ILs be modified by interionic dynamics and
electronic polarizability effects ?

2. how can the collective dynamics through interionic interactions in ILs be tracked by
computer simulation procedures ?

3. what kinds of properties with simulation data do we have to check and care in the in‐
vestigation of dynamical properties of ILs ?

4. what kinds of subjects of ILs can be or should be investigated theoretically, considering
important properties of ILs experimentally observed ?

The items 1 and 2 are main parts in this chapter, including the key results mentioned above.
The item 3 is considered to be important for suggesting (or notifying) attention to researchers
who are working on analyzing the dynamical properties on ILs. The item 4 includes future per‐
spectives. In particular, we will show and discuss new aspects of ILs in each section related to
the items 1, 2, and 3. Also, some of theoretical backgrounds and computational procedures for
studying the dynamical properties of ILs are given in each related section, below.

At first, let us consider following points:

1. how can the collective dynamics through interionic interactions cause the unique physi‐
cal and chemical properties of ILs ?

2. how can interionic dynamics be modified by electronic polarizability effects ?

The former includes the investigation of the contribution of ionic motions due to Coulombic
interactions to velocity cross-correlation functions. In particular, through the analysis of the
longitudinal and nonlongitudinal contributions to the velocity cross-correlation function in
ILs, we will be able to investigate interionic interactions in detail. Also, important properties
for physical and chemical interests such as case effects seems to be within the scope of
unique collective dynamics in ILs. The later covers the relation between polarizability corre‐
lation functions and interionic interactions for ILs. To investigate these points, we can utilize
useful information for static properties obtained from computer simulations, but those are
not often enough to extract the details of specific interactions.

Here, we give an example that it is difficult for us to find the importance of the interactions be‐
tween cation and anion species only from static properties. Figure 2 displays the computed ra‐
dial distribution functions, g(r), comparing non-polarizable model with polarizable model
[28]. As shown in the figure, we can observe only small difference in RDFs between two mod‐
els, except that the g(r) of cation-anion is different from those of cation-cation and anion-anion
as easily deduced. But, obviously, it is not feasible for us to observe information other than
strong spatial correlations and sequential ordering of cation and anion pairs. In addition, the

Ionic Liquids - New Aspects for the Future6
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analysis of averaged static structures such as RDFs is not enough to investigate remarkable po‐
larization effects such as screening effects influenced by polarization. Below, we give a sche‐
matic explanation and discuss that to consider interionic interactions with cross-correlation
analyses is important to investigate the interplay between cation and anion species in ILs, and
it is shown that the cross-correlation analyses provide contrastive features.

Figure 2. Radial distribution functions (rdfs) for the center of mass of [BMIm][PF6] for both nonpolarizable (np) and
polarizable (p) models: (a) [BMIm]+ - [PF6]– and (b) [BMIm]+ - [BMIm]+ and [PF6]– - [PF6]–.

Different  from a usual  velocity  autocorrelation functions (VACF),  cross-correlation func‐
tions describe interactions between unlike (ionic) species (that is, between a cation and an
anion in  ILs)  and show opposite  features  to  VACFs.  In  Figure  3,  these  features  are  ex‐
plained schematically. Here, it should be emphasized that cross-correlation functions pro‐
vide more information on interionic interactions than that static properties such as RDFs
include. As seen in Figure 3 ((a) and (b)), the variation of cross-correlation function corre‐
lates with the alteration of the VACF. In particular,  the cross-correlation function shows
the increasing toward the maximum peak where the VACF approaches a minimum point.
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These features indicate that it is possible for us to track the time evolution of cross-corre‐
lations (between cation and anion species in ILs) as collective dynamics. In addition, it is
observed in  Figure  3  ((c))  that  a  particle  (ionic  species)  is  bouncing back and forth  be‐
tween like and unlike particles (ions). This implies collective (ionic) motions between co‐
ordination  shells,  thus,  it  is  indicated  that  not  only  interionic  interactions  but  also
momentum transferring among ionic species could be extracted by analyzing cross-corre‐
lation functions. Also, considering that these cross-correlation functions could be modulat‐
ed by the strength of  interionic interactions and the coupling between cation and anion
motions, cross-correlation functions would be largely influenced by polarization effects.

Figure 3. Schematic explanation for a cross-correlation and a VACF: (a) short-time region: an ion approaches a coun‐
ter ion, and, at the same time, the VACF decreases, (b) the cross-correlation functions start decreasing after the maxi‐
mum (see text) and (c) bounced ions again approaches counter ions.

On the other hand, as another type of the appearance of interplay between cross-correla‐
tion and polarization effects,  we consider the polarizability anisotropy and its relaxation
of an IL system. These correspond to the variation of the sum of molecular polarizability
depending on time. Therefore, it  is required to compute the change of molecular polari‐
zablity on each molecule due to interionic interactions and interaction-induced multipole
effects. Obviously, it is expected that molecular polarizabilites are influenced by interionic
cross-correlations.  In later sections,  we introduce the theoretical  background of polariza‐
bility TCF and its application to the study of ILs, and show how degree these are effec‐
tive and discuss the importance of considering cross-correlations.

3. Theoretical Background

Here, we introduce cross-correlation functions, and then, give an explanation of a polariza‐
ble model and polarizability time correlation function. Computational details are also given.
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3.1. Cross-Correlation Function

A velocity autocorrelation function (VACF) is defined for calculating the velocity correlation
of a same particle as follows,

( ) 1C v ( ) v (0) v (0) v (0)i i i it t -= × × (1)

where vi(t) is the velocity of i-th species. Different from the VACF, the time cross-correlation
functions between the velocity of a central species i and the velocity of a neighboring species
j different from the particle i is defined as follows [30, 31],

( ) ( )2 2
1/2

CR v (0) v ( ) v v
n

ij
n i j i jt t

-
= × (2)

where vi(t) is the velocity of the species i and vj(t) is the velocity of the species j. vi2 and vj2

represent the mean square velocities. Here, it should be noted that  n represents a restricted
statistical average [30, 31],

( )( ) ( )( )v (0) v ( ) v (0) v (0) 0 0 /i j i j ij ijn n n n
j

t r a b r Nq q× = × - × -å (3)

where θ represents the step function. a n and b n are set as the positions of the nth minima of
the radial distribution function of the system, g(r). The N n in Eqs. (2) and (3) is the coordina‐
tion number in the region between r = a n and b n. as follows,

( )24
n

n

b
n a

N r g r drpr= ò (4)

where ρ is the number density of the system.

Here, we can define the cross-correlation in ILs as that between a centered cation and the
total contribution of other anions [28, 30],

( ) ( )2 2 1/2CA
C A C ACR v (0) v ( ) v v

nn nt N t
-

= × (5)

where “C” and “A” in super- and subscript represent cation and anion, respectively. By in‐
terchanging “C” and “A” in super- and subscript in the above equation, we can easily derive
the formulation for the cross-correlation between a centered anion and other cations.

Also, with the computation of the cross-correlation functions between the velocity of a cen‐
tral ion and velocities of neighboring distinct ions, we can analyze the momentum transfer
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between distinct ions in ILs. Introducing the momentum correlation function [28, 31], the
transfer of the momentum of a cation to distinct cations and anions is defined as follows,

( ) ( )( )
( ) ( )

1C( ) CC CA 2

(CC) (CA)

(0) ( ) (0) ( )
n n

total
n n n

cation cation cation anion
n n

P t N p p t N p p t p

P t P t

-
+ + + - +

® ®

= × + ×

= +
(6)

where p + and p ‒ mean the momentums of cation and anion, respectively. The transference
of momentum of an anion to distinct anions and cations, P n A(total) (t), is also given as follows,

( ) ( )( )
( ) ( )

1A( ) AA AC 2

(AA) (AC)

(0) ( ) (0) ( )
n n

total
n n n

anion anion anion cation
n n

P t N p p t N p p t p

P t P t

-
+ + + - +

® ®

= × + ×

= +
(7)

3.2. Polarization Effects

3.2.1. A Polarizable Model

Here, we introduce a polarizable model considering induced dipole moments and explain
the  procedure  for  computing induced dipole  moments  and the  many-body polarization
energy [33-35].

The total potential energy of the system under the resulting polarizable force field is defined
as follows,

tot bond nonbond polV V V V= + + (8)

where the terms V bond and V nonbond are intra- and intermolecular interaction energies. The po‐
larization energy, V pol, is decomposed into the three terms as follows,

pol charge dipole dipole dipole selfV V V V- -= + + (9)

where the charge-dipole contribution, V charge-dipole, the dipole-dipole contribution, V dipole-dipole,
and the self-polarizability term, V self, are defined, respectively, as

charge dipole i i
i

V Em- = - ×å (10)

dipole dipole i ij j
i j

V Tm m-
>

= × ×å (11)
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1
2self i i

ii

V m m
a

= ×å (12)

In the above equations, E i is the electric field on atom i, produced by the partial charges of
all other surrounding atoms, and μi represents the induced dipole moment on atom i. Also,
αimeans the isotropic atomic polarizability of atom i. In Eq. (11), the T ij, is the dipole field
tensor element defined as follows,

3 2

31 1 ij ij
ij

ij ij
T

r r

é ù
ê ú= -
ê úë û

r r
(13)

where r ij = r i – r j. The induced dipole moment on atom i is given by

i i i ij j
j i

E Tm a m
¹

æ ö
ç ÷= -
ç ÷
è ø

å (14)

With Eqs. (10), (11), and (12), the polarization energy, E pol, is summarized as follows,

1
2pol i i

i

V Em= - ×å (15)

3.2.2. Polarizability Time-Correlation Function (TCF)

The polarizability anisotropy of the system can be tractable by calculating the TCF of off-
diagonal elements of the total polarizability. Here, the theoretical background of the polariz‐
ability TCF is summarized briefly.

At first, we define the total polarizability of the system, Π(t), that is the sum of the molecu‐
lar polarizability, ΠM (t), and the interaction-induced polarizability, Π II(t), as follows,

( ) ( ) ( )t t tM IIP = P + P (16)

where t represents the time dependence, and subscripts M and II mean the molecular part
and the interaction-induced part, respectively. The molecular part is given by the sum of the
polarizability tensors of isolated gas phase molecular polarizability in the laboratory frame,
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1
( ) ( )

N

i
i

t taM

=
P = å (17)

where N is the number of molecules, and αi is the polarizability tensor of molecule i. For the
formulation of the interaction-induced part, we employ the dipole-induced-dipole (DID)
model approximation [36, 37], which assumes that the molecular polarizabilities are modi‐
fied due to a dipolar coupling with the influence of higher order unconsidered. The interac‐
tion-induced polarizability in the DID approximation is given as follows,

II

1
( ) ( ) ( ) ( )

N N

i ij j
i j i

t t T t ta a
= ¹

P = × ×å å % (18)

where T ij means the dipole interaction tensor between molecules i and j. α̃ i(t)is the effec‐
tive polarizability for molecule i defined by the following equation including the interac‐
tion-induced effects,

( ) ( ) ( ) ( ) ( )
N

i i i ij j
j i

t t t T t ta a a a
¹

= + × ×å% % (19)

Equation (19) can be solved by the calculation procedure that is called the all-orders DID ap‐
proximation [37]. It should be noted that the DID model employed here assumes a center-
center DID model, where it recognizes the polarizability as concentrated in the center of
mass of the molecule.

Here, we give the representation of the total system polarizability including the cationic and
anionic components [14, 27],

C A( ) ( ) ( )t t tP = P + P (20)

where the superscripts C and A represent cation and anion species, respectively. Referring
to Equations. (16), (17), and (18), the Π C(t) and Π A(t) defined as follows,

C C(M) C(II)

1
( ) ( ( ) ( ))i i

i
t t ta a

=
P = +å (21)

A A(M) A(II)

1
( ) ( ( ) ( ))j j

j
t t ta a

=
P = +å (22)
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where the indices k and l go over all cations and anions, respectively. Then, the total polariz‐
ability of the system, Π(t), can be rewritten, as follows,

( )

( ){ } ( ){ }
( )

C A

C C A A

C A C A

1
( ) Tr ( ) ( )

3
1 1

( ) Tr ( ) ( ) Tr ( )
3 3

1
Tr ( ) ( ) ( ) ( )

3

t t t

t t t t

t t t tb b

P = P + P

+ P - P + P - P

= P + P + +

I

I I

I

(23)

Where β C(t)= {Π C(t)− 1
3 Tr(Π C(t))I }and β A(t)= {Π A(t)− 1

3 Tr(Π A(t))I }and I is the unit ten‐
sor. Finally, the polarizability TCF, ϕ(t), can be rewritten as follows,

( ) ( )
( ) ( )
( ) ( )

C A C A

C C A A

C A A C

C A C-A

( ) Tr (0) (0) ( ) ( )

Tr (0) ( ) Tr (0) ( )

Tr (0) ( ) Tr (0) ( )

( ) ( ) ( )

t t t

t t

t t

t t t

f b b b b

b b b b

b b b b

f f f

= + × +

= × + ×

+ × + ×

= + +

é ù
ë û

(24)

where

ϕ C(t)= Tr(β C(0)⋅β C(t))
ϕ A(t)= Tr(β A(0)⋅β A(t))

ϕ C−A(t)= Tr(β C(0)⋅β A(t)) + Tr(β A(0)⋅β C(t))

The nuclear response function, R(t), is represented as the time derivative of the polarizabili‐
ty TCF,

1
( ) ( )

B

R t t
k T t

f
¶

= -
¶

(25)

3.3. Computational Details

Utilizing the sets of force field parameters for [BMIm]+, [PF6]– and [NTf2]– [38-40], MD simu‐
lations have been performed with the DL_POLY molecular dynamics suite [41]. In all the
simulations, all the stretching bonds were constrained with the SHAKE algorithm [42]. 125
ion pairs (4000 atoms for [BMIm][PF6] and 5000 for [BMIm][NTf2]) were set in a cubic box
under the periodic boundary condition. The lengths of cubic box size were set to be 35.47
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and 38.46 Å to reproduce the experimental data of the densities of [BMIm][PF6] and [BMIm]
[NTf2] at 298 K [13, 43]. 12 Å was set as cutoff length. The time step was 2 fs. The long-range
Coulomb and polarization terms were computed with the Ewald’s summation technique
[44]. Firstly, each system was equilibrated at 600 K for 15 ns in the NVE run and then succes‐
sively cooled down to 298 K in several stages using velocity scaling. Then, 20 ns NVT run
for equilibration at 298 K was carried out. After these equilibration runs, trajectories were
recorded every 20 fs (50 fs for [BMIm][NTf2]) and collected during 10 ns (20 ns for [BMIm]
[NTf2]) production runs. For atomic polarizabilities, from the literature [45, 46], we adopted
1.152, 0.705 and 0.0885 Å3 for the C, N, and H atoms of the cation, respectively, and 0.121
and 3.630 Å3 for the F and P atoms of the anion, respectively. We considered the distance
and vector between the atomic sites of distinct molecules in the dipole interaction tensor,
T=(I −3r̂ r̂) / r 3, wherer̂ = r / rThen, the range of the attenuation of dipolar interactions at
short distances, s, was evaluated with the Thole’s definition [47], s = 1.662(αiαj)1/6 with atom‐
ic polarizabilities, αiandαj. Also, the dipole interaction tensor we used is given by [47]

3ˆ ˆT ( 3 ) / ( )r r s= - >I rr (28)

3 4 4 3ˆ ˆT (4a 3a ) 3a / ( )r r sé ù= - - £ë ûI rr (29)

where a = r/s. Equation (14) is solved with an iterative procedure at each time step, and then,
the criterion value of iterative solution for induced dipole moment was set to 0.001 D. For
the computation of the polarizability TCF of [BMIm][NTf2], we used molecular polarizabili‐
ties of 14.372 Å3 for [BMIm]+ and 11.259 Å3 for [NTf2]–.[48] The body-fixed coordinate axes
set in the cation and the anion are shown in Figure 2. For more computational procedures in
detail, interested readers should refer to references [14] and [28].

4. Cross-Correlation, Momentum Correlation, and Polarization Effects

The  computed  velocity  cross-correlation  functions  [28]  are  shown  in  Figures  4  and  5.
These  figures  show  the  comparison  of  velocity  cross-correlation  functions  observed
around the cation, [BMIm]+, and the anion, [PF6] –, placed at the center, for both the non‐
polarizable and polarizable models. From the result of the cation-anion RDF in Figure 2,
we selected 3.5, 8.4, 8.4, and 14.75 Å for the value of a1, b1, a2, and b2 in Equation (4) for
the  nonpolarizable  model,  respectively,  and 3.5,  8.5,  8.5,  and 15.0  Å for  the  polarizable
model,  respectively.  With  these  values,  the  first  (C1(t))  and  second  (C2(t))  coordination
shells were specified. It should be noted that the C1(t) between the center anion and dis‐
tinct anions is not shown in Figure 5 because the C1(t) is almost zero corresponding to the
result that the anion-anion RDF result is almost zero at the region of the specified first co‐
ordination shell (see RDFs in Figure 2(b)). Also, it should be noted that the initial values,
Cn(0), are negative since the system size is finite as have been pointed out [30].
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Figure 4. The Calculated velocity cross-correlation functions between the [BMIm]+ set at the center in the first coordi‐
nation shell and [PF6] –, and between the center cation and other cations, including VACF: (a) in the nonpolarizable
model and (b) in the polarizable model.

As shown in Figures 4 and 5, the VACFs are also displayed for comparison. As briefly ex‐
plained in Section 2 with Figure 3, the initial rise of the cross-correlation function, C1(t),
appears toward the maximum for both models, corresponding to the decay of the VACF
to the minimum (see the (a) and (b) in Figure 3). These results indicate that the initial mo‐
mentum of the central ion is gained by neighboring ions immediately after t = 0. In addi‐
tion, following decay profiles (see the (c) in Figure 3) are seen. These are ascribed to the
spread of transferred momentum to the outer coordination shells. The peak height of the
C1(t) in the polarizable model is larger than that in the nonpolarizable model. These sig‐
nificant results indicate that the momentum transfer can be intensified from the more dis‐
tant coordination shells to the first ones due to both the charge-dipole and dipole-dipole
interactions by polarization effects in addition to charge-charge Coulomb interactions. As
the characteristics of the VACF profile, it is noted that the minima of the VACF are locat‐
ed at the positions later than those of the maxima of the velocity cross-correlation func‐
tions for the first coordination shell. These features imply that the momentum transmitted
to the neighbors at the first shell is regained partly by the central cation or anion, bounc‐
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ing back and forth for some time, as have been pointed out in the literature on the com‐
puter simulations of simple liquid binary mixtures [28, 31].

Figure 5. The Calculated velocity cross-correlation functions between the [PF6] – set at the center in the first and sec‐
ond coordination shells and [BMIm]+, and between the center anion and anions, including VACF: (a) in the nonpolariz‐
able model and (b) in the polarizable model.

On the other hand, an interesting feature is seen in the C1(t) between distinct cations (or the
C2(t) for distinct anions). As indicated in Figures 4 and 5, the cross-correlation function for
distinct ions reaches the maximum point earlier than the C1(t) for the cation-anion cross-cor‐
relation, even though the peak height is smaller than that in the cation-anion cross-correla‐
tion function. On these results, it is considered that the alteration of cage effects increases the
probability that a cation (or an anion) meets a distinct cation (or anion) at early time region.

Also, in Figures 4 and 5, it is clearly observed that the cross-correlation function between
distinct like ions is influenced by the modulation of cage effects due to polarization effects
and that its peak height is enhanced in the polarizable model [28]. As shown in Figures 4
and 5, when VACFs pass the value of zero to negative, the cross-correlation functions reach
the maximum point. Thus, this implies that the central cation (or anion) is likely to lose its
initial momentum. In addition, as seen in Figure 5, the peak position of C2(t) is shifted to the
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time region later than that of C1(t). This is consistent with the consideration that the momen‐
tum of the central ion is transferred from the first coordination shell to the second.

Here, we examine the characteristics of the cross-correlation functions. As shown in Figure
6, we consider the decomposition of a cross-correlation function into the longitudinal (de‐
noted as L in the figure), Cn L(t), and nonlogitudinal (denoted as NL in the figure), Cn NL(t),
contributions as follows [28, 31, 49],

L NLCR ( ) CR ( ) CR ( )n n nt t t= + (30)

where CRn L(t) is represented as the velocity cross-correlation along the direction designated
by the center of masses of distinct ions at t = 0. We can compute CRn L(t) with the following
equation [28, 31, 49],

( ) ( )2 2
1/2L L LCR v (0) v ( ) v v

n
n n i j i jt N t

-
= × (31)

where vi L(t) = vi(t)[rij(0)/rij(0)] and vi(t) is the velocity of the ionic species i. Also, rij(0) means
the direction vector between the center of masses of the distinct ions i and j. vi2 and vj2

represent the mean square velocities. CRn NL(t) can be computed with CRn(t) and CRn L(t).
Figure 7 shows the computed Cn L(t) and Cn NL(t) functions for a centered cation at the first
coordination shell (n = 1) both for the nonpolarizable and polarizable models [28]. All the
results indicate that the velocity cross-correlations at the short time region up to 0.4 ps are
predominantly governed by the longitudinal function, Cn L(t).

Figure 6. Schematic explanation of the longitudinal (L) and nonlongitudinal (NL) of a cross-correlation function.

These results clearly indicate that the Coulomb interactions between neighboring ions are
mainly effective on the ionic motions as “driving forces” at the short time. In addition, the
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magnitude of the longitudinal correlation of ions in the polarizable model is larger than that
in the nonpolarizable model. Therefore, it is considered that the longitudinal motions are
strongly affected by polarization effects. On the decay behavior, similar features are ob‐
tained in both models. These indicate that polarization effects on the longitudinal motion
complete mostly at the short time region.

Figure 7. The simulated longitudinal and nonlongitudinal contributions to the velocity cross-correlation function: (a)
in the nonpolarizable model and (b) in the polarizable model.

Next, the computed results of momentum correlation functions [28] are displayed in Figures
8 and 9. As shown in Figures 8 and 9 in common, the initial momentum of the cation (or
anion) is mainly transferred to the close anions (or cations) while the momentum correlation
with distinct cations (or anions) is smaller. These results are consistent with the considera‐
tion that strong Coulomb interactions between the cations and the anions enhance the possi‐
bility of approaching or attracting each other. Also, while the contribution of the momentum
correlation between distinct cations, P1 CC(t), is smaller than that between the cation and
anion molecules, P1 CA(t), the peak height of the P1 CA(t) in the polarizable model is larger
than that in the nonpolarizable model. These results indicate that the transference of the mo‐
mentum between distinct cations could be intensified by both charge-dipole and dipole-di‐
pole interactions coming from polarization effects. As we could observe in the cross-
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correlation functions (see Figures 4 and 5), the maxima of the momentum correlation
functions between distinct cations emerge at earlier time region in comparison with those of
the momentum correlations between cation and anion species.

Figure 8. The calculated momentum correlation functions for the [BMIm]+ at the center in the first coordination shell
with the VACF: (a) in the nonpolarizable model and (b) in the polarizable model.

Based on these results, obviously, it is indicated that the variation of cage effects promotes
the transfer of the initial momentum of the central cation to distinct cations rather than
anions. Then, the cage effects is considered to be weakened by polarization effects, though
the degree of this effect is likely to be relatively small as deduced from the figures.

On the other hand, the momentum correlations for the center anion in Figure 9 show dis‐
tinct  features  from those  for  the  center  cation.  The  momentum correlation  function  be‐
tween  distinct  anions,  P1  AA(t),  indicates  much  smaller  contributions  to  the  total
momentum correlations,  P1(t),  in  both  the  nonpolarizable  and polarizable  models,  com‐
pared with the P1 AC(t). Therefore, these indicate that the initial momentum of the center
anion is mainly transferred to neighboring cations, and the transference between distinct
anions is not enhanced. These are consistent with the consideration that the cation-anion
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interactions promote the propagation of the momentum one after another, as mentioned
in the cation case. In addition, Figure 9 shows more interesting features. Compared with
the results for the central cation in Figure 8, while the P1 AA(t) does not contribute negligi‐
bly to the total momentum correlation in the nonpolarizable model, it indicates character‐
istic  oscillating behavior in the short  time region up to 0.4 ps in the polarizable model,
and the latter has a relatively larger contribution to the P1(t) up to 0.1 ps than in the non‐
polarizable model. This clearly indicates the decrease of cage effects through polarization
effects and implies that the interionic interactions between distinct anions could become
effective by the charge-charge and dipole-dipole interactions [28].

Figure 9. The calculated momentum correlation functions for the [PF6] – at the center in the first coordination shell
with the VACF: (a) in the nonpolarizable model and (b) in the polarizable model.

5. Relaxation Processes and Dynamical Properties

Firstly, the relaxation feature of IL system is examined with the computed polarizability
TCF and its time derivative, and then, we discuss dynamical behavior of cations and anions
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in ILs, and consider what kinds of properties with simulation data we have to check and
care in the study of dynamical properties of ILs.

Figure 10. The computed polarizability TCF for each component (a) and the time derivative of the total polarizability
TCF (b) for [BMIm][NTf2] up to about 3 ns.

Figure 10 shows the computed polarizability TCF for each component and the time deriva‐
tive of the total polarizability TCF for [BMIm][NTf2]. As seen in Figure 10(a), the relaxation
of the polarizability TCFs seems to be slower than in usual liquids. In particular, the relaxa‐
tion of the anion shows faster decay than that of the cation. Also, for each component, it
takes about 2~3 ns to approach toward zero. Thus, this indicates that it is required for us to
perform a production MD simulation run for, at least, a few ns to study the relaxation be‐
havior of the polarizability TCF. Also, as seen in Figure 10(a), the cation-anion cross-correla‐
tion indicates similar variation to the total polarizability TCF. Therefore, the relaxation
behavior of the system strongly correlates with the cation-anion cross-correlation, and it is
emphasized that tracking cross-correlation terms is very important. On the other hand, cor‐
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responding to this result, the time derivative of the polarizability TCF shows long-decay fea‐
ture extending up to the nanosecond times, as seen in Figure 10(b). Considering that the
time derivative of the polarizability TCF is directly related to optical Kerr effect (OKE) re‐
sponse,[14] these results are indicative of how long a MD simulation has to be carried out to
examine the relaxation of the total system polarizability and the OKE response.

The relaxation process of ILs implies long-time dynamics of ILs. In particular, it has been
known that diffusive motion of each ion in ILs at room temperature is usually much slower
than in usual liquids.[1, 16] Therefore, a MD simulation would need to be run for a few ns or
more. Then, we are able to use a procedure to check whether a system is in the diffusive re‐
gime. The procedure is to compute β(t) = dlog(MSD)/dlog(t),[16] where MSD means the mean-

squared displacement (MSD) of the center of mass of ions, ∑
i=1

N
ri(t)− r(0) 2 . In the case that β(t)

= 1, the system is in the diffusive regime, while when b(t) < 1, the system is in the sub-diffusive
regime. In Figure 11, computed β(t)s for [BMIm][NTf2] are shown. These results indicate that
both the cation and the anion reach the β(t) region between 0.8 and 1 (the shadowed area in Fig‐
ure 11) after about 16 ns. This β(t) region is considered to be almost in the diffusive regime.
Therefore, Figure 11 obviously indicates that, for confirming reliable self-diffusivities careful‐
ly, we need to perform a longer MD simulation than about 15 ~ 20 ns.

Figure 11. β(t) (see text) for [BMIm] + and [NTf2]–. Also, see text for the shadowed area.

Figure 12 displays the results calculated for the MSD and, in comparison, the non-Gaussian
parameter, α(t), [50, 51]

24 23 ( ) 5 ( )( ) 1r t r tta = - (32)

where r(t) is the displacement of an ion at time t with respect to its position at t = 0. In Figure
12, the MSDs of [PMIm]+ and [NTf2]– indicate three typical dynamic ranges (regions), respec‐
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tively. Also, the behavior of the short- and long-time regimes of MSD for both the cation and
the anion is similar to each other.

Figure 12. MSDs and non-Gaussian parameters for [BMIm] + and [NTf2]–. See text for the shadowed area.

For [BMIm]+, first region is a microscopic regime until about 10 ps. Second is a crossover
regime (the shadowed area in the Figure 12) until about 3-5 ns, and third regime is a sub-
linear time dependence (sub-diffusive region) toward 20 ns. Also, α(t) has a double peak
structure.  One  is  at  about  0.5  ps  and  the  other  at  about  800  ps.  In  addition,  a  small
shoulder structure emerges at between two peaks. As clearly seen in Figure 12, the short-
time maximum peak corresponds to the microscopic region of the MSD, while the long-
time maximum is located at  around the center of  the crossover regime of the MSD. On
the other hand, for the anion, [NTf2]–,  α(t) has a double peak structure similar to that of
the cation. In particular, the long-time maximum peak is slightly shifted to about 300 ps,
while the short-time maximum is locacted at the almost same time region as the cation.
The time regime where the long-time maximum appear, is in good accord with those of
[BMIm]+,  as shown in Figure 12. Therefore, considering that the magnitude of the devia‐
tion  from  the  Gaussian  behavior  is  remarkably  larger  for  [BMIm]+  than  for  [NTf2]–  as
shown in Figure 12, it is expected that the relaxation behavior of the cation in perturbed
[BMIm][NTf2] IL might be largely different from that of the anion. This consideration im‐
plies the possibility for us to find a distinct relaxation process in the OKE response (com‐
pare Figure 10 with Figure 12). Also, it should be noticed that the diffusive regime (linear
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time-dependence region) after about 10 ns in Figure 12 coincides with the diffusive region
in Figure 11 (after about 16 ns) for both the cation and the anion.

In particular,  the shadowed area in Figure 12 covers the time range of the full  width at
half  maximum (FWHM) of  the second peak of  α(t).  As pointed out  previously,[52]  this
FWHM range is likely to include a slow decay region usually known as the α relaxation
which is  characteristic  of  glass-forming supercooled liquids in general.  Also,  recently,  it
has been reported that similar behavior could appear for ILs at room temperature.[51, 53,
54]  Therefore,  we had better  study the α relaxation in  ILs  with the observations of  the
non-Gaussian  parameter  in  addition  to  information  on  spatial  relaxation  such  as  inter‐
mediate  scattering  function.  Also,  it  is  suggested  that,  when  we  investigate  dynamical
properties  of  ILs,  the  crossover,  the  sub-diffusive,  and the diffusive regimes have to  be
carefully examined, as one of criterions for reliable research. Thus, only with a long-time
MD simulation,  it  is  considered that  we are  able  to  investigate  dynamical  properties  of
ILs to which experimental procedures are not accessible.

6. Conclusion

In this chapter, we introduced cross-correlation function analyses with a polarizable model,
polarizability TCFs for investigating the relaxation behavior of ILs, and some of procedures for
studying dynamical properties. We showed the importance of considering cross-correlation
functions and related properties, showing some of examples. Firstly, we employed the polariz‐
able model based on point dipole treatment to the investigation of the polarization effect on the
target IL, [BMIm][PF6]. With the MD simulation data for both the nonpolarizable and polariza‐
ble models, velocity cross-correlation analyses were shown, and we presented the momentum
correlation functions between the cation and anion species in the IL. Next, we computed polar‐
izability TCFs of [BMIm][NTf2] and discussed their relaxation behavior. In addition, we inves‐
tigated dynamical properties of ILs such MSDs and non-Gaussian parameters and considered
what kinds of properties with simulation data we have to check and care in the study of dy‐
namical properties of ILs. This chapter is summarized as follows:

1. In the study and discussion of velocity cross-correlation functions, it was shown that
polarization effects could enhance the cross-correlations between [BMIm]  + and [PF6]–

in the polarizable model in comparison with that in the nonpolarizable model. These
features are ascribed to interionic interactions through attractive forces coming from
the charge-dipole and dipole-dipole interactions caused by polarization effects in ad‐
dition  to  charge-charge  Coulomb  interactions.  Based  on  the  results  of  computed
cross-correlation between distinct cations (or anions), it was shown that, at early time
region, the modulation of cage effects through polarization effects could improve the
probability of approach between like ions. Also, by decomposing the cross-correlation
function into the longitudinal and nonlongitudinal components, it was indicated that,
at the short time region, the velocity cross-correlation is predominantly controlled by
the longitudinal  contribution.  In addition,  it  was indicated that,  compared with the
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the longitudinal  contribution.  In addition,  it  was indicated that,  compared with the

Ionic Liquids - New Aspects for the Future24

longitudinal  correlation in the nonpolarizable  model,  the longitudinal  component  is
further modified in the polarizable model.

2. On the momentum correlation functions between [BMIm] + and [PF6]–, it was exhibit‐
ed that  the correlation between [BMIm] +  and [PF6]–  plays a important role.  Also,  it
was  shown  that  the  contribution  of  the  cross-correlation  between  distinct  anions
could  be  enhanced  in  the  polarizable  model.  This  result  indicates  that  cage  effects
could  be  diminished  with  polarization  effects,  implying  that  the  interionic  interac‐
tions between distinct anions could be intensified by the charge-charge and dipole-di‐
pole interactions related to polarization effects. Therefore, as has been pointed out in
the literature [23, 24, 29], it is considered that the cage effect in ILs could be reduced
by many-body polarization effects.

3. Both the computed polarizability TCF for each component and the time derivative of
the total polarizability TCF for [BMIm][NTf2] showed long-time decay behavior. It was
indicated that those took about 2~3 ns to approach toward zero. Therefore, this indi‐
cates that it is required for us to perform a production MD simulation run. Also, the re‐
laxation behavior of ILs was investigated with the calculation of β(t) = dlog(MSD)/
dlog(t) as an indicator of the diffusive region. Our results suggested that long-time dy‐
namics of ILs has to be studied with a longer MD simulation than about 15 ~ 20 ns for
confirming reliable self-diffusivities in ILs, carefully. Furthermore, we examined MSDs
and non-Gaussian parameters for [BMIm][NTf2]. From our studies, it was exhibited that
the magnitude of the deviation from the Gaussian behavior is remarkably larger for
[BMIm]+ than for [NTf2]–, and that, comparing with corresponding MSDs, it is possible
to study diffusive motion of the cation and the anion. In addition, it was suggested that
these studies imply the possibility for us to find a distinct relaxation process in the OKE
response. Therefore, it is suggested that we had better study the α relaxation in ILs with
the observations of the non-Gaussian parameter in addition to information on spatial
relaxation such as intermediate scattering function. Lastly, it is concluded, only with a
long-time MD simulation (> 15 ~ 20 ns), that we are able to investigate the dynamical
properties of ILs to which experimental procedures are not accessible.

Acknowledgements

This work was supported in part by the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) of Japan (Grant-in Aid Scientific Research (C): 23550029).

Author details

Tateki Ishida*

Address all correspondence to: ishida@ims.ac.jp

The Dynamical Properties on Ionic Liquids: Insights from Molecular Dynamics Study
http://dx.doi.org/10.5772/51652

25



Department of Theoretical and Computational Molecular Science, Institute for Molecular
Science, Japan

References

[1] Wasserscheid, P., & Welton, T. (2008). Ionic Liquids in Synthesis, Weinheim, Wiley-
VCH.

[2] Wasserscheid, P., & Keim, W. (2000). Ionic liquids- New "solutions" for transition
metal catalysis. Angew. Chem., Int. Ed., 39, 3773-3789.

[3] Castner, E. W. Jr, Wishart, J. F., & Shirota, H. (2007). Intermolecular Dynamics, Inter‐
actions, and Solvation in Ionic Liquids. Acc. Chem. Res., 40, 1217-1227.

[4] Weingaertner, H. (2007). Understanding ionic liquids at the molecular level: facts,
problems, and controversies. Angew. Chem., Int. Ed., 47, 654-670.

[5] Ohno, H. (2005). Electrochemical Aspects of Ionic Liquids, Hoboken, Wiley-Interscience.

[6] Rogers, R. D., & Voth, G. A. (2007). Special Issue on Ionic Liquids. Special Issue on Ion‐
ic Liquids. Acc. Chem. Res., 40(11).

[7] Wishart, J. F., & Castner, E. W. Jr. (2007). Special Issue on Physical Chemistry of Ionic
Liquids.Special Issue on Physical Chemistry of Ionic Liquids. Special Issue on Physical
Chemistry of Ionic Liquids. J. Phys. Chem. B, 111(18).

[8] Ohno, H., & Fukumoto, K. (2008). Progress in ionic liquids for electrochemical reac‐
tion matrices. Electrochemistry, 76, 16-23.

[9] Shirota, H., Wishart, J. F., Castner, E. W., & Jr , . (2007). Intermolecular Interactions
and Dynamics of Room Temperature Ionic Liquids That Have Silyl- and Siloxy-Sub‐
stituted Imidazolium Cations. J. Phys. Chem. B, 111, 4819-4829.

[10] Xiao, D., Rajian, J. R., Hines, J., , L. G., Li, S., Bartsch, R. A., & Quitevis, E. L. (2008).
Nanostructural Organization and anion effects in the optical Kerr effect spectra of bi‐
nary ionic liquids mixtures. J. Phys. Chem. B, 112, 13316-13325.

[11] Koeberga, M., Wu, C.-C., Kimc, D., & Bonn, M. (2007). THz dielectric relaxation of
ionic liquid:water mixtures. Chem. Phys. Lett., 439, 60-64.

[12] Yamamoto, K., Tani, M., & Hangyo, M. (2007). Terahertz Time-Domain Spectroscopy
of Imidazolium Ionic Liquids. J. Phys. Chem. B, 111, 4854-4859.

[13] Shirota, H., Nishikawa, K., & Ishida, T. (2009). Atom substitution effects of [XF6]- in
ionic liquids. 1. Experimental study. J. Phys. Chem. B, 113, 9831-9839.

[14] Ishida, T., Nishikawa, K., & Shirota, H. (2009). Atom substitution effects of [XF6]- in
ionic liquids. 2. Theoretical study. J. Phys. Chem. B, 113, 9840-9851.

[15] Refer to the sec.4 in ref.1 and references therein.

Ionic Liquids - New Aspects for the Future26



Department of Theoretical and Computational Molecular Science, Institute for Molecular
Science, Japan

References

[1] Wasserscheid, P., & Welton, T. (2008). Ionic Liquids in Synthesis, Weinheim, Wiley-
VCH.

[2] Wasserscheid, P., & Keim, W. (2000). Ionic liquids- New "solutions" for transition
metal catalysis. Angew. Chem., Int. Ed., 39, 3773-3789.

[3] Castner, E. W. Jr, Wishart, J. F., & Shirota, H. (2007). Intermolecular Dynamics, Inter‐
actions, and Solvation in Ionic Liquids. Acc. Chem. Res., 40, 1217-1227.

[4] Weingaertner, H. (2007). Understanding ionic liquids at the molecular level: facts,
problems, and controversies. Angew. Chem., Int. Ed., 47, 654-670.

[5] Ohno, H. (2005). Electrochemical Aspects of Ionic Liquids, Hoboken, Wiley-Interscience.

[6] Rogers, R. D., & Voth, G. A. (2007). Special Issue on Ionic Liquids. Special Issue on Ion‐
ic Liquids. Acc. Chem. Res., 40(11).

[7] Wishart, J. F., & Castner, E. W. Jr. (2007). Special Issue on Physical Chemistry of Ionic
Liquids.Special Issue on Physical Chemistry of Ionic Liquids. Special Issue on Physical
Chemistry of Ionic Liquids. J. Phys. Chem. B, 111(18).

[8] Ohno, H., & Fukumoto, K. (2008). Progress in ionic liquids for electrochemical reac‐
tion matrices. Electrochemistry, 76, 16-23.

[9] Shirota, H., Wishart, J. F., Castner, E. W., & Jr , . (2007). Intermolecular Interactions
and Dynamics of Room Temperature Ionic Liquids That Have Silyl- and Siloxy-Sub‐
stituted Imidazolium Cations. J. Phys. Chem. B, 111, 4819-4829.

[10] Xiao, D., Rajian, J. R., Hines, J., , L. G., Li, S., Bartsch, R. A., & Quitevis, E. L. (2008).
Nanostructural Organization and anion effects in the optical Kerr effect spectra of bi‐
nary ionic liquids mixtures. J. Phys. Chem. B, 112, 13316-13325.

[11] Koeberga, M., Wu, C.-C., Kimc, D., & Bonn, M. (2007). THz dielectric relaxation of
ionic liquid:water mixtures. Chem. Phys. Lett., 439, 60-64.

[12] Yamamoto, K., Tani, M., & Hangyo, M. (2007). Terahertz Time-Domain Spectroscopy
of Imidazolium Ionic Liquids. J. Phys. Chem. B, 111, 4854-4859.

[13] Shirota, H., Nishikawa, K., & Ishida, T. (2009). Atom substitution effects of [XF6]- in
ionic liquids. 1. Experimental study. J. Phys. Chem. B, 113, 9831-9839.

[14] Ishida, T., Nishikawa, K., & Shirota, H. (2009). Atom substitution effects of [XF6]- in
ionic liquids. 2. Theoretical study. J. Phys. Chem. B, 113, 9840-9851.

[15] Refer to the sec.4 in ref.1 and references therein.

Ionic Liquids - New Aspects for the Future26

[16] Maginn, E. J. (2007). Atomistic Simulation of the Thermodynamic and Transport
Properties of Ionic Liquids. Acc. Chem. Res., 40, 1200-1207.

[17] Lopes, J. N. A. C., & Padua, A. A. H. (2006). Nanostructural Organization in Ionic
Liquids. J. Phys. Chem. B, 110, 3330-3335.

[18] Bhargava, B. L., & Balasubramanian, S. (2007). Refined potential model for atomistic
simulations of ionic liquid [bmim][PF6]. J. Chem. Phys., 127(114510), 1-6.

[19] Znamenskiy, V., & Kobrak, M. N. (2004). Molecular Dynamics Study of Polarity in
Room-Temperature Ionic Liquids. J. Phys. Chem. B, 108, 1072-1079.

[20] Shim, Y., Duan, J., Choi, M. Y., & Kim, H. J. (2003). Solvation in molecular ionic liq‐
uids. J. Chem. Phys., 119, 6411-6414.

[21] Kobrak, M. N. (2006). Characterization of the solvation dynamics of an ionic liquid
via molecular dynamics simulation. J. Chem. Phys., 125(064502), 1-11.

[22] Hu, Z. H., & Margulis, C. J. (2006). Heterogeneity in a room-temperature ionic liquid:
Persistent local environments and the red-edge effect. Proc. Natl. Acad. Sci., U.S.A.,
103, 831-836.

[23] Yan, T., Burnham, C. J., Del Popolo, M. G., & Voth, G. A. (2004). Molecular Dynamics
Simulation of Ionic Liquids: The Effect of Electronic Polarizability. J. Phys. Chem. B,
108, 11877-11881.

[24] Jiang, W., Yan, T., Wang, Y., & Voth, G. A. (2008). Molecular Dynamics Simulation of
the Energetic Room-Temperature Ionic Liquid, 1-Hydroxyethyl-4-amino-1,2,4-triazo‐
lium Nitrate (HEATN). J. Phys. Chem. B, 112, 3121-3131.

[25] Urahata, S. M., & Ribeiro, M. C. C. (2005). Single particle dynamics in ionic liquids of
1-alkyl-3-methylimidazolium cations. J. Chem. Phys., 122(024511), 1-9.

[26] Urahata, S. M., & Ribeiro, M. C. C. (2006). Collective excitations in an ionic liquid. J.
Chem. Phys., 124(074513), 1-8.

[27] Hu, Z., Huang, X., Annapureddy, H. V. R., & Margulis, C. J. (2008). Molecular Dy‐
namics Study of the Temperature-Dependent Optical Kerr Effect Spectra and Inter‐
molecular Dynamics of Room Temperature Ionic Liquid 1-Methoxyethylpyridinium
Dicyanoamide. J. Phys. Chem. B, 112, 7837-7849.

[28] Ishida, T. (2011). Molecular dynamics study of the dynamical behavior in ionic liq‐
uids through interionic interactions. J. Non-Cryst. Solids, 357, 454-462.

[29] Leach, A. R. (2001). Molecular Modeling, Principles and Applications, Harlow, Pearson
Education.

[30] Verdaguer, A., Padró, J. A., & Trullàs, J. (1998). Molecular dynamics study of the ve‐
locity cross-correlations in liquids. J. Chem. Phys., 109, 228-234.

The Dynamical Properties on Ionic Liquids: Insights from Molecular Dynamics Study
http://dx.doi.org/10.5772/51652

27



[31] Verdaguer, A., & Padró, J. A. (2001). Computer simulation study of the velocity cross
correlations between neighboring atoms in simple liquid binary mixtures. J. Chem.
Phys., 114, 2738-2744.

[32] Frenkel, D., & Smit, B. (2002). Understanding Molecular Simulation, From Algorithms to
Applications, London, Academic Press.

[33] Bernardo, D. N., Ding, Y., Krogh-Jespersen, K., & Levy, R. M. (1994). An Anisotropic
Polarizable Water Model: Incorporation of All-Atom Polarizabilities into Molecular
Mechanics Force Fields. J. Phys. Chem., 98, 4180-4187.

[34] Předota, M., Cummings, P. T., & Chialvo, A. A. (2002). Pair approximation for polari‐
zation interaction and adiabatic nuclear and electronic sampling method for fluids
with dipole polarizability. Mol. Phys., 100, 2703-2717.

[35] Ahlström, P., Wallqvist, A., Engström, S., & Jönsson, B. (1989). A molecular dynamics
study of polarizable water. Mol. Phys., 68, 563-581.

[36] Frenkel, D., & Mc Tague, J. P. (1980). Molecular dynamics studies of orientational
and collision-induced light scattering in molecular fluids. J. Chem. Phys., 72,
2801-2818.

[37] Geiger, L. C., & Ladanyi, B. M. (1987). Higher order interaction-induced effects on
Rayleigh light scattering by molecular liquids. J. Chem. Phys., 87, 191-202.

[38] Lopes, J. N. C., Deschamps, J, & Padua, A. A. H. (2004). Modeling Ionic Liquids Us‐
ing a Systematic All-Atom Force Field. J. Phys. Chem. B, 108, 2038-2047.

[39] Lopes, J. N. C., Deschamps, J., & Padua, A. A. H. (2004). Additions and Corrections:
Modeling Ionic Liquids Using a Systematic All-Atom Force Field. J. Phys. Chem. B,
108, 11250.

[40] Köddermann, T, Paschek, D, & Ludwig, R. (2007). Molecular Dynamic Simulations of
Ionic Liquids: A Reliable Description of Structure, Thermodynamics and Dynamics.
ChemPhysChem, 8, 2464-2470.

[41] Smith, W., & Forster, T. R. (2001). The DL_POLY_2 User Manual, Daresbury, United
Kingdom, Daresbury Laboratory.

[42] Allen, M. P., & Tildesley, D. J. (1987). Computer Simulation of Liquids, Clarendon, Ox‐
ford.

[43] Shirota, H, Mandai, T, Fukazawa, H, & Kato, T. (2011). Comparison between Dica‐
tionic and Monocationic Ionic Liquids: Liquid Density, Thermal Properties, Surface
Tension, and Shear Viscosity. J. Chem. Eng. Data, 56, 2453-2459.

[44] Nymand, T. M., & Linse, P. (2000). Ewald summation and reaction field methods for
potentials with atomic charges, dipoles, and polarizabilities. J. Chem. Phys., 112,
6152-6160.

Ionic Liquids - New Aspects for the Future28



[31] Verdaguer, A., & Padró, J. A. (2001). Computer simulation study of the velocity cross
correlations between neighboring atoms in simple liquid binary mixtures. J. Chem.
Phys., 114, 2738-2744.

[32] Frenkel, D., & Smit, B. (2002). Understanding Molecular Simulation, From Algorithms to
Applications, London, Academic Press.

[33] Bernardo, D. N., Ding, Y., Krogh-Jespersen, K., & Levy, R. M. (1994). An Anisotropic
Polarizable Water Model: Incorporation of All-Atom Polarizabilities into Molecular
Mechanics Force Fields. J. Phys. Chem., 98, 4180-4187.

[34] Předota, M., Cummings, P. T., & Chialvo, A. A. (2002). Pair approximation for polari‐
zation interaction and adiabatic nuclear and electronic sampling method for fluids
with dipole polarizability. Mol. Phys., 100, 2703-2717.

[35] Ahlström, P., Wallqvist, A., Engström, S., & Jönsson, B. (1989). A molecular dynamics
study of polarizable water. Mol. Phys., 68, 563-581.

[36] Frenkel, D., & Mc Tague, J. P. (1980). Molecular dynamics studies of orientational
and collision-induced light scattering in molecular fluids. J. Chem. Phys., 72,
2801-2818.

[37] Geiger, L. C., & Ladanyi, B. M. (1987). Higher order interaction-induced effects on
Rayleigh light scattering by molecular liquids. J. Chem. Phys., 87, 191-202.

[38] Lopes, J. N. C., Deschamps, J, & Padua, A. A. H. (2004). Modeling Ionic Liquids Us‐
ing a Systematic All-Atom Force Field. J. Phys. Chem. B, 108, 2038-2047.

[39] Lopes, J. N. C., Deschamps, J., & Padua, A. A. H. (2004). Additions and Corrections:
Modeling Ionic Liquids Using a Systematic All-Atom Force Field. J. Phys. Chem. B,
108, 11250.

[40] Köddermann, T, Paschek, D, & Ludwig, R. (2007). Molecular Dynamic Simulations of
Ionic Liquids: A Reliable Description of Structure, Thermodynamics and Dynamics.
ChemPhysChem, 8, 2464-2470.

[41] Smith, W., & Forster, T. R. (2001). The DL_POLY_2 User Manual, Daresbury, United
Kingdom, Daresbury Laboratory.

[42] Allen, M. P., & Tildesley, D. J. (1987). Computer Simulation of Liquids, Clarendon, Ox‐
ford.

[43] Shirota, H, Mandai, T, Fukazawa, H, & Kato, T. (2011). Comparison between Dica‐
tionic and Monocationic Ionic Liquids: Liquid Density, Thermal Properties, Surface
Tension, and Shear Viscosity. J. Chem. Eng. Data, 56, 2453-2459.

[44] Nymand, T. M., & Linse, P. (2000). Ewald summation and reaction field methods for
potentials with atomic charges, dipoles, and polarizabilities. J. Chem. Phys., 112,
6152-6160.

Ionic Liquids - New Aspects for the Future28

[45] Van Duijnen, P. T., & Swart, M. (1998). Molecular and Atomic Polarizabilities:
Thole’s Model Revisited. J. Phys. Chem. A, 102, 2399-2407.

[46] Lide, D. R. (2006). CRC Handbook of Chemistry and Physics, Boca Raton, CRC Press.

[47] Thole, B. T. (1981). Molecular Polarizabilities Calculated with a Modified Dipole In‐
teraction. Chem. Phys., 59, 341-350.

[48] Molecular polarizabilities of [BMIm]+ and [NTf2]- were calculated with the same
method in [14]. For molecular polarizability tensor elements of [BMIm]+, the report‐
ed values were used [14]. With the same procedures as in [14], molecular polarizabil‐
ity tensor elements of [NTf2]- were calculated, and the values of 9.8855, 1.4440 x 10-3,
13.577-5x 10-4,-1.0539, and 10.315 Å3 were used for αXX, αXY, αYY, αXZ, αYZ, and αZZ, re‐
spectively.

[49] Verdaguer, A., & Padró, J. A. (2000). Velocity cross-correlations and atomic momen‐
tum transfer in simple liquids with different potential cores. Phys. Rev. E, 62, 532-537.

[50] Rahman, A. (1964). Correlations in the Motion of Atoms in Liquid Argon. Phys. Rev.,
136, A405-A411.

[51] Del Pópolo, M. G., & Voth, G. A. (2004). On the Structure and Dynamics of Ionic Liq‐
uids. J. Phys. Chem. B, 108, 1744-1752.

[52] Colmenero, J., Alvarez, F., & Arbe, A. (2002). Self-motion and the α relaxation in a
simulated glass-forming polymer: Crossover from Gaussian to non-Gaussian dynam‐
ic behavior. Phys. Rev. E, 65(041804), 1-12.

[53] Ngai, K. L. (2011). Relaxation and Diffusion in Complex Systems, New York, Springer.

[54] Bhargava, B. L., Klein, M. L., & Balasubramanian, S. (2008). Structural Correlations
and Charge Ordering in a Room-Temperature Ionic Liquid. ChemPhysChem, 9, 67-70.

The Dynamical Properties on Ionic Liquids: Insights from Molecular Dynamics Study
http://dx.doi.org/10.5772/51652

29





Chapter 2

Modeling of Ionic Liquid Systems: Phase Equilibria and
Physical Properties

Filipa M. Maia, Noelia Calvar, Emilio J. González,
Aristides P. Carneiro, Oscar Rodriguez and
Eugénia A. Macedo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51812

1. Introduction

Ionic liquids (ILs) are a class of salts with a melting temperature below 100 °C, and the study
of these compounds is considered priority by the U.S. Environmental Protection Agency.
Due to their specific properties, which can be adjusted by changing either the cation or the
anion, ILs have received great attention by the scientific community as potential replace‐
ments for volatile organic solvents (VOCs), and nowadays, ILs are starting to leave academ‐
ic labs and find their way into a wide variety of industrial applications [1]. For example, ILs
are used for the dispersion of nano-materials at IOLITEC, Air Products uses ILs instead of
pressurized cylinders as a transport medium for reactive gases, ION Engineering is com‐
mercializing technology using ILs and amines for CO2 capture and natural gas sweetening,
and many others.

In order to apply these new compounds in different processes, the study of their physical
properties, pure or mixed with other solvents, and phase equilibria (vapor-liquid, liquid-liq‐
uid, and solid-liquid equilibria) is crucial from a technological point of view. For example,
density is fundamental to develop equations of state and it is also required for the design of
different equipments, while viscosity is necessary for the design of processing units and
pumping systems, and to study heat and mass transfer processes [2]. On the other hand, the
refractive index can be used as a measure of the electronic polarizability of a molecule and
can provide useful information when studying the forces between molecules or their behav‐
ior in solution [3].
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As known, ILs also show an interesting potential to be used in separation processes and ex‐
traction media. Therefore, the knowledge of the mutual solubilities of molecular solvents
and ILs prior to their industrial applications is also of primary importance. Moreover, many
factors that control the phase behavior of these ionic salts with molecular solvents may be
described from the phase equilibrium data.

However, as the number of possible ILs is enormous, this cannot be accomplished via exper‐
imental determination. Thus, it is very important to obtain models or empirical equations
able to describe satisfactorily the experimental data.

In this chapter, a revision of the different equations applied for the modeling of physical
properties of pure ILs and their mixtures, and phase equilibria of binary and ternary mix‐
tures containing ILs, is presented and discussed. Future trends regarding the use of new
models, namely equations of state accounting for association effects, are also focused.

2. Physical properties

2.1. Pure ionic liquids

Since ILs are relatively new compounds, experimental data on physical properties, such as
density, viscosity, or refractive index of pure ILs and its mixtures with other solvents are re‐
quired for the design of different equipment and processing units and very useful for devel‐
oping accurate theoretical models.

Due to innumerable number of ILs that can be synthesized, experimental measurements are
impractical for selection of a suitable IL for a specific application. Therefore, development of
correlations and theoretical approaches allowing accurate modeling of IL-based systems is
essential. This section shows the most common empirical equations used to correlate the
temperature dependence of some of the physical properties of ILs.

For pure ILs, temperature dependence of physical properties such as density, speed of
sound, or refractive index is very important for the successful and large-scale use of these
compounds. Usually, this dependence is described using simple polynomial expressions,
mainly equations of first, second and third order [4-6].

Several papers were also published concerning the experimental densities of pure ILs as a
function of temperature and pressure [6-9]. The Tait equation [10] with four adjustable pa‐
rameters is commonly used to fit these experimental data [6,8]. This equation is an integrat‐
ed form of an empirical equation representative of the isothermal compressibility behavior
versus pressure, and it can be expressed as:

ρ(T , p, C , B)= ρ(T ,  0.1 MPa)

1 - C · Ln( B(T ) + p
B(T ) + 0.1 Mpa

) (1)

where ρ (T, 0.1 MPa) represents the temperature dependence of density at 0.1 MPa. C is an
adjustable parameter, and B(T) is commonly expressed as a second-order polynomial:
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B(T )= ∑
i=0

2
Bi · T i (2)

Regarding the variation of viscosity with temperature for pure ILs, a large number of empir‐
ical equations for correlating this property of pure fluids and mixtures can be found in liter‐
ature [4,5,11-14]. The most commonly used equation is an Arrhenius-like law:

η=η · exp(- Ea

RT ) (3)

where the viscosity at infinite temperature (η∞) and the activation energy (Ea) are characteris‐
tic parameters generally adjusted from experimental data.

According to Seddon et al. [15], the Arrhenius law can generally be applied when the cation
presents only a limited symmetry. If it is not the case, and especially in the presence of small
and symmetrical cations with low molar mass, other equations such as the Vogel–Fulcher–
Tamman (VFT) equation [16-18], or the modified VFT (mVFT) equation are recommended.
This kind of expressions includes an additional adjustable temperature parameter (T0) to the
exponential term:

η= A · exp( B
T - T 0

) (4)

η= A · T 0.5 · exp( B
T - T 0

) (5)

where A and B are also adjustable parameters.

Another empirical equation to correlate viscosity data with temperature was proposed by
Litovitz [19]:

η= A · exp( B
RT 3 ) (6)

This equation is used at ambient pressures and has the advantage of containing only two
fitting parameters. Comparing all these equations, in general, the best fits for the variation of
viscosity with temperature for pure ILs are obtained with the VFT equation [5].

As reflected by Harris et al. [11], the general form of the pressure dependence of the shear
viscosity of liquids is greater than exponential at moderate pressures and less than exponen‐
tial at very high pressures. Taking this into account, these authors modified the VFT and Li‐
tovitz equations in order to include the temperature and pressure dependence of the
viscosity for several pure imidazolium-based ILs. The new equations were defined as:

η= exp(A + Bp +
(C + Dp + E p 2)

T 3 ) (7)
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η= exp(A´ + B´ +
(C ´ + D´ p + E ´ p 2)

T - T 0
) (8)

As for the density, a Tait-form equation is also used to correlate the pressure dependence of
viscosity demonstrating good correlations [12,13].

η(T , p, C , B)
η(T , 0.1 MPa) =exp (C · Ln( B(T ) + p

B(T ) + 0.1 Mpa )) (9)

where η(T, 0.1 MPa) represents the temperature dependence of viscosity at 0.1 MPa. C is an
adjustable parameter, and B(T) is also commonly expressed as a second-order polynomial.

A hybrid Tait–Litovitz equation at elevated pressures (up to 126 MPa) was also presented in
the literature to correlate the viscosity data for a series of room-temperature ILs [14]. The Li‐
tovitz equation is firstly used to correlate the data at ambient pressure, and then the Tait pa‐
rameters are fitted for the higher pressures. This equation has the advantages of containing
fewer fitting parameters than other models and simplicity of data analysis. The results show
a good fit between the experimental data and those predicted by this equation.

2.2. Binary and ternary mixtures

In order to better understand the nature of ILs and design any future technological process‐
es, detailed knowledge on the physical properties of ILs mixed with other solvents is re‐
quired. During the last few years, the number of studies on thermophysical and
thermodynamic properties of pure ILs and their mixtures with molecular solvents has in‐
creased significantly [4,20-24].

As for pure ILs, the dependence of the physical properties with temperature and composi‐
tion is also correlated using empirical equations. In general, the change of density, speed of
sound, refractive index and viscosity with composition is typically fitted to a polynomial ex‐
pression although other more specific equations can be also found in literature. As example,
the Connors and Wright equation [25] is employed to describe the variation of density with
composition:

ρ =ρ1 - 1 +
bx1

(1 - ax1) (1 - x1)(ρ1 - ρ2) (10)

where ρ1 and ρ2 are densities of pure compounds; xi is the mole fraction of component i of
the mixture; and a and b are fitting parameters. Although this equation was initially adopted
only for the concentration dependencies of surface tension, Geppert-Rybczynska et al. [20]
employed this equation for density getting a fit better than using any other simple polyno‐
mial.

As it is known, the above mentioned physical properties can be used to obtain the corre‐
sponding excess properties, which are generally fitted to a Redlich-Kister type equation [26]:
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pression although other more specific equations can be also found in literature. As example,
the Connors and Wright equation [25] is employed to describe the variation of density with
composition:

ρ =ρ1 - 1 +
bx1

(1 - ax1) (1 - x1)(ρ1 - ρ2) (10)

where ρ1 and ρ2 are densities of pure compounds; xi is the mole fraction of component i of
the mixture; and a and b are fitting parameters. Although this equation was initially adopted
only for the concentration dependencies of surface tension, Geppert-Rybczynska et al. [20]
employed this equation for density getting a fit better than using any other simple polyno‐
mial.

As it is known, the above mentioned physical properties can be used to obtain the corre‐
sponding excess properties, which are generally fitted to a Redlich-Kister type equation [26]:

Ionic Liquids - New Aspects for the Future34

δQ = x1(1 - x1)∑
i=0

M
Ai(2x1 - 1)i (11)

where δQ is the excess property, x is the mole fraction, Ai are the adjustable parameters and
M is the degree of the polynomial expansion.

An extended version of the Redlich-Kister equation, which takes into account the depend‐
ence on composition and temperature simultaneously, is also used to fit the excess proper‐
ties [22]:

δQ = x1(1 - x1)
∑
i=0

M
Ai(2x 1 - 1)i

1 + ∑
j=1

N
B j(2x1 - 1) j

(12)

In order to take into account the influence of temperature on the excess properties, all the
coefficients Ai and Bi are usually expressed as a second-order polynomial.

Density, refractive index, and viscosity data for ternary mixtures containing ILs are also
common in the literature [27-29] and they are usually fitted to polynomial expressions. In
these cases, weight fractions are often used instead of mole fractions, due to the large differ‐
ence of molar mass between ILs and most organic solvents.

For the modeling of the excess properties, such as excess molar volumes, viscosity devia‐
tions, refractive index deviations or excess free energies of activation of viscous flow, the use
of empirical equations is commonly adopted. Although the Redlich-Kister equation is also
applied to correlate the excess properties for ternary systems containing ILs [29], the equa‐
tions more widely employed are those proposed by Cibulka [30], Singh et al. [31] and Naga‐
ta and Sakura [32]. All the correlative models are capable of representing the behavior of the
ternary mixtures with a higher or lesser degree of accuracy, although that developed by Ci‐
bulka usually leads to a better agreement with experimental data [28].

Cibulka equation:

Q123
E =Q12

E + Q13
E + Q23

E + x1x2x3(A + Bx1 + C x2) (13)

Singh et al. equation:

   Q123
E =Q12

E + Q13
E + Q23

E + Ax1x2x3 + Bx1(x2 - x3) + C x1
2(x2 - x3)2 (14)

Nagata and Sakura equation:

Q123
E =Q12

E + Q13
E + Q23

E + x1x2x3A (15)
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where A, B and C are fit parameters and Qij
E is the contribution to the excess property of the

constituent binary mixtures evaluated by Redlich-Kister equation.

3. Phase equilibria

Despite the large number of published articles and the broad fields of applications, there has
not been a model explicitly derived for phase equilibria of ILs. This lack of models intended
for systems containing ILs has forced researchers to use the equations available. But these
equations were intended for ionic solutions, or not intended for ions at all. Thus, a model to
account for a medium which is composed of ions, without a molecular solvent, is still need‐
ed. Nevertheless, the phase equilibria of ILs and their mixtures are being modeled in the lit‐
erature. The models used will be described ahead. In general, those based on the excess
Gibbs energy such as Wilson, NRTL or UNIQUAC were the first to appear. Lately, models
with modifications for association (UNIQUAC ASM, NRTL1) and for electrolytes (PDH, e-
NRTL) were also applied for this kind of systems in order to improve the results obtained
with the initial models. Besides, Equations of State (EoS) have also been applied, especially
for mixtures with gases and for broad ranges of pressure.

3.1. gE-based models

Most of the gE models available in the literature are for non-electrolytes. Thus, many authors
have been using these models, or models for electrolyte solutions, for the phase equilibria of
systems containing ILs. For example, for binary systems containing ILs it is common to use
the model developed by Debye-Hückel (which was derived for small salt concentrations),
although it is not recommendable for solutions at high ionic concentration.

The models for the correlation of these experimental data can be split into two main groups:
i) ion-interaction Pitzer models and ii) local composition models.

i. The model developed by Pitzer has created a new generation of theories which use multi‐
parameter regression. In the ion-interaction Pitzer model [33] the ion-interaction parameters
are dependent on temperature and pressure, and it takes into account the Debye-Hückel
constant.

The three-parameter Pitzer-ion interaction model has been successfully used for modeling
vapor-liquid data of mixtures of ILs with water [34-37] or with alcohol [38] and has the fol‐
lowing form for a binary 1:1 electrolyte solution:

ϕ -1 = fϕ + mBϕ + m2Cϕ, (16)

where

fϕ = -Aϕ I1/2 / (1 + bI1/2), (17)
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Aϕ = (1/3)(2πNAds)1/2 (e2 / 4πε0εkT)3/2, (18)

Bϕ = β (0) + β (1) exp(-α1I 1/2) (19)

In these equations, β (0), β (1) and Cϕ are ion-interaction parameters of the Pitzer model that
are dependent on temperature and pressure, and Aϕ is the Debye-Hückel constant for the
osmotic coefficient on the molal scale. Also, NA is the Avogadro number, e is the proton
charge, ε0 is the permittivity of vacuum, and k is the Boltzman constant. The term I is the
ionic strength in molality, I = 1/2 Σmizi

2, where mi is the molality of ith ion and zi is the abso‐
lute value for ith ionic charge. The remaining symbols have their usual meanings. The values
for constants b and α were b = 1.2 kg1/2 mol-1/2 and α = 2 kg1/2 mol-1/2, respectively.

In the last years, the Extended Pitzer model of Archer [39,40], in which the third adjustable
parameter in the Pitzer model is replaced by a two-parameter function depending on the
ionic strength, has demonstrated its accuracy in modeling binary Vapor-Liquid Equilibria
(VLE) of systems containing ILs. In this model, the equation for Βϕ is extended to:

Bϕ = β (0) + β (1) exp(-α1I 1/2) + β (2) exp(-α2I 1/2), (20)

and a new equation is introduced:

Cϕ = C (0) + C (1) exp (-α3I 1/2) (21)

In the previous equations, the ion interaction parameters of the extended Pitzer model of
Archer are β (0), β (1), β (2), C (0) and C (1), dependent on temperature and pressure, and α1, α2,
α3, and b can be adjustable parameters or kept fixed at constant values; they are usually
fixed to the values: α1 = 2 kg1/2 mol-1/2, α2 = 7 kg1/2 mol-1/2, α3 = 1 kg1/2 mol-1/2 and b = 3.2 [41-44],
although other values can be used [45]. This model is widely used in literature for binary
mixtures containing ILs and water or alcohol or acetonitrile [46-55] with very satisfactory re‐
sults.

ii. The local composition (LC) models give a better empirical description and have physical
meaning for the correlation of osmotic and activity coefficients. There are several LC models
reported in literature for the modeling of phase equilibria experimental data; such as UNI‐
versal QUAsiChemical (UNIQUAC) [56], Non-Random Two Liquids (NRTL) [57], electro‐
lyte NRTL (e-NRTL) [58], Non-Random Factor (NRF) [59], modified NRTL (MNRTL) [60],
Mean Spherical Approximation NRTL (MSA-NRTL) [61] or Extended Wilson (EW) [62]. Fur‐
thermore, models with modifications for association such as UNIQUAC ASM or NRTL 1 are
also applied for this kind of systems, although their use is less common [63,64].

In local composition models it is assumed that the activity coefficient is composed by two
terms: a long-range contribution (LR) and a short-range contribution (SR):

ln ln lnLR SR
i i ig g g= + (22)
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The well-known models of UNIQUAC and NRTL calculate the activity coefficients as fol‐
lows:

ii.i In the UNIQUAC model [56], the long-range contribution term is expressed as:

NLR,UNIQUAC i i
i i i j j

j 1i i i

zln   ln   ln    - 
2

q l l
q ffg
f =

æ ö æ ö
= + + åç ÷ ç ÷ç ÷ ç ÷

è ø è ø
x

x x (23)

where the term li is defined as a function of the external surface of the molecule and the
bond segments:

i i i i
z ( ) ( 1)
2

l r q r= - - - (24)

and the coordination number, z, is set to 10.

The short-range contribution in this model is expressed as:

SR,UNIQUAC
i i

N j ijln 1 - ln  -j jij j 1 k kjk

  q
q t

g q t
q t

é ùæ öê úç ÷å åê úç ÷ å=è øê úë û

= (25)

The expression for the energy parameter, τij, the volume fraction, ϕi, and the surface frac‐
tion, θi, are given for the next equations:

exp expji ii ij
ji RT RT

t
æ ö æ ö- D
ç ÷ ç ÷= - =ç ÷ ç ÷
è ø è ø

u u u
(26)

i i i i
i i

j j j j
j j

q r
q r

q f= =
å å

x x
x x (27)

where uij and uji are the energetic parameters, and ri and qi are the structural parameters cor‐
responding to relative volume and surface area of the component i, respectively.

This model has been used for VLE of binary systems containing ILs [65]. The equation has
also been used successfully for Liquid-Liquid Equilibria (LLE) of ternary systems including
an IL [66,67], and even for Solid-Liquid Equilibria (SLE) of binary systems [68-70]. The main
problem using the UNIQUAC model is the need for structural parameters ri and qi, the vol‐
ume and surface area of the component. Despite for molecular components these parame‐
ters can be obtained easily (even from group-contribution data), in the case of ILs values for
both anion and cation are calculated and summed. Different procedures have been pro‐
posed [66,68] and used successfully.
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ii.ii In the NRTL model [57], the activity coefficients are calculated as follows:

1 1

1

1 1 1

ln  

n n
ji j ji mi m minj j ijNRTL m

i ijn n n
j
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=

= = =

æ ö æ ö æ ö
ç ÷ ç ÷ ç ÷
ç ÷ ç ÷ ç ÷
ç ÷ ç ÷ ç ÷
ç ÷ ç ÷ ç ÷ç ÷ è ø è øè ø

å å
= + -å

å å å
 (28)

where

ij ij ij(G = exp )-a t (29)

ij j ij ji ii ji
ij ji

g g g g g gj
RT RT RT RT

t t
- D - D

= = = = (30)

where x represents the mole fraction, gij is an energy parameter that characterizes the inter‐
action of species i and j, R is the gas constant, T is the absolute temperature, and the parame‐
ter αij = αji is related to the nonrandomness in the mixture. Although αij can be adjusted, it
can also be considered fixed in a value, usually between 0.2 and 0.47.

This is the local composition model most widely used in literature for binary and ternary
systems containing ILs, regarding VLE [71-79] with alcohols or water, LLE of binary [80,81]
and ternary systems [67,82-85] with ethanol or hydrocarbons or water and also SLE [68-70].

For the explanation of the following models, the Pitzer-Debye-Hückel (PDH) equation [33]
has been used as the long-range term on a mole fraction scale as proposed by Chen et al.
[86], assuming that the studied mixtures involve completely dissociated electrolytes. For the
solvent, the formulation of this equation is:

PDH
1ln 

Ms

3
2

1
21

x

x

I

I

f

r
=

æ ö+ç ÷
è ø

2A
γ (31)

in which ρ is the number density of ionic species and the term I is the ionic strength on a
mole fraction basis, I = 1/2Σxizi

2.

The short-range contribution calculated using different models, such as electrolyte NRTL (e-
NRTL) [58], non-random factor (NRF) [59], modified NRTL (MNRTL) [60], mean spherical
approximation NRTL (MSA-NRTL) [61] or Extended Wilson (EW) [62] are explained below.

ii.iii In the e-NRTL model [58], the short-range contribution for the activity coefficient is cal‐
culated as:
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where α is the nonrandomness factor (usually set to 0.2) and Xi is the effective mole fraction
of the component i, calculated as Xi = jixi with ji = zi for ions and ji = 1 for solvent. In this
model, τca,m and τm,ca are the adjustable parameters.

Examples of the correlation of VLE for binary mixtures [38,73-75] and ternary mixtures
[73-75] containing ILs and ethanol or water can be found in literature. Nevertheless, the lit‐
erature is scarce in examples for SLE [70] and LLE [80,81].

ii.iv The NRF model [59] calculates the short-range contribution for the activity coefficient of
the solvent as:
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where ν and νc are the total number of ions into which the salt dissociates and the number of
cations in one mole of the salt, respectively, and Z is the coordination number (usually set to
8). In this model λE and λS are the adjustable parameters; its use is not common for describ‐
ing the vapor-liquid equilibria of systems containing ILs [38,77].

ii.v The short-range contribution in the MNRTL model has been developed by Jaretum and
Aly [60], and Sardroodi et al. [87] used it in the presented form for the first time:

( ) ( ) ( )2 22
1 , , 1 , , , 1 ,[ ] 4 /   2 –  1  /  MNRTL

c ca m ca m ca m c m ca m ca c ca mln X W X W X W X X Wg t t= + + + (34)

where τca,m and τm,ca are the parameters of the model, Xi is the effective mole fraction, and
the next expression is assumed:

( ) i i iW exp wat= - + (35)

where α is the nonrandomness factor (usually fixed to 0.2) and ωca,m and ωm,ca are the adjust‐
able parameters.

Among the local composition models, it is one of those giving lower deviations for the mod‐
eling of VLE of systems with ILs [34-37,47-54,77].
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ii.vi The equation for calculating the short-range contribution for the activity coefficient of
the solvent given by the MSA-NRTL model [61] is as follows:
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being

i ip  = exp ( - )at (43)
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in which x1 and xS are the mole fraction of solvent and salt, respectively.

The correlation using this model it is not common for the treatment of the VLE data of sys‐
tems containing ILs [77].

ii.vii The EW model was presented by Zhao et al. [62], and it describes the short-range con‐
tribution for the activity coefficient as:
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(47)

where C is the coordination number (set to 10 [77]). In this model, Ee1 and E1e are the adjustable
parameters. This model has been checked for its use in VLE of aqueous systems with ILs [77].

Model
References

VLE LLE SLE

Pitzer [34-38]

Extended Pitzer of Archer [46-55]

UNIQUAC [65] [66,67] [68-70]

NRTL [71-79] [67,80-85] [70-72]

e-NRTL [38,73-75] [80,81] [70]

NRF [38,77]

MNRTL [34-37,47-54,77]

MSA-NRTL [77]

EW [77]

Table 1. Literature examples for the modeling of phase equilibria in systems containing ILs

A list of representative examples found in literature for the modeling of phase equilibria in
systems containing ILs with the above mentioned models is presented in Table 1.

Among these correlation models, those which have demonstrated to give the best results in
VLE are the Extended Pitzer model of Archer, the NRTL and the MNRTL models. Regard‐
ing LLE and SLE, there are less examples available, specially comparing different models.
Nevertheless, it is clear that NRTL is, by far, the most used equation. It is also important to
highlight that differences in performance among the models are small.
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where C is the coordination number (set to 10 [77]). In this model, Ee1 and E1e are the adjustable
parameters. This model has been checked for its use in VLE of aqueous systems with ILs [77].
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3.2. Equations of state

Equations of state (EoS) are powerful tools, which can be used to describe the properties of
pure fluids or their mixtures. In the last 10 years, this kind of models has been widely ap‐
plied to describe the properties of pure ILs, as well as to model the phase equilibrium (VLE
and LLE) of mixtures containing them.

3.2.1. Peng-Robinson

The Peng-Robinson EoS was developed in 1976 by Peng and Robinson [88] and can be ex‐
pressed as:

P = RT
V - b - a

V (V + b) + b(V - b) (48)

with:

b =0.077796
RT c

Pc
(49)

a =0.457235
R 2T c

2

Pc
α (50)

α = 1 + m(1 - T
T c

) 2
(51)

m =0.37464 + 1.54226ω - 0.26992ω 2 (52)

where Tc is the critical temperature, Pc is the critical pressure and ω is the acentric factor. For
most ILs, the critical properties and the acentric factor are impossible to determine experi‐
mentally, because they start to decompose even before the temperature reaches the boiling
point. For this reason, Valderrama and co-workers have applied an extended group contri‐
bution method, the modified Lydersen-Joback-Reid method, to determine the critical prop‐
erties, boiling temperatures and acentric factors of several ILs [89-92]. This method only
requires knowledge of the structure of the ILs and its molecular weight. Since there are no
experimental data available for these properties, the accuracy of the method is verified by
comparing calculated liquid densities of the ILs to experimental data available. The results
show that the method is sufficiently accurate for several applications, with average absolute
deviations (AAD) between calculated and experimental liquid densities in the range of 5 to
6%. The properties determined by this research group have been widely used by the scien‐
tific community when modeling the properties of ILs and its mixtures, using this or other
equations.

For mixtures of fluids, mixing rules have to be applied to parameters a and b, which imply
the use of one or more binary interaction parameters. For systems containing ILs, the Wong-
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Sandler mixing rules have been widely used [93-96], as well as the quadratic [97,98], van der
Waals [94], [99,100] and Mathias-Klots-Prausnitz mixing rules [101,102].

The application of the Peng-Robinson EoS to systems with ILs has been mainly focusing on
the VLE with CO2 and other gases. For example, Shin et al. [103] modeled the high-pressure
solubilities of CO2 in ILs of the family [Cnmim][Tf2N] (1-alkyl-3-methylimidazolium bis(tri‐
fluoromethylsulfonyl) imide) using this EoS and quadratic mixing rules with two tempera‐
ture-dependent binary interaction parameters. They obtained AAD between calculated and
experimental equilibrium pressures between 10 and 14%, for which they conclude that the
model can satisfactorily predict the solubility of high-pressure CO2 in this family of ILs over
a wide range of pressures up to the supercritical region of CO2. Also Álvarez and Aznar [93]
used the Peng-Robinson EoS to model the VLE of binary systems composed of IL + super‐
critical CO2 or CHF3 and IL + hydrocarbons. In this work, the van der Waals and Wong-San‐
dler mixing rules were used, with UNIQUAC and NRTL models used as excess Gibbs
energy models in the Wong-Sandler mixing rules. Their results present AAD in pressure be‐
tween 2 and 24% for low pressures and between 7 and 52% for high pressures. The authors
conclude that the EoS is not able to represent the data at high pressures; however, it per‐
forms well at low pressures. Later, Álvarez et al. [104] used the Peng-Robinson EoS with the
Wong-Sandler mixing rules, once again with UNIQUAC and NRTL models for the excess
Gibbs energy, but also using the COSMO-SAC model. They modeled the isobaric VLE of 1-
ethyl-3-methylimidazolium ethylsulfate ([C2mim][EtSO4]) with propionaldehyde or valeral‐
dehyde. When using UNIQUAC or NRTL models, they obtain AAD below 0.15% for both
systems. Since the COSMO-SAC model is a predictive model, i.e., it does not require any ad‐
justable binary interaction parameters, the authors regard the application of this model with
the Peng-Robinson EoS and the Wong-Sandler mixing rules as pure predictive results. The
AAD obtained in this way was 0.3 and 2% for each system, respectively. As a final example,
Ren and Scurto [99] used the Peng-Robinson EoS with the van der Waals one fluid mixing
rule to model the VLE and VLLE of imidazolium-based ILs and the refrigerant gas 1,1,1,2-
tetrafluoroethane. The authors obtained AAD values between 0.4 and 7.4% for VLE and con‐
cluded that the model is able to represent the bubble-point data with excellent agreement.
However, when using the interaction parameters regressed from the VLE data alone to pre‐
dict compositions of the VLLE transition to LLE, only satisfactory results were obtained for
all systems.

3.2.2. Soave-Redlich-Kwong

A Soave modification of the Redlich-Kwong EoS [105] has been frequently applied to sys‐
tems with ILs. The Soave-Redlich-Kwogn (SRK) EoS was introduced in 1972 by Giorgio
Soave, and can be expressed as:

P = RT
V - b - a(T )

V (V + b) (53)

with:
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a(T )=0.427480
R 2T c

2

Pc
α(T ) (54)

b =0.08664
RT c

Pc
(55)

In the works involving systems with ILs, the temperature dependent part of the a parameter
has been modeled by the empirical form:

α(T )= ∑
k=0

≤3
βk ( T c

T - T
T c

)k
(56)

Coefficients βκ are usually determined to reproduce the vapor pressure of the pure com‐
pound. However, since there are no available experimental vapor pressure data for most
ILs, the coefficients are treated as adjustable fitting parameters in the calculations [106]. The
authors have found that for ILs, only one adjustable parameter, β1, is sufficient (with β0=1
and β2= β3=0). In the case of this EoS, modified van der Waals-Berthelot mixing rules have
been used, with four binary interaction parameters.

Shiflett and Yokozeki [106] first used this EoS to correlate the solubility of CO2 in ILs l-bu‐
tyl-3-methylimidazolium hexafluorophosphate ([C4mim][PF6]) and l-butyl-3-methylimida‐
zolium tetrafluoroborate ([C4mim][BF4]). The authors obtained an excellent fit between
experimental and calculated solubility data, with standard deviations of 17 and 10.5 kPa for
each system, respectively. They used the same model to correlate the VLE of CO2 and other
gases (like ammonia [107,108] or SO2 [109]) in different ILs. Later, the same authors modeled
the solubility of water in several different ILs using the same EoS [110]. The four binary in‐
teraction parameters were determined using binary VLE data from the literature, having ob‐
tained standard deviations lower than 0.6 kPa for all systems. The graphical results
presented by the authors show a very good agreement between experimental and calculated
solubilities of water in all ILs considered. The same research group has also used the SRK
EoS to study the phase behavior of ternary mixtures CO2/H2/[C4mim][PF6] [111], CO2/SO2/1-
butyl-3-methylimidazolium methyl sulfate ([C4mim][MeSO4]) [112], CO2/H2S/[C4mim][PF6]
[113] and CO2/H2S/[C4mim][MeSO4] [114]. For all the previous studies the authors obtained
good agreement between calculated and experimental data. Very recently, Shiflett et al. [115]
have also modeled the ternary system N2O/CO2/1-butyl-3-methylimidazolium acetate
([C4mim][Ac]) with the purpose of understanding the separation of N2O and CO2 using ILs.
They determined the binary interaction parameters using VLE data (either their own or
from the literature) for the pairs N2O/[C4mim][Ac], CO2/[C4mim][Ac] and N2O/CO2. Unlike
what happened in the previously mentioned ternary systems, the phase behavior prediction
of the ternary system of N2O/CO2/[C4mim][Ac] may not be guaranteed based on the binary
interaction parameters alone. This happens because for systems containing mixtures with
the chemical complex formation (hydrogen-bonding, charge-transfer complex, etc.) as in the
case of the binary CO2/[C4mim][Ac] here present, the third component (in this case, N2O)
may interfere with the binary interactions of CO2/[C4mim][Ac], originating a decrease or an
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increase of the complex formation and changing the binary interaction parameters of this
pair in the ternary system. Consequently, one of the binary interaction parameters of the
pair CO2/[C4mim][Ac] was modified so as to fit the experimental ternary VLE data. This
way, the model provides an excellent agreement between experimental and calculated data
for the ternary system.

3.2.3. Statistical associating fluid theory

The original Statistical Associating Fluid Theory (SAFT) was developed in 1989 [116] based
on Wertheim’s first-order thermodynamic perturbation theory [117-120]. Its main advantage
over the traditional cubic EoS, is that it takes into account the structure of the molecule, sim‐
ilarly to group contribution models. It regards the molecules as chains of hard-spheres,
which contain multiple association sites. Several variations of the SAFT EoS have been used
to model the phase behavior of systems containing ILs: tPC-PSAFT [121-125], soft-SAFT
[126-128], hetero-SAFT [129], PCP-SAFT [130] and PC-SAFT [131].

Kroon et al. [121] applied the tPC-PSAFT model to the phase behavior of IL + CO2 systems
and later Karakatsani et al. [122] applied it to the correlation of the solubility of CO2, CO, O2

and CHF3 in the same ILs. Pure component parameters for the ILs were estimated from ILs
experimental thermodynamic data (density, enthalpy, and entropy of dissolution of CO2)
and physicochemical data for the constituent ions (size, polarizability, number of electrons).
The cross-association parameters were estimated from enthalpy and entropy data for the
dissolution of CO2 in the ILs. A temperature-dependent binary interaction parameter kij was
adjusted in order to fit the model to experimental VLE data. The results of the model were in
good agreement with experimental data. Later, Karakatsani and Economou [123] used the
same parameters to model the VLE of the ternary system CO2/acetone/[C4mim][PF6], also
obtaining satisfactory agreement between calculated and experimental data. Additionally,
Economou et al. [124] applied the same model to describe the VLE of the binary [C8mim]
[BF4]/benzene and the ternary CO2/H2O/[C4mim][NO3] (1-butyl-3-methylimidazolium ni‐
trate) systems. For binary mixture calculations, a binary interaction parameter was fitted to
the experimental data and the model was capable of accurately correlating the phase equili‐
bria of the binary and of the ternary IL mixtures with polar solvents. In a more recent work,
Karakatsani et al. [125] proved that the model can accurately predict the phase equilibrium
of non-polar solvent/IL mixtures, without the use of any adjustable binary interaction pa‐
rameter, by applying it to binary and ternary mixtures of ILs with organic solvents and wa‐
ter. They also concluded that in the case of aqueous solvents, the dissociation of IL has to be
incorporated explicitly into the model in order to obtain a good correlation with the experi‐
mental data.

Andreu and Vega [126] used the soft-SAFT EoS to describe the solubility of CO2 in ILs. They
modeled the families of ILs [Cnmim][BF4] and [Cnmim][PF6] as Lennard-Jones chains with
one associating site in each molecule. The chain length, size and energy parameters of the
ILs were obtained by fitting the model predictions to available density data, obtaining AAD
values lower than 0.2%. For the association parameters of ILs, values previously used for al‐
kanols were adopted. The authors found that the model correlations and experimental data
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for VLE are in good agreement. They later used the same model to describe the solubility of
hydrogen, CO2 and xenon in ILs of the family [Cnmim][Tf2N] [127]. In this case, the ILs were
modeled as Lennard-Jones chains with three associating sites in each molecule. The pure
component parameters for ILs were obtained as in the previous work, and a good descrip‐
tion of experimental solubilities was obtained. Recently, Llovell et al. [128] re-parameterized
the model for the [Cnmim][Tf2N] family of ILs and modeled the solubilities of methanol and
ethanol. Good agreement was found between the predictions of the model and the experi‐
mental data, with AAD values below 5% for methanol and around 10% for ethanol. They
also modeled the VLE of IL/water systems, with the model providing good agreement with
the experimental data, with AAD values between 6 and 12%. As for the LLE of mixtures of
ILs with water, the authors were not able to obtain reasonable predictions, having obtained
significant deviations in the water-rich phase. Quantitative agreement was achieved by us‐
ing two adjustable parameters, which were adjusted only to the water-rich phase of the
aqueous [C4mim][Tf2N] mixture and used in a predictive manner for the IL-rich phase and
for the aqueous mixtures with [C2mim][Tf2N] and [C6mim][Tf2N].

Ji and Adidharma [129] used the heterosegmented SAFT (hetero-SAFT) to describe the solu‐
bility of CO2 in the families of ILs [Cnmim][BF4], [Cnmim][PF6] and [Cnmim][Tf2N]. The mol‐
ecules of ILs were divided into groups representing the alkyl chain, the cation head and the
anion. To account for the electrostatic/polar interactions between cation and anion, the
spherical segments representing the cation head and the anion were assumed to have one
association site each, which can only associate to each other. The parameters for the alkyl
chains were obtained from those of the corresponding n-alkanes and the parameters for
groups representing the cation head and the anion, including the two association parame‐
ters, were fitted to experimental IL density data. The model was capable of satisfactorily de‐
scribing the solubility of CO2 in the ILs studied.

Finally, Paduszynski et al. [130] used the Perturbed-Chain Polar Statistical Associating Fluid
Theory (PCP-SAFT) to model the LLE of the IL 1-methyl-1-propylpiperidinium bis(trifluoro‐
methylsulfonyl)imide [C3mpip][NTf2] with several alkan-1-ols. They modeled the IL as
strongly associating molecules, with symbol A1 representing a positive site which corre‐
sponds to the nitrogen atom on the cation and its proximity, and symbol B1 representing a
negative site which corresponds to the delocalized charge due to the oxygen molecules on
the anion. They defined each type of associating site in an identical way; however, they only
allowed A1B1 interactions to take place. Additionally, they assumed that each molecule has 5
positive sites of type A1 and 5 negative sites of type B1. The pure component parameters of
the IL were determined by fitting to liquid density and total solubility parameter data. Self-
association of IL and alkan-1-ols, as well as cross-association, were accounted for and one
linearly temperature-dependent binary interaction parameter was needed in order to obtain
qualitative agreement between calculated and experimental data. AAD values obtained
were between 0.6 and 5%. On a different work, Paduszynski and Domanska [131] modeled
the LLE of systems composed by piperidinium-based ILs ([C3mpip][NTf2] and [C4mpip]
[NTf2]) and several aliphatic hydrocarbons using the Perturbed-Chain Statistical Associating
Fluid Theory (PC-SAFT) model. Pure component parameters for ILs were obtained as in the
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previous work and they used activity coefficients at infinite dilution of hydrocarbons in ILs
reported in the literature to optimize the binary interaction parameter, which was again con‐
sidered to be linearly temperature-dependent, with two adjustable parameters. In the calcu‐
lation of the LLE of the systems, they obtained AAD values between 1.5 and 8%.
Additionally, the authors decided to test their approach for the cross-associating systems
[C3mpip][NTf2] + 1-pentanol and [C3mpip][NTf2] + water. Regarding the LLE of [C3mpip]
[NTf2] + 1-pentanol, the authors claim that the experimental data is well described by the
model, although deviations between calculated and experimental compositions increase as
the temperature increases and the model ends up over predicting the upper critical solution
temperature by about 15 K. The AAD values obtained for this system were 52% for the IL-
rich phase and 1.7% for the alcohol-rich phase. As for the system [C3mpip][NTf2] + water,
the authors conclude that the PC-SAFT model is surprisingly good at describing the experi‐
mental data, but only when the IL-rich phase is considered alone. For the water-rich phase,
the model predicts solubilities of IL much lower than those observed experimentally by sev‐
eral orders of magnitude. The authors justify this fact because the molecular model chosen
for the IL is not appropriate for dilute solutions of IL in water, in which case the cation and
anion of the IL are probably dissociated, which results on increased solubility.

3.2.4. Other EoS

Several other EoS have been used to model systems with ILs. For example, Tsioptsias et al.
[132] used the Non-Random Hydrogen-Bonding (NRHB) model [133] to describe the phase
behavior of binary systems containing ILs of the family [Cnmim][Tf2N], obtaining good
agreement between model correlations and experimental data. Wang et al. [134] used the
square well chain fluid (SWCF) EoS [135] to model the solubilities of gases such as CO2,
C3H6, C3H8 and C4H10 in several ILs. Breure et al. [136] used a group contribution EoS to
study the phase behavior of binary systems of ILs of the families [Cnmim][PF6] and [Cnmim]
[BF4] with CO2, also obtaining good agreement between model predictions and experimental
data. Very recently, Maia et al. [137] applied the Cubic Plus Association (CPA) EoS [138],
which combines the SRK EoS with an advanced association term similar to that of the SAFT
type models, to describe the VLE with CO2 and the LLE with water of ILs [C2mim][Tf2N]
and [C4mim][Tf2N]. Good agreement was obtained between calculated and experimental da‐
ta, even though smaller AAD percentage values were obtained for the VLE than for the LLE.

4. Conclusions

Regarding the treatment of physical properties of pure ILs, temperature dependence of
physical properties such as density, speed of sound, or refractive index is described using
simple polynomial expressions, mainly equations of first, second and third order. For the
viscosity, usually the VFT or mVFT equations are strongly recommended. For binary mix‐
tures containing ILs, the dependence of the physical properties with temperature and com‐
position is also correlated using empirical equations, and their excess properties are
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3.2.4. Other EoS

Several other EoS have been used to model systems with ILs. For example, Tsioptsias et al.
[132] used the Non-Random Hydrogen-Bonding (NRHB) model [133] to describe the phase
behavior of binary systems containing ILs of the family [Cnmim][Tf2N], obtaining good
agreement between model correlations and experimental data. Wang et al. [134] used the
square well chain fluid (SWCF) EoS [135] to model the solubilities of gases such as CO2,
C3H6, C3H8 and C4H10 in several ILs. Breure et al. [136] used a group contribution EoS to
study the phase behavior of binary systems of ILs of the families [Cnmim][PF6] and [Cnmim]
[BF4] with CO2, also obtaining good agreement between model predictions and experimental
data. Very recently, Maia et al. [137] applied the Cubic Plus Association (CPA) EoS [138],
which combines the SRK EoS with an advanced association term similar to that of the SAFT
type models, to describe the VLE with CO2 and the LLE with water of ILs [C2mim][Tf2N]
and [C4mim][Tf2N]. Good agreement was obtained between calculated and experimental da‐
ta, even though smaller AAD percentage values were obtained for the VLE than for the LLE.

4. Conclusions

Regarding the treatment of physical properties of pure ILs, temperature dependence of
physical properties such as density, speed of sound, or refractive index is described using
simple polynomial expressions, mainly equations of first, second and third order. For the
viscosity, usually the VFT or mVFT equations are strongly recommended. For binary mix‐
tures containing ILs, the dependence of the physical properties with temperature and com‐
position is also correlated using empirical equations, and their excess properties are
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generally fitted to a Redlich-Kister type equation. For the fitting of the excess properties of
ternary systems containing ILs, the most widely used equation is that proposed by Cibulka.

For the correlation of experimental data concerning phase equilibria of mixtures containing
ILs, several gE-based models have been applied in literature (Pitzer, Extended Pitzer model
of Archer, UNIQUAC, NRTL, e-NRTL, NRF, MNRTL, MSA-NRTL, EW), being the NRTL
model the one that unifies simplicity and satisfactory results for the treatment of vapor-liq‐
uid, liquid-liquid and solid-liquid equilibria.

The use of EoS for the modeling of phase equilibria involving ILs is frequent. Unlike what
happens with gE models, most of the literature with EoS involve VLE data, rather than LLE
or SLE. Nevertheless, many authors have proved that excellent results can be obtained in
data correlation or, for some cases, even prediction. The main difficulty with the application
of EoS is the calculation of pure component parameters for ILs. Up to date, a general proce‐
dure has not yet been defined. Very recently, a complete review on the use of EoS with ILs,
with special emphasis on the obtention of model parameters, has been published by Maia
and co-workers [137]. The interested reader is directed to that work for further details.
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Chapter 3

A Comparative Study of Piperidinium and Imidazolium
Based Ionic Liquids: Thermal, Spectroscopic and
Theoretical Studies

Madhulata Shukla and Satyen Saha

Additional information is available at the end of the chapter
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1. Introduction

Ionic liquids (ILs) comprise an extremely broad class of molten salts that are attractive for
many practical applications because of their useful combinations of properties [1-3]. The
ability to mix and match the cationic and anionic constituents of ILs and functionalize their
side chains. These allow amazing tenability of IL properties, including conductivity, viscosi‐
ty, solubility of diverse solutes and miscibility/ immiscibility with a wide range of solvents.
[4] Over the past several years, room temperature ILs (RTILs) has generated considerable
excitement, as they consist entirely of ions, yet in liquid state and possess minimal vapour
pressure. Consequently, ILs can be recycled, thus making synthetic processes less expensive
and potentially more efficient and environmentally friendly. Considerable progress has
been made using ILs as solvents in the areas of monophasic and biphasic catalysis (homoge‐
neus and heterogeneous).[5-6] The ILs investigated herein provides real practical advantag‐
es over earlier molten salt (high temperature) systems because of their relative insensitivity
to air and water. [6-7] A great deal of progress has been made during last five years towards
identifying the factors that cause these salts to have low melting points and other useful
properties.[8] ILs are subject of intense current interest within the physical chemistry com‐
munity as well. There have been quite a lot of photophysical studies in ionic liquids. [8] The
most important properties of ionic liquids are: thermal stability, low vapour pressure, elec‐
tric conductivity, liquid crystal structures, high electro-elasticity, high heat capacity and in‐
flammability properties enable the use of ionic liquids in a wide range of applications, as
shown in Figure 1. It is also a suitable solvent for synthesis, [5, 8, 9-12] catalysis [6, 8, 13] and
purification. [14-18] It is also used in electrochemical devices and processes, such as re‐
chargeable lithium batteries and electrochemical capacitors, etc.[19] Rechargeable Lithium
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batteries are a ubiquitous energy device that is being worldwide in many types of portable
electronic equipment, such as cellular phones, laptop computers, and digital cameras and
many more devices.[20] Recently, it has been realized that variation of the type of cationic
core is a very valuable approach to get more number of ILs.[8]
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Figure 1. Applications of Ionic Liquids

A major difference between imidazolium salt on one hand and piperidinium salts on the
other hand is that the positive charge is delocalized over the aromatic ring in imidazolium
salt, whereas the positive charge is localized on the nitrogen atom of piperidinium salts.
Next to imidazolium, piperidinium based ILs are the most popular and versatile. Several lit‐
eratures are available on study of imidazolium based ILs, where x-ray crystallography stud‐
ies [21-22], theory [23-28], viscosity [8], spectroscopic studies including IR and Raman
spectra [27] have been discussed. In comparison to this, very few literatures exist related to
piperidinium based ILs. During the last five years interest towards piperidinium based ILs
has increased considerably. Cyclic alkyl quaternary ammonium (QA) cations, N-alkyl-N-
methylpiperidinium (PIP1n; where 1 indicates CH3 and n= number of carbon in another alkyl
substitution) are class of cations whose room temperature ILs (RTILs) are very promising in
the field of electrochemical applications due to their high thermal and electrochemical stabil‐
ities.[29-43] Recently, PIP1n ILs found to be potentially useful for electrochemical applica‐
tions due to their water immiscibility, high conductivities, thermal stabilities and wide
electrochemical windows. For example, 1-butyl-1-mehylpiperidinium bis(trifluoromethyl‐
sulfonyl)imide (PIP14NTf2; where, NTf2

-: bis(trifluoromethylsulfonyl)imide anion) improves
the stabilization of the chemical composition and structure of the sulphur cathode in Li/S
cells during charge-discharge cycles. In the state of the art technologies of 4V-class recharge‐
able Li batteries, a mixture of organic aprotic solvents and LiPF6 is generally used.[44] Re‐
cent studies have shown that the highly fluid and conductive 1, 3-dialkylimidazolium salts
cannot be used as electrolyte for 4V-class Li batteries, because of very positive cathodic po‐
tential of the 1,3-dialkylimidazolium cations. [45-47] On the other hand, it was revealed that
the ILs based on quaternary ammonium cations with the electrochemically stable and weak‐
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batteries are a ubiquitous energy device that is being worldwide in many types of portable
electronic equipment, such as cellular phones, laptop computers, and digital cameras and
many more devices.[20] Recently, it has been realized that variation of the type of cationic
core is a very valuable approach to get more number of ILs.[8]
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Figure 1. Applications of Ionic Liquids
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ly coordinating anion, NTf2
- offer some promising properties.[48-50] These promising prop‐

erties mainly include i) wide electrochemical windows on account of the low cathodic
potential of the saturated QA cations and the high anodic potential of the NTf2

-, ii) low vis‐
cosities on account of the high flexibility and good charge distribution of the NTf2

-, and iii)
wide stable liquid ranges on account of the low melting point and high thermal stability of
the NTf2

- salts.[51-54] The free NTf2 anion itself has several interesting features.[55] The neg‐
ative charge can be expected to delocalized over five atoms (four oxygen and the nitrogen),
implicating a weak coordinating power. This is of vital importance in the applications where
the formation of ion pairs would reduce the number of charge carriers and hence the ionic
conductivity. The possibility of rotations around the two central S-N bonds would provide a
mechanical flexibility resulting in a plasticizing effect of the polymer electrolyte, making the
system more conductive due to the large internal mobility of the dissolved species. Both
these effects have been observed for polymer electrolytes based on PEO/LiNTf2 [56-57] and
PEO/alkaline salts.[58] As for example, PIP1nNTf2, have been recently proposed for high-
voltage super capacitors and lithium batteries.[31-33, 36] Particularly PIP13NTf2 has been
found to be useful for the use in Li-batteries [38] with a superior reversible discharge capaci‐
ty of 340-350 mA-h/g with only a small irreversible capacity loss per cycle [59]. Despite this
tremendous interest, the properties, molecular structure and theoretical calculation of PIP1n

cation based ILs have not been investigated in detail so far. As the properties of any material
depends on the structure of molecules in different phases, it is important to understand the
structural features of ILs in depth. In general, liquids are much less understood than gases
and crystals. While structure in the gas phase can be accurately determined by electron dif‐
fraction or high-resolution rotationally-resolved spectroscopy, solid/crystal structure can be
determined by X-ray or neutron diffraction. On the other hand, diffraction and spectroscop‐
ic techniques has limited applicability to elucidate liquids structure. Structural information
available for liquids is thus much less. Thus theoretical calculations are of very much impor‐
tant in predicting the structure of different room temperature ionic liquids (RTILs). In par‐
ticular, Density Functional Theory (DFT) calculation found to be very useful in predicting
structure of various RTILs. [23-24, 27] DFT calculation also helps us to understand the inter‐
action present among cation and anion in the molecule as well as the type of bonding
present in the molecule. Magnetic moment, dipole moment and many other physical prop‐
erties as well as wavelength of various electronic transition of ILs can also be calculated by
DFT calculation. In this chapter we addressed the following very specific issues related to
important class of piperidinium based ILs. Synthetic procedure for different piperidinium
based ILs has been described and it was found that with variation of anion, cation being the
same, physical state of ILs changes drastically.[23] Thermophysical properties of imidazoli‐
um and piperidinium based cation with similar anion has been compared briefly. Melting
point, viscosity and cyclic voltammetry properties with variation of alkyl chain as well as
variation of several anions has been reported for both types of cation. Further we have com‐
pared the optimized molecular geometry of bmimBr, bmimI and bmimNTf2 ion pairs with
PIP14Br, PIP14I and PIP14NTf2 respectively in gaseous phase using theoretical calculations.
bmimBr and bmimI ILs, exist as solid of very low melting point or in liquid state [22],
whereas its analogous piperidinium based ILs (PIP14Br and PIP14I respectively) exist in solid
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having high melting point. In addition, the calculated vibrational frequency of the molecule
gives us a strong base to analyze the experimental spectra and also the effect of interaction
causing shifting in vibrational bands. Further, experimental IR frequencies of PIP14NTf2 and
its correlation with theoretical (DFT and HF methods) vibrational frequencies have been re‐
ported.

2. Reagents and instrumentation

N-methylpiperidine (Sigma Aldrich, >99%), bromobutane, Iodobutane (Merck, Germany),
bis(trifluoromethanesulfonyl)imide (Sigma Aldrich, >99%) were used as received for the
synthesis. Acetonitrile (HPLC grade) was procured from Merck, Germany and were used af‐
ter purification following standard procedures. UV-Visible spectra were measured by CARY
100 BIO UV- Visible Spectrophotometer, which has photometric linearity till absorbance 3.5.
Infrared spectra were was measured with Varian FTIR 3100 in the region 400 cm-1 – 3500
cm-1 using neat sample. 300MHz NMR (JEOL) was used to measure the 1H NMR and 13C
NMR. Melting point of the synthesized samples were recorded using automatic digital melt‐
ing point apparatus (Optimelt).

3. Experimental

3.1. Conventional preparation for ammonium cation based ILs

The general synthetic path for preparing ammonium based ILs is shown in Figure 2. The
first step usually is a quaternization reaction, where an amine (NR3) is alkylated with an ap‐
propriate alkylation reagent (R’X) e.g. alkyl halide, resulting in the corresponding IL. When
an IL with a desired anion cannot be formed via this reaction, an anion exchange reaction is
needed. A previously formed IL is used as precursor and the anion is changed by a metathe‐
sis reaction. This metathesis reaction can be performed by using a metal salt (MA).

Figure 2. Synthetic path for preparing ammonium based ILs

3.2. Synthesis of 1-butyl-3-methylimidazolium halide (bmimX, where X- = Br, I) and
bmimNTf2

Synthetic Procedure for bmimX and bmimNTf2 have been reported by us earlier [24] Since
we have used considerable less temperature than generally reported [60], the time required
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for the reactions are also much higher. Nevertheless, this low temperature reaction has been
found to provide much purer ILs.

3.3. Synthesis of N-butyl-N-methylpiperidinium halide (PIP1nX, where X- = Br, I) and
PIP14NTf2

3.3.1. Synthesis of N-butyl-N-methylpiperidinium bromide (PIP14Br)

A general synthesis procedure for synthesizing PIP14Br was reported in literature.[40] A
modified form of that reported procedure is followed; instead of using high temperature,
lower temperature (50 ˚C) is used with longer time of stirring. This excludes major possibili‐
ties of inclusion of impurities in ionic liquids. Scheme for the synthesis of PIP14Br is shown
in Figure 3. 20 mL of ethyl acetate was taken in 100 mL RB flask. To it 10 mL (82.3 mmol) N-
methyl piperidine was added with stirring and then 9.7 mL (90.5 mmol) of bromobutane
was added slowly with continuous stirring at 25 ˚C. Mixture was stirred for 16 h at RT in
nitrogen atmosphere and then stirring was made at 50 ˚C for 3 h. The solution was washed
with 150 mL dry distilled ethylacetate and remaining solvent was evaporated on a rotava‐
pour. White solid product was kept under high vaccum at 50 ˚C for 3 h. (yield= 90%). Melt‐
ing point (mp) found to be 241˚C. The product was confirmed by 1H NMR (δ, ppm, 1.01 (t,
3H), 1.47 (q, 2H), 1.72 (8H), 3.63 (s, 3H), 3.66 (4H) and 3.81 (2H); IR: 569, 673, 904, 940, 1030,
1227, 1369, 1464, 2874 and 2959 cm-1.

Figure 3. Scheme for the synthesis of PIP14Br

3.3.2. Synthesis of N-alkyl-N-methylpiperidinium Iodide (PIP1nI)

A general synthesis procedure for synthesising PIP1nI (where n=1, 3, 4, 6, 8) is shown in Fig‐
ure 4. As above mentioned process, here also instead of using high temperature, RT is pre‐
ferred with longer time of stirring to exclude the major possibilities of inclusion of
impurities in ionic liquids. All the reactions were carried out with 1:1.1 molar ratios. 10 mL
of Ethyl acetate was taken in 100 mL RB flask. To it 2 mL (16 mmol) N-methyl piperidine
was added with stirring and then X mL (X mmol) of iodoalkane was added slowly with con‐
tinuous stirring at 25 ˚C. Mixture was stirred for 24-48 h at RT in nitrogen atmosphere (ex‐
cept for PIP11I, where stirring was done for 4 h only). The solution was washed with 150 mL
dry distilled ethylacetate and remaining solvent was evaporated on a rotavapour. White sol‐
id product was kept under high vacuum for 3 h. Yield for PIP11I = 100% and for rest of the
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salt, it is found to 70%. Melting point (mp) found to be 181˚C, 198˚C, 124˚C and 131˚C for
PIP13I, PIP14I, PIP16I and PIP18I respectively. The products were confirmed by 1H NMR, 13C
NMR and IR.

Figure 4. Scheme for the synthesis of PIP1nI

3.3.3. Synthesis of N-butyl-N-methylpiperidiniumbis(trifluoromethanesulfonyl)imide (PIP14NTf2)

PIP14NTf2 was done following the similar procedure as described in literarture.[40] Scheme for
preparation of PIP14NTf2 is shown in Figure 5. 4.6 g (19.5 mmole) of PIP14Br was taken in a RB and
to it 10 mL of triple distilled (TD) water was added. 6.1 g (21.4 mmole) LiNTf2 dissolved in 10 mL
TD water added to it. Stirring was done for 4 h. 150 mL dichloromethane (DCM) solvent was
used to wash followed by the cold distilled water. DCM was evaporated on rotavapour and after
that it was kept under high vaccum for 2h at 60 ̊ C. Light yellow colour liquid was obtained with a
yield of 88%. This light yellow colored liquid was further dissolved in 10 mL of pure predistilled
acetonitrile (ACN) and treated with activated celite for decolorization. Room temperature stir‐
ring was done for 4 h followed by filtration through a column packed with fresh charcoal and ac‐
tivated alumina. The resultant solution was evaporated on rotavapour at reduced pressure.
Completely colorless liquid was obtained. The product was confirmed by 1H NMR (δ, ppm, 1.01
(t, 3H), 1.44 (q, 2H), 1.74 (8H), 3.42 (s, 3H), 3.56 (4H) and 3.85 (2H) and IR: 570, 619, 1054, 1139,
1197, 1348, 1474, 2881 and 2966 cm-1.

Figure 5. Scheme for the synthesis of PIP14NTf2
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4. Thermo-physical properties study

The thermal stability of an ionic liquid is determined by the strength of the formed heteroa‐
tom-carbon or heteroatom-hydrogen bonds and the stability of the formed ion species. Al‐
though there have been extensive studies of RTILs, relations between their structure and
physicochemical properties has not yet been fully understood. The primary research on the
properties of pure ILs has focused on understanding and developing the relationship be‐
tween the structures of cation and anion and the physical properties. To optimize the use of
ILs and design the desirable ILs, knowledge of physical and chemical properties of ILs is es‐
sentially important. Physical properties such as melting point, viscosity, glass transition
temperature, density, surface tension etc. must be known before utilizing them as either
green solvent for chemical reactions or for the usage as new materials for various applica‐
tions.[61] In addition, basic thermodynamic properties are also vital for design and evalua‐
tion of its application.

The melting point (Tm) of an organic molecular compound is determined by the strength of
its crystal lattice, which is in turn controlled by three main factors: molecular symmetry, in‐
termolecular forces, and conformational degrees of freedom of the molecule. This principle
is also applicable to the ILs, as intensively described in a very large number of well-charac‐
terized imidazolium and QA salts [62-63]. For ILs, melting points is one of the most impor‐
tant physical properties and have been studied with interest. The melting point primarily
indicates whether a salt should be considered as IL or not. The melting point of an ionic liq‐
uid depends on its cation/anion composition [61]. Generally, symmetric ions with a local‐
ized charge and strong interactions between ions result in good packing efficiency and
hence a high melting point (e.g. mp of NaCl: 801ºC) [64]. Ionic liquids based on large, asym‐
metric cations with a delocalized charge often have low melting points. Packing efficiency
depends on interactions between ions. Hydrogen bonding (or similar non-bonded interac‐
tions) increases the order of the system and thus raises the melting point [65].The relations
between density with melting temperature, along with glass transition decomposition tem‐
perature and heat capacities for a series of imidazolium based ILs have been reported
[66-68]. A series of hydrophilic and hydrophobic 1-alkyl-3-methylimidazolium and 1-al‐
kyl-1-methylpiperidinium salts of NTf2

-, PF6
-, BF4

-, Br- and I- has been presented in Table 1.
Data presented in Table 1 shows that most of the imidazolium based ILs found to exist in
liquid at room temperature or having low melting point. In comparision to this, piperidini‐
um based ILs have very high melting behaviour. Melting points reported here clearly shows
that for a different cation, anion being same piperidinium based ILs found to have quite
higher than those of imidazolium based ILs. As for example, melting point of bmimBr
(79ºC), hmimBr (-54.9ºC) are quite low as compared to its corresponding PIP14Br (241ºC) and
PIP16Br (201ºC) salts. Similarly for bmimI (-72ºC) and hmimI (-72ºC), compared with PIP14I
(198ºC) and PIP16I (124ºC) have quite high difference in melting point value. Compared to
bmimBF4 (-81ºC), corresponding PIP14BF4 (146ºC) salt have huge difference in melting point.
This significant difference in melting point behaviour is expected due to molecular interac‐
tion present between cation and anion, which has been discussed further in following sec‐
tions. Melting point of PIP14NTf2 as well as bmimNTf2 reported to be -25˚C [30-32]. It is
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interesting to note that when anion is larger with having multiple interacting sites (such as
NTf2), the difference of mp between piperidinium and imidazlium cation based ILs fades
away. Therefore, one can have two drastically different types of ILs having same mp.

Imidazolium ILs Melting point

(tmºC) [ref]

Viscosity (η)/ cP Piperidinium ILs Melting point (tmºC)

[ref]

Viscosity (η)/ cP

bmimBr 79 [22] solid PIP14Br 241[40] solid

hmimBr -54.9 [69] 3986 PIP16Br 201 * solid

pmimI -56 [70] 35 PIP13I 181 * solid

bmimI -72 [66] 1110[66] PIP14I 198 * solid

hmimI -72 [66] 771 PIP16I 124 * solid

bmimBF4 -81 [66] 219 [66] PIP14BF4 146 [40] solid

bmimPF6 4 [66] 450 [66] PIP14PF6 - solid

hmimPF6 -61 [66] 585 [66] PIP16PF6 188.7 * solid

emimNTf2 4 [66] 28 [66] PIP12NTf2 84.3 [71] solid

bmimNTf2 -25 [66] 69 [66] PIP14NTf2 -25 [21, 40] 182 [40]

* our results

Table 1. Melting point of some popular imidazolium and piperidinium cation based ILs.

4.1. Viscosity

The viscosity of an ionic liquid is a very important parameter in electrochemical studies due
to its strong effect on the rate of mass transport within solution. The type of the anion and
the cation which compose the ionic liquid have a huge effect on the viscosity of the ionic
liquid. With respect to the anionic species, higher capacity and relative basicity to form hy‐
drogen bonds result in more viscous RTILs. Viscosity of several imidazolium ILs has been
presented in Table 1 but piperidinium based ILs (almost all of them except PIP14NTf2) are
solid at room temperature and hence their viscosity data are not available. Viscosity of
bmimPF6 (450cP) found to nearly double when compared with viscosity of bmimBF4

(219cP).[66] This may be due to presence of more number of hydrogen bonding present in
bmimPF6, than bmimBF4. Whereas, ionic liquids containing BF4

− anions are much more vis‐
cous than those formed with NTf2

- anions, where the negative charge is delocalized. An in‐
crease in the viscosity of the various anion/cation combinations was attributed to an increase
in van der Waals forces over hydrogen bonding.[72] However, hydrogen bonding between
cationic protons and anionic halides has been noted in the crystalline state from X-ray dif‐
fraction studies [73-74] and may represent an additional factor. In addition, the increased
symmetry of the inorganic anions (e.g., PF6

- or BF4
-) compared to the organic anion (NTf2

-)
may play an important role. The data of Table 1 seems to indicate that the geometry and mo‐
lar mass of the anions have a strong influence on the viscosity of this class of IL, since
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[bmim]+ combined with either PF6
- or NTf2

-, produces ILs with significantly different viscosi‐
ties. These results suggest a complex relationship of cation–anion interactions. ILs contain‐
ing NTf2 anions are the most widely used for electrochemical applications due to their low
viscosity and, consequently, improved mass transport. Viscosity of bmimNTf2 (62cP) [66]
found to be much lower than that of PIP14NTf2 (182cP) [40]. Hence the viscosity of ILs is con‐
trolled by the number of hydrogen bonding between cation and anion, as well the van der
Waals interaction. Hence bmimNTf2 seems to have wide application in electrochemistry as
compared to PIP14NTf2.

4.2. Cyclic voltammetry

The ionic conductivity of an IL is another most important property, aiming its application as
electrolyte for electrochemical devices. It is expected that ILs possesses a large conductivity,
since they are composed exclusively by ions. However, in addition to the number of charge
carriers, their mobility should also be taken into account. Cyclic Voltammogram of both ILs
(bmimNTf2 and PIP14NTf2) using carbon glass electrode as working electrode and current
density limit at 150μA cm-2 is shown in Figure 6. The utility of a liquid for electrochemical
applications is frequently reflected in the width of the electrochemical windows (EW). The
electrochemical window is defined as the potential range where the limiting current density
is reached. EW for bmimNTf2 found to be only 3V, whereas EW for PIP14NTf2 found to be
4.5V i.e PIP14NTf2 has 1.5V wider EW as compared to bmimNTf2.This 1.5 V advantage over
the bmimNTf2 is due to the fact that the aromatic imidazolium core is much more readily
reduced than the piperidnium system, which contain no vacant orbital as explained by Bel‐
hocine et al. for azepanium and 3-methylpiperidinium based ILs. [75] They have also shown
that azepanium and 3-methylpiperidinium based ILs have higher EW as compared to imi‐
dazolium based ILs. Hence EW is one of the fundamental properties required for evaluating
the ILs as electrolyte in many electrochemical devices. Hence this property of PIP14NTf2

leads to its extensive use in electrochemical processes. This is the most important advantag‐
es of piperidinium based ILs over imidazolium based ILs.

Figure 6. Cyclic Voltammogram of bmimNTf2 (•) and PIP14NTf2 (o)
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5. Computational details

5.1. Studies of interactions in molecular structure of different ILs using DFT calculations

Optimization  of  ion  pairs  was  done  using  density  functional  theory  (DFT),  MP2  and
Hartee-Fock (HF) methods to get the most stable structure. DFT computations were per‐
formed  at  Becke’s  three-parameter  hybrid  model  using  Lee-Yang-Parr  correlation  func‐
tional (B3LYP) level of theory. [76-77] 6-31++ G (d,p) basis set used to get the optimized
geometry  and  IR  bands  using  Gaussian  03  programme.[78]  IR  frequencies  calculations
was performed using DFT and HF method [27], to compare which method produces bet‐
ter experimental results. All optimized structures were confirmed to be minimum energy
conformation, as no imaginary frequencies are obtained.

Molecular geometry optimization of PIP14X and bmimX ion pairs carried out at B3LYP/6-31+
+ G (d, p) level in gaseous phase and has been shown in Figure 7. DGDZVP basis set was
used for iodine atom, as explained in our previous paper. [23-24] The optimized structure
reveals that piperidinium ring is stable in chair conformation and butyl group in trans con‐
formation, as reported by Reichert et al. for PIP1nI crystal.[42]. Hydrogen bonding present in
these moieties is shown with the dotted line. H---Br distances in PIP14Br found to be 2.57Å,
2.45 Å and 2.54 Å (shown in Figure 7a) which are smaller than van der Waal radius and also
C17-H18----Br, C2-H6----Br and C22-H27---Br angle found to be 155˚, 153˚ and 156˚ respec‐
tively. C-H---Br bond length and angle presented in Table 2 satisfied the conditions of H-
bonding definition. Hence H-bonding present in piperidinium ILs or salts have strong
control over the physical property of the moiety. When compared with 1-butyl-3-methylimi‐
dazolium bromide (bmimBr, mp = 79 ˚C) IL [22], its melting point found to be quite high
(241˚C). This can be explained as, in bmimBr IL, only one H-bonding is present between cat‐
ion and anion (shown in Figure 7b) with C2-H---Br distance of 2.19 Å and C2-H---Br bond
angle of 154˚. While in PIP14Br moiety, three H-bonding are observed with single Br- ion,
leading to its higher melting point. In bmimBr, no H- bonding was observed between anion
and alkyl chain, whereas in PIP14Br moiety, two H-bonding with alkyl chain along with one
H-bonding with hydrogen of piperidine ring was observed. Hence this higher number of H-
bonding present in PIP14Br led to its higher melting point. Similar is the reason for the high‐
er melting point of PIP1nI salts, when compared to those of bmimI. In PIP14I, H---I H-
bonding found to be 2.78, 2.86 and 2.98 Å, (shown in Figure 7c) whereas, in bmimI, single H-
bonding of bond length 2.50 Å exist between cation (C2-H) and iodide anion (shown in
Figure 7d). Here also three H-bonding between cation and anion lead to its higher melting
point when compared with bmimI. Theoretical calculation on NTf2 anion based ILs have at‐
tracted attention in recent times. Several literatures are available for bmimNTf2 IL, where
DFT calculation performed to explain the conformation of cation as well as anion. [79] Ac‐
cording to Fujii et al., DFT calculation followed by frequency analyses confirms two confor‐
mations (cis and trans) of NTf2

- anion with an energy difference of 2.2- 3.3kJ mol-1 and trans
conformation reported to be more stable than the cis conformation. Keeping these stable
conformations in mind, we further carried out theoretical calculation for PIP14NTf2 ion pair
in gaseous phase. The selected structural parameters for PIP14Br and PIP14NTf2 are shown in
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Table 2. Optimized structure of PIP14NTf2 (shown in Figure 7e) explains three H-bonding of
bond length 2.34, 2.55, 2.64 Å between cation and anion, parallel as bmimNTf2 (shown in
Figure 7f). Hence in case of NTf2 anionic ILs, melting point of both imidazolium and piperi‐
dinium based ILs found to be nearly comparable to each other. It is due to the fact that num‐
ber of H-bonding is same in both cases. Further, discussion on PIP14NTf2 IL has been done in
detail, as it (NTf2

- based ILs) exist in liquid state at room temperature. From Table 2, it is
clear that, N-S, S=O, S-C and C-F bond length calculated using DFT found to be 1.62, 1.46,
1.89 and 1.33 Å, which deviate by 0.05, 0.04, 0.07 and 0.01 Å from the crystal data reported in
literature.[79] Whereas bond lengths calculated using HF method are in good agreement
with those in the crystals, its bond angle and dihedral angles are largely different. On the
other hand, bond length calculated at B3LYP level of theory are appreciably larger than
those in crystal data, whereas the S-N-S bond angle, C-S-S-C and S-N-S-C dihedral angles
are reproduced fairly well. Indeed MP2 calculation also produces similar result as DFT but
its time consumption is nearly thrice of that of DFT method. Hence DFT proves to be the
best among these three methods to reproduce the crystal data.

Parameter PIP14Br
Parameter/

PIP14NTf2

crystal data

(reported) [79]
DFT results MP2 results HF results

H18-Br34 2.57 Å N34-S35 1.57 Å 1.62 Å 1.62 Å 1.57 Å

H27-Br34 2.54 Å S35-O38 1.42 Å 1.46 Å 1.46 Å 1.42 Å

H6-Br34 2.45 Å S35-C39 1.83 Å 1.89 Å 1.88 Å 1.83 Å

C17-H18---Br 155˚ C39-F44 1.32 Å 1.33Å 1.34 Å 1.32 Å

C2-H6---Br 153˚ S35-N34-S36 125˚ 126˚ 124˚ 129˚

C22-H27---Br 156˚ S36-N34-S35-C39 92.6˚ 88.9˚ 101˚ 103˚

S35-N34-S36-C40 92.3˚ 88.4˚ 93˚ 89˚

C39-S35-S36-C40 172˚ 165˚ 171˚ 161˚

Table 2. Selected bond lengths (Å), bond angles (˚) and dihedral angles (˚) for optimized structure of PIP14Br using
DFT method and PIP14NTf2 using DFT, MP2 and HF methods as well as its reported crystal data:
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Figure 7. Optimized structure of (a) N-methyl-N-butylpiperidinium bromide (PIP14Br) and (b)1-butyl-3-methylimidazo‐
lium bromide (bmimBr), (c) N-methyl-N-butylpiperidinium iodide (PIP14I), (d) 1-butyl-3-methylimidazolium iodide (bmi‐
mI), (e) N-methyl-N-butylpiperidinium bis(trifluoromethanesulfonyl)imide (PIP14NTf2), (f) 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (bmimNTf2)

5.2. Experimental and theoretical infrared spectrum of PIP14NTf2

The analysis of IR spectra also expected to bring its contribution to the general debate of the ILs
intermolecular structure. Experimental Infrared (IR) spectrum for synthesized PIP14NTf2 has
been shown in Figure 8. It has been observed that the major peaks appeared at 570, 619, 1054,
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1139, 1197, 1348, 1474, 2881 and 2966 cm-1 which are quite intense. These peaks are analysed
with the help of frequency calculation using DFT and HF methods. Theoretical investigations
were done to find out, which method reproduces better correlation with the experimental re‐
sult. We performed vibrational frequency calculation of PIP14NTf2 ion pair in gaseous phase us‐
ing DFT/B3LYP and HF methods. Figure 9 contains a plot of combined experimental versus
theoretical vibrational frequencies using B3LYP and HF methods. It is very clear from Figure 9
that DFT/B3LYP method correlate better with the experimental results, when compared with
HF method. PIP14NTf2 ion pair requires a scale factor of 0.966 (DFT) in higher wavenumber re‐
gion (above 1500 cm-1) to produce the experimental vibrational frequencies. The HF method
overestimates the vibrational frequencies to a greater degree than B3LYP method and requires
a scale factor of 0.915 to reproduce the experimental frequencies. Similar theoretical results
have been obtained for a wide range of imidazolium based ionic liquids.[26-27] The overall cor‐
relation of band positions in calculated vibrational frequencies at B3LYP level agree reasona‐
bly well with the obtained experimental frequencies. On the basis of our DFT calculation
performed, experimental peaks have been assigned and are presented in Table 3. Band at 570
and 1054 cm-1 assign to be out of plane bending of N and S=O symmetric stretching weakly cou‐
pled with S-N asymmetric stretching respectively. Band at 1139 and 1197 cm-1 correspond to C-
F stretching and C-F symmetric bending. Band at 2881 and 2966 cm-1 correspond to symmetric
and asymmetric C-H stretching in cation. The overall correlation of band positions in calculat‐
ed vibrational frequencies at B3LYP level agree reasonably well with the obtained experimen‐
tal frequencies. In addition, theoretically determined relative intensities are also found to be in
good agreement with experimental intensity of IR absorption band.

Figure 8. Infrared spectrum of neat PIP14NTf2 correlated with calculated vibrational bands (vertical lines). A scaling fac‐
tor of 0.9664 was required to reproduce the experimental observations at higher wavenumber region.
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Figure 9. Correlation diagram for IR spectrum of PIP14NTf2; experimental versus calculated IR frequencies. (DFT and HF
method). Scaling factors = 0.966 (B3LYP) and 0.915 (HF).

Vibrational frequency calculation of cation and anion was also performed independently us‐
ing their optimized structure at same level of calculation to analyse the shifting of band due
to presence of cation/anion interaction. Selected vibrational bands for cation, anion and its
ion pair are depicted in Table 4. It has been observed from DFT calculation that due to pres‐
ence of anion in ion pair, frequencies of cation are shifted to a greater extent, mainly the C-H
stretching bands. Symmetric and asymmetric stretching of H-C2-H observed at 3113 and
3196 cm-1 in PIP14NTf2, whereas it found to be at 3082 and 3154 cm-1 respectively for PIP14

+

cation, showing a shifting of 31 and 41 cm-1 respectively due to presence of interaction with
anion. Symmetric C-H stretching of methyl group shifted from 3087 in PIP14

+ cation to 3083
in PIP14NTf2 ion pair, shows an insignificant deviation of 4 cm-1. Vibrational bands arising
from anion shows very less shifting due to presence of cation. This may be due to delocali‐
zation of charge on NTf2

- anion, whereas in cation charge is totally localized on nitrogen
atom. Hence due to cation-anion interaction, cationic species shows significant shifting in
their peak position.
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Wavenumber/

cm-1/ DFT (Expt.)
Intensity

Wavenumber/

cm-1/HF
Intensity Band assignment in PIPNTf2

549(568) 36 629 69 Scissoring in O=S=O and CF3

589 (570) 327 694 435 Out of plane bending of N in NTf2 anion

701 (739) 69 810 84 N-S sym stretching

755 (790) 13 847 21 C-F and N-S sym stretching

905 (905) 12 987 22 N-C(CH3) stretching and twisting in H-C-H

945 (938) 18 1025 20 N-C stretching and rocking of H-C-H

997 490 1176 416 S-N asym stretching and S=O sym stretching

1086 (1054) 321 1257 565 S=O sym stretching and S-N asym stretching

1149 74 1341 272 C-F asym stretching

1152 (1139) 283 1346 103 C-F stretching

1196 (1197) 35 1379 338 C-F sym bending in NTf2 (umberalla bending)

1213 447 1405 374
C-F asym stretching and N-S stretching and twisting

of H-C-H

1309 571 1470 715
S=O asym stretching, Twisting of H-C-H in PIP ring

and wagging of H-C-H in Bu group

1480 (1469) 10 1569 5 H-C-H wagging and umbrella bending in CH3 group

1523 44 1653 77 Scissoring of H-C-H

3015 (2881) 35 3162 43 sym C25-H stretching in Bu group

3041 22 3182 27 sym C-H stretching in terminal CH3 group

3083 34 3238 6 sym C-H stretching in N-Me group and C1-H

3089 (2966) 26 3241 15 sym C1-H and asym C5-H stretching in PIP ring

3100 36 3247 16 asym C3-H and C4-H stretching in PIP ring

3113 29 3250 52 sym C2-H stretching in PIP ring

3118 23 3255 46 asym C28-H stretching in Bu group

3131 10 3292 14 asym C1-H stretching in Pip ring

3151 13 3326 20 asym C21-H stretching in Bu group

3196 11 3356 6 asym C2-H stretching

3202 12 3388 7 asym C-H stretching in N-Me group

Sym-symmetric; asym- asymmetric

Table 3. Selected IR frequencies of PIP14NTf2 calculated using DFT and HF methods. Experimental results are written in
parentheses:
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Wavenumber/

cm-1/ DFT
Intensity

Wavenumber (ion

pair)/ cm-1/ DFT

Deviation due to cation

anion interaction (Δυ)
Band assignment

PIP14 + Cation

3082 4 3113 31 sym C2-H stretching in PIP ring

3087 9 3083 4
sym C-H stretching in N-Me group and

C1-H

3127 17 3118 9 asym C28-H stretching in Bu group

3154 5 3196 42 Asym H-C2-H stretching

3167 8 3151 16 asym C21-H stretching in Bu group

3194 2 3202 8 Asym C-H stretching in N-CH3

NTf2 - anion

700 8 701 1 N-S sym stretching

992 600 997 5 S-N asym stretching

1303 500 1309 6 S=O asym stretching

Table 4. Selected vibrational frequencies of PIP14
+ cation, NTf2

- anion and its ion pair

5.3. UV-visible spectra of PIP14NTf2 and bmimNTf2

Since application of the ILs as media of photophysical studies depend on how transparent
these substances are in the optical region, we have characterised the UV-visible absorption
behaviour of PIP14NTf2 and bmimNTf2 ILs. The UV-Visible spectrum of neat PIP14NTf2 and
bmimNTf2 ILs is presented in Figure 10. Contrary to imidazolium based ILs, piperidinium
based ILs shows wide range of transparency in UV region. bmimNTf2 IL shows non-negligi‐
ble absorption in the UV region, with an absorption tail extending well into the visible re‐
gion. Initially, the band of the spectrum for charcoal treated PIP14NTf2 appears at 258 nm,
with its absorption tail extended upto 325 nm. But on further charcoal treatment, absorbance
as well as its extended tail diminish sharply. As it is well known fact that during the process
of synthesising these ILs, often colour impurity makes the resultant ILs coloured. In most of
the cases improperly purified or unpurified ILs shows pale colour whereas on persistent
and proper purifications, the final IL comes out to be colourless. So, to understand whether
the PIP14NTf2 is inherently light yellow coloured or the colour is due to presence of impuri‐
ty, charcoal treatment of synthesized IL was carried out repeatedly. Successive recording of
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UV-visible spectra was done after each charcoal treatment and it was observed that absorb‐
ance diminishes sharply. Hence we obtained a wide transparent window in UV-visible re‐
gion for PIP14NTf2 IL. This gives us an idea that phtophysical studies or electron transfer
reaction of several donor-acceptor complexes can be carried out in PIP14NTf2 IL whose ab‐
sorption is in UV region as well. This very unique and interesting property of PIP14NTf2 IL
revealed the extensive study of piperidinium based ILs in fluorescence study also.

Figure 10. UV-visible spectrum of PIP14NTf2 compared with that of bmimNTf2

6. Conclusion

Synthesis of several imidazolium and piperidinium based ILs and their physical properties
are reported. Melting point of piperidinium based ILs found to be higher than its imdazoli‐
um based ILs, anion being identical. This was explained by DFT calculation which clearly
shows the higher number of hydrogen bonding present in piperidinium based ILs than imi‐
dazolium based ILs. Whereas, in bmimBr or bmimI, no H- bonding was observed between
anion and alkyl chain, while two H-bonding with alkyl chain along with one H-bonding
with hydrogen of piperidine ring was observed. Hence this higher number of H-bonding
present in PIP14Br and PIP14I led to its higher melting point than its corresponding analogues
ILs, bmimBr or bmimI respectively. Viscosity of ILs is also controlled by number of hydro‐
gen bonding between cation and anion, as well as vander Waal interactions present in it.
Though the viscosity of PIP14NTf2 is higher than that of bmimNTf2, the wider (by 1.5V) elec‐
trochemical window for the former makes it more useful in electrochemical applications.
DFT calculation reproduces the experimental IR spectrum very well as compared to HF
method. Finally, piperidinium based ILs shows wide range of optical transparency making
it markedly superior for photophysical studies (e.g. electron transfer reaction) in it.
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1. Introduction

The use of green solvents, including ionic liquids (IL), in the synthesis of new materials is
currently highlighted worldwide [1-5]. The green high thermal stabilities, and can remain in
the liquid state over a wide range of temperatures (from -50°C to 200°C). Furthermore, ILs
exhibit low toxicity because of their exceptionally low volatility. This property is why ILs
could be used as “green” alternatives to volatile organic solvents in many processes [6,7].

Accordingly, ILs have been used as a reaction medium for inorganic materials, which dem‐
onstrates the pre-organized structure of the ILs as a template for generating porous nanoma‐
terials [8,9]. It is well-known that the properties and structures of mesoporous materials
vary by the choice of synthesis conditions, such as temperature, reagents, base concentra‐
tions, and the nature of the organic groups [10]. By organic groups, one means the organic
chains and structures that affect the functionality of the precursor; for example, where there
is Si-C bond, depending on the silica to surfactant ratio, different pore topologies (hexago‐
nal, cubic and lamellar) are present, and when only ionic liquid was used as the surfactant,
mesoporous silica with an irregular shape may be obtained [11]. However, when a small
amount of cetyl trimethylammonium bromide (CTAB) was added to the reaction, mesopo‐
rous silica with a spherical shape was obtained. When a mixture of ionic liquids and CTAB
was used as the surfactant templates, larger mesopores were formed in the silica spheres
[12]; however, ILs can generally dramatically decrease the polarity and dielectric constant of
water and increase the solubility of surfactants when used as co-solvents [13,14]. However,
the interaction between CTAB and IL has also been observed, which causes the IL to behave
as a co-surfactant [14]. Starting from these new concepts, ILs with different cations (e.g., imi‐
dazolium, pyridinium and ammonium) and anions (e.g., hexafluorophosphate, tetrafluoro‐
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borate, octyl sulfate and bromide) and the ordinary CTAB and the mixture of CTAB and ILs
are used in the synthesis of mesoporous silica.

Furthermore, ILs provide an interesting method for controlling the chemical contents of the
collapsing bubble through the reduction of the solvent vapor pressure [15] because the rates
of sonochemical reactions can be increased by decreasing the vapor pressure of the solvent
or by choosing a less volatile one [16]. ILs are usually more viscous and denser than other
organic solvents, and producing cavitations should be more difficult under such conditions
with large cohesive forces [16,17].

Studies of the thermal decomposition of ILs confined in nanopores compared to bulky pores
are also currently on the forefront of nanomaterials research. Many physicochemical proper‐
ties of ILs have been observed to change when confined in nanopores, which results from the
interaction of the IL cations/anions with the pore walls, which could be weak, as in silica nano‐
pores [18,19]. These studies influence the next step, i.e., the surface functionalization of meso‐
porous silica materials through the covalent bonding of organic groups, which is achieved
through the comparative co-condensation and post-grafting of amino and alkyl functionalized
silica alkoxide precursors [20]. Importantly, the comparative study is necessary to optimize the
synthesis methods for nanomaterials because, even if the post-grafting method produces well-
ordered functionalized mesostructured materials, it often produces non-uniformly distribut‐
ed organic groups [20]. Furthermore, the co-condensation synthetic method for mesoporous
materials involves a one-step procedure and allows better control of the loading and distribu‐
tion of the organic groups [20], as was detailed in the recent review on the advances in (bio)re‐
sponsive nanomaterials [21]. Supplementary information on the effects of ILs on the texture of
gels can be obtained from the pore size distribution. This aspect is interesting because the ionic
liquid concentration changes the pore volume due to the low volatility of the IL, which reduces
the surface tension associated with the pore collapse [22-25].

The next step in the ecotoxicological evaluation of the synthetized mesoporous silica is to
use the logistic enzyme kinetic and Spectral-SAR methods [26-30] with acetylcholine ester‐
ase as a working enzyme. Acetylcholine is a notably good marker for monitoring the evolu‐
tion in ionic liquids, due to the similar chemical structures of many ionic liquids cations and
acetylcholine and especially because this enzyme does not follow the standard Michaelis-
Menten kinetics mechanism. The logistic enzyme kinetics [31-35] is an analytical substitute
for the Michaelis-Menten mechanism, and it is based on some probabilistic considerations
that better accommodate the QSSA (quasi-steady state approximation) conditions, while
providing the analytical transformation of the W-Lambert function into a logarithmic func‐
tion; this so-called logistic transformation was successfully evaluated for different cases of
enzyme kinetics [31-39]. The analytical information contained in the logistic enzymatic tem‐
poral curves could be further combined with a QSAR algorithm, such as the Spectral-SAR,
for designing molecular mechanisms of the ecotoxicity; this procedure has already been ap‐
plied for bare ILs [27,28,38,40]. Eventually, this procedure is intended to be used for some
toxicity tests [41,42] or even for obtaining the efficiency of the material as a drug carrier in
biological media, if the proper conditions are satisfied.
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Regarding the action/toxicity  mechanism of  ionic  liquids (M.O.A.),  possible  mechanisms
of toxic actions are identified through membrane disruption because they have structural
similarity  with  detergents,  pesticides  and  antibiotics  [43-46]  that  induce  polar  narcosis,
due  to  their  interfacial  properties,  and  may  cause  membrane-bond  protein  disruption
[47-49].  As a possible mode of action, disrupted membranes and hydrophobic molecules
have a greater ability to accumulate at this interface [50]. The low Kow values of imidazoli‐
um ionic liquids indicate the low permeability of these ionic liquids [47]. However, other
mechanisms  arise  from  acethylcolinesterase  inhibition  [51],  relate  to  a  common  cellular
structure or process [45], involve structural DNA damage [47,52], or are mediated by cer‐
tain  bacteria  that  could  potentially  break  down  imidazolium  into  different  metabolites
that  could  be  inhibited  by  the  ionic  liquid  itself  [43,44].  Nevertheless,  knowing  if  the
chemicals could reach the target site in the organism and by which mechanism is of para‐
mount importance,  and at  minimum, a  conceptual  extrapolation from in  vitro  to  in  vivo
studies  is  required [51]  because other  factors,  such as  biodegradation and bioaccumula‐
tion, are necessary before conclusions can be drawn [49].

Figure 1. The four most important classes of ionic liquids based on the reference cation: (1) imidazolium, (2) pyridini‐
um-, (3) phosphonium-, (4) ammonium- [39].

The dose-response approach for estimating the lethal effects of toxicants on organisms is be‐
ing criticized because of the lack of real ecological meaning; furthermore, regulatory norms
have been established around LC50 values that can be compared between different toxicants
and organisms [47,53]. In this respect, it was observed that the side chain toxic mode of ac‐
tion of ionic liquids is not specific to species, and a similar relationship has been observed
[47]. However, the systematic variation of, for instance, R1 and R2 at identical head groups
and anions from the molecular to individual organism level lead to the conclusion in most
published data that the shorter the chain lengths of the side chains, the lower the cytotoxici‐
ty (higher EC50 values) [50,54]. The electronic portion of the bond factor extends along a
chain that has no more than 5 alkane carbons, which results in a decrease in the overall hy‐
drophobicity; therefore, chains longer than 5-6 carbon atoms will have a considerably great‐
er permeability through the cell membrane (for example, [DMIM][BF4]), see ref. [55].
Therefore, chemical transformations of the side chains of ionic liquids may reduce their tox‐
icity because the metabolites are less toxic compared to their parent chemicals [54]. With re‐
spect to the cationic effects, see Figure 1, the imidazolium ring plays a major role due its
structure as a delocalized aromatic system with a high electron acceptor potential; therefore,
the nitrogen atoms are not capable of forming any hydrogen bonds, which results in a rigid
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and sterically hindered system. The elongation of the R2 residue causes a continuous in‐
crease of flexibility, which implies more conformational freedom [56]. The chemical nature
of a head group also influences the biological activity [54]. The fragmental hydrophobicity
of each carbon connected to a quaternary amine combines a geometric bond factor that ap‐
plies to the neutral solute together with a negative electronic bond factor, which decreases in
magnitude with the square of the distance from the central nitrogen atom [55,57]. Comple‐
mentarily, the anion could play a central role as a technicophore because it exhibits a high
potential for changing the materials technological properties (solubility, viscosity); however,
there are reports that the anion presents no significant effects [44,45,55]. The first study re‐
porting the influence of the anion was by the Jastorff group [54], where it was reported that
the anion in the ion pair can partially decompose, as was previously observed [55,58,59].

Finally,  at the computational level,  the detailed examination of the relative energies and
structural interactions (such as ion position, H-bonding and variability in the anion con‐
formation)  in  gas-phase  ion-pairs  has  emphasized  how these  quantities  can  be  used  to
construct a picture of the local structure and interactions that occur in ionic liquids. For
instance,  [BMIM][Cl]  (1-n-butyl-3-methylimidazolium chloride) forms a highly connected
liquid with relatively strong interactions, [BMIM][TFMSi] (1-n-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide)  forms  a  low  connectivity  network  of  weakly  linked
ions, whereas [BMIM][BF4] lies between these extremes and forms a weak but more regu‐
lar network. The melting points and viscosity are somewhat dependent on the local inter‐
actions between an ion and other molecules in the first solvation shell.  For imidazolium
based  cations,  nine  sites  of  interactions  are  preferred  by  the  anion  [60-63].  Hunt  et  al.
demonstrated that the hydrogen bond is primarily ionic with a moderate covalent charac‐
ter. The fact that the Coulombic attraction is the dominant stabilization force was demon‐
strated by analyzing the charge distribution, molecular orbitals and electron density of the
dimer complex [BMIM][Cl] [63]. The interactions governing the top conformers are nota‐
bly different compared to those where the Cl anion remains in-plane (where the Cl anion
interacts with the π-manifold of the orbitals); the LUMO of the ion-pair is the cation anti-
bonding  orbital;  therefore,  electron  acceptance  is  not  favorable  [63].  The  effect  of  the
chloride anion on the rotation of the butyl chain was consequently investigated and ob‐
served  to  lower  certain  rotational  barriers  while  enhancing  others  [61].  The  Coulombic
forces in an ionic liquid, and hence the point charges or charge distribution on the constit‐
uent  ions  are  anticipated  to  be  more  important  than  in  liquids  composed  of  neutrally
charged molecules [60];  these ions allow a type of semi-classical analysis for the toxicity
of ILs, which is well-adapted for quantitative structure-activity studies (QSAR), to which
the present review belongs. Nevertheless, even the well-regarded QSAR methodology has
to  be  refined and adapted or  extended to  include the chemical  electrostatic  interactions
present in the IL and of their transduction into various organism triggering (or not) toxici‐
ty. These aspects will be reviewed and exemplified in the following.
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2. QSAR/Spectral-SAR Modeling of the Structure-EcoToxicity of Ionic
Liquids

It is an already established fact that the costs of all approaches for sustainable product de‐
sign can be reduced using the SAR and QSAR methods [56]. For instance, the anti-microbial
activity of quaternary ammonium chlorides is dependent on the lipophilicity, and the 1-oc‐
tanol-water partition coefficient, Kow, could provide a good approximation for the lipophilic‐
ity of the compound. The relationship between the chemical structure and anti-microbial
activity of several new choline-like quaternary ammonium derivatives was analyzed using
the QSAR method, and all of the studied compounds were active against the microorgan‐
isms. The statistically significant correlation of the obtained QSAR equations confirms that
the lipophilicity is the primary factor that governs anti-microbial activity [43]. The octanol-
water partition coefficient has been correlated with bioaccumulation and toxicity in fish and
to sorption in soil and sediments. The Kow values for the BMIM cation range from 0.003 to
1.1, depending on the choice of anion, and the Kow value increases with increasing length of
the alkyl chain on the cation. Replacing the H atom between the 2 nitrogen atoms in the ring
with a methyl group has almost no effect on the Kow value. Because all of the measured Kow

values in the analyzed ionic liquids, i.e., imidazolium ionic liquids with butyl, ethyl, dimeth‐
yl, hexyl and octyl side chains with different anions, such as tetrafluoroborate, nitrate,
bis(trifluoromethylsulfonyl)imide), are less than 15, these ionic liquids will not accumulate
or concentrate in the environment. It was also observed that the Kow values for ionic liquids
with the TFMSi (bis(trifluoromethylsulfonyl)imide) anion (a notably hydrophobic anion) are
dependent on concentration, even at the diluted concentrations studied [64].

However, QSPRs (Quantitative Structure Properties Relationships) methods could be used
to correlate and predict the toxicity of ionic liquids. With at most 4 molecular descriptors,
log EC50 and log EC5 data are reproduced with a R2 (statistical Pearson correlation coeffi‐
cient) of 0.78-0.88 using tests with Vibrio fischeri and Daphnia magna. These methods calculat‐
ed the electronic, spatial, structural, thermodynamic and topological descriptors for both the
cation and anion separately, whereas the geometries were also optimized separately. Concern‐
ing Vibrio fischeri, the QSPR equations that used cationic (first equation) and cationic + anion‐
ic (second equations) descriptors fit the training set well, with R2=0.887 and R2=0.782,
respectively. However, the majority of the training set compounds were imidazolium and
pyridinium based ionic liquids. Then, Couling and co-workers [49] used the equation to pre‐
dict the toxicity of new compounds, which contained ammonium and phosphonium cations,
but the toxicity of these new additional compounds was not predicted with the same accura‐
cy, which led to the conclusion that the equation is only good for compounds of the same
class. The best accuracy for a new predicted compound (using the first QSPR equation) was
for [BdMAPy][Br] (1-n-butyl-4-dimethylaminopyridinium bromide) because it contains an
aromatic pyridinium cation, and it also contains an amino group, unlike all of the other
training set compounds. Concerning Daphnia magna, the QSPR equation fits the training da‐
ta set well (R2=0.862), and the descriptors are similar to those provided for Vibrio fischeri,
which suggests that there may be similar indicators of toxicity observed in many different
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species. The equation was used to predict the toxicity of another compound, and contrary to
the case of Vibrio fischeri, the correlation was good, R2=0.775; however, the neglected com‐
pounds were more similar to those of the training set compounds [49]. Such results further
motivated the use of the actual Spectral-SAR method for these two paradigmatic species re‐
sponse upon IL action because it is an important step in constructing a consistent ecotoxico‐
logical test battery. The reliability of the Spectral-SAR/QSAR studies primarily relies on the
lack of readily accessible ecotoxicological data [65]. Note that because the principles of green
chemistry state that one should consider the entire process (life cycle analysis), rather than
the individual components of a reaction (single issue sustainability), the acute toxicity meas‐
urements do not fully characterize the full impact of the release of a substance into the envi‐
ronment, but they are only part of the environmental impact assessment [65,66]. In
particular, ionic liquids with cations, such as pyridinium, imidazolium and pyrrolidinium,
have been nominalized by the United States National Toxicology Program (NTP) for toxico‐
logical testing because of their potential use as new solvents and potential to enter the
aquatic system [67]: if an accidental discharge of ionic liquids into water were to occur, there
may be an environmental risk to aquatic plants and animals because many of the ILs are wa‐
ter-soluble [48]. The recorded averaged descriptions of the acute toxicity based on the LC50
(mg/mL) are very highly toxic (<10-4), highly toxic (10-4-10-3), moderately toxic (10-3-10-2),
slightly toxic (10-2-10-1) and not acutely toxic (>10-1) [55,68].

3. Algebraic QSAR: Spectral-SAR [69,70]

The key concept in the SAR discussion concerns the algebraic consideration of biological ac‐
tivity and the structural parameters in Table 1. As a consequence, we may further employ
this feature to quantify the basic SAR through an orthogonal space. The idea is to transform
the columns of structural data in Table 1 into an abstract orthogonal space, where all of the
predictor variables are independent, solve the SAR problem in orthogonal space and subse‐
quently compare the result to the initial data using a coordinate transformation. Because
QSAR models aim to develop correlations between the molecular structures of interest and
the measured (or otherwise evaluated) activity, it naturally appears that the structure part of
the problem is accommodated within quantum theory and its formalisms.

Activity Structural predictor variables

| Y OBS (ERVED) | X 0 | X 1 … | X k … | X M

y1-OBS 1 x11 … x1k … x1M

y2-OBS 1 x21 … x2k … x2M

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮

yN-OBS 1 xN1 … xNk … xNM

Table 1. The vectorial descriptors in a Spectral-SAR analysis.
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In fact, there are a few quantum characteristics that we are using within the present ap‐
proach [29]:

• Any molecular structural state (dynamical because it undergoes interactions with the spe‐
cies and organisms) may be represented by a |ket  state vector in an abstract Hilbert space,
which follows the bra |ket  Dirac formalism [71]; such states are to be represented using
any reliable molecular index, or specifically, in our study, by the hydrophobicity | LogP  ,
polarizability | POL  , and the total optimized energy | Etot  . These parameters are only
the so-called Hansch parameters, which are usually employed to account for the diffu‐
sion, electrostatic and steric effects for molecules acting, for instance, within the cells of
organisms, respectively;

• The (quantum) superposition principle, which ensures that the summation of molecular
states map onto another resulting molecular state, which is interpreted here as the bio-,
eco- or toxico- logical activity, e.g., |Y = | X0 + c1 | X1 + ... + cM | XM  , where | X0  rep‐
resents the “noise” activity (present even when all other influences are absent);

• The orthogonalization feature of quantum states, which is a crucial condition where the su‐
perimposed molecular states generate other molecular states (here quantified as the activ‐
ity of the molecular ligand - linking receptor); analytically, the orthogonalization
condition is represented by the bra |ket  scalar product of two envisaged states (molecu‐
lar indices). If bra |ket =0 , then the states are said to be orthogonal, and the molecular
descriptors are independent; therefore, they are suitable to be added as contributing
states in the resulting activity and as molecular indices in the activity correlation.

As such, the analytical procedure is decomposed into three fundamental steps.

I. Given a set of N molecules that are being examined for their biological activity,
they produce through the considered M structural indicators all of the input infor‐
mation (the states) that may be vectorially expressed by the columns in Table 1 and
correlated through the following equation:

( ) 0 0 1 1

( )

... ...OBS ERVED k k M M

PRED ICTED

Y b X b X b X b X prediction error

Y prediction error

= + + + + + +

= +
(1)

with

0 11 1NX = L (2)

added to account for the noise term. For equation (1) to represent a reliable model of the giv‐
en activities, the assumed molecular states (indices) should constitute an orthogonal set;
having this constraint is a quantum mechanical fundamental, as described above. However,
unlike other important studies that have addressed this problem [72,73], the present use of
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the Spectral-SAR method assumes that the prediction error vector in eq. (1) arises from the
predicted activity’s being orthogonal because it cannot consider the input data otherwise

0PREDY prediction error = (3)

being not known a priori any correlation is made. In this manner, it follows from eqs. (1) and
(3) that the prediction error vector has to be orthogonal on all other descriptor states of the
predicted activity.

0, 0i MX prediction error
=

= (4)

In other words, conditions (3) and (4) confirm the form of (1) in the sense that the prediction
vector and the prediction activity |Y PRED  (with all of its sub-intended states | Xi=0,M̄  ) be‐
long to disjointed (thus orthogonal) Hilbert spaces; that is, one can state that the Hilbert
space of the observed activity |YOBS  may be decomposed into a predicted and an error in‐
dependent Hilbert sub-spaces of states. Therefore, within the Spectral-SAR procedure, the
first step in the orthogonalization procedure orthogonalizes the predicted activity to its pre‐
diction error, whereas the remaining orthogonalization algorithm does not search for opti‐
mizing the minimization of errors, but it searches for the optimum method for producing
the ideal correlation between |Y PRED  and the given descriptors | Xi=0,M̄  .

II. Next, the Gram-Schmidt orthogonalization algorithm is applied by constructing
the orthogonal set of descriptors using the consecrated iteration [74-76]

0 0XW = (5)

1

0

k
k

k k i i
i

X r
-

=

W = - Wå (6)

, 1,k ik
i

i i

X
r k M

W
= =

W W
(7)

providing the orthogonal correlation

0 0 1 1 ... ...PRED k k M MY w w w w= W + W + + W + + W (8)

, 0,k
k

k k

Y
k Mw

W
= =

W W
(9)
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III. Remarkably, while the studies dedicated to the orthogonal problem usually stop at
this stage, the Spectral-SAR method uses this stage to provide the solution for the
original searched correlation, eq. (1). This process can be adequately achieved by
rearranging eqs. (6) and (8) such that the system of all descriptors in Table 1 can be
written in terms of orthogonal descriptors
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(10)

System (10) has no trivial (orthogonal) solution if and only if the associated extended determi‐
nant vanishes; this condition introduces the Spectral-SAR determinant and its equation [26]
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1 0

0 1

0 1

1 0 0 0
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0
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w w w w
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L L
L L
L L

M M M M M
L L

M M M M M
L L

(11)

If the determinant of eq. (11) is expanded on its first column, and the result rearranged so
that to have |Y PRED  on the left side and the rest of states/indicators on the right side, the
searched QSAR solution of the initial problem of eq. (1) is obtained as the Spectral-SAR vec‐
torial expansion (from where the “spectral” name is also justified) with the error vector al‐
ready absorbed in the orthogonalization procedure. In fact, the Spectral-SAR procedure uses
double conversion passages: one forward from the given problem of eq. (1) to the orthogo‐
nal one of eq. (8) where the error vector is orthogonally “dissolved”; and the reverse one,
back from the orthogonal to the real descriptors throughout the system (10), which provides
the determinant (11) to be expanded as the QSAR solution.

The result is that the QSAR/Spectral-SAR equation is now directly delivered by the determi‐
nant (11) and not through matrices products, as in the statistical Pearson approach, while
directly providing the Spectral-SAR correlation equation and not only the parameters of
multi-variate correlation [77-83]. Furthermore, the Spectral-SAR algorithm is also invariant
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to the order of descriptors that are chosen in orthogonalization procedure, which provides
equivalent determinants only with rearranged lines; this is a matter that was not previously
achieved by other orthogonalization techniques [84-87].

However, it is worth being convinced by comparing the present Spectral-SAR method with
the standard statistical one by specializing the general problem (1) to the linear case

0 0 1 1PREDY b X b X= + (12)

and to determine whether it furnishes the linear regression parameters given by the conse‐
crated least squares analysis through the Spectra-SAR equation (11) [81-83]. In this respect,
we actually deal with the particular equation

0 1
0 1 0 1

0 0 11 1
0 01

1 0

1 0
0 1 0

1 1 1 0
1

PRED

PRED

Y
X Y X X

r r
X r

w w
w w w w

= = - + (13)

which is immediately rearranged to

( ) {
1

0 0 1 0 1 1PRED
ab

Y r X Xw w w= - +
14243 (14)

such that identifying the actual linear coefficients

1a w= (15)

1
0 0 1b rw w= - (16)

When evaluating expressions (15) and (16) within the Spectral-SAR algorithm, there are in‐
structions to identify only the relevant variables from Table 1 using the convenient notation

| Y PRED | X 0 | X 1

y1 1 x1

y2 1 x2

⋮ ⋮ ⋮

yN 1 xN
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Other working tools are the zero-th and the first orthogonal vectors, which are accordingly
considered and computed as (5) with (2) and respectively by.

1
1 1 0 0

1 2 1
1 1 1

1 1 1111 1
N N N

N i i N i
i i i

X r

x x ... x x ... x x ... x x
N N N= = =

W = - W

= - = - -å å å
(17)

with the help of the coefficient

1 01
0
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i
i

X
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W
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W W å (18)

specialized from the general definition (7).

In the same manner, the other specific Spectral-SAR coefficients from the general orthogonal
recipe (9) are now computed as the zero-th order contribution for linear regression

0
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1
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whereas the first order contribution precisely recovers the linear slope [69,70]
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as prescribed by the correspondence of (15). Additionally, its companion – the noise term
coefficient of eq. (14) - may be now directly evaluated with (16)
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which successfully regains the noise term that is otherwise consecrated by means of a varia‐
tional statistical (optimization of errors’ squares summation) procedure.

With this description, it is clear that the SPECTRAL-SAR methodology not only recovers the
standard statistical QSAR least square correlation results but also generalizes it analytically to
a great extent toward a better assessment of mechanistically ordering and influences in prac‐
tical eco- and bio- logical applications.

4. From in Cerebro to in Silico Principles of Ecotoxicity

When utilizing the analytical model of QSAR/Spectral-SAR for environmental interactions,
one should consider the framework of the principles both at the general and applied levels.
As such, regarding the general principles or green chemistry and engineering, they are pro‐
vided in Table 2 to ensure that they can be readily compared [88]. Note that the fundamental
principles constitute the background or the general framework or desiderate that is eventu‐
ally supported by the associate engineering principle; the green engineering principle is pri‐
marily based on “minimizing” or “maximizing” the time, space, energy and costs, and it is
constituted either in an economical enterprise and an extension of the main principles of na‐
ture or in terms of optimizing mass-energy and time-space. From this point forward, the
most basic physical and chemical principles are observed as those acting on each process,
system, or state to be created, maintained or modified [89-91].

However, while restraining the analysis to the specific interactions between chemical struc‐
tures and biological species, the Organization for Economic Co-operation and Development
(OECD) advanced a set of standard principles for the validation and for regulatory purposes
of the (quantitative) structure-activity relationship models [92-95]:

• QSAR-1: a defined endpoint

• QSAR-2: an unambiguous algorithm

• QSAR-3: a defined domain of applicability

• QSAR-4: appropriate measures of goodness-of–fit, robustness and predictivity

Ionic Liquids - New Aspects for the Future96



1
0 0 1

2
2

2

2
2

1 1 i i i i
i i i

i i
i i

i i
i i

i i i i i
i i i i

i i
i i

b r

N y x y x
y x

N N
N x x

y x x y x

N x x

w w= -

æ öæ ö
- ç ÷ç ÷æ ö è øè ø= - ç ÷

è ø æ ö
- ç ÷
è ø

æ öæ ö æ öæ ö
-ç ÷ç ÷ ç ÷ç ÷

è øè ø è øè ø=
æ ö

- ç ÷
è ø

å å å
å å

å å

å å å å

å å

(21)

which successfully regains the noise term that is otherwise consecrated by means of a varia‐
tional statistical (optimization of errors’ squares summation) procedure.

With this description, it is clear that the SPECTRAL-SAR methodology not only recovers the
standard statistical QSAR least square correlation results but also generalizes it analytically to
a great extent toward a better assessment of mechanistically ordering and influences in prac‐
tical eco- and bio- logical applications.

4. From in Cerebro to in Silico Principles of Ecotoxicity

When utilizing the analytical model of QSAR/Spectral-SAR for environmental interactions,
one should consider the framework of the principles both at the general and applied levels.
As such, regarding the general principles or green chemistry and engineering, they are pro‐
vided in Table 2 to ensure that they can be readily compared [88]. Note that the fundamental
principles constitute the background or the general framework or desiderate that is eventu‐
ally supported by the associate engineering principle; the green engineering principle is pri‐
marily based on “minimizing” or “maximizing” the time, space, energy and costs, and it is
constituted either in an economical enterprise and an extension of the main principles of na‐
ture or in terms of optimizing mass-energy and time-space. From this point forward, the
most basic physical and chemical principles are observed as those acting on each process,
system, or state to be created, maintained or modified [89-91].

However, while restraining the analysis to the specific interactions between chemical struc‐
tures and biological species, the Organization for Economic Co-operation and Development
(OECD) advanced a set of standard principles for the validation and for regulatory purposes
of the (quantitative) structure-activity relationship models [92-95]:

• QSAR-1: a defined endpoint

• QSAR-2: an unambiguous algorithm

• QSAR-3: a defined domain of applicability

• QSAR-4: appropriate measures of goodness-of–fit, robustness and predictivity

Ionic Liquids - New Aspects for the Future96

• QSAR-5: a mechanistic interpretation, if possible

No. Principle of Green Chemistry Principle of Green Engineering

1. Prevention of waste that must cleaned afterwards Prevention rather than treatment

2. Inherently safer chemistry for accident prevention

such as releasing, explosions, and fires

Inherent rather than circumstantial processes and

components to prevent hazard

3. Atom economy in maximizing the incorporation

of all material used

Conserving complexity of embedded entropy for

minimizing the recycling process

4. Less hazardous chemical systems should be

designed with little or no toxicity

Design for commercial “afterlife” through their nontoxic

availability

5. Designing safer chemicals to minimize their

toxicity

Durability rather than immortality because whatever

compound should be degradable

6. Safer solvents and auxiliars (separation agents) Integrate material and energy flows allowing

interconnectivity in components

7. Designing for energy efficiency while synthetic

methods should be conducted at ambient

temperature and pressure whenever possible.

Maximizing efficiency in producing products through

minimizing mass, energy, space, and time

consumption

8. Use of renewable raw materials and feedstocks

rather than depleting them

Design for separation and purification operations

should maximize recycling

9. Reducing derivatives as those modifying physical-

chemical processes because they are virtually

converted into waste

Minimizing material diversity in multicomponent

products towards promoting easiest disassembly

process

10. The use of catalytic rather than stoichiometric

reagents is desirable for maintaining control over

the selectivity

Output-pulled of reaction products rather than input-

pushed reactants as additional starting material

11. Design for degradation targeting

biodegradability and not persistent components

in environment

Renewable rather than depleting of material and

energy inputs

12. Real time analysis for pollution prevention by

means of in-process monitoring and analytical

methodologies

Meet need while minimizing the excess of

unnecessary capacities or capabilities for bio-

physicochemical systems

Table 2. The twelve principles of Green Chemistry and Engineering [89-91].

Within this context, the present QSAR-Spectra-SAR (QSAR-SSAR) approach “responds” to
these OECD-QSAR principles by the present Spectral-SAR ecotoxicological principles’ reali‐
zation [96], with special reference to ionic liquids (Principle 3):

• ECOTOX-SSAR Principle 1 is assured by: the “length” of the predicted/measured (eco)bio‐
logical action follows the self-scalar product rule of the computed endpoint activity
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• ECOTOX-SSAR Principle 2 is assured by: the “orthogonality” of assumed molecular factors
that correlate with eco- and bio-effects is assured by the spectral decomposition of the as‐
sociate activity respecting them (see eq. (8)), and the orthogonal-real space transformation
given by the Spectral-determinant, eq. (11), giving in fact the searched structure-activity
relationship model;

• ECOTOX-SSAR Principle 3 is assured by: the method of considering the structural parame‐
ters and the activities with which they should be correlated, for specific (target) class of
molecules; for instance, the consecrated Hansch quantitative structure activity relation‐
ships (QSARs) generally prescribes the activity expansion under the generic minimal but
meaningful form:

0 1 2 3

electronic hydrophobic steric
A B B B B

parameter parameter parameter
æ ö æ ö æ ö

= + + +ç ÷ ç ÷ ç ÷
è ø è ø è ø

(23)

which provides sufficient information about the transport, electronic affinity and specific in‐
teraction at the molecular level, respectively; whereas the hydrophobicity index, LogP, de‐
scribes, at best, the quality of molecular transport through cellular membranes. For the
electronic and steric contributions, many structural parameters may be considered [97,98];
among them, the polarizability (POL) measures the inductive electronic effect that reflects
the long range or van der Waals bonding, whereas for the steric component, the total energy
(E TOT) is assumed to be the representative index because it is calculated at the optimum mo‐
lecular geometry at which the stereo-specificity is included. These parameters have been
demonstrated to be quite reliable in modeling the ecotoxicological interactions [26, 29, 30],
and they will also be used in the present IL applications. To this aim, when information
about the eco-biological influence of ionic liquids (IL) is desired, the particular anionic-cati‐
onic structure has to be properly considered because almost all structural information about
ionic liquids is based on the superposition of the separate anionic and cationic contributions.
In this situation, two different additive models for modeling anionic-cationic interaction can
be considered. The first model is based on the vectorial summation of the produced anionic
and cationic biological effects. In other words, this so-called |1+> model is constructed from
the superposition of the anionic (subscripted with A) and cationic (subscripted with C) activ‐
ities, and can be formally represented as [27, 30]:

{ }( ) { }( )1 1 S SARAC A C A CY Y Y O g X g X
Ù+

- é ù= + = + = +ë û (24)

with Hansch combinations
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{ } { }, , , ( , ), ,A C A C A C TOT A CX LogP POL E= (25)

Practically, with the |1+> model, the SPECTRAL-SAR procedure is separately performed for
the anionic and cationic subsystems, and it is subsequently summed in the resulting IL-ac‐
tivity. The second SPECTRAL-SAR model can be advanced here when the additive stage is
considered at the incipient stage of the SPECTRAL-SAR operator (1) such that the consid‐
ered Hansch factors, for instance, are first combined to produce the anionic-cationic (sub‐
scripted with AC) indices that are further used to produce the spectral mechanistic map of
the concerned interaction, producing the so-called |0+> model [28, 30]:

{ } { }( )0 0 ,S SAR S SARAC A CY O O f X X
Ù Ù+

- -= + = (26)

with the Hansch specification of the spectral vectors:
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Figure 2. The vectorial composition of anionic and cationic sub-system activities in the ionic liquid global system, lead‐
ing with the internal angle formation, with the trigonometric expression of eq. (30) [27,30].
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The open issue addresses whether the |0+> & |1+> states leave with the same results or what
aspects of the SPECTRAL-SAR operator (1) might differ in the IL ecotoxicity, a matter that is
solved by computing the so-called ionic liquid internal angle between the anion-cationic activity
vectors, Figure 2, with yiA, yiC , i =1, N̄  components following the prescription [27,28,30,40]:
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• ECOTOX-SSAR Principle 4 is assured by the “intensity” of the chemical-eco-bio-interaction
that is determined by the ratio of the expected to measured activity norms [26,29,69]
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as a counterpart of the classical statistical correlation factor [69,98,99]
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• ECOTOX-SSAR Principle 5 is assured by the “selection” of the manifested chemical-eco-
(bio-)binding that parallels the minimum distances of paths [26,96,97]

[ ], 0A Bd = (33)

connecting all possible endpoints in the norm-correlation hyperspace
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In this manner, the “validation” of the obtained mechanistic picture is achieved by requiring
that the influential minimum paths are numbered by the cardinal of the input structural fac‐
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In this manner, the “validation” of the obtained mechanistic picture is achieved by requiring
that the influential minimum paths are numbered by the cardinal of the input structural fac‐
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tors set such that, excepting that the final endpoint that is always considered as the final
evolution target, all other endpoints are activated one time and one time only.

The present chapter reviews the presented Spectral-SAR-IL models as applied to studying
the ecotoxicity of the aquatic species Vibrio fischeri and Daphnia magna by the tested ionic liq‐
uids, which were appropriately chosen such that they contained a wide variety of heads,
side chains, and anions.

5. Two Cases of Ionic Liquids Ecotoxicity

Long and short term tests are used to explore the toxicity of the ionic liquids [100-102].

NAME Aexp

| Y EXP

Log P Polarizability TOTAL ENERGY

CAT.

| X 1C

AN.

| X 1A

CAT.

| X 2C

AN.

| X 2A

CAT.

| X 3C

AN.

| X 3A

1-n-butylpyridinium

chloride

0.41* 2.85 0.63 17.51 2.32 -250008.14 -285190.78

1-n-butylpyridinium

dicyanoamide

0.31* 2.85 0.43 17.51 5.51 -250008.14 -147935.98

1-n-butyl-3-

methylpyridinium

dicyanoamide

-0.34* 3.32 0.43 19.35 5.51 -274222.62 -147935.98

1-n-butyl-3,5-

dimethylpyridinium

dicyanoamide

-0.62* 3.78 0.43 21.18 5.51 -298437.03 -147935.98

1-n-butylpyridinium

bromide

0.40* 2.85 0.94 17.51 3.01 -250008.14 -1596918.25

1-n-butyl-3-

methylpyridinium

bromide

-0.25* 3.32 0.94 19.35 3.01 -274222.62 -1596918.25

1-n-butyl-3,5-

dimethylpyridinium

bromide

-0.31* 3.78 0.94 21.18 3.01 -298437.03 -1596918.25

1-n-hexyl-3-

methylpyridinium

bromide

-0.94* 4.11 0.94 23.02 3.01 -322641.81 -1596918.25

1-n-octyl-3-

methylpyridinium

bromide

-2.21* 4.90 0.94 26.69 3.01 -371060.81 -1596918.25
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NAME Aexp

| Y EXP

Log P Polarizability TOTAL ENERGY

CAT.

| X 1C

AN.

| X 1A

CAT.

| X 2C

AN.

| X 2A

CAT.

| X 3C

AN.

| X 3A

1-n-butyl-4-

dimethylaminopyridinium

bromide

-0.68 3.11 0.94 22.53 3.01 -332525.97 -1596918.25

1-n-butyl-3-

methylimidazolium

dicyanoamide

0.67* 0.68 0.43 17.22 5.51 -260646.64 -147935.98

1-n-butyl-3-

methylimidazolium

chloride

0.71* 0.68 0.63 17.22 2.32 -260646.64 -285190.78

1-n-butyl-3-

methylimidazolium

bromide

1.01* 0.68 0.94 17.22 3.01 -260646.64 -1596918.25

1-n-butyl-3-

methylimidazolium

bis(trifluoromethanesulfo

nyl)imide

0.39 0.68 3.05 17.22 7.20 -260646.64 -1128283.62

1-n-hexyl-3-

methylimidazolium

bromide

-1.58* 1.47 0.94 20.89 3.01 -309065.84 -1596918.25

1-n-octyl-3-

methylimidazolium

bromide

-2.37* 2.26 0.94 24.56 3.01 -357484.59 -1596918.25

tetrabutylammonium

bromide

0.27 4.51 0.94 30.91 3.01 -422421.97 -1596918.25

hexyltriethylammonium

bromide

-0.54 2.71 0.94 23.57 3.01 -325587.25 -1596918.25

tetrabutylphosphonium

bromide

-0.29 2.89 0.94 30.91 3.01 -600149.62 -1596918.25

tributylethylphosphonium

diethylphosphate

0.07 2.02 2.63 27.24 10.53 -551729.87 -494172.37

Trihexyl(tetradecyl)

phosphoniumbromide

0.41 9.23 0.94 60.27 3.01 -987499.25 -1596918.25

Cholinebis(trifluoro

methanesulfonyl)imide

1.15 -0.76 3.05 11.36 7.20 -202450.36 -1128283.62

Table 3. The series of ionic liquids whose toxic activities A= Log(EC50) on Vibrio fischeri were considered [49], with the
marked values being taken from [45] along with the structural parameters LogP, POL (Å3), and E TOT (kcal/mol) that
account for the hydrophobicity, electronic (polarizability) and steric (total energy at optimized 3D geometry) effects,
computed with the help of the HyperChem program [103], for each cation and anion containing ionic liquid,
respectively [27].
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1.15 -0.76 3.05 11.36 7.20 -202450.36 -1128283.62

Table 3. The series of ionic liquids whose toxic activities A= Log(EC50) on Vibrio fischeri were considered [49], with the
marked values being taken from [45] along with the structural parameters LogP, POL (Å3), and E TOT (kcal/mol) that
account for the hydrophobicity, electronic (polarizability) and steric (total energy at optimized 3D geometry) effects,
computed with the help of the HyperChem program [103], for each cation and anion containing ionic liquid,
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The results from using the Ames test for mutagenity with the Salmonella typhyimurium species
indicated that none of the imidazolium, pyridinium and quaternary ammonium ionic liquids
caused mutations. However, the Ames test is a short-term test, and it cannot be possible to fully
predict the carcinogenicity in animals [46]. The antimicrobial activity (against strains of Gram-
positive and –negative bacteria and fungi) increase with increasing alkyl chain lengths in pyri‐
dinium, imidazolium and quaternary ammonium salts [43]. However, because bacteria have a
short generation time, they are an ideal starting point for investigating the structure-activity
relationship in ionic liquids and serve as a basis for further toxicity tests to higher organisms
and more complex systems; a few examples are listed below [45,67]:

• [BMIM][Br] (1-n-butyl-3-methylimidayolium bromide) was observed to be considerably
less toxic than [BMPy][Br] (1-n-butyl-3-methylpyridinium bromide);

• Cation toxicity increases with the increase in the hydrophobicity of the molecules, from
Bpy (1-n-butyl-3-pyridinium) to BMPy (1-n-butyl-3-methylpyridinium) to BdMPy (1-n-
butyl-3-dimethylpyridinium);

• Butyl substituted ionic liquids have considerably lower logP values and are more wa‐
ter soluble;

• In comparison with some commonly used industrial solvents (acetone, methanol, ethyl ace‐
tate, and dichloromethane), the octyl and hexyl substituted ionic liquids are more toxic.

• [BMIM][Cl] (1-n-butyl-3-methylimidayolium bis(trifluoromethylsulfonyl)imide chloride)
and [BPy][Cl] (1-n-butyl-3-pyridinium chloride) may have similar activity to the pesti‐
cide parquet.

Mode Vectors

(C/A/IL)

Cationic S-SAR Anionic S-SAR Ionic Liquid S-SAR

|YC
Mode rS−SAR

STATISTIC rS−SAR
ALGEBRAIC | YA

Mode rS−SAR
STATISTIC rS−SAR

ALGEBRAIC |Y AC
Mode rS−SAR

STATISTIC rS−SAR
ALGEBRAIC

Ia | X 0 , | X 1 1.47807 0.267342 0.334755 1.38453 0.238974 0.313569 2.58965 0.185959 0.586507

Ib | X 0 , | X 2 1.08531 0.132169 0.245803 1.48745 0.270118 0.33688 2.30825 0.179482 0.522776

Ic | X 0 , | X 3 0.9452 0.0469985 0.21407 1.75453 0.345553 0.397368 2.41575 0.259502 0.547123

IIa | X 0 ,

| X 1 , | X 2

1.64279 0.314715 0.372062 1.52849 0.282139 0.346174 2.88368 0.219986 0.653101

IIb | X 0 ,

| X 1 , | X 3

1.72651 0.3379 0.391023 2.15865 0.451919 0.488893 3.48056 0.352356 0.788283

IIc | X 0 ,

| X 2 , | X 3

1.71867 0.335748 0.389246 1.82903 0.365689 0.414242 3.17318 0.299925 0.718667

III | X 0 , | X 1 ,

| X 2 , | X 3

1.79053 0.355322 0.405522 2.36461 0.504184 0.53554 3.7151 0.397148 0.841402

Table 4. Spectral structure activity relationships (S-SAR) of the ionic liquids in Table 3 against their toxicity to Vibrio
fischeri, and the associated computed spectral norms with ║|Y EXP>║=4.41537, statistical and algebraic correlation
factors, computed upon the relations (22), (31), and (32), throughout the possible correlation models considered from
the anionic, cationic and composed ionic liquids data from Table 3, respectively [27]

Spectral-Structure Activity Relationship (Spectral-SAR) Assessment of Ionic Liquids’ in Silico Ecotoxicity
http://dx.doi.org/10.5772/51657

103



Mode Ia Ib Ic IIa IIb IIc III

cosθAC 0.66397 0.600124 0.562018 0.653248 0.60019 0.599635 0.591015

Table 5. The variation of the cosines of the anion-cationic correlation angle in vectorial space based on Eq. (30) for all
considered modes of action of the ionic liquids in Table 3 with the cationic and anionic subsystems S-SAR predicted
activities, respectively [27].

Path Value

Cationic Anionic Ionic Liquid

statistic algebraic statistic algebraic statistic algebraic

Ia-IIa-III 0.324618 0.320376 α 1.0154 1.0049 1.14608 1.15396 α

Ia-IIb-III 0.324616 0.320376 1.01536 γ 1.0049 γ 1.1451 α 1.15396

Ia-IIc-III 0.324616 α 0.320376 1.01541 1.0049 1.14513 1.15396

Ib-IIa-III 0.739827 0.723082 0.907864 β 0.899373 β 1.42694 γ 1.44248

Ib-IIb-III 0.739746 β 0.723082 0.907871 0.899373 1.42377 1.44248 γ

Ib-IIc-III 0.739754 0.723082 β 0.907893 0.899373 1.42385 1.44248

Ic-IIa-III 0.900418 γ 0.86674 1.09986 1.08906 1.31968 1.33226

Ic-IIb-III 0.900057 0.86674 γ 0.630373 0.625533 1.30763 1.33226

Ic-IIc-III 0.90009 0.86674 0.630371 α 0.625533 α 1.30908 β 1.33226 β

Table 6. Synopsis of the statistic and algebraic values of paths connecting the S-SAR models of Table 4 in the norm-
correlation spectral-space of eq. (34) for the ionic liquids in Table 3 against the toxicity to Vibrio fischeri. The primary,
secondary and tertiary - the so called alpha (α), beta (β) and gamma (γ) paths - are indicated according to the least
path principle in spectral norm-correlation space with the statistical and algebraic variants of the correlation factors
used, respectively [27].

The Microtox Acute Toxicity Test is often used to determine the toxicity of single com‐
pounds in sediment contamination studies and for monitoring industrial effluents in envi‐
ronmental water quality surveys [49,100]. Before releasing the ionic liquids into the
environment, the antimicrobial properties using Vibrio fischeri in the Microtox method were
thoroughly examined [45]. Equally, by other tests with Vibrio fisheri, an increase in the toxici‐
ty corresponding to an increase in the chain length and an increase in the number of alkyl
groups substituted on the cation ring was also demonstrated [45,101].

Salts used for anion substitution, such as sodium bromide and sodium dicyanoamide, were
less toxic to Vibrio fisheri than the compounds used for synthesizing the cation. For instance,
3-methyl pyridine and 1-methylimidazole may be used as starting compounds. The addition
of a butyl chain to the C1 (carbon atom) of the pyridinium and imidazolium cation slightly
increased the toxicity of the ionic liquid. Furthermore, the addition of a hexyl or octyl chain
will also increase the toxicity. The same observation holds for quaternary ammonium salts.
All of these observations suggest that the effects are related to the lipophilicity of the cation,
thus explaining why many of the imidazolium and pyridinium ionic liquids were more tox‐
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The Microtox Acute Toxicity Test is often used to determine the toxicity of single com‐
pounds in sediment contamination studies and for monitoring industrial effluents in envi‐
ronmental water quality surveys [49,100]. Before releasing the ionic liquids into the
environment, the antimicrobial properties using Vibrio fischeri in the Microtox method were
thoroughly examined [45]. Equally, by other tests with Vibrio fisheri, an increase in the toxici‐
ty corresponding to an increase in the chain length and an increase in the number of alkyl
groups substituted on the cation ring was also demonstrated [45,101].

Salts used for anion substitution, such as sodium bromide and sodium dicyanoamide, were
less toxic to Vibrio fisheri than the compounds used for synthesizing the cation. For instance,
3-methyl pyridine and 1-methylimidazole may be used as starting compounds. The addition
of a butyl chain to the C1 (carbon atom) of the pyridinium and imidazolium cation slightly
increased the toxicity of the ionic liquid. Furthermore, the addition of a hexyl or octyl chain
will also increase the toxicity. The same observation holds for quaternary ammonium salts.
All of these observations suggest that the effects are related to the lipophilicity of the cation,
thus explaining why many of the imidazolium and pyridinium ionic liquids were more tox‐
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ic than acetonitrile, acetone and methanol. In contrast, monatomic anions (such as bromide,
chloride) are predicted to be less toxic than large anions that contain regions of positive
charge, e.g., TFMSi (bis(trifluoromethylsulfonyl)imide) [49].

Figure 3. The spectral representation of the chemical-biological interaction paths across the S-SAR to the modeled
endpoints of the Vibrio fischeri, according to the least (shortest) path rule within the spectral norm-correlation space
applied to the data in Table 6 for the cationic, anionic and resulting ionic liquid norms of Table 4 for the statistical and
algebraic versions of correlation factors from up to down and left to right, respectively. The primary-alpha, secondary-
beta and tertiary-gamma path hierarchies of Table 6 are indicated by decreasing thicknesses of the connecting lines [27].

At the organism level, which are Vibrio fisheri and Daphnia magna in this review, the toxicity
generally increases with the cation type as ammonium<pyridinium<imidazolium<triazoli‐
um<tetrazolium. The choline ionic liquids (with a negatively charged oxygen atom) and the
quaternary ammonium ionic liquids with short chain lengths were relatively non-toxic to
Vibrio fisheri. Furthermore, the methylation of the aromatic ring of the cation reduces the tox‐
icity to Vibrio fisheri and Daphnia magna [49]. The toxicity increases with the number of nitro‐
gen atoms, whereas the anions play a secondary role in the toxicity (even if the presence of
positively charged atoms on the anion is predicted to slightly increase the toxicity) [49].

Note that Daphnia is an important link between the microbial and higher trophic levels
[49,102]. By acting on Daphnia magna, ionic liquids with longer alkyl chain substituents have
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toxicities comparable to phenol, whereas those with shorter substituents (for example,
[BMIM][Br]) were more toxic to Daphnia magna than benzene and methanol [47,49].

The lethal concentration to D. magna (also called the acute toxicity) was observed to be con‐
siderably lower for ILs that employed imidazolium as cation than salts with Na+; therefore,
the toxicity was related to the imidazolium cation and not to the anions. With respect to the
life history of the freshwater crustacean, salts with a sodium cation (NaPF6 sodium hexa‐
fluorophosphate and NaBF4, sodium tetrafluoroborate) affect the reproduction of D. magna
at high concentrations. Sub-lethal effects on the life-history traits occurred when the concen‐
trations of the ionic liquids were an order of magnitude lower than those for acute effects.
The clonally variation was a possible reason why the average brood size in controls with
those for ionic liquids. This was the first study on aquatic eukaryotes [47]. The EC50 values
on the toxicity to a single species are necessary for further studies at the community and
ecosystems levels [47]. Overall, qualitatively, the toxic effects were not observed to be nota‐
bly different for the imidazolium and pyridinium ionic liquids, although the toxicity was
greater with an increase in the length of the side chain. The Kow values for the IL were lower
than those of chemicals that bioaccumulate in the tissue of organisms. Quantitative analysis
by the presented QSAR/Spectral-SAR algorithm follows.

Ionic Liquid Compound Aexp LogP POL [Å3] ETOT [kcal/mol]

Structure Name |Yexp> |X1C> |X1A> |X1AC> |X2C> |X2A> |X2AC> |X3C> |X3A> |X3AC>

1-n-octyl-3-

methylpyridinium

bromide

-2.60 4.90 0.94 4.92 26.69 3.01 87.08 -371060.81 -1596918.25 -1967840

1-n-hexyl-3-

methylpyridinium

bromide

-2.41 4.11 0.94 4.15 23.02 3.01 78.87 -322641.81 -1596918.25 -1919410

1-n-butyl-3-

methylpyridinium

bromide

-1.24 3.32 0.94 3.41 19.35 3.01 70.37 -274222.62 -1596918.25 -1870990

1-n-octyl-3-

methylimidazolium

bromide

-4.33 2.26 0.94 2.5 24.56 3.01 82.35 -357484.59 -1596918.25 -1954260
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toxicities comparable to phenol, whereas those with shorter substituents (for example,
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ecosystems levels [47]. Overall, qualitatively, the toxic effects were not observed to be nota‐
bly different for the imidazolium and pyridinium ionic liquids, although the toxicity was
greater with an increase in the length of the side chain. The Kow values for the IL were lower
than those of chemicals that bioaccumulate in the tissue of organisms. Quantitative analysis
by the presented QSAR/Spectral-SAR algorithm follows.

Ionic Liquid Compound Aexp LogP POL [Å3] ETOT [kcal/mol]

Structure Name |Yexp> |X1C> |X1A> |X1AC> |X2C> |X2A> |X2AC> |X3C> |X3A> |X3AC>

1-n-octyl-3-

methylpyridinium

bromide

-2.60 4.90 0.94 4.92 26.69 3.01 87.08 -371060.81 -1596918.25 -1967840

1-n-hexyl-3-

methylpyridinium

bromide

-2.41 4.11 0.94 4.15 23.02 3.01 78.87 -322641.81 -1596918.25 -1919410

1-n-butyl-3-

methylpyridinium

bromide

-1.24 3.32 0.94 3.41 19.35 3.01 70.37 -274222.62 -1596918.25 -1870990

1-n-octyl-3-

methylimidazolium

bromide

-4.33 2.26 0.94 2.5 24.56 3.01 82.35 -357484.59 -1596918.25 -1954260
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Ionic Liquid Compound Aexp LogP POL [Å3] ETOT [kcal/mol]

1-n-hexyl-3-

methylimidazolium

bromide

-2.22 1.47 0.94 1.93 20.89 3.01 73.98 -309065.84 -1596918.25 -1905830

1-n-butyl-3,5-

dimethylpyridinium

bromide

-1.01 3.78 0.94 3.84 21.18 3.01 74.65 -298437.03 -1596918.25 -1895210

1-n-hexyl-4-

piperidino

pyridinium bromide

-3.66 4.63 0.94 4.65 30.93 3.01 96.25 -452857.03 -1596918.25 -2049640

1-n-hexyl-4-

dimethylamino

pyridinium

bromide

-3.28 3.91 0.94 3.96 26.2 3.01 86.00 -380945.12 -1596918.25 -1977720

1-n-hexyl-3-

methyl-4-

dimethylamino

pyridinium bromide

-2.79 4.37 0.94 4.40 28.04 3.01 90.03 -405145.97 -1596918.25 -2001920

1-n-

hexylpyridinium

bromide

-1.93 3.64 0.94 3.71 21.18 3.01 74.65 -298427.37 -1596918.25 -1895200

1-n-hexyl-2,3-

dimethylimidazolium

bromide

-2.19 1.67 0.94 2.06 22.72 3.01 78.19 -333284.94 -1596918.25 -1930060

1-n-butyl-3-

methylimidazolium

chloride

-1.07

*

0.68 0.63 1.34 17.22 2.32 59.60 -260646.64 -285190.78 -545677
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Ionic Liquid Compound Aexp LogP POL [Å3] ETOT [kcal/mol]

1-n-butyl-3-

methylimidazolium

bromide

-1.43

*

0.68 0.94 1.51 17.22 3.01 65.26 -260646.64 -1596918.25 -1857410

1-n-butyl-3-

methylimidazolium

tetrafluoroborate

-1.32

*

0.68 1.37 1.78 17.22 2.46 60.80 -260646.64 -261310.59 -521798

1-n-butyl-3-

methylimidazolium

hexafluorophosphat

e

-1.15

*

0.68 2.06 2.28 17.22 1.78 54.62 -260646.64 -580264.94 -840746

Tetrabutyl

ammonium

bromide

-1.53 4.51 0.94 4.54 30.91 3.01 96.21 -422421.97 -1596918.25 -2019200

Tetrabutyl

phosphonium

bromide

-2.05 2.89 0.94 3.02 30.91 3.01 96.21 -600149.625 -1596918.25 -2196930

Table 7. The actions of the studied ionic liquids on the Daphnia magna species with the toxic activities Aexp=
Log(EC50) [49], while the marked values were taken from [47] along with the structural parameters LogP, POL, and
ETOT to account for the hydrophobicity, electronic (polarizability) and steric (total energy at optimized 3D geometry)
effects, computed with the HyperChem program [103], for each cation and anion fragment, and for the anionic-
cationic |0+> composed state by means of equations (27)-(29), respectively [28].

The application of S-SAR-IL to Vibrio Fischeri conforms with the |1+> model presented above
for the data presented in Table 3. Accordingly, the Spectral-SAR models for anions and cati‐
ons are reported in Table 4, and the internal angle for all of the possible models are listed in
Table 5, which confirms that model |1+>, with the results at the global level of ionic liquids
being shown on the last column of Table 4.

Picturing a mechanistically mode of action for ionic liquids containing cations and anions
and of their summed effects on the considered Vibrio fischeri species remains as the final pur‐
pose of the QSAR method, OECD-QSAR normative, and the Spectral-SAR algorithm, as ex‐
tensively presented. In this regard, the spectral paths analysis is presented in Table 6, which
is based on eqs. (33) and (34) with the cationic, anionic and ionic liquids data of Table 4. The
minimum path procedure assumes the identification of the minimum paths (equal in num‐
bers with the number of structural parameters considered, thus alpha, beta, and gamma for
the present case), in an “ergodic manner”; this means that the overall path is firstly identi‐
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minimum path procedure assumes the identification of the minimum paths (equal in num‐
bers with the number of structural parameters considered, thus alpha, beta, and gamma for
the present case), in an “ergodic manner”; this means that the overall path is firstly identi‐
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fied; if two or more paths appear with equal lengths, the one to be chosen is the one that
contains the “minimum first movement”, which is that path that links the closest first two
norms that belong to successive norms; therefore, the second overall minimum path is iden‐
tified such that it does not contain the models “touched” by the alpha path, thereby exclud‐
ing the common final endpoint (model III here). In this manner, the remaining beta and
gamma paths are also selected. Such analysis is performed for both statistical and algebraic
norms; see Table 6. In this manner, interesting results are obtained, allowing conceptual in‐
terpretation, such as the following [27]:

• While in cationic case, the statistical and algebraic paths do not coincide (e.g., what the alpha
Ia-IIc-III path in statistic differs than the alpha Ia-IIa-III path in algebraic views), in the anion‐
ic case, they are identically predicted (except the fact that in the algebraic case, the shortened
paths are registered), which together provide a mixed behavior for the resulting ionic liquid
(only the beta path Ic-IIc-III is overlapping between statistical and algebraic views);

• While in the cationic and anionic subsystems, the path hierarchies are reversed as α→β→γ
and γ→β→α. In the resulting ionic liquid, the mixture effect is again observed because the
succession α→γ→β against the successions of starting endpoints Ia→Ib→Ic, respectively;

• The cationic alpha path is started on the lipophylicity causes (Ia), which is the same as for
the containing ionic liquid. A different situation arises for the alpha anionic path that be‐
gins with the steric influence (Ic); in this way, the previously noted dominance of the cati‐
onic influence when correlated with lipophilicity and the observed anionic influence
related with steric effects are theoretically confirmed in this picture;

• Figure 3 clearly illustrates the fact that while anionic and cationic activity tendencies are
somewhat complementary, they do not cancel each other in the ionic liquid that contains
them but add up to attain the overall observed toxicity, in the spectral norm – correlation
factor space. Furthermore, other useful data can be extracted from Figure 3 concerning
the major path of structural causes in manifested toxicological action, as revealed below;

• While the algebraic paths are systematically lower that the corresponding statistical ones
for cationic and anionic subsystems, in the ionic liquid case, the situation is reversed; the
interpretation is that it also confirms that the chemical-biological ionic liquid dispersive
(not specific) actions in environment are merely through its subsystem components than
from itself as a whole;

• The ecotoxicological paths in the cationic and anionic subsystems are summed up in the
paths of the corresponding ionic liquids in a nontrivial manner: the anionic gamma path
effect is marginal over the cationic alpha path

C A ACa g a+ = (35)

• the cationic and anionic beta paths decay into the gamma ionic liquid path when joined
such that recording a sort of reciprocal cancellation of their effects
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C A ACb b g+ = (36)

• the anionic alpha path effect is reinforced over the cationic gamma path averaging both at

the beta path level of the resulting ionic liquid

C A ACg a b+ = (37)

Mode Vectors’ Predicted | Y Mode rS−SAR
STATISTIC rS−SAR

ALGEBRAIC

Ia |YA-Ia>= f(|X0>,|X1A>) 8.83127 0.266552 0.920421

|YC-Ia>=f(|X0>,|X1C>) 8.92169 0.420761 0.929845

|YAC-Ia>0+=f(|X0>,|X1AC>) 8.89048 0.374616 0.926593

|YAC-Ia>1+=|YA-Ia>+|YC-Ia> 17.6883 2.21964 i 1.84353

Ib |YA-Ib>=f(|X0>,|X2A>) 8.94784 0.455964 0.932572

|YC-Ib>=f(|X0>,|X2C>) 9.06691 0.59121 0.944981

|YAC-Ib>0+=f(|X0>,|X2AC>) 9.08979 0.613973 0.947366

|YAC-Ib>1+=|YA-Ib>+|YC-Ib> 17.9079 2.19638 i 1.86641

Ic |YA-Ic>= f(|X0>,|X3A>) 8.96309 0.475327 0.934161

|YC-Ic>=f(|X0>,|X3C>) 8.95817 0.469161 0.933648

|YAC-Ic>0+=f(|X0>,|X3AC>) 8.99267 0.510889 0.937244

|YAC-Ic>1+=|YA-Ic>+|YC-Ic> 17.8233 2.20167 i 1.8576

IIa |YA-IIa>=f(|X0>,|X1A>,|X2A>) 8.96021 0.47173 0.933861

|YC-IIa>=f(|X0>,|X1C>,|X2C>) 9.06885 0.59317 0.945183

|YAC-IIa>0+=f(|X0>,|X1AC>,|X2AC>) 9.1014 0.62522 0.948575

|YAC-IIa>1+=|YA-IIa>+|YC-IIa> 17.9161 2.1931 i 1.86727

IIb |YA-IIb>= f(|X0>,|X1A>,|X3A>) 8.96426 0.476781 0.934283

|YC-IIb>=f(|X0>,|X1C>,|X3C>) 8.99112 0.50908 0.937082

|YAC-IIb>0+=f(|X0>,|X1AC>,|X3AC>) 8.99774 0.51675 0.937772

|YAC-IIb>1+=|YA-IIb>+|YC-IIb> 17.8793 2.21324 i 1.86343

IIc |YA-IIc>=f(|X0>,|X2A>,|X3A>) 8.96808 0.481497 0.93468

|YC-IIc>=f(|X0>,|X2C>,|X3C>) 9.09155 0.615686 0.947549

|YAC-IIc>0+=f(|X0>,|X2AC>,|X3AC>) 9.09116 0.615307 0.947508

|YAC-IIc>1+=|YA-IIc>+|YC-IIc> 17.9586 2.19937 i 1.8717
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Mode Vectors’ Predicted | Y Mode rS −SAR
STATISTIC rS −SAR

ALGEBRAIC

III |YA-III>=f(|X0>,|X1A>,|X2A>,|X3A>) 8.96926 0.482946 0.934803

|YC-III>=f(|X0>,|X1C>,|X2C>,|X3C>) 9.12145 0.644232 0.950666

|YAC-III>0+=f(|X0>,|X1AC>,|X2AC>,|

X3AC>)

9.10319 0.62694 0.948762

|YAC-III>1+=|YA-III>+|YC-III> 17.9531 2.17933 i 1.87113

Table 8. Spectral structure activity relationships (SPECTRAL-SAR) of the ionic liquids toxicity of Table 7 against the
Daphnia magna species, and the associated computed spectral norms, with ║|YEXP>║=9.59481, statistic and
algebraic correlation factors [26,30], throughout the possible correlation models considered from the anionic,
cationic, and ionic liquid |1+> and |0+> states, respectively [28].

Mode Ia Ib Ic IIa IIb IIc III

cosθAC 0.985468 0.976338 0.978196 0.975018 0.983081 0.97768 0.969683

Table 9. The values of the cosines of the anion-cationic vectorial angles [27,30] for all considered modes of action of
Table 8 indicating the |0+> states of the considered ionic liquids [28].

Path Cationic Anionic Ionic Liquid

state |0+> state |1+>

statistic algebraic statistic algebraic statistic algebraic statistic Algebraic

Ia-IIa-III 0.299988 0.200851 0.256742γ 0.13874 0.330033 0.213862 γ 0.260535 0.266181

Ia-IIb-III 0.300103γ 0.200851 0.2567 0.13874 0.330581 γ 0.213862 0.25639γ 0.266181γ

Ia-IIc-III 0.299895 0.200851 γ 0.25666 0.13874 γ 0.33011 0.213862 0.269477+ R* i 0.277223

Ib-IIa-III 0.07607α 0.0548409 α 0.034447 0.0215298 β 0.0186427 0.0134673 0.0418672 α 0.0454552α

Ib-IIb-III 0.299514 0.207241 0.0344468 0.0215298 0.286398 0.198562 0.0886683 0.102966

Ib-IIc-III 0.0760732 0.0548409 0.0344464β 0.0215298 0.0186427 α 0.0134673 α 0.0506137+ R* i 0.0564973

Ic-IIa-III 0.23953 0.16417 0.0190146 0.0119873 0.160257 β 0.111113 0.126723 0.130484

Ic-IIb-III 0.23952 0.16417 β 0.00980164 α 0.00619966α 0.160264 0.111113 β 0.120323 β 0.130484β

Ic-IIc-III 0.239484 β 0.16417 0.00980164 0.00619966 0.16027 0.111113 0.135252+ R* i 0.141526

Table 10. Synopsis of the statistical and algebraic values of the paths connecting the SPECTRAL-SAR models of Table
8, in the norm-correlation spectral-space, for Daphnia magna species against the ionic liquids toxicity of Table 7; the
primary, secondary and tertiary - the so called alpha (α), beta (β) and gamma (γ) paths, are indicated according to the
“selection” and “validation” principles in norm-correlation spectral space when the statistic and algebraic variants of
the correlation factors are respectively used [28].
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Figure 4. The spectral hypersurface of the structural hierarchical paths toward the recorded (EXP) ecotoxicological ac‐
tivity (in the extreme right hypersurface region) of the ionic liquids of Table 7 on Daphnia magna species: the alpha
path (α) initiates on the polarizability (Ib) anionic-cationic interaction (in the left-bottom hypersurface region), being
followed by the beta path (β), which originates on the steric (Ic) anionic-cationic interaction (in the left-top hypersur‐
face region hypersurface region), and successively by the gamma path (γ) based on the hydrophobic (Ia) anionic-cati‐
onic interaction (in the extreme left-top hypersurface region) of the norm-correlation spectral space of Table 8 with
the decaying order of the thickness of the connecting arrows, respectively [28].

When turning to the study of the action of ionic liquids on the Daphnia species, the pool of
molecules in Table 7 are employed for assessing the SAR-Ionic Liquid Ecotoxicological |0+>
Model for IL-Daphnia chemical-biological interaction. This fact is confirmed by employing
eqs. (27)-(29) for the cationic and anionic data of Table 7 and later computing the S-SAR de‐
terminants (11) associated with all models and combinations presented in Table 8, which
leads to the internal angle computations and the results in Table 9 and assures the applica‐
tion of the model |0+> is in accordance with the prescription given by eq. (30). Within the
Spectral-SAR algorithm and allied eco-toxicological principles, the results allow the specific
conclusions [28]:

• From the toxicological actions of Table 8, it can be observed that both anionic and cationic
fragments have important contributions to the “length” and “intensity” of the ionic liq‐
uids ecotoxicity through the computed spectral norms and algebraic correlation factors,
respectively, which are close to the experimental one, i.e., to 9.59481;

• In all cases, the mode of action where all three Hansch factors were considered (mode III
with LogP+POL+E TOT) records the best norm and correlations that are the closest descrip‐
tion of the ionic liquids-Daphnia magna chemical-biological interaction;
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• The cationic influence is observed with the dominant contribution over the anionic effects
in ecotoxicity, in all considered Hansch modes of action;

• The statistical correlation factors always yield smaller values than the corresponding alge‐
braically ones, see Table 8;

• There are recorded imaginary statistical correlations of the computed endpoints |Y AC-Mode>1+

that indicate certain limitations of its use for activity modeling in ecotoxicology; for these cas‐
es, the algebraically outputs provide almost the sum of the anionic and cationic length and
intensity endpoint activity. This result can be phenomenologically explained by the so-called
“resonance effect” when the angles between the anionic and cationic endpoint vectors are al‐
most zero, as clearly evidenced by the cosine values of Table 9;

• Within the |0+> model, all of the lengths and intensities of the endpoints |Y AC-Mode>0+ be‐
have as an average of the anionic and cationic ecotoxicological effects with a smooth in‐
crease over the individual cationic effects for the modes Ib (POL), Ic (E TOT), IIa (LogP
+POL), and IIb (LogP+E TOT); however, further selection for the binding mechanism is per‐
formed by identifying the minimum analysis of the Spectral-paths, Table 10.

The Spectral path analysis is unfolded in the same manner as previously used for the |1+>
models, i.e., by “ergodic” selection of the models per paths, with the ecotoxicological results
in Table 10 and correspondingly interpreted as follows [28]:

• the additive parametric and endpoint models, |0+> and |1+>, provide the same hierar‐
chies of the paths for the chemical-biological actions;

• the statistical imaginary correlation values for the ionic liquids |1+> are avoided from the
mechanistic principle and do not belong to any selected path in Table 10;

• the dominant cationic effects can also be noted here at the least paths level because the
nature of the cationic mechanism is preserved to the ionic liquids nature according with
the spectral path equations:

C A ILa b a+ = (38)

C A ILb a b+ = (39)

C A ILg g g+ = (40)

• the results of all SPECTRAL-SAR ecotoxicological principles applied to ionic liquids-
Daphnia magna case of chemical-eco-biological interaction can be unitarily presented in
the Figure 4, where the spectral hypersurface was generated by the 3D interpolation of all
lengths (norms) for all the endpoint modes of Table 8, for all cationic, anionic, |0+> and |
1+> states of ionic liquids of Table 7. The alpha dominant paths are easily identified ac‐
cording to Table 10, as originating in the Ib, i.e., on POLarizability or van der Waals mo‐
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lecular mode of action, while the beta and gamma ones starts with the steric (Ic: E TOT) and
hydrophobic (Ia: LogP) specific chemical-biological binding, respectively.

Overall, one may assess the sets of eqs. (35)-(37) and (38)-(40) as specific for ionic liquids
action over biological marine species within the additive and parametric models |1+> and
|0+>,  respectively,  that  should be further  confirmed or  extended by future studies  with
other structural parameters (beyond Hansch descriptors, i.e., by topological and quantum
molecular factors) and/or with other species on similar congeneric ILs and working alge‐
braic chemical-biological interaction models.

6. Conclusions

Since their emergence a decade ago, ionic liquids (ILs) have had a constantly increasing in‐
fluence on organic, bio- and green chemistry, due to their unique physico-chemical proper‐
ties manifested by their typical salt structure: a heterocyclic nitrogen-containing organic
cation (in general) and an inorganic or organic anion [43] with melting points below 100 ºC
and no vapor pressure [47]. The latter property leads to the practical replacement of conven‐
tional volatile organic compounds (VOCs) from the point of view of atmospheric emissions,
though they do present the serious drawback that a small amount of IL could enter the envi‐
ronment through groundwater [104]. This risk makes it necessary to perform further eco-
toxicological studies of IL on various species to improve the "design rules" for synthesized
ILs with minimal toxicity to the environmental integrated organisms. Ionic liquids display
variable stability in terms of moisture and solubility in water, polar and nonpolar organic
solvents [45]. Various values of ionic liquid hydrophobicity and polarity may be tailored
[104] with the help of nucleoside chemistry [105] according to the main principles of green
chemistry [54,66]: the new chemicals must be designed to preserve effectiveness of function
while reducing toxicity and not persisting in the environment at the end of their usage but
rather breaking down into inoffensive degradation products.

In this respect, the costs of all approaches for sustainable product design can be reduced us‐
ing the SAR and QSAR methods [26-30]. While the 1-octanol-water partition coefficient
could be observed only as the first approximation for compound lipophilicity, bioaccumula‐
tion and toxicity in fish, and sorption to soil and sediments, it assumes that lipophilicity is
the main factor of anti-microbial activity [44,56]. Nevertheless, aiming at a deeper under‐
standing of the specific mechanistic description of IL eco-toxicity, it is worth considering
that the ionic liquid properties are more comprehensively quantified through lipophilicity,
polarizability and total energy as a unitarily complex of factors in developing appropriate
structure-activity relationship (SAR) studies. However, the main problem in assessing the
viable QSAR studies for predicting ionic liquid toxicities concerns the anionic-cationic interac‐
tion superimposed on the anionic and cationic subsystems containing ionic liquids. There
are two main complementary ways of attaining this goal [27,28,30]. One may address the
search of special rules for assessing the anionic-cationic structural separately from the indi‐
vidual anionic and cationic ones and later generating the QSAR models – the so-called mod‐
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el |1+>. Otherwise, when the so-called internal angle of ionic liquids sub-systems (cation
and anion), eq. (30), is high enough that a sort of “resonance effects” would appear between
them, that outcome should be avoided by considering structural parameter composition (su‐
perposition, as orthogonal states in quantum mechanics) such that it constitutes the way of
parameter depending the predicted endpoints, that is, the so-called causal model |0+>. To‐
gether, these properties may be unitarily expressed by the operatorial equation
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that widely fulfill the principles of green chemistry specialized to the OECD-QSAR princi‐
ples and here manifested as Spectral-SAR ecotoxicological principles. These equations are
able to offer the complete picture of molecular specific interaction between a series of chemi‐
cals with certain species by generating the molecular mechanisms of actions; also, they are
opening room for preventing and controlling the envisaged bio- and ecological systems.

Note that the presented Spectral-SAR methodology provides the possibility of analytical
characterizing the bio-and eco- activity of other species against given a set of trained or new
synthesized chemicals and for the inter-species correlations; it has, beyond giving quantita‐
tively similar results as the already traditional regression QSAR methods [106], many practi‐
cal advantages, namely [97]:

• it has the strength of no dependency on the way in which the input data are considered,
thus being largely independent of the outliers detection [26,30];

• it uses the algebraically instead of statistically recipe to furnish a generalized view for the
“intensity”  of  chemical-biological  interaction,  through  the  vectors,  predicted  norms

|Y  , and of their properties in generalized multi-dimensional orthogonal spaces [69];

• it is also easily applicable to the case where the number of structural parameters exceeds
those of the available biological activities, a situation more often observed in actual prac‐
tice but being still an open problem in QSAR, due to the statistically forbidden condition
that such situations imply [98];

• it is also able to furnish the key in treating the so-called spectral analysis of the activity
itself through action norm and its least activity path principle (i.e., δ |Y =0 over many
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possible predicted end-points), thus providing the appropriate mechanistic picture of the
envisaged ecotoxicity [26,30].

Figure 5. Conceptual description of an ecotoxicological battery constructed with the aid of QSAR/Spectral-SAR mod‐
eling of ionic liquids (IL) ligand interactions over cellular and later on organismal substrates to validate the toxicologi‐
cal safety of the newly synthesized compounds in accordance with the green chemistry, OECD-QSAR and, eventually,
the QSAR/SSAR ecotoxicological principles.

In this way, the presented S-SAR model appears to provide a uniform picture of the anionic-
cationic interaction in ionic liquids as conciliating the anionic and cationic effects observed
to date. However, further studies on different species with diverse computational schemes
and parameters are required, especially those that employ the quantum and algebraic fea‐
tures of the general operatorial equation derived in this study (41). Furthermore, by involv‐
ing the enzyme-substrate modeling for receptor-effector interactions for biological activity
driving chemical reactivity, as was recently reported [107], this study conceptually assessed
a definitive theory of ionic liquid inter- and intra- mode of action such that it can be used for
being integrated over a wide range of organisms toward designing specific eco-toxicological
batteries [97], see Figure 5, for the ionic liquid’s chemical-biological interactions.
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Tribological Properties of Ionic Liquids
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Additional information is available at the end of the chapter
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1. Introduction

An ionic liquid is a liquid salt consisting of anions and cations. Since Wilkes [1] synthesized
a low melting point ionic liquid that is stable in air in 1992, there has been active fundamen‐
tal research and engineering development directed at applications. In the field of tribology,
where application is focused toward lubricants, the number of related papers [3]-[28] has in‐
creased every year since Liu et al. [2] published their research results in 2001. As a lubricant,
ionic liquids are characterized by an extremely low vapor pressure, high thermal stability,
and high ion conductivity. Based on these features, there are high expectations for the devel‐
opment of new ionic liquid applications as lubricants [29]-[37] in extreme environments,
such as high temperatures [7]-[9] and vacuum [10]-[12], where the use of conventional lubri‐
cants is limited.

A lubricant must be used under various sliding conditions. Therefore, choosing an ionic liq‐
uid suitable for its application is necessary. Ionic liquids are also called designer’s liquids
because various characteristics can be created by different combinations of anions and cati‐
ons. Owing to this wide variety of choices, it is important to understand the characteristics
of the ionic liquid targeted for use as a lubricant. However, at present details of the lubrica‐
tion mechanism are still not clearly understood, so a trial-and-error approach is inevitable
for selecting ionic liquids.

This article introduces the advantages and issues related to the basic characteristics of ionic
liquids as a lubricant, and it describes their future prospects, mainly for applications in vacuum.

© 2013 Kondo et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
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2. Ionic Liquid as a Lubricant

2.1. Required characteristics of a lubricant

In general, the coefficient of friction is highest under dry friction conditions, where no lubri‐
cant is used. The use of a lubricant controls this type of friction conditions and may suppress
damage to surfaces. Fig. 1 shows the Stribeck curve used in tribology. This figure shows the
transition of the lubricating conditions of the sliding surfaces: the friction coefficient is the
vertical axis, and the bearing characteristic number (fluid viscosity η × sliding speed V/aver‐
age surface pressure P) is the horizontal axis. As the bearing characteristic number increases,
the sliding condition transits from boundary lubrication to mixed lubrication to hydrody‐
namic lubrication. In dry friction, solid surfaces in the real contact area are in direct contact
and adhesion; a high frictional force occurs from the shearing resistance of the adhesive
parts. In boundary lubrication, an absorbed layer or tribo-chemical reaction layer lies be‐
tween surfaces in the real contact area to control the adhesion between solid interfaces and
to reduce the shearing resistance; this in turn decreases the coefficient of friction relative to
dry friction. In mixed lubrication, the coefficient of friction further decreases because the flu‐
id film of small shearing resistance bears a portion of the load, and the real contact area are
decreased. In hydrodynamic lubrication, the coefficient of friction is at its minimum because
the real contact area disappears owing to the fluid film bearing the entire load, and the fric‐
tional force is due to only the viscous resistance of the fluid. However, when the fluid vis‐
cosity and sliding speed further increase the bearing characteristic number, the coefficient of
friction rises owing to the increase in viscous resistance.

Figure 1. Schematic of the stribeck curve; the friction coefficient as a function of the lubrication parameter: ηV/P. In
this formula, η is the fluid viscosity, V is the relative speed of the surfaces, and P is the load on the interface per unit
bearing width.
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tional force is due to only the viscous resistance of the fluid. However, when the fluid vis‐
cosity and sliding speed further increase the bearing characteristic number, the coefficient of
friction rises owing to the increase in viscous resistance.

Figure 1. Schematic of the stribeck curve; the friction coefficient as a function of the lubrication parameter: ηV/P. In
this formula, η is the fluid viscosity, V is the relative speed of the surfaces, and P is the load on the interface per unit
bearing width.
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Because most ionic liquids are in liquid state near room temperature, they can be used as a
base oil for the lubricant. In addition, their application as a grease [38] by mixing the lubri‐
cant with additives [4][5][16][22] and thickeners has also been examined. The required prop‐
erties of the ionic liquid differ depending upon the lubricating state. Specifically, in
boundary and mixed lubrication, a firm adsorption layer must be formed on the sliding sur‐
faces to control adhesion in the real contact area. On the other hand, in hydrodynamic lubri‐
cation, the formation of a thick liquid film must cause load burden even in the region of
high surface pressure and low speed; as a result, the viscosity characteristic becomes an im‐
portant factor. However, because an excessive tribo-chemical reaction can increase wear and
cause corrosion—thus increasing friction coefficient—the lubricating efficiency balance must
always be considered.

2.2. Hydrodynamic lubrication capacity of ionic liquid

To decrease friction and control damage to the sliding surfaces, hydrodynamic lubrication
without solid contact is desired. For hydrodynamic lubrication, viscosity bears an important
role with regard to the lubricant quality. An ionic liquid is in liquid state at room tempera‐
ture, and its viscosity largely depends on the combination of anions and cations; it can be as
thick as malt syrup or as thin as water. The viscosity of liquids decreases when the tempera‐
ture rises; ionic liquids are no exception. For lubricants, the relationship between the tem‐
perature and viscosity is expressed by the viscosity index (VI). In general, this index should
show a small variation in viscosity. The VI of ionic liquid is higher than that of general min‐
erals and synthetic oils (poly-α-olefin, PAO), as shown in Table 1. Fig. 2 shows the measured
results for the temperature–viscosity relation of two ionic liquid mixtures made from the
same cation ([BMIM][TFSI] and [BMIM][PF6]); this verified that different mixing ratios cor‐
respond to different viscosities [39]. This indicates the possibility of arbitrarily adjusting the
viscosity by mixing several types of ionic liquids. Because of the advantages of low vapor
pressure and high thermal stability, ionic liquids are especially suitable for hydrodynamic
lubrication applications in special environments, such as high temperatures and vacuums.
Applications in bearings under dynamic and static pressure are being examined [40].

For lubricant and grease used in the elasto-hydrodynamic lubrication (EHL) state, such as
for rotating bearings and gears, the dominant physical property influencing lubrication ca‐
pability is the viscosity under high pressure, which can be up to several gigapascals. Ohno
et al. [41][42] measured the high-pressure viscosity of a methylimidazole-type ionic liquid
and reported the crystallization behavior of molecular characteristic crystals to be similar to
liquid crystal under high pressure. Regarding the physical properties, such as the high-pres‐
sure viscosity index of ionic liquid, more data are expected to be reported in the future.
However, behavior that causes hindrances in the EHL state, such as that reported by Ohno
et al. [43], has not been reported.
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Table 1 Viscosity properties of ionic liquids and base oils*1: N-Methyl-N-propylpiperidinium bis(trifluoromethanesul‐
fonyl)imide*2: Trihexyl(tetradecyl)phosphonium bis(trifluoromethylsolfonyl)imide*3: 1-Butyl-3-methylimidazolium
tetrafluoroborate*4: 1-Butyl-3-methylimidazolium hexafluorophosphate*5: 1-Butyl-3-methylimidazolium bis(trifluor‐
omethanesulfonyl)imide*6: 1-Butyl-3-methylimidazolium iodide*7: 1-Ethyl-3-methylimidazolium dicyanamide*8: 1-
Butyl-3-methylimidazolium tricyanomethane

Figure 2. Viscosity property of mixed ionic liquids as a function of temperature
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2.3. Boundary lubrication capacity of ionic liquid

Most studies on the special tribological qualities of ionic liquids have been on the boundary
lubricating capacity. The ionic liquids examined in these studies mainly use an imidazole
derivative as the cation and fluorine as the halogen element, such as tetrafluoroborate [BF4],
hexafluorophosphate [PF6], and bis(trifluoromethanesulphonyl)imide [TFSI], for the anion.
Fig. 3 shows the results of an investigation into the lubrication capability of different ionic
liquids. Bearing steel balls and disks were used as sliding materials. The conditions for fric‐
tion evaluation were as follows: temperature = 50°C, load = 50 N, reciprocating frequency =
50 Hz, amplitude = 1 mm, and friction time = 60 min. Two types of ionic liquid ([BMIM]
[TCC] and [EMIM][DCN]) do not include halogen. On the other hand, ionic liquids contain‐
ing halogen exhibit low friction and wear and show good boundary lubrication properties.
When ionic liquid containing halogen is used for lubrication, metal fluoride forms on fric‐
tion surfaces by a tribochemical reaction; because this reaction product operates as a boun‐
dary lubricating layer, satisfactory lubricity is shown.

Figure 3. Lubricity of each ionic liquid for steel/steel sliding

On the other hand, ionic liquid containing a halogen such as fluorine has been known to
cause corrosion in steel [16]-[22][44][45][46], aluminum alloy [17][21][22][45], bronze [45]
[46], and titanium alloy [9] sliding materials. The cause of corrosion has been reported to be
the formation of hydrogen fluoride due to the decomposition of the ionic liquid; this is
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largely due to water being mixed into the ionic liquid as an impurity and participating in
the reaction [21]. Decomposition and corrosion reactions of ionic liquid happen even in a
static environment. However, it is more marked in a sliding environment. Because water
from the surrounding atmosphere is mixed into the ionic liquid owing to enhancement by
friction, metal fluoride formed on the friction surfaces is believed to further react with water
by tribo-chemical reactions to generate hydrogen fluoride. Thus, corrosion occurs after fric‐
tion. Fig. 4 shows the change in appearance of the friction surface for steel bearings after re‐
ciprocating sliding between the balls and disks, by using the hydrophobic ionic liquid
[PP13][TFSI] as the lubricant in air at 50% relative humidity. Immediately after the rubbing
test, no remarkable corrosion was seen. However, after exposure to air for 24 h, a color
change was observed for all parts touched by the ionic liquid. SEM-EDX analysis verified
the composition of the corrosion product, containing mainly fluorine and oxygen, in the sur‐
face marked with pit-shaped corrosion [47]. Even after the [PP13][TFSI] was applied to the
bearing steel surface exposed to air for 1 week, the occurrence of corrosion could not be veri‐
fied. Therefore, friction is thought to promote the corrosion reaction and the decomposition
of ionic liquid.

Figure 4. of corrosion on disk specimen after sliding test with [PP13][TFSI] at 50°C in air:(a)0.1 h, (b)1.0 h, (c)8.0h,(d) 24 h

2.4. Solutions to corrosion of ionic liquid

Although ionic liquids containing halogen have superior capacity in terms of boundary lubri‐
cation, they also have the problem of corrosion. There are three solutions to prevent corrosion.

2.4.1. Control of atmospheric air

Based on the discovery of the relation between corrosion and water contamination, if an ion‐
ic liquid is used in an environment where it is hard to mix water with a hydrophobic ionic
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liquid having a low impurity concentration, the corrosion reaction can be controlled. Fig. 5
shows the friction and wear characteristics of the halogen-containing hydrophobic ionic liq‐
uid [PP13][TFSI] in air and in dry nitrogen [47]. In a dry nitrogen atmosphere, the coefficient
of friction was stable and low even at 200°C, and the wear in this atmosphere was less in
comparison with that in air. In addition, further corrosion was not observed on the speci‐
men rubbed in dry nitrogen and left in air after the rubbing test, as shown in Fig. 6. From
this, it is possible to prevent the corrosion in environments such as a vacuum, where there
are almost no occurrences of mixture with water.

Figure 5. Comparison of friction and wear behavior of [PP13][TFSI] in air and in dry-nitrogen atmosphere

Figure 6. Optical micro-images of worn disk surfaces under lubrication with [PP13][TFSI] in air ((a),(b)) and dry-nitro‐
gen ((c),(d)).(a) after 0.1 h, (b) after 24 h, (c) after 0.1 h and (d) after 24 h.
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2.4.2. Control of metal fluoride formation reaction

To control the occurrence of hydrogen halide, which causes corrosion, methods to form a
protective film over the frictional surface to prevent excessive reaction between the halogen
and metal from taking place have been considered. Fig. 3 compares the effect of the pres‐
ence of phosphorus on friction and wear. [BMIM][PF6] and [BMIM][BF4] have the same cation
but different anions; the former has phosphorus, whereas the latter does not. [PP13][TFSI] and
[P(h3)3][TFSI] have the same anion but different cations: the former has phosphorus and the
latter does not. Although the ionic liquids containing phosphorus have a somewhat higher
coefficient of friction, they have substantially lower wear. Phosphorus in the ionic liquid is
suspected to react with the frictional surface to form a phosphoric acid compound layer that
is superior in wear resistance [19][23]-[25]; also, the formation of metal fluoride, which caus‐
es the occurrence of hydrogen fluoride, was controlled. For an ionic liquid containing phos‐
phorus as a lubricant, because the advance of corrosion in a specimen left in air after rubbing
was not observed, the suppression effect is believed to be a post-rubbing phenomenon.

2.4.3. Halogen-free ionic liquid

To completely remove the corrosion reaction that originates from halogen, halogen-free ion‐
ic liquids should be selected. However, as shown in Fig. 3, their boundary lubrication ability
is generally inferior to that of halogen-containing ionic liquids. However, when comparing
halogen-free ionic liquids [BMIM][TCC] and [BMIM][BCN], the difference in anion results in
a difference in lubricity. The discovery of a halogen-free ionic liquid with good boundary
lubrication ability that does not depend on the formation of a metal halide layer is possible [48].

Figure 7. Friction and wear properties of hard-coatings and sintered-ceramics under lubrication with [EMIM][DCN]
and [BMIM][TCC].
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Fig. 7 shows the boundary lubricity of halogen-free ionic liquids corresponding to various
wear resisting materials [49]. Although the lubrication ability of the two types of ionic liquid
varied depending on the sliding materials, some samples showed good lubrication proper‐
ties such as the combination of hydrogen-free diamond-like carbon (H-free DLC) and
[BMIM][DCN]. Details on the lubricating mechanism of halogen-free ionic liquid are a fu‐
ture topic, but the application areas of halogen-free ionic liquid are expected to be broad‐
ened by selecting the combination of hydrogen-free diamond-like carbon with appropriate
sliding materials.

3. Application as Lubricant in a Vacuum

3.1. Lubrication properties in a vacuum

In a vacuum, especially for machines in outer space, a lubricant with low vapor pressure
and temperature stability is required owing to exposure to a severe temperature environ‐
ment [38][43][50]. At present, perfluoropolyether (PFPE) and multiple-alkylated cycropen‐
tane (MAC) or grease that designates these as the base oil are used as the liquid lubricants in
outer space because of their low vapor pressure. The lubricity of these lubricants is known
to be improved by adding extreme pressure agents and the like, but issues such as evapora‐
tion of the additive and a decrease in the permanent viscosity of the base oil [43] remain to
be resolved. As a non-additive base oil, ionic liquid has been reported to be superior to PFPE
and MAC in terms of lubricity. In addition, as a grease, ionic-liquid-type grease has superior
boundary lubrication capacity in a vacuum compared to systems of PFPE and MAC [38][50].
Regarding research on radiation for utilization in space, ionic liquid has been verified to
have radiation resistance [38].

On the other hand, in industrial vacuum equipment, inevitable atmospheric release exists
on sliding surfaces in most cases.  Thus,  extra attention must be paid to corrosion when
using  a  halogen-containing  ionic  liquid.  Furthermore,  regarding  rust  prevention  due  to
exposure to atmosphere, although the adsorption-type rust-preventive agent has been re‐
ported to be effective, these results were collected under static conditions, and the effect
under sliding is unclear.

3.2. Occurrence of out-gassing

With regard to out-gassing in a vacuum, the occurrence condition, gas type, and allowed
quantity differ depending on the application of the vacuum. In the case of materials for out‐
er space equipment, measurement of the outgas (ASTM E595-93) requires a vacuum below 7
× 10-3 Pa for the sample and collector plate, a sample temperature of 125°C, and a collector
temperature of 25°C (kept for 24 h) to calculate the loss mass ratio (mass change before and
after test) (TML, total mass loss) and reagglutination material ratio of the collector plate
(CVCM, collected volatile condensable materials) [51]. Ionic liquid based greases were de‐
veloped and verified that the TML and CVCM are below 1.0% and 0.1% respectively [38];
this satisfies NASA’s recommended values. In addition, the quantity of outgas that occurs
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during rubbing in an ionic liquid has been reported to be less than that in PFPE and MAC
[50]. Thus, the outgas quality of an ionic liquid as a lubricant for space equipment applica‐
tions can be concluded to be superior.

Figure 8. Partial pressure changes of generated gas species from ionic liquid during sliding under vacuum condition.
(a) Titanium disk, (b) Steel disk

On the other hand, in some semiconductor processes, outgas is a contamination that can
barely be tolerated. In such cases, attention must be paid to selecting the ionic liquid and
sliding material. Fig. 8 shows the change in partial pressure in a vacuum during a sliding
test between a SiC pin and a titanium or iron disk using N,N,N-trimethyl-N-propylammoni‐
um bis(trifluoromethanesulfonyl)imide (TMPA TFSI) as the lubricant [11]. When the iron
was rubbed, a slight partial pressure rise at just m/e = 30 and 58 was verified. However, in
the case of titanium, a clear rise in partial pressure was seen at m/e = 15, 30, 58, and 86 upon
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friction. Similar out-gassing results were seen in friction tests using aluminum. During the
tribo-chemical reaction between the metal sliding surface and ionic liquid to form a metal
fluoride, part of the ionic liquid decomposition is believed to release outgas into the vac‐
uum. To suppress friction associated with out-gassing, a combination with a sliding surface
having low chemical activity, such as DLC, is effective [52].

4. Conclusion

Ionic liquids have various superior qualities that traditional lubricants do not have.  The
development of new lubricating systems that use these features is expected. However, there
are  still  remaining  issues  that  must  be  overcome  for  the  wide  application  of  ionic  liq‐
uids, such as disintegration and corrosion problems related to the stability and durability
of ionic liquids and guidelines on optimizing the combination with sliding materials. How‐
ever, these are fundamental issues that belong to the understanding of fundamental mech‐
anisms of  tribology rather than problems specific  to ionic  liquids.  Thus,  an attempt has
recently been made to use an ionic liquid as a model chemical compound for understand‐
ing the action mechanism of lubricant additives. By developing an understanding of this
type of fundamental lubricating mechanism, progress toward the use of ionic liquid lubri‐
cants can be expected.
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1. Introduction

Over the last ten years, research into ionic liquids (ILs) and their physical/chemical and ther‐
modynamic properties has intensified such that significant progress has been achieved in
their application to a wide range of chemical processes. If one considers the patent and sec‐
ondary literature however, it can be seen that there are very few IL based applications that
have successfully reached commercialization. The first IL based process on a pilot scale,
called Difasol, was the dimerization of olefins with a biphasic, homogeneous catalyst devel‐
oped by the Institue Française du Petrole (IFP) [1]. Other examples of applications on pilot
scale or even industrial scale include acid scavenging (BASIL, BASF) [2], extractive distilla‐
tion (BASF) [3], compatibilizers in pigment pastes (Degussa/Evonik) [4], cooling agent
(BASF) [5] and storage of gases (Air Products) [6]. It may be a fair assumption that one of the
major challenges that restrict their application on an industrial scale is a lack of engineering
data which are needed for the optimum scale-up, design and operation of industrial units
used with ILs. Thus for the successful transition of ILs from academic labs to industry, not
only must the fundamental physical/thermodynamic properties be investigated but we must
also better understand the hydrodynamic or flow behaviour that govern reactions on a larg‐
er scale under real process conditions. This chapter focuses on IL based multiphase flow, a
topic of specific interest to a variety of industrial platforms including biotechnology, bipha‐
sic catalysis and gas extraction involving for example H2, CO, CO2, H2S and SO2.

To apply ILs under multiphasic conditions, the simplest equipment to contact the liquid and
gas is the bubble column. In these devices, the gas phase is bubbled through a column of
liquid to promote close contact between the two phases. Due to their ease of construction
and large applicability, these reactors find widespread use in industry. However despite its
simple construction, the hydrodynamics involved inside these units is quite complex be‐
cause of the very deformable nature of the gas-liquid interface. In bubble column operation,
the specific interfacial area is an important criterion since it determines the rate of heat and
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mass transfer across the interface. The specific interfacial area is defined as the surface area
of the bubbles per unit volume of the reactor space occupied by the two-phase flow mixture.
To maximise this area and improve the efficiency of transport processes, small bubbles and
a uniform distribution across the column cross section are desired.

This chapter examines how the physical properties of ILs, in particular its viscosity hinder
achieving optimally high values of specific interfacial area. Available gas holdup data as
well as bubble characteristics are analysed. Firstly factors which can influence the specific
interfacial area such as the flow regime and gas holdup are discussed in Section 2. Section 3
describes the experimental approach and measurement techniques employed to study ILs in
bubble columns. Bubble formation and coalescence in ILs is examined in Section 4, whilst
the effect of operating conditions on the gas holdup is considered in Section 5. Lastly in Sec‐
tion 6, results from statistical analysis of the gas holdup data are presented to describe the
frequency and velocity of the flow structures formed.

2. Influencing the specific interfacial area

For a given gas-liquid system, the transport coefficients and the interfacial area are highly
dependent on the prevailing operating regime of the bubble column as this is directly relat‐
ed to the bubble size distribution. Because of the very deformable gas/liquid interface, there
are a large number of ways in which the different phases may distribute in the column. To
simplify this problem, the flow is conventionally distinguished by two main flow regimes,
i.e., the homogeneous bubble regime and the heterogeneous (churn-turbulent) regime. The
homogeneous regime normally exists at very low gas flow rates and is characterised by
smaller, more uniformly sized bubbles which rise with similar velocity. At higher gas flow
rates, a wide distribution of bubble sizes is observed due to bubble coalescence and the flow
is described as heterogeneous. In this regime, the bubble swarm consists mostly of large
fast-ascending bubbles and a few smaller bubbles which are trapped in the liquid recircula‐
tion flow. In cases where the column diameter is small (≤100 mm), the larger bubbles of het‐
erogeneous flow are stabilised by the surrounding walls and can occupy the entire column
cross section, forming gas plugs (called slug flow). As a result of the larger, fast-ascending
bubbles, the mean gas phase residence time and the specific interfacial area in the heteroge‐
neous regime is lower in comparison to the homogeneous regime. In reality, due to high gas
throughputs the heterogeneous regime is often observed in industrial bubble columns. Al‐
though, the homogeneous regime which offers greater interfacial contacting and a low gas
shear environment can be more desirable, in particular for those applications which involve
sensitive media, for example biotechnology.

To estimate the specific interfacial area, the bubble size distribution is used in conjunction
with the gas holdup or void fraction. The gas holdup is defined as the fraction of the gas
present in the two-phase mixture in the reactor. It depends strongly on the operating condi‐
tions, physiochemical properties of the two phases, the gas distributor design (the number
and size of the holes) and the column geometry (height to diameter ratio). To better under‐
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stand the effect of these parameters on the flow behaviour in the bubble column, their effect
on the gas holdup and the gas flow rate has been investigated by several researchers
through extensive experimentation as well as theoretical analysis in the last few decades. An
extensive review was given by [7], and there have been continuous publications since.

Understanding the effect of system pressure (or gas density) has been important since most
industrial applications of bubble columns operate under pressurized conditions. This is be‐
cause the increased solubility of a gas with pressure is expected to enhance the mass transfer
and reaction rates. Based on the findings by several workers [8-15], it has been commonly
established that gas holdup increases with operating pressure. The increase of gas holdup at
the elevated system pressures has been attributed to the smaller bubbler size which is
caused by a reduction in the coalescence rate, the enhancement of the bubble breakup or the
decreased size of bubbles formed at the gas disperser [16-18].

The effect of the liquid phase properties has also been investigated, although to a lesser de‐
gree. For convenience, most studies of bubble columns have used water as the liquid phase,
even though in reality the physical properties of many of the liquids used industrially differ
significantly from those of water. In particular, the ILs considered here have viscosities con‐
siderably higher than water. Several studies have looked at the effect of liquid viscosity dur‐
ing bubble column operation [19-26]. These show that at a given gas flow rate, the gas
holdup decreases with increasing viscosity. Furthermore in a larger diameter column, the
transition point from homogeneous to heterogeneous flow has been found to shift to lower
gas velocities with increasing liquid viscosity.

3. Determination of gas holdup

When a gas is bubbled through a column filled with liquid, the bed of liquid begins to expand
or swell as soon as gas is introduced. If the gas holdup is expressed in terms of a global or total
voidage for a bubble column, it can be calculated by measuring the difference between the
gassed and ungassed height of the liquid since this represents the total gas volume present in
the column. The total gas holdup can also be determined from pressure gradient measure‐
ments using pressure sensors. However, in cases where more local information on the gas
phase is required, the gas holdup can be measured by a selection of invasive or non-invasive
techniques. A comprehensive review of methods which can be applied for closed systems
(pipes, columns etc.) was presented in [27], wherein all pertinent literature until roughly 1977
was surveyed. More recent reviews have been presented by workers such as [28] and [29]. Ex‐
amples of some of the options available include using needle probes, quick-closing valves
(QCVs), flush mounted conductance probes, capacitance probes, wire mesh sensors, neutron
and radioactive absorption, resistive and ultrasonic tomography.

To obtain the local gas holdup for an IL, the conductance probe is an appropriate choice
since the IL is a very good electrical conductor, while the conductivity of the gas phase is
infinitely low. This measurement technique follows the approach developed by researchers
such as [30], whereby the electrical impedance of the gas-liquid region close to a system of
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electrodes is measured and the phases distinguished due to the difference in the electrical
conductivity of the phases. The conductivity is measured between two metallic rings (ring-
type conductance probe) which are mounted flush with the bubble column walls. For the
experiments presented here, the metallic rings were constructed by placing two stainless
steel plates between three alternating plates of an acrylic resin and machining out a cylinder
through them which had an internal diameter equal to the column diameter. Figure 1(a)
shows a picture of these probes, while a schematic of their configuration is presented in Fig‐
ure 1(b). The configuration is characterised by the thickness of the rings s and the spacing
between them D e. The column diameter is represented by D t. The dimensions D e/D t and
s/D t were 0.357and 0.075 respectively.

Each probe pair was supplied with an a.c. carrier voltage of -1 to 1 volt peak to peak, at a
frequency of 20 kHz. An instrumentation amplifier, a full wave rectifier and a band pass fil‐
ter were installed before the signal was sent to the data acquisition board. A cut-off frequen‐
cy of 100 Hz was applied in order to eliminate the high frequency noise generated from the
power supply. To account for any differences in the test fluid conductivity during experi‐
ments due to any temperature variations, all conductivities were normalized to produce a
dimensionless conductance by measuring the conductivity at the start of each experimental
run with the column full of liquid.

To obtain values for gas holdup from the conductance measurements, it is necessary to de‐
termine the relationship between the liquid phase conductance and gas holdup. This rela‐
tionship is obtained via careful calibration. The simplest approach involves artificially
creating instantaneous gas fractions between the probes, for example using plastic non-con‐
ducting beads to simulate bubbly flow inside the column. A detailed description for the cali‐
bration procedure is available in [31].

Figure 1. Conductance Probe: (a) picture; (b) schematic of ring shaped conductance probe.

For the IL 1-ethyl-3-methylimidazolium ethylsulfate, [C2C1Im][EtOSO3], the time-varying
gas holdup in a cylindrical bubble column (inner diameter 0.038 m; height 1.1 m) has been
measured by utilising two pairs of conductance probes installed flush in the column walls.
The experimental setup is illustrated in Figure 2. For comparison, water, a glycerol/water
solution and solution of glycerol/water with sodium chloride dissolved in it were also inves‐
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tigated. To prepare the glycerol solutions, a total of 15% of weight of water was mixed with
glycerol to produce a liquid which has a viscosity similar to that of [C2C1Im][EtOSO3]. A to‐
tal of 1.3% by weight of sodium chloride was also added to one of the glycerol/water mix‐
tures to ensure sufficient conductivity for use with the conductance probes. The physical
properties of the liquid phases used in all experiments at 20˚C are summarised in Table 1. To
determine the viscosities and conductivities of the liquids a Brookfield viscometer and
WTW KF 340 conductivity meter were used respectively. The viscosity of water and surface
tensions were obtained from physical property tables. The properties of [C2C1Im][EtOSO3]
were obtained from the paper by [32].

Figure 2. Experiment setup for gas holdup measurements.

Prior to experiments, [C2C1Im][EtOSO3] was dried and degassed under vacuum at 60°C for
24 hours since it is known that ILs will absorb a couple weight percent of water when left
open to the atmosphere. Here, the main concern is the effect of the absorbed water on the
physical properties of [C2C1Im][EtOSO3], in particular its viscosity as well as ion mobility
which relates to its electrical conductivity. The estimated water content of [C2C1Im][EtOSO3]
after drying was approximately 0.76 wt% water, as measured by Karl Fischer test.
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Property [C2C1Im][EtOSO3] Glycerol

(15% water)

Glycerol (15%

water + 1.3% NaCl)

Water

Density (kg/m3) 1241 1212 1224 1000

Viscosity (mPa s) 91.5 93.1 107.9 1.09

Surface tension (N/m) 0.047 0.062 0.062 0.072

Conductance (S/cm) 4160 1.4 485 42

Table 1. Physical properties of the liquid phases (T = 20˚C).

Measurements for gas holdup at a given operating pressure were performed by increasing
the gas superficial velocity to a maximum value of 60 mm/s, while the operating pressure
was systematically varied in the range of 0.1-0.8 MPa. The column was first filled with the
liquid under test at room temperature (20˚C) and compressed nitrogen gas from a gas cylin‐
der was then fed into the bottom of the column through a single nozzle gas distributor
which had an inner diameter of 0.635 mm. Glass beads were also employed at the gas inlet
to the column for improved phase distribution. A pressure regulating valve at the gas cylin‐
der fixed the maximum gas inlet pressure and a pressure relief valve set at 15 MPa protected
the facility against overpressure. Flow was created in the system by using a needle valve
which was installed at the inlet to a gas rotameter and had an outlet open to the atmosphere.
To minimise liquid carry-over from the column into the downstream instrumentation, sever‐
al pieces of wire mesh were installed at the top of the column to catch stray droplets.

4. Bubble Formation and Coalescence

When a gas is passed through an orifice into a pool of liquid, certain forces act on the gas which
breaks it up to form individual bubbles. If the bubble column is transparent, photographic
techniques involving a high-speed camera can be quite helpful to analyse the shape and the
size of the bubbles formed. Stills taken from high-speed videos at atmospheric pressure of
[C2C1Im][EtOSO3], glycerol solutions and water are shown in Figure 3. These reveal that even
at the lowest gas superficial velocity (u gs = 3 mm/s), the homogeneous flow regime is essential‐
ly absent for the IL and the glycerol solutions. In a distinct contrast to water, it is seen that the
bubbles formed in these high viscous liquids are bigger and less uniform in size.

In [C2C1Im][EtOSO3] three different sized bubbles are formed. The largest are bullet-shaped
Taylor bubbles which characterize slug flow. These only occur for the largest gas flow rates
studied; instead clearly defined spherical-cap shaped bubbles are formed at velocities ≥ 15
mm/s. The second, intermediate sized bubbles in the IL are essentially spherical of 0.5 – 2.5
mm, while the smallest are also spherical however with diameters ≤ 250 μm. It is believed that
the smallest bubbles are formed by the bursting of Taylor bubbles at the gas/liquid interface.
These tiny bubbles formed have very low rise velocities and tend to flow with the liquid. As a
result, they can be distributed throughout the entire column due to backmixing of the liquid.

Ionic Liquids - New Aspects for the Future148



Property [C2C1Im][EtOSO3] Glycerol

(15% water)

Glycerol (15%

water + 1.3% NaCl)

Water

Density (kg/m3) 1241 1212 1224 1000

Viscosity (mPa s) 91.5 93.1 107.9 1.09

Surface tension (N/m) 0.047 0.062 0.062 0.072

Conductance (S/cm) 4160 1.4 485 42

Table 1. Physical properties of the liquid phases (T = 20˚C).
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As the bubbles rise in the column, their size can decrease or increase through various breakup
or coalesce mechanisms respectively. In both [C2C1Im][EtOSO3] and glycerol solutions coales‐
cence is observed immediately at the lower gas velocities. In contrast, due to the reduced vis‐
cosity in water coalescence is only seen at velocities > 30 mm/s. The smaller viscous or drag
forces in water also leads to the formation of spherical-cap bubbles which in comparison to the
IL and other viscous liquids, are rather irregular and distorted in shape (Figure 3(D)).

Figure 3. Stills taken from high-speed videos illustrating typical flow structures. The letters identify the liquids (A)
[C2C1Im][EtOSO3]; (B) glycerol (15% water); (C) glycerol (15% water + 1.3% NaCl); (D) water.

In the IL, coalescence of Taylor or spherical-cap bubbles is frequently observed, however coa‐
lescence between spherical-cap and intermediate bubbles is less common. In Figure 4, the coa‐
lescence between two spherical-cap bubbles is shown as an example. In the first frame the
lower bubble appears to be distorted by being in the wake of the upper spherical-cap bubble. It
can also be seen that the intermediate-sized bubbles in the wake of the leading spherical-cap
bubble do not coalescence with the upper bubble but instead they are forced to one side by the
arrival of the second spherical-cap bubble. Thereafter the intermediate-sized bubbles eventu‐
ally reposition themselves in the wake of the combined spherical-cap bubble.
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Figure 4. Sequence of stills from high-speed videos illustrating the coalescence of two spherical-cap bubbles in
[C2C1Im][EtOSO3].

Bubble coalescence in [C2C1Im][EtOSO3] was also observed in high-speed videos taken of a
larger diameter column (125 mm) with a gas distributor consisting of a plate with 25, 1 mm
diameter holes. Trailing bubbles were seen to travel considerable distances across the col‐
umn, move into the wake of a preceding one and then coalescence. A still at a gas superficial
velocity of 10 mm/s is provided in Figure 5, which shows the formation of small spherical-
cap bubbles even in the larger sized column.

Figure 5. Still from high-speed video illustrating the formation of spherical-cap bubbles in 125 mm i.d. column filled
with [C2C1Im][EtOSO3]. (taken by D. Sreevasan)

The behaviour of single bubbles rising through liquids has been classified on the basis of three
dimensionless groups, Morton, Eötvös and Reynolds numbers, defined as μ 4 gΔρ/ρ2σ3, gΔρD
2 /σ 3 and ρuD/μ respectively. Here μ is the liquid viscosity, g the acceleration due to gravity, Δρ
is the difference between the gas and the liquid, ρ is the liquid density, σ is the surface tension,
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D is the column diameter and u is its rise velocity. The ranges of the dimensionless groups for
which different types of bubbles exist and in which the effects of the channel walls become im‐
portant has been identified by [33]. For [C2C1Im][EtOSO3] the Morton number is 0.014 and the
Eötvös number on the order of 400. It is found that the characterization map of [33] accurately
predicts the formation of spherical-cap bubbles at smaller bubble sizes.

The motion and deformation of a single bubble rising in ILs ([C4C1Im][BF4], [C8C1Im][BF4]and
[C4C1Im][PF6]) were also studied by [34] through image analysis of high-speed videos. Two
new empirical correlations were proposed to correlate the drag coefficient as a function of Rey‐
nolds number and the aspect ratio as a function of a new dimensionless parameter which could
group experimental data for bubbles in ILs. The predicted drag coefficients agreed well with
the experimental data however, further experiments are needed to verify these new correla‐
tions for a wider range of ILs with different ion pairs and physical properties.

5. Gas holdup at low and elevated pressures

To achieve a better understanding of the flow phenomenon present time traces of the gas hold‐
up obtained from the conductance signals can be analysed by using statistical functions. Time-
averaged values are usually obtained first and thereafter, the variations in the amplitude and
in the frequency space can be explored. In each experiment presented here, the gas holdup was
measured by sampling the data at 1000 Hz over a time period of 60 s. Examples of time traces at
the same gas superficial velocity (u gs = 50 mm/s) are given in Figure 6. Figure 6(a) shows the ef‐
fect of increasing pressure in the IL system. At 0.1 MPa, the time series shows periods of very
low gas holdup values which alternate with significant periodic increases to the gas holdup.
This confirms the presence of alternating aerated liquid slugs with large gas pockets and even
Taylor bubbles which were seen in the photographs. In contrast, at 0.8 MPa the time trace
shows that the flow is no longer intermittent. The peaks are noticeably lower and non-uniform
which indicates a bubbly heterogeneous flow of smaller sized bubbles.

In Figure 6(b), it is seen that similar time traces are obtained for [C2C1Im][EtOSO3] and the
glycerol solutions at 0.8 MPa suggesting that similar sized bubbles were present in both vis‐
cous systems. However when compared with water at 0.8 MPa (Figure 6(c)) a more uniform
time trace of smaller gas holdup values is observed for water which suggests that the ‘larg‐
er’ bubbles present in the heterogeneous flow in the viscous systems did not form in water.

Time-averaged gas holdup values have also been calculated and plotted against gas superfi‐
cial velocity for the liquids. Figures 7(a) and 7(b) show examples at atmospheric pressure
and at a pressure typical of industrial conditions (0.8 MPa) respectively. These increase mo‐
notonically with gas superficial velocity. In comparison to water, the gas holdup in [C2C1Im]
[EtOSO3] is significantly lower while similar results are obtained for [C2C1Im][EtOSO3] and
the viscous glycerol solutions. It is therefore reasonable to conclude that the observed reduc‐
tion in the gas holdup in [C2C1Im][EtOSO3] is due to its higher viscosity. For high viscous
media in bubble columns, the reduced gas holdup can be attributed to increases in the mag‐
nitude of viscous or drag forces exerted during bubble formation so that a stable bubble di‐
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ameter is attained before its detachment at the gas distributor. By stabilizing the bubble
interface, bubble coalescence is promoted and bubble breakup is suppressed in the gas dis‐
tributor region. It is probable that this led to the formation of larger fast-rising bubbles in the
IL and glycerol solutions. These faster bubbles spend a shorter time in the column and con‐
sequently the overall gas holdup is decreased.

Figure 6. Gas holdup time trace: (a) [C2C1Im][EtOSO3] at 0.1 and 0.8 MPa; (b) [C2C1Im][EtOSO3] and glycerol-NaCl; (c)
[emim]EtSO4 and water.

For the estimation of the gas holdup, there exists a vast number of equations in the open
literature, most of which are empirically based. In the review by [35], 37 published equa‐
tions for gas holdup are listed. In selecting equations to predict gas holdup overall corre‐
lations based on experimental data is often used, despite the fact that it is generally better
to use more physically based methods since empirical correlations are usually most suited
for  the experimental  conditions which they were developed from. However,  due to  the
extreme sensitivity of the gas holdup to other factors for example the gas distributor de‐
sign, purity of the continuous phase and the physical properties of the phases, develop‐
ing a generalised model can be complex.

The time-averaged gas holdup data for [C2C1Im][EtOSO3] was tested against three availa‐
ble models in the literature:  Urseanu et  al.  [26],  Wilkinson et  al.  [20]  and Krishna et  al.
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[36].  It  was found that the prediction by [26] gives the best  agreement at  both low and
elevated pressures (Figure 8). This model was based on their work with high viscous liq‐
uids (0.05-0.55 Pa s) at elevated pressures (0.1-1 MPa). The model by [20] which was de‐
veloped specifically  for  the industrial  scale-up of  pressurized bubble  column reactors  is
presented in Figure 9. The model is shown to be reliable at lower gas superficial veloci‐
ties while the correlation by [36] significantly overestimates the gas holdup in the homo‐
genous regime as well as the transition point.

Figure 7. Effect of liquid viscosity on the average gas holdup: (a) P = 0.1 MPa; (b) P = 0.8 MPa.

The effect of system pressure (or gas density) on the gas holdup can be significant in certain cir‐
cumstances. Figure 10 shows how increasing the pressure increases the time-averaged gas
holdup in [C2C1Im][EtOSO3], water and glycerol solutions. It is believed that increased system
pressure leads to enhanced local turbulence. This destabilises the larger bubbles that would
otherwise form in the heterogeneous regime at atmospheric pressure. As a result bubble break‐
up occurs and small bubbles which have lower rise velocities are created. These bubbles have
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longer residence times in the column and the gas holdup is consequently increased. However
it is clear that for the range of gas superficial velocities investigated, the change in gas holdup
with pressure is not very significant for [C2C1Im][EtOSO3]. Similar findings were reported by
[26] in their work with high viscous oils at elevated system pressures.

Figure 8. Comparison of predictions of the correlations of Urseanu et al. [26] with the present gas holdup data for
[C2C1Im][EtOSO3].

Figure 9. Comparison of predictions of the correlations of Krishna et al. [36] and Wilkinson et al. [20] with the present
gas holdup data for [C2C1Im][EtOSO3].
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Figure 10. Effect of system pressure on gas holdup: (a) [C2C1Im][EtOSO3]; (b) water; (c) glycerol; (d) glycerol + 1.3% NaCl.

6. Detailed Behaviour of the Flow

6.1. Flow patterns

To examine the flow in more detail, the variations in amplitude of the gas holdup time
traces can be considered using the probability density functions (PDFs), i.e., the fraction or
how often particular gas holdup values occur. In the approach made popular by [37], PDF
plots of gas holdup time series are often used to identify different flow patterns in gas-liquid
flows, based on the distinctive shape that exists for each regime. For example, the signature
PDF for homogeneous bubbly flow is characterised by a narrow single peak at low gas hold‐
up, whereas the PDF for slug flow is double-peaked. PDFs for [C2C1Im][EtOSO3] and glycer‐
ol are presented in Figures 11 and 12 respectively. It is seen that the shapes of the PDFs for
both liquids are quite similar. At atmospheric pressure, there is a single peak at low gas
holdup with a broadening tail which extends to a smaller second peak at higher gas holdup
values. According to [37] this signature shape is indicative of spherical-cap bubbly flow or
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even slug flow. The small second peak for the spherical-cap bubble is marked with arrows.
This is validated by what was seen in the high-speed videos (Section 3).

Figure 11. PDF of gas holdup: [C2C1Im][EtOSO3].

Figure 12. PDF of gas holdup: glycerol.

At higher pressures, the probabilities of higher gas holdup values decrease for both
[C2C1Im][EtOSO3] and glycerol. This provides evidence that Taylor or larger spherical-cap
bubbles are not formed in the viscous systems at system pressures exceeding atmospheric.
Instead the PDF traces are single-peaked, although there is some spread in the distributions
which suggests that the flow consists of unequally sized bubbles, i.e., heterogeneous. The
Morton number and the Eötvös number for [C2C1Im][EtOSO3] were on the order of 50 and
30 respectively for the system at higher pressures. The characterization map of [33] predicts
that ellipsoidal bubbles instead of spherical-cap bubbles are expected. It also indicates that
the terminal velocities of the bubbles will be strongly influenced by the walls.
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Generally for gas-liquid flows, the most common way of identifying which flow pattern oc‐
curs for a given set of flow rates is to use a flow pattern map. For bubble columns, these
flow pattern maps are often plots of the gas superficial velocity against the column diame‐
ter. If the gas holdup data for [C2C1Im][EtOSO3] is plotted on such a graph, conditions at
which heterogeneous flow were observed would be in the homogenous region of the map.
The inability of these maps to accurately predict the flow regimes in high viscous media
such as [C2C1Im][EtOSO3] is probably due to the fact that they have been developed empiri‐
cally using data obtained from air-water experiments.

6.2. Structure frequencies

Much can also be learned about the flow structures in [C2C1Im][EtOSO3] by examining their
frequencies. This can be obtained by power spectrum analysis of the gas holdup time traces.
Here, power spectrum densities (PSDs) have been obtained by using the Fourier transform
of the auto-covariance functions. Essentially the Fourier transform is used to transform the
time series from a time domain into a frequency spectrum. Examples of PSDs for [C2C1Im]
[EtOSO3] at 0.8 MPa are shown in Figure 13. At each gas flow rate, a clear peak in the range
of 2 – 2.5 Hz is seen. These peak values are the frequencies of recurrence of any periodic
structures. The frequencies obtained using this method have been compared with those de‐
termined from manually counting the peaks in the time traces. Values obtained from the
two methods agree within 10%.

Figure 13. PSD of gas hold time series: liquid = [C2C1Im][EtOSO3].

The effect of increasing pressure on the structure frequencies in [C2C1Im][EtOSO3] is shown
in Figure 14. It is seen that for the same gas flow rates, the frequencies generally increase
with increasing system pressure. The increasing number of structures at higher pressures
further suggests that at higher pressures bubble breakup or coalescence suppression occurs
in [C2C1Im][EtOSO3].
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Figure 14. Effect of system pressure on the structure frequencies in [C2C1Im][EtOSO3].

Figure 15. Effect of the liquid on the frequency: (a) 0.1 MPa; (a) 0.8 MPa.

The frequencies obtained for [C2C1Im][EtOSO3] at 0.1 MPa and 0.8 MPa can also be com‐
pared to the equivalent data for glycerol-NaCl. These are shown in the subplots presented in
Figure 15. At atmospheric pressure it is seen that there are only small differences between
the frequencies for the different liquids and they decrease with increasing gas flow rates.
However at a higher system pressure, larger variation is observed particularly at the highest
gas flow rates. To analyse this further aspects of the axial variations in the flow have also
been examined. The flow development in [C2C1Im][EtOSO3] and glycerol-NaCl based on
their frequency and PDF data obtained from both conductance probes are shown in Figures
16 and 17 respectively. It is seen that frequencies obtained for the probe downstream (B) in
[C2C1Im][EtOSO3] is slightly higher than probe upstream (A) while the PDF downstream
displays a taller peak indicating a larger probability of small gas holdup values there. The
opposite is observed in the results for glycerol-NaCl. A possible explanation for this could
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be that the difference in molarity between the two liquids had an effect on the coalescence of
bubbles. The glycerol-NaCl solution has a molarity of 0.17 M, while that of [C2C1Im][EtO‐
SO3] is essentially infinite. In the literature, a critical value of 0.2 M has been cited for the
suppression of coalescence in liquids [38-40]. Thus, it is possible that coalescence is much re‐
duced for the IL at higher pressures.

Figure 16. Effect of axial distance in [C2C1Im][EtOSO3]: (a) frequency; (b) PDF.

Figure 17. Effect of axial distance in glycerol + 1.3% NaCl: (a) frequency; (b) PDF.

6.3. Structure velocities

The velocities of bubbles can be determined from image analysis of high-speed videos or more
objectively from cross-correlating the signals of probes placed slightly apart. For the latter, a
time lag which corresponds to a peak in the cross-correlation function represents the average
time required for flow structures to travel between the two probes. Since the distance between
the two probes are known, the structure velocity is then easily calculated. This method of ve‐
locity measurement has been used to determine the structure velocities in [C2C1Im][EtOSO3].
In Figure 18, the flow velocities in [C2C1Im][EtOSO3] at atmospheric pressure and 0.8 MPa are
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shown respectively. For comparison, the equivalent data for glycerol is also presented. It can
be seen that there is very good agreement between both viscous systems.

Figure 18. Effect of the liquid on the structure velocities: (a) 0.1 MPa; (b) 0.8 MPa.

Figure 19. Effect of system pressure on structure velocities in [C2C1Im][EtOSO3].

The effect of increasing system pressure on the bubble rise velocities in [C2C1Im][EtOSO3] is
illustrated in Figure 19. It is seen that in general the structure velocities decrease with in‐
creasing pressure. This is expected given the smaller bubble sizes in the system at elevated
pressures. For gas-liquid flows the correlation by Nicklin et al. [41] is often used to predict
the velocities of flow structures including void fraction waves and slugs. This correlation
has been tested against the present IL data. It is found that the correlation predicts the cor‐
rect linear trend, although with higher absolute values.
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7. Conclusion and outlook

From the perspective of industrialization, research on the hydrodynamics of ionic liquids in
bubble columns has been presented in this chapter. Despite being in its beginning stages, it
is evident that this work is important for future industrial scale-up and process design. The
experimental results reveal that the flow characteristics of the ionic liquid are similar to
those of the other viscous media studied, both at atmospheric and elevated system pres‐
sures. Due to its high viscosity, the bubbles formed in the ionic liquid are larger compared to
water which results in a significant reduction to the gas holdup. This creates smaller specific
interfacial areas and less effective gas-liquid contacting. Thus to successfully achieve inti‐
mate contact between an ionic liquid and a gas stream, the viscosity of the ionic liquid is an
important factor to be considered in the choice and design of industrial equipment.
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1. Introduction

Ionic liquids have proved to be one of the most impressive classes of fluids, due to their
properties and applications to chemistry and engineering. One of the most recent applica‐
tions of complex systems of ionic liquids and nanomaterials are IoNanofluids, from heat
transfer to catalysis, solar absorbing panels, lubricants or luminescent materials. These novel
materials belong to the class of nanofluids proposed in the last years and are a mixture of
ionic liquid and nanomaterial, in the form of nanoparticle dispersion, and have already re‐
sulted in a number of publications in chemical and physical journals.

There are several reasons to study these new materials/fluids, rather complex in structure.
The most important property is their enhanced thermal properties, like thermal conductivity
and heat capacity, heat transfer and heat storage. The complex interactions existing between
the anion/cation of the ionic liquid and the nanomaterial surface create nano-regions that
can enhance reactivity and selectivity of chemical reactions. As the physiochemical proper‐
ties of ionic liquids themselves can be tailored to the desired application employing an ionic
liquid as a base fluid means IoNanofluids can also be designed to meet any specific applica‐
tion or task requirement. They also are non-flammable and non-volatile at ambient condi‐
tions and can, therefore, be considered as “green” fluids.

© 2013 de Castro et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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The possible scientific, technical and economic success of IoNanofluids open new markets,
as new products for engineering fluids, heat insulators, catalysts, etc., can be envisaged. In
addition, the replacement of environmentally aggressive chemicals, foams, solid composites
are in daily order, imposed by regulations or social responsibility. These new challenges
open new jobs for chemists, material scientists and engineers.

The precursors of the IoNanofluids are nanofluids. Their impact in the scientific/ technical
literature is very big. A total of 1575 nanofluids related publications, which include journal
and conference articles, patent, news, letter and other, have appeared over the past 11 years.
1 In Figure 1 it can be seen an exponential growthof the total number of these items publish‐
ed per year since 2002. It is also believed that there are more than 300 research groups and
companies worldwide involved in nanofluids research, a hot topic in an interdisciplinary
field. Several spin-off companies have originated from nanofluids research and the number
continues to increase.

Figure 1. Web of Knowledge record of nanofluids related publications

The current review, which focuses the syntheses of ionic liquids, the preparation of IoNano‐
fluids, their properties, experimental measurements, processes requirements and economic
impact, pretends to contribute to clarify the overall question, always present in the appear‐
ance of a new field, which crosses several minds: Will IoNanofluids be useful to our society?

Comparison between the IoNanofluids properties and those of the base ionic liquids will be
the key for understanding the role of the interface between the ionic liquid and the nanoma‐
terial in the determination of physical properties. The unexpected behavior observed in

1 Web of Knowledge©, January 1, 2002 to June 20, 2012
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some IoNanofluids and the difference observed regarding the base fluid is, in our view, the
most important aspect in this review.

2. Ionic Liquids

Ionic liquids (ILs) are materials composed entirely of ions, which have melting points below
100 ºC [1]. Such liquids are an elaborate network of ions which are governed by electrostatic
charges and hydrogen bonding [2]. More recently room temperature ionic liquids (RTILs) have
moved to the forefront of IL research due to their melting temperatures being below 30°C.
Generally the asymmetric form of the ions (usually the cation) reduces the Coulombic inter‐
actions which results in a lowering of the melting points, see figure 2. These liquids exhibit
favourable properties for solvent use due to the formation of air and moisture stable, low-
volatile liquids, low flammability [3] under ambient conditions high ionic conductivity
which also maintains their thermal and electrical stability over a large temperature range
[4,5]. With judicious tailoring of the cation-anion structure a range of ILs can be synthesised
with various pre-chosen physiochemical properties. This has resulted in them being applied
in a multitude of techniques including catalysis [6], elemental analysis [7], synthesis [8], so‐
lar absorbing panels [9], lubricants [10], luminescent materials [11] and supercritical fluids
[12,13]. Ionic liquids also provide very different solvent−solute interactions which can give
rise to distinct chemistries compared with molecular solvent systems [14]. In addition to
this, the use of ILs acting as both the solvent system and reactant/catalyst in a reaction proc‐
ess [15] makes them a “hot topic” for researchers. They have also been shown to immobilize
and stabilize catalytic complexes or even act as modifiers that accelerate the reaction [16].
These IL-catalyst systems can be recycled potentially reducing chemical waste and increas‐
ing the lifetime of the catalyst, further adding to the ‘green’ aspects of ionic liquids [17].
More recent understanding and analysis of catalytic reactions show that even so called be‐
nign ILs are now not considered chemically passive and are capable of modifying the cata‐
lyst resulting in differing chemistries [18].

Pioneering physical and chemical research in ILs where usually focused on imidazolium
based cations with the corresponding tetrafluoroborate ([BF4]-) or hexafluorophosphate
([PF6]-) anions. These were initially chosen due to their ease of synthesis and purification.
However, these ILs have been found to be of lower thermal stability and undergo hydrolysis
reactions resulting in the production of HF and BF3 [19]. Recently, hydrophilic fluorine
based anions such as bis(trifluorosulfonyl)imide ([NTf2]-) and the tris(perfluoroalkyl)tri‐
fluorophosphate ([FAP]-) have been developed. The stability of these anions is well estab‐
lished and has found many applications in the fields of catalysis [20]. Other halide free
anions include alklysulfate, alkylphosphate and alklycarbonate molecules.

The synthesis of all ionic liquids starts with the ’neutralisation’ of a Lewis base, typically al‐
kylimidazoles, trialkylamines including pyrolles and piperidines, trialkylphopshines and
pyridines are the most frequently used. For the synthesis of protic ILs, the Lewis base (rep‐
resented as methylimidazole) can be neutralised directly by the addition of a Brönsted acid,
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see Figure 3, step 1. However, some of these salts are generally thermally unstable or exist in
equilibrium with the free acid and base thus limiting their applications [21].

Figure 2. Common cations and anions used in air and moisture stable RTILs

For many ILs the preparation is strongly associated with the considerations about the re‐
quired purity of the ILs post synthesis. For example in the synthesis of imidazolium ILs, the
most common synthetic strategy involves the synthesis of the corresponding commercially
available alkylimidazolium halide (Cl- or Br-) followed by anion metathesis to the desired IL,
see Figure 3, steps 2 and 3. For hydrophobic ILs such as those containing the [NTf2]- and
[PF6]- anions, this can be achieved by anion exchange of the imidazolium halide with the
corresponding Li+, Na+ or NH4 + salt. Therein, the IL forms a separate phase which can be
further purified by washing with water to remove any remaining halide. The water solubili‐
ty of the ILs is very dependent on both the anion and cation present, and in general will de‐
crease with increasing organic character (alkyl chain length) of the cation and decrease with
increasing fluorinated character in the anion. For hydrophilic ILs such as those containing
the, [RSO4]- [CF3SO2]-, [BF4]- or [N(CN)2]- anions the corresponding Ag+ salt is used to precip‐
itate out Ag halide salt which can be removed by filtration.

Impurities in ILs such as water, halides, starting materials and organic solvents not only
have a profound effect on their physical properties [22] but have also resulted in significant
changes in reaction chemistry [23-27]. Within both these areas significant steps have been
made in the creation of cleaner and more economic routes to the preparation of ILs [28,29].

Other so halide free synthetic pathways involve direct alklylation to form the correspond‐
ing, alkylsulphate ([RSO4]-), alkylcarbonate ([RCO3]-) and trilfate ([CF3SO2]-) ILs, see Figure
3, step 4. The alkylsulphate [30] or alkylcarbonate [31] ILs which have found applications in
their own right can be further reacted to form the corresponding halide free hydrophilic ILs.
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Figure 3. General synthesis of air stable, metal free Ionic liquids

3. IoNanofluids

IoNanofluids are complex systems of nanofluids with nanomaterials. Before we deal direct‐
ly with these systems, a brief digression in the field of nanofluids will help to clarify the
properties and these especial fluids. The origin of the nanofluids is linked to the current
challenges faced by many high-tech industries and thermal management systems for cooling
of smaller features of microelectronic and more power output-based devices. The conven‐
tional method to increase the cooling rate is to use extended heat transfer surfaces but this
approach requires an undesirable increase in the size of the thermal management systems.
This fact, added to the thermophysical properties of the traditionally heat transfer fluids
(HTFs) used in industry, such as water, ethylene glycol (EG) or engine oil (EO) greatly limit
the cooling performance. This situation was partially overcome by the use of materials with
high thermal conductivity, such as nanomaterials suspended or dispersed in this type of
base fluids. Choi [32] at Argonne National Laboratory of USA coined the concept of “nano‐
fluids” to meet the aforementioned cooling challenges facing many advanced industries and
devices. This new class of heat transfer fluids is engineered by dispersing nanometer-sized
solid particles, rods or tubes in traditional heat transfer fluids and they were found to exhib‐
it significantly higher thermophysical properties, particularly thermal conductivity and ther‐
mal diffusivity than those of base fluids (BFs) [33-38].

From practical application-based studies such as convective and boiling heat transfer char‐
acteristics [39-45], nanofluids (NFs) were also found to be even more promising as their con‐
vective heat transfer coefficient and critical heat flux were reported to be substantially
higher as compared to those of their base fluids. In particular, nanofluids containing high
thermal conductive materials such as carbon nanotubes (CNTs) shows anomalously en‐

Synthesis, Properties and Physical Applications of IoNanofluids
http://dx.doi.org/10.5772/52596

169



hanced thermal performance [45-47]. This is justified by the great difference between the‐
thermal conductivity of CNTs (between 2000 and 3000 Wm-1K-1) and that of the base fluid
(0.6 Wm-1K-1 for water).2

The concept of “IoNanofluids” was recently proposed by Nieto de Castro and co-workers
[48] and it represents a very new class of heat transfer fluids where nanomaterials (particles,
tubes and rods) are dispersed in ionic liquids only [49]. Since IoNanofluids are a specific
type of nanofluids i.e., ionic liquids-based nanofluids, they are expected to have similar ther‐
mal properties than nanofluids, a fact that was proved recently by the authors [50]. The term
IoNanofluids is therefore a new term in multidisciplinary fields such as nanoscience, nano‐
technology, thermofluidity, chemical and mechanical engineering.The discovery that carbon
nanotubes (CNT) and RTILs can be blended to form gels termed as “Bucky gels” which can
potentially be used in many engineering or chemical processing such as making novel elec‐
tronic devices, coating materials, and antistatic materials and thus, it opens a completely
new field [51,52]. The “Bucky gels” are blends or emulsions of ILs with nanomaterials, most‐
ly nanocarbons (tubes, fullerenes, and spheres) and they are actually CNT laden IoNano‐
fluids. The possibility of using ionic liquids containing dispersed nanoparticles with specific
functionalization such as functionalized single-walled nanotubes (SWCNT), multi-walled
nanotubes (MWCNT) and fullerenes (C60, C80 etc.) opens the door to many applications. In
recent reviews the authors have shown the properties of the IoNanofluids and nanofluids
and highlighted their possible applications in different areas [9,53-55].

3.1. Manufacture of IoNanofluids

Although significant progress has been made in the last years, variability in the heat transfer
characteristics of the nanofluids so far reported is presented, with very different thermal
conductivity enhancements for the same systems. This variability may be the result of the
various synthetic techniques employed, and the purity of the starting materials. The manu‐
facture of nanofluids is delicate, as it does not mean necessarily a simple mixture of solid
particles and a liquid, in the thermodynamic definition, and the techniques used by different
authors are sometimes ill-defined [37,56].

Thus the synthesis of IoNanofluids can be a delicate operation. There are two main techni‐
ques used with normal solvents, the two-step process and the direct evaporation technique
or single step. Most researchers use the two-step process, by dispersing commercial or self-
produced nanoparticles in the liquid, a technique that can create large particle agglomerates,
which can be destroyed by adding surfactants or using mechanical or ultrasound dispersion
techniques.However the synthesis in situ seems to be the most efficient to produce very ho‐
mogeneous particles, with a narrow size distribution, originating long period stability, espe‐
cially for metal nanoparticles [57,58]. Aida and co-workers found that imidazolium-cation-
based ionic liquids were excellent dispersants for CNT’s, forming physical gels, that could
be reproduced using sonication or by grinding the suspension in an agate mortar with a pes‐

2 The thermal conductivity of molecular, organic and inorganic liquids, with the exception of molten metals, ranges
from 0.1 to 0.6 Wm-1K-1.
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tle. These techniques were followed by the current authors groups, to obtain very stable
emulsions, without surfactants, with 0-3% (w/w) loading of MWCNTs (Multi-walled carbon
nanotubes) in a range of imidazolium and pyrrolidinium ILs.

The importance of the purity of both starting materials and the technique used for manufac‐
turing the dispersed nanomaterial is very important. In first place, the ionic liquid must be
as pure as possible, as small quantities of water can affect its properties [59], and subse‐
quently those of the Ionanofluid. Although the preparation of the dispersions is made open
to atmosphere and therefore capable of introducing water in the samples, these were moni‐
tored by Karl-Fisher Coulometric analysis, and the amount of water in the pure ionic liquids
never exceeded 400 ppm before the measurements and 800 ppm after the measurements,
values that do not affect the thermal conductivity measurements [60].

The properties and characteristics of the nanomaterials are an extremely important issue.
Most of the nanomaterials are spherical, rod or oblong in shape. Current manufacturing pro‐
cedures can result in batch to batch variability as the degree of outer shell nanomaterial
functionalization caused during manufacture and geometries of the nanomaterials can
change3. One such example is in the case for silver nanoparticles, where 80% of the manufac‐
turers use polymer coatings of non-disclosed thickness and properties. These coatings deter‐
mine completely the heat transfer properties of the nanomaterials, and if we want to use
silver nanoparticles they have to be chemically treated to eliminate them. Many publications
on nanofluids systems previously reported were probably not aware of these problems and
therefore those results have to be confirmed.

Our current experience in Ionanofluid manufacture is based on MWCNTs, and therefore we
restrict our analysis to IoNanofluids based on these nanomaterials. However several studies
are currently in progress using TiO2 and Ag spherical particles, as well as nanomaterials de‐
livered from nature [9,61-63].

The IoNanofluids based on MWCNTs must obey the following conditions: homogeneous
dispersion, stable over a great period of time (not producing phase separation, even at a mi‐
cro scale), and be free of additives, such as surfactants or salts. In addition, one of envisaged
applications involves their use as heat transfer fluids, a control of viscosity is crucial, in or‐
der to create fluids with sensible heat transfer coefficients in dynamic regime (good fluidity).
The preparation procedure involves weighing the nanomaterial, addition to the ionic liquid
and introduction into the sonicator cell. Optimization of the time and sonication energy, vis‐
ual observation for phase separation of the IL from the Ionanofluid is crucial4. Excessive
time and high energy can result in the break-up of the Ionanofluid and breakage of tube
walls. Moreover, impurities in the glass cells can lixiviate them and introduce further ele‐
ments into the dispersion. The IoNanofluids dispersions produced are then allowed to settle
several hours before the thermophysical properties measurements. The existence in micro‐

3 In a majority, the producers of nanoparticles do not disclose the real structure of the particles, the presence of poly‐
mer coatings or oxidative type reactions
4 The dispersion is black, as shown in Figure 4. Therefore a great care as to be taken in the observation, helped by
reflected light analysis through the suspensions
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phase separation is controlled by measuring the properties of the dispersion, in several occa‐
sions. As an example, for thermal conductivity, dispersions in [C2mim][dca], were measured
within an interval of one year and their values did not differ by more than 2%, well within
the uncertainty of the measurements [60]. Figure 4 illustrates the main steps for the prepara‐
tion, starting with the ionic liquid, adding the carbon nanotubes, using the sonicator probe
and finally the dispersion.

3.2. Experimental properties and their impact on process equipment design

As described above, the most important thermophysical properties for heat exchange equip‐
ment design are thermal conductivity, heat capacity, density and viscosity. They control the
dynamics of heat transfer, namely the heat transfer coefficients and the heat transfer areas of
the exchangers. In order to decide if any fluid can be used as an alternative to current engi‐
neering fluid, there are two essential questions to answer:

1. Are the properties of the fluid adequate to the process(es) where it will be used?

2. If the answer to the first technical question is affirmative, is the fluid economic competi‐
tive?

The answer to the first question raises another two problems: a) how accurate the thermo‐
physical property data available is and b) what is the sensitivity of the main design parame‐
ters in heat exchange (heat transfer area, flow rates, pressure drops) are affected by the
uncertainty of those properties. These factors will be discussed in detail below.

Figure 4. Main steps for the preparation of IoNanofluids with MWCNTs.

The determination of experimental values of the thermophysical properties of ionic liquids
has been discussed in two recent reports, regarding the methods of measuring (existing and
foreseen new developments) and how important is to characterize the samples in order to
trust the measurements made with the highest accuracy available [59,64].This fact, using
ionic liquids as base fluids for the nanofluids, is very important as they can absorb water
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from the environment. As an example, Table 1 shows the results obtained for 3 ionic liquids
in our laboratory, which were used for IoNanofluids preparation [60]. The ILs were ob‐
tained from Io-Li-Tec, DE, dried under vacuum for several days at approximately 60ºC and
the water content was determined with a Karl-Fisher Coulometer.

The effect on the measured values of the properties depends on these, being more signifi‐
cant for viscosity [65,66]. For thermal conductivity an effect of 1000 ppm (0.02 in the molar
fraction of the mixture), the maximum effect at 70ºC5 is 0.2% (much smaller than measure‐
ment uncertainty). These results show that it is very important to characterize the samples,
determining its water content, before and after the measurements, a fact that has not been
recognized so far by many authors and journal editors.

The methods used to measure the thermophysical properties have also to be well character‐
ized: many deviations between data obtained by different methods and different laborato‐
ries are caused by ill-defined measuring methods [59,64]. It is not the purpose of this review
to describe the best experimental systems, as a full discussion was presented before [64].
However the readers should be attentive to this problem. It is very tempting for some re‐
search group that enters the field of ionic liquids to use equipments already available, using
measuring cells that sometimes are not adequate. In addition the availability on the market
of reliable measuring instruments also creates an opportunity for “fast” data production.

Ionic Liquid
Manufacturer

Purity / %

Manufacturer

H2O / ppm

After Drying

H2O / ppm

After Measurements

H2O / ppm

[C2mim][dca] >98 1850 234.7 ± 48.6 488.9 ± 58.6

[C4mim][dca] >98 1480 324.9 ± 86.4 683.6 ± 41.7

[C4mpyr][dca] >98 1710 349.6 ± 47.9 637.0 ± 57.0

Table 1. Water content of 3 ionic liquids, before and after the thermal conductivity measurements

Other factors are known to affect the determination of experimental values, not strictly de‐
pendent of the instrumental methods used. For example the compatibility of ILs with seals,
gaskets and metals contained in the measuring cell is very important. Ionic liquids anions
and cations can be very different in size and to date most of the existing information has
been obtained for imidazolium cations, making it difficult to generalize for other non-imida‐
zolium ionic liquids. These ions are not mutual independent, can form aggregates and com‐
plicate structures in the liquid phase. In addition the viscosity is moderate to high, the
liquids are electrical conducting and the heat capacity per unit volume is rather high. All
these factors condition heat and mass transfer in the transport properties determination and
must be known “a priori” to avoid systematic errors.

An example selected from reference [64] is sufficient to illustrate the point about “bad” and
good” measurements. Figure 5 shows the heat capacity of [C4mim][BF4], obtained using DSC

5 The effect decreases the value of the thermal conductivity and increases with temperature
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[67-73]. A wide variation between the datasets of up to 20 % at room temperature is ob‐
served. This situation is very uncommon in calorimetry; however it is known that, apart
from differences in sample purity, the DSC used must be well calibrated before use, a fact
which could also help to explain the scatter of data. However, it can be seen [50] that 5 sets
of data agree within 2%, within their mutual uncertainties [50,67,68,72,73], a result that
would be considered excellent for DSC data, the most popular measuring method, due to its
speed and excellent repeatability. Bearing in mind that handling and measuring ILs physical
properties is not trivial, the authors would like to recommend a careful analysis of all these
aspects prior to making measurements and reporting data.

The second point to analyze is how the sensitivity of the main design parameters in heat ex‐
change (heat transfer area, flow rates, pressure drops) are affected by the uncertainty of
those properties. This was the subject of many publications in the past, and recently we have
applied this to ionic liquids. Using the same methodology [74], analyzing the effect of the
uncertainty of thermophysical data of ionic liquids (density, heat capacity, thermal conduc‐
tivity and viscosity) in the design of some current equipment, used in processes as solvents
or heat transfer fluids. Data has been collected from IL Thermo database [75] for alkylme‐
thylimidazolium, [Cnmim]- liquids, with [BF4]- and [PF6]- anions. This was justified by the
fact that the thermophysical properties of ionic liquids, measured in different laboratories
and by different methods do not agree within their mutual uncertainties. This was probably
caused by incorrect methods of measurement and/or purity problems, as stated above. Re‐
sults obtained show that the influence of actual errors in the thermophysical properties of
ionic liquids can render any future design of chemical plant equipment as not working or
excessively costing. Although the actual cost of ionic liquids is higher than conventional
heat transfer fluids, the future production of higher quantities can make their use competi‐
tive, especially if a target price of 25US$/kg is achieved.

The heat storage capacities of [BF4]- and [PF6]- and other ionic liquids, containing anions like
[C2H5SO4], [(CF3SO2)2N], [CF3SO3] and [C8H17SO4], which can be considered as possible re‐
placements of current heat transfer fluids, have been analyzed. A comparison with the prop‐
erties of synthetic compounds (based on hydrocarbons, polyaromatics and siloxanes),
showed that common imidazolium IL systems have higher heat capacities per unit volume
than high performance commercial thermal fluids, such as Paratherm HE(a registered mark
of Paratherm Corporation) and Syltherm 800™, Syltherm HF™ Dowtherm A™ and Dow‐
therm MX™ (trademarks of Dow Chemical Company, USA) [75]. Details of the methodolo‐
gy application can be found in this reference. The analysis was limited to study the effect of
the uncertainty in the properties in the major design parameter, the heat transfer area, in a
preselected heat transfer equipment, a shell and tube heat exchanger, as it reflects the
changes in the design arising from the changes in the thermophysical properties of the ionic
liquid process stream. This also permits a more facile estimation of the economic consequen‐
ces of these changes in the design.
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Figure 5. Existing values of the heat capacity for [C4mim][BF4] as a function of temperature (2010). - Nieto de Castro et
al. [50]; - Van Valkenburg et al. [67]; - Rebelo et al.[68]; - Kim et al.[69]; - Fredlake et al. [70]; - Waliszewski et al. [71]; -
Garcia-Miaja et al. [72]; - Garcia-Miaja et al. [73].

The equipment chosen is one modern solar power plant that uses a molten salt receiver as
thermal energy storage system, which captures the sun's energy and stores it in hot molten
sodium nitrate or molten nitrates mixtures, so that power can be generated when needed, not
just when the sun is shining. The heat transfer unit uses a molten salt through oil to salt heat
exchanger [76,77]. The molten salt mixture used was replaced by a ionic liquid, one set of
reference conditions for the operation were chosen based on a given set of values of the
thermophysical properties and then the assigned values were perturbed about their refer‐
ence values, within ranges commensurate with the actual stage of experimental uncertainty
reported in IL Thermo database [75]. The effect of the uncertainties of the thermophysical
properties of the ionic liquids can be calculated by calculating the new heat transfer area A 0

and its variation A as a function of the variation in percentage of the thermophysical proper‐
ties, ,Δρ ,Δη ,Δλ and ΔCP. Figure 6 shows in a 3D plot the effect of ΔCP and Δλ in ΔA for [C2mim]
[BF4], using again the viscosity uncertainty, Δη as a parameter for the surfaces. The density is
not shown, as this is the property known with less uncertainty. Not using extreme values,
whereby the area can be overestimated by 50 %, an error of + 20 % in viscosity, - 20 % in thermal
conductivity and -10 % in heat capacity generates an error of + 20 % in the area of the heat
exchanger.

From the results presented we can conclude that the effects of the uncertainty in the thermo‐
physical properties of RTIL’s are high and that the heat transfer areas (see Table 2) are high‐
er than those obtained with the used heat transfer oils. The exception to this is [C2mim][BF4].
These effects can render equipment obsolete and/or induce additional operational costs, well
above of those estimated by design. When a heat exchanger is built, its cost will be weakly
dependent on the size/length of the pipes, but highly dependent on the heat transfer area
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and the operational costs will increase significantly with size. However, to increase the ca‐
pacity of the unit after having been built would represent an additional cost, possibly small‐
er than replacing it with a new unit. Therefore, the wise approach would be to obtain good
experimental measurements of the heat transfer used, as described above.

Figure 6. 3D plot of the effect of uncertainty of heat capacity (CP ) and thermal conductivity () for [C2mim][BF4] on the
area (A) of a shell and tubes heat exchanger,using viscosity uncertainty, , as a parameter for the surfaces (upper, + 20
%; lower, - 20 %); the lines in the planes represent the maximum and minimum values of the area variation for ± 20
%, , and ± 30 %, ---, in Δλ and ΔCP. Adapted from [74].

In order to determine whether ionic liquids are economic as practical heat transfer fluids the
costs of heat transfer equipment need to be examined. Details of the cost estimation of the
heat exchanger can be found in [75]. The total cost required for a new design can be broken
in five parts [84], the battery limits investment, the utility investment, the off-site invest‐
ment, the engineering fees and the working capital. From these, we were concerned first
with the battery limit investment, which is the cost of individual plant items and their instal‐
lation to form the working process. The cost of the heat exchanger will be a function of its
size (were the type of heat exchanger and the heat transfer area are critical), the materials of
its construction (materials compatibility between metal parts and heat transfer fluids), de‐
sign pressure and temperature, and it can be given by:

E B M P T
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X

æ ö
= ç ÷

è ø
(1)

where CE represents the cost of the equipment with a given capacity X (here the heat trans‐
fer area, A0), CB the base cost of a reference equipment with a capacity XB, and m a constant
depending of the equipment type (m=0.68 for a shell and tube heat exchanger). The base cost
of a carbon steel shell and tube heat exchanger, with a heat transfer area of 80 m2 would be
3.28104 US$. fM is the correction factor for materials of construction different from carbon
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steel, fP the correction factor for design pressure and fT the correction factor for design tem‐
perature. Values used for these factors can be found in references [74, 84].

The results obtained for the estimated costs for the shell and tube heat exchangers using the
different heat transfer fluids are shown also in Table 2. Keeping other factors constant the
heat exchangers for the [PF6]- based RTIL’s are significantly more expensive that the conven‐
tional fluids. However [C2mim][BF4] IL is only moderately more expensive. Depending on
the process, it may be possible to obtain savings in the ILs equipment, either by changing
other design variables (De, Di, pressure drops, materials, temperatures of the cold and hot
streams, etc.,) or, by using other ionic liquids than the ones tested, especially those ILs with
lower viscosity values. In addition, the cost of ionic liquids, which is currently in the order
of 100-500 US$/kg for research due to high value of the personnel costs involved at this
scale, are now evolving for industrial production to targeted prices of 25 US$/kg [85], a val‐
ue which makes them valuable alternative heat transfer fluids, from the economic side. For
example, the ionic liquid [C2mim][EtSO4] is now available on an tonne scale, from Solvent
Innovation GmbH, Cologne (www.solventinnovation.de) or BASF AG (www.basionics.de).

Heat Transfer

Fluid

ρ

/kgm-3

CP

/Jkg-1K-1

η/mPas λ

mWm-1K-1)

A0

/m2

CE

/k$

[C4mim][PF6]

(50ºC)

1346 ± 183 1493 ± 3079 68.8 ± 1.883 146 ± 781 480.75 738

[C6mim][PF6]

(50ºC)

1273 ± 378 1409 ± 6179 111.9 ± 3.280 146 ± 781 634.60 891

[C2mim][BF4]

(50ºC)

1280 ± 278 1600 ± 2567 15.9 ± 1.182 196 ± 667 217.29 430

Dowtherm A™

(50ºC)

1041 1632 2.12 134 138.60 317

Dowtherm MX™

(100ºC)

905 1870 2.09 114 159.08 348

Syltherm 800™

(80ºC)

882 1711 3.86 124 202.86 410

Syltherm HF™

(80ºC)

811 1830 0.83 92 135.47 312

Table 2. Values of Heat Transfer Liquids Properties, Reference Area A0and Estimated Costs for the Shell and Tube Heat
Exchanger

For IoNanofluids, there is only one study, still unpublished, performed in Lisbon laboratory
[86], with [C4mim][NTf2] and [C2mim][EtSO4] and MWCNTs. As no data is available for the
heat capacity and viscosity enhancements6, we have assumed for the corresponding en‐
hancements Eλ = Eη, ECp = 1.5; 2; 5 % and Eρ = 0. Figure 7 shows the variation in the area A of

6 Measurements are under progress
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the same heat exchanger as a function of the volume fraction of the Ionanofluid7. The data
points are labeled to show the values of the areas obtained. The maximum enhancements in
the thermal conductivity were found for the 3% w/w IoNanofluids, around 25% for [C4mim]
[NTf2]. The effect, only of the thermal conductivity enhancement can be as much as 20% de‐
crease in the area, and therefore in the cost of the heat exchanger, saving about US$ 20 mfor
a 20% volume fraction of MWCNT (3% w/w), a value very significant. Progress in the exper‐
imental measurement of density, heat capacity and viscosity of these IoNanofluids will be
reported soon.

Figure 7. AovsCNT for ionic liquids and IoNanofluids. - fluids based on [C4mim][NTf2]; - fluids based on [C2mim][EtSO4].
Close to each data point is the cost of the heat exchanger, in US$.
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7 As the densities of the carbon nanotubes are much smaller than those of the base fluids, the volume fraction is much
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have the tremendous advantage of being target designed, so there will be always the possi‐
bility of synthesizing a new high temperature ionic liquid. However the thermal stability of
the IoNanofluids is a totally different game, as the homogeneous system can be transformed
in a heterogeneous phase, with micro phase equilibria, promoting aggregation of the nano‐
materials and/or phase separation, at a micro or macroscopic level. In principle, the increase
in temperature will facilitate the homogeneous system, due to the increase in entropy of the
base fluid. No data is yet available for temperatures above 70ºC, so any further conclusion
will be premature. New studies in this area are needed.

3.3.2. Toxicity of ionic liquids, nanomaterials and IoNanofluids

Regarding toxicity, there are not any studies for IoNanofluids, and none to date for nano‐
fluids. In the absence of any additional effect, the toxicity of an Ionanofluid will be a sum of
the toxicity of the base ionic liquid and that of the nanomaterial used. For ionic liquids, our
current knowledge is still scarce, and without long term consequences, but some conclu‐
sions can already been suggested [87,88]. Following the extensive review by Petkovic et al.
[87], “it is clear that the numerous formulations of ionic liquids available provide a great
pool of, and impetus for, many commercial applications, but not without significant toxico‐
logical and environmental concerns. The vast majority of toxicological studies on ionic liq‐
uids, available up to the present date, have focused on imidazolium ionic liquids. In
addition, frequently, the ionic liquids ‘‘selected’’ for study tackled under a common assay
were randomly chosen. Despite the scientific weight of these studies, the lack of systematisa‐
tion (e.g. monitoring the effect of defined structural alterations in a specific head group)
means that it is impossible at the moment to achieve a holistic analysis, which weakens con‐
clusions and devalues the predictive algorithms under development.”(citation) Some prob‐
lems regarding the selection of the bioassay, namely subjectivity and regional–orientation
restrict generalizations. Legislation demands and standardised tests should be kept as a pri‐
ority, engaging models of different complexity. The environmental persistence of any chem‐
ical should be taken as one of the most critical ecotoxicological parameters [88].

The European Community regulation on chemicals and their safe use—REACH (Registra‐
tion, Evaluation, Authorisation and Restriction of CHemical substances)—[89] aims to in‐
crease the awareness of the industry on hazards and risk management. REACH registration,
in force since 2007, is mandatory for any chemical produced in the quantity over one tonne
per year. Although it is being criticised for itsever-increasing cost and the number of ani‐
mals employed intesting, [90] REACH undoubtedly provides a meaningful, and necessary,
framework to raise human and environmental safety. Currently, only the ionic liquids
which have already found application on industrial scale are undergoing REACH registra‐
tion. As an example, as [C2mim][X] (X=Cl-, [C2SO4]-, [C1SO3]-,[O2CMe]- and [NTf2]-) and
[C4mim][Cl] [91], but there are nodoubts that this number will continuously increase.It ap‐
pears, however that the cytotoxicity of ionic liquids cannot be systematically estimated by a
summation of the independent effects of the cation and anion [92, 93]. Moreover, mixtures
(binary or ternary) of ionic liquids have been rarely investigated [94].
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The next components of IoNanofluids to be analysed are the nanomaterials used. However
the toxicity of nanomaterials, although present in small mass content in the IoNanofluids,
raises several problems and requires certain rules to be obeyed.

First, the nanomaterials dispersed in the IL have different chemical and physical properties
than those of bulk materials of identical composition. It is then reasonable to expect that the
biological properties of nanomaterials are different as that of bulk materials. Secondly, nano‐
materials may be unique in environmental or biological systems. The properties of a nano‐
particle in nonpolar solvents change when extracted into the aqueous phase; furthermore,
nanoparticles in biological fluids (buffered solutions, cell culture media, or blood) may be‐
have differently, as well. The nanoparticle surface is the part of the nanoparticle system that
will have direct interactions with the biological entity (as with the ionic liquid); therefore,
the surface of the nanoparticle will influence the biological response. Finally, a full charac‐
terization profile of the nanoparticles system being tested in biology must be reported [95].

The identity of the nanoparticle sample must be known in order to accurately report the
positive, negative, or neutral effects of nanoparticles in vitro or in vivo. National and inter‐
national standards committees (such as International Organization for Standardization,
American Society for Testing and Materials, and International Council on Nanotechnology)
have begun to establish recommendations for adequate nanomaterial physicochemical char‐
acterization data relevant to toxicology. These recommendations come from the literature of
a variety of disciplines, including biological, environmental, and material sciences [96-98].

There are a few key points that the growing body of nanotoxiciology literature has taught us.
First, morphological characterization, such as particle size and shape, should be measured in
the most dispersed state achievable. Second, ideally, particle characterization data should be
measured under conditions as close to the point application as possible a property should be
measured using more than one method. The successful development of safe nanomaterials
requires  a  strong collaborative  effort  between toxicologists,  physical  scientists  and engi‐
neers. All characterization data should be validated using multiple techniques. Scientists from
chemistry, biology, and engineering backgrounds must work together to address issues relat‐
ed to the potential impacts of nanomaterials, nanocomposites, and nanoparticle-containing
consumer and medicinal products on the environment, human health, and even the synthe‐
sis and manufacture of nanomaterials.  The ultimate goal of this collaborative effort is to
determine the effects of nanomaterials in environmental and biological systems [95].

One key property essential to an understanding of the responses between nanomaterials
and biological systems is the interaction between cells and the surface of the nanoparticle.

Primary characterization is performed on particles as-synthesized or as-received: in its dry
native state. Secondary characterization is performed on particles in the wet phase as a solu‐
tion or suspension in aqueous media. This media could be in ultrapure water, vehicle solu‐
tion, or cell culture media (prokaryotic or eukaryotic). Physical and chemical
characterization relevant to toxicity testing includes size and size distribution (including ag‐
gregation/agglomeration/coagulation state), concentration and purity, surface activity/reac‐
tivity, particle composition of surface coatings. Tertiary characterizations are performed on
particles following interactions with cells under in vivo or in vitro conditions, and imaging
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the nano–bio interface. Characterization data and functionality information of nanoparticles
suspended in serum, media, buffers, or other biological fluids may be different than data
gathered in water. Determining the toxic effect of a nanomaterial is a challenging endeavour
because each study requires a comprehensive material characterization component (which
includes both physical and chemical properties) and adequate toxicological evaluation (rele‐
vant to the hypothesized route of exposure and eventual biological fate) [99].

It is difficult to produce nanomaterials on a large scale, because the mass of material pro‐
duced is very small. One gram of nanoparticles is approximately equivalent to one billion
particles. The immediate challenge of toxicological studies of nanoparticles is not only pro‐
ducing enough material for a complete in vivo study, but to also produce enough material
for characterization purposes. Therefore, both new toxicological testing and characterization
methods are needed when tackling this problem. New methodologies, as well as, standardi‐
zation of common techniques are needed within the realm of determining the safety of
nanomaterials [95,100].

Finally this problem must be tackled as a logical sequence from laboratory synthesis to in‐
dustrial production. The priority aspects will be the ecological, human health, and waste
elimination besides the costs of the full operation, as the functionalities of IoNanofluids are
many and extremely varied. The most important parameter to be considered is the interfer‐
ence parameter for the mixtures (interfacial behaviour), a logic consequence of the primor‐
dial role of the nanomaterial – IL interaction [96]. A wide range of physicochemical
properties are relevant to toxicology, like particle size distribution, morphology, chemical
composition, solubility and surface chemistry and reactivity [95]. Not a single method can
be used, but combinations of standard tests have to devise.

Some authors state that the surfactant may cause physical and/or chemical instability prob‐
lems. The use of surfactants or any other additives to stabilize the microemulsions of the
nanofluids can be worse than the nanomaterials and ionic liquids [99,100].

A new network of existing infrastructures to ensure a cost-effective and time-efficient ex‐
amination of health, safety, and environmental aspects of nanomaterials throughout Europe
and linking effectively with other international related activities is urgently needed, through
European Chemical Agency, ECHA [101].

4. Theoretical Modelling of Nano and IoNanofluids

Since nanofluids were found to exhibit anomalously high thermal conductivity which can‐
not be predicted by the existing classical models, based on macro and nanoscale mecha‐
nisms numerous theoretical models for nanofluids have been developed over the last
decade [37]. However, most of these models are neither validated with wide ranges of nano‐
fluids systems nor accepted widely. On the other hand, no theoretical model so far is availa‐
ble (to the best of our knowledge) for the prediction of thermal conductivity of this newly
emerged IoNanofluids. Thus, in an attempt to predict the effective thermal conductivity of
IoNanofluids, representative classical model as well as recent models are used here.
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The effective thermal conductivity of suspensions of milli- or micro-sized solid particles can
be predicted by numerous classical models like the most popular Maxwell [102] and Hamil‐
ton-Crosser [103] models. The Maxwell model for the effective thermal conductivity (λeff) of
suspensions of spherical inclusions can be expressed as [102]:

λeff =λf
λp + 2λf + 2ϕp(λp - λf)
λp + 2λf - ϕp(λp - λf)

(2)

where ϕp is the particle volume fraction, and f and p are the thermal conductivities of the
base fluid and particle, respectively.

The Maxwell model [102] was later modified by Hamilton and Crosser [103] for the effective
thermal conductivity of both the spherical and non-spherical particles by using a shape fac‐
tor. Their model is a function of the thermal conductivities of both solid and liquid phases,
volume fraction, and the shape of the disperse particles. The Hamilton-Crosser model [103]
has the form:

λeff =λf
λp + (n - 1)λf - (n - 1)ϕp(λf - λp)
λp + (n - 1)λf + ϕp(λf - λp) (3)

where the shape factor n = 3 for spherical particles and n = 6 for cylindrical particles. For
spherical particles, Eq.(3) reduces to Eq.(2).

Most of the researchers working on nanofluids [37] found these classical models are unable
to predict the anomalous thermal conductivity of nanofluids. Therefore, many theoretical
studies have been carried out to understand the heat transfer mechanism and to develop
models for predicting the effective thermal conductivity of nanofluids [37]. Among a hand‐
ful of efforts, by taking into account the effects of particle size, concentration, and interfacial
nanolayer two models for the prediction of thermal conductivity of nanofluids (λeff-nf) con‐
taining spherical and cylindrical nanoparticles were developed by Murshed et al. [36]. The
model for suspensions of spherical nanoparticles is expressed as [36]:

λeff-nf =λf
ϕpω(λp - ωλf) 2γ1

3 - γ 3 + 1 + (λp + 2ωλf)γ1
3 ϕpγ

3(ω - 1) + 1

γ1
3(λp + 2ωλf) - (λp - ωλf)ϕp γ1

3 + γ 3 - 1
(4)

where ω =λlr /λf, γ =1 + t / rp ,γ1 =1 + t / (2rp) ,rp is the radius of the particle, t and λlrare the
thickness and the thermal conductivity of interfacial nanolayer, respectively. On the other
hand, model for the cylindrical nanoparticles has the form [36]:

λeff-nf =λf
ϕpω(λp - ωλf) γ1

2 - γ 2 + 1 + (λp + ωλf)γ1
2 ϕpγ

2(ω - 1) + 1

γ1
2(λp + ωλf) - (λp - ωλf)ϕp γ1

2 + γ 3 - 1
(5)

Although the thickness of nanolayer (t)is considered to be 1 nm [36], the thermal conductivi‐
ty of a nanolayer still cannot be determined by experimental or theoretical means. However,
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the orderness and orientation of fluid molecules absorbed on a nanoparticle surface result in
an intermediate value of thermal conductivity of nanolayer i.e., λf<λlr<λp. Hence, the thermal
conductivity nanolayer is given byλ1r =ωλf, where ω>1 is an empirical parameter which de‐
pends on the orderness of fluid molecules in the interface as well as the nature and surface
chemistry of nanoparticle. In this study, t = 1 nm and ω=1.2 were used.

The measured and predicted thermal conductivity of nanofluids and IoNanofluids were
compared in our previous study [104] and it has been depicted here. It can be seen from
Figure 8that while the recent model by Murshed et al. [36] (i.e., Eq.(4)) shows fairly good
prediction of the effective thermal conductivity of [C4mim][NTf2]-based Ionanofluid at low
concentration of multi-wall carbon nanotubes (MWCNT), classical Hamilton-Crosser model
[103] severely over-predicts the results. It is noted that the weight concentrations of
MWCNT were converted to corresponding volumetric concentrations for the predictions by
both models. Due to almost identical thermal conductivity values of both base ionic liquids
i.e., [C4mim][NTf2] and [C2mim][EtSO4], both models give similar predictions for [C2mim]
[EtSO4]-based Ionanofluid [104]. However, at a high MWCNT concentration of 3 wt %
(equivalent to 19.3 volume %) it is anticipated that the increase in thermal conductivity will
not be as high as for the low concentration and any classical or recent model can easily over-
predict the thermal conductivity at such a high concentration. This is mainly due to absence
of dynamic mechanism for such high concentration.

Figure 8. Comparison between predicted and measured thermal conductivity of nanofluids and IoNanofluids as a
function of MWCNTconcentration [104]. - [C4mim][NTf2] + MWCNT; - [C2mim][EtSO4] + MWCNT; - water + MWCNT;- - -
Eq. (3) for [C4mim][NTf2] + MWCNT;Eq. (5) for [C4mim][NTf2] + MWCNT.

Although by adjusting fitting parameters nanofluids´ thermal conductivity models [36] can
be used for IoNanofluids, it is important to understand the underlying mechanisms and to
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develop model for thermal conductivity and other thermo-physical properties of IoNano‐
fluids by taking into account electrochemical factors and molecular level structuring and in‐
teractions of both the base ionic liquids and the dispersed nanoparticles.

5. Conclusions and Looking Forward

IoNanofluids are shown to be a very interesting class of nanofluids for many engineering
applications, namely in heat transfer and storage. Although there are still a short number of
publications with IoNanofluids, the number is definitely increasing, as a very recent paper
with grapheme shows [105]. Regardless of the small current industrial production of ionic
liquids, the base fluids, it is expected to increase in a short term, because the properties of
ionic liquids are very attractive as green solvents and reactants. The evolution of their chem‐
istry has been tremendous and therefore, the price of their production will decrease to levels
that will make them competitive with current fluids used in industry.

The manufacture, handling and characterization of IoNanofluids is still in development, but
it is thought that significant progress will be made in a near future, namely in the nanoparti‐
cles and emulsions characterization. Further fundamental and applied studies are needed.

One special topic of concern is the toxicity of IoNanofluids, a reflex not only of the toxicity
of the base ionic liquids but also of the constituent nanomaterials. Depending on the ionic
liquids used, the systems can be toxic and all the users must be aware of it. However those
IoNanofluids based on hydrophilic ionic liquids are a safe choice. In addition, there is also a
risk with the nanomaterials used, and there is a wide awareness of how important is to
study their effect in vitro and in vivo systems. A wide range of physicochemical properties
are relevant to toxicology, like particle size distribution, morphology, chemical composition,
solubility and surface chemistry and reactivity. The specific interactions of the ionic liquids
with the nanomaterials can alter the individual toxicity of them. Many studies are still neces‐
sary to reach all the necessary conclusions and compliance with existing legislation, namely
in Europe.

The application of existing models to predict the behaviour of the IoNanofluids, namely the
enhancement in the thermal conductivity, showed that it is fundamental to understand bet‐
ter the mechanism of heat transfer in these systems, namely the role played by the interface
ionic liquid (cation and anion)-nanoparticle, whatever shape they have. This needs theoreti‐
cal developments and molecular simulation studies that will give the insight for developing
new heat transfer models.
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Chapter 8

The Structure of Supported Ionic Liquids at the
Interface

Fatemeh Moosavi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53646

1. Introduction

Ionic liquids (ILs) may acceptably be defined as fluid semi-organic salts composed entirely
of bulky asymmetric organic cations and organic or inorganic anions at or near room tem‐
perature. There is considerable consensus that a qualified IL must melt below 100 °C. Ionic
liquids are salt, existing in the liquid phase at and around 298 K. A typical IL with a bulky
organic cation (e.g., N-alkylpyridinium, N-N-dialkylimidazolium, alkylimidazolium, alkyl‐
phosphonium, and alkylammonium) is weakly coordinated to an organic or inorganic
anion, such as BF4

−, Cl−, I−, AlCl4
−, PF6

-, NO3
-, CH3COO-, CF3SO3

-, [(CF3SO2)2N-], etc. to consti‐
tute a series of low melting ILs, as shown in Figure 1.

Figure 1. Common cations and anions for room temperature ionic liquids
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Ionic  liquids have attracted much attention as  a  replacement for  traditional  organic  sol‐
vents  as  they  possess  many  attractive  properties.  Among these  properties,  intrinsic  ion
conductivity, low volatility, high chemical and thermal stability, low vapor pressure, low
combustibility,  hydrophobicity,  wide  electrochemical  windows,  and  high  heat  capacity
and  cohesive  energy  density  are  few.  Compared  with  commonly  used  organic  com‐
pounds, they have low toxicity, are non-flammable, and have negligible or nonzero vola‐
tility. Furthermore, alteration of the anions or the length of the alkyl groups allows fine-
tuning of the physicochemical properties of ILs, such as viscosity, conductivity, solvation,
catalytic  activity,  hydrophobicity,  melting  points,  etc.  Thus,  ILs  can  be  strategically  de‐
signed for  different  applications  [1,2].  The application of  ILs  can primarily  be  traced to
the pioneering work in the beginning of the 1980s on pyridinium-based [3] and imidazo‐
lium-based [4]  ILs  for  electrochemical  studies.  Over  recent  years,  the  concept  of  “green
chemistry”  has  become well  known among scientists  worldwide.  In  particular,  explora‐
tion  of  environmentally  friendly  green  solvents  as  alternatives  to  volatile  organic  com‐
pounds  in  synthesis,  catalysis,  extraction  and  separation,  and  electrolytic  processes  has
been persistently pursued. IL, possessing many novel properties, is the most competitive
candidate  that  caters  to  all  trades  and  professions.  Properties  such  as  nonflammability,
high ionic conductivity, and electrochemical and thermal stability of ILs make them ideal
electrolytes  in  electrochemical  devices  like  in  batteries  [5-8],  capacitors  [9-11],  fuel  cells
[12],  photovoltaics  [13-18],  actuators  [19],  and  electrochemical  sensors.  In  addition,  ILs
have  been  widely  used  in  electrodeposition,  electrosynthesis,  electrocatalysis,  electro‐
chemical capacitor, lubricants, plasticizers, solvent, lithium batteries, solvents to manufac‐
ture  nanomaterials,  extraction,  gas  absorption  agents,  and  so  forth.  ILs  can  improve
separation of complex mixtures of both polar and nonpolar compounds when used either
as stationary phase or as additives in gas-liquid chromatography [20-23],  liquid chroma‐
tography  [22],  and  capillary  electrophoresis  [24].  They  are  also  used  in  optical  sensors
[25,26]  and  also  to  enhance  the  analytical  performance  of  the  matrix-assisted  laser  de‐
sorption ionization mass spectrometry (MALDI-MS) [27].  The use of ILs in different ap‐
plications is determined by their intrinsic properties.

To date, there have been many feature reviews dealing with different aspects of ILs, in‐
cluding catalysis, extraction, synthesis, nanomaterials, biosensing, energy applications, etc
[28-44].

The advantages of ILs for the synthesis of conducting polymer and nanoparticle when com‐
pared to conventional media and also their electrochemical sensors and biosensors based on
IL/composite modified macro-disk electrodes are the major purpose of Singh et al. in [45].
These compounds have become a novel solution to problems encountered with organic sol‐
vents and these molecules are a prospective solution to the limitations encountered in elec‐
trochemical systems [46,47]. This new chemical group can reduce the use of hazardous and
polluting organic solvents due to their unique characteristics as well as taking part in vari‐
ous new syntheses. Due to these unique properties, ionic liquids have been widely used in
different field of applications, see Figure 2.
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Figure 2. Applications of ILs

Considering the structural aspects of ILs, especially their surface structure on electrodes, is
usually helpful for the rationalization of physical and chemical processes in ILs. The electro‐
chemical reactions in principle are the processes at the ILs/electrode interface, including the
diffusion of electroactive species, transport, capacitance at the interface, electron transfer
processes etc., and which will dominate the performances in the electrochemical applica‐
tions of ILs. On the other hand, the electrochemical properties in ILs are strongly dependent
on the role of charge, size, polarization, and intermolecular interactions of ILs on the elec‐
trode surface. As a result, the understanding of the surface electrochemistry in ILs will bene‐
fit the performance enhancement of their application, and some novel application directions
will be explored. These physical properties can be varied by selecting different combinations
of ions [28,48]. Since the electrochemical window of the pure ILs depends on the electro‐
chemical stability of the cation and/or anion, understanding the ion behavior at the electrode
surface leads to improvement and implementation of the IL to the desired system [49]. The
presence of an abundance of charge carriers means that when ILs are used as solvents, no
supporting electrolyte is required for electrochemical experiments and this minimizes waste
towards greener site [48].
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2. Electrochemical supercapacitors

Supercapacitors (also called electric double-layer capacitors or ultracapacitors) are electro‐
chemical capacitors that store energy through reversible ion adsorption onto active materi‐
als that have high specific surface area [50]. Because of their many advantageous properties,
such as high power density, high capacitance, and long cycle life (>100000 cycles), these sys‐
tems play an important role in electrical energy storage. To generate a high specific capaci‐
tance, the specific surface area of the electrode materials needs to be as high as possible to
accommodate a large number of electrolyte ions at the electrode/electrolyte interface thereby
promoting the electrical double-layer capacitance [50-52]. The latter property greatly ex‐
ceeds that of conventional electrochemical energy storage devices, e.g., batteries and fuel
cells. Furthermore, supercapacitors can store a much greater charge per unit volume of mass
than conventional dielectric-based capacitors. An electrochemical supercapacitor is based on
the electrochemical double layer resulting from the electrostatic adsorption of ionic species
at the electrode-solution interface, i.e., no actual redox reaction is supposed to take place
during the charging-discharging of these devices. To obtain the maximum possible capaci‐
tance, supercapacitor electrodes must have a high surface area; the standard material used
in these devices is typically high surface area carbon. Because these devices are based on the
electrosorption of ionic species, the region between the electrodes of the capacitor must con‐
tain an electrolyte with mobile ions. To obtain the maximum operating voltage without sol‐
vent decomposition, it is necessary to use aprotic solvents such as acetonitrile. Carbon-based
supercapacitors based on conventional aprotic electrolytes are commercially available.

Not surprisingly, because of the numerous favorable properties described above, ionic liq‐
uids are considered promising electrolytes for electrochemical supercapacitors. [C2mim]BF4

and [C2mim]NTf2 dissolved in alkyl carbonate solvents were among the first ILs to be inves‐
tigated [53]. More recently, an electrochemical supercapacitor based on N,N-diethyl-N-meth‐
yl-N-(2-methoxyethyl)ammonium tetrafluoroborate was shown to have superior properties
compared to supercapacitors based on conventional aprotic electrolytes such as mixtures of
Et4NBF4 in propylene carbonate [10].

An IL-based supercapacitor has even been prepared from carbon nanotubes. This device uti‐
lizes carbon gel electrodes fabricated by combining [C2mim]NTf2 with pulverized single-
walled carbon nanotubes [54]. Hybrid supercapacitors obtain energy storage from the
electrostatic double layer capacitance obtained at a high surface area carbon electrode and
from a rapid, reversible charge-transfer process that occurs at a dopable conjugated poly‐
mer, e.g., poly(3-methylthiophene) [55]. This charge-transfer process is designated as a pseu‐
docapacitance. Not surprisingly, ionic liquids have also found their way into hybrid
supercapacitors. In fact, a hybrid supercapacitor based on activated carbon, poly(3-methyl‐
thiophene), and n-BuMePyrNTf2 (Pyr = pyrrolidinium) may be the first viable supercapaci‐
tor based on a IL, producing 24 Wh kg-1 and 14 kW kg-1 [56].

Graphene, a monolayer of sp2-hybridized carbon atoms arranged in a two-dimensional lat‐
tice, has attracted tremendous attention in recent years owing to its exceptional thermal, me‐
chanical, and electrical properties. One of the most promising applications of this material is
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and [C2mim]NTf2 dissolved in alkyl carbonate solvents were among the first ILs to be inves‐
tigated [53]. More recently, an electrochemical supercapacitor based on N,N-diethyl-N-meth‐
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walled carbon nanotubes [54]. Hybrid supercapacitors obtain energy storage from the
electrostatic double layer capacitance obtained at a high surface area carbon electrode and
from a rapid, reversible charge-transfer process that occurs at a dopable conjugated poly‐
mer, e.g., poly(3-methylthiophene) [55]. This charge-transfer process is designated as a pseu‐
docapacitance. Not surprisingly, ionic liquids have also found their way into hybrid
supercapacitors. In fact, a hybrid supercapacitor based on activated carbon, poly(3-methyl‐
thiophene), and n-BuMePyrNTf2 (Pyr = pyrrolidinium) may be the first viable supercapaci‐
tor based on a IL, producing 24 Wh kg-1 and 14 kW kg-1 [56].

Graphene, a monolayer of sp2-hybridized carbon atoms arranged in a two-dimensional lat‐
tice, has attracted tremendous attention in recent years owing to its exceptional thermal, me‐
chanical, and electrical properties. One of the most promising applications of this material is
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in polymer nano-composites, polymer matrix composites incorporating nano-scale filler ma‐
terials [57]. In addition, graphene, as an atom-thick 2D nanostructure [58,59], is a promising
material for supercapacitor electrodes owing to its low mass density, excellent electronic
conductivity, and high surface area (~2630 m2/g, theoretical) [60-62]. Reduced graphene ox‐
ide, RG-O, a composition closely related to graphene, is a promising material for supercapa‐
citor applications, as specific capacitance values of 135 and 99 F/g based on RG-O-based
electrodes in aqueous and organic electrolytes, respectively, have been obtained [60]. How‐
ever, dispersed graphene oxide, G-O, platelets can agglomerate during reduction by, for ex‐
ample, hydrazine in a solvent system such as water, resulting in the possible decrease of
effective surface area, resulting in a lower specific capacitance than might be expected for an
ideal graphene-based supercapacitor [60]. Moreover, current supercapacitors have energy
densities well below the values required to provide power assists in various applications in‐
cluding hybrid electric vehicles or other high energy uses [51,63]. Hence, recent efforts have
been focused on the development of supercapacitors with high energy densities, which may
be achieved both by enhancing the operating voltage of the devices and by improving the
accessibility of the ions from the electrolyte to the active regions of electrode materials.

Toward this goal, graphene-based electrodes combined with ionic liquid electrolytes can
provide an attractive alternative for supercapacitors since such combinations result in an op‐
timal pairing of high specific surface area electrodes and wider operating potentials that
may be afforded by some IL electrolytes. Generally, ILs feature moderately high ion conduc‐
tivity, nonvolatility, high decomposition temperatures, and wide electrochemical stability
windows, and many ILs are being considered as electrolytes to increase supercapacitor op‐
erating voltages [10,44,64,102,65]. Despite the potential of ILs as electrolytes, further work is
needed to explore their potential for supercapacitors assembled with graphene-based elec‐
trodes. One of the challenges is achieving graphene-based electrode materials capable of be‐
ing well wetted by the chosen ILs [51], which may be attainable by the surface modification
of graphene.

Kim et al. have reported their progress toward high performance supercapacitors based on
poly(ionic liquid)-modified RG-O electrodes and an IL electrolyte, [C2mim]NTf2. Poly(ionic
liquid), PIL, polymers formed from IL monomers can be prepared by the polymerization of
unsaturated salts. Specifically, the use of poly(1-vinyl-3-ethylimidazolium) salts bearing
NTf2

- or CF3SO2-N-SO2CF3 anion has been reported to effectively stabilize hydrazine-re‐
duced graphene oxide (RG-O) platelets via electrostatic and cation-π interactions, resulting
in the formation of PIL-modified RG-O materials [66]. The PIL is likely physisorbed to sur‐
face of RG-O platelet and not covalently linked. These PIL-modified reduced G-O materials,
PIL:RG-O, are expected to offer advantages for supercapacitor applications in that they
should provide enhanced compatibility with certain IL electrolytes and improved accessibil‐
ity of IL electrolyte ions into the graphene electrodes.

To investigate whether surface modification with PIL can be extended into other types of
carbon electrodes, comparative experiments with the same PIL were applied to activated
carbons (ACs) without RG-O platelets present. The result showed that the PIL is blocking
the pores of the ACs to such an extent that the IL electrolyte cannot penetrate. For exam‐
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ple, the PIL-modified AC electrodes exhibited far lower specific areas as measured. Given
the apparent blocking of mesopores by the PIL, it would seem that good options for elec‐
trode materials include those having relatively high aspect ratios such as conductive pla‐
telets  and  conductive  nanorods.  For  example,  it  is  reasonably  likely  that  a  good
configuration for  SWNTs can be found where they would be PIL-coated and combined
with  an  appropriate  IL.  Other  options  could include 3D solids  with  significantly  larger
pore size distributions than are present in the typical activated carbon currently used in
supercapacitors. The use of [C2mim]NTf2 takes advantage of its larger electrochemical sta‐
bility window, allowing for operation at 3.5 V, which in turn increased both the energy
density and power density of the device. To further evaluate the device performance, the
frequency  response  of  the  supercapacitor  incorporating  the  PIL:  RG-O  electrodes  and
[C2mim]NTf2 electrolyte was analyzed using electrical impedance spectroscopy (EIS). The
general concept of a supercapacitor design based on PIL-modified RG-O electrodes and a
compatible IL electrolyte holds potential as an electrical energy storage device indicating
stable electrochemical performance and a specific capacitance as high as 187 F/g. This rel‐
atively high capacitance is presumably due to improved wettability of the chosen IL elec‐
trolyte on the PIL-modified RG-O materials which, synergistically, enhanced the effective
surface area of the electrode/electrolyte interfaces.

3. Lithium-ion batteries

Lithium-ion batteries are now ubiquitous in society and serve as the power sources in al‐
most all portable electronic devices that are marketed to today’s consumer. With such wide‐
spread use and in view of the safety issue of lithium-ion batteries, there are considerable
ongoing efforts by battery manufacturers to improve the performance of these devices. As a
result of the many attractive aspects of ILs, there is a modest but continuing interest in using
them as electrolytes for these cells. Until several years ago, the IL electrolyte of choice was
some variety of chloroaluminate [67], but interest in the use of nonchloroaluminate ILs has
gradually increased. It is difficult to pinpoint the first instance where nonchloroaluminate
ILs were used in lithium-ion batteries. An early report describes a successful Li/LiMn2O4 cell
prepared with 1,2-dimethyl-4-fluoropyrazolium tetrafluoroborate + LiBF4 or LiAsF6 [68]. Li/
LiCoO2 cells utilizing n-PrMePipNTf2 (Pip = piperidinium) show good cyclic efficiency
[69,70], and it is clear that ILs based on those anions that offer good anodic stability, e.g.,
NTf2- or N(SO2F)2-, give the best performance [70,71]. At the present time, the main problem
is the incompatibility of the anode, e.g., Li metal, and the ILs. That is, the solid electrolyte
interphase film that is produced on the anode during the charge/discharge process is less
stable than that obtained in conventional organic solvents. This incompatibility problem
limits the cycling efficiency of the cell. MacFarlane et al. [72] have succeeded in elucidating
the mechanism of film formation on Li in ILs based on N-alkyl-N-methylpyrrolidinium ions
and NTf2

-. Perhaps, future research of this nature will lead to resolution of this problem, en‐
abling the practical use of ILs as electrolytes in Li batteries.
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4. IL/electrode interface

By comparison of the background electrochemical behavior of an IL at both GC and plati‐
num electrodes, one can approximately determine the amounts of protonic impurities
present. The microstructure and capacitance of the electrical double layers (EDLs) at the in‐
terface of ILs and electrodes play an essential role in determining the system performance.
Compared with simpler electrolytes, such as aqueous electrolytes and high-temperature
molten salts, the ions in ILs are larger and often feature a complex shape. In addition, their
charges are typically delocalized among many atoms [73]. Considering the solvent-free na‐
ture and the complex shape of ILs, it is expected that the classical theories for the EDLs in
dilute aqueous electrolytes and high-temperature molten salts cannot accurately describe
the structure and properties of the EDLs at the interface of ILs and electrified surfaces.
Therefore, it is necessary to rediscover the IL/electrode interface and renew the model of IL/
electrode EDLs.

Although ILs have always being investigated from the first finding in 1941 for a long pe‐
riod time, only a few works [74,75] concentrated on their intrinsic capacitive behaviors. A
small capacitance (compared to smooth electrodes) was achieved in a practical capacitor
comprising  high-surface-area  carbon  cloth  electrodes.  To  understand  whether  the  ob‐
served capacitance might be due to the microporosity of the carbon cloth electrode or to
the practical limitation of the device itself, the differential capacitance of 1-ethyl-3-methyl
imidazolium imide IL was determined by measuring the potential of electrocapillary max‐
imum or the point of zero charge (PZC) at an Hg electrode. The obtained capacitance at
the cathodic  potential  is  mainly determined by the cation,  rather  than the anion,  as  ex‐
pected. The rate of charge, discharge, and the accessibility of electrolyte to the electrode
surface  ultimately  determine  the  realizable  capacitance  in  a  practical  device  employing
high-surface-area carbon electrodes.

The intrinsic capacitance of imidazolium-based ILs at carbon paste electrodes was investi‐
gated by using an electrochemical impedance technique [76]. The large capacitance was ac‐
counted for by intramolecular hydrogen bonding interactions that created a third charge
layer between the IL and electrode EDL, which might make the interface rougher and hold
more charge. The importance of ion chemistry and structure for the capacitive response of
carbonaceous electrodes in ILs was stressed [77]. The double-layer capacitance of negatively
charged carbon electrodes was strongly determined by the cation polarizability, which af‐
fected the dielectric constant in the double-layer, as well as double-layer thickness, which in
turn also depended on the preferred orientation of the cations under the applied electric
field. This suggests that the EDL constitutes a monolayer of cations up against the negative‐
ly charged carbon surface. Differential capacitance–potential curves were measured at
IL/Hg, GC and Au electrode interfaces [78]. Unlike in aqueous or conventional organic sol‐
vents, capacitance–potential curves were found to vary significantly with the electrode sub‐
strates in ILs. It could be due to the absence of the inner Helmholtz layer of the molecular
solvent between the electrode and ionic species, which usually works as a dominant factor
in shaping the capacitance curves. The use of an electrochemical gate and ILs can reduce the
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Debye ionic screen length to a few angstroms, which makes the measured capacitance near‐
ly equal to the real quantum capacitance. The unique properties allow the direct measure‐
ment of the quantum capacitance of graphene as a function of gate potentials using a three-
electrode electrochemical configuration in ILs electrolytes [79].

However,  different types of ILs consist  of various ions and ionic pairs structured in the
bulk or IL/electrode interfaces. The bulk and interfacial behavior is governed by Columb‐
ic, van der Waals, dipole-dipole, hydrogen-bonding, and solvophobic forces [80]. The mo‐
lecular organization of ILs is more complex than traditional solvents,  and ILs cannot be
considered as unstructured molten salts  [81].  Many investigations have shown ionic liq‐
uids  are  nanostructured,  which  helps  to  explain  their  solvating  power  and  some other
unusual physical properties [82].  Spectroscopy and molecular dynamics simulation stud‐
ies revealed distinct  alkyl and ionic clusters in alkylimidazolium ILs [83-86].  Self-assem‐
bled  IL  nanostructures  have  also  been  elucidated  using  small-angle  neutron  scattering
(SANS)  for  ILs  [87],  in  which electrostatic  contributions  to  solvophobicity  are  enhanced
by the extensive hydrogen-bond network of the liquids. IL solvation layers were first de‐
tected for the ethylammonium nitrate/mica interface using surface force apparatus (SFA)
[88], and subsequently detected for both protic and aprotic ILs confined between atomic
force microscope (AFM) tips and mica, silica, graphite, and Au(111) [89-91]. It was found
that IL nanostructures are the consequence of alkyl tail aggregation, driven by solvopho‐
bic  forces  inducing  alkyl  chains  to  segregate  from  the  charged  cation  group  and  the
anion, forming ionic domains. The increasing alkyl chain length leads to larger, more reg‐
ular  domains.  The  self-organized  IL/substrate  interfaces  were  observed  to  compose  of
three to seven solvation layers depending on the IL species [92]. Surface frequency gener‐
ation data indicated that the interfacial cations exhibited orientational ordering and their
orientation depended not only on the electrical potential of the electrode but also on the
type of anions in the ILs [93]. Some experimental data suggest that the IL/electrode inter‐
face is one ion layer thick (typically 3-5 Å), which supports the idea that the EDLs in ILs
are essentially Helmholtz layers [94]. Despite the lack of sufficient experimental data, two
major approaches have been proposed to model the IL/electrode interface.

A molecular dynamics (MD) simulation model for an IL/metallic electrode in which the met‐
allic electrode is maintained at a preset electrical potential is described in [95]. The model
uses variable charges whose magnitudes are adjusted on the fly according to a variational
procedure to maintain the constant potential condition. As such, the model also allows for
the polarization of the electrode by the electrolyte, sometimes described by the introduction
of image charges. The model has been implemented in a description of an electrochemical
cell as a pair of parallel planar electrodes separated by the electrolyte using a two-dimen‐
sional Ewald summation method. The method has been applied to examine the interfacial
structure in two ILs, consisting of binary mixtures of molten salts, chosen to exemplify the
influences of dissimilar cation size and charge. The stronger coordination of the smaller and
more highly charged cations by the anions prevents them from closely approaching even the
negatively charged electrode. This has consequences for the capacitance of the electrode and
will also have an impact on the rates of electron transfer processes. The calculated capacitan‐
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ces qualitatively exhibit the same dependence on the applied potential as have been ob‐
served in experimental studies.

The MD simulation study of the EDL structure near electrodes with different surface charge
densities indicates that a Helmholtz-like interfacial counterion layer exists when the elec‐
trode charge density is negative or strongly positive but becomes poorly defined when the
electrode charge density is weakly positive [96]. However, regardless of the presence of a
distinct Helmholtz layer, the charge separation and orientational ordering of the ions persist
up to a depth of 1.1 nm into the bulk ILs. The structure of the EDL is affected strongly by the
liquid nature of the IL and the short-range ion-electrode and ion-ion interactions, especially
at low electrode charge densities. In addition, the charge delocalization is found to affect the
mean force experienced by the bulky ions near the electrode and, thus, can play an impor‐
tant role in shaping the EDL structure. An investigation of the electrified Au(100) surfaces in
ILs by combined in situ scanning tunneling microscopy (STM) and differential capacitance
measurements has revealed that the differential capacitance curves of the IL/Au interfaces
have a bell-shaped feature, and ion adsorption at Au single-crystal electrodes depends criti‐
cally on the structure of the surfaces [97].

The capacitance-potential (C-V) curve is virtually bell-shaped with metal electrodes in ILs
composed of cations and anions of comparable size [98-101]. However, U-like C-V curves
are observed at IL/nonmetallic electrode interfaces in contrast to those observed at IL/metal‐
lic electrodes [64]. The degree of curvature of the ‘‘U-like’’ curve measured at the GC elec‐
trode decreases in the ILs with low inherent ionic concentrations. The capacitance at the GC
electrode exhibits a complex potential dependence, being different from those at highly ori‐
ented pyrolytic graphite (HOPG) and metal electrodes. However, in most real IL systems
they are not hard and are not spheres. Therefore, long and challenging investigations to bet‐
ter understand IL/electrode interfaces are still ahead.

5. Other electrochemical applications

Besides the above application, ionic liquids are also used in some other electrochemical ap‐
plications, such as electrochemical biosensing, electrochemical capacitors, lithium batteries,
etc. Precisely, controlling the interface between the electrode and IL solvents allows scien‐
tists to alter the electron transfer and storage ability in the devices, and thus improve their
performances. The details in this field have been well reviewed by other authors in referen‐
ces [102-104] and here is just glance at the use of ILs in these fields.

Enzyme electrodes are one of the most intensively researched biosensors because enzymes
are highly selective and respond quickly to a specific substrate [105]. A new type of ampero‐
metric biosensor based on IL sol-gel material using the hydrolysis of tetraethyl orthosilicate
in [C4mim]BF4 solution was reported [106]. The IL sol-gel enzyme electrodes retained the
high activity of horseradish peroxidase (HRP) and provided long-term stability of HRP in
storage. The uniform porous structure of the IL sol-gel matrix resulted in a fast mass trans‐
port, which provided a unique microenvironment around the enzyme, resulting in high sen‐

The Structure of Supported Ionic Liquids at the Interface
http://dx.doi.org/10.5772/53646

203



sitivity and excellent stability of the enzyme. An interesting electrochemical biosensor
towards electrocatalysis of H2O2 was designed by entrapping HRP in IL doped DNA net‐
work [107], in which DNA with a specific double-helix structure and stacked base pairs may
afford both biocompatible microenvironments around enzymes entrapped in the mem‐
branes and an effective pathway for electron transfer. Recently, IL-based sensors have been
used for trace explosive detection by integrated electrochemical and colorimetric methods
[108]. The explosives are pre-concentrated in ILs first.

A recent report showed that the use of [C4mPy]TFSI in combination with a graphite and sili‐
con electrode could maintain good lithium cycle performance in the presence of film-form‐
ing additives, such as vinylene carbonate (VC), that served as the only source of reactive
chemical for an effective SEI formation at the electrolyte/electrode interface [109]. Silicon
electrodes displayed higher compatibility with [C4mPy]TFSI compared with graphite.

The latest researches of ILs in surface electrochemistry, including the IL/electrode interface
and electron transfer in ILs has been highlighted in a review by Liu et al. [110]. As a result,
the absorption, mass transport, and electron transfer at the interfaces of ILs/electrodes are
complicated and quite different to that in traditional solvents. Some experimental data sug‐
gest that the IL/electrode interface is one ion layer thick (typically 3-5 Å) showing that they
are essentially Helmholtz layers. Through spectroscopic techniques, e.g. SFA, AFM, SFG,
and SANS, ILs are recently illustrated to be nanostructured as a consequence of alkyl tail ag‐
gregation driven by solvophobic forces. In the IL medium, the mobile carrier densities are
shown to be able to be determined using a simplified capacitor model in a three-electrode
electrochemical system, in which the electron transport characteristics are interpreted in
terms of charged impurity induced scattering [79].

These strategies give ILs great promise for applications of ultrahigh frequency electronics
and for studying the intrinsic transport properties of the Dirac fermions in graphene devi‐
ces. It is believed that some new application directions beyond those mentioned above will
be explored with the deep understanding of the structure and composition information at
the ILs/electrode interface in the near future. There is no doubt that ILs will play more im‐
portant roles in the electrochemical applications in both science and technology because of
their unique properties.

Ionic liquids are a good choice as binder in carbon paste electrodes due to their interesting
properties, mentioned previously. Recently, ionic liquids have been widely used as efficient
pasting binders instead of non-conductive organic binders in preparation of carbon compo‐
site electrodes [111].

Carbon paste electrode based on MWCNTs and ILs types of electrodes show superior per‐
formance over traditional carbon paste electrodes. Solution studies shows a selective interac‐
tion between cerium acetylacetonate complex (CAA) and monohydrogen phosphate respect
to a number of anions tested, therefore, the complex was used as sensing material in con‐
struction of a HPO4

2- nano-composite carbon paste sensor based on MWCNTs and ILs. A
new HPO4

2- nano-composite carbon paste electrode was introduced [111]. From the other
side of view, the purity of the nanotubes affects the gelation.
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pasting binders instead of non-conductive organic binders in preparation of carbon compo‐
site electrodes [111].

Carbon paste electrode based on MWCNTs and ILs types of electrodes show superior per‐
formance over traditional carbon paste electrodes. Solution studies shows a selective interac‐
tion between cerium acetylacetonate complex (CAA) and monohydrogen phosphate respect
to a number of anions tested, therefore, the complex was used as sensing material in con‐
struction of a HPO4

2- nano-composite carbon paste sensor based on MWCNTs and ILs. A
new HPO4

2- nano-composite carbon paste electrode was introduced [111]. From the other
side of view, the purity of the nanotubes affects the gelation.

Ionic Liquids - New Aspects for the Future204

6. Molecular-scale insights into the mechanisms of ionic liquids
interactions with carbon nanotubes and graphite surfaces

Ionic liquids have shown great promise for application in heterogeneous systems, such as
lubricants, heterogeneous reactions, heterogeneous catalysis, electrochemistry, and fuel cells
[15,29,31,112-116]. However, for these particular applications, a more detailed understand‐
ing of the molecular structure of the interface between IL and solid is essential.

Recently, the structures of the gas-liquid and liquid/liquid interfaces of ILs have been inves‐
tigated computationally [117-121] and experimentally [122-137]. Some groups have studied
the structure and dynamics of ILs by analytical techniques, such as X-ray diffraction
[136-137], sum-frequency generation technique, SFG, [126,127] IR and Raman spectroscopies
[134,135], direct recoil spectroscopy [122], neutron reflectometry [129], etc. They have sug‐
gested that the cations lie normal to the liquid surface and a density oscillation near the sur‐
face is also evident at the vapor-liquid interface. These studies, as well as several molecular
dynamics simulations [117-121], have indicated that both cations and anions are populated
at the liquid surface via a specific orientation.

Compared to gas-liquid and liquid-liquid properties of ILs, efforts to investigate solid-liquid
surfaces or interface structures of ILs have so far been limited [93,132,138]. Owing to possi‐
ble strong interactions between ILs and solid surfaces, a transition of IL from liquid to solid
may take place. Evidence [116,139,140], has already demonstrated the coexistence of liquid
and solid phases of IL [C4mim]PF6 on mica surfaces at room temperature by using atomic
force microscopy, AFM. Although it has previously been found that some liquids, e.g., wa‐
ter become ordered or solid-like in the layers adjacent to the surface of crystallized solid
substrates [141], a solid layer of [C4mim]PF6 formed on mica surfaces is much more stable.
Since the melting point of [C4mim]PF6 is ~7 °C, it is a good model for the study of liquid/
solid interactions and the possible phase transformation. Moreover, it has also been ob‐
served that, when confined to multiwalled carbon nanotubes, [C4mim]PF6 can be trans‐
formed into a crystal with a high melting point [142]. Some other groups have also studied
the interactions between solid surface and IL. For example, by using sum-frequency vibra‐
tional spectroscopy, Fitchett and Conboy [143] have reported that the alkyl chains of the imi‐
dazolium cations are nearly normal to SiO2 surfaces for a series of hydrophobic ILs. Romero
and Baldelli [144] have studied [C4mim]PF6 and [C4mim]BF4 with hydrophobic and hydro‐
philic properties, respectively, and shown that the imidazolium ring lies on the plane of the
quartz surface with the methyl group pointing 43 °C-47 °C from normal, displaying reso‐
nances from the alkyl chain as well as the aromatic ring by using SFG. Atkin and Warr et al.
[89] have measured the solvation force profiles for several ILs on different solid surfaces by
AFM. However, there is still a lack of detailed understanding of the ordered or solid-like
molecular structures of ILs at solid/liquid interfaces.

ILs have been demonstrated to be interactive toward a number of solid materials, such as
single-walled carbon nanotubes (SWNTs), graphite, silica, mica, and kaolinite, through in‐
teraction mechanisms such as H-bonding, π–π stacking, Van der waals forces, electrostatic
forces, and so on [145-147]. For instance, Fukushima et al. [146] discovered uniform SWNTs
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bucky gels by grinding SWNTs in ILs, since the cation–π interaction exists between the imi‐
dazolium ion of IL and the π-electrons of the fullerene of SWNTs. In contrast, common or‐
ganic solvents such as dichlorobenzene, ethanol, N, N-dimethylformamide, and 1-
methylimidazole (a precursor for ionic liquids) did not form gels, even upon prolonged
grinding with SWNTs. Likewise, no gelation of ionic liquids took place with other carbon
allotropes such as graphite (1 to 2 μm) and C60 [148]. With all the above features in mind,
rheological properties of the bucky gels of ionic liquids have been investigated in reference.
SWNTs can orient imidazolium ions on their π-electronic surfaces by way of a possible “cat‐
ion-π” interaction. Such a molecular ordering may trigger clustering of the surrounding imi‐
dazolium ions columbically and consequently interconnect neighboring SWNT bundles.

Lungwitz et al. [147] suggested that, due to the anion-silica interactions, both physisorption
and chemisorptions occurred in the phase boundary of N-methylimidazolium chloride/sili‐
ca. In addition, the adsorption of IL on other silicates or soils surfaces are mostly spontane‐
ous; many adsorption mechanisms have been proposed, such as ion exchange, ion pairing,
dispersive force, and so on [149]. Adsorption of IL on these solid materials indicates that
these ILs could modify the surface of clay and eventually leads to significantly changed
properties of both the clay and IL, such as the thermal stability, supermolecular structures
[140], and crystallization behavior [142]. Halloysite nanotubes (HNTs), mined from natural
deposits, are a kind of clay aluminosilicate mineral with hollow nanotubular structure and a
high aspect ratio. The length of HNTs is usually in the range of 1-15 μm and the inner diam‐
eter and outer diameter of HNTs are 10-30 and 50-70 nm, respectively [150]. Halloysite, also
named metahalloysite and chemically similar to kaolin, has the molecular formula
Al2Si2O5(OH)4.nH2O. In the pH range of 2-12, the inner and outer surfaces of HNTs are nega‐
tively charged [151] so it may absorb imidazolium cations of IL via an electrostatic effect. In
addition, it was found that the outer surfaces of HNTs are mainly composed of siloxane and
have only a few silanols and aluminols, which indicates that HNTs possess potential ability
for the formation of hydrogen bonding with imidazolium-based ILs.

Guo and his coworkers confirmed [107], by thermogravimetric analysis, the retention of
[C4mim]PF6 IL on HNTs in a tetrahydrofuran-water mixture and the formation of IL-coated
HNTs (m-HNTs). In addition, the interaction was confirmed and the hydrogen bonding was
proposed to as a possible mechanism. HNTs have been utilized as effective reinforcements
for various polymers [152], therefore, the curing and performance of rubber compounds
with m-HNTs were examined. The unique changes in the rubber compounds were correlat‐
ed to the changes in filler dispersion and interaction between IL and HNTs. The IL absorbed
on HNTs surface to form a mesostructure, which is different from that of the neat crystal‐
lized IL. The interaction between IL and HNTs was proposed to be hydrogen bonding and
verified by the spectral results. Because of the interaction, the crystallization behavior of IL
in the presence of HNTs was found to be changed. Compared with the compounds with
HNTs, the uncured compounds with HNTs coated with IL showed significantly faster cur‐
ing and the resulting vulcanizates showed substantially higher tensile strength and much
lower hardness.
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Interest in carbon nanotubes (CNTs) dispersed in ILs is rapidly growing [44,51]. One of the
main reasons is the extraordinary electrochemical and bioelectrochemical properties of ILs
[153] as well as of carbon nanotube composite materials. Such, CNTs/ILs have promising su‐
percapacitor applications.

It has been shown in several experimental [89,91,92,117,154] and theoretical [98,155] studies
that the molecular structure of IL ions strongly influences the IL interface properties at dif‐
ferent charged and uncharged interfaces. For instance, Lockett et al. [154] showed that asym‐
metry in the size and shape of molecular ions results in unequal distribution of molecular
cations and anions in direction normal to the IL-vacuum interface. These results suggest that
the molecular structure of IL ions should make significant effects at the CNT/IL interface.
However, still, there is a lack of molecular level information on the mechanisms of the IL
interactions with nanocarbon electrodes.

Endres et al. [156] quoted an ‘‘undoubted’’ formation of at least three solvation layers of
[C2mim]TFSI on metal electrodes detected by atomic force microscopy (AFM). Recently,
Hayes et al. [157] investigated the influence of the electric potential on the interface solvation
layers in [C2mim]FAP and [C4mPyrr]FAP, by AFM, at the charged Au(111) electrode the
support the experimental observations. They showed that IL layering is more pronounced at
charged Au(111) surface compared to the neutral surface and increase of the potential leads
to flattening of the tightly bound cation layer, indicating possible reorientation of cations
([C2mim] and [Py]) to lay flat on the surface. The similar effects can be observed: increase of
the potential at the CNT cathode significantly increases the tendency of [C2mim] cation to
lay flat on the surface. Applying an electric potential on the CNT electrode and/or varying
the chemical structure of IL molecular ions, it is possible to change ion orientations and thus
the structure of the CNT-IL interface shell.

Applying an electric potential, they found that the innermost layer changes its structure and
becomes more strongly bound to the surface. At the cathode, for “the first time an interfacial
(innermost) anionic layer at a solid interface has been detected by AFM”. Atkin et al. [91]
published an AFM study of the gold interface solvated in [C2mim]TFSI and reported results
which coincide well with the observed layered structure in MD simulations of neat
[C2mim]TFSI at the CNT surface performed by Frolov et al. [158]. They attributed the ‘‘weak‐
er’’ layering pattern in simulations to the differences in temperatures: temperature in the
simulations was about 70 °C, while “all force curves were acquired continuously at room
temperature (22 °C)” for the AFM measurements.

There are some experimental studies on the orientation of IL molecules on the liquid-vac‐
uum interface, see for example references [154,159,160]. Nakajima et al. [159] investigated
the liquid-vacuum interface of different 1-alkyl-3-methylimidazolium-TFSI ionic liquids us‐
ing high-resolution Rutherford backscattering spectroscopy. They showed that, due to their
solvophobic nature, long alkyl chains of cations point away from the bulk liquid to vacuum
and therefore stimulate the imidazolium ring to stay perpendicular to the surface. Simula‐
tions on the IL-carbon interface were observed an opposite effect: increase of alkyl chains
increases the tendency for the imidazolium ring to lay parallel on the surface. The differen‐
ces between IL-vacuum and IL-carbon nanotube interfaces to the strong Van der Waals at‐
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traction between the non-polar alkyl chains and carbon nanotube surface can be attributed.
Contrary to the IL-vacuum interface, at the IL-CNT interface the alkyl chains of imidazoli‐
um-based cations tend to lay parallel on the CNT surface and force the imidazolium rings
also to lay flat on the carbon nanotube surface.

One of the main reasons on rapidly growing interest in carbon nanotubes, CNTs, dispersed
in ILs is the extraordinary electrochemical and bioelectrochemical properties of ILs as well
as of carbon nanotube composite materials. Such, carbon nanotubes (nanotube forests) with
ILs have promising supercapacitor applications. It has been shown in several experimental
and theoretical studies that the molecular structure of IL ions strongly influences the IL in‐
terface properties at different charged and uncharged interfaces. For instance, Lockett et al.
[161] showed that asymmetry in the size and shape of molecular ions results in unequal dis‐
tribution of molecular cations and anions in a direction normal to the IL-vacuum interface.
These results suggest that the molecular structure of IL ions should make significant effects
at the CNT-IL interface.

Molecular  simulations  can provide complimentary information to  the  experimental  data
that  should help to obtain a  detailed picture of  the interface phenomena in IL systems.
Therefore, fully atomistic simulation for studying basic mechanisms of the IL interactions
with the CNT surface has been applied [158]. The results have shown that ILs based on
combination of imidazolium-based cations with hydrophobic anions (e.g. BF4

- or TFSI) are
moisture stable and have very promising electrochemical applications. Ion conductivity of
[C2mim]TFSI is comparable to the best of organic electrolyte solutions, and this liquid is
stable up to 300-400 °C. The TFSI-based ionic liquids are practically not miscible with wa‐
ter  but  they are  well  miscible  with several  organic  solvents,  e.g.,  acetonitrile,  AN [162].
The effects of the cation molecular geometry on the properties of the interface structure
in the IL systems was investigated by a set of three ILs with the same anion (TFSI) but
with  different  cations,  namely,  [C2mim],  [C4mim],  and  [C8mim]  [158].  The  cations  had
identical  charged  methylimidazolium  ‘heads’  but  different  nonpolar  alkyl  ‘tails’  where
the length of the tail  increases from ethyl to octyl  and the focus was concentrated on a
set of the following questions:

• What is the interfacial structure of IL-AN mixture at the neutral CNT surface?

• How does the interfacial structure change at the positively charged CNT surface?

• How does the interfacial structure change at the negatively charged CNT surface?

• Does the length of the cation alkyl tail affect the interfacial IL-AN structure and preferred
orientation of the IL ions at the CNT surface?

• What is the role of acetonitrile solvent in these interfacial effects?

Taking into account the molecular volume of the investigated ions, the probability of finding
an ion inside the CNT pore was assumed to be low.

The analysis of the simulation data results in the following conclusions:
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1. There is an enrichment of all molecular components of ILs under study at the CNT sur‐
face with formation of several distinct layers even at the non-charged CNT surface.

2. Mixing IL with acetonitrile decreases ion-counterion correlations in the electric double
layer.

3. Increase of the length of the non-polar cation ‘tail’ increases propensity of imidazolium-
based cations to lay parallel to the CNT surface.

4. At the CNT cathode TFSI anions and molecular cations are preferentially oriented par‐
allel to the surface.

5. At the CNT anode the TFSI anions are oriented parallel to the surface, however the pre‐
ferred orientations of cations depend on the length of non-polar tail: [C2mim]+ cations
are oriented perpendicular to the surface, [C4mim]+ are in both parallel and perpendicu‐
lar orientations, [C8mim]+ are oriented parallel to the surface.

6. By applying electric potential on the CNT electrode or/and varying the chemical struc‐
ture of IL molecular ions it is possible to change the interfacial orientation of IL ions
and, consequently, the structure of the CNT-IL interface shell.

As an effective computation technique, molecular dynamics program has been widely used
for simulating interfacial phenomena. The interfacial molecular structure of [C4mim]PF6 in
contact with the graphite surface has been studied for the first time at 2008 [163]. Maolin and
his worker used [C4mim]PF6 as the model because it is hydrophobic and widely investigat‐
ed. They investigated how the hydrophobic graphite surface affects the structure and orien‐
tation of hydrophobic [C4mim]PF6 at the interface. The MD calculation indicated the
formation of a stable bottom layer, as well as possible single, double, or triple layer of
[C4mim]PF6 on the graphite surface. The orientation calculations showed that the alkyl
chains and imidazolium ring of cations both lie in the plane of the hydrophobic graphite
surface.

Molecular dynamics simulations were performed to understand the microscopic structure of
the IL [C4mim]PF6 on a graphite interface. In addition, MD simulations showed the existence
of a solid-like IL bottom layer of about 6 Å thickness on the graphite surface. Compared to
the bulk IL, the mass density peak of the bottom layer is 90% higher and its electron density
peak is 80% higher. The butyl group and imidazolium ring of the cation of the IL bottom
layer are parallel to the graphite surface. Due to the strong interactions between the cations
and the graphite surface, ILs possessing longer alkyl tails and more imidazolium ring or ar‐
omatic ring may be applied to form more stable and well-regulated layers at graphite surfa‐
ces. This finding is important for the understanding of modification or lubrication
mechanisms of ILs on solid surfaces, especially on the surfaces of carbon nanotubes and car‐
bon black.

Several experimental and computational articles suggest that a possible layering of mole‐
cules in IL occur at the vapor-IL interfaces [119-121]. The influence of the vapor-IL interface
on single, double, and triple layers of [C4mim]PF6 on the graphite surfaces was shown that
the mass density profiles of different surface layered films are similar, and the vapor-IL in‐
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terface appears to have little effect on the layered IL formation. Moreover, it is also shown
that the thickness of the monolayer or the bottom layer away from the graphite surface is
nearly identical, i.e., 6.0 Å. Very early simulations of a short alkyl chain IL, dimethylimida‐
zolium chloride, have indicated a layered surface with a clear oscillatory density profile akin
to that observed for liquid metals [117]. It was also found that [C4mim]PF6 exhibit density
oscillations at the liquid-vapor interface [119-121]. However, the density oscillation of dime‐
thylimidazolium chloride is more obvious than that of [C4mim]PF6. From MD simulation,
vapor-IL interface appears to have little effect on the layered IL formation. In the monolayer,
the interaction energy between per cation and per anion is −175.29 kJ/mol. The interaction
energy between per ion and the graphite also achieves a comparable quantity of -80.54 kJ/
mol. This may be used for the explanation that the strong configurational effect and the in‐
teractions between the graphite surface and IL molecules induce the ordering of IL and
stretching into a couple of IL layers. Furthermore, the above results imply that the configu‐
rational effect and the interactions between the IL layers and the graphite collectively induce
different degrees of layered distribution. The vapor-IL interface may disorder to some extent
the ordering of the outmost layer and weaken the interactions between the underlayers, re‐
sulting in a lower mass density peak of the outmost layer and higher mass density peak of
the underlayer. This finding is important for the understanding of modification or lubrica‐
tion mechanisms of ILs on solid surfaces, especially on the surfaces of carbon nanotubes and
carbon black.

The behavior of a model IL, [C1mim]Cl, confined between two parallel walls have been
studied at various inter-wall distances, focusing on confinement effects on the structure and
dynamics of the ions, and its impact on the charge-transport capacity [164]. The results focus
both on structural and dynamical properties. Mass and charge density along the confine‐
ment axis reveal a structure of layers parallel to the walls that lead to an oscillatory profile in
the electrostatic potential. Orientational correlation functions indicate that cations at the in‐
terface orient tilted with respect to the surface and that any other orientational order is lost
thereafter. The diffusion coefficients of the ions exhibit a maximum as a function of the con‐
finement distance, a behavior that results from a combination of the structure of the liquid
as a whole and a faster molecular motion in the vicinity of the walls. Density profiles per‐
pendicular to the walls confirmed an interfacial liquid layer twice as dense as the bulk fol‐
lowed by oscillations that decay toward the center of the cell; a major part of the layering is
due to the distribution of anions. The number of layers changes with the interwall distance
and so does the concentration of ions at the interface, showing a maximum at 28 Å. The ob‐
served structural effects result from the response of the liquid to the boundary conditions
imposed and are detected also in the pressure on the walls. The pressure is determined by
the number of particles in the first density layer, a result of the short-range interactions be‐
tween the atoms and the walls. This effect depends on the details of the ion-wall interactions
and may be significantly different in the case of charged surfaces. This is a result that, in
light of recent experimental findings [143], may be independent of the type of confining
walls used in simulations.
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The distribution of charge perpendicular to the surface was determined by the arrangement of
the ions and, in particular, by the alignment of the cations. As a result, any test charge entering
the liquid encounters a first layer of positive charge followed by a second layer of opposite sign.
The electrostatic potential drop between a point inside the walls and the middle of the liquid
slab was around -0.5 V, although the potential oscillates strongly into the liquid.

An interesting result is that, under confinement, ionic diffusion is faster than in the bulk, at
least in the presence of noncorrugated walls. Ions close to the surfaces diffuse faster than
those in the middle of the slab and the diffusion coefficients reflect the changes in the densi‐
ty and proportion of ions near the walls. The reasons for the faster diffusion near the walls
may be related to their lack of corrugation, their solvophobic nature, or a combination of
both. However, it must also be kept in mind that the local mobility depends on the local
density and orientation of the ions, which are the result of collective structural effects.
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served experimentally on an IL/metal electrode (platinum and gold), with similar IL ion
sizes, by Ohsaka and co-workers [101]. The study highlights the compressibility of ILs and
the different sizes of cations and anions. The focus was on liquid-solid systems and reported
molecular dynamics studies at the liquid-solid interface between imidazolium-based ILs,
[C4mim]PF6 and [C8mim]PF6, and an apolar uncharged graphite surface. The main aim of
the study was to investigate the influence of different alkyl-side chain lengths of imidazoli‐
um on the interfacial structures. The density of IL was much enhanced at the interfacial re‐
gion and the density oscillation extended to ∼15 Å into the bulk with three layers. The
results also demonstrated the polar groups tend to aggregate forming a polar network while
the nonpolar groups fill up the rest of the vacancy. The imidazolium rings and the side
chains preferentially lie flat at the graphite surface with the alkyl side chains of the cations
elongated at the interfacial region, and the cations are closer to the graphite surface (ca.
3.6-3.7 Å) than the anions. The surface potential drop across the interface is more profound
for [C8mim]PF6 than for [C4mim]PF6 due to relatively larger local density of the anions for
[C8mim]PF6 near the graphite surface.

7. Liquid-to-solid phase transition of ionic liquids monolayer confined
between graphite walls

While receiving much attention due to ILs importance in a broad range of applications, yet
little is understood about their microstructure and phase transition in confined systems. Un‐
derstanding the microstructure and freezing processes of ILs in confined systems is of prac‐
tical importance in lubrication, adhesion, and the fabrication of solar cells or IL/
nanomaterial composites, in which ILs are in contact with solid surfaces or under confine‐
ment. In general, the reduction of the liquid film thickness to fewer than 4-6 molecular lay‐
ers will promote solidification. This results from the characteristic transverse density profile
of thin films, which can induce lateral ordering and lead to freezing. Some evidence has in‐
dicated a possible liquid-solid phase transition for ILs in confined systems. Several reports
have also revealed the astonishing property of melting point depression of 1,3-dialkylimida‐
zolium-based ILs confined to nanospaces, which was discovered utilizing differential scan‐
ning thermal calorimetry. However, the phase behavior of ILs confined to nanospaces
remains largely unexplored. The first simulation results of a liquid-solid freezing transition
of [C1mim]Cl IL between two parallel graphite walls has been reported by Sha et al. [168].
Their result is of importance to understand the interfacial interactions between ILs and car‐
bon nanotubes because of dispersing uniformly on the surface of single-walled carbon nano‐
tubes via simple mulling. The molecular dynamics simulations were utilized to investigate
the freezing of a [C1mim]Cl monolayer. The simulations predicted a first-order freezing
transition from a liquid monolayer to a solid monolayer induced by varying the distance be‐
tween the parallel graphite walls. The resulting monolayer solid consisting of a hydrogen-
bonded network structure is very different from bulk crystalline [C1mim]Cl. The phase
transition can be induced only at a molecular surface density of ρ=1.9/nm2. It is important to
note that [C1mim]Cl IL confined between hydrophobic walls indicated no “hardening” or
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transition to a solid like phase structure, but only down to a wall distance of 2.5 nm. The
wall distance plays a crucial role in the phase transition. Like an ice monolayer confined be‐
tween walls, the molecule area density (ρ=N/lxly) of [C1mim]Cl is another important factor.
During the simulations, the molecule number of the system was decreased in steps and si‐
mulated for time periods equal to the first set of simulations. The change in N reflects the
change in surface density since the area of the graphite wall remains unchanged in the simu‐
lation. As the molecule number is decreased, the lateral pressure of the monolayer liquid de‐
creases to a lower value. If the surface density exceeds this value, a solid monolayer will not
be formed. Meanwhile, the interaction energy between the IL and the walls is about -62
kJ/mol at a distance of 0.7 nm. Hence, the results imply that the configurational effect and
the attraction interaction between the IL and the walls collectively induce the solid monolay‐
er. The distance dependences of the diffusion coefficient and the potential energy indicate a
strong first-order phase transition in confined [C1mim]Cl. These results are helpful for the
understanding of microstructures of ILs in nanostructured confinement as well as the ther‐
modynamic mechanism of liquid-to-solid phase transition.

For the applications of electrolyte membranes and catalysts, there is a need to immobilize
ILs on solid supports or within a solid matrix.

The microstructure of the IL bilayer was studied by varying the graphite wall distance. A
liquid-to-solid phase transition of bilayer [C1mim]Cl was observed at 425 K in this confined
system, whereas the melting point of the bulk [C1mim]Cl crystal is 399 K. Further calcula‐
tion indicates a high melting point of the confined IL: melting point ∼825-850 K. The imida‐
zolium ring of the solid bilayer forms a strong π…π stacking structure in which each cation
is surrounded by the three nearest-neighbor anions. The bilayer solid is a new phase of
[C1mim]Cl differing from the monolayer solid [168] under identical confinement conditions
or the bulk crystal.

The simulation on the [C4mim]NO3/rutile (110) system shows that the adsorbed NO3 anions at
the interface organized themselves into a highly ordered manner, while changing the anion to
PF6

- does not present such an ordered interfacial structure. On the other hand, Grimes and co-
workers have conducted experiments to study the high rate photocatalytic conversion of CO2 to
hydrocarbon production on the high surface area TiO2 nanotube arrays.

An operating efficiency of electrochemical devices is greatly influenced by the molecular
structure of the electrode/electrolyte interface. For example, the electron lifetime and open-
circuit voltage in dye-sensitized solar cells depend on the structure of the electrical double
layer (EDL). The specific capacitance of supercapacitors also depends on the EDL structure
and is capable of being varied on change of the ions or even molecular ion fragments in IL.
However, a double layer in ILs has not yet been adequately explored.

8. The structure of ionic liquid [C4mim]PF6/rutile (110) interface

The dye-sensitized solar cells (DSSCs) have been extensively investigated since their applica‐
tions in the production of high light-to-electricity conversion efficiency. Traditionally, the devi‐
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ces are immersed in electrolytes, which are usually composed of an I−/I3
− redox couple and

organic solvents such as acetonitrile. IL crystal system (C12mim+/I−/I2) has been used as electro‐
lyte of dye-sensitized TiO2 solar cells; it has been found that though large viscosity of the IL, the
diffusion coefficient is still high since the exchange reactions facilitate the charge transport proc‐
ess. To acquire detailed information of DSSCs, Aliaga and Baldelli have performed a sum fre‐
quency generation study on one component of the solar devices, the liquid/solid interface
between [C4mim]DCA and [C4mim]MS and TiO2. The results pointed out that both the ions are
present at the interface for [C4mim]DCA while only the cations are detected for [C4mim]MS. The
spectra also emphasized on a stronger charge adsorption of the DCA anions than the MS anions.
In addition to experimental researches, it has been previously shown that the interface between
[C4mim]NO3 and rutile (110) surface by means of molecular dynamics simulation. The results
indicated that the NO3 anions prefer to aggregate at the interface and arrange themselves in a
highly ordered manner. As for the [C4mim]+ cations, occupying the region adjacent to the NO3

-

layer, they tend to stand vertically on the TiO2 (110) surface.

Shu et al. [169] presented a simulation on the interface between [C4mim]PF6 and rutile TiO2

(110) surface, considering the other polymorphs of TiO2 are less stable at room temperature.
The main objective of their work was to model the IL/semiconductor interface, where the re‐
combination process occurs, and study the structural behaviors of the confined IL. The re‐
sults revealed that both ions are gathered on the surface, forming ionic double layers with
regularity. It is also interesting to see that the cations lie flat on the surface, with alkyls
stretched out in the bottom region. In addition, the ions are assembled at the interface, form‐
ing several enhanced layers at each side of the slab and are self-organized into alternate
double ionic layers. The adsorbed cations are inclined to lie flat on the rutile (110) surface‐
This MD simulation casts new light on the microscopic structure features on the IL/solid in‐
terface and provides insights on the development of DSSCs. They have performed a
molecular dynamics simulation on the [C4mim]PF6/ rutile (110) system.

Thanks to their low vapor pressure, ILs are ideal extraction solvents or reaction media because
simple evaporation methods can be used to separate solutes from ILs. In addition, ILs can be
custom-made with targeted functions. Because of these advantages, ionic liquids have been en‐
gineered as extraction solvents, reaction media and drug delivery materials. In most IL applica‐
tions – such as extraction, lubrication, and IL super capacitors – the core function of the IL occurs
at the ionic liquid–solid interfaces. Ionic liquids are different from conventional molecular liq‐
uids because no individual molecule exists in the liquid. Moreover, they are not diluted electro‐
lyte solutions either. Hence, no existing theory and model can precisely describe the behavior of
ILs, especially at the IL interfaces. Therefore, studies of the IL interfacial properties are necessa‐
ry for further developments of IL-based applications. Furthermore, new applications – such as
IL reactor, IL-circuit, and surface pattern visualization – require the precise control over the po‐
sition of the IL drop on surface. The chemical pattern-directed assembly of IL on surface has
been under investigation by Zhang et al. [170]. The chemical patterns can control the shape, size,
and position of the IL on surface. Furthermore, IL drops on surface can be coated with a layer of
silane film, forming an IL capsule.
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However, experimental data are still lack, and none of the existing theories can completely
explain the much diversity. Thus, first, the challenge for surface chemists, electrochemists,
and theoreticians is to understand the detailed interface structure, including the adsorption,
configuration, distribution, and orientation of ILs on the electrode surface. Some new mod‐
els, new experimental techniques, and the details of this important system should be ex‐
plored in the future to further realize the IL/electrode interface structures. Moreover, up to
now, only quite a few number of ILs species were studied as models. However, the interface
properties, structure and functions of the ILs with different cations and anions on the elec‐
trodes varies distinguishably. Thus, there is a need to have systematic studies on a wide
range of ionic liquids so that more meaningful and comparable results can be obtained.

In an IL system, the heterogeneous electron transfer kinetics is highly dependent on the na‐
ture of both cation and anion in ILs. In addition, it should be pointed out that the physico‐
chemical properties of ILs are largely dependent on the temperature and impurities such as
water and some organic solvents, which will remarkably affect the transport and heteroge‐
neous electron transfer ability. Though vast works have been carried out in this aspect, there
is a huge data gap with respect to the thermodynamic and transport properties over a wide
range of temperatures, as well as the effect of solutes and impurities on these properties. It is
worth noting that the classical Marcus theory for outer sphere electron transfer, which is
based on the reorganization of solvent dipoles, is not suitable to the entire ion systems of
ILs. Developing a novel theory and electron transfer model system for the entire ion systems
to explain the electron transfer process in ILs is also an important task in the future.

To date, the applications of ILs have involved nearly all aspects of electrochemistry, such as
electrodeposition, electrosynthesis, electrochemical capacitors, electrochemical biosensors,
and lithium batteries. Besides those stated above, it was recently shown that ILs can be used
as a simple and effective way to reduce the scattering of carriers by charged impurities in
graphene transistors supported on solid substrates [171].

Confinement can induce unusual behavior in the properties of matter. Using molecular dy‐
namics simulations, a liquid-to-solid transition of a bilayer of [C1mim]Cl confined between
graphite walls was studied in order to mimic the phase transition of an IL confined to hy‐
drophobic nanospace. It was found that the IL bilayer undergoes a clear and drastic phase
transition at a wall distance of about 1.1 nm, forming a new high-melting-point solid phase
with different hydrogen bonding networks. In the new phase, each cation is surrounded by
the three nearestneighbor anions, and each anion is also encircled by the three nearest-
neighbor cations. Strong π-π stacking interactions are found between the cations of the bi‐
layer solid. The anions can be formed into a hexagonal ring around the cations. The new
bilayer solid is a high-melting-point crystal possessing a melting point of 825-850 K, which
is higher than that of the bulk crystal by more than 400 K.

For imidazolium-based ILs, the effect of the alkyl-chain length on the differential capacitance of
EDL, electrocapillary curves, and the potential of zero charge (PZC) were experimentally inves‐
tigated [8,9]. Based on the results obtained, a qualitative pattern of the Hg/[C8mim]BF4 interface
at the electrode potentials close to PZC was suggested [9]. A quantitative information on the
EDL structure is given in a number of papers wherein the imidazolium cations’ orientation at
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the platinum and quartz surfaces has been determined using the sum frequency generation vi‐
brational spectroscopy [10–13]. Since the electrode/electrolyte interface affects appreciably the
relevant electrochemical processes, the development of adequate theoretical models of EDL in
ILs takes on great significance. Owing to high ion concentration in ILs, the Gouy-Chapman clas‐
sical theory is no longer valid and the double layer model must take into account a finite size of
ions [14]. Investigating the double layer in IL [C4mim]PF6 at the graphite surface by use of the
molecular dynamics simulation was the major goal for Kislenko, Samoylov, and Amirov [165].

Account was also taken of a large body of experimental and theoretical data available for com‐
parison with the simulation results. The basal plane of graphite emulates the surface of an acti‐
vated  carbon  used  as  an  electrode  material  for  supercapacitors.  The  calculations  were
performed both for an uncharged graphite surface and for positively and negatively charged
ones. It is found that near an uncharged surface the IL structure differs from its bulk structure
and represents a well-ordered region, extending over 20 Å from the surface. Three dense layers
of ca 5 Å thick are clearly observed at the interface, composed of negative ions and positively
charged rings. It is established that in the first adsorption layer the imidazolium ring in the
[C4mim]+ cation tends to be arranged in parallel to the graphite surface at a distance of 3.5 Å. The
PF6

- anion is oriented in such a way that the phosphorus atom is at a distance of 4.1 Å from the
surface and triplets of fluorine atoms form two planes parallel to the graphite surface. Ions ad‐
sorbed at the uncharged surface are arranged in a highly defective 2D hexagonal lattice and the
corresponding lattice spacing is approximately four times larger than that of the graphene sub‐
strate. The influence of the electrode potential on the distribution of electrolyte ions and their
orientation has also been investigated. Increase in the electrode potential induces broadening of
the angle distribution of adsorbed rings and a shift of the most probable tilt angle towards big‐
ger values. It was shown that there are no adsorbed anions on the negatively charged surface,
but the surface concentration of adsorbed cations on the positively charged surface has a non‐
zero value. In addition, the influence of the surface charge on the volume charge density and
electric potential profiles in an electrolyte was studied. The differences in the cation and anion
structure result in the fact that the integral capacitance of the electrical double layer depends on
the electrode polarity. The phenomena confirmed experimentally such interfacial layers forma‐
tion and increase of an average tilt angle of adsorbed rings with increasing the electrode poten‐
tial. In addition, the calculated values of the EDL capacitance coincide in the order of magnitude
with the experimentally measured specific capacitance at the electrode/IL interface for activat‐
ed carbons as electrode material and imidazolium-based ILs.
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1. Introduction

Although ionic liquids (ILs) have been known since the beginning of the last century (1814)
[1], they are materials of recent advent in the field of green energy applications where their
recognition as solvents or electrolytes has ever increased during the last decades.

By definition ILs are molecular salts that melt at low temperatures, i.e. around room tem‐
perature or below 100 °C [2]. ILs also combine a remarkable set of properties such as high
ion density  (only  ions!),  wide temperature  ranges  of  chemical  and thermal  stability,  in‐
flammability and negligible vapor pressure. Hence ILs are particularly suitable for appli‐
cations  where  loss  to  the  vapor  phase  limits  the  performance  or  constitutes  an  hazard,
and have therefore  been highlighted as  the  solvents  for  ”green chemistry” in  industrial
chemical processes [3]. More recently (and as we will see in this chapter), the application
of ILs has extended to other fields like electrochemistry, food science and pharmacy [4, 5].
Yet another field of application for ILs is in the metal extraction process from waste water
using  emulsion  ionic  liquid  membranes,  where  the  IL  contributes  significantly  to  the
membrane’s stability [6].

Typically, an IL consists of an organic cation, such as an imidazolium, pyridinium, pyrroli‐
dinium, or ammonium derivative [7] combined with an organic or an inorganic anion, such
as BF4

-, PF6
-, CF3SO3

− and (CF3SO2)2N− [8], see Figure 1 for the corresponding molecular struc‐
tures. Since the discovery of the first IL (EtNH3

+:NO3
−, with melting point at 12 °C [1]), the

number of cation–anion combinations has ever increased. In fact, organic cations can essen‐
tially be designed with any molecular structure resulting in a huge diversity of possible cati‐
on-anion pairs that enables tuning the properties of ILs to suit a particular application.
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Figure 1. Examples of cation and anion structures typically found in ionic liquids. In these structures, R is the alkylated
chain that can be methyl, ethyl, propyl, butyl, etc. In protic ILs R is a proton (H).

Roughly, ILs can be divided into two subgroups: protic (suitable for fuel cells) and aprotic
(suitable for lithum batteries and supercapacitors). The former can be obtained through the
proton transfer from a Brönsted acid to a Brönsted base (also called neutralization procedure)
that, by being a one-step synthesis, results in very pure compounds [8]. The latter can be ob‐
tained by the quaternization procedure or the metathesis reaction, which are two-step synthe‐
ses involving the exchange of an intermediate anion. Since the intermediate reagents are not
always easily eliminated, high-purity can become an issue. The two synthesis procedures to
obtain protic and aprotic ILs are also schematically shown in Figure 2. There is a difference be‐
tween the two types of ILs in the reversibility of the reactions. In protic ILs, for instance, the
reaction is theoretically reversible and the completeness of proton transfer can a priori only be
predicted by the acid-base pair strength, expressed by the ∆pKa value.1 Aprotic ILs, on the
other hand, are irreversible compounds. However, apart from this aspect, there is no general
difference in the chemico-physical properties between protic and aprotic ILs.

It has been empirically observed that small structural variations on the constituting ions of
the ILs have an important influence on the macroscopically observed properties. Under‐
standing these structure-property relationship is therefore key to design new ILs for specific
applications. For example, provided a fixed anion, the viscosity and the ionic association de‐
gree both increase with the length of the aliphatic chain attached to the cation, which has
been related to stronger van der Waals interactions [10]. On the other hand, provided a fixed
cation, larger anions result in lower glass transition temperatures, lower melting points,
lower viscosities and higher ionic conductivities, which is attributed to a more effective de‐
localization of the negative charge, hence more loosely coordinating ions [11]. These proper‐
ties are also strongly affected by the symmetry of the cation and the position of the alkylated
substituents on the cationic ring [8]. In protic ILs, it has also been found that provided a
fixed anion as for instance the bis(trifluoromethanesulfonyl)imide (CF3SO2)2N-), smaller cati‐
ons result in lower glass transition temperatures.

1 The ΔpKa is defined as pKa
base - pKa

acid [9].
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2. Ionic liquids for energy conversion devices

Because ILs can provide high ionic density, intrinsic ionic conductivity, non-volatility and
non- flammability, as well as wide windows of electrochemical stability (up to 5–6 V for cer‐
tain cation-anion combinations), they represent very interesting materials for applications
where transport of ionic species and structural stability are key properties. Concrete exam‐
ples are electrochemical conversion devices like fuel cells, Li-ion batteries, solar cells and ca‐
pacitors [12]. In these fields, the ionic conductivity represents a measure of how easily ionic
species are transported through the electrolyte. ILs typically display conductivities in the
range 10−3–10−2 Scm−1 at room temperature and stay liquid in wide temperature ranges ex‐
tending to several hundreds degrees.2

Figure 2. Synthesis procedures for protic ILs by neutralization of a base with an acid (left route, red) and for aprotic ILs
by the quaternization method (right route, blue).

As we will see in more detail below (section 5.1) the ionic conductivity in ILs follows a non-
Arrhenius dependence on temperature. Compared to the electrolytes conventionally used in
for instance commercially available Li-ion batteries, ILs are both safer and greener, which
represents an advantage with respect to both environmental and societal issues.

Despite these advantages, the use of ILs in electrochemical devices is limited by their melted
state, since leakage can constitute a serious hazard.3 Considerable research efforts are there‐
fore being devoted to find proper ways of confining the ILs into solid-like matrices without,
however, sacrificing the ionic conductivity. Proposed confining systems include both poly‐
mer based membranes and silica gels, as we will discuss more thoroughly in the next sec‐
tions.

2.1. Ionic liquids for PEM fuel cells

The operational principles of a low-temperature fuel cell are schematically shown in Figure
3A. The main components in a proton exchange membrane (PEM) fuel cell are the anode,
the PEM, and the cathode. The fuel (like H2 or methanol) is fed at the anode where it is elec‐
trochemically split by platinum nano-particles into protons (H+) and electrons (e−). The latter
follow an external circuit whereas the former diffuse through the PEM towards the cathode.

2 Indeed, many ILs decompose before evaporation occurs.
3 Loss of the liquid electrolyte can lead to short circuit and dangerous chemical reactions.
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Here, electrons, protons and oxygen recombine to produce water and heat solely. Since the
fuel cell does not produce pollutant or in other way hazardous elements, it is considered one
of the most promising future devices for clean energy supply.

The archetypical proton conducting material used in low-temperature fuel cells is Nafion, a
perfluorinated polymer membrane containing sulfonic acid pending groups (–SO3H). Na‐
fion has outstanding chemical and mechanical properties and, upon hydration, separates in‐
to hydrophilic and hydrophobic domains of the nano-meter size (see e.g. figure 2 in
reference [13]), a structural property that results in well defined channels facilitating the
transport of the protonic species (H+ and H3O+). A drawback of Nafion, however, is that at
temperatures higher than 80 °C the membrane dehydrates (due to water evaporation) and
drastically looses its conducting properties, see also the conductivity of hydrated Nafion in
Figure 3B. Meanwhile, for a realistic implementation of the fuel cell into the transport sector
(in e.g. cars and buses) the goal has been set to operate fuel cells at above 120 °C.4 At these
higher temperatures, electrochemical reactions are faster and less platinum loading is need‐
ed at the electrodes, hence the costs of production are also reduced. The challenge today is
to find proton conducting materials that are both solid-like (non-leaching) and can provide
high enough ionic conductivities (i.e. greater than 10−1 Scm−1) at temperatures above 120 °C.

Figure 3. A: schematic of the operational principles in a PEM fuel cell. B: Arrhenius plot of ionic conductivities for di‐
verse PEM fuel cell electrolytes: 80EIM:20PVdF (in wt%,◦), 80PMP/HTFSI:20PVdF (in wt%, △), and 40TFTEA:20Nafion
(in wt%, •); an ion gel (•); and hydrated Nafion (◦). Here, EIM is ethylimidazoliumbis(trifluoromethanesulfonyl)imide,
PMP is N-propyl-3-methylpyridinium bis(trifluoromethanesulfonyl)imide, and MSTEA is methane sulfonatetriethylam‐
monium. Data points have been reproduced with permission from references [14, 15, 16]. The shadowed area shows
the target set by the U.S. DOE for next-generation proton conducting materials (see also footnote 4). C: a photo of an
IL swelled PVdF based membrane (top) and of an ionogel of the C6mimTFSI (bottom).

4 In the Multi-Years Development Program of the U.S. Department of Energy (DOE) for the Fuel Cell Technology the
requirement for next-generation proton exchange membrane (PEM) electrolytes is (≥10-1 Scm-1 at temperatures above
120 °C. Achieving this goal will facilitate the implementation of the fuel cell into the transport sector (buses, cars, scoot‐
ers, etc).
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Because ILs have a high ionic density, an intrinsically high ionic conductivity and are non-
volatile, they are considered suitable materials to replace the concept of hydrated Nafion
membranes in fuel cell applications. One investigated approach in this direction has been
the swelling of PVdF-based polymer membranes by aprotic ILs of the methylpyridinium or
propylimidazoliumcation and the bis(trifluoromethanesulfonyl)imide (TFSI) anion [14], see
also Figure 3C (top).  However,  to  provide the protonic  species  a  chemically  compatible
acid had to be included, more specifically HTFSI. Swelling the membrane with a protic IL
instead resulted in a simpler system since the protic species were intrinsically provided by
the (protonated) cation of the IL [15]. The IL-swelled polymer membrane concept results in
reasonable ionic conductivities, however at the expense of poor mechanical stability. Na‐
fion membranes swelled with protic ILs of the triethylammoniumcation and the methane
sulfonate (CH3SO3

−) or triflate (CF3SO3
−) anion is an alternative and more recent concept of

proton exchange membranes [16]. This type of electrolytes show a smaller loss in conduc‐
tivity with respect to the bulk IL and also better mechanical resistance than PVdF based
membranes. In addition, these ammonium based ILs display a range of different degrees of
cation:anion dissociation and an ability for proton exchange that also contribute to higher
conductivities [17].

The ionic conductivities of these IL swelled polymer membranes are compared on a com‐
mon Arrhenius plot in Figure 3B, together with the conductivity of hydrated Nafion. The
reader may note that the shadowed area, representing the target set by the U.S. DOE (see
footnote 4), is still not hit, implying that further scientific efforts are needed to develop new
materials able to meet the set requirements.

2.2. Ionic liquids for Li-ion batteries

The most modern Li-ion battery is based on the rocking chair electrode model and the inter‐
calation of Li ions into and from the electrodes [18]. In this battery concept the anode is typi‐
cally carbonaceous (e.g. graphite) while the cathode consists in a layered oxide (e.g. LiCoO2),
a polyanion (e.g. LiFePO4) or a spinel (e.g. LiMnO2), and the electrolyte is typically a Li-salt
(e.g. LiPF6 or LiBF4) dissolved in an organic solvent like ethylene carbonate (EC) or propy‐
lene carbonate (PC). The operational principles of a conventional Li-ion battery are shown in
Figure 4A. The main issue with this battery concept concerns safety, which slows down the
implementation of large-scale cells for energy storage and vehicle applications. Unpredicta‐
ble events like short circuits or local overheating can trigger undesired reaction between bat‐
tery components and the liquid organic electrolyte that can develop in drastic local heating
and, eventually, into fire or explosion. Therefore, the replacement of conventional organic
solvents with ILs, represents a huge improvement in terms of safety, the major advantages
with this respect being non-volatility and non-flammability. In addition, the solubility of
lithium salts (e.g. LiBF4 or LiTFSI) in ILs is very high, and comparable to that of organic po‐
lar solvents. Different IL structures for Li-ion battery applications are under investigation in
many industrial and academic laboratories, the electrochemical stability towards the electro‐
des being one main issue to solve. However, for an improved battery performance the grow‐
ing of the surface electrode interface (SEI) must also be given further attention.
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Figure 4. A: schematic of under development, present, and future lithium battery concepts, including those based on
ILs as electrolytes (reproduced with permission from reference [5]). B: some cationic structures of interest for use in Li-
ion batteries, a dicationic imidazolium based (top) and three pyrrolidinium derivatives (bottom), respectively.

The most investigated family of ILs for Li-ion battery application is that of the pyrrolidinium
cation (Pyr), which has shown a better stability in time towards lithium metal electrodes than
the previously investigated imidazolium based systems, and a wider electrochemical stability
window [19]. Also, TFSI- results in low-melting ILs and high conductivities in combinations
with many cationic structures due to the high charge delocalization and is therefore also the
most used and investigated anion. To achieve chemical compatibility, the lithium salt most
commonly dissolved in these ILs is consequently the LiTFSI. Thus, the typical IL based elec‐
trolyte for Li-ion battery applications is LiTFSI-PyrxyTFSI, where x and y are alkyl chains of
variable length, see also Figure 4B. Nevertheless, as we will discuss in more details below,
even small structural variations on the Pyr cation can result in different properties, like differ‐
ent phase behavior and dependence on temperature of the ionic conductivity.

2.3. Ionogels

Ionogels constitute a very recent material concept based on the nano-confinement of ILs into
silica; see Figure 3C (bottom) for a photo of an ionogel prepared in our laboratories. Com‐
pared to IL swelled polymer membranes, ionogels can incorporate a considerably higher
volume of liquid (up to 98%) without loosing in mechanical resistance [20, 21]. Ionogels can
be prepared through a sol-gel synthesis that follows a non-aqueous route proposed by K. G.
Sharp [22], consisting in the reaction of tetramethylorthosilicate (TMOS) with formic acid
(FA). During this reaction, nano-sized particles of silica (SiO2) are formed that first undergo
aggregation and then gelation. If the sol-gel reaction is let occurring inside an IL as a co-sol‐
vent, the final gel will be three-dimensionally interpenetrated by the IL.

Recent results from magic angle spinning 1H NMR experiments have shown that even at
high degrees of nano-confinement5 the dynamical properties of the IL are only marginally
slowed down [23, 24]. Thus, ionogels represent an elegant route to robust and non-leaching

5 Or low ionic liquid contents in the ionogel.
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nano-structured electrolytes. So far, the ILs used in the synthesis of ionogels have primarily
included 1-ethyl-3-methyl imidazolium (C2mim) or 1-butyl-3-methyl imidazolium (C4mim)
cations, whose ionic conductivity is shown in Figure 3B together with those of hydrated Na‐
fion and IL swelled polymer membranes. From this plot it is evident that the ionogel con‐
cept has the potentiality to meet the requirements in terms of high conductivity at
temperatures higher than 120 °C, as set by the U.S. DOE.

In our laboratories we are currently investigating the use of the 1-hexyl-3-methyl imidazoli‐
um (C6mim) cation, which has a longer alkyl side chain and may thus induce interesting
structural features in the gel. We have indeed found by time resolved Raman and 1H NMR
spectroscopy that a structural reorientation of the cation may occur in concomitance with
the sol-gel transition [25], which may also be accompanied by a local cation-anion reorgani‐
zation.6 We are undertaking detailed structural investigations at the molecular level since
this understanding will guide the design of next-generation ionogels tailor made for specif‐
ic applications. To be suitable for fuel cell applications, for instance, ionogels must be pre‐
pared with protic ILs, whereas to be used in Li-ion battery applications, a suitable Li salt-IL
should be used in the sol-gel synthesis. To the best of our knowledge, none of these ap‐
proaches have been reported so far and, in our laboratories, efforts will be primarily spent
on the former.

3. Structural investigations

The local structure is one hot issue in the field of ILs, where recent progresses have mainly
concerned the understanding of the mesoscopic segregation in the liquid state. With local
in this context we mean the nm or molecular scale range, where effects of conformational
evolution,  crystalline-to-amorphous  transitions,  ionic  clustering  etc  occur.  Experimental
techniques  that  have  been  successfully  used to  resolve  this  size  domain  are  vibrational
(Raman and infrared) spectroscopy, solid state Nuclear Magnetic Resonance (NMR) spec‐
troscopy and Small Angle X-ray Scattering (SAXS), which will also be discussed in the sec‐
tions  that  follow.  Knowing  the  local  organization  of  cations  and  anions  in  ILs  is  very
important, in particular because the resulting ion-ion association can in turn have an im‐
pact on the ionic transport properties. The reader should recall that ILs are only comprised
of  ions,  that  the  inter-ionic  electrostatic  forces  are  very  important  and that,  as  a  conse‐
quence, anions and cations should be considered as structurally and dynamically associat‐
ed pairs.

A particular structural feature can also affect the electrochemical performance of the IL. For
instance, it has been found that in aprotic ILs based on the 1-ethyl-3-methylimidazolium
(C2mim) cation the substitution of the acidic proton on the ring (position C2) by an alkyl chain
decreases the reduction potential [27], which is otherwise too large for practical applications
in Li-ion batteries. Also, the addition of a Li-salt to ILs results in ionic clustering and conse‐
quently a reduced number of free charges, as also discussed in section 4.1 and reference [28].

6 From ongoing analysis of confocal μ-Raman/x-ray (small angle x-ray scattering, SAXS) data collected at the ID13
beam line of the ESRF facility in Grenoble [26].
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3.1. Raman spectroscopy: Conformational isomerism

Vibrational spectroscopy (including Raman, infrared, neutron and luminescence spectrosco‐
py) is a powerful technique to investigate the structure in materials on a molecular or small‐
er level. More specifically, issues like dissociation, inter-molecular interactions, crystallinity
and conformations can be investigated in both the liquid and solid state. In this section how‐
ever, only Raman spectroscopy will be treated.

The basic principle of Raman spectroscopy7 is the excitation of the material by monochro‐
matic light with wavelength usually in the visible range8 and the collection of the inelastical‐
ly scattered light. The latter contains detailed information on the molecular vibrations
characteristic of the investigated material. If the energy of the incident light is hω0, a minor
part of this (∼10−6) will be inelastically scattered (or Raman scattered) with a gain or loss in
energy. The inelastically scattered light has energy hω0 ± hωvib, where hωvib is the vibrational
energy exchanged in the scattering process. The plus/minus signs correspond to anti-Stokes
and Stokes scattering respectively, see Figure 5A. In the simplest classical treatment, where
atoms are treated as particles bound by weightless springs and vibrate around their equili‐
brium position, the vibrational frequency can be described as

w ¥vib
k
M

(1)

where k is the bond strength and M the reduced mass of the oscillating system.9 From this
expression it follows that molecules with atoms of different masses and bond strengths will
have distinct fingerprints in a Raman spectrum, where Raman intensity is plotted versus fre‐
quency of vibration (expressed in cm−1). As a consequence, changes in the dissociation state,
in the closest chemical environment, or in the internal bond rotations can be studied analyz‐
ing intensity and frequency shifts of the vibrational modes.

The conformation adopted by cations and anions in ILs has been one such investigated
structural feature. This is of interest since the relative orientation of the cation-anion pair can
in turn affect the association degree of the ions and thus the dynamical properties of the IL.
The TFSI anion, for instance, can adopt two different conformations, the cisoid(or C1) and the
transoid (or C2) that differ in the orientation of the –CF3 groups with respect to the internal S-
N-S bond, see Figure 5B. The fingerprints of these two conformations were first theoretically
predicted to be found in the low-frequency spectral range 260–370 cm−1 [31] and then also
experimentally distinguished for protic and aprotic ILs of the imidazolium, pyridinium and
pyrrolidinium cations [29]. This study shows that as the temperature is increased the popu‐
lation of cisoid conformers increases10 (see also Figure 5C) and that the enthalpy of conforma‐

7 A more thorough description of the Raman spectroscopy technique can be found in reference [30].
8 Nevertheless, laser light in the UV and near IR range can also be used.
9 In a two-atoms system with masses m1and m2the reduced mass M is defined as (m1 m2)/(m1+m2).
10 The transoid is indeed the conformation most stable at low temperatures and commonly found in the crystalline
phase.
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w ¥vib
k

M
(1)

where k is the bond strength and M the reduced mass of the oscillating system.9 From this
expression it follows that molecules with atoms of different masses and bond strengths will
have distinct fingerprints in a Raman spectrum, where Raman intensity is plotted versus fre‐
quency of vibration (expressed in cm−1). As a consequence, changes in the dissociation state,
in the closest chemical environment, or in the internal bond rotations can be studied analyz‐
ing intensity and frequency shifts of the vibrational modes.
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tional change, ∆H, also varies with the structure of the associated cation. Moreover, it seems
from recent investigation of ionogels prepared with the IL C1C6TFSI, that nano-confinement
in silica also can increase the population of the C1 conformers [25]. So, it is clear that even
very small changes on the cationic structure can induce important effects on the anion’s con‐
formation. In this respect, J.D. Holbreyet al. have reported the unusual cisoid conformation
for TFSI− in the solid-state structure for the case of the 1,3-dimethylimidazolium cation [32],
as opposed to what is found with the 1,2,3- triethylimidazolium cation and most other in‐
vestigated imidazolium-based ILs (that adopt the transoid form in the solid-state).

Figure 5. A: the inelastic scattering process during a Raman experiment with Stokes lines corresponding to energy loss
and anti-Stokes to energy gain, respectively. The Rayleigh lines correspond to no energy exchange. B: the two confor‐
mations in which the TFSI anion can be found in, i.e. the cisoid (or C1, bottom) and the transoid (or C2, top). C: Decon‐
volution of Raman spectra recorded at different temperatures for the protic IL EIMTFSI (ethylimidazolium
bis(trifluoromethanesulfonyl)imide). The fitting (Lorentzian) components corresponding to the cisoid and transoid
contributions are shown in red (solid line) and blue (dashed line), respectively. These Raman spectra are reproduced
with permission from reference [29].

Also the conformational isomerism of cations can be investigated by vibrational spectro‐
scopy,  as  for  instance  demonstrated  in  reference  [33].  The  number  of  conformations  in
cations can be significantly increased when long alkyl side chains are attached, due to a
larger  degree  of  rotational  freedom  around  the  C-C  bonds  and  the  orientation  of  the
chain with respect to the cationic head. For the case of 1-butyl-3-methylimidazolium tet‐
rafluoroborate  (C4mimBF4)  the  coexistence  of  at  least  four  conformers  was  found,  GG,
GA, TA and AA, with the population of the most stable GA and AA increasing as tem‐
perature is decreased [33].

Raman spectroscopy has also greatly contributed to understand the formation of larger ionic
aggregates, or [Li(TFSI)n]-(n−1) clusters, upon addition of LiTFSI to ILs of the pyrrolydinium
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cation. In reference [28], the authors discuss possible types of [Li(TFSI)n]-(n−1) aggregates in
ILs of different cations, i.e. pyrrolidinium and imidazolium, the latter both in the mono- and
di-cationic form, analyzing the TFSI-characteristic Raman mode at ∼740 cm−1. This study
shows that for all ILs the number of TFSI anions strongly coordinating to one Li-ion drasti‐
cally increases at very low salt concentrations, where values of n in the range 4–6 dominate.
For intermediate LiTFSI concentrations, triplets of the type [Li(TFSI)2]− are found instead. It
is interesting to note that these different coordination regimes also correspond to different
strengths of TFSI:Li-ion interaction, which in turn affect the macroscopically observed ionic
conductivity (see also Figure 3 in reference [28] and the discussion teherein).

3.2. NMR spectroscopy: Heteronuclear coupling

Nuclear magnetic resonance (NMR) is a phenomenon based on the exchange of electromag‐
netic radiation when magnetic nuclei are exposed to a magnetic field. A requisite for this
phenomenon is that the nuclei have non-zero spins, which applies for all isotopes with an
odd number of protons and/or neutrons. A key feature in NMR spectroscopy is that the res‐
onance frequency of a particular nucleus is directly proportional to the strength of the ap‐
plied field and to the magnetic properties of the nucleus itself. The basic relation is thus:

w g=0 0  · B (2)

where ω0 is the precession frequency of the nucleus, B0 is the externally applied magnetic
field, and γ0 is the gyromagnetic ratio characteristic of the investigated nucleus. It might ap‐
pear from this relation that all nuclei having the same γ0 would resonate at the same fre‐
quency. This is not the case since the most important perturbation of the NMR frequency is
the ’shielding’ effect of the surrounding electrons. The rotation of these electrons produces a
spin, which results in a magnetic field that counteracts the magnetic field of the nucleus. In
general, this electronic shielding reduces the resonance frequency, whereby same nuclei
found in different molecular structures can be resolved by their characteristic chemical shift
(∂, expressed in ppm).

By using different types of pulse sequences, where the pulses vary in shape, frequency and
duration, dynamical or structural information can be extracted from an NMR experiment.
Multi-dimensional NMR spectroscopy is a kind of Fourier Transformed (FT) NMR that al‐
lows detecting nuclear-nuclear interactions through magnetization transfer. Through-bond
and through-space interactions can be detected, the latter in particular allowing to establish
distances between atoms (e.g. by 2D-FT NMR). Although widely used to investigate proteins
and crystalline materials, NMR spectroscopy has scarcely been used to elucidate the local
structure in ILs. Of great potentiality in this context are heteronuclear and cross-polarization
(CP) MAS NMR experiments, the latter being particularly suitable where the IL phase is
present in a solid-like matrix, as in a gel or in a polymer.

One of the exceptions is the study reported in reference [17], where the structure and local
organization in protic ILs of the triethylammonium (TEA) cation have been elucidated by
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combining 1- and 2D heteronuclear NMR experiments The authors show that the choice of
different TEA- anionic species pairs strongly affects the dissociation scheme:

+ - + - + -« + «··· ··· ,  TEA H A TEAH A TEAH A (3)

where A− denotes the anion. These experiments also evidence the coupling between the dis‐
sociation state of the proton in the IL and the diffusive behaviors of the individual ionic spe‐
cies (see also Table 1 in reference [17]). For instance, even though in TEA-TFSI the ions are
fully dissociated the proton diffuses with the cation and faster than the TFSI anion, whereas
in the IL TEA-acetate the proton is fully dissociated from the cation, and is also the fastest
diffusing species. These observations have obvious implications for practical use in fuel cells
where the transport of the protic species through the electrolyte and its reactivity at the cath‐
ode are key properties.

3.3. SAXS: Nano-segregation

Along with a peculiar set of physico-chemical properties, ILs also show a complex local or‐
ganization with self-aggregating polar and non-polar domains of the nanometer size. This
mesoscopic separation was first predicted by molecular dynamic (MD) simulations and later
also experimentally confirmed by small (and wide) angle x-ray scattering measurements
(SAXS (and WAXS)). Before discussing in detail these results, the basic principles of an x-ray
scattering experiment will be briefly explained.

Figure 6. A: Schematic of a SAXS experimental set up. B: a typical 2D diffraction pattern recorded for IL containing
samples [26]. C: the 2D diffraction pattern recorded for 1-alkyl-3-methylimidazoliumTFSI ILs transformed into intensi‐
ty, I, as function of scattering vector, q [37]. D: correlation lengths derived from the diffraction pattern in C using
d=2π/q.
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In a SAXS experiment the sample is exposed to x-ray radiation with wavelength in the range
of a few Å, and the elastically scattered x-rays are recorded at low angles, typically close to
0°, Figure 6A. In the presence of structural inhomogeneities in the nm range, a diffraction
pattern is recorded if the following condition is fulfilled (Bragg’s law):

( )l q=   2n dsin (4)

where λ is the wavelength of the incoming x-ray, d is the repeat distance of the local struc‐
ture, and θ the angle at which diffraction peaks are collected. Unoriented samples yield a
centro-symmetric pattern on a 2D detector (Figure 6B), which is radially averaged to give
the typical plots of diffracted intensity versus scattering vector q (Figure 6C). Since the scat‐
tering vector q is defined as:

p l q=   (4 / ) sinq (5)

the  real  space  correlation  length  d  can  be  experimentally  estimated  as  d=2π/q,  see  also
Figure 6D.

The intriguing property of ILs is that even in the liquid state they can display clear scatter‐
ing peaks in the x-ray diffraction pattern. This feature has been repeatedly reported by sev‐
eral authors and for diverse cation-anion combinations. The first studies focused primarily
on ILs of the imidazolium cations [34], but more recent investigations have extended to
those of ammonium and pyrrolidinium derivatives also, associated with PF6

−, BF4
−, Cl− or

TFSI− [35]. SAXS (and WAXS) diffraction patterns show that the low-q feature (correspond‐
ing to long real space distances) increases in intensity and shifts to lower values as the
length of the alkyl side chain on the cation increases. This behavior is now rationalized as
the separation of non-polar domains (consisting of aggregated alkyl side chains) from the
polar matrix composed of anions and cationic head groups. This model can be compared to
the micelle-like structuring occurring in n-alcohols [36].

As shown in Figure 6C, a typical SAXS diffraction pattern recorded for 1-alkyl-3-methylimi‐
dazolium TFSI ILs, and covering the wide q-range 0.2–30 nm−1, displays three peaks attribut‐
ed to cation-cation (0–5 nm−1), anion-anion (5–11 nm−1) and intramolecular (12–16 nm−1)
correlations. This IL series includes cations with the alkyl chain varying from ethyl (n=2) to
hexadodecyl (n=16) [37]. In this context the reader should know that the central peak is rela‐
tively strong for the TFSI anions but can be much less intense for smaller anions like Cl− or
Br−. In agreement with previous results we also record an increasing intensity for the cation-
cation correlation length upon longer alkyl chains; however, by including very long chains
in the investigated series we also evidence a non-strictly linear dependence of the corre‐
sponding correlation length d, Figure 6D [37]. For ILs where the alkyl chain is an octyl or
shorter (n≤8) a linear dependence has previously been assumed, whereas our results point
to a deviation for longer chains. Since we have independently also found a non-linear de‐
pendence on n for the cationc hydrodynamic radius extrapolated from self-diffusion meas‐
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urements (r+(n)=kT/cπηD+(n)), we believe that this non-linearity reflects a certain degree of
inter-digitation of the alkyl chains, previously not believed to occur for shorter alkyl chains.

This finding fits well into the vivid debate currently ongoing on the true interpretation of
the SAXS patterns: some researchers believing in a real mesoscopic separation as several
times evidenced by SAXS and WAXS experiments [38], and other claiming that the observed
diffraction pattern only reflects the internal structural inhomogeneity of the cation with no
implications of a long-range ordering [39]. The main point of our study [37], however, is the
correlation experimentally found between the transport properties (from pfg-NMR meas‐
urements) and the local ordering (from SAXS data) of the individual ionic species. In partic‐
ular, we have found that there is a correlation between the dispersion curves of the anion-
anion and cation-cation correlations and the measured self-diffusion constants
independently measured for anions (D−) and cations (D+) in the ILs (see also Figure 8B and
the thorough discussion in reference [37]).

Figure 7. A: Schematic picture of the experimental set up for a dielectric spectroscopic measurement. Sample thick‐
ness, d, and surface area, A, are indicated in the figure. B: Conductivity–frequency plot for the protic ionic liquid N-
ethylimidazolium bis(trifluoromethanesulfonyl)imide (EIMTFSI). C: Temperature dependence of conductivity,
extrapolated from the constant plateau in B.

4. Dynamical investigations

When ILs are used as electrolytes in energy conversion devices like fuel cells or Li-ion bat‐
teries, they have the two-fold functionality to separate the electrodes (and thus prevent from
short circuit) and to be the conducting medium for the electro-active ionic species (H+ or
protic species in PEM fuel cells, and Li+ in Li-ion batteries). It is therefore of great interest to
investigate and understand the transport properties in ILs, in particular the ionic conductivi‐
ty and the self-diffusion of ionic species, but also transport phenomena under operational
conditions that could lead to concentration gradients of the electrolyte (e.g. due to electro-
osmotic drag). The most common techniques to investigate these phenomena, as well as re‐
cent important results, are presented and discussed in the following sections.
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4.1. Dielectric spectroscopy: Ionic conductivity

Dielectric spectroscopy can be used to measure the ionic conductivity in diverse materials,
including liquids. In such a dielectric experiment, the sample is sandwiched between two
electrodes of surface area A and separation d, as shown in Figure 7A. This corresponds to a
parallel plate capacitor, with capacitance C defined by

e e= 0
AC
d (6)

where ε0 is the dielectric constant in vacuum and ε is the frequency-dependent complex die‐
lectric function of the material, ε(f). In the dielectric experiment, an alternating voltage (U) is
applied to the electrodes and the resulting alternating current (I) is measured. These quanti‐
ties are related through the complex impedance (Z) of the material, i.e. Z=U/I. The complex
impedance is in turn related to the dielectric function of the material through the relation

e e e
p

= - = -
0

'( ) ''( )
2

if i f
fC Z (7)

where C0 is the empty cell capacitance. In Eq. 7, ε′(f) and ε′′(f) are the real and imaginary
parts of the dielectric function ε(f). The dependence of ε on frequency, f, and temperature, T,
is typically investigated in the experiments. The presence of mobile charges in a material re‐
sults in conductivity, which can be obtained in a dielectric experiment from the dielectric
function through the relation:
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2

ff
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This equation shows that the real part of conductivity contributes to the imaginary part of
the dielectric constant. Thus, because of the f−1  dependence in Eq. 8, in the plot of ε′′(f )
the dc conductivity will contribute as a rapidly increasing signal at low frequencies. The
dc-conductivity can be directly investigated in a frequency plot (σ(f)), as shown in Figure
7B, and is  extrapolated from the constant plateau, which moves to lower frequencies as
temperature is decreased. At lower frequencies, the decay in conductivity is due to polari‐
zation effects at the electrodes. This occurs when the conductivity of the material is appre‐
ciable  and a  high  charge  density  is  created  at  the  surface  of  the  electrodes  [40,  41].  In
Figure 7C, the temperature dependence of the dc conductivity of the IL ethylimidazolium‐
bis(trifluoromethanesulfonly)imide (EIMTFSI) is shown. This plot shows the typical non-
Arrhenius dependence of conductivity on temperature observed for all ILs in their melted
state.  Instead,  the  conductivity  data  are  very  well  described by the  Vogel-Fulcher-Tam‐
man (VFT) equation
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where σ0 is the ionic conductivity at very high temperatures (T>>T0), B is a constant related
to fragility (commonly discussed in glass-forming liquids) and T0 is the ideal glass transition
temperature. If compared on the same plot, ILs with larger values of B will display less
curved conductivity data sets, similarly to what is observed when plotting viscosity as a
function of inverse temperature. In our recent investigation of a large series of 1-alkyl-3-
methylimidazolium ILs of the TFSI anions [37], we have extrapolated B values by fitting the
conductivity data with a VFT equation. These values are also given in Table 1, indicating
that for longer alkyl chains attached to the cation the IL becomes progressively less fragile
(or stronger, larger B values). This is in agreement with that the cation-anion association also
becomes more important, as also shown by the trend of Λimp/ΛNMR (also given in Table 1).

Figure 8. A: Schematic of the most basic pfg-NMR pulse sequence for diffusion experiments (reproduced with permis‐
sion from reference [44]). B: Self-diffusion constants of the anions (pink) and cations (blue) in 1-alkyl-3-methyimidazo‐
lium TFSI ILs, for increasing alkyl chain lengths (see also reference [37]).

In our laboratories we have found that if the ionic conductivity of ILs is plotted as a function
of Tg/T, where Tg is the experimentally found glass transition temperature, data fall onto
master curves [42, 43]. This universal behavior resulting from Tg-scaling is a strong indica‐
tion that conductivity is dominated by the viscous properties in the whole temperature
range investigated.11 Further, we have found that ILs of the same cationic structure but dop‐
ed with different amounts of Li-TFSI also fall onto master plots through this scaling. How‐
ever, even small structural changes on the cation in terms of, for instance, alkyl chain length
can result in different B values, and therefore different curvatures, also in a Tg-scaled plot
(compare for example the case of Pyr14 with Pyr24 in reference [42]).

11 Since viscosity is a quantity strongly related to the glass transition temperature Tg.

Ionic Liquids for Green Energy Applications − Local Structure and Dynamics by Advanced Spectroscopic Techniques
http://dx.doi.org/10.5772/52863

247



4.2. NMR spectroscopy: Self-diffusion

A very powerful tool to study the dynamics of ionic species in liquid materials is by pulsed
field gradient nuclear magnetic resonance (pfg-NMR) spectroscopy. This technique meas‐
ures the translational diffusion of molecules in time scales larger than milliseconds.

The most basic pfg (or Stejskal and Tanner 1967) pulse sequence used to estimate self-diffu‐
sion constants is schematically shown in Figure 8A. This consists of a spin-echo experiment
with the 180° pulse in between two equal gradient pulses of magnitude gz and duration δ.
The first field gradient pulse introduces a dephasing in the precession frequency and the
second pulse partially refocuses the phases. The phase difference due to the diffusing spins
that cannot recover the initial phase leads to the attenuation of the NMR echo, while the sig‐
nal loss in the case of unrestricted diffusion is proportional to the average root mean square
displacement occurring between the two gradient pulses.

Typically, the magnetic field gradient gz is imposed along the z-direction (that is also the di‐
rection of the static field, see B0 in Eq. (2)) and, as a consequence, the Larmor frequency of a
spin becomes a position label (from the NMR basic relation ω=γ B).12 If the duration between
the leading edges of the gradient pulses is denoted ∆, the duration and the strength of the
gradient field δ and g, the attenuation of the echo signal is described by

d d- D-=
2 2 2( )( /3)

0
y g DI I e (10)

From this relation the self-diffusion constant D of the diffusing species can be extrapolated.
Typical self-diffusion constants at room temperature in ILs are found in the range 10–10 - 10−11

m2s−1, as also given in Table 1 for ILs of the imidazolium cation and the TFSI anion [45].
These values show that D tend to decrease with the length of the alkyl chain on the imidazo‐
lium, which is a direct effect of increased viscosity (η) and, in theory, also of the ionic size
(rs). Indeed, these quantities are closely related through the Stokes-Einstein relation

ph= 2/ 6D kT r (11)

Where k  is the Boltzmann’s constant,  T  is the temperature, and rs  the hydrodynamic (or
Stokes) radius. Currently a vivid debate is ongoing on whether, and to what extent,  Eq.
11 is  valid for  ILs.  In fact,  not  always do larger  molecules  display the lowest  D  values
[46], and in some IL systems the fractional form of the D(η) dependence has found to be
more appropriate:

( )bhµ  /D T (12)

12 Where ω is the Larmor frequency (radians s−1), γ the gyromagnetic ratio (rad T−1s−1) and B is the strength of the mag‐
netic field (T).
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For the few ILs investigated through the fractional form of the Stokes-Einstein equation, β
has found to be less than unity and in the range 0.92–0.95 [47, 48]. These observations indi‐
cate that ILs cannot always be treated as classical hydrodynamic systems, and that a com‐
plex combination of solvating and electrostatic forces govern the self-diffusion of the
molecular species.

Another interesting aspect of pfg-NMR measurements is that the molar conductivity (ΛNMR)
can be calculated from the self-diffusion constants using the Nernst-Einstein equation13

( )+ -L = +2  /  NMR AN e D D kT (13)

In electrolytic systems this quantity becomes interesting if compared to the molar conductiv‐
ity directly measured by impedance spectroscopy (Λimp, see section 5.1). The molar conduc‐
tivity ratio Λimp/ΛNMR illustrates well the degree of cation-anion aggregation in ILs at
equilibrium and represents a measure of the tendency to form higher ionic complexes, as
opposed to completely dissociated systems. Indeed, while impedance measurements record
the displacement of charged species only, pfg-NMR measurements record the movement of
all probed molecules regardless their charged state (or ionic complexation). As a representa‐
tive case, values for the Λimp/ΛNMR ratio in ILs of the imidazolium cation are given in Table 1.
These are all smaller than one indicating that not all the diffusing species in the IL contribute
to the ionic conduction, i.e. ionic aggregates and/or clusters are formed [45]. In addition, the
trend for Λimp/ΛNMR indicates that for longer alkyl chains the cation-anion association also
becomes stronger. Table 1 also illustrates that cations and anions do not always have the
same diffusivity, even though this discrepancy becomes smaller for longer alkyl chains. We
have recently addressed this specific issue by combining SAXS and pfg-NMR experiments
on a large series of 1-alkyl-3-methylimidazoliumTFSI ILs [37].

Structure of cation Λimp/ΛNMR [45] Bimp [37] DNMR+ [45]

(·10-11 m2 s-1)

DNMR- [45]

(·10-11 m2 s-1)

C1mim 0.76 n.a. 5.8 3.3

C2mim 0.75 627 6.2 3.7

C4mim 0.61 772 3.4 2.6

C6mim 0.57 841 2.2 1.9

C8mim 0.54 887 1.5 1.5

Table 1. Experimental values of the molar conductivity Λimp/ΛNMR ratio, the B-parameter from the VFT conductivity
dependence, as well as the cationic and anionic self-diffusion constants DNMR+ and DNMR−, for ILs of the 1-alkyl-3-
methylimidazolium cation and TFSI anion.

13 Where NA is the Avogadro number, e is the electric charge on each ionic carrier, k is the Boltzmann constant and T
is the temperature.
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4.3. Confocal μ-Raman spectroscopy: In-situ fuel cell diagnostic

A very informative way to investigate the transport properties within a PEM is by in situ
confocal Raman spectroscopy. With this technique the state of the electrolyte can be resolved
in both space and time and correlated to the overall performance of the PEM fuel cell in
which it is operated. This technique was first demonstrated for an H2/H2 cell [49] and later
further developed for a H2/O2 PEM fuel cell [50, 51], see also Figure 9A. Using the confocal
set up, good quality Raman spectra can be recorded across the whole thickness of the PEM,
from anode to cathode (or vice versa), with spatial intervals of a few μm. Provided transpar‐
ency of the material to the visible and small refraction index mismatch (with respect to air),
the loss in Raman intensity and spatial resolution at depth are negligible. Under these condi‐
tions, the user can diagnostic the state of both the membrane and the liquid phase (water in
hydrated Nafion and IL in IL swelled membranes) varying the operational conditions such
as temperature, relative humidity, gas pressure, etc. Thus, with this in situ technique, both
the structural robustness of the membrane and transport phenomena can be investigated
operando.

Figure 9. A: the fuel cell specially designed for in situ confocal μ-Raman measurements. B: a set of Raman spectra re‐
corded during fuel cell operation from the H2 (bottom) to the O2 side (top), through the whole membrane’s thickness.
Spectra of a hydrated Nafion membrane (red) and of the IL (green) are also shown for comparison. C: plot of the cur‐
rent delivered by the fuel cell under varying degrees of hydration. The highest current delivered corresponds to the
highest hydration level. These figures have been reproduced with permission from reference [50].

In reference [50] the authors demonstrate the potentiality of this technique through the
study of a Nafion membrane swelled with protic ILs of the triethylammonium cation. In this
particular case, the humidification of the H2 gas was varied during fuel cell operation,
whereby also the membrane became more or less hydrated. This in situ investigation
showed that while the vibrational modes associated to the backbone of Nafion (νsCF2 at 732
cm−1) remained unchanged at different hydration degrees, those due to –SO3

− groups (νSO3
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at 1038–1049 cm−1 for the IL’s anion (in this specific case CH3SO3
−) and at 1050–1061 cm−1 (for

the sulfonic acid group of Nafion) varied in frequency, Figure 9B.

The blue-shift of the νSO3 (IL’s anion) in the more hydrated state indicates a stronger associ‐
ation state, most probably to water molecules that are thought to find interstitial positions
between cations and anions in H2O/IL mixtures, thus disrupting the original local organiza‐
tion. These features are of high relevance for fuel cell applications and deserve further inves‐
tigations. The employment of in situ μ-Raman spectroscopy on operating fuel cell is one
appropriate tool to understand the local dynamics and interactions around the protic spe‐
cies, putting these in relation to the overall performance of the PEM.

The authors also demonstrate that if the Raman spectra are correctly interpreted,14 possible
con- centration gradients of the IL induced by electro-osmotic drag across the membrane
can also be resolved operando. From the quantitative analysis of Raman spectra, the authors
also found that the membrane does not loose significant amounts of IL even after hydration
cycles and four days of fuel cell operation. This is a very important result that supports the
concept of IL swelled Nafion membranes for real fuel cell applications.

5. Conclusions

ILs are materials with an incredible variety of application fields. In this chapter, we have
given examples of IL structures that can be used in fuel cells and Li-ion batteries, but use in
super-capacitors, solar cells and green chemistry must not be forgotten. Very recently, ILs
have also shown to have an important role in the extraction process of heavy metals from
waste water. In all these applications, dynamical and structural properties jointly govern the
functionality of ILs; yet in the field of ILs local structure and dynamics are rarely investigat‐
ed in strict relation to each other. The combination of complementary experimental techni‐
ques like SAXS and pfg-NMR and the use of in situ spectroscopic methods are highly
recommended for a better understanding of the real functionality of IL-derived materials, in
particular those of interest for green energy applications. In this context, I foresee that in situ
μ-Raman, in situ μ-NMR imaging and CP MAS NMR spectroscopy will be of increased im‐
portance in the next coming years.
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1. Introduction

1.1. Dye-sensitized solar cells (DSSCs)

The increasing global need for energy coupled with the depletion of easily accessible, hence
cheap, fossil fuel reserves, poses a serious threat to the human global economy in the near
future [1]. Considering in addition the harmful ecological impact of conventional energy
sources, it becomes obvious that development of clean alternative energy sources is a neces‐
sity [2, 3]. Best renewable energy options must rely on a reliable input of energy onto the
earth. Since the sun is our only external energy source, harnessing its energy, which is clean,
non-hazardous and infinite, satisfies the main objectives of all alternative energy strategies.
Mastering the conversion of sunlight to electricity or to a nonfossil fuel like hydrogen is
without any doubt the most promising solution to the energy challenge. 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 [4]. Therefore, solar power is considered to be one of the best sustaina‐
ble energies for future generations. To date photovoltaics has been dominated by solid-state
junction devices, usually in silicon, crystalline or amorphous, and profiting from the experi‐
ence and materials availability resulting from the semiconductor industry. However, the ex‐
pensive and energy-intensive high-temperature and high-vacuum processes is needed for
the silicon based solar cells. Therefore, the dominance of the photovoltatic field by such kind
of inorganic solid-state junction devices is now being challenged by the emergence of a third
generation solar cell based on interpenetrating network structures, such as dye-sensitized
solar cells (DSSCs) [5].
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Since Professor M. Grätzel in EPFL introduced the nanoporous films into dye-derived wide‐
band semiconductor research and made the breakthrough in the photoelectric conversion ef‐
ficiency of DSSCs, academic and commercial interests have been focused on DSSCs for their
high efficiency, potential low-cost and simple assembly technology. This became especially
noticeable when the first cell with a certified efficiency of greater than 10% was demonstrat‐
ed [6-10]. By incorporating the novel YD2-o-C8 dye and cosensitizing with Y123 dye, the
DSSC with a traditional liquid electrolyte has achieved a 12.3% efficiency record [11], en‐
couraging the surge to explore new organic materials for the conversion of solar to electric
power.

The DSSC device is composed of three adjacent thin layers such as a high band-gap nano‐
crystalline semiconductor-based mesoporous film adsorbed with a dye sensitizer on the
working electrode for the absorption in the visible region, a platinized counter electrode for
the collection of electrons and a redox electrolyte, sandwiched between the two electrodes.
The usual choice for the semiconductor material is titanium dioxide (TiO2), whereas rutheni‐
um bipyridyl derivatives (N3, N719, Z907 and black dye etc.) are for the dye sensitizer. The
electrolyte mostly contains I-/I3

- redox couple, which was obtained by the mixing of iodine
(I2) and inorganic or organic iodides in suitable non-aqueous solvents. Upon absorption of
light, an electron is injected from a metal-to-ligand charge transfer excited state of the dye
into the conduction band of the metal oxide. The rate of this electron injection reaction is ul‐
trafast, typically occurring on the order of hundreds of femtoseconds to tens of picoseconds.
The injected electron percolates through the TiO2 film, and is thought to move by a “hop‐
ping” mechanism and 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
(SnO2: F), on which the TiO2 film is formed. After passing through an external circuit, the
electron is reintroduced into the solar cell at the platinum counter electrode, where triiodide
is reduced to iodide. The iodide then regenerates the oxidized dye, thereby completing the
circuit with no net chemical change.

1.2. Ionic liquids (ILs)

Ionic liquids (ILs) are low-temperature molten salts with melting points below 100 oC, that
is, liquids composed of ions only. The salts are characterized by weak interactions, owing to
the combination of a large cation and a charge-delocalized anion. This results in a low ten‐
dency to crystallize due to flexibility (anion) and dissymmetry (cation). ILs are basically
composed of organic ions that may undergo almost unlimited structural variations because
of the easy preparation of a large variety of their components. Thus, various kinds of salts
can be used to design the ionic liquid that has the desired properties for a given application.
These include, among others, imidazolium, pyrrolidinium and quaternary ammonium salts
as cations and bis(trifluoromethanesulphonyl)imide, bis(fluorosulphonyl) imide and hexa‐
fluorophosphate as anions.

An IL, triethylammonium nitrate (a pure low-melting salt), was firstly identified more than
a century ago. In the 1930s, a patent application described cellulose dissolution using a mol‐
ten pyridinium salt above 130 °C. It was the need for a sturdy medium for nuclear fuel re‐
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processing that prompted the study of low-melting-point chloroaluminates. Among the
onium cations with positive nitrogen(s), those derived from the imidazolium ring proved to
be the best choice in terms of melting points and electrochemical stability [12]. At the same
time, the need for new anions for organic polymer electrolytes based on polyethylene oxide
led to the concept of a plasticizing anion, that is, an anion having a delocalized charge and
multiple conformations differing only marginally in energy. The archetype of such anions is
the bis(trifluoromethylsulphonyl) amide (CF3SO2-N-SO2CF3) ion, also known as NTf2, in
which the extremely electron-withdrawing CF3SO2-groups are conjugated and linked by
flexible S-N-S bonds. When combined with an imidazolium cation, such as the ethylmethyli‐
midazolium cation, this anion produces a fluid IL (melting point: -15 oC) with an ion con‐
ductivity comparable to that of the best organic electrolyte solutions; it shows no vapour
pressure or no decomposition up to ~300-400 °C [13]. It is not miscible with water (~1,000
p.p.m. in equilibrium with liquid H2O), and thus defies the conventional wisdom that states
polarity is synonymous with hydrophilicity. ILs then developed rapidly, with a reinvestiga‐
tion of ions, for example quaternary ammonium cations, that had been avoided previously
by organic chemists because of unsymmetrical shapes that hindered easy purification
through crystallization. The organic chemistry community had earlier engaged in research
of media with controllable Lewis acidity (chloroaluminate ILs), but the modern era of ILs
has produced numerous neutral ILs, that is, those based on ions which are unreactive to‐
wards acids or bases, be they Lewis or Bronsted. As a result, it is now difficult to name an
organic reaction that has not been performed successfully in these potentially green sol‐
vents, which can be recycled almost indefinitely with no or minimal use of volatile organic
compounds. Most products made in ILs can be distilled off, in the case of small molecules,
or extracted with water or hydrocarbon solvents, at least one of which is usually immiscible
with the ionic liquid.

It is this unique solvent potential that makes ILs key materials for the development of a
range of emerging technologies. The advent of ILs has made viable processes that fail, or are
even impossible, with conventional solvents. Water sensitive metals or semiconductors that
previously could not be deposited from conventional water baths can now, by turning to
ILs, be directly electroplated. Energy devices, such as the quasi-solid/all-solid-state DSSCs,
polymer-electrolyte-membrane fuel cells, lithium batteries and supercapacitors presently
under development to address the challenges of increasing energy costs and global warm‐
ing, may greatly benefit from a switch to low-vapour-pressure, non-flammable, ILs-based
electrolytes.

1.3. ILs as the electrolyte for DSSCs

The role of the electrolyte in DSSCs is very important as it provides the necessary ionic con‐
ductivity in the bulk of the solution and sets the potential barrier necessary 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 molecule [14]. Usually, the
conventional inorganic and organic iodide electrolyte salts are lithium and tetra-alkyl am‐
monium iodides, respectively. Besides this, several molten salts, particularly ionic liquid
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based imidazolinium salts, have also been used for improving the performance of the DSSCs
[15-19]. In these works, cations play an important role in determining the conversion effi‐
ciency of the DSSCs. For example, the interaction of Li+ with TiO2 enhances the electron
transfer from the sensitized dye to the TiO2 and from I- to the oxidized dye, leading to high
photocurrent [20-22]. In the case of imidazolinium cations, the increase in the concentration
of imidazolinium cations leads to the decrease of recombination at the working electrode
due to the multilayer adsorption; thus improving the DSSC performance [23]. Kubo et al.
[15] further studied the effect of the alkyl chain length of some imidazolium cations on the
electron recombination lifetime. They found that the chain length does affect the electron re‐
combination lifetime. The lifetime increased with the increase in the alkyl chain length. This
is because hydrophobic alkyl chains may impede I3

- from reaching TiO2. The result reveals
that bigger cations may enhance photocurrent due to the lower probability of electron re‐
combination.

The highest efficiency record of DSSC was obtained based on the highly volatile organic sol‐
vent electrolyte due to the efficient infiltration of organic electrolyte in nanocrystalline films.
However, commercialization of the cells with organic liquid electrolytes was impeded ow‐
ing to technological problems related to hermetic sealing, precipitation of salts at low tem‐
perature and evaporation of liquids at high temperature; long-term stability is thus a major
problem for these types of cells. Therefore, p-type inorganic semiconductors [24-26], organic
hole conducting materials [27-30], ionic gel electrolytes having a polymer or a gelator [15,
31-33], and ionic liquid (IL) based electrolytes (or IL based electrolyte containing dispersed
nano-components) [18, 34-40] were recently investigated for preparing the electrolytes. In
these cases, imperfect filling of the dye-coated porous TiO2 film by p-type inorganic semi‐
conductors or polymers has resulted in poor efficiency for the cells. Another weakness of the
inorganic p-type materials is the decided chemical structure, resulting in the limitedly ad‐
justable chemical/physical properties in the application of solid-state electrolytes. Mean‐
while, the inorganic p-type material derived all-solid-state DSSCs shows no stability. This
should be ascribed to inorganic p-type materials tending to be oxidized under continuous
illumination and the worsening of the interfacial contact between dye-sensitized TiO2 and
electrolyte along with the growth of age [41]. Moreover, the carrier diffusion length was lim‐
ited in the case of conducting polymers due to their low conductivity. Thereby, ILs based
electrolytes were considered to be most attractive for replacing the organic solvents; they are
preferred because of their negligible vapor pressure, high thermal stability, wide electro‐
chemical window, and high ionic conductivity [42-46]. However, most ILs based electrolytes
are liquid at room temperature [36, 43, 45-48]. Therefore, the fluidity and potential leakage
of ILs based electrolytes during long-term operation is still unavoidable, which limits their
wide application in DSSCs. To overcome this problem, the solid-state ILs have been applied
as solid-state electrolytes for DSSCs recently.

This chapter mainly reviewed the recent researches on the topic of solid-state ILs-based elec‐
trolytes for DSSCs. Here the solid-state ILs employed in the electrolytes of DSSCs can be
classified as follows: (a) ILs crystals (system A), (b) ILs polymers (system B), and (c) ILs con‐
ductors (system C).
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2. Solid-state ILs-based electrolytes for DSSCs

2.1. ILs crystals (system A)

In year 2005, Yamanaka et al. [49] reported a new strategy for enhancing the conductivity of
ILs based electrolytes; employing an IL crystal as a constituent of an electrolyte, which
forms a self-assembled structure and promotes the exchange reaction by the locally in‐
creased concentrations of I2 and I3

- [15, 50]. They selected 1-dodecyl-3-methylimidazolium
iodide (C12MImI) as the IL crystal. This provides a self-assembled structure of the imidazo‐
lium cations like a solid, while maintaining the molecular dynamics like a liquid. The IL
crystal (C12MImI) with the smectic A phase (SA) has a bilayer structure of interdigitated al‐
kyl chains of the imidazolium cations, and I2 and I3

- would be localized between the SA lay‐
ers. The locally high concentration would promote the exchange reaction. So, the IL crystal
with the SA phase would be suitable for the electrolyte of DSSC. A few examples of the IL
crystal with the SA phase, such as imidazolium salts consisting of cations with alkyl chains
of C12-C18 and anions of hexafluorophosphate or bromide, have been reported [51, 52]. Be‐
fore their study [49], an imidazolium salt with iodide as the counter anion has not been re‐
ported to be an IL crystal with a SA phase. Therefore, they showed for the first time that
imidazolium iodides with alkyl chains longer than C12 exhibit a SA phase and that the liq‐
uid crystalline nature is preferable in terms of the hole transport layer in DSSC. The DSSC
with C12MImI/I2 electrolyte achieved a cell efficiency (η) of 2.30% under AM 1.5 irradiation.
Zhao et al. [53] reported a solid-state DSSC utilizing imidazolium-type ionic crystal (1-meth‐
yl-3-hydroxyethyl-imidazolium iodide, MH-II) as the charge transfer layer, and obtained a
good cell efficiency of 3.10% under one sun irradiation by adopting 1-methyl-3-propylimi‐
dazolium tetra-fluoroborate (MP-BF4) as a crystal growth inhibitor, lithium bis-trifluoro-
methanesulfonylimideas (Li[(CF3SO2)2N]) a charge transport enhancer, and 4-tert-
butylpyridine (tBP) as a carrier recombination inhibitor. As shown in their report, the cell
efficiency remained 60% of the initial value after 30 days at room temperature (R. T.) with‐
out any sealing and protection from ambient condition. Lee et al. [54] have fabricated all-sol‐
id-state DSSCs with a hybrid SWCNT-binary charge transfer intermediate (CTI), consisting
of single wall carbon nanotubes (SWCNT), 1-ethyl-3-methylimidazolium iodide (EMII) and
1-methyl-3-propyl imidazolium iodide (PMII), without the addition of I2 and tBP. A solid or‐
ganic ionic crystal, EMII, was employed as CTI to fabricate all-solid-state DSSCs. In addi‐
tion, SWCNTs were incorporated into the CTI as the extended electron transfer materials
(EETM), which can reduce charge diffusion length and serve simultaneously as catalyst for
the electrochemical reduction of I3

-. An all-solid-state DSSC with this hybrid SWCNT-EMII
achieved the higher cell efficiency (1.88%), as compared to that containing bare EMII
(0.41%). To further improve the cell efficiency, they utilized PMII, which acts simultaneous‐
ly as a co-charge transfer intermediate and crystal growth inhibitor. The highest cell efficien‐
cy (3.49%) was obtained using a hybrid SWCNT-binary CTI. In their studies, the durability
of the solid-state DSSCs were studied at R. T. and was found to be far superior to that of a
cell with an organic solvent electrolyte. In their further study, Lee et al. [55] also developed a
solid-state composite electrolyte, comprising two ionic liquids and a carbon material, to fab‐
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ricate a solid-state DSSC; the ILs were EMII and 1-ethyl-3-methylimidazolium tetrafluoro-
borate (EMIBF4), and the carbon materials were carbon black (CB), multi-wall carbon
nanotubes (MWCNT), and single-wall carbon nanotubes (SWCNT). A cell efficiency of
0.41% was achieved by using the bare EMII as the CTI; an efficiency of 2.52% was achieved
for a solid-state DSSC by the incorporation of carbon black (CB) in the EMII. To further im‐
prove the cell efficiency, they utilized EMIBF4, a crystal growth inhibitor, as an additive to
the electrolyte. A cell efficiency of 3.09% was obtained using an electrolyte conaining the CB
and the binary CTI (EMII plus EMIBF4). When the CB was replaced with MWCNT and
SWCNT, the cell efficiency could be improved to 3.53% and 4.01%, respectively. Long-term
durability of the DSSC with SWCNT-binary CTI was found to be far superior to that of the
cell with an organic solvent electrolyte, and in fact the durability was uninterrupted for at
least 1,000 h. Armel et al. [56] have develpoed the organic ionic plastic crystals as a new class
of solid-state electrolyte for DSSCs. The DSSC with their solid-state electrolyte, containing
N,N-dimethylpyrrolidinium dicyanamide (C1mpyrN(CN)2), EMII, lithium iodide (LiI), I2

and N-methylbenzimidazole (NMB), achieved a good cell efficiency of 5.10% under the illu‐
mination of 1 sun (AM 1.5G). Among the system A, Chen et al. [57] have developed a most
efficient solid-state electrolyte employing an ionic liquid (1, 2-dimethyl-3-propylimidazoli‐
um iodide, DMPII) as CTI for DSSCs. Simultaneously, potassium iodide (KI) and polyethy‐
lene oxide (PEO, MW = 100,000) were incorporated into the CTI as the charge transfer
auxiliary agent and the crystal growth inhibitor, respectively. Where, the strong interactions
between the potassium cations and PEO can prevent the crystallization of the CTI and then
enhance its ionic conductivity. As shown in Figure 1, an optimal cell efficiency of 5.87% can
be obtained for the DSSC fabricated with the solid-state electrolyte of DMPII/KI/PEO. The
corresponding photovoltaic parameters of the DSSCs with their solid-state electrolyte con‐
taining different KI contents are listed in Table 1. Recently, Li et al. [58] also reported the de‐
velopment of organic ionic plastic crystals, instead of molecular plastic crystals (such as
succinonitrile), as the electrolytes for solid-state DSSCs. Compared with molecular plastic
crystals, the advantages of ionic plastic crystal materials are their higher conductivity and
very low volatility [59]. In their work, 1-ethyl-1-methylpyrrolidinium bis(tri-fluoromethane
sulfonyl)imide (P12TFSI), a well-known example of an organic ionic plastic crystal [40,
60-62], which shows a broad solid–solid transformation at 14 oC (entropy of transition 3.1 J
K-1 mol-1) and a melting point at 86 oC, was applied as the electrolyte for solid-state DSSCs.
A room-temperature (R.T.) IL, PMII, was used as the iodide source for the electrolyte. The
DSSCs with P12TFSI/PMII electrolyte yielded a cell efficiency of 3.92% under the illumination
of 100 mW cm-2 (AM 1.5G). Further addition of LiI and N-butylbenzimidazole (NBB) to the
P12TFSI/PMII electrolyte improved the cell efficiency to 4.78%. Their DSSCs, using P12TFSI/
PMII/LiI/NBB electrolyte, displayed better long-term stability compared to conventional liq‐
uid electrolytes, and remained 90% of the initial value after 50 days under ambient condi‐
tions without further sealing. Cao-Cen et al. [63] have synthesized the organic ionic crystal
(N-4-(4-cyanobiphenyl-40-oxy)-butyl-3-butylimidazolium bromide, C4BImBr) carrying 4-cy‐
ano-4’-hydroxybiphenyl and imidazolium units and applied them as the electrolytes for
DSSCs. It has been demonstrated that biphenyl and 4-cyanobiphenyl are important core
units for mesogenic molecules [64-67]. Cyanobiphenyl-functionalized compounds can act as
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for a solid-state DSSC by the incorporation of carbon black (CB) in the EMII. To further im‐
prove the cell efficiency, they utilized EMIBF4, a crystal growth inhibitor, as an additive to
the electrolyte. A cell efficiency of 3.09% was obtained using an electrolyte conaining the CB
and the binary CTI (EMII plus EMIBF4). When the CB was replaced with MWCNT and
SWCNT, the cell efficiency could be improved to 3.53% and 4.01%, respectively. Long-term
durability of the DSSC with SWCNT-binary CTI was found to be far superior to that of the
cell with an organic solvent electrolyte, and in fact the durability was uninterrupted for at
least 1,000 h. Armel et al. [56] have develpoed the organic ionic plastic crystals as a new class
of solid-state electrolyte for DSSCs. The DSSC with their solid-state electrolyte, containing
N,N-dimethylpyrrolidinium dicyanamide (C1mpyrN(CN)2), EMII, lithium iodide (LiI), I2

and N-methylbenzimidazole (NMB), achieved a good cell efficiency of 5.10% under the illu‐
mination of 1 sun (AM 1.5G). Among the system A, Chen et al. [57] have developed a most
efficient solid-state electrolyte employing an ionic liquid (1, 2-dimethyl-3-propylimidazoli‐
um iodide, DMPII) as CTI for DSSCs. Simultaneously, potassium iodide (KI) and polyethy‐
lene oxide (PEO, MW = 100,000) were incorporated into the CTI as the charge transfer
auxiliary agent and the crystal growth inhibitor, respectively. Where, the strong interactions
between the potassium cations and PEO can prevent the crystallization of the CTI and then
enhance its ionic conductivity. As shown in Figure 1, an optimal cell efficiency of 5.87% can
be obtained for the DSSC fabricated with the solid-state electrolyte of DMPII/KI/PEO. The
corresponding photovoltaic parameters of the DSSCs with their solid-state electrolyte con‐
taining different KI contents are listed in Table 1. Recently, Li et al. [58] also reported the de‐
velopment of organic ionic plastic crystals, instead of molecular plastic crystals (such as
succinonitrile), as the electrolytes for solid-state DSSCs. Compared with molecular plastic
crystals, the advantages of ionic plastic crystal materials are their higher conductivity and
very low volatility [59]. In their work, 1-ethyl-1-methylpyrrolidinium bis(tri-fluoromethane
sulfonyl)imide (P12TFSI), a well-known example of an organic ionic plastic crystal [40,
60-62], which shows a broad solid–solid transformation at 14 oC (entropy of transition 3.1 J
K-1 mol-1) and a melting point at 86 oC, was applied as the electrolyte for solid-state DSSCs.
A room-temperature (R.T.) IL, PMII, was used as the iodide source for the electrolyte. The
DSSCs with P12TFSI/PMII electrolyte yielded a cell efficiency of 3.92% under the illumination
of 100 mW cm-2 (AM 1.5G). Further addition of LiI and N-butylbenzimidazole (NBB) to the
P12TFSI/PMII electrolyte improved the cell efficiency to 4.78%. Their DSSCs, using P12TFSI/
PMII/LiI/NBB electrolyte, displayed better long-term stability compared to conventional liq‐
uid electrolytes, and remained 90% of the initial value after 50 days under ambient condi‐
tions without further sealing. Cao-Cen et al. [63] have synthesized the organic ionic crystal
(N-4-(4-cyanobiphenyl-40-oxy)-butyl-3-butylimidazolium bromide, C4BImBr) carrying 4-cy‐
ano-4’-hydroxybiphenyl and imidazolium units and applied them as the electrolytes for
DSSCs. It has been demonstrated that biphenyl and 4-cyanobiphenyl are important core
units for mesogenic molecules [64-67]. Cyanobiphenyl-functionalized compounds can act as
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a kind of low light-transmitting and high light-scattering material and obtained a high light-
harvesting efficiency when they were employed as an electrolyte placed at the back of the
working electrode of DSSC. The fabricated all-solid-state DSSCs with EMII/I2/C4BImBr elec‐
trolyte achieved a good cell efficiency of 4.45% under the illumination of 100 mW cm-2 (AM
1.5G) because of the enhanced light harvesting capability of the electrolyte containing
C4BImBr. To further improved the cell efficiency, PMII, was added into the EMII/I2/C4BImBr
electrolyte as a crystal growth inhibitor. This fabricated DSSC with EMII/I2/C4BImBr/PMII
electrolyte showed an enhanced cell efficiency of 5.07% under the illumination of 100 mW
cm-2 (AM 1.5G), and it also possessed a good long-term stability (decay 5%) for 1,000 h dur‐
ing the accelerated aging test (1sun light soaking) at 25 oC.

Table 2 is a partial list of the all-solid-state DSSCs with ILs crystals-based electrolytes, which
were obtained from the literatures.

Figure 1. Photovoltaic characteristics of DSSCs assembled with the quasi solid-state electrolyte containing different KI
contents under 100 mW cm-2 and in the dark [57].

KI (wt%) JSC (mA cm-2) VOC (mV) FF η (%)

0 8.22 750 0.65 4.05

1 10.21 730 0.61 4.56

3 13.44 710 0.59 5.66

5 14.11 710 0.59 5.87

7 15.00 680 0.56 5.72

Table 1. Photovoltaic characteristics of DSSCs assembled with the quasi solid-state electrolytes containing different KI
contents under 100 mW cm-2.
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References ILs crystals Structures Electrolytes Dye

JSC

(mA

cm-2)

VOC (mV) FF η (%) Durability

Yamanaka et

al., (2005)
C12MImI C12MImI; I2 N. A. ~7.00 ~520 ~0.63 ~2.30 N. A.

Zhao et al.,

(2008)
MH-II

MH-II;

MP-BF4;

Li[(CF3SO2)2N]

; tBP

N3 7.01 646 0.69 3.10

30 days

at-rest at 25 oC,

decay 40%

Lee et al.,

(2010)

EMII

EMII; PMII;

SWCNTs

N719

8.07 716 0.61 3.49

1,000 h

at-rest at 25 oC,

no decay

Lee et al.,

(2011)

EMII; EMIBF4;

SWCNTs
9.74 620 0.66 4.01

1,000 h

at-rest at 25 oC,

no decay

Armel et al.,

(2011)

C1mpyrN(CN)2

C1mpyrNCN)2;

EMII; LiI; I2;

NMB

N719 8.60 775 0.77 5.10 N. A.

EMII

Chen et al.,

(2011)
DMPII DMPII; KI; PEO N719 14.11 710 0.59 5.87 N. A.

Li et al.,

(2012)
P12TFSI

P12TFSI; PMII;

LiI; NBB
Z907 12.45 588 0.65 4.78

50 days

at-rest at 25 oC,

decay 10%

Cao-Cen et

al., (2012)
C4BImBr

EMII; I2;

C4BImBr; PMII
Z907 12.39 609 0.67 5.07

1,000 h

light soaking at

25 oC, decay 5%

Table 2. Partial literatures reported on the solid-state DSSCs with ILs crystals.
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2.2. ILs polymers (system B)

Wang et al. [68, 69] have synthesized the IL polymers, poly (1-alkyl-3-(acryloyloxy)hexylimi‐
dazolium iodide) (PAAII) and employed it as an iodine-free electrolyte for all-solid-state
DSSCs. PAAII is an ionic liquid polymer formed from the polymerization of monomers con‐
taining IL moieties [70, 71]. IL polymers contain both the IL structure and the polymer main
chain. They show good ionic conductivity without liquid components due to their specific
functions such as transport of target ions, specific polar environment and mechanical
strength [72]. They used poly (1-ethyl-3-(acryloyloxy)hexylimidazolium iodide) (PEAII) as
the electrolyte without the addition of iodine, a cell efficiency of 5.29% has been achieved in
solid-state DSSCs under illumination of 100 mW cm-2 (AM 1.5G). PEAII also exhibited high
thermal stability, and the DSSC assembled with PEAII electrolyte maintained about 85% of
their initial efficiency after 1,000 h without sealing. An acidic ionic liquid polymer P [((3-(4-
vinylpyridine) propanesulfonic acid) iodide)-co-(acrylonitrile)], which is named as P-HI for
short, has been synthesized and employed in ILs electrolyte for DSSCs by Fang et al. [73].
The polymer P-HI contains sulfonic acid group, which has electrostatic forces with ILs to
form the homogeneous and continuous framework for enhancing transportationof redox
couples in the electrolyte. The DSSC with the novel ILs electrolyte, containing P-HI, NMB,
guanidinium thiocyanate (GuNCS), 1-hexyl-3-methylimidazolium iodide (HMII) and 1-all‐
yl-3-methylimidazoliumiodide (AMII), achieved the highest cell efficiency of 6.95% under
AM 1.5G illumination at 100mW cm−2 in the system B. They also investigated the effects of
the concentration of iodine on the performance of DSSCs with their electrolyte system. As
shown in Figure 2, they found that the addition of iodine mainly reduces the open-circuit
voltage (VOC) and slightly decreases the short-circuit current density (JSC) of their cells due to
the increase in dark current and the serious visible light by I3

-, respectively. Therefore, they
demonstrated that their system works best without the addition of iodine. Chi et al. [74]
have synthesized a polymerized ionic liquid of poly((1-(4-ethenylphenyl)methyl)-3-butyl-
imidazolium iodide) (PEBII) and employed it as a solid electrolyte for I2-free solid-state
DSSCs. In their study, the photoanode/electrolyte interfaces were significantly improved us‐
ing a graft copolymer-directed and organized mesoporous TiO2 thin film. The cell efficiency
of the DSSC with PEBII has reached 5.93% at 100 mW cm-2. In their further study [75], they
utilized a novel TiO2 photoanode with double layer structures containing mesoporous TiO2

beads and PEBII electrolyte for constructing an solid-state DSSC; the cell efficiency was then
enhanced up to 6.70%. Bis-imidazolium based poly(ionic liquid), poly(1-butyl-3-(1-vinylimi‐
dazolium-3-hexyl)-imidazolium bis(trifluoromethanesulfonyl)imide) (Poly[BVIm] [HIm]
[TFSI]), was synthesized by Chen et al. [76], and it was dissolved in the ILs electrolyte (EMII/
PMII/1-ethyl-3-methylimidazolium thiocyanate (EMISCN)/I2/GuSCN/N-butylbenzimidazole
(NBB)) to form solid-state electrolytes for DSSCs, without using any volatile organic solvent.
They found that the bis-imidazolium based Poly[BVIm][HIm][TFSI] electrolyte possessed
good thermal stability and conductivity due to the charge transport networks formed in the
electrolyte via the π-π stacked imidazolium rings. The DSSCs based on Poly[BVIm][HIm]
[TFSI] electrolyte yielded the cell efficiency of 5.92% under the simulated AM 1.5G solar
spectrum illumination at 100 mW cm-2. The Poly[BVIm][HIm][TFSI] based DSSC also
showed a good long-term stability during accelerated aging test under 1 sun light-soaking at
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60 oC, and it retains about 96% of the initial efficiency even after about 1,200 h test. In the
recent report from Chang et al. [77], multi-walled carbon nanotubes (MWCNT) coated with a
thin layer of 1-(2-acryloyloxy-ethyl)-3-methyl-benzoimidazol-1-ium iodide (AMBImI) were
successfully fabricated by physical adsorption. They were then incorporated into poly(1-(2-
acryloyloxy-ethyl)-3-methyl-imidazol-1-ium iodide (poly(AMImI))-based electrolytes to fab‐
ricate an all-solid state DSSC. The DSSC with the solid-state electrolyte,containing, achieved
a cell efficiency of 3.55% at 100 mW cm-2.

Table 3 is a partial list of the all-solid-state DSSCs with ILs polymers-based electrolytes,
which were obtained from the literatures.

Figure 2. Photovoltaic characteristics of DSSCs using PH-I based electrolyte containing different contents of iodine
measured under 100 mW cm-2 and in the dark [73].

Ionic Liquids - New Aspects for the Future266



60 oC, and it retains about 96% of the initial efficiency even after about 1,200 h test. In the
recent report from Chang et al. [77], multi-walled carbon nanotubes (MWCNT) coated with a
thin layer of 1-(2-acryloyloxy-ethyl)-3-methyl-benzoimidazol-1-ium iodide (AMBImI) were
successfully fabricated by physical adsorption. They were then incorporated into poly(1-(2-
acryloyloxy-ethyl)-3-methyl-imidazol-1-ium iodide (poly(AMImI))-based electrolytes to fab‐
ricate an all-solid state DSSC. The DSSC with the solid-state electrolyte,containing, achieved
a cell efficiency of 3.55% at 100 mW cm-2.

Table 3 is a partial list of the all-solid-state DSSCs with ILs polymers-based electrolytes,
which were obtained from the literatures.

Figure 2. Photovoltaic characteristics of DSSCs using PH-I based electrolyte containing different contents of iodine
measured under 100 mW cm-2 and in the dark [73].

Ionic Liquids - New Aspects for the Future266

References ILs crystals Structures Electrolytes Dye

JSC

(mA

cm-2)

VOC (mV) FF η (%) Durability

Wang et al.

(2011&2012)
PEAII PEAII N3 9.75 838 0.65 5.29

1,000 h at-rest

at 25 oC, decay

15%

Fang et al.,

(2011)
P-HI

P-HI; HMII;

AMII; NMB;

GuNCS

N3 15.10 643 0.72 6.95 N. A.

Roh et al.,

(2012)
PEBII PEBII N719 16.60 760 0.53 6.70 N. A.

Chen et al.,

(2012)

Poly[BVIm]

[HIm][TFSI]

Poly[BVIm]

[HIm][TFSI];

EMII; PMII;

EMISCN); I2;

GuSCN; NBB

N719 12.92 676 0.68 5.92

1,200 h

light soaking at

60 oC, decay 4%

Chang et al.,

(2012)
Poly(AMImI)

Poly(AMImI);

NMB; GuSCN;

I2; MWCNT-

poly(AMImI)

N3 8.51 646 0.64 3.55 N. A.

Table 3. Partial literatures reported on the solid-state DSSCs with ILs polymers.

2.3. ILs conductors (system C)

Recently, Midya et al. [78] have designed and synthesized a new class of solid-state ionic
conductors (Table 4) based on a carbazole-imidazolium ionic salt as electrolytes for solid-
state DSSCs. Carbazole is chosen as the hole conductor because polyvinyl carbazole has
already  been  employed  successfully  in  a  solid-state  DSSC  as  a  hole  conductor  [79].  In
their report [78], the solid-state IL conductors with SCN- anions (SD1) or I-  anions (SD2)
were synthesized and applied in an all-solid-state  DSSC. The solid-state  electrolyte con‐
taining SD2 and I2 can provide dual channels for hole/triiodide transportation (Figure 3).
In  their  systm  (system  C),  the  DSSC  with  a  solid-state  electrolyte,  containing  SD2,  I2,
Li[(CF3SO2)2N], tBP and 1-ethyl-3-methyl-imidazolium tetracyanoborate (EMIB(CN)4), ach‐
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ieved the highest cell efficiency of 2.85% under one sun irradiation, and the efficiency of
the DSSC with SD1 is 1.43%.

References ILs crystals Structures Electrolytes Dye

JSC

(mA

cm-2)

VOC (mV) FF η (%) Durability

Midya et al.,

(2010)
SD2

SD2; I2;

Li[(CF3SO2)2N];

tBP; EMIB(CN)4

N719 6.23 718 0.64 2.85 N. A.

Table 4. Partial literature reported on the solid-state DSSCs with ILs conductors.

Figure 3. Schematic illustration of the mechanisms of (a) hole hopping and (b) iodine radical transport through CBZ-
IMDZ-I solid-state ionic conductors [78].

3. Summary and future prospects

ILs are organic salts, composed mostly of organic ions that may undergo almost unlimited
structural variations. Recently, the ILs act as useful electrolyte materials in DSSCs due to
their negligible vapor pressure, high thermal stability, high ionic conductivity, and wide
electrochemical window properties. This chapter mainly deals with the topic of novel ILs
based electrolytes for solid-state DSSCs. The novel ILs based electrolytes include the IL-crys‐
tals (system A), IL-polymers (system B) and IL-conductors (system C).

Among system A, Chen et al. [57] have developed a novel solid-state electrolyte employing
an ionic liquid crystal (DMPII) as CTI for DSSCs. An optimal cell efficiency of 5.87% can be
obtained for the DSSC fabricated with the solid-state electrolyte of DMPII/KI/PEO. In system
B, an acidic IL polymer, P-HI, has been synthesized and employed in ILs electrolyte for
DSSCs by Fang et al. [73]. The DSSC with the novel ILs electrolyte, containing P-HI, NMB,
GuNCS, HMII and AMII, achieved a cell efficiency of 6.95%. In the last system, Midya et al.
[78] have designed and synthesized a new class of solid-state ionic conductor (SD2) based
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an ionic liquid crystal (DMPII) as CTI for DSSCs. An optimal cell efficiency of 5.87% can be
obtained for the DSSC fabricated with the solid-state electrolyte of DMPII/KI/PEO. In system
B, an acidic IL polymer, P-HI, has been synthesized and employed in ILs electrolyte for
DSSCs by Fang et al. [73]. The DSSC with the novel ILs electrolyte, containing P-HI, NMB,
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[78] have designed and synthesized a new class of solid-state ionic conductor (SD2) based
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on a carbazole-imidazolium ionic salt as electrolytes for solid-state DSSCs. The DSSC with a
solid-state electrolyte, containing SD2, I2, Li[(CF3SO2)2N], tBP and EMIB(CN)4, achieved a
cell efficiency of 2.85%. A literature survey on the solid-state DSSCs with IL-crystals, IL-pol‐
ymers, and IL-conductors based electrolytes have shown that these systems possessed supe‐
rior long-term durability over the traditional organic solvent based electrolytes.

Recently, the stable organic radical, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), was
demonstrated to be a promising redox system for DSSCs [80, 81], offering an alternative to
the widely used iodide/triiodide couple. In the future, we can synthesize a novel IL with
TEMPO-imidazole complex [82-84] for an iodine (I2)-free mediator system, and make appli‐
cation on solid-state DSSCs. This kind of TEMPO-imidazole complex containing TEMPO-re‐
dox radical and iodide-redox anion could potentially provide dual channels for charge
transportation within the DSSCs.
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Chapter 11

Recent Advances in the Science and Technology of
Desulfurization of Diesel Fuel Using Ionic Liquids

Elaheh Kowsari

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51651

1. Introduction

Sulfur-containing compounds in transportation fuels are converted by combustion to SOx,
which is a major source of acid rain and air pollution [1]. For environmental protection pur‐
poses, many countries have mandated a reduction in fuels sulfur level down to 10 ppm by
2009 [2,3], and with more and more stringent regulatory constraints, it is a trend to achieve
little-to-no sulfur fuels in the next several years.

In the petroleum industry, low-sulfur fuels are often obtained from hydrocracking proc‐
esses or hydrotreating processes [4].  Although hydrotreating processes have been highly
effective for the reduction of sulfur levels, further improvement of the hydrodesulfuriza‐
tion  efficiency  is  limited  to  increasingly  severe  operational  conditions  at  escalated  cost.
Moreover, when the deep hydrodesulfurization of motor fuels is needed, not only the en‐
ergy and hydrogen consumption will be evidently increased, but undesired side reactions
(such as the saturation of more olefins) also will be induced. Such side reactions result in
a decrease in the octane number of the gasoline.

Ionic liquids, a new class of green solvents, have recently been undergoing intensive re‐
search on the removal of thiophenic sulfur species (e.g., dibenzothiophene) from fuels be‐
cause of the limitation of the traditional hydrodesulfurization method in removing these
species. Ionic liquids have the ability of extracting aromatic sulfur-containing compounds at
ambient conditions without H2 consumption. In addition Ionic liquids are immiscible with
fuel, and the used Ionic liquids can be regenerated and recycled by solvent washing or dis‐
tillation [5-9]. The desulfurization using ionic liquids has received growing attention [10-26].

In 2003, Lo et al. first reported chemical oxidation in conjunction with Ionic liquid extraction
for oxidative desulfurization. Using the IL [BMIm]PF6 as extractant, acetic acid as catalyst,
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and H2O2 as oxidant, the sulfur removal of DBT in model oil was increased significantly to
85%. The oxidation of organosulfur compounds to their corresponding sulfones catalyzed
by polyoxometallic acids and their salts in Ionic liquids was also reported [27, 28]. Further‐
more, it is well-known that homogeneous catalysts are difficult to separate from their reac‐
tion products limiting their recyclability. Currently, more efficient ODS systems solely
containing H2O2 as oxidant, acidic ionic liquid, [HMIm]BF4 or [Hnmp]BF4 as extractant and
catalyst have been reported by Lu et al. [29] and Zhao et al.[30] respectively.

Different  types  of  ionic  liquids,  Imidazolium,  pyridinium,  and  ammonium  based  Ionic
liquids with different anion were demonstrated to be potentially applicable for sulfur re‐
moval from transportation fuels. Holbrey et al. [31] investigated the DBT extraction pow‐
er  from  dodecan.  This  study  ranks  ionic  liquids  desulfurization  ability  by  cation
following  the  sequence  methyl  pyridinium ≥  pyridinium≈ imidazolium ≈  pyrrolidinium
with much less  significant  variation with anion type.  Recently,  several  pyridinium ionic
liquids  have  been  investigated  for  desulfurization-oriented  purposes  [32,  33].  In  this
chapter,  the  removal  of  sulfur  compounds (S-compounds)  from diesel  fuels  with differ‐
ent Ionic liquids are systematically reviewed.

2. Current Desulfurization Technologies

2.1. General Overview

Diesel fuel is a multi-purpose petroleum fuel used in trucks, trains, boats, buses, planes,
heavy machinery and off-road vehicles. It also remains one of the largest sources of fine par‐
ticle air pollution, which has serious health impacts. Besides fine particles or soot, Diesel-
fueled engines also emit nitrogen oxides that can form ground level ozone.

Beginning in 2001, the U.S. Environmental Protection Agency (EPA) passed rules requiring
use of ultra-low sulfur diesel (ULSD) fuel in diesel engines like trucks and buses, construc‐
tion equipment, and more recently, stationary sources. Ultra-low sulfur diesel (ULSD) has
only 15 parts per million (ppm) of sulfur. Low sulfur fuel has 500 ppm sulfur and uncontrol‐
led sulfur diesel may have levels much higher [34-37].

The use of ULSD fuel in conjunction with re-designed advanced emission-control devices
lowers the levels of released hydrocarbons, sulfur and nitrogen compounds, along with
harmful particulate matter, to almost zero. Nitrogen oxides chemically react to form a low‐
er-atmosphere ozone layer and contribute to acid rain. Burning ULSD fuel greatly cuts the
amount of sulfur dioxide, a major contributor to acid rain. The oxides rise high into the at‐
mosphere, lowering the pH of rain drops.

2.2. Description of Hydrodesulfurization (HDS) Process

Hydrodesulfurization  (HDS)  also  know  as  a  hydrotreating  process,  is  one  of  the  most
common  desulfurization  methods  that  have  been  used  in  refinery  processes,  since  the
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1950s. HDS is a catalytic chemical process widely used to remove sulfur (S) from natural
gas  and from refined petroleum products  such as  gasoline  or  petrol,  jet  fuel,  kerosene,
diesel fuel, and fuel oils. The purpose of removing the sulfur is to reduce the sulfur diox‐
ide (SO2) emissions that result from using those fuels in automotive vehicles, aircraft, rail‐
road  locomotives,  ships,  gas  or  oil  burning  power  plants,  residential  and  industrial
furnaces, and other forms of fuel combustion.

The industrial hydrodesulfurization processes include facilities for the capture and removal
of the resulting hydrogen sulfide (H2S) gas. In petroleum refineries, the hydrogen sulfide
gas is then subsequently converted into byproduct elemental sulfur or sulfuric acid (H2SO4).
In fact, the vast majority of the 64,000,000 metric tons of sulfur produced worldwide in 2005
was byproduct sulfur from refineries and other hydrocarbon processing plants. Sulfur con‐
tents in crude oil may be categorized to the following groups [38]:

1- Free Elemental Sulfur

2- Mercaptans & Tiols (R-SH)

3- Hydrogen Sulfide

4- Sulfides

5- Disulfides (R-S-S-R')

6- Poly Sulfides (R-Sn-R')

7- Thiophenes and their derivatives such as BT and DBT

In a typical catalytic hydrodesulfurization unit, the feedstock is deaerated and mixed with
hydrogen, preheated in a fired heater (600°-800° F) and then charged under pressure (up to
1,000 psi) through a fixed-bed catalytic reactor

Although HDS, a high-pressure, high-temperature catalytic process that converts organic
sulfur to hydrogen sulfide gas, can remove various types of sulfur compounds, some types
of heterocyclic sulfur compounds existing in petroleum cannot be removed [39].

2.3. Biodesulfurization (BDS)

Biodesulfurization (BDS), based on the application of microorganisms that selectively re‐
move sulfur atoms from organosulfur compounds, appears as a viable technology to com‐
plement the traditional hydrodesulfurization of fuels.

Enzymes in the bacteria selectively oxidize the sulfur, then cleave carbon-sulfur bonds. BDS
will operate at ambient temperatures and atmospheric pressure and thus will require sub‐
stantially less energy than conventional HDS methods to achieve sulfur levels below those
required by current regulatory standards. BDS generates a fraction of the CO2 that is gener‐
ated in association with HDS, and it does not require hydrogen. Additionally, BDS can effec‐
tively remove some key sulfur-containing compounds that are among the most difficult for
HDS to treat. BDS can be used instead of, or complementary with, HDS [40-52].
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2.4. Oxidative Desulfurization (ODS)

Oxidative desulfurization is considered as the latest unconventional desulfurization process
which involves chemical oxidation of divalent organic sulfur compounds to the correspond‐
ing hexavalent sulfur, also known as sulfone[53-61].

2.5. Adsorptive Desulfurization (ADS)

In adsorptive desulfurization process, OSCs are adsorbed into a specified solid adsorbent so
as to produce none- or low-sulfur fuel. Depending onthe interaction between OSCs and the
adsorbent, adsorptive desulfurization can be classified into direct adsorption desulfuriza‐
tion and reactive adsorption desulfurization [62].

3. Desulfurization of diesel fuels by extraction with ionic liquids

3.1. Desulfurization of diesel fuels by extraction with N-alkyl-pyridinium-based ionic
liquids

3-Methylpyridinium-based ionic  liquids were demonstrated to  be effective for  the selec‐
tive removal of aromatic heterocyclic sulfur compounds from diesel at room temperature
by Gao and coworkers [32]. The results indicated that the extractive performance using 3-
methylpyridinium-based  ionic  liquids  followed  the  order  of  1-octyl-3-methylpyridinium
tetrafluoroborate  ([C8  3MPy][BF4])  >  1-hexyl-3-methylpyridinium  tetrafluoroborate  ([C6
3MPy][BF4])  >  1-butyl-3-methylpyridinium tetrafluoroborate  ([C4  3MPy][BF4]).  For  a  given
IL, the sulfur removal selectivity of sulfur compounds followed the order of dibenzothio‐
phene  (DBT)  >  benzothiophene  (BT)  >  thiophene  (TS)  >  4,6-dibenzothiophene  (4,6-
DMDBT)  under  the  same  conditions,  except  for  [C83MPy][BF4]  ionic  liquid,  which
followed the order of DBT > BT > 4,6-DMDBT > TS. The 3-methylpyridinium-based ionic
liquids are insoluble in diesel while diesel has a certain solubility in 3-methylpyridinium-
based ionic liquids, with the content varying from 6.1 wt %for [C4 3MPy][BF4] to 9.5 wt %
for [C8 3MPy][BF4]. The spent ionic liquid saturated sulfur compounds could be regenerat‐
ed  by  a  water  dilution  process.  Considering  these  results,  ionic  liquids  studied  in  this
work are more competitive and feasible for extractive desulfurization applications. More‐
over, the extractive desulfurization using 3-methylpyridinium-based ionic liquids could be
used at least as a complementary process to hydrodesulfurization (HDS).

The pyridinium-based ionic liquids are employed as phase-transfer catalysts (PTCs) for
phase-transfer catalytic oxidation of dibenzothiophene (DBT) dissolved in n-octane by D.
Zhao and coworkers [63]. The partition coefficients of DBT between ionic liquids and n-oc‐
tane are investigated. Then H2O2–formic acid is used as an oxidant and ionic liquids are
used as PTCs. The reaction turns to be heterogeneous and desulfurization rate of DBT in‐
creased apparently. When IL ([BPy]HSO4) is used as PTC, and the condition are: tempera‐
ture is 60 °C, time is 60 min, H2O2/sulfur molar ratio (O/S) is 4, the desulfurization rate
reaches the maximum (93.3%), and the desulfurization of the real gasoline is also investigat‐
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ed, 87.7% of sulfur contents are removed under optima reaction conditions. The PTC
[BPy]HSO4 can be recycled for five times without significant decrease in activity. The ability
of the ionic liquids to extract DBT from oil phase follows the order below: [BPy
HSO4>[BPy]H2PO4>[BPy]SCN>[BPy]BF4. The ionic liquid [BPy]HSO4 has the highest KN val‐
ue 1.42, followed by the ionic liquid [BPy]H2PO4,the KN value is 1.24. figure 1 is shown oxi‐
dization mechanism of DBT using ionic liquid as phase-transfer catalyst.

Figure 1. Oxidization mechanism of DBT using ionic liquid as phase-transfer scatalyst.

[Reproduced from Zhao D, Wang Y, Duan E, Zhang J. Oxidation Desulfurization of Fuel using Pyridinium-Based Ionic
Liquids as Phase-Transfer Catalysts. Fuel Proces Tech. 2010; 91(12):1803–1806, Copyright (2010), with permeation
from Elsevier]

Suitability of a pyridinium ionic liquid as a solvent in desulfurization has been analyzed
by Arce and coworkers [64]. (Liquid + liquid )equilibria for ternary systems composed by
1-hexyl-3,5-dimethyl pyridinium {bis[trifluoromethylsulfonyl] imide, thiophene, and three
hydrocarbons representative of fuel (n-heptane, 2,2,4 trimethylpentane, and toluene) have
been determined at T = 298.15 K and atmospheric pressure. High solubility of thiophene
in the ionic liquid and also of toluene have been found, being this solvent practically im‐
miscible  with  2,2,4  trimethylpentane  and  heptane.  The  chemical  structure  of  [hmmpy]
[NTf2] was shown in figure 2.

Six N-alkyl-pyridinium-based ILs, N-butyl-pyridinium nitrate ([BPy]NO3), N-ethyl-pyridini‐
um nitrate ([EPy]NO3), N-butyl-pyridinium tetrafluoroborate ([BPy]BF4), N-ethyl-pyridinium
tetrafluoroborate ([EPy]BF4), N-ethyl-pyridinium acetate ([EPy]Ac), and N-butyl-pyridinium
acetate ([BPy]Ac), were prepared and tested in the extraction desulfurization of gasoline ny
wang and coworkers [65]. It is found that [BPy]BF4 has the best effect on the selective removal
of sulfur-containing compounds from gasoline at room temperature among these ionic liq‐
uids. The extraction rate of [BPy]BF4 is 45.5%. The desulfurization effect of [EPy]BF4 is the low‐
est. The used ILs can be regenerated by rotary evaporation or re-extraction using tetrachloro-
methane.  Thermosolvatochromism  has  been  studied  in  three  series  of  ionic  liquids,
pyridinium-based  1-butylpyridinium,  1-hexylpyridinium,  and  1-octylpyridinium  with
bis(trifluoromethylsulfonyl) imide [NTf2] and tetrafluoroborate [BF4] anions, pyrrolidinium-
based ionic liquids 1-methyl-1-butylpyrrolidium, 1-methyl-1-hexylpyrrolidium, 1-methyl-1-
octylpyrrolidium  with  bis(trifluoromethylsulfonyl)  imide  anion  and  phosphonium-based
ionic liquids tetrabutylphosphonium with alanate and valinate anions by Khupse and cowork‐
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ers [66]. The effect of increase in alkyl chain length and temperature on normalized polarity ET
N, Kamlet-Taft parameters, hydrogen bond donor ability (R), hydrogen bond acceptor ability
(), and polarizability (π*) was investigated in the temperature range of 298-353 K.

Figure 2. Chemical structure of ionic liquid [hmmpy][NTf2]. No permitiobn.

[Reproduced from Arce A, Francisco M, Soto A, Evaluation of the Polysubstituted Pyridinium Ionic Liquid [hmmpy]
[Ntf2] as a Suitable Solvent for Desulfurization: Phase Equilibria.  J.  Chem. Thermodynamics 2010; 42(6):  712–718,
Copyright (2010), with permeation from Elsevier]

Interestingly, the polarity decreases with temperature in the case of pyridinium- and pyrro‐
lidinium-based ionic liquids, and it increases with temperature in the case of phosphonium-
based ionic liquids.

3.2. Desulfurization of of fuel Using Imidazolium-based ILs

N-butylimidazole-derived dialkylphosphate ionic liquids are demonstrated to be effective
for extractive removal of aromatic sulfur compounds (S-compounds) from fuel oils by Nie
and coworkers [67], and show strong preferential extraction for aromatic S-compound ver‐
sus toluene. Sulfur partition coefficients (KN) between ionic liquid and fuel oil at 298.15 K
are determined experimentally over a wide range of sulfur content. The results show that
the sulfur removal selectivity for a specific ionic liquid is dependent on the molecular struc‐
ture of the S-compounds and follows the order dibenzothiophene >benzothiophene>thio‐
phene >3-methylthiophene, and the efficiency of the ionic liquids for removal of aromatic S-
compounds is dependent on the size and structure of both cations and anions of the ionic
liquids. For the dialkylphosphate ionic liquids studied with the same anion, the longer the
alkyl substitute to the imidazolium ring is the higher the KN value for that ionic liquid, and
a similar trend is found for the ionic liquids with same cation. The chemical structures of
ionic liquids were shown in figure 3.
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Figure 3. Structures of N,N-dialkylimidazolium dialkylphosphate ionic liquids.

[Reproduced from Nie Y, Li C, Meng H, Wang Z. N,N-Dialkylimidazolium Dialkylphosphate Ionic Liquids: Their Extrac‐
tive Performance for Thiophene Series Compounds from Fuel Oils Versus the Length of Alkyl Group. Fuel Proces Tech.
2008; 8 9 (10): 978 –983, Copyright (2008), with permeation from Elsevier]

Two types of ionic liquids, 1-alkyl-3-methylimidazolium [AMIM] tetrafluoroborate and hex‐
afluorophosphate and trimethylamine hydrochloride (AlCl3-TMAC), were demonstrated to
be potentially applicable for sulfur removal from transportation fuels by Zhang and Cow‐
orkers [68]. EMIMBF4 (E ) ethyl), BMIMPF6 (B ) butyl), BMIMBF4, and heavier AMIMPF6

showed high selectivity, particularly toward aromatic sulfur and nitrogen compounds, for
extractive desulfurization and denitrogenation.

The used ionic liquids were readily regenerated either by distillation or by water displace‐
ment of absorbed molecules. The absorbed aromatic S-containing compounds were quanti‐
tatively recovered. Organic compounds with higher aromatic ð-electron density were
favorably absorbed. Alkyl substitution on the aromatic rings was found to significantly re‐
duce the absorption capacity, as a result of a steric effect. The cation and anion structure and
size in the ionic liquids are important parameters affecting the absorption capacity for aro‐
matic compounds. At low concentrations, the N- and S-containing compounds were extract‐
ed from fuels without mutual hindrance. AlCl3-TMAC ionic liquids were found to have
remarkably high absorption capacities for aromatics.

To develop an advanced desulfurization process that can be carried out under mild condi‐
tions without pressurized hydrogen or catalysis that has been evaluated for the extraction of
thiophenic sulfur from a model fuel using the ionic liquids, 1-alkyl-3-alkyl imidazolium al‐
kyl sulfate at room temperature was investigated by Mochizuki [69].

Recent Advances in the Science and Technology of Desulfurization of Diesel Fuel Using Ionic Liquids
http://dx.doi.org/10.5772/51651

283



Six types of halogen-free ionic liquids with different alkyl chain lengths were prepared. The ex‐
traction yield of dibenzothiophene was higher than that of diphenylsulfide and diphenyldi‐
sulfide. The extraction yield of dibenzothiophene increased linearly with an increase in the
length of alkyl chains and the mass ratio of the ionic liquid to the model fuel. The effect because
of the change in the type of solvent was not appreciable, and dibenzothiophene was efficiently
removed regardless of whether tetralin, benzene, or n-dodecane was used as the solvent.

The extractive and oxidative deep desulfurizations of model fuel oils using a low-viscosity ion‐
ic liquids, i.e.,1-ethyl-3-methylimidazolium dicyanamide ([C2mim][N(CN)2]), are investigated
by Yu and coworkers [70]. [C2mim][N(CN)2] is capable of effectively extracting thiophene (TS)
and dibenzothiophene (DBT) from oils. The sulfur content in the raffinate phases is only ∼10
ppm after a few extraction steps. A short extraction equilibrium time of <5 min is observed.

The extraction operation is insensitive to temperature, and it can be effectively performed at
or around room temperature. Unexpectedly, the oxidative removal of DBT by such a dicya‐
namide-based ionic liquid is not effective and is not as good as the corresponding extraction
operation. Such an undesirable oxidative desulfurization is understood at a molecular level
from ab initio calculations, and it may be ascribed to the strong intermolecular interaction
between CH3COOH or CH3COOOH and [C2mim][N(CN)2] phase. Therefore, such a dicya‐
namide-based ionic liquid is efficient for direct extractive desulfurization, while it is less effi‐
cient for oxidative desulfurization.

An extraction and catalytic oxidation desulfurization (ECODS) system composed of V2O5, 30
wt%H2O2 and 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4) as the basic ex‐
periment was used for the removal of DBT from the model oil at moderate temperature (30
°C) by Xu and coworkers [71]. In the reaction process, V2O5 was oxidized by H2O2 into per‐
oxovanadium compounds. Meanwhile, the sulfur-containing compounds, such as benzo‐
thiophene (BT), dibenzothiophene (DBT), and 4,6-dimethyldibenzothiophene (4,6-DMDBT),
were extracted into ionic liquid from the model oil and oxidized into their corresponding
sulfones by peroxovanadium compounds. The reactivity of sulfur-containing compounds in
the ECODS followed this order: DBT>BT>4,6-DMDBT. In the case of ECODS, the sulfur re‐
moval of DBT can reach 98.7%, which was superior to that of the simple extraction with IL
(16.5%) or the catalytic oxidation (2.8%). This ECODS system could be recycled seven times
without a significant decrease in activity. Supposed Mechanism of the Deep ECODS Using
V2O5 Catalyst in ionic liquid shows in figure 4.

In order to obtain the ultra low-sulfur diesel, deep desulfurization of diesel oil has become a vi‐
tal subject of environmental catalysis studies. Extraction and catalytic oxidation desulfuriza‐
tion (ECODS) system is one of the most promising desulfurization processes. A series of
Keggin-type POM-based ionic liquids hybrid materials [MIMPS]3PW12O40 2H2O (1-(3-sulfonic
group) propyl-3-methyl imidazolium phosphotungstate), [Bmim]3PW12O40 (1-butyl 3-methyl
imidazolium phosphotungstate), [Bmim]3PMo12O40 (1-butyl 3-methyl imidazolium phospho‐
molybdate) and [Bmim]4SiW12O40 (1-butyl-3-methyl imidazolium silicotungstate) have been
developed in this study, and the reaction has performed using the POM-ILs materials as cata‐
lysts, H2O2 as oxidant, and ionic liquid (IL) as solvent by Zhu and coworkers [72]. Through ex‐
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wt%H2O2 and 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4) as the basic ex‐
periment was used for the removal of DBT from the model oil at moderate temperature (30
°C) by Xu and coworkers [71]. In the reaction process, V2O5 was oxidized by H2O2 into per‐
oxovanadium compounds. Meanwhile, the sulfur-containing compounds, such as benzo‐
thiophene (BT), dibenzothiophene (DBT), and 4,6-dimethyldibenzothiophene (4,6-DMDBT),
were extracted into ionic liquid from the model oil and oxidized into their corresponding
sulfones by peroxovanadium compounds. The reactivity of sulfur-containing compounds in
the ECODS followed this order: DBT>BT>4,6-DMDBT. In the case of ECODS, the sulfur re‐
moval of DBT can reach 98.7%, which was superior to that of the simple extraction with IL
(16.5%) or the catalytic oxidation (2.8%). This ECODS system could be recycled seven times
without a significant decrease in activity. Supposed Mechanism of the Deep ECODS Using
V2O5 Catalyst in ionic liquid shows in figure 4.

In order to obtain the ultra low-sulfur diesel, deep desulfurization of diesel oil has become a vi‐
tal subject of environmental catalysis studies. Extraction and catalytic oxidation desulfuriza‐
tion (ECODS) system is one of the most promising desulfurization processes. A series of
Keggin-type POM-based ionic liquids hybrid materials [MIMPS]3PW12O40 2H2O (1-(3-sulfonic
group) propyl-3-methyl imidazolium phosphotungstate), [Bmim]3PW12O40 (1-butyl 3-methyl
imidazolium phosphotungstate), [Bmim]3PMo12O40 (1-butyl 3-methyl imidazolium phospho‐
molybdate) and [Bmim]4SiW12O40 (1-butyl-3-methyl imidazolium silicotungstate) have been
developed in this study, and the reaction has performed using the POM-ILs materials as cata‐
lysts, H2O2 as oxidant, and ionic liquid (IL) as solvent by Zhu and coworkers [72]. Through ex‐
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perimental evaluations, [MIMPS]3PW12O40 2H2O was found to be the best catalyst, with an S-
removal of 100% at 30 °C for 1 h. The main factors affecting the process including temperature,
catalyst dosage, and O/S (H2O2/DBT) molar ratio were investigated in detail. Under the opti‐
mal  conditions,  DBT  (dibenzothiophene)  and  4,6-DMDBT  (4,6-dimethyl-dibenzothio‐
phene)could  achieve  high  desulfurization  efficiency.  Moreover,  the  reaction  system also
exhibited high activity in actual diesel oil, which could be reduced from 1113 ppm to 198 ppm.
The reaction system could recycle 8-times with a slight decrease in activity.

Figure 4. Supposed Mechanism of the Deep ECODS Using V2O5 Catalyst in ionic liquid.

[Reproduced from Xu D, Zhu W, Li H, Zhang J, Zou F, Shi H, Yan Y. Oxidative Desulfurization of Fuels Catalyzed by V2O5

in Ionic Liquids at Room Temperature. Energy Fuels 2009; 23(12): 5929–5933, Copyright (2009), with permeation
from American Chemical Society]
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Ozone associated with hydrogen peroxide as an advanced oxidation process had been em‐
ployed to remove dibenzothiophene (DBT) in model oil in an ionic liquid system by Wang
and coworkers [73]. DBT was oxidized availably by ozone and hydroxyl radicals that were
generated by ozone and hydrogen peroxide. The oxidative productions of DBT were extract‐
ed to the IL phase because of their high polarity. The IL can be recycled 5 times without a
significant decrease in desulfurization activity.

Figure 5. Catalytic Oxidation and Extraction of Sulfur Content Present in Model Oil: (A) before Oxidation; (B) during
Oxidation; (C) after Oxidation; (D) with Extraction of Oxidative.

[Reproduced from Huang W, Zhu W, Li H,, Shi H, Zhu G, Liu H, Chen G. Heteropolyanion-Based Ionic Liquid for Deep
Desulfurization of Fuels in Ionic Liquids, Ind. Eng. Chem. Res. 2010, 49(19):8998–9003.Copyright (2010), with permea‐
tion from American Chemical ociety]

Peroxotungsten  and  peroxomolybdenum  complexes  such  as  [WO(O2)2.  Phen.  H2O]  and
[MoO(O2)2.Phen]  (Phen:  1,10-phenanthroline)  have  been  synthesized  and  characterized
and were immobilized in 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4), 1-n-
octyl-3-methylimidazolium  tetrafluoroborate  ([Omim]-BF4),  1-butyl-3-methyl-imidazolium
hexafluorophosphate  ([Bmim]PF6),  and  1-n-octyl-3-methylimidazolium  hexafluorophos‐
phate  ([Omim]PF6)  for  extraction  and catalytic  oxidation of  dibenzothiophene (DBT)  re‐
maining  in  n-octane  by  Zhu  and  coworkers  [27].  The  results  demonstrated  that  ionic
liquid was only used as an extractant for DBT-containing model oil  and the removal of
sulfur was only about 12.2-22.0%. After addition of 30 wt % H2O2 in IL, model oil  with
30.0-63.0%  sulfur  removal  was  given  via  chemical  oxidation.  While  H2O2  and  catalyst
were introduced together, the removal of sulfur increased sharply. In the case of the sys‐
tem containing H2O2,  WO(O2)2.  Phen.H2O and [Bmim]BF4,  extraction and catalytic oxida‐
tion  increased  the  sulfur  removal  to  98.6%.  However,  the  oxidative  desulfurization
systems containing WO(O2)2.Phen.H2O and H2O2 only led to 50.3% sulfur removal in the
absence of ionic liquid. This experiment demonstrated that a combination of catalytic oxi‐
dation and extraction in ionic liquid can deeply remove DBT from model oil. This result
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also indicated the remarkable advantage of this process over the desulfurization by mere
solvent extraction with ionic liquid or catalytic oxidation without ionic liquid.

A heteropolyanion-based ionic liquid, [(3-sulfonic acid) propylpyridine]3PW12O40 2H2O,
[PSPy]3PW12O40 2H2O, abbreviated [PSPy]3PW, was synthesized and approved as an effec‐
tive catalyst for desulfurization of fuels in [omim]PF6 by using aqueous H2O2 as oxidant by
Huang and coworkers [74]. The catalysis was fulfilled with advantages of high activity, sim‐
plified workup, and flexible recyclability. The catalytic oxidation reactivity of sulfur-contain‐
ing compounds was in the order dibenzothiophene (DBT) > 4,6-dimethyldibenzothiophene
(4,6-DMDBT) > benzothiophene (BT). The effects of the amount of [PSPy]3PW, H2O2, and re‐
action time and temperature were investigated in detail. Under the optimal conditions, the
removal of DBT achieved 99.4%. Especially, we found that the removal of 4,6-DMDBT could
be up to 98.8%, and the system could be recycled at least 9 times without significant decrease
in activity. The sulfur level of FCC gasoline could be reduced from 360 to 70 ppm in the ex‐
traction and catalytic oxidation system. Catalytic Oxidation and Extraction of Sulfur Content
Present in Model Oil shows in figure 5.

3.3. Desulfurization of fuel using quaternary ammonium -based ionic liquids

With the  aim of  deep desulfurization of  the  gasoline,  an  amphiphilic  catalyst,  which is
composed  of  lacunary  anion  [PW11O39]7‑  and  quaternary  ammonium  cation
[C18H37(CH3)3]N+, assembled in hydrophobic ionic liquid emulsions, can oxidize the sulfur
compounds present in oil into their corresponding sulfones under ambient reaction condi‐
tions by Ge and coworkers [75].

Figure 6. Catalytic Oxidation of DBT in Ionic Liquid Emulsion System.
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[Reproduced from Ge J, Zhou Y, Yang Y, Xue M. Catalytic Oxidative Desulfurization of Gasoline Using Ionic Liquid
Emulsion System. Ind. Eng. Chem. Res. 2011; 50(24): 13686–13692, Copyright (2011), with permeation from American
Chemical Society]

In this process, catalytic oxidation of sulfur-containing molecules in model oil was investi‐
gated  in  detail  under  different  reaction  conditions  (including  different  desulfurization
systems, H2O2/DBT molar ratio,  temperature,  and various sulfur compounds).  Moreover;
this  ionic  liquid  emulsion  systemcould  be  recycled  five  times  with  an  unnoticeable  de‐
crease in catalytic activity, and, fromthe kinetics study, it can be shown that the catalytic
oxidative  reaction  is  a  pseudofirst-order  reaction  and  the  half-life  is  30.4  min.  Further‐
more, the mechanism of catalytic oxidation desulfurization was elaborated, and the total
sulfur level of real gasoline can be decreased from 1236 to 65 ppm after catalytic oxida‐
tion using an ionic liquid emulsion system.

In this emulsion reaction system, the catalystmolecule acts as an emulsifying agent, could be
uniformly distributed in the interface of H2O2 ionic liquid, and forms a film around the dis‐
persed ionic liquid droplets (Scheme 1)

3.4. Extractive Desulfurization Using Fe-Containing Ionic Liquids

FeIII -containing ionic liquids, prepared from the reaction of anhydrous FeCl3 and imidazoli‐
um chloride ([imidazolium]Cl), were used as effective extractants for the desulfurization of
a model oil containing dibenzothiophene (DBT) by Ko and coworkers [76]. The amount of
DBT extracted increased with an increasing molar ratio of FeCl3/imidazolium]Cl. The ability
of the ionic liquids to extract DBT seems to be attributed to the combined effects of Lewis
acidity and fluidity of ionic liquids.

xEt3NHCl3 FeCl3 (x=1.4-1.8) ionic liquids were synthesized by mixing Et3NHCl and anhy‐
drous FeCl3 at 80 °C by Li and coworkers [77]. These were liquid at room temperature, with
low viscosities, and exhibited remarkable abilities in effective desulfurization of thiophene
in n-octane and fluid catalytic cracking (FCC) gasoline. Among them, 1.6Et3NHCl3 FeCl3

showed the highest sulfur removal. The anionic species FeCl4-existed in 1.6Et3NHCl3 FeCl3

ionic liquid, as detected by electrospray ionization-mass spectrometry (ESI-MS), and the ion‐
ic liquidwas stable in air andmoisture. Sulfur-free (<10mg/L) gasoline could be obtained af‐
ter extraction twice using an ionic liquid/oil volume ratio of 1. The ionic liquid could be
recycled 10 times by distillation with a slight decrease in activity.The influence of the
Et3NHCl/FeCl3 molar ratio on the sulfur removal of thiophene is shown in Table 1.

Sulfur

Removal (%)

ionic liquids Sulfur

Removal (%)

ionic liquids

41.2 [BMIm][OcSO4]b 80.2 1.4 Et3NHCl. Fe Cl3

40.0 [C8MIm]BF4 c 84.3 1.5 Et3NHCl. Fe Cl3

51.7 [C8MPy]BF4 d 87.6 1.6 Et3NHCl. Fe Cl3
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44.1 [OPy]BF4 e 86.5 1.7 Et3NHCl. Fe Cl3

85.2 1.8 Et3NHCl. Fe Cl3

Table 1. Sulfur Removal of Thiophene Using ILs.

aExtraction conditions:model oil, 10mL; IL, 10mL; the mixture was stirred at 20 °C for 10
min. b Results from Esser et al. cResults from Alonso et al.5 dResults from Liu et al.,in which
the extraction conditions were mass ratio oil/IL, 1:1; extraction time, 15 min; room tempera‐
ture.e Results from Liu et al.

[Reproduced from Li FT, Liu Y, Sun ZM, Chen LJ, Zhao DS, Liu RH, Kou CG, Deep Extrac‐
tive Desulfurization of Gasoline with xEt3NHCl3 FeCl3 Ionic Liquids. Energy Fuels, 2010;
24(8): 4285–4289, Copyright (2010), with permeation from American Chemical Society]

A series of polymer-supported metal chlorides imidazolium ionic liquid moieties, M/CMPS-
Im(Cl) (M =CuCl, ZnCl2 and FeCl3), were synthesized by grafted method using chlorome‐
thylated polystyrene (CMPS) resin as support by Wang and coworkers [78].

The results showed that the surface of CMPS resin was covered with a thin layer of extraction
activity components. Then, the synthesized CMPS-supported imidazolium-based ionic liq‐
uids were investigated to extract thiophene and its derivatives from model gasoline (n-octane/
thiophene) under certain conditions. For a given imidazolium-based ionic liquid: first, the or‐
der of extraction capacity of extractant was CuCl/CMPS-Im(Cl) > ZnCl2/CMPS-Im(Cl) > FeCl3/
CMPS-Im(Cl); the reason for this was that the π-complexation capability between Cu+ and thi‐
ophene was stronger than those of Fe3+and Zn2+. Second, the sulfur removal selectivity of sulfur
compound followed the order of TS < BT < DBT under the same conditions; it indicated that the
extraction was favored for those aromatic heterocyclic sulfur compounds with higher density
aromatic π-electrons density. Meanwhile, the effect of mass ratio of model gasoline to M/
CMPS-Im(Cl) ionic liquids, different initial sulfur concentrations, and extraction time on de‐
sulfurization rates of M/CMPS-Im (Cl) ionic liquids was performed, respectively.

3.5. Optimization of oxidative desulfurization of dibenzothiophene using acidic ionic
liquid

The oxidative desulfurization of dibenzothiophene (DBT) in n-octane as model oil with
Brönsted acidic ionic liquids N-methyl-pyrrolidonium phosphate ([Hnmp]H2PO4) as catalyt‐
ic solvent and H2O2 as oxidant was optimized by orthogonal experiments. 99.8% of DBT in
the model oil was removed under the optimal conditions of molar ratio of H2O2 to sulfur of
16:1, reaction temperature of 60°C, reaction time of 5 h, and volume ratio of model oil to ion‐
ic liquids of 1:1 by ZHAO and coworkers [79]. The desulfurization efficiency of actual diesel
was 64.3% under the optimized conditions. The influences of the desulfurization efficiency
of DBT decreased in the following order: oxidation temperature > oxidation time> molar ra‐
tio of H2O2/sulfur (O/S) > volume ratio of [Hnmp]H2PO4 to model oil (VIL/Vmodel oil), ac‐
cording to extreme analysis of orthogonal test. The ionic liquid [Hnmp]H2PO4 can be
recycled six times without a significant decrease in activity.
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An acidic ionic liquid N-butyl-N-methylimidazolium hydrogen sulfate ([BMIm]HSO4) was

applied as extractant and catalyst for the oxidative desulfurization of dibenzothiophenes

(DBT) in the presence of H2O2 in model oil by Zhang and coworkers [80]. Several parame‐

ters,  e.g.,  catalyst  amount,  hydrogen peroxide  quantity,  reaction  time,  and temperature,

were investigated in detail. The catalytic oxidative desulfurization rate can reach 100% for

DBT in model oil. The ionic liquid [BMIm]HSO4 can be recycled 5 times with only a slight

reduction in activity.

Ionic liquids, a new class of green solvents, have recently been undergoing intensive re‐

search on the removal of thiophenic sulfur species (e.g., dibenzothiophene) from fuels be‐

cause of the limitation of the traditional hydrodesulfurization method in removing these

species. In this work, deep oxidative desulfurization of diesel fuels by six functional acidic

ionic liquids are studied, in which ionic liquids are used as both extractant and catalyst, and

30 wt % H2O2 solution as oxidant by Yu and coworkers [81]. These ionic liquids include both

Lewis acidic species such as 1-butyl-3-methylimidazolium chloride/2ZnCl2 ([C4mim]Cl/

2ZnCl2 and [C4mim]Cl/ZnCl2) and Brønsted acidic species such as 1-methyl-3-ethylcarboxyl‐

ic acid imidazolium hydrogen sulfate ([CH2COOHmim]HSO4), 1-methyl-3-(butyl-4-

sulfinate) imidazolium hydrogen sulfate ([SO3HC4mim]HSO4), [Hmim]HSO4, and

[C4mim]HSO4 where different acidic groups such as H, COOH, and SO3H are appended to

the cations. Except for [CH2COOHmim]HSO4, both Brønsted and Lewis acidic ILs are capa‐

ble of effectively removing dibenzothiophene from model diesel fuels, where 100% sulfur

removal is obtained for [C4mim]Cl/2ZnCl2 and [SO3HC4mim]HSO4.Theeffects of tempera‐

ture, molar ratio of O/S, mass ratio of ionic liquid /oil, and ionic liquid regeneration on de‐

sulfurization are investigated systematically for [C4mim]Cl/2ZnCl2 and [SO3HC4mim]HSO4.

The desulfurization ability is not sensitive to themass ratio of IL/oil, which is desired for re‐

ducing ionic liquid dosage in industrial application; the ionic liquids can be recycled six

times with merely a negligible loss in activity. [C4mim]Cl/2ZnCl2 can reduce the sulfur con‐

tent in real commercial diesel fuel from64 to 7.9 ppmwith a sulfur removal of 87.7%; howev‐

er, it is not too effective for coke diesel fuel with high initial sulfur content of 5380 ppm.

This work tends to show that diesel fuels can be purified to sulfur-free or ultralow sulfur

fuels by further deep oxidative desulfurization by using ionic liquids after hydrodesulfuri‐

zation. Lewis and Brønsted acidic ionic liquids used in this work show in figure 7.
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Figure 7. Lewis and Brønsted acidic ionic liquids used in this work.

[Reproduced from Yu G, Zhao J, Song D, Asumana C, Zhang X, Chen X. Deep Oxidative Desulfurization of Diesel Fuels
by Acidic Ionic Liquids. Ind Eng Chem Res 2011; 50(20): 11690–11697, Copyright (2011), with permeation from Ameri‐
can Chemical Society]

4. Conclusion

In view of stringent environmental regulations, utilization of sulfur-containing fuel oils has

severe limitations regarding emission of sulfur dioxide. Technology for reduction of sulfur

in diesel fuel to 15 ppm is currently available and new technologies are under development

that could reduce the cost of desulfurization. Chemical oxidation in conjunction with ionic

liquid extraction can increase the removal of sulfur sharply. Ionic liquids have the ability of

extracting aromatic sulfur-containing compounds at ambient conditions without H2 con‐

sumption. The cations, anions structure, and size of ionic liquids are important parameters

affecting the extracting ability. In addition ionic liquids are immiscible with fuel, and the

used ionic liquids can be regenerated and recycled by solvent washing or distillation.
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Liquefaction of Wood by Ionic Liquid Treatment
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Additional information is available at the end of the chapter
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1. Introduction

Energy and environmental issues such as the exhaustion of fossil resources and global
warming are major concerns. There is increasing interest in biomass resources as alterna‐
tives to fossil resources owing to their renewable and environmentally friendly properties.
Among the various types of biomass, wood is a promising resource, because of its huge
stocks and because it is not an edible crop. However, effective conversion technologies are
required to use wood for the production of bioenergy or bio-based products. There have
been many studies on various conversion technologies, including acid hydrolysis [1-3], en‐
zymatic saccharification [4-5], hot-compressed water treatment [6], supercritical fluid treat‐
ment [7-9] and pyrolysis [10-12].

Recently,  treatment  of  wood  with  ionic  liquids  has  been  reported  as  one  of  the
most  promising  new  conversion  technologies  for  biomass.  Ionic  liquids  are  organic
salts  that  have  melting  points  close  to  ambient  temperature.  These  liquids  have
many  notable  characteristics,  such  as  negligible  vapor  pressure,  thermal  stability,  re‐
cyclability,  and  non-flammability.  Some  ionic  liquids  can  dissolve  cellulose  [13-22],
and  there  have  been  several  reports  on  applications  of  ionic  liquids  to  liquefy
wood  [23-30].

In  this  chapter,  recent  progress  on  the  liquefaction  of  wood  in  an  ionic  liquid,  1-
ethyl-3-methylimidazolium  chloride  ([C2mim][Cl]),  which  has  a  chemical  structure  as
shown  in  Figure  1,  is  presented.  [C2mim][Cl]  is  well  known  as  an  ionic  liquid
that  can  dissolve  cellulose.  The  difference  in  reactivity  of  lignin  and  polysacchar‐
ides,  such  as  cellulose  and  hemicellulose,  is  described.  Swelling  behavior  and  the
distortion  of  cell  walls  during  the  liquefaction  of  wood  by  [C2mim][Cl]  is  also  con‐
sidered.  Additionally,  the  liquefaction  of  cellulose  in  [C2mim][Cl]  with  sulfuric  acid
is  presented.

© 2013 Miyafuji; licensee InTech. This is an open access article 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.

© 2013 Miyafuji; licensee InTech. This is a paper 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.



ClNN +

Figure 1. Chemical structure of 1-ethyl-3-methylimidazolium chloride ([C2mim][Cl])

2. Liquefaction behavior of wood

2.1. Changes in chemical components

Reaction of Japanese beech (Fagus crenata) in [C2mim][Cl] was investigated. Figure 2 shows
the changes in residual weight of Japanese beech after [C2mim][Cl] treatment at various
temperatures. Although 85 % of the residue remains after 24 h treatment at 90 °C, little resi‐
due is recovered after 24 h treatment at 120 °C. These results indicate that a significant
amount of the components of wood can be liquefied in [C2mim][Cl] with higher tempera‐
tures and longer treatment times.
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Figure 2. Changes in residual weight of Japanese beech after [C2mim][Cl] treatment at various temperatures

Figure 3 shows the changes in the chemical composition of cellulose, hemicellulose and lig‐
nin in the residue of western red cedar (Thuja plicata) as softwood and Japanese beech as
hardwood treated with [C2mim][Cl] at 120 °C. The residue after 8 h treatment can be re‐
duced to 30 % of western red cedar and 35 % of Japanese beech. In both species, the reduc‐
tion of lignin was small. Therefore, the decrease of residue until 8 h was caused mainly by
the decrease in the cellulose and hemicellulose in wood. These results indicate that although
both lignin and polysaccharides such as cellulose and hemicelluloses can be liquefied, the
liquefaction of the latter occurs mainly at the beginning of the reaction with [C2mim][Cl].
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Japanese beech was found to be liquefied at a slightly faster rate than western red cedar up
to 8 h. However, a significant difference between them was observed at 24 h. While western
red cedar remains at a 17 % level, Japanese beech remains at only 5 %.

Figure 3. Changes in the chemical composition of cellulose, hemicellulose and lignin in the residue of (a) western red
cedar and (b) Japanese beech treated with [C2mim][Cl] at 120 °C

For more detailed analysis of the changes in chemical components, Figure 4 shows the
changes in the percentages of polysaccharide (cellulose and hemicellulose) and lignin fol‐
lowing treatment by [C2mim][Cl]. Each plot was calculated as a percentage of the original
amount of each component. The similar trend in the decrease of polysaccharide can be seen
in both species. However, lignin in Japanese beech was removed much faster than that in
western red cedar. After 24 h treatment, lignin decreases to 13% in the former and 52% in
the latter. These results indicate that the reactivity of lignin to [C2mim][Cl] is very different
between Japanese beech and western red cedar, and this is due to the difference in the chem‐
ical structure of between Japanese beech and western red cedar [27].

The solubilized compounds in [C2mim][Cl] during the liquefaction of wood were analyzed
by gel permeation chromatography (GPC). Figure 5 shows the GPC chromatograms ob‐
tained at various treatment times. Analyses were conducted using a refractive index detec‐
tor (RID), which can detect all solubilized compounds, and a photodiode array detector
(PDA), which can detect those solubilized compounds that exhibit UV absorption. Pullulan
was used as a standard for the molecular weight (MW) distribution. At 0 h in RID, both spe‐
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cies have broad peaks with a MW around a few hundred thousand. However, neither of the
two species have any peaks at 0 h in PDA. These results indicate that wood components
solubilized in [C2mim][Cl] are not lignin but cellulose and hemicellulose at the early stages
of reaction. They decrease to MW values of a few tens of thousands after 3 h in RID. After 8
h and 24 h, the peaks around 180 MW appear, indicating that the depolymerization of cellu‐
lose and hemicellulose occurred in [C2mim][Cl] as the treatment was extended. A peak ob‐
served at around 180 MW in RID is equivalent to that of a hexose such as glucose, mannose
and galactose, which are components of cellulose and hemicellulose. Moreover, the low mo‐
lecular compounds observed below 180 MW in the PDA chromatograms could possibly in‐
clude the lignin derived compounds. No significant differences in this depolymerization
behavior were found between western red cedar and Japanese beech.

Figure 4. Changes in the percentages of cellulose, hemicellulose and lignin as treated by [C2mim][Cl], based on the
original amounts present

In order to identify the low molecular compounds that were found by GPC analysis, gas
chromatography coupled with mass spectrometry (GC-MS) analysis was carried out as
shown in Figure 5. Products were identified by comparing the retention times and mass
fragmentation patterns of the samples to those of pure compounds. The chromatograms of
both species show few peaks at 0 h, 1 h and 3 h. However, various major monosugars such
as glucose, arabinose, xylose, mannose and galactose are confirmed to be produced after 8 h
and 24 h treatment. This is strong evidence that the polysaccharides are hydrolyzed to mon‐
osugars by the [C2mim][Cl] treatment.
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Figure 5. GPC chromatograms for the solubilized compounds in [C2mim][Cl] from (a) western red cedar and (b) Japa‐
nese beech

Figure 6. GC-MS chromatograms of the solubilized compounds in [C2mim][Cl] from (a) western red cedar and (b) Jap‐
anese beech
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2.2. Morphological changes in wood tissue

The liquefaction behavior of wood in [C2mim][Cl] was studied not only from the changes of
chemical components but also from morphological changes taking place in the wood tissues.
Figure 7 shows light microscopy images of sugi (Cryptomeria japonica) after treatment with
[C2mim][Cl] at 120 °C for 0 h and 24 h. In the transverse sections, we observed that cell walls in
latewood were well ordered at 0 h (Figure 7a) but disordered and distorted after 24 h of treat‐
ment (Figure 7b). In contrast, no significant morphological changes were seen in earlywood. Al‐
though the cell walls in earlywood swelled as a result of [C2mim][Cl] treatment, the cells retained
a similar form to that seen before treatment. At the boundary regions of latewood and early‐
wood in the radial sections, dissociation of tracheids was found after 24 h treatment (Figure 7d).

To analyze in detail the dissociations and distortions in latewood resulting from [C2mim]
[Cl] treatment, the swelling behavior of cell walls in latewood and earlywood in transverse
sections was studied.

Figure 7. Light microscopy images of transverse sections (a,b) and radial sections (c,d) after treatment with [C2mim]
[Cl] at 120°C for 24 h

The results are shown in Figure 8. In earlywood, the cell wall area increased slightly at an
early stage of [C2mim][Cl] treatment. After these initial changes in cell wall area, the cell
wall area remained stable and did not show further changes during the [C2mim][Cl] treat‐
ment. These results indicate that cell walls of tracheids in earlywood did not swell signifi‐
cantly. In latewood, on the other hand, there were marked increases in the cell wall area at
an early stage of [C2mim][Cl] treatment. At 48 h of treatment, the cell wall area had in‐
creased by five times. This swelling is likely to have caused the dissociation and distortions
in latewood. Once the tracheids have dissociated, their cell walls can swell freely because
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there are no longer the physical restraints of neighboring cell walls. These results indicate
differences in the morphological changes between earlywood and latewood (Figure 7)

Figure 9 shows scanning electron microscopy (SEM) images of transverse sections after
treatment by [C2mim][Cl] for 24 h. The dissociation and distortions of cell walls are found in
latewood after 24 h treatment (Figure 9b) as observed in the light micrograph images in Fig‐
ure 8. Magnified SEM image (Figure 9d) reveals the dissociation between the secondary cell
wall and the intercellular layer (indicated by arrows). [C2mim][Cl] is known to liquefy cellu‐
lose and hemicelluloses much more than lignin as shown in Figure 3. Thus, the reaction be‐
havior of secondary cell walls and the intercellular layer is thought to be different from each
other because the chemical components in those tissues are different. It is speculated that
such differences in reaction behavior cause differences in their swelling behavior, and disso‐
ciation between secondary cell walls and the intercellular layer occurs.

Figure 10 shows SEM images of radial sections after treatment by [C2mim][Cl] for 24 h.
The  dissociation  of  tracheids  with  flaking  and  distortion  in  latewood  is  found  (Figure
10b). The magnified image (Figure 10d) shows that the ray tracheids are segmented and
the  segments  can  be  clearly  observed on the  tracheids  (indicated by  arrows).  These  re‐
sults  indicate  that  swelling of  the tracheids in the radial  direction is  much greater  than
that in the axial direction.

Figure 11 shows SEM images of bordered pit-pair at earlywood in tangential sections. At 0 h
treatment (Figure 11a), a torus is found in bordered pit-pair as shown by the arrow. Howev‐
er, it disappears after 48 h treatment (Figure 11b) while bordered pit-pair can be observed
without any morphological changes. As shown in Figs. 7, 9 and 10, significant morphologi‐
cal changes were not found in tracheids in earlywood. Pit membrane is built up mainly by
accumulation of cellulose microfibrils [31]. In the previous section, it is mentioned that cellu‐
lose is easily liquefied compared with lignin. Thus, many pit membranes are thought to be
destroyed by [C2mim][Cl] treatment.
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Figure 8. Changes of cell wall area in earlywood and latewood during [C2mim][Cl] treatment at 120°C
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Consequently, these results indicate that [C2mim][Cl] is an effective solvent and reagent for
the liquefaction of wood components and subsequent depolymerization of them. However,
the reaction of wood liquefaction by [C2mim][Cl] treatment is not homogeneous, from ei‐
ther chemical or morphological viewpoints.

2.3. Influence of reaction atmosphere

The influence of moisture and reaction atmosphere on the liquefaction of wood (western red
cedar) was studied. The changes in the residue and the composition after treatment by
[C2mim][Cl] for 24 h under various atmospheres are shown in Figure 12. The samples treat‐
ed under humidified oxygen (O2+H2O) and oxygen (O2) drop to 4 % and 6 % respectively,
while those under carbon dioxide (CO2), nitrogen (N2) and vacuum remain above 35 %. The
samples treated under humidified pseudo-air (air+H2O) and pseudo-air (air), which contain
21 % oxygen and 79 % nitrogen respectively, drop to 18 % and 19 % respectively. These re‐
sults indicate that oxygen considerably accelerates the liquefaction of wood in [C2mim][Cl].
In addition, a few percentage points difference can also be observed between the samples
treated under gas and those with moisture. The presence of water slightly affects the lique‐
faction of wood in [C2mim][Cl].

Figure 9. SEM images of transverse sections treated with [C2mim][Cl] at 120°C for 24 h. (a,c) 0 h treatment, (b,d) 24 h
treatment.
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Figure 10. SEM images of radial sections after treatment with [C2mim][Cl] at 120 °C for 24 h. (a,c) 0 h treatment, (b,d)
24 h treatment.
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Figure 10. SEM images of radial sections after treatment with [C2mim][Cl] at 120 °C for 24 h. 21 
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Figure 11. SEM images of bordered pit-pair in earlywood in tangential sections after 32 
treatment by [C2mim][Cl] at 120 °C for 0 h (a) and 48 h (b) 33 
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Figure 11. SEM images of bordered pit-pair in earlywood in tangential sections after treatment by [C2mim][Cl] at 120
°C for 0 h (a) and 48 h (b)

For further investigation of low molecular compounds solubilized in [C2mim][Cl], high per‐
formance liquid chromatography analysis was carried out as shown in Figure 13. Both sam‐
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ples treated under Air+H2O and Air show peaks at around 10.5 min and 12.5 min in
retention time, which are cellobiose and glucose, respectively. The complex peaks observed
between 7.5 min and 9.5 min in retention time are thought to be oligomers. The samples
treated under inactive gases are degraded to oligomers and those treated under Air+H2O
and air are degraded to glucose by the [C2mim][Cl] treatment. Under O2+H2O and O2, there
are no clear peaks in the chromatograms. This is due to the fact that glucose is quickly de‐
graded to other lower molecular compounds such as 5-hydroxymethylfurfural because of
the high activity of O2.
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Figure 12. Changes in the residue and composition as treated by [C2mim][Cl] for 24 h under various atmospheres
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Figure 13. High performance liquid chromatograms of the solubilized compounds in [C2mim][Cl] obtained by 24 h
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In general, it is shown that active gases such as O2 and air considerably accelerate wood liq‐
uefaction in [C2mim][Cl], and even with inactive gases such as N2 and CO2, liquefaction
proceeds, which means [C2mim][Cl] itself has the ability to liquefy wood.
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3. Liquefaction of cellulose in [C2mim][Cl] with sulfuric acid

In the previous section, it is clear that glucose can be obtained by the liquefaction of wood.
This is mainly due to the depolymerization of cellulose. Glucose is one of the most impor‐
tant compounds among various compounds derived from wood because it can be converted
to a range of valuable chemicals. For producing glucose, therefore, the liquefaction of cellu‐
lose in [C2mim][Cl] with sulfuric acid was also studied.

Figure 14 shows the changes in glucose yield at various reaction temperatures. The concen‐
tration of sulfuric acid in the reaction system was set at 1.5 wt%. In any reaction temperature
except for 90 °C, glucose yield shows the optimum around 30 % to 40 %. Although the sig‐
nificant difference in maximal yield at each reaction temperature was not observed, the
highest yield was 40.9 % at 90 °C. The maximal yield could be attained at shorter reaction
times at increasing reaction temperature.

Figure 15 shows the changes of  the glucose yield at  various reaction temperatures with
0.5 wt% of sulfuric acid. Maximal yields were found at 120 °C and 60 min and at 110 °C
and 120 min, respectively, although the glucose yield could not reach the optimum yet at
100 °C or  90  °C,  even after  360 min.  Compared with the results  in  1.5  wt% of  sulfuric
acid  as  shown  in  Figure  14,  a  longer  reaction  time  is  necessary  to  attain  the  maximal
yield. However, the maximum value at 120 °C or 110 °C shows the same levels as in 1.5
wt% of sulfuric acid. These results indicate that the reaction of cellulose in [C2mim][Cl]
can  be  controlled  by  various  reaction  conditions  such  as  the  concentration  of  sulfuric
acid, reaction time and reaction temperature.

Figure 14. Changes in glucose yield from cellulose treated in [C2mim][Cl] with 1.5wt% of sulfuric acid at various reac‐
tion temperatures.
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Figure 16 shows the comparisons of the glucose yield in the reaction system of [C2mim][Cl]
and water as solvent at 90 °C (Figure 16a) or 120 °C (Figure 16b) reaction temperature. Sul‐
furic acid was added at 1.5 wt%. At both reaction temperatures, it reveals that much higher
yields can be achieved in the reaction system of [C2mim][Cl] although they are at a negligi‐
ble level in the reaction system of water. From these results, glucose productivity was calcu‐
lated by the equation shown below.

Glucose productivity =
Maximal glucose yield (%)

Reaction time at maximal glucose yield (min)  

The obtained glucose productivity is shown in Table 1. The reaction system of [C2mim][Cl]
at 90 °C and 120 °C showed, respectively, 10 and 100 times the glucose productivity of the
reaction system of water at 120 °C. These results indicate that cellulose can be converted to
glucose much more effectively in [C2mim][Cl] than in water. By dissolving cellulose in
[C2mim][Cl], the rigid crystalline structure of cellulose can be destroyed. This is a reason for
the higher reactivity of cellulose in the reaction system of [C2mim][Cl].

It is revealed that much higher glucose yield can be achieved in the reaction system of
[C2mim][Cl] around 100 °C, compared with that obtained in water, which cannot dissolve
cellulose. Therefore, it can be concluded that the ionic liquid that can dissolve cellulose is a
promising solvent for producing glucose.

Figure 15. Changes in glucose yield from cellulose treated in [C2mim][Cl] with 0.5 wt% sulfuric acid at various reac‐
tion temperatures
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Figure 16. Comparisons of glucose yield from cellulose treated in the reaction system of [C2mim][Cl] and water as
solvent at (a) 90 °C and (b) 120 °C with 1.5 wt% sulfuric acid

Reaction system Reaction temperature (°C) Glucose productivity*

Water
90

120

0.00

0.02

[C2mim][Cl]
90

120

0.23

2.13

*Glucose productivity = Maximal glucose yield (%) / Reaction time at maximal glucose yield (min)

Table 1. Glucose productivity from cellulose in water and the [C2mim][Cl] reaction system.

4. Conclusion

This chapter demonstrated that [C2mim][Cl], which can dissolve cellulose, liquefies wood
components with the depolymerization of these substances. Cellulose can be effectively con‐
verted to glucose in [C2mim][Cl] with sulfuric acid. It is concluded from these results that
[C2mim][Cl] can work not only as a solvent for wood or cellulose but also as a reagent for
converting them to low MW compounds. These findings suggest that [C2mim][Cl] is appli‐
cable to the chemical conversion of wood or cellulose to useful chemicals. This achievement
opens the way for an effective utilization of wood or cellulose.

However, the liquefaction of wood by [C2mim][Cl] treatment is not homogeneous, from ei‐
ther a chemical or morphological viewpoint. Additionally, with wood species as raw materi‐
als, the reaction atmosphere significantly influences the liquefaction reaction. Thus, further
specific research is necessary for industrialization to maximize the target product from
wood.

Liquefaction of Wood by Ionic Liquid Treatment
http://dx.doi.org/10.5772/51798

311



Acknowledgments

This work was partly supported by JFE 21st Century Foundation, the Sumitomo Foundation,
a Grant-in-Aid for Exploratory Research (20658041) and the TOSTEM Foundation for Con‐
struction Materials Industry Promotion for which authors are grateful.

Author details

Hisashi Miyafuji

Division of Environmental Sciences, Graduate School of Life and Environmental Sciences
Kyoto Prefectural University, Kyoto, Japan

References

[1] Goldstein IS. The hydrolysis of wood. TAPPI 1980;63 141-143.

[2] Kim, J. S., & Lee, Y. Y. (2000). Fundamental aspects of dilute acid hydrolysis/fractio‐
nation kinetics of hardwood carbohydrates. 1. Cellulose hydrolysis. Industrial & En‐
gineering Chemistry Research 2000;39 2817-2825.

[3] Iranmahboob J, Nadim F, Monemi S. Optimizing acid-hydrolysis: a critical step for
production of ethanol from mixed wood chips. Biomass and Bioenergy 2002;22
401-404.

[4] Chang V. S., & Holzapple, M. T. (2000). Fundamental factors affecting biomass enzy‐
matic reactivity. Applied Biochemistry and Biotechnology 2000;38 53-87.

[5] Ortega N, Busto, M. D., & Perez-Mateos, M. Kinetics of cellulose saccharification by
Trichoderma reesei cellulases. International Biodeterioration & Biodegradation 2001;47
7-14.

[6] Mok, W. S., & Antal Jr., M. J. Uncatalyzed solvolysis of whole biomass hemicellulo‐
ses by hot compressed liquid water. Industrial & Engineering Chemistry Research
1992;31 1157-1161.

[7] Saka S, Konishi R. Chemical conversion of biomass resources to useful chemicals and
fuels by supercritical water treatment. In: Bridgewater AV (ed) Progress in thermo‐
chemical biomass conversion, Blackwell, Oxford; 2001. p1338-1348.

[8] Yamazaki J, Minami E, Saka S. Liquefaction of beech wood in various supercritical
alcohols. Journal of Wood Science 2006;52 527-532.

[9] Mishra G, Saka S. Kinetic behavior of liquefaction of Japanese beech subcritical phe‐
nol. Bioresource Technology 2011;102 10946-10950.

Ionic Liquids - New Aspects for the Future312



Acknowledgments

This work was partly supported by JFE 21st Century Foundation, the Sumitomo Foundation,
a Grant-in-Aid for Exploratory Research (20658041) and the TOSTEM Foundation for Con‐
struction Materials Industry Promotion for which authors are grateful.

Author details

Hisashi Miyafuji

Division of Environmental Sciences, Graduate School of Life and Environmental Sciences
Kyoto Prefectural University, Kyoto, Japan

References

[1] Goldstein IS. The hydrolysis of wood. TAPPI 1980;63 141-143.

[2] Kim, J. S., & Lee, Y. Y. (2000). Fundamental aspects of dilute acid hydrolysis/fractio‐
nation kinetics of hardwood carbohydrates. 1. Cellulose hydrolysis. Industrial & En‐
gineering Chemistry Research 2000;39 2817-2825.

[3] Iranmahboob J, Nadim F, Monemi S. Optimizing acid-hydrolysis: a critical step for
production of ethanol from mixed wood chips. Biomass and Bioenergy 2002;22
401-404.

[4] Chang V. S., & Holzapple, M. T. (2000). Fundamental factors affecting biomass enzy‐
matic reactivity. Applied Biochemistry and Biotechnology 2000;38 53-87.

[5] Ortega N, Busto, M. D., & Perez-Mateos, M. Kinetics of cellulose saccharification by
Trichoderma reesei cellulases. International Biodeterioration & Biodegradation 2001;47
7-14.

[6] Mok, W. S., & Antal Jr., M. J. Uncatalyzed solvolysis of whole biomass hemicellulo‐
ses by hot compressed liquid water. Industrial & Engineering Chemistry Research
1992;31 1157-1161.

[7] Saka S, Konishi R. Chemical conversion of biomass resources to useful chemicals and
fuels by supercritical water treatment. In: Bridgewater AV (ed) Progress in thermo‐
chemical biomass conversion, Blackwell, Oxford; 2001. p1338-1348.

[8] Yamazaki J, Minami E, Saka S. Liquefaction of beech wood in various supercritical
alcohols. Journal of Wood Science 2006;52 527-532.

[9] Mishra G, Saka S. Kinetic behavior of liquefaction of Japanese beech subcritical phe‐
nol. Bioresource Technology 2011;102 10946-10950.

Ionic Liquids - New Aspects for the Future312

[10] Kwon G J, Kuga S, Hori K, Yatagai M, Ando K, Hattori N. Saccharification of cellu‐
lose by dry pyrolysis. Journal of Wood Science 2006;52 461-465.

[11] Hosoya T, Kawamoto H, Saka S. Influence of inorganic matter on wood pyrolysis at
gasification temperature. Journal of Wood Science 2007;53 351-357.

[12] Asmadi M, Kawamoto H, Saka S. Pyrolysis reaction of Japanese cedar and Japanese
beech woods in a closed ampoule reactor. Journal of Wood Science 2010;56 319-330.

[13] Pinkert A, Marsh K N, Pang S, Staiger MP. Ionic liquids and their interaction with
cellulose. Chemical Reviews 2009;109 6712-6728.

[14] Moulthrop JS, Swatroski RP, Moyna G, Rogers RD. High-resolution 13C NMR studies
of cellulose and cellulose oligomers in ionic liquid solutions. Chemical Communica‐
tions 2005; 2005-1557.

[15] Remsing RC, Swatroski RP, Rogers RD, Moyna G. Mechanism of cellulose dissolu‐
tion in the ionic liquid 1-n-butyl-3-methylimidazolium chloride: a 13C and 35/37Cl
NMR relaxation study on model systems. Chemical Communications 2006;
2006-1271.

[16] Remsing RC, Harnandez G, Swatroski RP, Massefski WW, Rogers RD, Moyna G. Sol‐
vation of carbohydrates in N,N′-dialkylimidazolium ionic liquids: A multinuclear
NMR spectroscopy study. Journal of Physical Chemistry B 2008;112 11071-11078.

[17] Youngs TGA, Holbrey JD, Deetlefts M, Nieuwenhuyzen M, Gomes MFC, Hardacre
C. A molecular dynamics study of glucose solvation in the ionic liquid 1,3-dimethyli‐
midazolium chloride. ChemPhysChem 2006, 7-2279.

[18] Youngs TGA, Hardacre C , Holbrey JD. Glucose solvation by the ionic liquid 1,3-di‐
methylimidazolium chloride:  A simulation study. Journal of Physical Chemistry B
2007, 111-13765.

[19] Liu H, Sale KL, Holmes BM, Simmons BA, Singh S. Understanding the interactions of
cellulose with ionic liquids: A molecular dynamics study. Journal of Physical Chem‐
istry B 2010;114 4293-4301.

[20] 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, 38-8272.

[21] Fukaya Y, Hayashi K, Wada M, Ohno H. Cellulose dissolution with polar ionic liq‐
uids under mild conditions: required factors for anions. Green Chemistry 2008;10
44-46.

[22] Nakamura A, Miyafuji H, Saka S, Mori M, Takahashi H. (2010) Recovery of cellulose
and xylan liquefied in ionic liquids by precipitation in anti-solvents. Holzforschung
2010;64 77-79.

[23] Xie H, Shi T. Wood liquefaction by ionic liquid. Holzforschung 2006;60 509-512.

Liquefaction of Wood by Ionic Liquid Treatment
http://dx.doi.org/10.5772/51798

313



[24] Kilpeläinen I, Xie H, King A, Granstrom M, Heikkinen S, Argyropoulos DS. Dissolu‐
tion of wood in ionic liquids. Journal of Agricultural and Food Chemistry 2007;55
9142-9148.

[25] Pu Y, Jiang N, Ragauskas AJ. Ionic liquid as a green solvent for lignin. Journal of
Wood Chemistry and Technology 2007;27 23-33.

[26] Miyafuji H, Miyata K, Saka S, Ueda F, Mori M. (2009) Reaction behavior of wood in
an ionic liquid, 1-ethyl-3-methylimidazolium chloride. Journal of Wood Science
2009;55 215–219.

[27] Nakamura A, Miyafuji H, Saka S. Liquefaction behaviour of Western red cedar and
Japanese beech in the ionic liquid 1-ethyl-3-methylimidazolium chloride. Holzfor‐
schung 2010, 64-289.

[28] Nakamura A, Miyafuji H, Saka S. Influence of reaction atmosphere on the liquefac‐
tion and depolymerisation of wood in an ionic liquid, 1-ethyl-3-methylimidazolium
chloride. Journal of Wood Science 2010, 56-256.

[29] Miyafuji H, Suzuki N. Observation by light microscope of sugi (Cryptomeria japonica)
treated with the ionic liquid, 1-ethyl-3-methylimidazolium chloride. Journal of Wood
Science 2011, 57-459.

[30] Miyafuji H, Suzuki N. Morphological changes in sugi (Cryptomeria japonica) wood af‐
ter treatment with the ionic liquid, 1-ethyl-3-methylimidazolium chloride, Journal of
Wood Science 2012, 58-222.

[31] Tsoumis G. Chemical composition and ultrastructure of wood. In: Tsoumis G (ed)
Science and technology of Wood. Van Nostrand Reinhold, New York; 1991. p42–46.

Ionic Liquids - New Aspects for the Future314



[24] Kilpeläinen I, Xie H, King A, Granstrom M, Heikkinen S, Argyropoulos DS. Dissolu‐
tion of wood in ionic liquids. Journal of Agricultural and Food Chemistry 2007;55
9142-9148.

[25] Pu Y, Jiang N, Ragauskas AJ. Ionic liquid as a green solvent for lignin. Journal of
Wood Chemistry and Technology 2007;27 23-33.

[26] Miyafuji H, Miyata K, Saka S, Ueda F, Mori M. (2009) Reaction behavior of wood in
an ionic liquid, 1-ethyl-3-methylimidazolium chloride. Journal of Wood Science
2009;55 215–219.

[27] Nakamura A, Miyafuji H, Saka S. Liquefaction behaviour of Western red cedar and
Japanese beech in the ionic liquid 1-ethyl-3-methylimidazolium chloride. Holzfor‐
schung 2010, 64-289.

[28] Nakamura A, Miyafuji H, Saka S. Influence of reaction atmosphere on the liquefac‐
tion and depolymerisation of wood in an ionic liquid, 1-ethyl-3-methylimidazolium
chloride. Journal of Wood Science 2010, 56-256.

[29] Miyafuji H, Suzuki N. Observation by light microscope of sugi (Cryptomeria japonica)
treated with the ionic liquid, 1-ethyl-3-methylimidazolium chloride. Journal of Wood
Science 2011, 57-459.

[30] Miyafuji H, Suzuki N. Morphological changes in sugi (Cryptomeria japonica) wood af‐
ter treatment with the ionic liquid, 1-ethyl-3-methylimidazolium chloride, Journal of
Wood Science 2012, 58-222.

[31] Tsoumis G. Chemical composition and ultrastructure of wood. In: Tsoumis G (ed)
Science and technology of Wood. Van Nostrand Reinhold, New York; 1991. p42–46.

Ionic Liquids - New Aspects for the Future314

Chapter 13

Applications of Ionic Liquids in Lignin Chemistry
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Additional information is available at the end of the chapter
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1. Introduction

1.1. Lignin

Lignin is a naturally occurring aromatic cross-linked polymer with molecular weight of
more than 10,000 Daltons (Da). It is estimated that about 30% of the organic carbon in the
earth’s biosphere are from lignin [1,2]. It is made up of about 20-40% of wood and annual
plants, depending on the species [1-3]. Together with cellulose and hemicellulose, they
formed the lignocellulose, which is an important source of biomass. Lignocellulose is found
largely in the cell walls with lignin acting as a linker between sets of cellulose and hemicel‐
lulose as shown in Figure 1. It is covalently bonded to hemicellulose, thus increasing the me‐
chanical strength of the cell walls [1,2,4]. Due to its hydrophobicity, lignin prevents water
from entering the cells; thus it provides an efficient way to transport water and nutrients by
repelling them away from the cells. Hence, transportation cells such as tracheid, sclereid and
xylem cells have more lignin in them [2].

1.1.1. Monolignols

As a natural polymer, lignin is made up of three main, but not limited to, basic monomers.
These monomers are a variation of phenylpropane species collectively known as ‘monoli‐
gnols’ which primarily includes p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol,
shown in Figure 2 [3,5]. As observed from Figure 2, the structure of these monolignols dif‐
fers only by the number of substituted methoxy group at the phenyl ring. Figure 2(a) has
also shown the numbering system, based on lignin nomenclature rules, that is different and
must not be confused with IUPAC nomenclature rules.

© 2013 Yinghuai et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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Figure 1. Lignocellulose network

Figure 2. Lignin monomers: (a) p-coumaryl, (b) coniferyl and (c) sinapyl alcohols

Additionally, the composition of each lignin monomer differs significantly with the type of
plant material, shown in Table 1. Softwood lignin, found in coniferous trees such as pine
tree, composes of mainly of coniferyl alcohol and only a trace amount of sinapyl alcohol as
their repeating units. On the other hand, hardwood lignin, found in tropical and subtropical
trees such as oak and teak, contains both coniferyl and sinapyl alcohols in considerable
amounts. It should also be noted that neither hardwood nor softwood lignin contains signif‐
icant proportion of p-coumaryl alcohol which can be found in grass lignin along with other
two monolignols.

p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol

Softwood <5 <95 Trace amount

Hardwood 0-8 25-50 46-75

Grasses 5-33 33-80 20-54

Table 1. Compositions in monolignols in plant
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1.1.2. Formation of Lignin

From the monolignols, discussed above, it is apparent that lignin can be formed through
phenylpropanoid, p-hydroxyphenyl, guaiacyl, and syringyl moieties by p-coumaryl, conifer‐
yl and sinapyl alcohols, respectively.

The first step of the polymerization process involves oxidation of the monolignols forming a
radical to initiate the reaction. Figure 3 shows the reaction and the various resonance struc‐
tures of coniferyl alcohol radical formed [6]. Due to the various resonance structures, there is
a randomness of bonding when radical coupling takes place. Table 2 shows the various
common types of linkages that can be possibly formed. Out of the all linkages, the β-O-4
linkage is the most common which make up 50-60% of the total linkages depending on the
type of wood materials [2]. A simplified overall mechanism of the radical coupling of two
coniferyl alcohols forming the β-O-4 linkage is shown in Figure 4 [6].
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Oxidation
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Figure 3. Oxidation of coniferyl alcohol

Name Linkage Chemical Structure

β-aryl ether β-O-4

Phenylcoumaran β-5(α-O-4)
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Name Linkage Chemical Structure

Resinol β-β(α-O-α)

Biphenyl 5-5

Biphenyl ether 4-O-5

Benzodioxane β-O-4(α-O-5)

β-C1 β-1

Table 2. Common types of linkages
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Figure 4. β-O-4 linkage formation via radical coupling of 2 coniferyl alcohols

It can be observed from Table 2 that the common types of linkages utilize most of the radi‐
cals formed in Figure 3 except for C3-radical. Radical coupling at the C3 site is just as likely to
occur, but no stable product could be obtained (see Figure 5). Since the methoxyl group at
the C3 site is a poor leaving group, the aromatic ring could not be regenerated. Thus, the
coupling reaction will move backwards and the initial radicals can be obtained to form more
stable linkages [6].

Due to the randomness in the bonding nature, the overall structure of the macromolecular
lignin has not been accurately predicted. The overall 3D structure of lignin is also unknown
as isolating them without modifications are still difficult even though better isolating meth‐
ods are found [6].
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coupling reaction will move backwards and the initial radicals can be obtained to form more
stable linkages [6].

Due to the randomness in the bonding nature, the overall structure of the macromolecular
lignin has not been accurately predicted. The overall 3D structure of lignin is also unknown
as isolating them without modifications are still difficult even though better isolating meth‐
ods are found [6].
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1.2. Ionic Liquids: Classifications and Synthetic Methods

Ionic Liquids (ILs) are salts that are in liquid state. For example, sodium chloride (NaCl) is
an IL when it melts at 801°C, forming sodium cations (Na+) and chloride anions (Cl‾). How‐
ever, ILs of such high temperature cannot be used.Hence, in literature [7,8], ILs are usually
referred to salts that are in liquid state at ambient temperatures (<100 °C). They possess
unique characteristics that distinguish them from molecular solvents. Many ILs are excellent
prerequisities for efficient IL recycling as they have negligible vapour pressure and good
thermal stability. Some of the ILs are very good solvents for large biomolecules, such as cel‐
lulose and lignin [9].
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Figure 5. Possible but disallowed C3-Cβ linkage

1.2.1. Classifications of ILs

Ionic liquids can be classified into many categories. Figure 6 shows one of the methods in
which they are being classified.

Figure 6. Various classes of ionic liquids

1.2.1.1. Task-Specific ILs/ (Multi)-Functional ILs

In the past decades, a vast amount of research has been performed to incorporate additional
functional groups into functional ILs. This incorporation can introduce certain properties to
ILs including enhancing capacity of catalyst reusability. In addition, when specific function‐
alities are added, the resulting IL will be task-specific, hence they are sometimes also refer‐
red as task-specific ILs (TSILs). Many of these TSILs are produced by introducing functional
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groups into a branch appended to the cation, especially imidazoliumcation (Figure 7). The
imidazolium salts are only defined as TSILs when functional group is covalently bonded to
the cation/anion of the salt, which behaves as a reaction medium and reagent/catalyst [10].

Figure 7. Functionalized imidazolium salts for task-specific ILs

1.2.1.2. Chiral ILs

Chiral ILs (CILs) are a special class of TSILs [11]. They have a chiral center either on the cati‐
on, anion or both. Due to their ease to synthesis, they had gained its popularity as a chiral
solvent in asymmetric synthesis [12]. Figure 8 shows some examples of CILs.

Figure 8. Examples of CILs.

1.2.1.3. Protic ILs

The major difference between Protic ILs (PILs) and other ILs is the presence of exchangeable
proton. There is a resurrection of interest in these PILs recently due to their great capabilities
for proton transfer in fuel cell chemistry. Some examples of PILs are shown in Figure 9.
Many of these PILs are very strong acid, thus, the equilibrium is shifted heavily to the right.
This, in terms, results in fully ionized ILs.

1.2.1.4. Switchable Polarity Solvent (SPS)

Switchable polarity solvents (SPS) equilibrate between a higher polarity and a lower polarity
when trigger is applied. These solvents are particularly useful when two different polarities
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of the solvent are needed for two different steps. Recently, secondary amines have been
used as SPS, with carbon dioxide as the trigger, forming carbamatesalts [13] (Figure 10).

Figure 9. Some examples of PILs.

Figure 10. New generation of SPS.

1.2.1.5. Metal Salts ILs

Many metal salts ILs have been developed [15]. Chloroaluminates associating with imidazo‐
lium or pyridiumcations were part of a focused investigation, but was recently extended to
include other chlorometalate salts (e.g. [CuX3]-, [NiCl4]2-, [Co(CO)4]-). The recently developed
chlorometalate salts are not water sensitive, unlike the chloroaluminates, but are generally
more viscous. The introduction of the metal ions inside the ILs is able to immobilize cata‐
lysts while it is being the integral part of the potentially ordered structure of ILs.

1.2.2. Preparations of ILs

There are 4 main synthetic routes to prepare ILs. [7]. Figure 11 shows the overview of the
synthetic methods.

Figure 11. Synthetic routes of preparations of ILs
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1.2.2.1. Metathesis

Many ILs are prepared through a metathesis reaction from a halide or similar salt of the de‐
sired cation. This process can be subdivided into two classes depending on the water solubility
of the targeted ILs. Figure 12 shows the overall reaction scheme of the metathesis reaction.

Figure 12. Overall metathesis routes to ILs

There are two main methods to prepare the water-immiscible ILs. The more commonly used
approach is the metathesis reaction of the corresponding halide salt, using either the free
anions of an acid or its salt. The use of free anions of an acid is favored as the hydrogen hal‐
ide produced can be easily removed though washing with water. Alternatively, the metathe‐
sis reaction can also be conducted in organic solvents such as dichloromethane or acetone.
However, the starting materials are not completely soluble and the reaction is carried out as
a suspension. The organic layer must be washed several times with water to remove the un‐
wanted halides.

The preparation of water-miscible ILs is proven to be more difficult as it requires purifica‐
tion steps before the desired ILs are obtained. This can be done easily by a metathesis reac‐
tion of the corresponding halide with a silver salt of the anion such as AgBF4. Unfortunately,
this approach is not cost effective as large amount of silver halide is produced as a by-prod‐
uct. The ILs might also be silver-contaminated as complete precipitation of silver halides
from organic solvents tends to be slow.

Ion exchange materials are also used to obtain ILs via the metathesis method although little
information is available openly.

1.2.2.2. Halogen Free Synthesis

Production of high purity ILs via the metathesis method can be problematic due to contami‐
nation of the residual halide. The physical properties of the ILs can be drastically changed
with the presence of the halides and may even result in catalyst poisoning and deactivation;
hence, halide free synthetic methods had been devised.
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Imidazoles can be produced by using N-heterocyclic carbene (NHC) as its intermediate.
Carbenes have a lone pair of electrons on a carbon atom which makes them very reactive.
The synthesis of ILs via carbenes can be achieved by reacting with acids using either NHC
adducts (Figure 13) or NHC-organometallic intermediates (Figure 14).

Figure 13. Synthetic methods of various ILs via NHC adducts

Figure 14. Reaction of NHC-organometallic intermediates with acids

Halogen-free phosphorus and sulfur based ILs can be produced by using the synthetic
routes shown in Figure 15 and Figure 16 respectively.

1.2.2.3. Protic Ionic Liquids (PILs)

PILs can be synthesized by proton transfer between an equimolar mixture of a Brønsted acid
and Brønsted base. This presents the advantage of being cost-effective and easily prepared
as synthesis does not form residual products. PILs can produce hydrogen bonding between
the acid and base or even hydrogen-bonded extended network.

1.2.2.4. Special Cases

Metal Based ILs

Transition metal complexes containing anions ILs were among the earliest developed room
temperature ILs (RTILs). These RTILs can be synthesized by reaction of phosphonium/
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imidazolium halides with metal halides or metathesis reaction with alkali salts of metal
based anions. These metal based salts can be subdivided into three groups: transition metal,
p-block and f-block metal salts.

Functionalized ILs

Till recently, functionalized ILs are prepared by displacement of halide from the organic hal‐
ide containing the functional group by a parent imidazole, phosphine, etc., shown in Figure 17.

Figure 15. Halogen free synthetic routes for phosphonium ILs: (1) phosphines with sulphates; (2) 3°phosphines or imi‐
dazoles with alkylating agents; (3) phosphines with acid.

Figure 16. Halogen free synthetic routes for (a) sulphate and (b) sulphonate ILs.

Figure 17. Classical method for functionalized ILs

Recently, novel functionalized ILs have been designed, synthesized and characterized. Some
of the examples are:

• ILs with two Brønsted acid sites with COOH, HSO4 or H2PO4 groups are synthesized by
using methylimidazole with Brønsted acid moieties.
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• ILs with amino acids as anions are synthesized by neutralizing between [Emin][OH] and
amino acid

• ILs with ether or alcohol functional groups are synthesized though alkylation of methyli‐
midazole with alkyl halide, followed by halogen exchange with slight excess of KPF6 to
reduce the remaining halogen content.

Microwave-Assisted

Using classical heating methods in reflux solvent, several hours of reaction time is needed to
obtain reasonable yields. It also uses in large excess of alkylhalides and organic solvents. By
using the microwave-assisted method, reaction time can be shortened with a cleaner work-
up procedure. However, ILs may decompose under such conditions.

1.3. Ionic liquids in Lignin Chemistry: How compatible?

As seen above, ILs are beneficial to a wide range of applications. These applications include,
but not limited to, solvation, catalysis and as a reagent. In order to obtain lignin from plant,
the ideal IL should possess properties as followed: (1) high dissolution capacity for lignin;
(2) low melting point; (3) good thermal stability; (4) non-volatile; (5) non-toxic; (6) chemical‐
ly stable; (7) no lignin decomposition; (8) easy lignin regeneration and (9) low cost and sim‐
ple process [8]. For surface modifications and conversion of lignin to better materials, ILs
can be used as a catalyst or solvent. In the next few sections, we will fully discuss in details
of extracting lignin (Section 2), surface modification of lignin (Section 3) and conversion of
lignin to value-added chemicals (Section 4) using ILs.

2. Extracting Lignin with Ionic Liquid

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, it has several major disadvantages: (1)
high temperature and pressure; (2) pollution; (3) odour problem (due to the use of sulphite);
(4) high water usage and (5) large plant size [14].

Several other methods to extract lignin from lignocellulose have been designed and devel‐
oped in the past. These include physical (limited pyrolysis and mechanical disruption/
comminution [15]), physiochemical (steam explosion, ammonia fiber explosion [16,17]),
chemical (acid hydrolysis, alkaline hydrolysis, high temperature organic solvent pretreat‐
ment, oxidative delignification [18-20]) methods.These extraction methods have one main
disadvantage: the lignin starts to degrade after a certain amount of lignin is extracted. This
often leads to loss of fermentable sugars in the cellulose and hemicellulose, which can be
used to produce other value-added products like the levulinic acid [21] and 5-hydroxyme‐
thylfurfural [22].

In the past decade, ILs have been used as solvents for natural polymers, including cellulose
and starch [23-28]. This leads to an interest in designing and developing ILs that are able to
dissolve lignin and thus, extracting them from the lignocellulosic biomass.
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2.1. Dissolution of Lignin

Pu and co-workers [29] used the imidazoilum-based ILs for the studies of dissolution of re‐
sidual softwood lignin isolated from a southern pine kraft pulp. Table 3 shows the solubility
of the residual softwood lignin that they have obtained.

Ionic Liquid Temperature (°C) Solubility (g L-1)

[Mmim][MeSO4] 50 344

25 74.2

[Hmim][CF3SO4] 70 275

50 <10

[Bmim][MeSO4] 50 312

25 61.8

[Bmim][Cl] 75 13.9

[Bmim][Br] 75 17.5

[Bmim][PF6] 70-120 Insoluble

[Bm2im][BF4] 70-100 14.5

[Bmpy][PF6] 70-120 Insoluble

Table 3. Solubility of residual softwood kraft pulp lignin in ionic liquids

They show that the lignin solubility can be influenced by the nature of anion as the solubili‐
ty of the lignin differs when different [Bmim]+-containing ILs are used. They also concluded
that ILs containing large, non-coordinating anions like [PF6]- and [BF4]- are not suitable for
dissolving lignin; and that methylsulfateimidazolium-based ILs are effective for dissolution
of residual softwood lignin isolated from a southern pine kraft pulp.

2.2. Lignin Extraction without Dissolution of Biomass

Lee and co-workers [30] had done lignin extraction from maple wood. They had also used In‐
dulin AT (kraft lignin) as standards for solubility test. The results they had obtained are shown
as Table 4. Using Indulin AT, the solubility of lignin shows similar results as Pu and co-workers
as discuss earlier. However, when maple wood flour is used, there are difficulties dissolving
and extracting lignin using the same ILs. Instead, Cl--containing ILs, [Amim][Cl] and [Bmim]
[Cl], show better capabilities of extracting lignin from maple wood flour. This might be as a re‐
sult of high solubility of the wood flour as a whole. Cl- ions are good hydrogen acceptors and
are able to interact with the hydroxyl groups of the sugars, causing dissolution of cellulose too.
They had also found an IL, [Emim][Ac], that provides a balance between good lignin extraction
and low wood flour solubility. Hence, lignin extraction can be done using [Emim][Ac] without
much disruption of the cellulose and hemicellulose structures.
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ILs Lignin Solubility (g/kg)a Wood Flour Solubility (g/kg)b
Extracted Lignin Content

(g/kg)c

[Mmin][MeSO4] <500 ND 0.8

[Bmim][CF3SO3] <500 ND 0.5

[Emim][Ac] <300 <5 4.4

[Amim][Cl] <300 <30 5.2

[Bmim][Cl] <100 <30 3.2

[Bzmim][Cl] <100 <10 1.9

[Bmim][BF4] 40 ND ND

[Bmim][PF6] ~1 ND ND

aSolubility of Indulin AT (kraft lignin) at 90 °C after 24 hours incubationbSolubility of maple wood flour after 24 hours
incubation at 80 °C under N2, ND indicates <1 g/kgc0.5 g maple wood flour was incubated in 10 g ILs for 24 hours at
80 °C under N2. Lignin content was determined with Indulin AT standard. ND indicates <0.1 g/kg

Table 4. Solubility and extraction efficiency of lignin in various ILs.

Another group, Tan, S. S. Y. et. al. [31], had reported of using the ethyl-methylimidazoliu‐
malkylbenzenesulfonate IL, [Emim][ABS],for extraction of lignin from sugarcane bagasse.
[Emim][ABS] was used for the study as sodium xylenesulfonate was used in a lesser known
pulping process, hydrotropic pulping. Table 5 shows the lignin extraction increases with ele‐
vating temperature from 170 °C to 190 °C, and when the extraction time increases from 30
minutes to 120 minutes. It should be noted that the mass recovered for Entry 3 is higher than
the original lignin content. This might be due to the incorporation of the xylenesulfonate
anion as sulphur is detected from the elemental analysis, which is not present in the original
bagasse lignocelluloses. It might be also due to the reactions between lignin and hemicellu‐
loses products. As a whole, lignin extraction with more than 93% yield was successfully at‐
tained at atmospheric pressure with [Emim][ABS]. Although ILs proved to be effective in
the dissolution of lignin, several problems such as the simplification of IL recovery and de‐
signing an IL to create lignin with desirable adducts.

Fu, Mazza and Tamaki [32] also reported that [Emim][Ac] is an effective solvent for lignin
extraction from triticale straw, flax shives and wheat straw. Five other ILs ([Bmim][Cl],
DMEAF, DMEAA, DMEAG, DMEAS) had been examined but the extraction yields are
much lower than that of [Emim][Ac]. They had also investigated the extraction capabilities
at a range of temperature (70-150 °C) and time taken (0.5-24 h). Results show that within this
range, higher temperature and longer extraction time produces higher extraction yield.

Entry No. Conditions Mass of Recovered Lignina (% ±2)

1 170 °C, 120 min 67

2 180 °C, 120 min 78

Applications of Ionic Liquids in Lignin Chemistry
http://dx.doi.org/10.5772/51161

327



Entry No. Conditions Mass of Recovered Lignina (% ±2)

3 190 °C, 120 min 118

4 190 °C, 90 min 97

5 190 °C, 60 min 96

6 190 °C, 30 min 67

aAs percentage of original lignin content, corrected for ash content

Table 5. Mass of recovered lignin

Last year, Pinket and co-worker [33] published a paper that uses food additive-derived ILs,
imidazoliumacesulfamate ILs, for lignin extraction from Pinus radiate and Eucalyptus nit‐
enswood flour. They show promising results without disrupting the cellulose crystallinity.
Among all, [Emim][Ace] 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 imidazoliumacesulfamate ILs.

In their paper, they had also examined various extraction conditions: (1) Extraction tempera‐
ture and time; (2) Water content; (3) Wood load, particle size and species; (4) Types of IL cation;
(5) Effect of IL recycling; (6) Multi-step treatment and; (7) Use of co-solvents. Interestingly, the
use of DMSO as a co-solvent (w IL:w DMSO=9:1) increases the extraction efficiency by almost 50%
(Figure 18). It is believed that the penetration and interaction of the ligncellulosic biomass with
IL is enhanced due to two effects caused by DMSO: (a) the tight hydrogen bond network of the
cellulose is loosened and; (b) the overall viscosity of the mixture is decreased.

Figure 18. The extraction efficiency for extracting wood lignin with either pure [Bmim][Ace] or a mixture of [Bmim]
[Ace] and DMSO (wIL:wDMSO=9:1). Pinusradiatawood flour (wT=0.05), with particle size of 100 μm, was treated at 373 K
for 2 hours in an open atmosphere.

Kim, J. et. al. [34] compared the structural features of poplar wood lignin extracted using IL,
[Emim][Ac], and dioxane-water (classical method). Table 6 shows the summarized data ob‐
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tained by them. It can be seen that a higher yield is obtained through IL extraction. Even
though the lignins obtained from both extractions have relatively similar methoxy and phenol‐
ic hydroxyl contents, the molecular weight of that obtained from classical method is higher.
However, the polydispersity index (PDI) of IL extraction is lower and thus, indicating that lig‐
nin from IL extraction is of rather uniform size. This suggests that some form of depolymerisa‐
tion had occurred (will discuss further in Section 4.1) On top of that, thermal behaviour of the
lignins were also analysed. Lignin obtained from classical method has a higher maximum de‐
composition rate and temperature, indicating that it is thermally more stable.

[Emim][Ac]

Extraction
Dioxane-water Extraction

Yield (%) 5.8±0.3 4.4±0.4

Amount of OMe group (%) 15.5±1.5 14.4±0.1

Amount of phenolic OH group (%) 6.7±0.2 6.3±0.2

Molecular Weight (Da) 6347 10,002

Polydispersity Index (PDI) 1.62 2.46

Max. decomposition rate (%/°C) 0.25 0.30

Max. decomposition temperature (°C) 308.2 381.3

Table 6. Summarized data obtained by Kim, J. et. al. [34]

2.3. Extraction of Lignin through Dissolution of Biomass

Lignin extraction can also be done after complete dissolution of the whole cellulosic bio‐
mass. Lateef’s group [35] demonstrated that cellulose-lignin mixture system can be separat‐
ed and recovered from ILs, [Pmim][Br] and [Bmim][Cl]. Cellulose precipitates when water is
added to the solution (cellulose-lignin mixture in IL). Lignin is then recovered from the pre‐
cipitate formed when the filtrate is treated with ethanol. The IL can be regenerated by evap‐
orating the ethanol from the second filtrate with more than 95% yield. On the other hand,
lignin yields of 69% and 49% were isolated from [Pmim][Br] and [Bmim][Cl], respectively.
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cellulose-rich materials. The acetone/water mixture ratio was determined using a plot of dis‐
solved lignin (wt %) against acetone/water ratio (v/v). It is shown that the amount of dis‐
solved lignin is at the maximum when the acetone/water mixture ratio is 7:3.

Lan, Liu and Sun [37] performed a fractionation of bagasse to obtain cellulose (47.17%),
hemicellulose (33.85%) and lignin (54.62%), shown in Figure 19. They dissolved ball milled
bagasse in [Bmim][Cl] at 110°C under inert environment with agitation to obtain a clear sol‐
ution. Residue 1 is regenerated using acetone/water (9:1, v/v) added to the clear solution. Fil‐
trate 1 was then acidified to obtain Residue 2 (acetone soluble lignin). Residue 3 (cellulose)
was extracted with 3% sodium hydroxide aqueous solution from Residue 1. Filtrate 3 was
then treated with 4 M hydrochloric acid and precipitated using 95% ethanol to attain Resi‐
due 4 (hemicellulose). Filtrate 4 was acidified to obtain Residue 5 (Alkaline lignin).

Figure 19. Schematic process of bagasse fractionation based on complete dissolution in [Bmim][Cl] followed by pre‐
cipitation in acetone/water (9:1,v/v) and extraction with 3% NaOH.

Sievers, C. et. al. [38] had recovered lignin fraction as a solid residue when IL phase hydrol‐
ysis of pine wood was done. They first dissolved pine wood in [Bmim][Cl]. Acid catalyst,
trifluoroacetic acid, was subsequently added to convert the carbohydrate fraction to water-
soluble products. These water-soluble products, which include furfural and 5-HMF, were
then extracted using aqueous phase, leaving lignin as a solid. However, this method does
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not extract pure lignin and the lignin may be susceptible to modifications due to the acidic
condition used.

Sun’s group [39] dissolved both softwood and hardwood in [Emim][OAc] and lignin was
extracted using acetone/water (1:1 v/v). Figure 20 shows the ideal process flow of the disso‐
lution and regeneration of wood in IL. However, recycling of IL was not investigated and
evaluated in the published report. Although variable processes for lignin, similar to Pinket’s
[33], have been evaluated, but no report on dissolution of softwood and hardwood can be
found. Sun’s group evaluated the effects of (1) IL, (2) particle size, (3) wood species, (4) ini‐
tial wood concentration and, (5) pretreatment. Using the same method as Muhammad’s [36],
they extracted lignin from the solution using acetone/water anti-solvent.

Figure 20. Flowchart for the process of dissolution and regeneration of wood in IL proposed by Sun’s group

3. Surface Modification of Lignin in Ionic Liquid Media to form
Functional Materials

Carbon fibres, activated carbon, polymer alloys, polyelectrolites, substituted lignins, ther‐
mosets, composites, wood preservatives, neutraceuticals/drugs, adhesives and resins are
some macromolecules that can be obtained from lignin [40]. Some of them can be obtained
from the extracted lignin directly, but most of them needed modifications. Surface modifica‐
tion of lignin allows a change in functional groups on the side-chains while maintaining the
aromatic backbone of a lignin structure. Chemical modification of lignins (and also other
lignocellulosic materials) leads to different structural characteristics [41]. In this section, we
will discuss three types of surface modifications: oxidation, esterification and others.

3.1. Oxidation

Oxidation plays an important role in surface modification of lignin as hydroxyl groups are
abundant. When these hydroxyl groups are oxidized, carbonyl groups are formed, which
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are more susceptible to reactions as compared to hydroxyl groups. In addition, it increases
the hydrophilicty of lignin as well.

Zakzeski and co-workers [42] effectively performed oxidation of lignin using [Emim][DEP],
cobalt catalyst and molecular oxygen. Although they had hypothesized that there will be an
oxidative cleavage of β-O-4 linkage (will be discussed in details in Section 4) and other link‐
ages, it did not materialize. Instead, the benzyl and other alcohol functionalities (i.e. hydrox‐
yl groups at the side-chains) were oxidized to form aldehydes/acids. Similar results were
obtained when the same reaction was done on various lignin model compounds, thus pro‐
viding further evidences that the β-O-4 linkage remained intact. Figure 21 shows the pro‐
posed scheme and various reaction sites of lignin when oxidation occurs. Mild conditions
were used for the oxidation process due to the special properties of IL, which includes high
oxygen solubility. The abundance of diethyl phosphate, [DEP], anions from the IL also al‐
lows simple metal salts to give exceptionally high activity.

Figure 21. Proposed structure of lignin after oxidation

This Co/[Emim][DEP] catalyst system is able to increase the functionality and hydrophilicity
of lignin, thus, Zakzeski had further investigated on the catalyst system [43]. Figure 22
shows the catalytic system proposed by them. As it can be seen, the hydroxyl group being
oxidized will be coordinated to the cobalt catalyst forming a complex before oxidation takes
place. Hence, the oxidation site must be acidic enough for the coordination to occur. This, in
tern, explains why phenolic hydroxyl groups and the linkages were left untouched.

Similar oxidation reaction is done by Kumar, Jain and Chauhan [44] using water soluble
iron (III) porphyrins and horseradish peroxidase (HRP) as catalyst, with hydrogen peroxide
in IL. Figure 23 shows the reaction scheme that they had reported in their paper. Veratralde‐
hydes are obtained as a major product for both catalysts with more than 70% yields when
optimized. The non-coordinating nature and weak nucleophilicity of IL significantly enhan‐
ces the activity of water soluble iron(III) porphyrins as compared to aqueous solutions. The
stability of HRP is also improved when IL is used. Additionally, both catalysts can be recy‐
cled with appreciable activity for up to five runs.
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Figure 22. Proposed catalytic system using veratryl alcohol (lignin model compound) as substrate.

Figure 23. Reaction scheme reported by Kumar, Jain and Chauhan [44]

3.2. Dehydration

A stereospecific dehydration reaction was achieved by Kubo’s group [45] by heat treatment
in IL. A glycerol type enol-ether (EE), 3-(4-hydroxy-3-methoxyphenyl)-2-(2-methoxyphe‐
noxy)-2-propenol, was produced from guaiacylglycerol-β-guaiacyl ether (GG) when temper‐
ature is increases to 120 °C, shown in Figure 24. The EE produced is previously believed to
be an unstable intermediate in lignin degradation, but is obtainable as a stable compound in
IL through this reaction. Furthermore, it is analyzed that the [Z] isomer of EE is formed as a
major product.
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Figure 24. Stereospecific dehydration reaction achieved by Kubo’s group [45]
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3.3. Esterification

Esterified wood displays admirable plastic properties such as highly substituted degree and
excellent hydrophobicity. Hence, it is important to investigate possible esterification meth‐
ods on wood.

Wen, J. et. al. [41] successfully carried out homogeneous lauroylation of ball-milled bamboo in
IL. The ball-milled bamboo was first dissolved in IL, [Bmim][Cl], to enable separation of cellu‐
lose, lignin and hemicellulose. After complete dissolution, triethylamine and lauroyl chloride
were added. Triethylamine was used to neutralize the hydrochloric acid generated during the
esterification process. The bamboo ester was then regenerated. The whole reaction process is
shown in Figure 25. Yuan and co-workers [46] had also achieved homogeneous lauroylation
and butyrylation of poplar wood with a similar process. Xie’s group [47] had also done a simi‐
lar process, using pyridine instead of triethylamine as neutralizer, to attain homogeneous ace‐
tylation, benzoylation and carbanilation on thermomechanical pulp fibers.

Figure 25. Schematic diagram of the dissolution and esterification process proposed by Wen, J. et. al. [41]

Cerrutti and co-workers [48] synthesized carboxymethyl lignin from organosolv lignin us‐
ing monochloroacetic acid. An alkalinization of lignin, using sodium hydroxide, is per‐
formed before the carboxymethylation reaction to generate stronger nucleophiles for the
reaction. The overall reaction is shown in Figure 26. One of the uses for this carboxymethyl
lignin produced is as a stabilizing agent in aqueous ceramic suspension.
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Figure 26. Overall reaction of carboxymethylation reaction

Using organosolv lignin as macro-initiator, Zhu, et al. successfully prepared polylactide-lig‐
nin hybrids with tin complex-based catalyst as detailed in Figure 27 [49]. High molecular
weight copolymers with an Mw of ca. 5.3x104 (DPI 2.56) were produced in 77% yield. Re‐
sults obtained from tensile strength testing showed that the tensile strength (σM, MPa) was
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approximately doubled upon blending lignin with PLLA (PLLA:Lignin = 5:1; σM = 11.3 MPa)
and the ratio of 10:1 (σM = 22.8 MPa). There was also a significant increase in tensile modulus
(Et) from 289 to 340 MPa for blending ratios of 5:1 and 10:1, respectively. Tensile strength is
the maximum stress that a material can withstand while being stretched before necking.
Therefore, a increase in tensile strength indicates a tougher material.

Figure 27. Synthesis of lignin-PLLA hybrid.

4. Conversion of Lignin to Value-Added Chemicals in Ionic Liquid

The lignin obtained from the biomass had be used mainly as a low value fuel in the past.
[50-54] There are two main reasons for this main application. Firstly, harsh reaction condi‐
tions are required for depolymerization as the polyphenolic structure is chemically very sta‐
ble. Adding on, the depolymerized products cannot be used as a substitute or additive for
conventional liquid fuels due to its high oxygen content [50]. Secondly, biomass-derived
feedstock are less readily available as compared to petroleum-derived feedstock. [50,51]
However, due to rising fossil fuel prices and energy demand worldwide, research had
turned towards obtaining value-added products from biomass-derived feedstock [51].

As mentioned in the introduction, lignin accounts for approximately 30% of organic carbon
in the biosphere. Hence, it provides a promising platform for generation of value-added
products from lignin [40], which is illustrated in Table 7.

Lignin Syngas

Syngas Products Methanol/Dimethyl ether, Ethanol, Mixed liquid fuels

Hydrocarbons Cyclohexanes, higher alkylates

Phenols Cresols, Eugenol, Coniferols, Syringols

Oxidized Products Vanillin, vanillic acid, DMSO, aldehydes, Quinones,

aromatic and aliphatic acids

Table 7. Value-added chemicals potentially derived from lignin.

Current strategies to produce these value-added chemicals from lignin are typically based
on a two-step process. Firstly, lignin is depolymerized into simpler aromatic compounds.
After depolymerization, some of the value-added chemicals can be obtained, e.g. phenols
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and oxidized products. Other value-added products are obtainable by transforming the re‐
sultant aromatic compounds. [55]

4.1. Depolymerization of Lignin

The macromolecular lignin contains various types of linkages, with β-O-4 ether linkage
(50-60% of total linkages) being the most common. Hence, one of the best depolymerization
strategies is to target on cleavage of β-O-4 ether linkage while preserving the aromatic char‐
acter of the fragments [56]. Since it is difficult for researchers to determine and do mechanis‐
tic studies when macromolecular lignin is used, most of the papers uses lignin model
compounds instead.

At the earlier stages of the research, Binder J. B. et. al. [57] shows that ILs provide a suitable
medium for reactions of lignin model compounds. Through their various reactions done
with several lignin model compounds, they suggested that not all model lignins are able to
be used for depolymerization studies. Alkene-substituted aromatics and simple ethers are
not suitable, being more reactive than natural lignin. While models like eugenol and 2-phe‐
nylethyl phenyl ether could be used, having similar reactivity trends as lignin, although
they react under milder conditions than lignin.

Reichert and co-workers [58] successfully depolymerized lignin through electro-catalytic ox‐
idative cleavage. They performed the depolymerization in the PIL, triethylammoniumme‐
thanesulfonate, using ruthenium-vanadium-titanium mixed oxide coated electrodes. The
PIL offers a suitable medium for lignin dissolution, ensures higher potential electrolysis as
well as promotes the oxidative cleavage mechanism as shown in Figure 28. They have also
demonstrated that smaller molecular weight molecules are obtained when a higher applied
potential is used.

Figure 28. Mechanism of Oxidative cleavage of lignin at Cα-Cβ bond

George, A. et. al. [59] observed that depolymerization occurs when various ILs are used to
treat three types of technical lignins, organosolv, alkali and ALS lignins. They noted that the
cation of ILs does not significantly affect the process. On the other hand, the size of the de‐
polymerized lignin is decreased when sulfates>lactate>acetate>chlorides>phosphates are
used as the anionic counterpart of ILs. Although no mechanistic studies have been done,
there are indications that different anions cause cleavage at different linkages. Organosolv
lignin, which is deemed closest to natural lignin, breaks down to smallest molecules, fol‐

Ionic Liquids - New Aspects for the Future336



and oxidized products. Other value-added products are obtainable by transforming the re‐
sultant aromatic compounds. [55]

4.1. Depolymerization of Lignin

The macromolecular lignin contains various types of linkages, with β-O-4 ether linkage
(50-60% of total linkages) being the most common. Hence, one of the best depolymerization
strategies is to target on cleavage of β-O-4 ether linkage while preserving the aromatic char‐
acter of the fragments [56]. Since it is difficult for researchers to determine and do mechanis‐
tic studies when macromolecular lignin is used, most of the papers uses lignin model
compounds instead.

At the earlier stages of the research, Binder J. B. et. al. [57] shows that ILs provide a suitable
medium for reactions of lignin model compounds. Through their various reactions done
with several lignin model compounds, they suggested that not all model lignins are able to
be used for depolymerization studies. Alkene-substituted aromatics and simple ethers are
not suitable, being more reactive than natural lignin. While models like eugenol and 2-phe‐
nylethyl phenyl ether could be used, having similar reactivity trends as lignin, although
they react under milder conditions than lignin.

Reichert and co-workers [58] successfully depolymerized lignin through electro-catalytic ox‐
idative cleavage. They performed the depolymerization in the PIL, triethylammoniumme‐
thanesulfonate, using ruthenium-vanadium-titanium mixed oxide coated electrodes. The
PIL offers a suitable medium for lignin dissolution, ensures higher potential electrolysis as
well as promotes the oxidative cleavage mechanism as shown in Figure 28. They have also
demonstrated that smaller molecular weight molecules are obtained when a higher applied
potential is used.

Figure 28. Mechanism of Oxidative cleavage of lignin at Cα-Cβ bond

George, A. et. al. [59] observed that depolymerization occurs when various ILs are used to
treat three types of technical lignins, organosolv, alkali and ALS lignins. They noted that the
cation of ILs does not significantly affect the process. On the other hand, the size of the de‐
polymerized lignin is decreased when sulfates>lactate>acetate>chlorides>phosphates are
used as the anionic counterpart of ILs. Although no mechanistic studies have been done,
there are indications that different anions cause cleavage at different linkages. Organosolv
lignin, which is deemed closest to natural lignin, breaks down to smallest molecules, fol‐

Ionic Liquids - New Aspects for the Future336

lowed by ALS lignin and lastly alkali lignin. Organosolv lignin became more conjugated af‐
ter treatment and thus, indicates a deconstruction mechanism consistent with that of an
attack on strong nucleophile.

Jia’s group [56] had demonstrated a method for the β-O-4 bond cleavage of two lignin model
compound, guaiacylglycerol-β-guaiacyl ether (GG) and veratrylglycerol-β-guaiacyl ether
(VG), in IL ([Bmim][Cl]) with metal chlorides. The simplified reaction scheme is shown in
Figure 29. Iron(III) chloride, copper(II) chloride and aluminum(III) chloride are more effec‐
tive in cleaving β-O-4 bond of GG. In this process, hydrochloric acid is formed. It was con‐
cluded that more β-O-4 bond cleavage of GG occurs when there is an increase in available
water. On the other hand, only aluminum(III) chloride is effective towards β-O-4 bond
cleaving of VG.

Figure 29. β-O-4 bond cleavage of GG and VG

Another group, Cox and co-workers [52], studied the Hammett acidity and anion effects of
catalytic depolymerization of GG and VG in acidic imidazolium based IL. They had success‐
fully used acidic ILs to hydrolyze the β-O-4 linkage. Although the acidic nature of ILs cata‐
lyzes the hydrolysis reaction, the Hammett acidity of ILs does not correlate with their
reactivity toward GG and VG. The reactivity, however, is heavily dependent on the anion of
the ILs. Hence, they postulated that the anion forms a hydrogen bond with GG and VG,
making it more susceptible for hydrolysis (Figure 31).

4.2. Value-added small molecular compounds

After depolymerization, the products obtained can either be used directly or further proc‐
essed to other value-added chemicals. Further processing in ILs have proven difficult even
though they still serve as good solvents. For example, the colloidal catalyst, used by Bonilla
[60], was inactivated for hydrogenation when IL, [Bmim][BF4], was used. It was postulated
that the IL itself caused the inactivation or the trace amount of chloride ions from the prepa‐
ration of the IL is responsible.

Yan and co-workers [55] achieved the transformation of lignin-derived phenolic compounds
to alkanes in ILs. The reaction system consists of metal (ruthenium, rhodium or platinum)
nanoparticles and a SO3-functionalised Brønsted acid IL, which forms a catalytic cycle, in a
non-functionalized IL, [Bmim][BF4] or [Bmim][TF2N], as solvent. This system allows hydro‐
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genation and dehydration processes to occur in tadem, shown in Figure 32. Metal nanoparti‐
cles and the SO3-functionalised Brønsted acid IL were investigated while all others are kept
constant. Rhodium, being the most active metal in benzene hydrogenation, is able to attain
high alkane yields, even for branched phenols. It is also notable that methanol is produced
when substrates with methoxy group are used. Various SO3-functionalized Brønstedacid ILs
were examined. It was noticed that, in general, the stronger the acidity of the IL, the higher
the obtainable yields. The exception being 1-(4-sulfobutyl)-3-methylimidazolium hydrogen
sulphate, that has a Hammett acidity of around 1.75, resulting in a yield of over 80%. It was
predicted that the result is due to the dehydration power and poor nucleophilicity of the hy‐
drogen sulphate anion.

Figure 30. Mechanistic pathways of GG and VG degradation in acidic ILs.

Figure 31. Reaction Scheme of cyclohexane from phenol

On the other hand, transition metal nanoparticle-based catalysts have been found to exhibit
attractive catalytic activities relative to their corresponding bulk materials [61]. In our lab,
ionic liquid stabilized metal nanoparticles have been found to be robust and recyclable cata‐
lyst composites for organic transformations [62].. Supported nano-Pd catalysts have been
used as recyclable catalysts for alcohol oxidations [63-65]. Recently, the use of ionic liquid
stabilized metal nanoparticles as catalysts have been employed in our group to conduct the
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oxidation conversion of lignin to value-added chemicals such as aromatic aldehydes (Figure
33) [66]. With a co-catalyst of pyridinium salt of iron bis(dicarbollide) (Figure 33), ionic liq‐
uid stabilized nano-Pd was found to be efficient for the oxidation of benzyl alcohol and lig‐
nin to produce aromatic aldehydes. The new Pd(0) catalytic system was found to be
efficient, robust and recyclable with high product selectivity [66].

Figure 32. Application of IL stabilized nano-Pd in lignin oxidation reaction.

Also using rhodium nanoparticles, Denicourt-Nowicki and partners [67] successfully did
hydrogenation on oxygen-containing arenes. Their rhodium nanoparticles are stabilized us‐
ing polynitrogen ligands, like bipyridines. IL plays an interesting role in the reaction as it
acts as both a solvent and a stabilizing agent. Hence, it has the ability to further stabilize the
nanoparticles. One particularly interesting product obtained from the hydrogenation is the
cyclohexanone from anisole (Figure 34). Cyclohexanone is used for synthesizing caprolac‐
tam and adipic acid, both of which are utilized in polyamides manufacturing. As shown in
Figure 26, there are two plausible reaction pathways. The first pathway shows 1-methoxycy‐
clohexene formed through the partial hydrogenation of anisole, then a hydrogenolysis into
cyclohexen-1-ol, which results in the thermodynamically stable cyclohexanone. The second
pathway demethylates anisole to phenol, followed by partial hydrogenation to obtain cyclo‐
hexen-1-ol, transforming to the thermodynamically stable cyclohexanone.

Figure 33. Potential pathways of anisole hydrogenation

Hydrogenation of acetophenone leads to several products and byproducts. This is primarily
due to the competitive and consecutive hydrogenation of the carbonyl and aryl groups. In‐
teresting selectivities were achieved when different ligand is used. Usage of 2,2’-bipyridine
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as a ligand produces an additional product, phenylethanol, which is not present when TPTZ
(2,4,6-tris(2-pyridyl)-s-triazine) was used as the ligand. Hydrogenation of o- and m-cresols
leads to a mixture of methylcyclohexanols and methylcyclohexanone as products. It was no‐
ticed that the conversion of o-cresol is much slower than m-cresol. This can be explained by a
kinetically less reactive disubstituted enol intermediate and also an increase in steric hin‐
drance. Another point of notice is that the major products obtained are cis-isomers, just like
the products obtained from normal heterogeneous catalytic systems.

5. Conclusions and perspectives

Lignin, which is estimated to be around 30% of the biosphere carbon, is a naturally occur‐
ring aromatic cross-linked polymer. It is one of the three components of the lignocellulose.
As lignin is able to dissolve in selective ionic liquids (ILs), it can be easily extracted from
lignocellulose. There are mainly two methods of extraction and the main difference of the
two methods is whether the whole lignocellulose is dissolved. The extracted lignin can then
be chemically modified to form value-added chemicals. A surface modification of lignin is
sufficient when macromolecular lignins are desired. Three types of surface modifications are
discussed in this chapter which includes oxidation, dehydration and esterification. When
smaller value-added molecules are desired, a depolymerization process should take place.
Further transformation of the depolymerized lignin can also take place when the depolyme‐
rization step could not yield the desired product. As lignins, in any form, are able to dis‐
solve in ILs, ILs become very good candidates as solvents. On top of having superior
dissolution capabilities, ILs are considered as green solvents due to their non-volatility and
low flammability. ILs are not only used as solvents but also play an important part in the
catalytic cycles in some reactions discussed above. Hence, there is a surge in research in this
area in the past five years.

As described above, the research on the applications of ILs in lignin chemistry is still at its
budding stage, keen interest in developing this area will increase. As seen in this chapter,
ILs are currently used in a small area of lignin chemistry. Since ILs are proven to be good
solvents in lignin chemistry, they should be applied and used in other areas of lignin chem‐
istry to create a greener and environmentally-friendly chemistry. However, ILs have a major
shortcoming as they are much more expensive when compared to common and traditional
solvents. Hence, recoverability of ILs should be explored and emphasized. Due to the π-π
interaction between ILs and lignin, removal of lignin from ILs are proven a complex process
and, therefore, requires multiple steps [54]. This makes the recycling and regeneration of
ILs, particularly in extremely large volumes, as cost inefficient. Therefore, this must also be
addressed in future investigations in this area [68].
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1. Introduction

Over the past decade, ionic liquids (ILs) have received great deal of attention as possible
“green” replacement for volatile organic solvent mainly due to their nonmeasurable vapor
pressure and good dissolubility for other salts. [1-5] Reaction types successfully performed
in ILs include Diels–Alder, [6] Friedel–Crafts, [7] olefin hydrogenation, [8] hydroformyla‐
tion, [9] , [10] oligomerization, [11] and Heck and Suzuki coupling reactions. [12] , [13] In
addition to solvent, ILs may have multiple functions in catalytic reactions. They may act as
catalyst, co-catalyst, support, or ligands for the catalytic process. [14] In particular, some
“unexpected” effects have been observed in affecting the catalytic reaction pathway. For ex‐
ample, the cations/anions in ILs may be involved in the formation of the active species
changing the reaction mechanism. [15] - [20] Understanding the functions of ILs in the cata‐
lytic reaction is of critical importance for deliberately modifying existed reaction system and
exploiting new types of synthetic route by using this “green” solvent.

Catalytic oxidation is a class of commercially important reaction. As an environmentally be‐
nign oxidant, hydrogen peroxide (H2O2) has been used for several catalytic oxidation. So far,
significant improvements on the catalytic performance, in terms of yield and selectivity,
have been observed using ILs as the solvent for the H2O2 oxidation reaction. [21] - [23] Ac‐
tually, in many cases, ILs are active participant because the formation of radical species, sta‐
bilization of the charged reactive intermediate, and immobilization of the actual catalyst can
be strongly affected by the presence of an ionic environment. In comparison with traditional
organic solvent, the use of ILs in catalytic oxidation has been regarded as a new means for
recycling the catalyst and enhancing the yield and selectivity of the product. Though a great
number of catalytic oxidation have been performed in ILs, there are still rare examples
which demonstrate how the ILs affect the reaction pathway and the reactivity.
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This chapter aims at summarizing the examples that concern the H2O2 oxidation reactions in
ILs, in particular the benzene hydroxylation, alcohol oxidation, and olefin oxidation. The ef‐
fects of ILs on the reaction pathway and the selectivity are discussed, drawing to the conclu‐
sion that ILs are offering unique properties as solvent by recycling the catalyst and
enhancing the yield and selectivity of the product. What should be pointed out is that the
examples are limited as far as possible to those that inform the readers’ understanding of the
role of ILs in the H2O2 oxidation reaction. We apologize that some fine work is not covered,
and we hope to stimulate more discussions in the future.

2. Benzene hydroxylation

Direct hydroxylation of benzene to phenol with H2O2 has been extensively investigated owing
to the reduced reaction steps and environmentally benign byproduct of water when compar‐
ing to the commercial cumene process for phenol production. One of the fundamental targets
in this intriguing investigation is to enhance the utilization efficiency of H2O2 and the selectivi‐
ty of phenol. The low efficiency of H2O2 always derives from the fast decomposition of H2O2,
and the low product selectivity is mainly originated from the over-oxidation of phenol. Stud‐
ies have shown that solvents used in the hydroxylation play an important role on enhancing
both the H2O2 efficiency and the product selectivity. For example, water was the solvent in the
traditional Fenton’s reagent (FeII-H2O2) catalyzed hydroxylation, [24] whereas, the decomposi‐
tion of H2O2 was very fast. [25] The selectivity to phenol was rather poor in the aqueous solu‐
tion since phenol is more reactive toward oxidation than benzene itself. Acetonitrile and acetic
acid were then used as the solvents for most of the catalyzed hydroxylation of benzene, [26] -
[28] and a biphasic water-acetonitrile (1:1) system was developed to decrease the over-oxida‐
tion of phenol. [29] In Bianchi et al.’s work, [30] sulfolane was believed to form complexes with
phenolic compounds inducing increased selectivity to phenol.

In addition to organic solvents, Peng et al. [31] introduced a biphasic aqueous–imidazolium-
based IL system for benzene hydroxylation in the presence of ferric tri(dodecanesulfonate)
catalyst (Figure 1). In this aqueous- [Cnmim] [X] (n=4, 8, 10; X=PF6, BF4) IL biphasic system,
both the catalyst and benzene were dissolved in the IL, whereas, H2O2 was mainly dissolved
in aqueous phase. The produced phenol was extracted into water phase, minimizing the
over-oxidation. A highest yield of 54% and selectivity of 100% to phenol was obtained in the
aqueous-IL biphasic system. However, as H2O2 was existed in the IL-free aqueous phase, the
active oxidizing agent were deemed to be radical species. Therefore, this biphasic system
was not operative for the hydroxylation of toluene: only 1% of toluene was converted to
benzaldehyde although its selectivity reached 100%.

In our work, [25] , [32] a benzene–triethylammonium acetate ([Et3NH] [CH3COO]) IL bipha‐
sic system was constructed for the benzene hydroxylation (Figure 2). The Fenton-like re‐
agent (FeIII–H2O2) existed in the IL phase and most of the phenol was extracted to the
benzene layer. The [Et3NH] [CH3COO] IL was found to be stable in the water- and oxygen-
rich environment. Benzene acted as both the substrate and the extractant in the hydroxyla‐
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tion reaction. In comparison with the aqueous-IL biphasic system, the continuous extraction
of phenol by benzene from [Et3NH] [CH3COO] IL protected phenol from further oxidation
by directly avoiding the contact of phenol with the catalyst and oxidant. As a result, moder‐
ate yield (20%, based on benzene converted, excluding evaporated) and high selectivity (>
99.5%) of phenol were obtained in the IL-benzene biphasic system.

Figure 1. A schematic representation of the aqueous–IL biphasiccatalytic reaction system for benzene hydroxylation
to phenol with H2O2.Step I charging; Step II reaction; Step III still; Step IV recovery of phenolvia extraction; Step V the IL
and catalyst are reused for anotherreaction cycle. IL = [Cnmim] [X] (n = 4,8,10; X = PF6, BF4). [31] Reprinted with permis‐
sion from ref. 31. Copyright ©2003, Royal Society of Chemistry.

Figure 2. Schematic illustration of the benzene- [Et3NH] [CH3COO] IL biphasic system for benzene hydroxylation to
phenol with H2O2. [25]

Moreover, the [Et3NH] [CH3COO] IL exhibited retardation performance for the decomposi‐
tion of H2O2 and protection performance for the over-oxidation of phenol. From a molecular
aspect, the CH3COO- anions of [Et3NH] [CH3COO] IL were found to be coordinated with
the Fe ions, forming Fe complexes, by virtue of the solution of Fenton-like reagent in the IL
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phase (Figure 2). [25] Such coordination “anchored” the catalyst in the IL, affecting the sub‐
sequent activation of benzene and H2O2. A higher electrophilicity of the Fe-complexes was
favorable for the interaction of H2O2 with the Fe center, which may be the origin of the retar‐
dation role of IL on the decomposition of H2O2. High-valent FeIV-oxo species, formed from
the O-O bond homolysis of a FeIII-OOH intermediate, was found to be the main active oxi‐
dizing species in the ionic environment rather than the widely accepted oxidizing species of
hydroxyl radical (OH•) in an aqueous Fenton system. The mechanism for hydroxylation of
benzene in the [Et3NH] [CH3COO] IL was thus different from that occurred in aqueous solu‐
tion (Figure 3) [32] : the activation of benzene was mainly achieved via the electrophilic at‐
tack by the FeIV-oxo species, rather than via hydrogen abstraction to form phenyl radical.
Over-oxidation of phenol through H-abstraction from O-H of phenol by the FeIV-oxo species
was partly prohibited by the hydrogen-bond interaction between phenol and the CH3COO-
anion. The electrophilic character of the FeIV-oxo species made the [Et3NH] [CH3COO] IL
suitable for hydroxylation of other alkyl-benzenes. As an instance, the oxidation of toluene
in [Et3NH] [CH3COO] IL resulted in the selective activation of benzene ring with the selec‐
tivity to methylphenols of about 62%. [33]

Figure 3. Mechanism for hydroxylation of benzene with H2O2 in [Et3NH] [OAc] system. [32] Reprinted with permission
from ref. 32. Copyright © 2011,Elsevier Science Ltd.

In the benzene hydroxylation, both hydrophobic and hydrophilic ILs have shown the feasi‐
bility of acting as solvent for enhancing both the yield and selectivity of phenol when com‐
pared with that in aqueous solution (vide supra). The nature of the active oxidizing species is
mostly depended on the dispersion of both H2O2 and the catalyst in the ILs because the gen‐
eration of active species is thus influenced by the ionic environment. Furthermore, the com‐
bination of ILs with a second solvent (co-solvent), either traditional organic solvent or water,
may offer opportunity for breaking the thermodynamic equilibrium by mass-transfer of the
product from phase to phase. Most importantly, the ILs-solvent biphasic system provides
opportunity for the stabilization of charged reactive intermediate and the protection of un‐
stable product from over-oxidation. Therefore, the ILs-co-solvent biphasic system can be
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tentatively developed as solvent for a wide range of H2O2 oxidation reaction to meet specific
requirements, for example, yield, selectivity, or solubility, etc.

3. Alcohol oxidation

The partial oxidation of alcohols to aldehydes, or secondary alcohols to corresponding ke‐
tones is a fundamental synthetic transformation in organic chemistry and is industrially im‐
portant. [34] - [36] However, this transformation always suffers from drawbacks such as
poor conversion and selectivity due to over-oxidation. Stable-free nitroxyl radicals such as
TEMPO(2,2,6,6-tetramethylpiperidine-1-oxyl) has recently emerged as a catalyst or co-cata‐
lyst to promote the formation of the catalytically active species for selective oxidation of al‐
cohols to aldehydes or ketones where volatile organic solvents such as CH2Cl2 are frequently
used. [37] - [44] However, the recycling of the quite expensive TEMPO is problematic due to
the homogeneous character of the classic organic media. Replacement of organic solvents
with ILs or immobilization of TEMPO on ILs provide alternative strategies for solving the
above-mentioned problems. On the one hand, TEMPO can be anchored on ILs allowing the
recycling of the catalyst; on the other hand, ILs provide advantages for increasing the selec‐
tivity of the product by promoting oxidation of alcohols to aldehydes but suppressing over-
oxidation of these aldehydes to acids.

In Wang et al.’s work, [45] oxidation of alcohols with H2O2 was performed in pyridiniumtetra‐
fluoroborate([Bpy] BF4) IL. The catalyst (vanadate) and co-catalyst (TEMPO and sulfonic acid)
were both grafted on [Bpy] BF4 IL. The functionalized IL showed good dissolubility in the
[Bpy] BF4 solvent. The as-formed homogeneous mixture of N-n-dodecyl pyridinium vana‐
date,  N-(propyl-1-sulfonic  acid)  pyridiniumtetrafluoroborate,  and 4-(propanoate-TEMPO)
pyridiniumtetrafluoroborate  exhibited good activity  and recyclability  for  alcohols  oxida‐
tion.Jiang et al. [46] used the acetamido-modified TEMPO as catalyst for the selective oxida‐
tion  of  benzylic  alcohols  to  aldehydes  in  the  1-n-butyl-3-methylimidazolium
hexafluorophosphate ([bmim] [PF6]) IL (Figure 4). The [bmim] [PF6] ILwas immiscible with
H2O2, favoring the partial oxidation of alcohols to aldehydes but inhibiting the over-oxidation
of aldehydes to acids by reducing the contact of the product with the oxidant. The miscibility of
acetamido-TEMPO in [bmim] [PF6] IL ensured good catalytic activity and efficient recycling of
the catalyst. In comparison to the common organic solvents (ethyl acetate or chloroform), the
yield of aldehydes was enhanced by about three times.O

H OHBr/H2O2

acetamido-TEMPO/[bmin]PF6

Selectivity = 99%

Figure 4. Highly selective oxidation of benzyl alcohol to benzaldehyde with acetamido-TEMPO/HBr//H2O2 in [bmim]
[PF6] IL. [46]
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The strategy of anchoring TEMPO on ILs has also been applied in other catalytic oxidation re‐
action. In Fall et al.’s work, [39] TEMPO was supported on ILs through click chemistry reac‐
tion (Figure 5a). The IL-supported catalyst exhibited good solubility in [HMIM] [BF4] IL and
high activity for alcohol oxidation using bis(acetoxy)iodobenzene (BAIB) as the terminal oxi‐
dant. The catalyst can be recycled together with the IL without loss of the efficiency for several
cycles.  Karimi et  al.  [47]  grafted TEMPO on SBA-15 solid support  and then synthesized
IL@SBA-15-TEMPO catalyst by physically confining 1-methyl-3-butylimidazolium ([Bmim]
Br) IL within the mesopores of the TEMPO-modified SBA-15 (Figure 5b). The catalyst showed
high activity, improved selectivity, and good recyclability for the oxidation of alcohols to alde‐
hydesand ketones with t-butylnitrite (TBN) as oxidant in AcOH. Although the catalytic per‐
formance of the TEMPO-ILs and ILs@support-TEMPO catalysts in the H2O2 oxidation reaction
is not investigated, we may expect the strategy of fixing TEMPO onto ILs or solid support ap‐
plicable in recycling the expensive catalyst in a wide range of catalytic reactions.

Figure 5. Strategies for immobilizing TEMPO on ILs. (a) IL supported TEMPO, [39] and (b) IL@SBA-15-TEMPO. [47]

In addition to TEMPO, the combination of various kinds of catalysts (i.e., inorganic salts, tran‐
sition metal complexes, and oxides) with ILs has shown prospect as effective catalytic system
for the H2O2 oxidation reaction. Chhikara et al. [48] synthesized imidazolium-based phospho‐
tungstate catalyst (Figure 6, 1) by grafting phosphotungstate onto imidazolium-based IL,
which showed good catalytic performance in the homogeneous oxidation of secondary alco‐
hols in the 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim] [BF4]) IL (Figure 6a). All of
the secondary alcohols were converted to corresponding ketones in good to excellent yields.
Oxidation of primary alcohol, i.e. benzyl alcohol, produced benzaldehydein good yield (78%),
or benzoic acid in high yield (96%) after increasing the H2O2 amount (Figure 6b). The IL and
catalyst after the extraction of the products could be reused for further catalytic oxidation.

Bianchini et al. [49] described the oxidation of some secondary alcohols to their ketones with
H2O2 catalyzed by methyltrioxorhenium(VII)(MTO) or polymer supported-MTO in [bmim]
[PF6] or 1-ethyl-3-methylimidazolium bis-triflic amide ([emim] [Tf2N]) ILs. The supported
catalyst was dispersed in the IL layer, which allowed the recycling of the catalyst and sol‐
vent system that could not be realized in a wide range of organic solvent. Moreover, in com‐
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[PF6] or 1-ethyl-3-methylimidazolium bis-triflic amide ([emim] [Tf2N]) ILs. The supported
catalyst was dispersed in the IL layer, which allowed the recycling of the catalyst and sol‐
vent system that could not be realized in a wide range of organic solvent. Moreover, in com‐
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parison with ethanol or acetic acid, the activity of the catalyst in the ILs was obviously
improved.
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Figure 6. Oxidation of (a) secondary alcohols to ketones, and (b) benzyl alcohol to benzaldehyde and benzoic acid
with imidazolium-based phosphotungstate (1) and H2O2 in [bmim] [BF4] IL. [48]
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Figure 7. Selective oxidation of cyclohexanol to cyclohexanone with H2O2 in hydrophobic methylimidazolium-based
ILs. [50]

Chen et al. [50] applied several hydrophobic methylimidazolium-based ILs in the oxidation
of cyclohexanol to cyclohexanone with H2O2 using WO3 as the catalyst (Figure 7). The oxida‐
tion of cyclohexanol in the absence of ILs produced cyclohexanone with a moderate yield
(42%) or adipic acid at high cyclohexanol conversion. [51] In the biphasic cyclohexanol-ILs
system, however, the ILs were found to effectively intensify cyclohexanol oxidation and re‐
sulted in 100% conversion of cyclohexanol with 100% selectivity to cyclohexanone. The high
production of cyclohexanone can be explained by the fact that the oxidation of cyclohexanol
occurred in aqueous phase contained H2O2 and WO3, whereas, the produced cyclohexanone
was abstracted into the organic phase, minimizing the further oxidation of the product.
Among the three kinds of methylimidazolium-based ILs (1-hydroxyethyl-3-methylimidazo‐
liumchloride ([HOemim] Cl); 1-hexyl-3-methylimidazoliumchloride ([Hmim] Cl); and 1-oc‐
tyl-3-methylimidazolium chloride ([Omim] Cl,)) investigated, the [Omim] Cl IL exhibited
the best solvent performance for enhancing the conversion of cyclohexanol when comparing
with the traditional organic solvents (methanol, n-propanol, or acetone). Furthermore, a
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higher concentration of the [Omim] ClIL favored the transformation of cyclohexanol, giving
evidence that the IL may be involved in the stabilization of the reaction intermediates in the
catalytic process. Detailed investigation revealed that a longer alkyl chain of the IL increased
the interaction between the solvent and the hydrophobic substrate, and a larger polarity of
the IL increased the strength of coulombic forces arising in the solvation process. Both of
these two factors improved the conversion of cyclohexanol considerably.

In this part, the anchoring of the actual catalyst on ILs offers opportunity for immobilizing
catalyst with the solvent, allowing the recycling of the catalyst, especially some expensive
reagent. This “anchoring” can be either chemical coupling or physical confinement. Chemi‐
cal coupling requires special tailoring or functionalization of the ILs. The functionalized ILs
show prospect as both catalyst and solvent for the H2O2 oxidation reaction. The physical
confinement of ILs within some solid porous materials has dual effects on the catalytic oxi‐
dation: on the one hand, the ILs supply special microenvironment on affecting the reaction
pathway; on the other hand, the micropores of the porous material allow the controlling of
the selectivity of the product. In addition, we may expect structural modification of the func‐
tionalized ILs by deliberately varying the cations/anions to meet the distribution require‐
ment of the substrate or product, which will be of great importance for increasing the yield
and selectivity of the product. Beyond that, more synthetic method should be developed to
support the actual catalyst in order to shed light on the effective utilization of the expensive
reagent in future catalytic oxidation.

4. Olefin oxidation

Recently, significant improvements on the catalytic performance in some transition metal-
catalyzed reactions have been observed using ILs as the solvent. [2] , [19] , [20] The room-
temperature ILs have emerged as environmentally benign reaction media as well as new
vehicles for the immobilization of transition metal-based catalysts. Singh et al. [52] reported
the H2O2 epoxidation of substrates containing both electron rich and deficient olefins cata‐
lyzed with meso-tetraarylporphyrin iron(III) chlorides ([TAPFe(III)Cl]) in imidazolium ILs.
The active oxidizing species depended on the substrate used (Figure 8): the ferric peroxy
anions (TAP-FeIII-OO-) were effective intermediates in the epoxidation of electron deficient
olefins, whereas the high valent oxoferrylporphyrin π-cation radicals (TAP-FeIV=O•+) were
involved in the epoxidation of electron rich olefins. The ILs provide special microenviron‐
ment via the interactions between their cations and anions, where the active intermediates
could be fast generated from TAPFeIIICl/ [Bmim] [PF6] and H2O2 and well stabilized in the
[Bmim] [PF6] IL. The nature of the anions in the ILs played an important role on the activity
of the catalyst.

Han and coworkers [53] synthesized novel Ni2+-containing 1-methyl-3- [(triethoxysilyl)prop‐
yl] imidazolium chloride (TMICl) IL immobilized on silica to catalytic oxidation of styrene
to benzaldehyde with H2O2 under solvent-free condition (Figure 9). With the aid of the IL,
both hydrophobic reactant and the hydrophilic reactant were accessible to the active sites of
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the catalyst: styrene and H2O2 are miscible with the IL, and the Ni2+ was coordinated by the
immobilized IL that allowed both reactants to access to active sites of the catalyst effectively.
Under solvent-free condition, the conversion of styrene reached 18.5%and the selectivity to
benzaldehyde was as high as 95.9% on the IMM-TMICl-Ni2+ catalyst.

T

PA-Fe(III)-Cl
NN X-

H2O2

Cl-TAP-Fe(III)-OOH
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Figure 8. Mechanism for the generation of the reactive intermediate from TAPFeIIICl/ [Bmim] [PF6] and H2O2. [52]

+

 H2O2
O

+ H2O + CO2
IMM-TMICl-Ni(II)

N

N
Cl Si(OEt)3+

TEOS, NH3, CTAB
373 K, 24 h

IMM-TMICl-Ni(II)

373 K
72 h N N Si(OEt)3

Cl-

NiCl2
373 K

TMICl-Ni(II)

solvent-free
(a)

(b)

Figure 9. Schematic illustrations of (a) oxidation of styrene to benzaldehyde with H2O2 under solvent-free condition,
(b) synthesis of IMM-TMICl-Ni(II) catalyst by grafting Ni2+ on IL-Silica. [53]

Some more examples are given by combining ILs with metal peroxides or polyoxometalates
in the catalytic epoxidation of olefins with H2O2. In Yamaguchi et al.’s work, [54] peroxo‐
tungstate was immobilized on dihydroimidazolium-based IL-modified SiO2 (Figure 10). The
as-prepared catalyst showed high activity and selectivity for epoxidation of a wide range of
olefins. Radical mechanism was excluded for the IL-involved epoxidation in CH3CN sol‐
vent. Berardi et al. [55] embedded the catalytically active [γ-SiW10O36(PhPO)2] 4-polyanions in
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the hydrophobic IL ([bmim] [[PF6] or hydrophilic IL [bmim] [(CF3SO2)2N]). The catalyst gave
out high yield and selectivity for epoxidation of olefins under microwave irradiation in the
hydrophilic IL (Figure 11). The catalyst can be recycled with the catalytic IL phase. Liu et al.
[56] demonstrated the role of [bmim] [PF6] IL as an activator for efficient olefin epoxidation
with H2O2catalyzed by Keggin polyoxometalate [bmim] 3PW12O40 (Figure 12). In the IL, the
interaction between the anions and the cations supplied a special microenvironment, accel‐
erating the generation of the active peroxotungstate [PO4{W(O)(O)2}4] 3- species from [bmim]
3PW12O40 and H2O2. In some sense, the [bmim] [PF6] IL could be considered as a co-catalyst
to promote the formation of active species for epoxidation. Both of the TOF and selectivity
for olefin epoxidation were significantly enhanced in the IL compared to that of traditional
organic solvents, e.g., 289 times TOF and 1.3 times selectivity as found in CH2Cl2 for the ep‐
oxidation of cis-cyclooctene. The utilization efficiency of H2O2 reached as high as 87%.

Figure 10. Epoxidation of Olefins with H2O2 catalyzed by peroxotungstate immobilized on IL-modified SiO2. [54] Re‐
printed with permission from ref.54. Copyright © 2005,AmericanChemical Society.

Figure 11. Epoxidaton of cis-Cyclooctene with H2O2 and polyoxometalates in both hydrophilic and hydrophobic ILs.
[55]

Numerous examples have shown that ILs are offering unique properties in the transition
metal-, metal peroxide- or polyoxometalates-catalyzed oxidation of olefins with H2O2. The
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ILs supply special environment for the generation and stabilization of the active intermedi‐
ate, or act as support for immobilizing and recycling the actual catalyst, both of which are
necessary for performing effective catalytic oxidation. By delicately designing the combina‐
tion of catalyst, support and ILs, the interactions between the hydrophobic substrate, hydro‐
philic oxidant, and the active site could be reinforced, intensifying the catalytic efficiency of
the oxidation reaction.
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Figure 12. Epoxidation of olefins with H2O2 and polyoxometalates in [bmim] [PF6] IL. [56]

5. Conclusion

Catalytic oxidations have been widely studied in ionic liquids, and much of this interest is
centered on the possible use as “green” alternatives to traditionally used volatile organic sol‐
vents. This chapter summarizes limited examples that illustrate the applications of ILs in the
catalytic oxidation using H2O2 as the oxidant, in particular benzene hydroxylation, alcohol
oxidation, and olefin oxidation. We focus our discussion on understanding how the unusual
solvent environment provide solute species that affect the reactions occurred in them.

As innocent and non-vaporized solvents, ILs provide good solubility to salts and most of the
hydrophobic substrate, endowing them good solvent for the transition metal complexes-,
peroxides-, oxides-, polyoxometalates-, or organic molecules-catalyzed oxidation. The misci‐
bility of ILs with water and organic molecules can be elaborately tuned by varying the cati‐
ons/anions (i.e., length of alkyl chain, polarity, etc.). The interactions between ILs and the
substrate, catalyst, oxidant, even reaction intermediate, make the ILs act as multi-functional
solvent for the H2O2 involved catalytic oxidation. The cations/anions in ILs may influence
the reaction pathway by stabilization of the charged transition state, active species or li‐
gands which are necessary for many oxidation reaction. The structure of ILs can also be spe‐
cially tailored to support actual catalyst and/or co-catalyst for effective recycling. The
functionalized ILs have prospect as both catalyst and solvent for the H2O2 oxidation reac‐
tion. The grafting of ILs on some solid porous materials may improve the microenvironment
of the reactive site, affecting the reaction pathway by increasing the selectivity of the prod‐
uct. Most importantly, the combination of ILs and a co-solvent (water or organic solvent) al‐
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lows the mass transfer of unstable product from oxidative environment, protecting the
product from over-oxidation by H2O2. As a conclusion, the integration of the multiple bene‐
fits from ILs will provide a greener scenario for recycling the catalyst and solvent, as well as
improving the yield and selectivity of the product. We may expect novel synthetic strategy
for functionalized ILs and their elaborate combination with prevailing catalytic materials for
applications in a wide range of catalytic oxidation in future.
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Chapter 15

New Brønsted Ionic Liquids: Synthesis,
Thermodinamics and Catalytic Activity in Aldol
Condensation Reactions

I. Cota, R. Gonzalez-Olmos, M. Iglesias and
F. Medina

Additional information is available at the end of the chapter
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1. Introduction

It is a continuous challenge to find new catalysts able to perform with good activities and
selectivity condensation reactions for the synthesis of pharmaceutical and fine chemicals. In
the last years room temperature ionic liquids (ILs) have received a lot of interest as environ‐
mental friendly or “green” alternatives to conventional molecular solvents. They differ from
molecular solvents by their unique ionic character and their “structure and organization”
which can lead to specific effects [1].

Room-temperature ILs have been used as clean solvents and catalysts for green chemistry, sta‐
bilizing agents for the catalysts or intermediates, electrolytes for batteries, in photochemistry
and electrosynthesis etc [2-6]. Their success as environmental benign solvents or catalysts is
described in numerous reactions [7-11], such as Diels-Alder reactions [12, 13], the Friedel-
Crafts reaction [14-17], esterification [18-20], cracking rections [21], and so on. The link be‐
tween ionic ILs and green chemistry is related to the solvent properties of ILs. Some of the
properties that make ILs attractive media for catalysis are: they have no significant vapour
pressure and thus create no volatile organic pollution during manipulation; ILs have good
chemical and thermal stability, most ILs having liquid ranges for more than 3000C; they are im‐
miscible with some organic solvents and therefore can be used in two-phase systems; ILs po‐
larity can be adjusted by a suitable choice of cation/anion; they are able to dissolve a wide range
of organic, inorganic and organometallic compounds; ILs are often composed of weakly coor‐
dinating anions and therefore have the potential to be highly polar.
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The number of ILs has increased exponentially in the recent years. Many of them are based
on the imidazolium cation and in a lesser proportion, alkyl pyridiniums and trialkylamines
(Scheme 1). By changing the anion or the alkyl chain of the cation, a wide variety of ILs may
be designed for specific applications. They can be of hydrophobic or hydrophilic nature de‐
pending on the chemical structures involved.

N

N

R2

R3R4

R1

N

R2

R1

N

R2

N

N
N

R1

R1 R2

NR4 R2

R1

R3

PR4 R2

R1

R3

NR4
OH

R

R3

imidazolium pyridinium pyrazolium

pyrrolidinium ammonium phosphonium cholinium

Cl-, Br-, I-

Al2Cl7-, Al3Cl10
-

Sb2F11
-, Fe2Cl7-, Zn2Cl5-, Zn3Cl7-

CuCl2-, SnCl2-

NO3
-, PO4

3-, HSO4
-, SO4

2-

CF3SO3
-, ROSO3

-, CF3CO2
-, C6H5SO3

-

PF6
-, SbF6

-, BF4
-

(CF3SO2)2N -, N(CN)2
-,(CF3SO2)3C-

BR4
-, RCB11H11

-

Scheme 1. Main cations and anions described in literature [1].

ILs can be divided into two broad categories: aprotic ionic liquids (AILs) and protic ionic
liquids (PILs).

AILs largely dominate the open literature due to their relative inertness to organometallic
compounds and their potential of applications, particularly in catalysis. They are synthe‐
sized by transferring an alkyl group to the basic nitrogen site through SN2 reactions [1].

PILs are formed through proton transfer from a Brønsted acid to a Brønsted base. Recently
there has been an increasing interest in PILs due to their greater potential as environmental
friendly solvents and promising applications. Moreover, they present the advantage of be‐
ing cost-effective and easily prepared as their formation does not involve the formation of
residual by-products. A specific feature of the PILs is that they are capable of developing a
certain hydrogen bonding potency, including proton acceptance and proton donation and
they are highly tolerant to hydroxylic media [22-23].

The application of new policies on terms of environment, health and safety deals towards
minimizing or substituting organic volatile solvents by green alternatives, placing a re‐
newed emphasis on research and development of lesser harmful compounds as ILs. On the
other hand, recently the interest in the use of PILs to tailor the water properties for cleaning
applications in processes of minimization of CO2/SO2 emissions has increased [24-26].

In the last years numerous studies report the use of ILs as selective catalysts for different
reactions, like aldol condensation reactions where several ILs have been successfully applied
as homogeneous and heterogeneous catalysts [27-30]. Abelló et al. [28] described the use of
choline hydroxide as basic catalyst for aldol condensation reactions between several ketones
and aldehydes. Better conversions and selectivities were obtained when compared to other
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well-known catalysts, such as rehydrated hydrotalcites, MgO and NaOH. In addition, high‐
er performance was obtained when choline was immobilized on MgO.

Zhu et al. [27] described the use of 1,1,3,3-tetramethylguanidine lactate ([TMG] [Lac]) as re‐
cyclable catalyst for direct aldol condensation reactions at room temperature without any
solvent. It was demonstrated that for each reaction only the aldol adduct was produced
when the molar ratio of the IL and substrate was smaller than 1. Moreover, after the reaction
the IL was easily recovered and recycled without considerably decrease of activity.

Kryshtal et al. [29] described the application of tetraalkylammonium and 1,3-dialkylimida‐
zolium perfluoro-borates and perfluoro-phosphates as recoverable phase-transfer catalysts
in multiphase reactions of CH-acids, in particular in solid base-promoted cross-aldol con‐
densations. The catalysts retained their catalytic activity over several reaction cycles.

In the study of Lombardo et al. [30] two onium ion-tagged prolines, imidazolium bis (tri‐
fluoromethylsulfonyl)imide-substituted proline and butyldimethylammonium bis (trifluoro‐
methylsulfonyl) imide-substituted proline, were synthesized and their catalytic activity in
the direct asymmetric aldol condensation was studied. The catalytic protocol developed by
this group makes use of a 6-fold lower amount of catalyst with respect to the preceding re‐
ports [31, 32] and affords greater chemical yields and higher enantioselectivity.

The main objective of this chapter is to develop and study the applications of a new family
of ILs based on substituted amine cations of the form RNH3

+ combined with organic anions
of the form R’COO- (being of different nature R and R’). The variations in the anion alkyl
chain, in conjunction with the cations, lead to a large matrix of materials.

This kind of compounds show interesting properties for industrial use of ILs: low cost of
preparation, simple synthesis and purification methods. Moreover, the very low toxicity and
the degradability of this kind of ILs have been verified. Thus, sustainable processes can be
originated from their use.

Recently, many studies dealing with the application of ILs in organic synthesis and catalysis
have been published, pointing out the vast interest in this type of compounds [33-36]. With
these facts in mind, we studied their catalytic potential for two condensation reactions of
carbonyl compounds. The products obtained from these reactions are applied in pharmaco‐
logical, flavor and fragrance industry.

2. Experimental

2.1. Preparation of ILs and supported ILs

The ILs synthesized in this work are: 2-hydroxy ethylammonium formate (2-HEAF), 2-hy‐
droxy ethylammonium acetate (2-HEAA), 2-hydroxy ethylammonium propionate (2-
HEAP), 2-hydroxi ethylammonium butanoate (2-HEAB), 2-hydroxi ethylammonium
isobutanoate (2-HEAiB) and 2-hydroxi ethylammonium pentanoate (2-HEAPE).
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The amine (Merck Synthesis, better than 99%) was placed in a three necked flask all-made-
in-glass equipped with a reflux condenser, a PT-100 temperature sensor for controlling tem‐
perature and a dropping funnel. The flask was mounted in a thermal bath. A slight heating
is necessary for increasing miscibility between reactants and then allow reaction. The organ‐
ic acid (Merck Synthesis, better than 99%) was added drop wise to the flask under stirring
with a magnetic bar. Stirring was continued for 24 h at laboratory temperature, in order to
obtain a final viscous liquid. Lower viscosity was observed in the final product by decreas‐
ing molecular weight of reactants. No solid crystals or precipitation was noticed when the
liquid sample was purified or stored at freeze temperature for a few months after synthesis.
The reaction is a simple acid–base neutralization creating the formiate, acetate, propionate,
butanoate, isobutanoate or pentanoate salt of ethanolamine that in a general form should be
expressed as follows:

(HOCH2CH2)N H2 +  HOOCR → (HOCH2CH2)N H3
+( O- OCR) (1)

For example, when formic acid is used this equation shows the chemical reaction for the re‐
actants ethanolamine + formic acid, with 2-HEAF as neutralization product.

Because these chemical reactions are highly exothermic, an adequate control of temperature
is essential throughout the chemical reaction; otherwise heat evolution may produce the de‐
hydration of the salt to the corresponding amide, as in the case for nylon salts (salts of dia‐
mines with dicarboxy acids).

As observed in our laboratory during IL synthesis, dehydration begins around 423.15 K for
the lightest ILs. The color varied in each case from transparent to dark yellow when the re‐
action process and purification (strong agitation and slight heating for the vaporization of
residual non-reacted acid for at least for 24 h) were completed.

There was no detectable decomposition for the ILs studied here when left for over 12
months at laboratory temperature. Less than 1% amide was detected after this period of
time. On the basis of these results it appears obvious that the probability of amide formation
is low for this kind of structures.

In order to obtain the supported ILs, 1 g of IL was dissolved in 7 ml of ethanol and after
stirring at room temperature for 30 min, 1 g of alanine (Fluka, better than 99%) was added.
The mixture was stirred for 2 h and then heated at 348 K under vacuum to remove ethanol.
The supported ILs thus obtained were labelled hereafter as a-ILs.

2.2. Spectroscopy test

FT-IR spectrum was taken by a Jasco FT/IR 680 plus model IR spectrometer, using a NaCl disk.

2.3. Physical properties equipment

During the course of the experiments, the purity of ILs was monitored by different physical
properties measurements. The pure ILs were stored in sun light protected form, constant
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humidity and low temperature. Usual manipulation and purification in our experimental
work was applied [22].

The densities and ultrasonic velocities of pure components were measured with an Anton
Paar DSA-5000 vibrational tube densimeter and sound analyzer, with a resolution of 10−5 g
cm−3 and 1 m s−1. Apparatus calibration was performed periodically in accordance with pro‐
vider’s instructions using a double reference (millipore quality water and ambient air at
each temperature). Accuracy in the temperature of measurement was better than ±10−2 K by
means of a temperature control device that apply the Peltier principle to maintain isother‐
mal conditions during the measurements.

The ion conductivity was measured by a Jenway Model 4150 Conductivity/TDS Meter with
resolution of 0.01μS to 1 mS and accuracy of ±0.5% at the range temperature. The accuracy
of temperature into the measurement cell was ±0.5 ◦C.

2.4. Catalytic studies

The studied reactions were the condensation between citral and acetone and between ben‐
zaldehyde and acetone. The reactions were performed in liquid phase using a 100 mL batch
reactor equipped with a condenser system. To a stirred solution of substrate and ketone
(molar ratio ketone/substrate = 4.4) was added 1 g of IL, and the flask was maintained at 333
K using an oil bath. Samples were taken at regular time periods and analyzed by gas chro‐
matography using a flame ionization detector and an AG Ultra 2 column (15 m x 0.32 mm x
0.25 μm). Tetradecane was used as the internal standard. Reagents were purchase from Al‐
drich and used without further purification.

In order to separate the ILs from the reaction mixture, at the end of the reaction 6 mL of H2O
were added. The mixture was stirred for 2 h and then left 15 h to repose. Two phases were
separated: the organic phase which contains the reaction products and the aqueous phase
which contains the IL. In order to separate the IL, the aqueous phase was heated up to 393 K
under vacuum.

3. Results and discussion

As Figure 1 shows, the broad band in the 3500-2400 cm-1 range exhibits characteristic ammo‐
nium structure for all the neutralization products. The OH stretching vibration is embedded
in this band. The broad band centered at 1600 cm-1 is a combined band of the carbonyl
stretching and N-H plane bending vibrations. FT-IR results clearly demonstrate the IL char‐
acteristics of compounds synthesized in this work.

Due to space considerations, we will present the thermodynamic properties only for two of
the studied ILs: 2-HEAF and 2-HEAPE.

The molar mass and experimental results at standard condition for 2-HEAF and 2-HEAPE
are shown in Table 1.
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Figure 1. FT-IR spectrum for 2-HEAPE.

IL Molecular Weight

(g∙mol-1)

Exp. Density

(g∙cm-3)

Exp. Ultrasonic Velocity

(ms-1)

Exp. Conductivity

(μS∙cm-1)

2-HEAF 107.11 1.176489 1709.00 4197.6

2-HEAPE 163.21 1.045479 1591.59 239.6

aOther experimental data for comparison are not available from the literature.

Table 1. Experimental data for pure ionic liquids at 298.15 K and other relevant informationa

The densities, ultrasonic velocities and isobaric expansibility of 2-HEAF and 2-HEAPE are

given in Table 2, and the ionic conductivities are given in Table 3. From the results obtained

it can be observed that an increase in temperature diminishes the interaction among ions,

lower values of density and ultrasonic velocity being gathered for rising temperatures in

each case.
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2-hydroxy ethylammonium formate (2-HEAF)

T

(K)

ρ

(gcm-3)

u

(ms-1)

κS

(TPa-1)

103 · α

(K-1)

T

(K)

ρ

(gcm-3)

u

(ms-1)

κS

(TPa-1)

103 · α

(K-1)

338.15 1.148091 1613.59 334.53 0.6188 327.16 1.155890 1639.38 321.90 0.6148

337.90 1.148254 1614.14 334.26 0.6187 326.91 1.156069 1639.97 321.62 0.6147

337.66 1.148433 1614.71 333.97 0.6186 326.66 1.156247 1640.57 321.34 0.6146

337.40 1.148608 1615.30 333.67 0.6185 326.41 1.156426 1641.16 321.06 0.6145

337.15 1.148785 1615.87 333.39 0.6184 326.16 1.156603 1641.75 320.78 0.6144

336.91 1.148963 1616.46 333.09 0.6183 325.91 1.156780 1642.34 320.50 0.6143

336.66 1.149139 1617.04 332.80 0.6182 325.65 1.156957 1642.94 320.21 0.6142

336.41 1.149316 1617.63 332.51 0.6182 325.40 1.157136 1643.53 319.93 0.6141

336.16 1.149494 1618.22 332.21 0.6181 325.16 1.157314 1644.12 319.66 0.6140

335.90 1.149669 1618.81 331.92 0.6180 324.90 1.157490 1644.72 319.37 0.6139

335.65 1.149848 1619.38 331.64 0.6179 324.65 1.157669 1645.32 319.09 0.6138

335.40 1.150027 1619.96 331.35 0.6178 324.40 1.157846 1645.91 318.81 0.6137

335.16 1.150205 1620.55 331.05 0.6177 324.15 1.158023 1646.50 318.54 0.6136

334.90 1.150384 1621.13 330.77 0.6176 323.90 1.158201 1647.09 318.26 0.6135

334.66 1.150560 1621.71 330.48 0.6175 323.65 1.158378 1647.68 317.98 0.6134

334.40 1.150740 1622.30 330.19 0.6174 323.40 1.158556 1648.28 317.70 0.6133

334.16 1.150916 1622.89 329.90 0.6173 323.15 1.158734 1648.90 317.42 0.6132

333.90 1.151094 1623.48 329.61 0.6173 322.90 1.158910 1649.47 317.15 0.6131

333.65 1.151271 1624.06 329.32 0.6172 322.66 1.159088 1650.06 316.87 0.6130

333.41 1.151449 1624.64 329.03 0.6171 322.41 1.159265 1650.66 316.59 0.6129

333.16 1.151625 1625.23 328.75 0.6170 322.16 1.159442 1651.25 316.32 0.6128

332.90 1.151804 1625.82 328.46 0.6169 321.91 1.159620 1651.85 316.04 0.6127

332.65 1.151981 1626.41 328.17 0.6168 321.65 1.159797 1652.43 315.77 0.6126

332.41 1.152159 1626.99 327.88 0.6167 321.40 1.159976 1653.03 315.49 0.6125

332.15 1.152338 1627.58 327.59 0.6166 321.15 1.160154 1653.63 315.22 0.6124

331.90 1.152514 1628.16 327.31 0.6165 320.91 1.160330 1654.22 314.94 0.6124

331.65 1.152694 1628.75 327.02 0.6164 320.66 1.160509 1654.81 314.67 0.6123

331.40 1.152871 1629.34 326.74 0.6163 320.40 1.160688 1655.41 314.39 0.6122

331.16 1.153048 1629.93 326.45 0.6162 320.15 1.160863 1656.01 314.12 0.6121

330.90 1.153225 1630.52 326.16 0.6162 319.90 1.161042 1656.60 313.85 0.6120

330.65 1.153405 1631.11 325.88 0.6161 319.65 1.161218 1657.19 313.58 0.6119

330.41 1.153582 1631.69 325.59 0.6160 319.40 1.161398 1657.79 313.30 0.6118
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330.15 1.153761 1632.29 325.30 0.6159 319.15 1.161574 1658.39 313.03 0.6117

329.90 1.153939 1632.88 325.02 0.6158 318.91 1.161750 1658.98 312.76 0.6116

329.65 1.154114 1633.47 324.73 0.6157 318.65 1.161930 1659.58 312.48 0.6115

329.41 1.154294 1634.06 324.45 0.6156 318.40 1.162110 1660.18 312.21 0.6114

329.15 1.154469 1634.65 324.17 0.6155 318.16 1.162286 1660.78 311.93 0.6113

328.91 1.154648 1635.24 323.88 0.6154 317.90 1.162462 1661.37 311.67 0.6112

328.65 1.154826 1635.84 323.59 0.6153 317.65 1.162643 1661.97 311.39 0.6111

328.40 1.155003 1636.43 323.31 0.6152 317.41 1.162820 1662.56 311.12 0.6110

328.15 1.155181 1637.02 323.03 0.6151 317.15 1.162998 1663.16 310.85 0.6109

327.90 1.155360 1637.61 322.75 0.6150 316.91 1.163174 1663.75 310.58 0.6108

327.66 1.155535 1638.20 322.47 0.6149 316.65 1.163352 1664.35 310.31 0.6107

316.15 1.163706 1665.55 309.77 0.6105 303.90 1.172408 1695.01 296.88 0.6054

315.90 1.163885 1666.15 309.50 0.6104 303.65 1.172587 1695.62 296.62 0.6053

315.65 1.164062 1666.74 309.23 0.6103 303.40 1.172764 1696.23 296.36 0.6052

315.40 1.164240 1667.34 308.96 0.6102 303.15 1.172937 1696.81 296.11 0.6051

315.15 1.164417 1667.94 308.70 0.6101 302.90 1.173120 1697.43 295.85 0.6050

314.90 1.164597 1668.54 308.43 0.6100 302.65 1.173295 1698.04 295.59 0.6049

314.65 1.164774 1669.14 308.16 0.6099 302.40 1.173473 1698.64 295.34 0.6048

314.40 1.164951 1669.73 307.89 0.6098 302.15 1.173648 1699.25 295.09 0.6047

314.15 1.165128 1670.33 307.63 0.6097 301.90 1.173826 1699.86 294.83 0.6046

313.90 1.165305 1670.94 307.35 0.6096 301.65 1.174003 1700.47 294.57 0.6045

313.65 1.165485 1671.54 307.09 0.6095 301.40 1.174180 1701.07 294.32 0.6043

313.40 1.165661 1672.13 306.82 0.6094 301.15 1.174361 1701.68 294.06 0.6042

313.15 1.165839 1672.72 306.56 0.6093 300.90 1.174535 1702.29 293.81 0.6041

312.90 1.166018 1673.34 306.29 0.6092 300.65 1.174714 1702.90 293.56 0.6040

312.65 1.166194 1673.94 306.02 0.6091 300.40 1.174891 1703.50 293.30 0.6039

312.40 1.166372 1674.54 305.75 0.6090 300.15 1.175070 1704.12 293.05 0.6038

312.15 1.166549 1675.14 305.49 0.6089 299.90 1.175247 1704.73 292.79 0.6037

311.90 1.166726 1675.74 305.22 0.6088 299.65 1.175425 1705.33 292.54 0.6036

311.65 1.166903 1676.34 304.96 0.6086 299.40 1.175602 1705.95 292.29 0.6035

311.40 1.167085 1676.95 304.69 0.6085 299.15 1.175780 1706.55 292.04 0.6034

311.15 1.167260 1677.55 304.43 0.6084 298.90 1.175955 1707.16 291.78 0.6033

310.90 1.167437 1678.14 304.17 0.6083 298.65 1.176133 1707.77 291.53 0.6032

310.65 1.167617 1678.74 303.90 0.6082 298.40 1.176311 1708.39 291.28 0.6030
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314.90 1.164597 1668.54 308.43 0.6100 302.65 1.173295 1698.04 295.59 0.6049

314.65 1.164774 1669.14 308.16 0.6099 302.40 1.173473 1698.64 295.34 0.6048

314.40 1.164951 1669.73 307.89 0.6098 302.15 1.173648 1699.25 295.09 0.6047
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313.15 1.165839 1672.72 306.56 0.6093 300.90 1.174535 1702.29 293.81 0.6041

312.90 1.166018 1673.34 306.29 0.6092 300.65 1.174714 1702.90 293.56 0.6040

312.65 1.166194 1673.94 306.02 0.6091 300.40 1.174891 1703.50 293.30 0.6039

312.40 1.166372 1674.54 305.75 0.6090 300.15 1.175070 1704.12 293.05 0.6038

312.15 1.166549 1675.14 305.49 0.6089 299.90 1.175247 1704.73 292.79 0.6037

311.90 1.166726 1675.74 305.22 0.6088 299.65 1.175425 1705.33 292.54 0.6036

311.65 1.166903 1676.34 304.96 0.6086 299.40 1.175602 1705.95 292.29 0.6035

311.40 1.167085 1676.95 304.69 0.6085 299.15 1.175780 1706.55 292.04 0.6034

311.15 1.167260 1677.55 304.43 0.6084 298.90 1.175955 1707.16 291.78 0.6033
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310.40 1.167794 1679.35 303.63 0.6081 298.15 1.176489 1709.00 291.02 0.6029

310.15 1.167970 1679.94 303.38 0.6080 297.90 1.176666 1709.61 290.77 0.6028

309.90 1.168149 1680.55 303.11 0.6079 297.65 1.176842 1710.22 290.52 0.6027

309.65 1.168325 1681.15 302.85 0.6078 297.40 1.177019 1710.84 290.27 0.6026

309.40 1.168502 1681.75 302.59 0.6077 297.15 1.177201 1711.45 290.02 0.6025

309.15 1.168680 1682.35 302.32 0.6076 296.90 1.177373 1712.06 289.77 0.6024

308.90 1.168859 1682.96 302.06 0.6075 296.65 1.177553 1712.67 289.52 0.6023

308.65 1.169036 1683.55 301.80 0.6074 296.40 1.177729 1713.28 289.27 0.6022

308.40 1.169213 1684.16 301.54 0.6073 296.15 1.177905 1713.90 289.01 0.6021

308.15 1.169391 1684.76 301.28 0.6072 295.90 1.178085 1714.52 288.76 0.6019

307.90 1.169567 1685.36 301.02 0.6071 295.65 1.178265 1715.13 288.51 0.6018

307.65 1.169742 1685.96 300.76 0.6070 295.40 1.178438 1715.75 288.26 0.6017

307.40 1.169922 1686.56 300.50 0.6069 295.15 1.178617 1716.36 288.01 0.6016

307.15 1.170102 1687.17 300.23 0.6068 294.90 1.178798 1716.97 287.76 0.6015

306.90 1.170276 1687.77 299.98 0.6067 294.65 1.178971 1717.58 287.52 0.6014

306.65 1.170454 1688.37 299.72 0.6066 294.40 1.179148 1718.20 287.27 0.6013

306.40 1.170632 1688.98 299.45 0.6065 294.15 1.179325 1718.81 287.02 0.6012

306.15 1.170810 1689.58 299.20 0.6064 293.90 1.179505 1719.42 286.77 0.6011

305.90 1.170986 1690.18 298.94 0.6063 293.65 1.179682 1720.04 286.52 0.6009

305.65 1.171165 1690.79 298.68 0.6062 293.40 1.179858 1720.66 286.27 0.6008

305.40 1.171343 1691.39 298.42 0.6060 293.15 1.180037 1721.27 286.03 0.6007

305.15 1.171518 1691.99 298.16 0.6059 292.90 1.180210 1721.88 285.78 0.6006

304.90 1.171699 1692.60 297.90 0.6058 292.65 1.180390 1722.50 285.53 0.6005

304.40 1.172053 1693.80 297.39 0.6056 292.15 1.180744 1723.72 285.04 0.6003

304.15 1.172230 1694.41 297.13 0.6055 291.90 1.180923 1724.34 284.80 0.6002

291.65 1.181104 1724.95 284.55 0.6000 279.40 1.189760 1755.38 272.77 0.5944

291.40 1.181278 1725.57 284.30 0.5999 279.15 1.189935 1756.03 272.53 0.5943

291.15 1.181453 1726.18 284.06 0.5998 278.90 1.190108 1756.62 272.31 0.5941

290.90 1.181631 1726.80 283.81 0.5997 278.65 1.190288 1757.23 272.08 0.5940

290.65 1.181809 1727.43 283.56 0.5996 278.40 1.190464 1757.88 271.83 0.5939

290.40 1.181990 1728.05 283.32 0.5995 278.15 1.190632 1758.50 271.60 0.5938

290.15 1.182162 1728.67 283.07 0.5994

289.90 1.182339 1729.29 282.83 0.5993

289.65 1.182515 1729.91 282.58 0.5991
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289.39 1.182700 1730.84 282.24 0.5990

289.15 1.182877 1731.59 281.95 0.5989

288.89 1.183052 1732.13 281.73 0.5988

288.64 1.183228 1732.78 281.48 0.5987

288.39 1.183407 1733.34 281.25 0.5986

288.15 1.183574 1733.91 281.03 0.5985

287.90 1.183753 1734.51 280.79 0.5983

287.64 1.183941 1735.04 280.58 0.5982

287.40 1.184107 1735.67 280.33 0.5981

287.15 1.184289 1736.27 280.10 0.5980

286.90 1.184462 1736.82 279.88 0.5979

286.65 1.184637 1737.45 279.63 0.5978

286.40 1.184815 1738.07 279.39 0.5977

286.15 1.184986 1738.68 279.16 0.5975

285.90 1.185168 1739.24 278.93 0.5974

285.65 1.185344 1739.86 278.69 0.5973

285.40 1.185519 1740.47 278.46 0.5972

285.15 1.185700 1741.08 278.22 0.5971

284.90 1.185886 1741.82 277.94 0.5970

284.64 1.186059 1742.42 277.71 0.5968

284.40 1.186228 1742.99 277.49 0.5967

284.15 1.186403 1743.61 277.25 0.5966

283.90 1.186582 1744.21 277.02 0.5965

283.65 1.186756 1744.84 276.78 0.5964

283.40 1.186933 1745.46 276.54 0.5963

283.15 1.187110 1746.08 276.30 0.5961

282.90 1.187288 1746.70 276.06 0.5960

282.65 1.187467 1747.32 275.82 0.5959

282.40 1.187641 1747.95 275.59 0.5958

282.15 1.187817 1748.57 275.35 0.5957

281.90 1.187991 1749.20 275.11 0.5956

281.65 1.188172 1749.83 274.87 0.5954

281.40 1.188344 1750.39 274.66 0.5953

281.15 1.188523 1751.00 274.42 0.5952
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289.39 1.182700 1730.84 282.24 0.5990

289.15 1.182877 1731.59 281.95 0.5989

288.89 1.183052 1732.13 281.73 0.5988

288.64 1.183228 1732.78 281.48 0.5987

288.39 1.183407 1733.34 281.25 0.5986

288.15 1.183574 1733.91 281.03 0.5985

287.90 1.183753 1734.51 280.79 0.5983

287.64 1.183941 1735.04 280.58 0.5982

287.40 1.184107 1735.67 280.33 0.5981

287.15 1.184289 1736.27 280.10 0.5980

286.90 1.184462 1736.82 279.88 0.5979

286.65 1.184637 1737.45 279.63 0.5978

286.40 1.184815 1738.07 279.39 0.5977

286.15 1.184986 1738.68 279.16 0.5975

285.90 1.185168 1739.24 278.93 0.5974

285.65 1.185344 1739.86 278.69 0.5973

285.40 1.185519 1740.47 278.46 0.5972

285.15 1.185700 1741.08 278.22 0.5971

284.90 1.185886 1741.82 277.94 0.5970

284.64 1.186059 1742.42 277.71 0.5968

284.40 1.186228 1742.99 277.49 0.5967

284.15 1.186403 1743.61 277.25 0.5966

283.90 1.186582 1744.21 277.02 0.5965

283.65 1.186756 1744.84 276.78 0.5964

283.40 1.186933 1745.46 276.54 0.5963

283.15 1.187110 1746.08 276.30 0.5961

282.90 1.187288 1746.70 276.06 0.5960

282.65 1.187467 1747.32 275.82 0.5959

282.40 1.187641 1747.95 275.59 0.5958

282.15 1.187817 1748.57 275.35 0.5957

281.90 1.187991 1749.20 275.11 0.5956

281.65 1.188172 1749.83 274.87 0.5954

281.40 1.188344 1750.39 274.66 0.5953

281.15 1.188523 1751.00 274.42 0.5952
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280.90 1.188699 1751.60 274.19 0.5951

280.40 1.189050 1752.86 273.72 0.5948

280.15 1.189231 1753.49 273.48 0.5947

279.90 1.189407 1754.12 273.24 0.5946

279.65 1.189580 1754.75 273.01 0.5945

2-hydroxy ethylammonium pentanoate (2-HEAPE)

T

(K)

ρ

(gcm-3)

u

(ms-1)

κS

(TPa-1)

103 · α

(K-1)

T

(K)

ρ

(gcm-3)

u

(ms-1)

κS

(TPa-1)

103 · α

(K-1)

338.15 1.020672 1468.15 454.54 -3.6736 307.90 1.039467 1558.18 396.24 -3.8607

337.90 1.020820 1468.77 454.09 -3.6729 307.65 1.039618 1558.99 395.77 -3.8646

337.65 1.020969 1469.46 453.60 -3.6723 307.40 1.039772 1559.78 395.31 -3.8684

337.40 1.021126 1470.18 453.08 -3.6716 307.15 1.039925 1560.61 394.83 -3.8723

337.15 1.021280 1470.87 452.59 -3.6710 306.90 1.040077 1561.44 394.35 -3.8763

336.90 1.021436 1471.58 452.09 -3.6705 306.65 1.040230 1562.25 393.89 -3.8803

336.65 1.021593 1472.29 451.58 -3.6700 306.40 1.040384 1563.08 393.41 -3.8843

336.40 1.021745 1473.00 451.08 -3.6695 306.15 1.040533 1563.89 392.94 -3.8883

336.15 1.021898 1473.73 450.56 -3.6690 305.90 1.040687 1564.73 392.47 -3.8924

335.65 1.022205 1475.12 449.58 -3.6683 305.40 1.040991 1566.38 391.52 -3.9007

335.40 1.022364 1475.83 449.08 -3.6679 305.15 1.041143 1567.19 391.06 -3.9050

335.15 1.022520 1476.54 448.58 -3.6677 304.90 1.041297 1568.03 390.59 -3.9092

334.90 1.022671 1477.24 448.09 -3.6674 304.65 1.041450 1568.87 390.11 -3.9135

334.65 1.022828 1477.95 447.59 -3.6672 304.40 1.041602 1569.72 389.63 -3.9178

334.40 1.022986 1478.66 447.09 -3.6670 304.15 1.041753 1570.56 389.16 -3.9222

334.15 1.023146 1479.37 446.59 -3.6669 303.90 1.041907 1571.39 388.69 -3.9266

333.90 1.023305 1480.07 446.10 -3.6668 303.65 1.042059 1572.25 388.21 -3.9310

333.65 1.023463 1480.78 445.60 -3.6667 303.40 1.042209 1573.09 387.74 -3.9355

333.40 1.023622 1481.49 445.11 -3.6667 303.15 1.042363 1573.94 387.26 -3.9400

333.15 1.023780 1482.20 444.61 -3.6667 302.90 1.042516 1574.79 386.79 -3.9445

332.90 1.023940 1482.92 444.11 -3.6667 302.65 1.042668 1575.65 386.31 -3.9491

332.65 1.024100 1483.63 443.62 -3.6668 302.40 1.042820 1576.51 385.83 -3.9537

332.40 1.024257 1484.34 443.12 -3.6669 302.15 1.042972 1577.39 385.34 -3.9584

332.15 1.024414 1485.06 442.63 -3.6671 301.90 1.043124 1578.23 384.88 -3.9631

331.90 1.024574 1485.77 442.13 -3.6673 301.65 1.043277 1579.11 384.39 -3.9678

331.65 1.024732 1486.48 441.64 -3.6675 301.40 1.043429 1579.97 383.92 -3.9726

331.40 1.024890 1487.19 441.15 -3.6678 301.15 1.043579 1580.82 383.45 -3.9774
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331.15 1.025050 1487.90 440.66 -3.6681 300.90 1.043732 1581.71 382.96 -3.9822

330.90 1.025207 1488.62 440.17 -3.6684 300.65 1.043883 1582.58 382.49 -3.9871

330.65 1.025363 1489.35 439.67 -3.6688 300.40 1.044037 1583.48 382.00 -3.9920

330.40 1.025523 1490.05 439.19 -3.6692 300.15 1.044188 1584.38 381.51 -3.9970

330.15 1.025679 1490.79 438.69 -3.6697 299.90 1.044340 1585.27 381.02 -4.0020

329.90 1.025838 1491.51 438.20 -3.6702 299.65 1.044492 1586.16 380.54 -4.0070

329.65 1.025997 1492.23 437.71 -3.6707 299.40 1.044644 1587.08 380.04 -4.0121

329.15 1.026310 1493.70 436.71 -3.6719 298.90 1.044973 1588.87 379.07 -4.0224

328.90 1.026467 1494.41 436.23 -3.6726 298.65 1.045148 1589.78 378.57 -4.0275

328.65 1.026627 1495.14 435.74 -3.6732 298.40 1.045311 1590.70 378.07 -4.0328

327.90 1.027097 1497.32 434.27 -3.6755 297.65 1.045807 1593.44 376.60 -4.0487

327.65 1.027255 1498.06 433.77 -3.6764 297.40 1.045975 1594.39 376.09 -4.0540

327.40 1.027411 1498.78 433.29 -3.6772 297.15 1.046142 1595.32 375.59 -4.0594

327.15 1.027568 1499.51 432.80 -3.6781 296.90 1.046304 1596.24 375.10 -4.0649

326.90 1.027725 1500.24 432.32 -3.6791 296.65 1.046470 1597.18 374.60 -4.0704

326.65 1.027883 1500.98 431.82 -3.6801 296.40 1.046642 1598.12 374.10 -4.0759

326.40 1.028039 1501.70 431.34 -3.6811 296.15 1.046804 1599.08 373.59 -4.0814

326.15 1.028194 1502.44 430.85 -3.6821 295.90 1.046975 1600.00 373.10 -4.0870

325.90 1.028352 1503.16 430.38 -3.6832 295.65 1.047135 1600.95 372.60 -4.0927

325.65 1.028508 1503.88 429.90 -3.6844 295.40 1.047303 1601.93 372.08 -4.0983

325.40 1.028665 1504.64 429.40 -3.6855 295.15 1.047465 1602.89 371.58 -4.1041

325.15 1.028822 1505.36 428.92 -3.6868 294.90 1.047628 1603.86 371.07 -4.1098

324.90 1.028976 1506.11 428.43 -3.6880 294.65 1.047795 1604.81 370.58 -4.1156

324.65 1.029135 1506.84 427.95 -3.6893 294.40 1.047960 1605.78 370.07 -4.1214

324.40 1.029289 1507.58 427.47 -3.6906 294.15 1.048125 1606.77 369.56 -4.1273

324.15 1.029445 1508.32 426.98 -3.6920 293.90 1.048288 1607.74 369.05 -4.1332

323.90 1.029602 1509.05 426.50 -3.6934 293.65 1.048451 1608.73 368.54 -4.1391

323.65 1.029757 1509.79 426.02 -3.6948 293.40 1.048614 1609.75 368.02 -4.1451

323.15 1.030071 1511.28 425.05 -3.6978 292.90 1.048944 1611.75 366.99 -4.1571

322.90 1.030226 1512.02 424.57 -3.6993 292.65 1.049105 1612.77 366.47 -4.1632

322.65 1.030381 1512.75 424.10 -3.7009 292.40 1.049271 1613.76 365.96 -4.1693

322.40 1.030537 1513.50 423.62 -3.7025 292.15 1.049433 1614.77 365.45 -4.1755

322.15 1.030693 1514.23 423.14 -3.7042 291.90 1.049593 1615.76 364.94 -4.1817

321.90 1.030846 1514.98 422.66 -3.7059 291.65 1.049759 1616.79 364.42 -4.1879
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321.65 1.031002 1515.72 422.18 -3.7076 291.40 1.049921 1617.83 363.90 -4.1942

321.40 1.031159 1516.46 421.71 -3.7094 291.15 1.050082 1618.87 363.37 -4.2005

321.15 1.031314 1517.21 421.23 -3.7112 290.90 1.050244 1619.95 362.83 -4.2068

320.90 1.031468 1517.96 420.75 -3.7130 290.65 1.050407 1620.99 362.31 -4.2132

320.65 1.031625 1518.71 420.27 -3.7149 290.40 1.050566 1622.02 361.80 -4.2196

320.40 1.031780 1519.46 419.79 -3.7168 290.15 1.050730 1623.16 361.23 -4.2261

320.15 1.031934 1520.22 419.31 -3.7188 289.90 1.050889 1624.19 360.72 -4.2326

319.90 1.032088 1520.97 418.83 -3.7208 289.65 1.051050 1625.29 360.18 -4.2391

319.65 1.032243 1521.73 418.35 -3.7228 289.40 1.051211 1626.38 359.64 -4.2457

319.40 1.032399 1522.49 417.87 -3.7249 289.15 1.051372 1627.47 359.10 -4.2523

319.15 1.032553 1523.24 417.40 -3.7270 288.90 1.051531 1628.60 358.55 -4.2590

318.90 1.032709 1524.00 416.92 -3.7292 288.65 1.051691 1629.70 358.01 -4.2656

318.65 1.032862 1524.77 416.44 -3.7313 288.40 1.051853 1630.82 357.46 -4.2724

318.40 1.033016 1525.53 415.96 -3.7336 288.15 1.052010 1631.92 356.93 -4.2791

318.15 1.033171 1526.28 415.49 -3.7358 287.90 1.052170 1633.05 356.38 -4.2859

317.90 1.033327 1527.05 415.01 -3.7381 287.65 1.052330 1634.18 355.83 -4.2928

317.40 1.033635 1528.57 414.06 -3.7428 287.15 1.052647 1636.52 354.71 -4.3065

317.15 1.033790 1529.33 413.59 -3.7452 286.90 1.052803 1637.66 354.16 -4.3135

316.65 1.034098 1530.86 412.64 -3.7502 286.40 1.053121 1639.97 353.06 -4.3275

316.40 1.034253 1531.63 412.16 -3.7527 286.15 1.053282 1641.17 352.49 -4.3345

316.15 1.034406 1532.39 411.69 -3.7552 285.90 1.053440 1642.36 351.93 -4.3416

315.90 1.034559 1533.16 411.22 -3.7578 285.65 1.053595 1643.59 351.35 -4.3488

315.40 1.034867 1534.71 410.26 -3.7631 285.15 1.053914 1645.91 350.25 -4.3632

315.15 1.035022 1535.47 409.80 -3.7659 284.90 1.054069 1647.20 349.65 -4.3704

314.90 1.035175 1536.22 409.34 -3.7686 284.65 1.054227 1648.38 349.10 -4.3777

314.65 1.035330 1536.99 408.86 -3.7714 284.40 1.054384 1649.68 348.50 -4.3850

314.40 1.035483 1537.77 408.39 -3.7742 284.15 1.054542 1650.96 347.91 -4.3924

314.15 1.035638 1538.53 407.92 -3.7771 283.90 1.054697 1652.23 347.32 -4.3998

313.90 1.035792 1539.30 407.46 -3.7800 283.65 1.054853 1653.49 346.74 -4.4072

313.65 1.035945 1540.06 406.99 -3.7829 283.40 1.055012 1654.78 346.15 -4.4147

313.40 1.036100 1540.83 406.53 -3.7859 283.15 1.055166 1656.17 345.52 -4.4222

313.15 1.036252 1541.60 406.06 -3.7889 282.90 1.055325 1657.46 344.93 -4.4297

312.90 1.036406 1542.37 405.60 -3.7919 282.65 1.055479 1658.73 344.35 -4.4373

312.65 1.036558 1543.14 405.13 -3.7950 282.40 1.055637 1660.17 343.70 -4.4449
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312.40 1.036711 1543.91 404.67 -3.7981 282.15 1.055795 1661.49 343.10 -4.4526

312.15 1.036865 1544.69 404.20 -3.8013 281.90 1.055948 1662.83 342.50 -4.4603

311.90 1.037019 1545.47 403.73 -3.8045 281.65 1.056104 1664.24 341.87 -4.4680

311.65 1.037171 1546.25 403.26 -3.8077 281.40 1.056260 1665.61 341.26 -4.4758

311.40 1.037325 1547.02 402.80 -3.8110 281.15 1.056416 1667.01 340.63 -4.4836

311.15 1.037479 1547.82 402.33 -3.8143 280.90 1.056572 1668.41 340.01 -4.4914

310.65 1.037785 1549.39 401.39 -3.8210 280.40 1.056883 1671.29 338.74 -4.5072

310.40 1.037938 1550.17 400.93 -3.8244 280.15 1.057038 1672.76 338.10 -4.5152

310.15 1.038089 1550.96 400.46 -3.8279 279.90 1.057192 1674.21 337.46 -4.5232

309.90 1.038244 1551.75 400.00 -3.8314 279.65 1.057349 1675.59 336.86 -4.5312

309.65 1.038396 1552.56 399.52 -3.8349 279.40 1.057504 1677.18 336.17 -4.5393

309.40 1.038550 1553.36 399.05 -3.8385 279.15 1.057659 1678.69 335.52 -4.5474

309.15 1.038704 1554.16 398.58 -3.8421 278.90 1.057816 1680.20 334.86 -4.5556

308.90 1.038856 1554.95 398.12 -3.8458 278.65 1.057971 1681.62 334.25 -4.5637

308.65 1.039008 1555.77 397.64 -3.8494 278.40 1.058124 1683.11 333.61 -4.5720

308.40 1.039161 1556.55 397.18 -3.8532 278.15 1.058279 1684.75 332.91 -4.5802

308.15 1.039313 1557.36 396.71 -3.8569

Table 2. Densities (ρ), ultrasonic velocity (u), isentropic compressibilities (κS), isobaric expansibilities (α),
278.15-338.15K

The contrary effect is observed for conductivity. At the same temperature, higher viscosity
was observed when the salt was of higher molecular weight. The effect of the temperature is
similar for all salts.

A frequently applied derived property for industrial mixtures is the isobaric expansibility or
thermal expansion coefficient (α), expressed as the temperature dependence of density.
Thermal expansion coefficients are calculated by means of (−Δρ /ρ) as a function of temper‐
ature and assuming that α remains constant in any thermal range. As in the case of pure
chemicals it can be computed by way of the expression:

α = −  ( ∂ lnρ
∂T )

P ,x
(2)

taking into account the temperature dependence of density. The results gathered in Table 2
showed that a minimum of isobaric expansibility is obtained (in terms of negative values) at
approximately the same temperature for all ILs. The smaller the size of the cation (mono‐
ethylene cation), the lower the value of isobaric expansibility was obtained.
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Temperature (K) 2-HEAF 2-HEAPE

278.15 2158.20 83.6

288.15 3069.00 143.3

298.15 4197.60 239.6

308.15 5623.20 453.4

318.15 6959.70 632.6

328.15 8563.50 910.8

338.15 10404.90 1202.9

Table 3. Values of ionic conductivity (µS∙cm-1) of the 2-HEAF and 2-HEAPE in the range 278.15 – 338.15 K

The values of ionic conductivity are gathered in Table 3. These results show an increasing
trend for higher temperatures in each case. This fact may be ascribed to the increasing mobi‐
lity of the ions for increased temperatures. At the same time, the ionic conductivity values
decrease when molecular weight increases, thus 2-HEAPE has a lower ionic conductivity
than 2-HEAF, the shortest member of this IL family [23].

The factor studied in this work is the chain length of the anion. The influence of anion resi‐
due is higher in terms of steric hindrance, due to its longer structure [2, 23]. This factor pro‐
duces a higher disturbation on ion package. This fact may be observed in terms of higher
values of densities and ultrasonic velocities for those salts of the lighter anion [37].

The ILs studied in this work showed interesting properties for industrial use: low cost of
preparation, simple synthesis and purification methods. Moreover, the very low toxicity and
the degradability have been verified [38]. Thus, sustainable processes can be originated from
their use.

With this in mind, we decided to test their catalytic potential for several aldol condensation
reactions with interest for fine chemicals synthesis. At industrial level aldol condensations
are catalyzed by homogeneous alkaline bases (KOH or NaOH) [39,40] but with this kind of
catalysts numerous disadvantages arise such as loss of catalysts due to separation difficul‐
ties, corrosion problems in the equipment and generation of large amounts of residual efflu‐
ents which must be subsequently treated to minimize their environmental impact.
Consequently, new technological solutions have to be developed in order to generate new
and more environmental friendly processes.

The condensation reaction between citral and acetone leads to the formation of pseudoio‐
nones which are precursors in the commercial production of vitamin A. In the last years, the
aldol condensation between citral and acetone has been studied by several groups employ‐
ing different types of catalysts: rehydrated hydrotalcites [41], mixed oxides derived from hy‐
drotalcites [42, 43], organic molecules [44], ionic liquids [28] etc.

Using the mixed oxides derived from hydrotalcites Climent et al. [42, 43] obtained a conver‐
sion of 83% and selectivity to pseudoionones of 82% in 1 h. Abello et al. obtained a citral
conversion of 81% in only 5 min employing rehydrated hydrotalcites as catalysts [41] high‐
lighting that Brønsted basic sites are more active than Lewis sites for aldol condensation re‐
actions. In the study of Cota et al. [44] it was shown that 1,8-diazabicyclo[5.4.0]undec-7-ene
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(DBU) which has Lewis basic properties, is inactive for aldol condensation reactions; howev‐
er when it reacts with equimolar amounts of water, this molecule transforms towards a com‐
plex that shows Brønsted basic properties and becomes active giving a conversion of 89.17%
and a selectivity of 89.6% in 6 h. When choline hydroxide (ionic liquid) was used as catalyst
a citral conversion of 93% and selectivity of 98.2% were obtained in 1 h [28].

Among the ILs studied in this work, for citral and acetone condensation (entry 1, Table 4)
the most active IL is 2-HEAA, which gives a conversion of 52%, the less active is 2-HEAiB
which gives a conversion of 10%. The selectivity obtained in this reaction ranges between
49-83%. No traces of diacetone alcohol derived from the self-condensation of acetone were
found but other secondary products coming from the self-condensation of citral and oligom‐
ers derived from citral are detected in small quantities in the reaction mixture.

Entry Substrate Ketone Product Catalyst Time Conversion Selectivity

(h) (%) (%)

1 O 2-HEAF

2-HEAP

2-HEAA

2-HEAB

2-HEAiB

2-HEAPE

7 35

40

52

33

10

38

83

63

74

60

53

49

2 O 2-HEAF

2-HEAP

2-HEAA

2-HEAB

2-HEAiB

2-HEAPE

4

3

4

2

2

2

94

100

99

99

93

98

82

86

85

85

85

77

Table 4. Condensation reactions catalyzed by the studied ILs.

For the production of benzylideneacetone from the aldol condensation between acetone and
benzaldehyde, Cota et al. [44] obtained a conversion of 99.9% and 93.97 selectivity in 2 h.
When choline hydroxide was employed as catalyst [28] the total conversion was obtained in
0.1 hours but due to the production of dibenzylidenacetone the selectivity to benzylidenace‐
tone decreased around 77%.

When ILs presented in this study were employed for this reaction (entry 2, Table 4), in 2 h of
reaction, a conversion of 99% and a selectivity of 85% are obtained when using 2-HEAB as
catalyst. Good conversion was also obtained with 2-HEAiB (93%) and 2-HEAPE (98%) with
selectivity of 85% and 77% respectively. The decrease in the selectivity to benzylidenacetone
is due to the formation of secondary products which include products of aldolisation of ben‐
zylidenacetone, like dibenzylidenacetone and other oligomers. The other studied ILs
reached the maximum conversion in 3h (2-HEAP) and 4h (2-HEAF and 2-HEAA) and pro‐
vided high selectivities between 82-86%.

Ionic Liquids - New Aspects for the Future380



(DBU) which has Lewis basic properties, is inactive for aldol condensation reactions; howev‐
er when it reacts with equimolar amounts of water, this molecule transforms towards a com‐
plex that shows Brønsted basic properties and becomes active giving a conversion of 89.17%
and a selectivity of 89.6% in 6 h. When choline hydroxide (ionic liquid) was used as catalyst
a citral conversion of 93% and selectivity of 98.2% were obtained in 1 h [28].

Among the ILs studied in this work, for citral and acetone condensation (entry 1, Table 4)
the most active IL is 2-HEAA, which gives a conversion of 52%, the less active is 2-HEAiB
which gives a conversion of 10%. The selectivity obtained in this reaction ranges between
49-83%. No traces of diacetone alcohol derived from the self-condensation of acetone were
found but other secondary products coming from the self-condensation of citral and oligom‐
ers derived from citral are detected in small quantities in the reaction mixture.

Entry Substrate Ketone Product Catalyst Time Conversion Selectivity

(h) (%) (%)

1 O 2-HEAF

2-HEAP

2-HEAA

2-HEAB

2-HEAiB

2-HEAPE

7 35

40

52

33

10

38

83

63

74

60

53

49

2 O 2-HEAF

2-HEAP

2-HEAA

2-HEAB

2-HEAiB

2-HEAPE

4

3

4

2

2

2

94

100

99

99

93

98

82

86

85

85

85

77

Table 4. Condensation reactions catalyzed by the studied ILs.

For the production of benzylideneacetone from the aldol condensation between acetone and
benzaldehyde, Cota et al. [44] obtained a conversion of 99.9% and 93.97 selectivity in 2 h.
When choline hydroxide was employed as catalyst [28] the total conversion was obtained in
0.1 hours but due to the production of dibenzylidenacetone the selectivity to benzylidenace‐
tone decreased around 77%.

When ILs presented in this study were employed for this reaction (entry 2, Table 4), in 2 h of
reaction, a conversion of 99% and a selectivity of 85% are obtained when using 2-HEAB as
catalyst. Good conversion was also obtained with 2-HEAiB (93%) and 2-HEAPE (98%) with
selectivity of 85% and 77% respectively. The decrease in the selectivity to benzylidenacetone
is due to the formation of secondary products which include products of aldolisation of ben‐
zylidenacetone, like dibenzylidenacetone and other oligomers. The other studied ILs
reached the maximum conversion in 3h (2-HEAP) and 4h (2-HEAF and 2-HEAA) and pro‐
vided high selectivities between 82-86%.

Ionic Liquids - New Aspects for the Future380

For the repeated runs experiments, we used 2-HEAB in the condensation reaction between
acetone and benzaldehyde. The catalyst was recycled 3 times, and in all runs a very good
conversion was obtained. The results are presented in Figure 2.

Figure 2. Repeated runs experiments using 2-HEAB in benzylideneacetone synthesis.

The loss of activity noticed in the second and third run can be attributed, on one hand to the
loss of IL during the separation process and on the other hand due to the absorption of reac‐
tion products on the active sites of the catalyst. IL is partially soluble in the reaction product
therefore during the separation procedure small quantities of IL can be dissolved in the or‐
ganic phase and therefore lost during the separation process. This hypothesis is sustained by
the evolution of the specific bands of the ILs which appear in the range 3500-2400 cm-1, al‐
most disappearing in the re-used sample as Figure 3 shows.

A weak band around 1591 cm-1 is present in the re-used sample accounting for the carbonyl
stretching and N-H plane bending vibrations. On the other hand, deactivation of the cata‐
lyst, moreover exhibiting a dark yellow color, is probably due to the adsorption of oligomers
and other secondary products on the surface of the catalyst during the reaction. This hy‐
pothesis is supported by the appearance of new bands in the re-used IL spectrum. The
bands detected in the 1700-1200 cm-1 region corresponding to the symmetric and stretching
vibrations of CH modes can be assigned to oligomeric species adsorbed on the surface. On
the other hand in the 1260-700 cm-1 region bands which are normally weak appear and can
be assigned to the C-C skeletal vibrations.
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Figure 3. FT-IR spectra for (a) 2-HEAB before reaction, (b) 2-HEAB after reaction (3 consecutive runs).

In order to facilitate the recovery and re-use of the ILs we decided to immobilize them on a
solid support. Immobilization and supporting of ILs can be achieved by simple impregna‐
tion, covalent linking of the cation or the anion, polymerization etc [45-47]. Compared to
pure ILs, immobilized ILs facilitate the recovery and re-use of the catalyst. Previous reports
describe the immobilization of ILs by adsorption or grafting onto silica surface and their use
as catalysts for reactions like Friedel-Crafts acylation [45], hydrogenation [48] and hydrofor‐
milation [49]. Organic polymers [30], natural polymers [50] and zeolites [51] have been also
used as supports for ILs.

For this purpose, the ILs were supported on alanine, a cheap readily available aminoacid.
Their catalytic activity was tested in the same reactions as the pure ILs.

The catalytic activity results of the a-ILs for the citral-acetone condensation are presented in
Table 5. After 6 h of reaction, the two isomers of citral can be converted into the corresponding
pseudoionone with conversion between 30-56% except for a-HEAiB for which a conversion of
9% was obtained. The most active IL for this reaction is a-2-HEAA which provides a conver‐
sion of 56%. The selectivity obtained in this reaction ranges between 48-80%. No traces of diac‐
etone alcohol derived from the self-condensation of acetone were found, but other secondary
products coming from the self condensation of citral and oligomers derived from citral are de‐
tected in the reaction mixture. The support (entry 1) is not catalytically active.

In the condensation reaction of benzaldehyde and acetone the first step is the deprotonation
of an acetone molecule to give the enolate anion whose nucleophilic attack on the C=O
group of benzaldehyde leads to the β-aldol. This latter is easily dehydrated on weak acid
sites and benzylidenacetone is obtained.
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Entry Catalyst Conversion Selectivity

  (%) (%)

1 alanine 0 0

2 a-2-HEAF 30 61

3 a-2-HEAA 56 74

4 a-2-HEAP 49 80

5 a-2-HEAB 35 63

6 a-2-HEAiB 9 52

7 a-2-HEAPE 33 48

Table 5. Conversion at 6 h for citral-acetone condensation catalyzed by a-ILs

Entry Catalyst Conversion Selectivity

  (%) (%)

1 alanine 0 0

2 a-2-HEAF 99 83

3 a-2-HEAA 99 82

4 a-2-HEAP 99 85

5 a-2-HEAB 99 84

6 a-2-HEAiB 78 82

7 a-2-HEAPE 98 80

Table 6. Conversion at 2 h for benzaldehyde-acetone condensation catalyzed by a-ILs

In 2 hours of reaction a conversion of 98-99% is achieved for the majority of a-ILs, while a
lower conversion (78%) is obtained for a-2-HEAiB (Table 6). The selectivity toward benzyli‐
denacetone is around 80-86% due to the formation of dibenzylidenacetone as secondary
product. The support, alanine (entry 1) is not active for citral acetone condensation.

It is noteworthy that, for both studied reactions, the conversions obtained with the a-ILs are
in the same range as the ones obtained with free ILs (Figure 4 and 5).

The a-ILs are easily separated from the reaction mixture and reused. For the consecutive
runs experiments we chose condensation between benzaldehyde and acetone as model reac‐
tion. The catalysts were recycled for 3 consecutive runs and in all runs a very good conver‐
sion was obtained. The results are presented in Figure 6.
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Figure 4. Conversion at 6 h for citral-acetone condensation for free ILs and a-ILs.

Figure 5. Conversion at 2 h for benzaldehyde-acetone condensation for free ILs and a-ILs.
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In the case of each IL, only a negligible loss of activity is detected in the second and third
run which can be attributed to the possible adsorption of reactants or reaction products to
the active sites of the catalyst.

From the comparison made with the aforementioned basic catalysts employed for these two
aldol condensation reactions we can conclude that the ILs presented in this study are not the
most active catalysts for these reactions but due to their green character and easy separation
from the reaction media represent a convenient and environmental friendly alternative for
the traditional homogeneous catalysts.

4. Conclusions

In this work, we present a simple and efficient synthesis protocol for protic ionic liquids and
the experimental data for density, ultrasonic velocity and ionic conductivity of these liquid
salts. It was found that increased temperature diminishes the interaction among ions and
therefore lower values of density, ultrasonic velocity, viscosity, surface tension and refrac‐
tive index are obtained for increased temperatures in each case. The contrary effect is ob‐
served for conductivity.

The influence of chain length of the anion on the physicochemical properties of the ILs has
been also studied. The effect of the anion residue is higher in terms of steric hindrance, due
to its longer structure. This factor produces a higher disturbation on ion package. The physi‐

Figure 6. Consecutive runs experiments in benzaldehyde acetone condensation.
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cochemical data of ILs are important for both, designing cleaner technological processes and
understanding the interactions in this kind of compounds

The catalytic potential of these new ILs was tested for two aldol condensation reactions with
interest for fine chemistry industry. Conversions ranging from 35 to 52% and selectivities up
to 83% are obtained for the condensation of citral with acetone. In the synthesis of benzilide‐
nacetone, conversions above 93% with selectivities around 85% are obtained. We also stud‐
ied the optimization of the recovery process of the ILs and their reuse in repeated runs of
experiments. The catalysts can be recycled and reused for three consecutive cycles without
significant loss of activity.

In addition, in order to improve the recovery process, the ILs were immobilized on alanine,
a cheap readily available aminoacid. The catalytic activity of the alanine supported ILs was
tested for citral-acetone and benzaldyde-acetone condensations. It is noteworthy that, for
both studied reactions, the conversions obtained with the a-ILs are in the same range as the
ones obtained with free ILs; moreover the catalysts can be recycled and reused for three con‐
secutive cycles without significant loss of activity.

The ILs studied in this work showed interesting properties for industrial use: low cost of
preparation, simple synthesis and purification methods. Moreover, the very low toxicity and
the degradability have been verified. Thus, sustainable processes can be originated from
their use.
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1. Introduction

The Diels-Alder (D-A) reaction is one of the most useful processes in preparative organic
chemistry. Its potential in heterocyclic chemistry and natural products synthesis is very well
known. It provides the chemist with one of his best tool for the preparation of cyclic com‐
pounds having a six-membered ring. The process is in one step inter or intramolecular from a
diene and dienophile bearing an almost unlimited number of variants. It worth noting that
these variants exist not only in the substitution of the reaction component but also in the elec‐
tronic nature of these dienes and dienophiles. (Carruthers W, 1990; Fringelli F. et al 2002)

The D-A reaction has remained as one of the most powerful organic transformations in
chemical synthesis, particularly in obtaining polycyclic rings. With the potential of forming
carbon-carbon, carbon-heteroatom and heteroatom-heteroatom bonds, the reaction under‐
lies the synthesis of diverse carbo- and heterocycle compounds. (Corey, 2002)

The design and discovery of ionic liquids (ILs) displaying a melting point lower than 100 ºC,
mainly room temperature ionic liquids (RTILs), have been the subject of considerable re‐
search efforts over the past decade RTILs have attracted considerable attention because
these are expected to be ideal solvents to provide novel reactions in green chemistry (Hitch‐
cock, et al, 1986; Welton, 1999). The interest in this class of molecules arises from their use as
liquid media for a variety of chemical transformations specially D-A reactions, as substitutes
of organic molecular solvents. ILs has importance due to their unique properties. Thus, this
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class of molecules is increasingly employed in organic chemistry, material sciences and
physical chemistry (Wasserscheid & Keim, 2000; Welton, 1999). An IL is a salt -substance
composed exclusively of cations and anions-, and this fact differentiates them from simple
ionic solutions, in which ions are dissolved in a molecular medium. They are also different
from inorganic molten salts because their melting points are lower than 100 ºC (most of
them exist in liquid form at or near room temperature).

RTILs exhibit a variety of desirable properties, such as negligible vapor pressure, which
makes them interesting for various applications. In particular, the option of fine-tuning
chemical and physical properties by an appropriate choice of cations and anions has stimu‐
lated much of the current excitement with respect to these compounds and has led to the
term “design solvents”. ILs have high solvation ability for a wide variety of polar, non polar,
organic and inorganic molecules as well as organometallic compounds. Moreover, the possi‐
bility of changing their properties allowing the selective salvation of solvents and thus con‐
trol the mutual miscibility of particular organic compounds such as for instance alcohols
and water. As a consequence, the characterization of the properties of different classes of ILs
used as solvent for specific applications and for chemical reactions and catalysis, have been
intensively investigated (Mancini, P.M.E., et al, 2012).

In base to their ionic nature, the structure of ILs incorporates different level of complexity. First
and in order to maintain local electro neutrality, the high-charge density parts of cations and
anions must create a three-dimensional network where the nearest neighbors of a given ion are
of opposite sign. Second, the low-charge density residues that are often presents in the ions
(generally as alkyl side chain) are segregated from the polar network, forming non polar do‐
mains. This nano-segregation/structuration between polar and non polar regions, first predict‐
ed by molecular dynamics simulation studies and later corroborated by diffraction techniques,
implies the existence of differentiated and complex interactions not only in pure ionic liquid
but also in their mixtures with molecular solutes or even other ionic liquids.

The imidazolium ILs were used to investigate the influence of the alkyl chain length and the
presence of functional group on the cation on the polarity and the three Kamlet and Taft pa‐
rameters (π*, α, and β) measured the solvent dipolarity/polarizability, hydrogen-bond do‐
nating (HBD) acidity and hydrogen-bond accepting (HBA) basicity. The results shown that
the length of the alkyl chain on the cation has a significant influence on polarizability and on
HBD, but only a small influence on HBA and π*, indicating that in these type of IL’s, HBD is
a major contributor to polarity.

In the last years we reported the electrophilic behavior of different aromatic heterocyclopen‐
tadienes properly mono and disubstituted with an electron-withdrawing group such as ni‐
tro or carboxylate in their exposure to different dienes under thermal conditions, using
molecular solvents and ionic liquids, respectively. Moreover, we use as dienophile in this
type of polar D-A reactions (P-DA) with normal electron demand, nitrotosylindoles, nitro‐
benzofuranes and nitrobenzothiophenes, properly substituted.

In general, these reactions are domino processes which are initialized by a P-DA reaction
to give the formal [4+2] cycloadduct, which undergo an irreversible elimination of nitrous
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acid; this elimination is the factor responsible for the feasibility of the overall process. An
alternative way is the hetero D-A reaction which takes place when some thiophene deriv‐
atives  act  as  electrophiles.  This  last  behavior  is  probably due to  the improved aromatic
character of these heterocycles.

For P-DA reactions one of the most interesting aspects is its solvent dependence. Moreover,
in recent years, these reactions have been subject of several studies in order to enhance the
reactivity. For specific P-DA reactions was demonstrated that the aqueous solutions have re‐
markable increase in reactivity and selectivity, and these results were discussed in terms of
hydrogen-bond (HB) formation. Protic ionic liquids (PILs) with similar properties to water,
such as being highly ordered media and good hydrogen bonding donor, have also been
shown to have potential influence the outcome of P-DA reactions. Also, in this direction it is
interesting discuss which is the influence on these reactions of non protic ionic liquids.

Due  to  our  interest  in  the  cycloaddition  chemistry  of  substituted  aromatic  heterocycles
with electron-withdrawing groups,  we have reported that 2-  and 3-nitrotosylpyrroles,  2-
nitrofurane, 2-  and 3-nitrothiophenes,  1-tosyl-3-nitroindole,  2-nitrobenzofurane, 5-  y 8-ni‐
troquinolines and 1-nitronaphtalene, react as electrophiles in normal electron demand D-
A  reaction  (Biolatto,  B.,  et  al,  2001)  (Della  Rosa,  C.,  et  al,  2004,  2005,  2007,2010,  2011;
Brasca, R., et al, 2010, 2011; Cancian, S., et al, 2010; Paredes, E., et al, 2007). These dieno‐
philes were exposed to different dienes strongly, moderately and poorly activated under
thermal conditions using molecular solvents as reaction media and in the same cases us‐
ing PILs. In these reactions, the best results were obtained with the PILs and with chloro‐
form as molecular solvent,  due to its  potential  character HBD which could be influence
the reactivity of the reaction systems. The participation of N-tosyl-nitropyrroles in cyclo‐
addition reactions made possible a one spot simple indole synthesis.

For to analyze the influence of room temperature ionic liquids (RTILs) in this type of polar
cycloaddition reactions in which the dienophiles are relatively poor, ethylammoniun nitrate
(EAN), 1-methylimidazolium tetrafluoroborate ([HMIM][BF4]), and 1-methylimidazolium
hexafluorophosphate ([HMIM][PF6]), 1-n-butyl-3-methylimidazolium tetrafluoroborate
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([BMIM][BF4]) and 1-n-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF6])
were selected as reaction media. To explore the normal electron demand D-A dienophilicity
of the proposed dienophiles we choose isoprene, 1-trimethylsilyloxy-1,3-butadiene, and 1-
methoxy-3-trimethylsilyloxy-1,3-butadiene (Danishefsky diene) as dienes.

In general, in all cases studied the presences of ILs have two effects. On one hand improved
the yields in reaction conditions softer than those when we used molecular solvents. More‐
over manifest a clear tendency to the aromatization of adducts. In particular, when 2- and 3-
nitrothiophene reacts in thermal conditions with isoprene in a molecular solvent we
observed the corresponding hetero D-A adduct, however if an IL is the reaction media the
reactions follow the normal D-A curse.

Considering that microwave irradiation has been used to enhance organic reactions in
which an ionic liquid is used as the solvent, we have realized some experiences using a com‐
bination of microwave and PILs. In this case we noted that the microwave plus PILs consti‐
tuted a synergetic mixture with strong effects on the reaction yields. ILs absorbed
microwave irradiation extremely well and transfer energy rapidly by ionic conduction. At
this point of the study we suppose that microwave irradiation has a major effect in a special
range of energy activation barriers (ΔE). When the reaction ΔE is too low, the presence of
microwave radiation is not especially important, and if the value is extremely high, this irra‐
diation would not take effect.

Part of this work is specifically concerned with theoretically studies using DFT methods.
We try to obtain information about the factors affecting reactivity and selectivity.  Previ‐
ous studies have been developed in this type of calculation including one molecule of the
ILs corresponding cation coordinated with the dienofile. In this new generation of theoret‐
ical studies the aim is to get a better solvatation model including in the system some mol‐
ecules (in this case, IL’s cations and anions) obtaining a “solvent box” which involves the
reactive molecule like a 3D electrostactic network.

2. Main Objetives

The aim of the present review is twofold. The first purpose is to analyze the influence of
RTILs protic and nonprotic in polar cycloaddition reactions in which the dienophiles are rel‐
atively poor -aromatic carbocycles and heterocycles compounds substituted with electron
withdrawing groups-. For this purpose alkylimidazolium and dialkylimmidazolium-based
ILs have been selected because the differences in their HBD acidity. The second purpose
concerned with theoretically studies using DFT methods. We try to obtain information
about reaction mechanisms which would be affect reactivity and selectivity. In general, it
would be possible demonstrated that the ILs solvent effect in these reactions is in general
determined by the solvent hydrogen bond donation ability.
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3. Results and Discussion

With the purpose of comparison and reference, we have taken in account the results ob‐
tained when the aromatic substrates heterocycles and carbocycles proposed, adequately
substituted by electron with-drawing groups, take part in cycloaddition reactions with di‐
verse dienes of nucleophilicity variable, development in molecular solvents or in PILs. These
results will be compared with those reached when the cycloaddition reactions are developed
in nonprotic ILs. If it is necessary the cited compilation will be included in the correspond‐
ing tables of results, looking for an appropriate comprehension of the influence of the reac‐
tion media in this type of Diels-Alder reactions.

3.1. Monocyclic five membered and benzofused five membered nitroheteroaromatic
compounds, as dienophiles

The study of dienophilic character of substituted nitroaromatic heterocycles in the presence
of ILs was carried out employing 2-nitrofuran (1a), 2,5-dimethyl-3-nitrofuran (1b), 1-tosyl-2-
nitropyrrole (2a), 1-tosyl-3-nitropyrrole (2b), 2- and 3- nitrothiophene (3a, 3b), 1-tosyl-3-ni‐
troindol (4) and 2-nitrobenzofurane (5). In addition, isoprene (6), 1- trimethylsiloxy-1,3-
butadiene (7), 1-methoxy-3-trimethylsiloxy-1,3-butadiene (Danishefsky´s diene) (8) were
selected as dienes, covering an attractive spectre of nucleophilic character (Figure 1).

Figure 1. Dienophiles and dienes used in the different experiences.
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When 1a was reacted with the less reactive isoprene 6 in a sealed ampoule at 60ºC for 24 h
using [BMIM][BF4] or [BMIM][PF6] as solvent, respectively, the reactions proceeded to pro‐
duce a mixture of isomeric benzofurans 10a and 10b (1:1) as the principal products with rea‐
sonable yield and dihydrobenzofurans 9a and 9b (1:1) (Figure 2). If the time of the reaction
increased to 48 h we observe a 1:1 mixture of isomeric benzofurans 10a and 10b in reasona‐
ble yield and traces of the isomeric dihydrobenzofurans 9a and 9b. Similar results were ob‐
served when the reaction was development in EAN and [HMIM][BF4] although with these
solvents the yields were majors (Table 1).

In the same manner, in the case of 1-tosyl-2-nitropyrrole 2a, it reacted with isoprene in
[BMIM][BF4] or [BMIM][PF6] (60ºC, 24 h) furnishing indole isomers 12a,b as the principal
products in moderate yield, and dihydroindole isomers 11a,b. All addition products showed
extrusion of the nitro group as nitrous acid. (Della Rosa, et al, 2007) (Table 1)

In contrast with the above mentioned behavior, when 2-nitrothiophene 3a was tested with 6, it
gave traces of pyrrolyl-thiophene 13 formed by a heterocycloaddition followed by thermal re‐
arrangement. (Della Rosa, et al, 2004) (Figure 2, Table 1). This unexpected behavior was also
found with other compounds with stronger aromatic character. The observed low yield in this
reaction would be attributed to the interaction between the nitro group and the ILs (Table 1).

Entry Dienophilea Conditionsb Products Yield (%)c

1 1a EAN 9a,b; 10a,b 40; 17

2 [HMIM][BF4] 9a,b; 10a,b 30: 15

3 [HMIM][PF6] 9a,b; 10a,b 28; 14

4 [BMIM][BF4] 9a,b; 10a,b 25; 05

5 [BMIM][PF6] 9a,b; 10a,b 26; 05

6 2a EAN 11a,b;12a,b 40; 12

7 [HMIM][BF4] 11a,b;12a,b 30; 10

8 [HMIM][PF6] 11a,b;12a,b 28; 09

9 [BMIM][BF4] 11a,b;12a,b 20; 04

10 [BMIM][PF6] 11a,b;12a,b 21; 05

11 3a EAN 13 18

12 [HMIM][BF4] 13 12

13 [HMIM][PF6] 13 12

14 [BMIM][BF4] 13 Traces

15 [BMIM][PF6] 13 Traces

a Diene/dienophile ratio 12:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 1. Diels-Alder reactions of 2-nitroheterocycles with isoprene.
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When 1a was reacted with the less reactive isoprene 6 in a sealed ampoule at 60ºC for 24 h
using [BMIM][BF4] or [BMIM][PF6] as solvent, respectively, the reactions proceeded to pro‐
duce a mixture of isomeric benzofurans 10a and 10b (1:1) as the principal products with rea‐
sonable yield and dihydrobenzofurans 9a and 9b (1:1) (Figure 2). If the time of the reaction
increased to 48 h we observe a 1:1 mixture of isomeric benzofurans 10a and 10b in reasona‐
ble yield and traces of the isomeric dihydrobenzofurans 9a and 9b. Similar results were ob‐
served when the reaction was development in EAN and [HMIM][BF4] although with these
solvents the yields were majors (Table 1).

In the same manner, in the case of 1-tosyl-2-nitropyrrole 2a, it reacted with isoprene in
[BMIM][BF4] or [BMIM][PF6] (60ºC, 24 h) furnishing indole isomers 12a,b as the principal
products in moderate yield, and dihydroindole isomers 11a,b. All addition products showed
extrusion of the nitro group as nitrous acid. (Della Rosa, et al, 2007) (Table 1)

In contrast with the above mentioned behavior, when 2-nitrothiophene 3a was tested with 6, it
gave traces of pyrrolyl-thiophene 13 formed by a heterocycloaddition followed by thermal re‐
arrangement. (Della Rosa, et al, 2004) (Figure 2, Table 1). This unexpected behavior was also
found with other compounds with stronger aromatic character. The observed low yield in this
reaction would be attributed to the interaction between the nitro group and the ILs (Table 1).

Entry Dienophilea Conditionsb Products Yield (%)c

1 1a EAN 9a,b; 10a,b 40; 17

2 [HMIM][BF4] 9a,b; 10a,b 30: 15

3 [HMIM][PF6] 9a,b; 10a,b 28; 14

4 [BMIM][BF4] 9a,b; 10a,b 25; 05

5 [BMIM][PF6] 9a,b; 10a,b 26; 05

6 2a EAN 11a,b;12a,b 40; 12

7 [HMIM][BF4] 11a,b;12a,b 30; 10

8 [HMIM][PF6] 11a,b;12a,b 28; 09

9 [BMIM][BF4] 11a,b;12a,b 20; 04

10 [BMIM][PF6] 11a,b;12a,b 21; 05

11 3a EAN 13 18

12 [HMIM][BF4] 13 12

13 [HMIM][PF6] 13 12

14 [BMIM][BF4] 13 Traces

15 [BMIM][PF6] 13 Traces

a Diene/dienophile ratio 12:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 1. Diels-Alder reactions of 2-nitroheterocycles with isoprene.
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Figure 2. Diels-Alder reactions of aromatic 2- nitroheterocycles with isoprene.

Figure 3. Diels-Alder reactions of aromatic 2- nitroheterocycles with diene 7.
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The reactions of 1a with 1-trimethylsilyloxy-1,3-butadiene using [BMIM][BF4] and [BMIM]
[PF6], respectively, as solvents, in seals ampoule (60ºC, 24 h), offered in all cases good yield
in benzofuran 14. The yields were lower that those obtained with EAN, [HMIM][BF4] and
[HMIM][PF6], as solvent. On the other hand, the reaction of 2a with this diene produced N-
tosylindole 15, with reasonable yield little lower when PILs were used. In the reaction of 3a
with 7 we observed again traces of the corresponding hetero Diels-Alder product 16 fol‐
lowed the same trend that the reaction with isoprene (Figure 3)(Table 2).

Entry Dienophilea Conditionsb Products Yield (%)c

1 1a EAN 14 62

2 [HMIM][BF4] 14 58

3 [HMIM][PF6] 14 57

4 [BMIM][BF4] 14 42

5 [BMIM][PF6] 14 43

6 2a EAN 15 63

7 [HMIM][BF4] 15 51

8 [HMIM][PF6] 15 52

9 [BMIM][BF4] 15 39

10 [BMIM][PF6] 15 38

11 3a EAN 16 15

12 [HMIM][BF4] 16 12

13 [HMIM][PF6] 16 12

14 [BMIM][BF4] 16 Traces

15 [BMIM][PF6] 16 Traces

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 2. Diels-Alder reactions of 2- nitroheterocycles with 1-trimethylsilyloxy-1,3-butadiene.

The reaction of Danishefsky´s diene with 1a using the nonprotic ILs cited in the before para‐
graphs yielded 5-hydroxyibenzofuran 17 in reasonable yield. Similarly to the reactions with
isoprene and 1-trimethylsilyloxy-1,3-butadiene, the best yield was observed with EAN
(Mancini, P.M.E., et al, 2011).In turn the reactions of 2a with diene 8 developed in these non‐
protic ILs offered 1-tosyl-5-hydroxyindole in good yield. However, in the reactions of 3a
with this diene and the neoteric solvents, we observed only traces of the aromatic product
19. The results derived from the aromatization of the nitro-adducts promoted by the loss of
the nitro and methoxyl groups as nitrous acid and methanol, respectively. The intermediate
that suffered nitrous acid extrusion and retained the methoxy group was not detected in any
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case. In all cases the presence of PIL´s as reaction media, improve the yields respect to the
use of nonpolar ILs (Figure 4) (Table 3).

Figure 4. Diels-Alder reactions of aromatic 2- nitroheterocycles with Danishefsky´s diene.

Figure 5. Diels-Alder reactions of aromatic 3- nitroheterocycles with isoprene.
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Entry Dienophilea Conditionsb Products Yield (%)c

1 1a EAN 17 65

2 [HMIM][BF4] 17 59

3 [HMIM][PF6] 17 60

4 [BMIM][BF4] 17 40

5 [BMIM][PF6] 17 38

6 2a EAN 18 57

7 [HMIM][BF4] 18 55

8 [HMIM][PF6] 18 54

9 [BMIM][BF4] 18 42

10 [BMIM][PF6] 18 41

11 3a EAN 19 42

12 [HMIM][BF4] 19 36

13 [HMIM][PF6] 19 35

14 [BMIM][BF4] 19 22

15 [BMIM][PF6] 19 21

a Diene/dienophile ratio 2:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 3. Diels-Alder reactions of 2-nitroheterocycles with Danishefsky´s diene.

When 1-tosyl-3-nitropyrrole 2b was tested with isoprene as diene and [BMIM][BF4], [BMIM]
[PF6] as solvent (60ºC, 24 h), the reactions afforded a mixture of regioisomeric cycloadducts
previously informed: 11 a,b; 12 a,b. In the same direction and due to the impossibility of ob‐
taining 3-nitrofuran, when 2,5-dimethyl-3-nitrofuran 1b was exposed to 6, the D-A reaction
(60ºC/24 h) in the nonprotic ILs proceeded to furnish the mixture of regioisomers 20a and
20b. Once again the reaction of 3b, and this diene development in ILs yielded only traces of
the pyrrole derivative 21 in the same manner that 3a, formed by a heterocycloaddition fol‐
lowed by thermal rearrangement (Figure 5) (Table 4). In all cases the yields of these reac‐
tions in presence of the PILs are better

Entry Dienophilea Conditionsb Products Yield (%)c

1 1b EAN 20a,b 38; 15

2 [HMIM][BF4] 20a,b 30: 15

3 [HMIM][PF6] 20a,b 28; 14

4 [BMIM][BF4] 20a,b 25; 05

5 [BMIM][PF6] 20a,b 26; 05

6 2b EAN 11a,b;12a,b 41; 12
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[PF6] as solvent (60ºC, 24 h), the reactions afforded a mixture of regioisomeric cycloadducts
previously informed: 11 a,b; 12 a,b. In the same direction and due to the impossibility of ob‐
taining 3-nitrofuran, when 2,5-dimethyl-3-nitrofuran 1b was exposed to 6, the D-A reaction
(60ºC/24 h) in the nonprotic ILs proceeded to furnish the mixture of regioisomers 20a and
20b. Once again the reaction of 3b, and this diene development in ILs yielded only traces of
the pyrrole derivative 21 in the same manner that 3a, formed by a heterocycloaddition fol‐
lowed by thermal rearrangement (Figure 5) (Table 4). In all cases the yields of these reac‐
tions in presence of the PILs are better

Entry Dienophilea Conditionsb Products Yield (%)c

1 1b EAN 20a,b 38; 15

2 [HMIM][BF4] 20a,b 30: 15

3 [HMIM][PF6] 20a,b 28; 14

4 [BMIM][BF4] 20a,b 25; 05

5 [BMIM][PF6] 20a,b 26; 05

6 2b EAN 11a,b;12a,b 41; 12
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Entry Dienophilea Conditionsb Products Yield (%)c

7 [HMIM][BF4] 11a,b;12a,b 30; 10

8 [HMIM][PF6] 11a,b;12a,b 29; 09

9 [BMIM][BF4] 11a,b;12a,b 20; 04

10 [BMIM][PF6] 11a,b;12a,b 21; 05

11 3b EAN 21 15

12 [HMIM][BF4] 21 11

13 [HMIM][PF6] 21 11

14 [BMIM][BF4] 21 Traces

15 [BMIM][PF6] 21 Traces

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 4. Diels-Alder reactions of 3- nitroheterocycles with isoprene.

Exposure of 1-tosyl-3-nitropyrrole 2b to dienes 7 and 8 in the presence of [BMIM][BF4],
[BMIM][PF6] yielded 1-tosyl-indole 15 and 1-tosyl-indole-6-ol 23, respectively with moderate
yield. At the same time, mononitrated substrate 3b in its reaction with diene 7 afforded
traces of the pyrrolyl derivative 22. However, 3b did not undergo cycloaddition with diene
8. Probably this behavior is a consequence of the special reactivity of this substrate connect‐
ed with its aromaticity (Figures 6 and 7) (Tables 5 and 6).

Figure 6. Diels-Alder reactions of aromatic 3- nitroheterocycles with diene 7.

Entry Dienophilea Conditionsb Products Yield (%)c

1 2b EAN 15 61

2 [HMIM][BF4] 15 51

3 [HMIM][PF6] 15 50

4 [BMIM][BF4] 15 35
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Entry Dienophilea Conditionsb Products Yield (%)c

5 [BMIM][PF6] 15 36

6 3b EAN 22 12

7 [HMIM][BF4] 22 11

8 [HMIM][PF6] 22 11

9 [BMIM][BF4] 22 Traces

10 [BMIM][PF6] 22 Traces

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 5. Diels-Alder reactions of 3- nitroheterocycles with 7.

Figure 7. Diels-Alder reactions of aromatic 3- nitroheterocycles with Danishefsky´s diene.

Entry Dienophilea Conditionsb Products Yield (%)c

1 2b EAN 23 62

2 [HMIM][BF4] 23 55

3 [HMIM][PF6] 23 54

4 [BMIM][BF4] 23 43

5 [BMIM][PF6] 23 41

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 6. Diels-Alder reactions of 3- nitroheterocycles with 9.

3.1.1. Nitroindole as dienophiles

When 1-tosyl-3-nitroindole 4 was tested with isoprene as diene and [BMIM][BF4] or [BMIM]
[PF6] as solvent (60ºC, 24 h), the reactions afforded a mixture of regioisomeric cycloadducts
25a,b, as principal products in reasonable yield, and traces of the regioisomers 24a,b. On the
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Entry Dienophilea Conditionsb Products Yield (%)c
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Table 6. Diels-Alder reactions of 3- nitroheterocycles with 9.

3.1.1. Nitroindole as dienophiles

When 1-tosyl-3-nitroindole 4 was tested with isoprene as diene and [BMIM][BF4] or [BMIM]
[PF6] as solvent (60ºC, 24 h), the reactions afforded a mixture of regioisomeric cycloadducts
25a,b, as principal products in reasonable yield, and traces of the regioisomers 24a,b. On the
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other hand the reactions of 4 with the dienes 7 and 8 in these ILs produced N-tosylcarbazole

26 and the hydroxycarbazole 27 in reasonable good yield. In all cases the yields were lower

than those obtained with PILs (EAN, [HMIM][BF4] and [HMIM][PF6]) (Figure 8) (Table 7).

Figure 8. Diels-Alder reactions of 1-tosyl-3-nitroindol with dienes 6, 7 and 8.

Entry Dienophilea Conditionsb Products Yield (%)c

1 6 EAN 24a,b; 25a,b 45; 05

2 [HMIM][BF4] 24a,b; 25a,b 42: 03

3 [HMIM][PF6] 24a,b; 25a,b 42; 04

4 [BMIM][BF4] 24a,b, 25a,b 30; 02

5 [BMIM][PF6] 24a,b; 25a,b 31; 02

6 7 EAN 26 62

7 [HMIM][BF4] 26 55

8 [HMIM][PF6] 26 56

9 [BMIM][BF4] 26 40

10 [BMIM][PF6] 26 41

11 8 EAN 27 72

12 [HMIM][BF4] 27 65

13 [HMIM][PF6] 27 63

Protic and Nonprotic Ionic Liquids in Polar Diels-Alder Reactions Using Properly Substituted Heterocycles
http://dx.doi.org/10.5772/51656

403



Entry Dienophilea Conditionsb Products Yield (%)c

14 [BMIM][BF4] 27 51

15 [BMIM][PF6] 27 48

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction’s temperature 60 ºC.
c Based on consumed dienophile.

Table 7. Diels-Alder reactions of dienophile 4 with different dienes.

3.1.2. 2-NitroBenzofuran as dienophile

The reactions of 5 with isoprene employing [BMIM][BF4] or [BMIM][PF6] as solvent (60 ºC, 24
h) afforded the mixture of aromatic regioisomeric cycloadducts 28a,b as principal products
and traces of dihydrodibenzofurans 29a and 29b. On the other hand, reactions of 5 with 1-tri‐
methylsilyloxy-1,3-butadiene (60ªc, 24 h, [BMIM][BF4] and [BMIM][PF6]) yielded dibenzofur‐
an 30 with loss of trimethylsilyloxy and nitro groups. The yield is good. In the same way, in the
reaction of 2-nitrobenzofuran with the Danishefsky`s diene hidroxy aromatic cycloadduct 31
was obtained with very good yield and complete regioselectivity (Figure 9, Table 8). With
these solvents the yields were lower than using PILs (EAN, [HMIM][BF4] and [HMIM][PF6])

Entry Dienoa Conditionsb Products Yield (%)c

1 6 EAN 28a,b; 29a,b 42; 04

2 [HMIM][BF4] 28a,b; 29a,b 38: 03

3 [HMIM][PF6] 28a,b; 29a,b 38; 04

4 [BMIM][BF4] 28a,b; 29a,b 27; 02

5 [BMIM][PF6] 28a,b; 29a,b 27; 02

6 7 EAN 30 58

7 [HMIM][BF4] 30 52

8 [HMIM][PF6] 30 51

9 [BMIM][BF4] 30 36

10 [BMIM][PF6] 30 35

11 8 EAN 31 66

12 [HMIM][BF4] 31 59

13 [HMIM][PF6] 31 58

14 [BMIM][BF4] 31 45

15 [BMIM][PF6] 31 42

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 8. Diels-Alder reactions of 2-nitrobenzofuran with different dienes.
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Entry Dienophilea Conditionsb Products Yield (%)c
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3.1.2. 2-NitroBenzofuran as dienophile

The reactions of 5 with isoprene employing [BMIM][BF4] or [BMIM][PF6] as solvent (60 ºC, 24
h) afforded the mixture of aromatic regioisomeric cycloadducts 28a,b as principal products
and traces of dihydrodibenzofurans 29a and 29b. On the other hand, reactions of 5 with 1-tri‐
methylsilyloxy-1,3-butadiene (60ªc, 24 h, [BMIM][BF4] and [BMIM][PF6]) yielded dibenzofur‐
an 30 with loss of trimethylsilyloxy and nitro groups. The yield is good. In the same way, in the
reaction of 2-nitrobenzofuran with the Danishefsky`s diene hidroxy aromatic cycloadduct 31
was obtained with very good yield and complete regioselectivity (Figure 9, Table 8). With
these solvents the yields were lower than using PILs (EAN, [HMIM][BF4] and [HMIM][PF6])

Entry Dienoa Conditionsb Products Yield (%)c

1 6 EAN 28a,b; 29a,b 42; 04

2 [HMIM][BF4] 28a,b; 29a,b 38: 03

3 [HMIM][PF6] 28a,b; 29a,b 38; 04

4 [BMIM][BF4] 28a,b; 29a,b 27; 02

5 [BMIM][PF6] 28a,b; 29a,b 27; 02

6 7 EAN 30 58

7 [HMIM][BF4] 30 52

8 [HMIM][PF6] 30 51

9 [BMIM][BF4] 30 36

10 [BMIM][PF6] 30 35

11 8 EAN 31 66

12 [HMIM][BF4] 31 59

13 [HMIM][PF6] 31 58

14 [BMIM][BF4] 31 45

15 [BMIM][PF6] 31 42

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 8. Diels-Alder reactions of 2-nitrobenzofuran with different dienes.
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Figure 9. Diels-Alder reactions of 2-nitrobenzofuran with dienes 6, 7 and 8.

3.2. Azanitronaphathalenes as dienophiles

It was explored the cycloaddition reactions between 5-nitro and 8-nitroquinolines (32a and 32b)
with the dienes 6, 7 y 8, respectively, in presence of [BMIM][BF4] and [BMIM][PF6] (60ºC, 24 h).

Figure 10. Diels-Alder reactions of 5-nitroquinoline with 6,7 and 8.
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The reactions of 5-nitroquinoline with these dienes, yield the same products that using
[HMIM][BF4] as solvent but with lower yield. In the cases of dienes 7 and 8 the normal addi‐
tion products 34 and 35, respectively, show complete aromatization due to the loss of the
nitro and trimethylsyliloxy groups. The product 35 was obtained with complete regioselec‐
tivity. However, when the diene 6 was used the observed cycloaddition products was (9-
Methyl-7,10-dihydro-benzo [f]quinoline) 33 with traces of its regioisomers (Cancian, et al,
2010) (Figures 10 ) (Tables 9).

Entry Dienoa Conditionsb Products Yield (%)c

1 6 EAN 33 18

2 [HMIM][BF4] 33 16

3 [HMIM][PF6] 33 16

4 [BMIM][BF4] 33 12

5 [BMIM][PF6] 33 12

6 7 EAN 34 22

7 [HMIM][BF4] 34 20

8 [HMIM][PF6] 34 19

9 [BMIM][BF4] 34 14

10 [BMIM][PF6] 34 14

11 8 EAN 35 25

12 [HMIM][BF4] 35 20

13 [HMIM][PF6] 35 20

14 [BMIM][BF4] 35 15

15 [BMIM][PF6] 35 15

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 9. Diels-Alder reactions of dienophile 32a with different dienes.

Entry Dienoa Conditionsb Products Yield (%)c

1 6 EAN 36 17

2 [HMIM][BF4] 36 15

3 [HMIM][PF6] 36 15

4 [BMIM][BF4] 36 12

5 [BMIM][PF6] 36 12

6 7 EAN 37 20

7 [HMIM][BF4] 37 18

8 [HMIM][PF6] 37 19
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The reactions of 5-nitroquinoline with these dienes, yield the same products that using
[HMIM][BF4] as solvent but with lower yield. In the cases of dienes 7 and 8 the normal addi‐
tion products 34 and 35, respectively, show complete aromatization due to the loss of the
nitro and trimethylsyliloxy groups. The product 35 was obtained with complete regioselec‐
tivity. However, when the diene 6 was used the observed cycloaddition products was (9-
Methyl-7,10-dihydro-benzo [f]quinoline) 33 with traces of its regioisomers (Cancian, et al,
2010) (Figures 10 ) (Tables 9).

Entry Dienoa Conditionsb Products Yield (%)c

1 6 EAN 33 18

2 [HMIM][BF4] 33 16

3 [HMIM][PF6] 33 16

4 [BMIM][BF4] 33 12

5 [BMIM][PF6] 33 12

6 7 EAN 34 22

7 [HMIM][BF4] 34 20

8 [HMIM][PF6] 34 19

9 [BMIM][BF4] 34 14

10 [BMIM][PF6] 34 14

11 8 EAN 35 25

12 [HMIM][BF4] 35 20

13 [HMIM][PF6] 35 20

14 [BMIM][BF4] 35 15

15 [BMIM][PF6] 35 15

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 9. Diels-Alder reactions of dienophile 32a with different dienes.

Entry Dienoa Conditionsb Products Yield (%)c

1 6 EAN 36 17

2 [HMIM][BF4] 36 15

3 [HMIM][PF6] 36 15

4 [BMIM][BF4] 36 12

5 [BMIM][PF6] 36 12

6 7 EAN 37 20

7 [HMIM][BF4] 37 18

8 [HMIM][PF6] 37 19
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Entry Dienoa Conditionsb Products Yield (%)c

9 [BMIM][BF4] 37 13

10 [BMIM][PF6] 37 13

11 8 EAN 38 24

12 [HMIM][BF4] 38 20

13 [HMIM][PF6] 38 20

14 [BMIM][BF4] 38 15

15 [BMIM][PF6] 38 15

a Diene/dienophile ratio 3:1
b Reaction´s time 24 h, reaction´s temperature 60 ºC.
c Based on consumed dienophile.

Table 10. Diels-Alder reactions of dienophile 32b with different dienes.

In the same way, the reactions of 8-nitroquinoline with these dienes, yield the same prod‐
ucts that using [HMIM][BF4] as solvent but with lower yield. When the were dienes 7 and 8
the normal addition products 37 and 38, respectively, show complete aromatization due to
the loss of the nitro and trimethylsyliloxy groups. The product 37 was obtained with com‐
plete regioselectivity. However, when the diene 6 was used the observed cycloaddition
products was (9-Methyl-7,10-dihydro-benzo[h]quinoline) 36 with traces of its regioisomers
(Cancian, et al, 2010) (Figures 11 ) (Tables 10).

Figure 11. Diels-Alder reactions of 8-nitroquinoline with 6, 7 and 8.

3.3. Nitronaphthalenes as dienophiles

To explore the normal electron-demand D-A dienophilicity of nitronaphtahlenes in presence
of no-protic ILs ([BMIM][BF4] and [BMIM][PF6]) we selected 1-nitronaphthalene 39 as elec‐
trophile and 8 as diene.
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When 39 and 8 were heated in a sealed ampoule (60oC, 24 h) using [BMIM][BF4] and [BMIM]
[PF6], respectively, as solvents, in both cases ca de 50% of 2-hydroxy-phenanthrene 40, was re‐
gioselectively produced. The regioselectivity of these reactions was controlled by both the ni‐
tro group of the dienophile and the methoxyl group of Danishefsky´s diene. This product was
obtained when a PILs was used (e.g. [HMIM][BF4]), however in this case with major yield The
preference for the normal D-A products in the presence of ILs respect the use of molecular sol‐
vent, probably is due to the increase of the electrophilicity of the dinenophile (Figure 12).

Figure 12. Diels- Alder reaction of 1-nitronaphthalene with Danishefsky's diene.

4. Diels-Alder reactions employing ionic liquids and microwave
irradiation

Ionic liquids are becoming promising and useful substitutes for standard organic solvents.
Not only they are environmentally benign, they also possess unique chemical and physical
properties. Moreover, microwave irradiation has been used to enhance organic reactions in
which an ionic liquid is used as the solvent. Ionic liquids absorb microwave irradiation ex‐
tremely well and transfer energy rapidly by ionic conduction.

The D-A transformations usually require harsh conditions (high temperatures and pres‐
sures) and long reaction times. These cycloadditions were the first reaction type to be exam‐
ined in conjunction with microwave irradiation. Microwave irradiation has also been used
to enhance organic reaction in which an ionic liquid is used as the solvent.

Figure 13. Diels-Alder reaction of 1-tosyl-3-nitropyrrole with isoprene.
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With microwave irradiation (50 W, 30 min.) and [HMIM] [BF4] as reaction media, 1-tosyl-3-
nitropyrrole reacts with isoprene yielding the mixture of isomeric dihydroindoles 11a and
11b and indoles 12a and 12b as the principal.products (global yield 95%). (Figure 13)

In turn, nitrobenzene react with isoprene using benzene as solvent to offer pyrroliybenzene
as product in reasonable yield. If the diene is 8 we do not observe reaction probably due to
the strong aromatic character of this substrate. It call our attention the absence of reactivity
when nitrobenzene reacted with 6 in presence of [HMIM] [BF4] and microwave irradiation.
This result would be consequence of the strong interaction between the nitro group and the
PIL.

5. Theoretical studies

5.1. General

The Density Functional Theory (DFT) is a model of quantum mechanics used to obtain elec‐
tronic structure of different systems, in this case, molecules involved in the Diels-Alder reac‐
tion. Considering this theory, there are some parameters (or indexes) that can be used to
explain the reactivity and regioselectivity of the cycloaddition reactions. The most significant
ones are the chemical hardness (η),that describes the resistance of the chemical potential to a
change in the number of electrons, and the electronic chemical potential (μ), which is usually
associated with the charge-transfer (CT) ability of the system in its ground state geometry.
Both quantities can be approximated in terms of the energies of the HOMO and LUMO fron‐
tier molecular orbitals (Eqs. 1 and 2) (Domingo, et al, 2002; Domingo & Aurell, 2002).

η =(εLUMO −εHOMO) (1)

μ =
(εLUMO + εHOMO)

2
(2)

Based on these parameters Parr (Parr, et al, 1999) introduced the global electrophilicity in‐
dex (ω), an useful descriptor of the reactivity that allows a quantitative classification of the
electrophilicity character of the whole molecule in an unique scale. This index is defined as:

ω =
μ 2

2η
(3)

Current studies based on the DFT have shown that this classification is a powerful tool to
predict and justify the feasibility of the D-A process and the type of mechanism involved.
The electrophilicity scale describes the effects of electron-donor and electron-withdrawing
groups in the diene/dienofile pair. Reactants can be classified for the D-A cycloaddition as
strong (>1.50 eV), moderate (1.49 - 0.90 eV) and poor (<0.90 eV) electrophiles.
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The difference in electrophilicity between the diene/dienofile pair can be related to the elec‐
tronic pattern expected in the transition state (TS) of a D-A process and, in consequence, its
has been proposed as a measure of the polar character of the reaction.

Additionally, there are local reactivity indexes that are associated with site selectivity in a
chemical reaction. They can be calculated from the Fukui function (Parr, R. G. et al 1984). Eq.
(4) provides a simple and direct formalism to obtain it from an approach based on a rela‐
tionship between the FMOs.

f k
α = ∑

μ∈k
| cμα|2 + ∑

v≠μ
cμαcvαSμv (4)

The condensed Fukui function for electrophilic attacks involves the HOMO FMO coeffi‐
cients (c) and the atomic overlap matrix elements (S).

In this direction, to analyze at which atomic site of a molecule the maximum electrophilicity
value is reached, Domingo (Domingo, et al, 2002) has introduced Eq. (5)

ωk =ω f k
+ (5)

On the other hand, the first approach toward a quantitative description of nucleophilicity
has also been reported by Domingo (Domingo, et al, 2008). The global nucleophilicity index,
N, is defined in Eq. (6)

N =(εHOMO ,Nu −εHOMO ,TCE ) (6)

Where ε HOMO,TCE is the HOMO energy of tetracyanoethylene (TCE) (taken as a reference mol‐
ecule due to the fact that it exhibits the lowest HOMO energy in a large series of molecules
previously considered in D-A cycloadditions).

Its local counterpart, N k, -Eq. (7)- has been developed with the purpose of identifying the
most nucleophilic site of a molecule. In this case Eq (4) is considered for a nucleophilic at‐
tack and involves LUMO FMO coefficients.

k kN = Nf - (7)

This nucleophilicity index has been useful to explain the nucleophilic reactivity of some dienes
with electrophiles in cycloaddition as well as substitution reactions (Domingo, et al, 2008).

In  general,  the  polarity  of  the  normal  electron  demand  D-A  process  is  studied  trough
global electrophilicity indexes difference between reactants. And the regioselectivity of the
normal  electron  demand  D-A  reaction,  using  the  local  electrophilicity  index  for  dieno‐
philes (electrophiles in the reaction) and the local nucleophilicity index for dienes (nucleo‐
philes in the reaction).
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In this stage, we show different theoretical studies related to the polar D-A reactions experi‐
mentally described, where the dienophiles are aromatic heterocycles or carbocycles. In the
same way, the mechanism of these reactions, specially respect to regio-, site- and stereo‐
chemistry have been analyzed in detail.

5.2. Dienes

Global electronic properties of the dienes experimentally used in the cycloadditions previ‐
ously described are exposed in Table 11.

Molecule
Global properties

μ (a.u.) η (a.u.) ω (eV) N (eV)

Isoprene -0.1209 0.1962 1.01 2.93

1-trimethylsilyloxy-1,3-butadiene -0.0911 0.1977 0.75 3.59

Danishefsky’s diene -0.0945 0.1851 0.66 3.55

Table 11. Dienes.

As the substitution of the dienes with electron-donor groups increases, its global electrophi‐
licity decrease. This indicates that the diene became a better nucleophile for D-A reaction.

The effect of this kind of substitutive groups is also reflected in the difference between local
nucleophilicity indexes of the extreme carbon atoms. Considering these values, regioselec‐
tivity of D-A reactions is evaluated.

Figure 14. local nucleophilicity index (Nk) in eV.

In Figure 14, local nucleophilicity indexes for carbon atoms that would react in this type of
cycloadditions (C1 and C4), are shown. A higher value of nucleophilicity is observed in C4
for 1-trimethylsilyloxy-1,3-butadiene and 1-methoxy-3-trimethylsilyloxy-1,3-butadiene
(Danishefsky diene). For isoprene, C1 is the most nucleophilic atom.

The electrophilicity of isoprene falls in the range of moderate electrophiles within the elec‐
trophilicity scale proposed by Domingo et al. When electron-donating substituents, -OCH3

and –OSi(CH3)3, are incorporated into the structure of butadiene, a decrease in the electro‐
philicity power is observed. Therefore, the electrophilicity of Danishefsky´s diene falls in the
range of marginal electrophiles, good nucleophiles, within the electrophilicity scale. This be‐
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havior indicates that the nucleophilic activation in Danishefsky´s diene is better than in iso‐
prene, in clear agreement with the high nucleophilicity index of the diene. 1-
trimethylsilyloxy-1,3-butadiene have a intermediate behavior.

5.3. Dienophiles

The electrophilicity power (ω) of the different dienophiles is shown in Tables 12, 13, 14, 15,
16 and 17. In the tables we also included some global properties such as the chemical poten‐
tial and the chemical hardness. A good electrophile is characterized by a high absolute value
of μ and a low value of η.

We also analyze its local counterpart (ωk), the values are exposed in the Figures 15, 16, 17,
18, 19 and 20 below each table.

5.3.1. Five-membered heterocycles

• Furan and derivatives.

Molecule
Global properties

μ (a.u.) η (a.u.) ω (eV) N (eV)

Furan -0.1024 0.2441 0.99 3.23

2-Nitrofuran -0.1810 0.1775 2.51 1.99

3-Nitrofuran -0.1767 0.1808 2.35 2.07

Table 12. global electronic properties.

Figure 15. local electrophilicity indexes (ωk) in eV.

• Tiophene and derivatives.

Figure 16. local electrophilicity indexes (ωk) in eV.
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Molecule
Global properties

μ (a.u.) η (a.u.) ω (eV) N (eV)

Thiophene -0.1545 0.1566 0.87 3.01

2-Nitrothiophene -0.1845 0.1738 2.66 1.95

3-nitrothiophene -0.1794 0.1821 2.40 1.98

Table 13. global electronic properties

• Selenophene and derivatives.

Molecule
Global properties

μ (a.u.) η (a.u.) ω (eV) N (eV)

Selenophene -0.1220 0.2195 0.49 3.16

2-Nitroselenophene -0.1829 0.1695 2.68 2.05

3-Nitroselenophene -0.1776 0.1803 2.38 2.05

Table 14. global electronic properties

Figure 17. local electrophilicity indexes (ωk) in eV.

• 1-Tosyl-pyrrole and derivatives.

Molecule
Global properties

μ (a.u.) η (a.u.) ω (eV) N (eV)

1-Tosylpyrrole -0.1348 0.1752 1.41 3.28

1-Tosyl-2-nitropyrrole -0.1655 0.1739 2.31 2.43

1-Tosyl-3-nitropyrrole -0.1668 0.1765 2.14 2.39

Table 15. global electronic properties.
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Figure 18. local electrophilicity indexes (ωk) in eV.

5.3.2. Benzofused heterocycles

• Benzofuran and derivatives.

Molecule
Global properties

μ (a.u.) η (a.u.) ω (eV) N (eV)

Benzofuran -0.1180 0.2032 0.93 3.36

2- nitrobenzofuran -0.1757 0.1536 2.73 2.46

3-nitrobenzofuran -0.1694 0.1613 2.42 2.53

Table 16. global electronic properties.

Figure 19. local electrophilicity indexes (ωk) in eV.

• N-Tosyl-indole and derivatives.

Molecule
Global properties

μ (a.u.) η (a.u.) ω (eV) N (eV)

1-Tosyl-indole -0.1316 0.1683 1.40 3.47

1-Tosyl-2-nitroindole -0.1657 0.1455 2.57 2.84

1-Tosyl-3-nitroindole -0.1606 0.1562 2.25 2.84

Table 17. global electronic properties.
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Figure 20. local electrophilicity indexes (ωk) in eV.

We can assume that high nucleophilicity and high electrophilicity corresponds to opposite
extremes of this scale (Della Rosa, et al, 2011; Brasca, et al, 2009).

The substitution of one hydrogen atom in all the dienophiles by the nitro group, one of the
most powerful electron-withdrawing groups, produces an increment in the electrophilicity
character and therefore an increase in the reaction rate is expected. The 2-nitro-substituted
heterocycles show high electrophilicity power respect to the 3-nitro-substituted ones. Exper‐
imentally we obtained higher yields when the nitro group is place in the position 2 of the
thiophene’s ring than when it is in the 3-position. So these last results support the tendency
observed in the tables.

The differences in the global electrophilicity power between the dienophile/diene pair (Δω)
are higher for the Danishefsky’s diene than for isoprene. Therefore, we can expect a high re‐
activity for the pair nitrosubstituted-dienophile/Danishefsky’s diene.

As a consequence of the high electrophilic character of these substituted dienophiles and the
high nucleophilic character of the dienes, it is expected that these D-A reactions proceed
with polar character. The polarity of the process is assessed comparing the electrophilicity
index of the interacting pairs. Evidently, the differences in the global electrophilicity power
(Δω) are higher for the Danishefsky’s diene than 1-trimethylsilyloxy-1,3-butadiene and iso‐
prene.

On the other hand, a high regioselectivity is expected for Danishefsky’s diene, due to the
fact that the difference between local nucleophilicity indexes of C1 and C4 (ΔΝ k) presents
the highest value in this diene (ΔΝ k=0.89). For isoprene and 1-trimethylsilyloxy-1,3-buta‐
diene, as this difference is low (ΔΝ k=0.13 and ΔΝ k=0.23 respectively), both isomers are ex‐
pected as D-A products. For dienophiles, the carbon atom adjacent to the nitro-substituted
one is the most electrophile site in all the cases (Δωk= 0.49-0.27).

When asymmetric reactants participate in this polar D-A cycloaddition, the most favorable
interaction will take place between the most nucleophile site of the diene and the most elec‐
trophile site of the dienophile. This fact is also consistent with the experimental researches in
ionic liquids as solvents.

When  2-nitrobenzofuran  and  3-nitrobenzofuran  reacted  with  isoprene,  1-trimethylsily‐
loxy-1,3-butadiene and the Danishesfky’s  diene,  under different  reaction conditions they
showed their dienophilic character taking part in a normal demand polar D-A cycloaddi‐
tion reactions.
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Finally, the flux of the electron-density in these polar cycloaddition reactions is also support‐
ed by means of a DFT analysis besed on the electronic chemical potentials of the reagents.
The electronic chemical potentials of the substituted heterocyclic dienophiles, nearly -5 eV,
are higher than those of the dienes, nearly -3 eV, thereby suggesting that the net charge
transfer will take place from these electron-rich dienes towards the aromatic dienophiles.

According to the global electrophilicity index ω showed that the dienes will act as nucleo‐
philes and the dienophiles as electrophiles. To study the regioselectivity we used the local
electrophilicity and nucleophilicity indexes for dienophiles and dienes respectively. The
more favored adducts are the ones where the most electrophilic and nucleophilic sites inter‐
act first. In the reactions in which it is possible discussed the regioselectivity of the experi‐
mental data agree with the computational results. (Della Rosa, el al, 2011)

The 2-nitrosubstituted benzofuran show higher electrophilicity power than the 3-nitrosub‐
stituted benzofuran probably due to the proximity of the nitro group with the heteroatom.

5.4. Ionic Liquids effect

The influence of ILs has also been considered in this theoretical study. For the calculation of
electronic properties of the “complexes” dienophile-IL we use a model that includes the di‐
enophile molecule interacting with the anion-cation IL’s system. In Table 18 we show an ex‐
ample of the different global electronic properties (ω and N) for these five-membered
heterocycle-IL systems in comparison with the same study in gas phase.

ω(eV) N(eV) ω(eV) N(eV)

2-nitrofuran

2.51 1.78 Gas Phase

3-nitrofuran

2.35 1.85 Gas Phase

4.31 1.83 [HMIM][BF4] 4.02 2.00 [HMIM][BF4]

4,18 1.26 [HMIM][PF6] 3.87 1.34 [HMIM][PF6]

3.02 1.52 [BMIM][BF4] 2.78 1.64 [BMIM][BF4]

2.95 1.60 [BMIM][PF6] 2.63 1.49 [BMIM][PF6]

Table 18. Global electronic properties for 2- and 3- nitrofuranes.

It can be observed that for nitrofuran dienophiles the electrophilicity index reach higher val‐
ues in presence of IL ([HMIM][BF4], [HMIM][PF6], [BMIM][BF4], [BMIM][PF6]). The stron‐
gest hydrogen-bond donation ability of [HMIM] cation is reflected in the significant
increment of ω in about 2 eV for all the heterocycles in study. The [PF6]- anion present little
lower values than [BF4]-.

Taking into account that the reactivity of a D-A reaction depends on the HOMO-LUMO en‐
ergy separation of the reactants, and that in a normal electron demand D-A reaction the
strongest interaction takes place between the HOMO of the diene and the LUMO of the di‐
enophile, we compared the corresponding energies of the reacting partners in order to ex‐
plain the experimental tendency observed.
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The 2-nitrosubstituted benzofuran show higher electrophilicity power than the 3-nitrosub‐
stituted benzofuran probably due to the proximity of the nitro group with the heteroatom.

5.4. Ionic Liquids effect

The influence of ILs has also been considered in this theoretical study. For the calculation of
electronic properties of the “complexes” dienophile-IL we use a model that includes the di‐
enophile molecule interacting with the anion-cation IL’s system. In Table 18 we show an ex‐
ample of the different global electronic properties (ω and N) for these five-membered
heterocycle-IL systems in comparison with the same study in gas phase.

ω(eV) N(eV) ω(eV) N(eV)

2-nitrofuran

2.51 1.78 Gas Phase

3-nitrofuran

2.35 1.85 Gas Phase

4.31 1.83 [HMIM][BF4] 4.02 2.00 [HMIM][BF4]

4,18 1.26 [HMIM][PF6] 3.87 1.34 [HMIM][PF6]

3.02 1.52 [BMIM][BF4] 2.78 1.64 [BMIM][BF4]

2.95 1.60 [BMIM][PF6] 2.63 1.49 [BMIM][PF6]

Table 18. Global electronic properties for 2- and 3- nitrofuranes.

It can be observed that for nitrofuran dienophiles the electrophilicity index reach higher val‐
ues in presence of IL ([HMIM][BF4], [HMIM][PF6], [BMIM][BF4], [BMIM][PF6]). The stron‐
gest hydrogen-bond donation ability of [HMIM] cation is reflected in the significant
increment of ω in about 2 eV for all the heterocycles in study. The [PF6]- anion present little
lower values than [BF4]-.

Taking into account that the reactivity of a D-A reaction depends on the HOMO-LUMO en‐
ergy separation of the reactants, and that in a normal electron demand D-A reaction the
strongest interaction takes place between the HOMO of the diene and the LUMO of the di‐
enophile, we compared the corresponding energies of the reacting partners in order to ex‐
plain the experimental tendency observed.
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HOMO (a.u.)

Isoprene -0.2272

1-trimethylsilyloxy-1,3-butadiene -0.2046

Danishefsky’s diene -0.2045

Table 19. HOMO energy values.

LUMO (a.u.)

2-nitrofuran -0.0922

2-nitrofuran+[HMIM][BF4] -0.1379

2-nitrofuran+[HMIM][PF6] -0.1358

2-nitrofuran+[BMIM][BF4] -0.1016

2-nitrofuran+[BMIM][PF6] -0.1004

Table 20. LUMO energy values.

When the FMO of the reacting pairs are closer in energies, the interaction is higher. Thus,
the FMO energies of the reactants were evaluated.

Therefore, in Tables 8 and 9 it can be observed that the expected higher reactivities for the
dienophile-IL complexes is due to the fact that LUMO’s energy of the dienophile gets closer
to the HOMO’s energy of the diene, which is consistent with the experimental results. This
effect is also revealed by an increase in the yield of the D-A reaction. The energy difference
between the FMOs is lower for [HMIM] based IL, what we attribute to the formation of the
hydrogen-bond between the nitro group and the IL cation. The tendency is the same in all
the cases of nitroheterocycle compounds.

5.5. Theoretical Mechanistic Approach

These D-A reactions could be considered domino processes that are initialized by a polar cy‐
cloadittion, and the latter concerted elimination of nitrous acid from the [4+2] cycloadduct
yields the corresponding products (Della Rosa, et al, 2011).

5.5.1. Monocyclic five membered nitroheteroaromatic compounds as dienophiles.

Specifically the reactions of nitro-substituted five-membered heterocycles with Danishefsky
´s diene were studied using the hardness, the polarizability and the electrophilicity of the
corresponding D-A primary adducts as global reactivity indexes. The experimentally ob‐
served products for these D-A reactions using different conditions were indicated in the Fig‐
ure 21 and related experiments. It has been demonstrated that both the hardness as well as
the electrophilicity power of the adducts are appropriate descriptors to predict the major
product of the reactions at least in the cases in study. (Brasca, et al, 2011)
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Figure 21. Reactions of nitrofuran whit Danishefsky diene.

For each reaction four channels, which lead to the regioisomers I, I', II and II' are feasible
(Figure 9). As we can observe, depending on the orientation of the nitro group, two stereo‐
isomers can be obtained in each channel (i.e. endo and exo adducts).

Figure 22. Possible regioisomeric D-A adducts.

The regioisomer that have the higher value of η and the lower values of α and ω, should
correspond to the major product. The calculated hardness and electrophilicity power cor‐
rectly predict the regioisomers I.a-I.c as the main adducts of the D-A reactions.
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The results obtained in gas phase revealed the same tendency as in ionic liquids as solvents.

We can conclude that the predominant regioisomeric adduct of the reactions between five-
membered heterocycles derivatives and Danishefsky’s diene have always the less electro‐
philicity and high hardness values. Moreover, the regioselectivity experimentally observed
can be confirmed by this approach.

The obtained energies show that the I.endo isomer is more stable than the I.exo one. Moreover,
the more stable I.endo isomer has lower electrophilicity value than the I.exo isomer in all cases.

The investigation by DFT theory, in which we include solvent effects (considering cation
and anion of the ionic liquids), show that these cycloadditions proceeded by a concerted but
asynchronus reaction mechanism. The lowest activation energies for concerted reactions are
obtained. However, the stepwise additions have significantly lower activation energy lead
to substantially less stable products. Moreover, the primary cycloadducts could never be
isolated but were converted into 5-hydroxybenzofused heterocycles by subsequent extru‐
sion of nitrous acid, hydrolysis of the silyl enol ether, and elimination of methanol. Elimina‐
tion of nitrous acid is calculated to have lower overall barriers than cycloaddition reactions
and is strongly exothermic, thus explaining the preferred reaction channel.

5.5.2. Nitronaphthalenes as dienophiles

The reactions of 1-nitronaphthalene with a serie of dienes were evaluated with the the fron‐
tier molecular orbitals (FMO) theory which provide qualitative information about the feasi‐
bility of this D-A reaction. Besides, the global electrophilicity index (ω) is employed to
estimate the electrophilic character of the dienophiles used in the cycloaddition reactions.

1-nitronaphtalene

μ (a.u.) -0.1650

η (a.u) 0.1485

ω (eV) 2.49

N (eV) 2.83

Table 21. 1-nitronaphthalene with the Danishefsky diene.
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The reaction of 1-nitronaphthalene with the Danishefsky diene to obtain 3-hydroxyfenan‐
trene has been theoretically studied using DFT methods. This reaction is a domino proc‐
ess that is initialized by a polar Diels–Alder reaction between the par dienophile/diene to
give  the  formally  [2  +  4]  cycloadduct.  The  subsequent  concerted  elimination  of  nitrous
acid from the primary adduct yields the precursor of the fenatrene derivative. An analy‐
sis  of  the  global  reactivity  indices  as  well  as  the  thermodynamic  data  for  this  domino
process indicate that while the large electrophilic carácter of 1-nitronaphthalene together
with the large nucleophilic character of Danishefsky diene are responsible for the partici‐
pation of these reagents in a polar D-A reaction. The D-A reaction has a two-step non-in‐
termediate  mechanism  characterized  by  the  nucleophilic  attack  of  the  non-substituted
methylene of the diene to the electrophilically activated C2 position of 1-nitronaphtalene.
The subsequentring-closure affords the primary cycloadduct. The latter concerted elimina‐
tion of nitrous acid yielded the precursor of the tricyclic aromatic final product. Spite of
the large activation free energy associated with the D-A reaction and the endergonic char‐
acter in the primary adduct, the irreversible extrusion of nitrous acid make feasible ther‐
modynamically the domino reaction. (Domingo, et al, 2008)

5.5.3. Nitroquinolines

Although the global electrophilicity for the 5-nitroquinoline indicated a lightly major reac‐
tivity than the 8-nitro isomer (Figure 23). This result does not agree with the experimental
data. In this respect it is possible think that the attack of the dienophile to the para posi‐
tion would be a reversible process, meanwhile the attack to the orto  position to the nitro
group evolve in form irreversible to the cycloaddition product. The major reactivity of the
8-nitro derivative could be occur due to the presence of electroelectronic factors more fa‐
vourables which are produced during the nucleophilic attack of the diene, for instance a
better stabilization of the negative charge in the nitro group. These effects are not consid‐
ered in the reagents. (Cancian, et al, 2010)

Figure 23. Global and local electrophilic indexes for 5- and 8-nitroquinolines.

Analysis of the local electrophilicities ωk at 5-nitroquinoleine indicates that the C8 carbon,
ωC8 = 0.40 eV, and the C6 carbon, ωC6 = 0.34 eV, are the electrophilic centres of the quino‐
leine  moiety,  while  at  8-nitroquinoleine  these  centers  are  the  C5 carbon,  ωC5  =  0.37  eV,

Ionic Liquids - New Aspects for the Future420



The reaction of 1-nitronaphthalene with the Danishefsky diene to obtain 3-hydroxyfenan‐
trene has been theoretically studied using DFT methods. This reaction is a domino proc‐
ess that is initialized by a polar Diels–Alder reaction between the par dienophile/diene to
give  the  formally  [2  +  4]  cycloadduct.  The  subsequent  concerted  elimination  of  nitrous
acid from the primary adduct yields the precursor of the fenatrene derivative. An analy‐
sis  of  the  global  reactivity  indices  as  well  as  the  thermodynamic  data  for  this  domino
process indicate that while the large electrophilic carácter of 1-nitronaphthalene together
with the large nucleophilic character of Danishefsky diene are responsible for the partici‐
pation of these reagents in a polar D-A reaction. The D-A reaction has a two-step non-in‐
termediate  mechanism  characterized  by  the  nucleophilic  attack  of  the  non-substituted
methylene of the diene to the electrophilically activated C2 position of 1-nitronaphtalene.
The subsequentring-closure affords the primary cycloadduct. The latter concerted elimina‐
tion of nitrous acid yielded the precursor of the tricyclic aromatic final product. Spite of
the large activation free energy associated with the D-A reaction and the endergonic char‐
acter in the primary adduct, the irreversible extrusion of nitrous acid make feasible ther‐
modynamically the domino reaction. (Domingo, et al, 2008)

5.5.3. Nitroquinolines

Although the global electrophilicity for the 5-nitroquinoline indicated a lightly major reac‐
tivity than the 8-nitro isomer (Figure 23). This result does not agree with the experimental
data. In this respect it is possible think that the attack of the dienophile to the para posi‐
tion would be a reversible process, meanwhile the attack to the orto  position to the nitro
group evolve in form irreversible to the cycloaddition product. The major reactivity of the
8-nitro derivative could be occur due to the presence of electroelectronic factors more fa‐
vourables which are produced during the nucleophilic attack of the diene, for instance a
better stabilization of the negative charge in the nitro group. These effects are not consid‐
ered in the reagents. (Cancian, et al, 2010)

Figure 23. Global and local electrophilic indexes for 5- and 8-nitroquinolines.

Analysis of the local electrophilicities ωk at 5-nitroquinoleine indicates that the C8 carbon,
ωC8 = 0.40 eV, and the C6 carbon, ωC6 = 0.34 eV, are the electrophilic centres of the quino‐
leine  moiety,  while  at  8-nitroquinoleine  these  centers  are  the  C5 carbon,  ωC5  =  0.37  eV,

Ionic Liquids - New Aspects for the Future420

and the C7 carbon.  They correspond with the carbon that  contains the nitro group and
that located at the ortho position.

Formation of the HB between the acidic N10 hydrogen of HMIM+ and the O9 oxygen of the ni‐
tro group does not only increase the electrophilicity index of the nitroquinoleine-PIL com‐
plexes, but also polarizes nitroquinoleine system. At the nitroquinoleine-PIL complexes, the
most electrophilic centres are the C8 carbon, ωC5 = 0.55 eV, and the C6 carbon, ωC7 = 0.54 eV, at 5-
nitroquinoleine-PIL, and at the C5 carbon, ωC5 = 0.45 eV, and the C7 carbon, ωC7 = 0.40 eV, at 8-
nitroquinoleina-PIL. These results are similar to those found in 5- and 8-nitroquinoleines.

Using the 5 and 8-nitroquinoline we showed specifically the interactions models with the
lowest energy between the dienophile and [HMIM][BF4] acting as reaction media.

Isoprene vs. 5-nitroquinoleine and 8-nitroquinoleine. A theoretical mechanism study.

In order to understand the catalytic role of polar ionic liquids (PILs) in P-DA reactions be‐
tween isoprene and nitroquinoleines, in the absence and in the presence of [HMIM][BF4] as
a model of PILs, were theoretically studied using DFT methods. These reactions are domino
processes that comprises two consecutive reactions:

1. a P-DA reaction between isoprene, acting as diene, and nitroquinoleines acting as dien‐
ophiles, to yield the formal [4+2] cycloadducts (CA) and;

2. a concomitant nitroso acid extrusion at these intermediates to yield the final products
(Figure 24).

Figure 24. Reaction of isoprene with 5- and 8-nitroisoquinoline

Four reactive channels for the initial attack of isoprene on these nitroquinoleines are feasible:
two pairs of stereoisomeric channels, the endo and the exo ones, and two pairs of regioisomeric
channels, the meta and the para ones. Since both endo and exo channels yield the same final prod‐
ucts after extrusion of nitroso acid, and as P-DA reactions involving isoprene present low re‐
gioselectivity, only the channels associated with the endo/para approach mode of isoprene,
respect to the electron-withdrawing nitro group of nitroquinoleines were considered.
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An analysis of the gas-phase potential energy surfaces (PES) associated with these P-DA re‐
actions indicates that the cycloadditions take place through a one-step mechanism via high
asynchronous transition states (TS). Therefore, in both cases one TS, TS15 and TS18, and the
formal [4+2] CAs, were located and characterized. The second reaction of these domino
processes also takes place via a one-step mechanism via a high asynchronous TSs. Thus, one
TS, TS25 and TS28, and the corresponding final products were located and characterized.
Total and relative gas-phase energies are given in Table 11.

E ΔE

Isoprene -195.3055

5-nitroquinoleine -606.4260

TS15 -801. 6914 25.2

Cycloadduct -801.7496 -11.4

TS25 -801.7129 11.6

Product -596.0775

HNO2 -205.6952

Product + HNO2 -801.7727 -25.9

8-nitroquinoleine -606.4195

TS18 -801.6819 27.0

Cycloadduct -801.7499 -15.6

TS28 -801.7136 7.2

Product -596.0798

Product + HNO2 -801.7750 -31.4

Table 22. Gas phase total energies (E, in au) and relative energies (∆E, in kcal/mol) of the stationary points involved in
the domino reaction between isoprene and nitroquinoleines (5- and 8- nitrosubstituted).

In gas phase, the activation energies associated with the nucleophilic attack of the C1 carbon
of isoprene on the C6 carbon of nitroquinoleines via TS15 or TS18 present high values, 25.2
and 27.0 kcal/mol; formation of the formal [4+2] CAs are exothermic by -11.4 and -15.6 kcal/
mol, respectively. Although these P-DA reactions are thermodynamically favorable, these
high activation energies associated with these processes prevent the cycloaddition reactions.

The [4+2] CAs suffer a nitroso acid extrusion regenerating the aromatic system present in
quinoleine.  The  activation  energies  associated  with  the  nitroso  acid  extrusion  via  TS25
and TS28 are  23.0  and 28.8  kcal/mol;  formation of  the  tricyclic  compounds plus  nitroso
acid is exothermic by -14.5 and -15.8 kcal/mol, respectively. Taking into account the favor‐
able reaction entropies associated with the extrusion processes, we can consider these re‐
actions thermodynamically irreversible. Since TS25 and TS28 are located below TS15 and
TS18,  the  P-DA reactions  between isoprene 1  and nitroquinoleines  2  or  3  via  TS15 and
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TS18 become the rate-determining steps  of  these  domino processes.  The high activation
energy associated with TS15 and TS18 are in agreement with the drastic reaction condi‐
tions demanded for the reactions to take place.

These activation energies are higher than those associated with the P-DA reaction and nitro‐
so acid extrusion associated with the domino reaction between nitronaphtalene and Dani‐
shefsky's diene, 16.5 and 23.9 kcal/mol, respectively (Figure 25).

Figure 25. 1-nitronaphtalene and Danishefsky’s diene

However, the lower activation energy associated with the P-DA reaction between nitronaphta‐
lene and Danishefsky's diene, and the endothermic character of the formation of the formal
[4+2] CA turn the nitroso acid extrusion into the rate-determining step in this domino reaction.

Figure 26. TS of the reaction between 5- and 8-nitroquinoline and isoprene

The gas-phase geometries of TS15, TS18, TS25 and TS28 are given in Figure 13. The lengths
of the C1-C5 and C2-C8 forming bond at TSs associated with the P-DA reactions between

Protic and Nonprotic Ionic Liquids in Polar Diels-Alder Reactions Using Properly Substituted Heterocycles
http://dx.doi.org/10.5772/51656

423



isoprene and nitroquinoleines are 1.822 and 3.290 Å at TS15 and 1.903 and 2.597 Å at TS18,
respectively. These values suggest asynchronous bond-formation processes in which the C-
C bond formation between the most nucleophilic center of isoprene, the C5 carbon, and one
of the most electrophilic centers of nitroquinoleines, the C1 carbon, is more advanced than
the C-C bond formation between the C2 and C8 carbons. The short C1-C5 distance indicates
that the cycloaddition processes are very advanced, in clear agreement with the high activa‐
tion energies associated with TS15 and TS18.

At TSs associated with the nitroso acid extrusion the length of the C2-N3 breaking bond is
2.345 Å at TS25 and 2.331 Å at TS28, while the lengths of the C1-H1 breaking- and O4-H1'
forming-bonds are 1.250 and 1.437 Å at TS25, and 1.247 and 1.435 Å at TS28, respectively.
These values suggest asynchronous processes in which the C2-N3 breaking bond is more
advanced than the H1' proton transfer process to the O4 oxygen.

The polar nature of these D-A reactions was evaluated analyzing the charge transfer (CT) at
TS15 and TS18. The natural charges at these TSs were shared between the isoprene and the
nitroquinoleine frameworks. At TS15 and TS18, the CT that flows from isoprene to nitroqui‐
noleines is 0.29 eV and 0.26 eV, respectively. These values point at the zwitterionic character
of these TSs. They are lower than that obtained at the TS associated with the nucleophilic
attack of Danishefsky's diene on nitronaphtalene, 0.39 eV, as a consequence of the stronger
nucleophilic character of Danishefsky's diene than that of isoprene.

Reaction mechanism pattern in presecence of the [HMIM][BF4] PIL.

The effects of the [HMIM][BF4] PIL on the domino reactions between isoprene and nitroqui‐
noleines were evaluated considering two computational models. In Model I, the implicit ef‐
fects of the PIL were considered by forming a hydrogen bond (BH) between the acidic H10
hydrogen of HMIM and the O9 oxygen of the nitro group of nitroquinoleines (Figure 27).

Figure 27. Reaction between 5-nitroquinoline and isoprene in presence of PIL`s

While in Model II, the solvent effect of the PIL is completed including electrostatic interac‐
tions modeled by the polarizable continuum model (PCM) of Tomasi's group. For the PCM
calculations, 1-heptanol was considered as solvent since it has a dielectric constant closer to
[HMIM][BF4]; ε= 11.3. The energy results are given in Table 12.
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gas phase 1-heptanol

E ΔE E ΔE

5-nitroquinoleine-PIL -1297.0092 -1297.0411

TS15-PIL -1492.2827 20.1 -1492.3173 19.4

cycloadduct-PIL -1492.3293 -9.2 -1492.3636 -9.7

TS25-PIL -1492.3020 8.0 -1492.3395 5.5

HNO2 -PIL -896.2688 -896.30298

Product + HNO2 -PIL -1492.3463 -19.8 -1492.3857 -23.5

8-nitroquinoleine-PIL -1297.0040 -1297.0391

TS18-PIL -1492.2736 22.5 -1492.3117 21.6

cycloadduct-PIL -1492.3341 -15.4 -1492.3673 -13.3

TS2-PIL -1492.3021 4.6 -1492.3397 4.1

Product + HNO2 -PIL -1492.3486 -24.5 1492.3873 -25.8

Table 23. Total energies (E, in au) and relative energies (∆E, in kcal/mol), in gas phase and in 1-heptanol, of the
stationary points involved in the domino reaction between isoprene and nitroquinoleines in [HMIM][BF4].

In Figure 27, the stationary points involved in the domino reactions between isoprene and
[HMIM][BF4]:nitroquinoleines complexes are given. Formation of the HB between HMIM
and an oxygen atom of the nitro group decreases the activation energies associated with
these P-DA reactions significantly. Now, TS1-PIL and TS2-PIL are located 20.1 and 22.5
kcal/mol above the separated reagents. In spite of this behaviour, the exothermic character
of the cycloadditions, -9.2 and -15.4 kcal/mol, remains unmodified. The large acceleration
found in the presence of the PIL ionic pair can be understand as an increase of the polar
character of the reactions as a consequence of the increased electrophilic character of the di‐
enophile-PIL complexes, which favors the CT process.

The second reactions of these domino processes are also slightly catalyzed by the presence
of [HMIM][BF4] PIL, since it remains hydrogen-bonded at the intermediate cycloadducts-
PIL. Now, the activation energies associated with the extrusion of HNO2-PIL are 17.2 and
20.0 kcal/mol. These reactions are exothermic by -10.6 and -9.1 kcal/mol.

Inclusion of the solvent effects by means of the PCM calculations in Model II stabilizes all
species between 21.0 and 25.0 kcal/mol, as a consequence of the charged [HMIM][BF4] PIL.
TS15 and TS18 are slightly more stabilized than the reagents due to their zwitterionic char‐
acter. As a consequence, the activation energies associated with the P-DA reactions decrease
by 1.7 and 0.9 kcal/mol relative to the gas-phase calculations. Consequently, a comparison
between the gas-phase relative energies associated with the domino reactions between iso‐
prene and nitroquinoleines with those obtained in Model I and II for the domino reactions in
PILs indicate that the HB formation at nitroquinoleines 2 and 3 is the main factor responsi‐
ble for the acceleration of these domino reactions in PILs.
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The gas-phase geometries of TS15-PIL, TS18-PIL, TS25-PIL and TS28-PIL are given in Figure
15. The lengths of the C1-C5 and C2-C8 forming bonds at the TSs associated with the P-DA re‐
actions between isoprene and the dienophile-PIL complexes are 1.879 and 3.338 Å, and 1.835
and 3.141 Å, respectively. These values suggest a two-stage one-step mechanism channel an
asynchronous TS. At TS15-PIL and TS18-PIL, the distances between the nitro O9 oxygen and
the acidic H10 hydrogen of HMIM, 1.769 and 1.776 Å, suggest a strong HB interaction.

Figure 28. TS of the reaction between 5-nitroquinoline and isoprene in presence of PIL`s

At TSs associated with the extrusion of the 6-PIL complex, the length of the C2-N3 breaking
bond is 2.522 Å at TS25-PIL and 2.501 Å at TS28-PIL, while the lengths of the C1-H1' break‐
ing- and O4-H1' forming-bonds are 1.195 and 1.588 Å at TS25-PIL, and 1.191 and 1.593 Å at
TS28-PIL, respectively. These values also suggest a highly asynchronous process in which
the C2-N3 breaking bond is very advanced with respect to the H1' proton transfer process.

6. Conclusions

It was possible to demonstrate again the influence of the solvent in these particular type of
D-A reactions. A series of aromatic carbocyclic and hetrocyclic substituted by electron with‐
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drawing groups can act as dienophiles in polar cycloaddition reactions besides different di‐
enes in the presence of PIL´s. However, D-A reactions proceed at an appreciable rate only
when either the diene or the dienophile are activated by an electron donating or electron
withdrawing group, normally characterized by the presence of a heteroatom that can there‐
fore efficiently interact with the solvent. IL´s, with their peculiar properties such as high po‐
larizability/dipolarity, good hydrogen bond donor ability, were straight away considered to
have the potential to influence the outcome of these D-A reactions, accelerating them.

In general, the products of the reactions development in PIL´s are similar to those in molecu‐
lar solvents. However, the presence of PIL´s improved the reaction rate probably due to the
hydrogen bonding interactions between the neoteric solvent and the dienophile. Only in a
few cases we can note differences in the product distribution. For the reactions in which are
possible to observe a competition between normal and hetero D-A process, the PIL´s favor
the normal pathway because they improve the electrophilicity of the dienophiles.

The DFT analysis of the global properties of the interacting pair diene/dienophile illustrates
the normal electron demand character of these D-A reactions. It is possible to show that the
local indexes provide useful clues about the regiodirector effects, particularly of the nitro
group. The presence of a solvent (molecular or neoteric) as the reaction media does not im‐
part a prominent influence on the relative reactive sites. In few cases among those studied
we can note that the relative reactive sites are affected by the solvent and the basis set (e.g.
methyl 5-nitrofuran-2-carboxylate).

The site-, regio-, and stereochemistry of some of these D-A reactions has been investigat‐
ed by the density functional theory, including solvent effects. Generally, these cycloaddi‐
tions  proceed  by  a  concerted  but  asynchronous  reaction  mechanism.  The  endo
stereochemistry is in most case preferred.

In general, the normal D-A reaction mechanism is a domino process that is initialized by the
polar reaction between the diene and the dienophile to give the primary cicloadduct. These
D-A reactions have a two-step non-intermediate mechanism characterized by the nucleo‐
philic attack on the non-substituted methylene of the diene to the electrophilically activated
position of the dienophile. The subsequent ring-closure affords the primary cicloadduct.
This behavior makes the reaction to be regioselective. The latter concerted elimination of the
nitrous acid from the primary cicloadduct yields the precursor of the final aromatic product.
Spite of the large activation free energy associated with the D-A reaction and the endergonic
character of formation of the primary cicloadduct, the irreversible extrusion of the nitrous
acid make feasible thermodynamically the domino reaction.

DFT calculations of the electrophilicity and nucleophilicity indexes in general agree with the
experimental results and they are a good reactivity and regioselectivity predictors in this
type of polar cycloaddition reactions

The presence of a PIL’s in the reaction media improves significantly the electrophilic charac‐
ter of the dienophile. However, the differences between the experimental results using PIL´s
or molecular solvents are not so bigger how the calculated electrophilic values indicated.
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1. Introduction

The use of microwave (MW) irradiation as a tool for organic synthesis has been a fast
growth area [1-8]. Several examples have shown that the application of MW irradiation re‐
duces the reaction time, increases the product yield and sometimes results in a different
product distribution compared to conventional thermal heating method [1-6,9-20]. The rate
acceleration observed in organic reactions using MW irradiation is due to material-wave in‐
teractions leading to thermal and nonthermal effects. The thermal effects result from a more
efficient energy transfer to the reaction mixture, which is known as dielectric heating. This
process relies on the ability of a substance (solvent or reactant) to absorb MW and convert
them into heat. The reaction mixture is heated from the inside since the MW energy is trans‐
ferred directly to the molecules (solvent, reactants, and catalysts). This process is known as
'volumetric core heating' and results in a temperature gradient that is reversed compared to
the one resulting from conventional thermal heating [1,9-14]. Nonthermal effects result in
differences in product distributions, yields, and reaction times. They may result from the
orientation effects of polar species in the electromagnetic field that makes a new reaction
path with lower activation energy [9-14, 21-23]. It has been suggested [24] that MW activa‐
tion could originate from hot spots generated by dielectric relaxation on a molecular scale.
Currently, thermal and nonthermal effects are being extensively studied mainly to verify the
existence or not of nonthermal effects [21-23].

Several studies have reported the application of ionic liquids (ILs) in different areas and, in
particular, their use in organic reactions [25-33]. ILs are generally defined as liquid electro‐
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lytes composed entirely of ions. Occasionally, a melting point criterion has been proposed to
distinguish between molten salts and ILs (mp < 100 °C). However, both molten salts and ILs
are better described as liquid compounds that display ionic-covalent crystalline structures
[34-35]. Suitably selected, many combinations of cations and anions allow the design of ILs
that meets all the requirements for the chemical reaction under study; based on this, they are
also known as 'designer solvents' [36]. Properties such as solubility, density, refractive in‐
dex, and viscosity can be adjusted to suit requirements simply by making changes to the
structure of the anion, the cation, or both [37-43].

The junction of the use of MW irradiation with the use of ILs provides a method of high in‐
terest in organic synthesis. ILs interact very efficiently with MW irradiation through the ion‐
ic conduction mechanism [7-8] and are rapidly heated at rates easily exceeding 10 °C per
second [44-50]. Despite few reports on the exact measurement of their dielectric properties
and loss tangent values, the experimentally attained heating rates of ILs applying MW irra‐
diation attest to their extremely high MW absorptivity [46,51]. This ability allows that small
amounts of ILs can be employed as additives in order to increase the dielectric constant of
nonpolar solvents characterizing them as doping agents [52-57]. In particular, ILs can be
used as support in the synthesis of organic compounds which are carried out using MW ir‐
radiation and less polar solvents. Research groups have used ILs as doping agents for MW
heating of otherwise nonpolar solvents such as hexane, toluene, tetrahydrofuran, and diox‐
ane [52-57]. Thus, in view of the good relation between MW and IL, the following topics will
be discussed in this chapter: (i) behavior of the solvents under MW environment with em‐
phasis in the heating effects of adding a small quantity of ILs in solvents with different loss
tangent, such as N,N-dimethyl formamide (DMF), acetonitrile (ACN), hexane (HEX), tol‐
uene (TOL), tetrahydrofurane (THF); (ii) ILs as doping agents in MW assisted reactions es‐
pecially in N-alkylation reaction of pyrazole with alkyl halides (Figure 1).

Figure 1. Ionic Liquids as doping agents in microwave assisted reactions.
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2. Behavior of the Solvents Under Microwave Environment

Several organic solvents are used in various types of organic reactions under MW irradia‐
tion. The particular ability of the solvents to convert electromagnetic energy into thermal en‐
ergy is directly related to their dielectric properties. The magnitude of the heating efficiency,
in the specific temperature and frequency, is determined by the so-called 'loss tangent' (tan
δ), whose formula is represented by Eq. 1 [52].

tan δ =  ε''ε' (1)

In Eq. 1, ε’’ is the dielectric loss and ε’ is the dielectric constant. A reaction medium with a
high tan δ at the standard operating frequency of a MW synthesis reactor (2.45 GHz) is re‐
quired for good absorption and, consequently, for efficient heating. Solvents used for MW
synthesis can be classified as high with tan δ > 0.5, medium with tan δ 0.1 – 0.5, and low MW
absorbing with tan δ < 0.1 (Table 1) [14,58]. In general, the reactions which used solvents
with a high tan δ have a good absorption of MW irradiation and, accordingly, an efficient
heating [8,59,60]. Solvents such as DMSO and DMF are essential to reactions performed in
MW. While these are great solvents for performing the reaction, the subsequent workup
procedure is difficult to remove them due to their high boiling point and miscibility with the
product [53]. Thus, in certain situations, it is convenient to use solvents which are less polar
such as THF, TOL and HEX [14,58,59-60]. However, it is necessary to use a heating agent for
the reactions carried out in solvents with low absorption in the MW irradiation. ILs, for in‐
stance, can be added to the reaction medium to increase the absorbance level of the MW ir‐
radiation [51,59]. Therefore, the use of ILs appears as a support to increase the temperature
of the reactions carried out in a MW transparent solvents [53].

Solvent tan δ Solvent tan δ

Ethylene glycol 1.350 1,2-Dichloroethane 0.127

Ethanol 0.941 Water 0.123

Dimethyl sulphoxide 0.825 Chloroform 0.091

Methanol 0.659 Acetonitrile (ACN) 0.062

1,2-Dichlorobenzene 0.280 Tetrahydrofurane (THF) 0.047

Methylpyrrolidone 0.275 Dichloromethane 0.042

Acetic acid 0.174 Toluene (TOL) 0.040

N,N-Dimethylformamide (DMF) 0.161 Hexane (HEX) 0.020

Table 1. Loss tangent of several solvents [59-60].
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3. Heating Effects of Adding a Small Quantity of Ionic Liquid in
Solvents

Systematic studies on temperature profiles and the thermal stability of IL under MW irradi‐
ation conditions were studied [52]. In these studies it was found that even the addition of a
small amount of an IL resulted in dramatic changes in the heating profiles due to changes in
the overall dielectric properties of the reaction medium.

Leadbeater and Torenius [53] studied the heating and contamination effects of several ILs in
less polar solvents, such as HEX, TOL, THF and dioxane (DIO) (Figure 2) under MW irradia‐
tion. These authors have shown that all solvents used can be heated way above their boiling
point in sealed vessels using a small quantity of an IL, thereby allowing them to be used as
media for MW assisted chemistry. Table 2 shows the temperatures reached for pure solvents
and for doped solvents with ILs using 200 W of power under MW irradiation.

The effects of varying the quantity of IL used to the solvent heating were investigated. The au‐
thors found that the best condition used was 2 mL of solvent and 0.2 mmol of IL, resulting in
rapid heating. In these studies the contamination, if any, of the parent solvent with the IL or
any decomposition products formed as they are heated were also studied [53].

Results showed that both [BMIM][PF6] and [BMIM][BF4] proved to be useful in MW heating
of solvents, with [BMIM][PF6] being more effective (Table 3). There was no contamination of
the solvent when using [BMIM][PF6] with any of the solvents screened or when [BMIM][BF4]
was used with HEX. There was contamination due to the decomposition of [BMIM][BF4]
when used with TOL or DIO; the extent was much less in the case of the latter. The [BMIM]
[BF4] was slightly soluble in THF thus in this case the only source of contamination at the
end of the heating experiments was a trace of the parent IL rather than any decomposition.
To the experiments, 100 W of the power was used [53].

Leadbeater et al. [54] also investigated the decomposition of some ILs and found out that
when the IL was heated above 200 °C, decomposition occurred to give an alkyl halide and
alkyl imidazole as shown in Scheme 1. Halide ion (X-) acts as a nucleophile in attaching the
cation with the subsequent elimination of alkyl-X. This decomposition was verified for ele‐
vated temperatures, which was not totally unexpected.

Figure 2. Ionic liquids used as doping agent.
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Solvent IL Added
T(attained)

(ºC)

Time (taken)

(s)

T (without IL)

(ºC)

Solvent

Boiling Point

(ºC)

HEX [BMIM][I] 217 10 46 69

[iPMIM][Br] 228 15

TOL [BMIM][I] 195 150 109 111

[iPMIM][Br] 234 130

THF [BMIM][I] 268 70 112 66

[iPMIM][Br] 242 60

DIO [BMIM][I] 264 90 101 101

[iPMIM][Br] 246 90

Table 2. The Microwave Irradiation Effects of Adding a Small Quantity of ILs in Less Polar Solvents [53].

Solvent IL Added
T. attained

(ºC)

Time Taken

(s)

Level of

Contamination

HEX [BMIM][PF6] 279 20 None

[iPMIM][PF6] 90 300 None

[BMIM][BF4] 192 60 None

TOL [BMIM][PF6] 280 60 None

[iPMIM][PF6] 79 120 None

[BMIM][BF4] 165 90 Contaminated

THF [BMIM][PF6] 231 60 None

[BMIM][BF4] 95 50 contaminatedb

DIO [BMIM][PF6] 149 100 None

[BMIM][BF4] 184 120 Contaminated

b[BMIM][BF4] is slightly soluble in THF and so cannot totally be removed; thus con‐
tamination is due to [BMIM][BF4] rather than decomposition.

Table 3. Microwave irradiation effects in the presence of a small quantity of ILs in less polar solvents [53].

Scheme 1.
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Hoffmann et al. [61] showed that ILs of the 1,3-dialkylimidazolium-type revealed (Figure 3)
great potential for the application of MW for organic synthesis. These authors verified that
the increase of MW power resulted in a drastic decrease in heating time.

Figure 3. Ionic liquids used in the study [61].

A supplementary investigation covered the heating behavior of ILs as doping agent when
mixed with solvents less polar in MW irradiation such as TOL and cyclohexane (100 mL
of solvent in 1 mL, 3 mL and 5 mL of IL) (Table 4). Therefore, the authors concluded that
small amounts of ILs are necessary to significantly reduce the heating time of TOL or cy‐
clohexane under MW conditions. An increase in the MW power generates a reduction in
heating time (Table 4).  Also in this  case,  heating time approaches a limiting value even
with an increase of the MW power. This was also true for the addition of ILs to both non‐
polar solvents (TOL and cyclohexane).

IL
Power

(W)

Ht(35-105ºC/s)

(TOL : IL (mL)

100 : 1 100 : 3 100 : 5

[HMIM][Tf2N] 300 318 90 70

[HMIM][Tf2N] 400 167 66 53

[HMIM][Tf2N] 500 112 54 39

[HBIM][PF6] 300 548 168 143

[HBIM][PF6] 400 319 126 92

[HBIM][PF6] 500 229 88 86

Table 4. Heating times (Ht) of toluene/ionic liquid-mixtures.

Following the direction of these studies, we also performed some experiments using ILs as
doping agents with several solvents under MW irradiation. The objective of this study was
to check if the data of our MW equipment are in accordance with the data already publish‐
ed. Thus, we performed investigations of power profiles in different solvents with distin‐
guished loss tangent values as DMF, ACN, THF, TOL and HEX in the presence of small
quantities of [BMIM][BF4] as doping agent. The solvents doped were submitted under MW
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irradiation in an attempt to reach a temperature of 150°C (temperature which may be used
in organic reactions) [62]. For this, we used various concentrations of IL in different solvents,
as shown in Table 5. After reaching the desired temperature, the doped solvents were irradi‐
ated for 5 min and we verified that lower concentrations of IL required higher power for all
solvents tested (Table 5). During the 5 min of MW irradiation the power remained substan‐
tially constant. Solvents with the low loss tangent such as HEX and TOL achieved only 99
and 108 °C, respectively, even though 300 W of power was applied.

Entry Solvent
[BMIM][BF4]

(mmol.mL-1)

Power

(W)

1 DMF 0.057 20.402

2 DMF 0.107 18.679

3 DMF 0.196 16.887

4 DMF 0.397 15.895

5 ACN 0.048 38.967

6 ACN 0.104 31.229

7 ACN 0.205 30.478

8 ACN 0.407 29.402

9 THF 0.063 240.079

10 THF 0.103 185.834

11 THF 0.218 112.582

12 THF 0.401 69.415

13 TOL 0.045 -b

14 TOL 0.102 119.429

15 TOL 0.197 67.805

16 TOL 0.403 47.317

17 HEX 0.049 -c

18 HEX 0.105 130.718

19 HEX 0.210 68.858

20 HEX 0.398 60.301

aIn a sealed vessel, under simultaneous cooling, 150 °C for 5 min, temperature
was measured with fiber-optic probe. bAchieved 108 °C, 300 W, 20 min. cAch‐
ieved 99 °C, 300 W, 20 min.

Table 5. Power dependence of IL concentration in some solventsa.

Figure 4 illustrates the dependence between the concentrations of [BMIM][BF4] in the sol‐
vents and the power irradiated by MW equipment. At low concentrations of [BMIM][BF4] (~
0.05 mmol.mL-1) a significant increase in the power is required to maintain the temperature
of 150 °C. Another point is that, to maintain the temperature of 150 °C, solvents such as
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DMF and ACN did not require substantial variation of power as that found to HEX, TOL
and THF when the concentration of IL ranged from ~ 0.05 mmol.mL-1 to ~ 0.4 mmol.mL-1.
These data corroborate previous studies reported [53,61] and highlight the efficiency of
[BMIM][BF4] as doping agent of poorly MW absorbing solvents.

Figure 4. Power profiles of solvents with different concentrations of [BMIM][BF4].

4. Ionic Liquids as Doping Agents (ILDA) in Microwave Assisted
Reactions

The efficient use of ILs as a doping agent in reaction under MW irradiation was firstly intro‐
duced by Ley et al. [55]. The authors described the synthesis of thioamides from the secondary
or tertiary amides (Scheme 2) and nitriles from primary amides (Scheme 3) in presence of thio‐
phosphorylated amine resin using small quantity of IL [EMIM][PF6] (120 mg) in TOL (2.5 mL).

Scheme 2.
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Protocols used the reactants thiophosphorylated amine resin and secondary or tertiary
amides in a molar ratio of 1:3-20, respectively, to obtain thioamides, and used the reactants
thiophosphorylated amine resin and primary amides in a molar ratio of 1:3.5, respectively to
furnish nitriles. Reactions were carried out under both MW irradiation at 200 °C for 15 min
to obtain the thioamides in 92-98% (Scheme 2) and nitriles in 95 - < 99% yields (Scheme 3).
Acetonitrile was also investigated as an alternative MW absorbent and proved to be effec‐
tive, in spite of being less efficient than the IL.

Scheme 3.

Eycken et al. [56] initially investigated the intramolecular hetero-Diels-Alder reaction in a ser‐
ies of 2(1H)-pyrazinones to obtain the chloro-bicycles and dione-bicycles, as showed in Scheme
4. In their initial experiments they used pyrazinone (R = Bu, n = 2) as a model substrate involv‐
ing DCE as solvent to obtain the chloro-bicycles (R = Bu, n = 2). Using a preselected maximum
temperature of 190 °C (300 W maximum power), neat DCE could be heated to ca. 170 °C within
10 min under sealed vessel conditions. Prolonged time heating is needed to reach higher tem‐
peratures. In an effort to promote the enhance of the maximum attainable reaction tempera‐
ture, the solvent (DCE) was doped with different amounts of [BMIM][PF6]. Adding 0.035
mmol of IL to the neat solvent (2 mL of DCE), the preselected temperature of 190 °C could be
reached in 3 min upon MW heating. These results clearly demonstrated that even small
amounts of IL were able to change the dielectric properties of a less polar solvent. These
changes are sufficiently significant to heat more rapidly the reaction medium and to reach
higher reaction temperatures. Increasing the amount of IL to 0.075 mmol led to a more rapid
heating of the reaction mixture, as expected. When 0.150 mmol concentration was used, it pro‐
vided a profile that allowed heating the DCE doped with IL to 190 °C in 1 min. To minimize the
risk of potential contaminations or side reactions caused by the IL, all the following cycloaddi‐
tion studies were carried out using this set of conditions (0.150 mmol IL for 2 mL of DCE) in 100
mg of 2(1H)-pyrazinones to obtain the chloro-bicycles. After, the hydrolysis reaction was car‐
ried out to obtain the dione-bicycles with yields of 57-77%.

The same authors [56] reported the synthesis of the chloro-pyridine and pyridonefrom the
cycloaddition reaction of 2(1H)-pyrazinone with dimethylacetylenedicarboxylate (DMAD)
under the MW/IL conditions (Scheme 5). The reactants 2(1H)-pyrazinone and DMAD were
used in a molar ratio of 1:1. The reaction conditions used were the same reported previous‐
ly, 190 °C, DCE/[BMIM][PF6] (0.150 mmol IL for 2 mL of DCE) in 5 min to furnish yields of
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82% of chloro-pyridine and 2% of pyridine. Another cycloaddition reaction used hetero‐
dienes with ethene, leading to the bicyclic cycloadducts was investigated by these authors.
However, using IL as a doping agent in the DCE was not successful because this reaction
was not suitable for MW irradiation.

Scheme 4.

Leadbeater and Torenius [53] described the Diels-Alder reaction from equimolar amounts of
2,3-dimethylbutadieneand methyl acrylate to furnish the [4 + 2] adduct cyclohex-3-ene using
a mixture of TOL (2 mL) and [iPrMIM][PF6] (55 mg) under MW irradiation (Scheme 6). The
mixture was irradiated at 200 °C for 5 min and led to the cyclohex-3-ene in 80% yield. The
power used during the reaction performed under MW irradiation was 100 W. In a control
experiment, the reaction was repeated in the absence of [iPrMIM][PF6], and it was found that
after the same time (5 min at 100 W power) there was no product formed.

Scheme 5.

The same authors studied [53] the reaction of Michael addition from equimolar amounts of
imidazole and methyl acrylate to furnish the methyl 3-(imidazol-1-yl) propionate (Scheme
7). The mixture of TOL (2 mL) and [iPrMIM][PF6] (55 mg) was irradiated for 2 min (200 °C,
100 W) and led to the methyl 3-(imidazol-1-yl)propionatein 75% yield. The reaction was re‐
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peated firstly in the absence of IL and TOL and secondly in the absence of TOL; in both cas‐
es after the same time and power (2 min at 100 W) there was no product formed.

Scheme 6.

Scheme 7.

Garbacia et al. [57] described the ring-closing metathesis reactions (RCM) using diene sub‐
strates to furnish rings of five-, six-, or seven membered carbo- or heterocycles under MW irra‐
diation (Scheme 8). The mixture of dienes (X = NTs, m,n = 1) and 0.5 mol% Grubbs' catalyst in
the presence of DCM/[BMIM][PF6] (0.04 M of IL) was irradiated in MW for 15 s, furnishing the
desired product in > 98% yields. When neat DCM was used after the same time period only
57% conversion was observed. The authors mentioned that this was not a surprise since the re‐
action temperature during the full irradiation event (0-15 s) was significantly lower for the neat
solvent. On the other hand, it was not possible to use the cationic ruthenium allenylidene cata‐
lyst in conjunction with an IL-doped solvent. With both [BMIM][PF6] and [BMIM][BF4] (0.04 M
in DCM), conversions were below 30%, presumably due to catalyst deactivation.

Scheme 8.
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Leadbeater et al. [54] also reported the conversion of alcohols to alkyl halides using IL. Ini‐
tially, they screened a range of reaction conditions mediated by MW irradiation using 100 W
of power. Focusing on 1-octanol, they varied the MW irradiation time (0.5-10 min), the ILs
([PMIM][I], [iPMIM][Br], [BMIM][Cl]) and the acid (PTSA, H2SO4). The reaction was per‐
formed from equimolar amounts of alcohol, IL and acid. The authors also investigated the
effects of the addition of TOL as co-solvent (2 mL). When these reactions were carried out
with neat IL, they reached 200 °C in a few seconds (≤ 15 s). On the other hand, using TOL as
co-solvent it took a little longer to heat up but still reached 200 °C within a matter of 30–40 s
(Table 6). Results showed that PTSA was more efficient than H2SO4 in he reactions involving
the iodo, bromo and chloro ILs. Reaction times were in an increasing order: iodo < bromo <
chloro substitutions with 0.5, 3 and 10 min, respectively. Most of the reactions using neat ILs
presented higher product yields. The use of 2 mL of TOL as a co-solvent decreased the yield
of the product formed.

IL/(Nucleofile) Time (min) Acid Product

Yielda (%)

Without

co-solvent

Yielda (%)

With

co-solvent

[PMIM][I] 0.5 PTSA CH3(CH2)7-I 81 56

[PMIM][I] 1 PTSA CH3(CH2)7-I 53 38

[PMIM][I] 0.5 H2SO4 CH3(CH2)7-I 3 55

[PMIM][I] 1 H2SO4 CH3(CH2)7-I 38 15

[iPMIM][Br] 0.5 PTSA CH3(CH2)7-Br 68 42

[iPMIM][Br] 3 PTSA CH3(CH2)7-Br 95 32

[iPMIM][Br] 0.5 H2SO4 CH3(CH2)7-Br 73 59

[iPMIM][Br] 1 H2SO4 CH3(CH2)7-Br 42 40

[BMIM][Cl] 3 PTSA CH3(CH2)7-Cl 32 0

[BMIM][Cl] 3 H2SO4 CH3(CH2)7-Cl 49 8

[BMIM][Cl] 10 PTSA CH3(CH2)7-Cl 42 35

aYield of isolated product.

Table 6. Reaction conditions of 1-octanol with IL/(Nucleofile) [54].

Having found suitable conditions, the reaction was performed to a range of different alco‐
hols. Further optimization of the reaction showed that the best reaction conditions for ob‐
taining the 1-octanol were when IL was used in reaction medium. On the other hand, some
dihalogenate 1,8-octanediol have furnished the best results when the co-solvent method was
used as showed in Table 7. When using geraniol, not unexpectedly, geranyl iodide could not
be isolated, but bromide and chloride could be obtained (Table 7). When using benzyl alco‐
hol, it was possible to obtain the iodide in moderate yield (46%), the bromide in good yield
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with neat IL, they reached 200 °C in a few seconds (≤ 15 s). On the other hand, using TOL as
co-solvent it took a little longer to heat up but still reached 200 °C within a matter of 30–40 s
(Table 6). Results showed that PTSA was more efficient than H2SO4 in he reactions involving
the iodo, bromo and chloro ILs. Reaction times were in an increasing order: iodo < bromo <
chloro substitutions with 0.5, 3 and 10 min, respectively. Most of the reactions using neat ILs
presented higher product yields. The use of 2 mL of TOL as a co-solvent decreased the yield
of the product formed.

IL/(Nucleofile) Time (min) Acid Product

Yielda (%)

Without

co-solvent

Yielda (%)

With

co-solvent

[PMIM][I] 0.5 PTSA CH3(CH2)7-I 81 56

[PMIM][I] 1 PTSA CH3(CH2)7-I 53 38

[PMIM][I] 0.5 H2SO4 CH3(CH2)7-I 3 55

[PMIM][I] 1 H2SO4 CH3(CH2)7-I 38 15

[iPMIM][Br] 0.5 PTSA CH3(CH2)7-Br 68 42

[iPMIM][Br] 3 PTSA CH3(CH2)7-Br 95 32

[iPMIM][Br] 0.5 H2SO4 CH3(CH2)7-Br 73 59

[iPMIM][Br] 1 H2SO4 CH3(CH2)7-Br 42 40

[BMIM][Cl] 3 PTSA CH3(CH2)7-Cl 32 0

[BMIM][Cl] 3 H2SO4 CH3(CH2)7-Cl 49 8

[BMIM][Cl] 10 PTSA CH3(CH2)7-Cl 42 35

aYield of isolated product.

Table 6. Reaction conditions of 1-octanol with IL/(Nucleofile) [54].

Having found suitable conditions, the reaction was performed to a range of different alco‐
hols. Further optimization of the reaction showed that the best reaction conditions for ob‐
taining the 1-octanol were when IL was used in reaction medium. On the other hand, some
dihalogenate 1,8-octanediol have furnished the best results when the co-solvent method was
used as showed in Table 7. When using geraniol, not unexpectedly, geranyl iodide could not
be isolated, but bromide and chloride could be obtained (Table 7). When using benzyl alco‐
hol, it was possible to obtain the iodide in moderate yield (46%), the bromide in good yield
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(68%) but only the chloride in low yield (17%). The authors believe that the co-solvent meth‐
od is better because the organic product is more soluble in the organic solvent than in the IL
and that once formed it moves to the organic layer and is protected from decomposition
which can occur in the higher-temperature, acid IL environment.

Alcohol IL Product
Time

(min)

Yielda

(%)

1,8-Octanediolb [PMIM][I] I-(CH2)8-I 3 53

1,8-Octanediolb [iPMIM][Br] Br-(CH2)8-Br 3 86

1,8-Octanediolb [BMIM][Cl] Cl-(CH2)8-Cl 10 50

Geraniol [PMIM][I] I-CH=C(Me)-(CH2)2-CH=CMe2 0.5 Decc

Geraniol [iPMIM][Br] Br-CH=C(Me)-(CH2)2-CH=CMe2 3 47

Geraniol [BMIM][Cl] Cl-CH=C(Me)-(CH2)2-CH=CMe2 10 30

Benzyl alcohol [PMIM][I] PhCH2-I 1 46 (72)d

Benzyl alcohol [iPMIM][Br] PhCH2-Br 3 68

Benzyl alcohol [BMIM][Cl] PhCH2-Cl 10 17

aYield of isolated product. b0.5 mmol alcohol. cDec = decomposition observed. d3 min.

Table 7. Conversion of alcohols to alkyl halides using co-solvent method [54].

Silva et al. [63] used the MW irradiation technique in the Diels–Alder reaction of tetra‐
kis(pentafluorophenyl)porphyrin with pentacene and naphthacene. One of the synthetic
methods used for the synthesis of these compounds was the use of IL-doped under MW ir‐
radiation. In order to increase the product yields, the authors used NMP and DCB as solvent
systems with higher loss tangents, doped with an [BMIM][PF6]. Unfortunately, none of these
experiments gave better results.

5. Ionic Liquids as Doping Agents in Microwave Assisted N-Alkylation
Reactions

Reactions of N-alkylation of pyrazoles using IL as doping agent under MW irradiation have
been little explored. Leadbeater and Torenius [53] studied the reaction of alkylation of pyra‐
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zoles used 1H-pyrazole and alkyl halides to furnish 1-alkylpyrazoles under MW irradiation
(Scheme 9). The authors found that to this reaction the product was not obtained using 2 mL
of TOL and 55 mg of [iPrMIM][PF6], which were reaction conditions previously established
for other reactions (Diels-Alder and Michael addition). Although the authors did not man‐
age to characterize the reaction products, they affirm that "it is clear to see that all the IL is
destroyed since the biphasic starting mixture (solvent and IL) becomes a monophasic mixture after
just a few seconds of MW irradiation. This shows the limitations of our protocol; it not being possible
to undertake reactions which use or generate nucleophiles such as halide ions".

Scheme 9.

Taking into account the results found by Leadbeater and Torenius [53], Kresmsner et al. [51] de‐
scribed the use of passive heating elements (PHEs) in N-alkylation of pyrazoles using NH-pyr‐
azole and 1-(2-bromoethyl) benzene to obtain 1-phenethyl-1H-pyrazole. PHEs are materials
which allow the compounds with low absorption of MW irradiation or poorly absorbing sol‐
vents such as HEX, carbon tetrachloride, THF, DIO, or TOL to be effectively heated to tempera‐
tures far above their boiling points (200-250 °C) under sealed vessel MW conditions. Thus, the
authors used cylinders of sintered silicon carbide (SiC), PHE, which are chemically inert and
strongly MW absorbing materials in the reactions of alkylation of pyrazoles.

Based on the studies mentioned above, we decided to explore the doping capacity of IL
under MW irradiation in the N-alkylation of pyrazoles. This is a fundamental reaction of
broad synthetic utility that often requires basic catalysis and thermodynamic reaction con‐
ditions. In addition, N-alkylation reaction of this heterocycle is a synthetic approach use‐
ful in the preparation of building blocks for the synthesis of important active compounds
like pharmaceuticals [64] and agrochemicals [65]. In this way, it is clear the importance to
develop a new methodology regarding this reaction. Our research group has previously
reported the N-alkylation of pyrazoles using IL as solvent in oil  bath [31].  Thus,  we fo‐
cused the use of efficient MW irradiation to perform the N-alkylation of pyrazoles in less
polar solvents. Since these molecular solvents poorly absorb MW irradiation due to their
lower loss tangent, the use of IL as doping agents becomes essential to achieve high tem‐
peratures. A symmetrical pyrazole and two reactive alkyl halides were chosen to perform
these tests. [BMIM][BF4] was selected due to its successful results in our previous work of
N-alkylation  in  oil  bath  [31].  The  amount  of  IL  employed was  ~  0.1  mmol.mL-1,  which
represents the minimum quantity required to achieve 150 °C in the four solvents under
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study – HEX, TOL, THF and DIO (Figure 3) [66]. We also selected a base, KOH, to inves‐
tigate the influence of basic catalysis on this reaction [31].  Initially, the reaction between
butyl  bromine  and  3,5-dimethylpyrazole  was  performed  in  absence  of  basic  catalysis.
Based on data presented in Table 8, we could see that the reaction in HEX achieved the
highest  conversion followed by TOL, THF and DIO. In a basic  medium, the conversion
was increased only for TOL and DIO. The maintenance of moderate conversions could be
explained by the low solubility of KOH in the solvents employed (Table 8).

Thus, we decided to investigate if a change in the alkylant agent reactivity could lead to
higher conversions. Since iodine is a better leaving group than bromine, ethyl iodine was
chosen to react with 3,5-dimethylpyrazole. Higher conversions were achieved for all tested
solvents when compared with the results mentioned previously (Table 9). These results sug‐
gest that the nature of the leaving group would have greater influence than the basic cataly‐
sis on the product conversion.

Contrary to the results of Leadbeater and Torenius [53], we chose substrates for the reaction
that showed moderate to good conversions. Thus, the IL is shown as an alternative to pas‐
sive heating elements PHE [13].

Entry Solventa Base
[BMIM][BF4]

(mmol.mL-1)

Conversion

(%)b

1 HEX - 0.117 59

2 HEX KOH 0.123 50

3 TOL - 0.123 17

4 TOL KOH 0.127 37

5 THF - 0.113 17

6 THF KOH 0.124 17

7 DIO - 0.108 9

8 DIO KOH 0.118 41

a3mL. bDetermined by 1H NMR.

Table 8. Conversion of 1H-pyrazole in 1-butylpyrazolein low polar solvents in presence of [BMIM][BF4].
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Entry Solventa
[BMIM][BF4]

(mmol.mL-1)

Conversion

(%)b

1 HEX 0.123 75

2 TOL 0.114 43

3 THF 0.120 71

4 DIO 0.118 43

a3mL.bDetermined by 1H NMR.

Table 9. Conversion of 1H-pyrazole in 1-ethylpyrazolein low polar solvents in presence of [BMIM][BF4].

6. Conclusions

After analysis of the literature and results previously obtained by us about ILs as doping
agents under MW irradiation, it is possible to conclude that: (i) the use of a small amount of
IL in less polar solvents such as THF, TOL, and HEX promotes efficient heating under MW
irradiation in sealed vessels; (ii) solvents with low tan δ when doped with small amounts of
ILs are generally ideal reaction media as they allow a very rapid heating by MW irradiation
in sealed vessels; (iii) an important limitation in the use of ILs as a doping agent is the
chance of IL decomposition at temperatures higher than its thermal stability.

The examples of ILs as doping agents reviewed in this chapter showed that their applica‐
tions are little explored and they have the potential to become an area of greater interest
in the organic synthesis.

7. List of Abbreviations

ACN Acetonitrile

[BMIM][BF4] 1-Butyl-3-methylimidazolium tetrafluoroborate

[BMIM][Br] 1-Butyl-3-methylimidazolium bromide

Ionic Liquids - New Aspects for the Future448



Entry Solventa
[BMIM][BF4]

(mmol.mL-1)

Conversion

(%)b

1 HEX 0.123 75

2 TOL 0.114 43

3 THF 0.120 71

4 DIO 0.118 43

a3mL.bDetermined by 1H NMR.

Table 9. Conversion of 1H-pyrazole in 1-ethylpyrazolein low polar solvents in presence of [BMIM][BF4].

6. Conclusions

After analysis of the literature and results previously obtained by us about ILs as doping
agents under MW irradiation, it is possible to conclude that: (i) the use of a small amount of
IL in less polar solvents such as THF, TOL, and HEX promotes efficient heating under MW
irradiation in sealed vessels; (ii) solvents with low tan δ when doped with small amounts of
ILs are generally ideal reaction media as they allow a very rapid heating by MW irradiation
in sealed vessels; (iii) an important limitation in the use of ILs as a doping agent is the
chance of IL decomposition at temperatures higher than its thermal stability.

The examples of ILs as doping agents reviewed in this chapter showed that their applica‐
tions are little explored and they have the potential to become an area of greater interest
in the organic synthesis.

7. List of Abbreviations

ACN Acetonitrile

[BMIM][BF4] 1-Butyl-3-methylimidazolium tetrafluoroborate

[BMIM][Br] 1-Butyl-3-methylimidazolium bromide

Ionic Liquids - New Aspects for the Future448

[BMIM][I] 1-Butyl-3-methylimidazolium iodide

[BMIM][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate

DCE 1,2-Dichloroethane

DCM Dichloromethane

DIO Dioxane

DMF N,N-Dimethylformamide

DMAD Dimethylacetalenedicarboxylate

[DMMBisIM][I] (Bis(1-methylimidazol-3-yl))methane iodide

[DMMBisIM][PF6] (Bis(1-methylimidazol-3-yl))methane hexafluorophosphate

[EMIM][Tf2N] 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide

Grubbs' catalyst Grubbs' Catalysts (are a series of transition metal carbene

complexes used as catalysts for olefin metathesis)

[HBIM][BF4] 1-Buthylimidazolium tetrafluoroborate

[HBIM][PF6] 1-Buthylimidazolium hexafluorophosphate

[HBIM][Tf2N] 1-Buthylimidazolium bis(trifluoromethylsulfonyl)amide

HEX Hexane

[HEIM][Tf2N] 1-Ethylimidazolium bis(trifluoromethylsulfonyl)amide

[HMIM][Tf2N] 1-Methylimidazolium bis(trifluoromethylsulfonyl)amide

ILDA Ionic Liquids as Doping Agents

[iPMIM][Br] 1-iso-Propyl-3-methylimidazolium bromide

[iPMIM][PF6] 1-iso-Propyl-3-methylimidazolium hexafluorophosphate

[PMIM][I] 1-Propyl-3-methylimidazolium iodide

PTSA p-Toluenesulfonicacid

PHEs Passive Heating Elements

RCM Ring-Closing Metathesis

TOL Toluene

THF Tetrahydrofurane
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Multicomponent Reactions in Ionic Liquids

Ahmed Al Otaibi and Adam McCluskey

Additional information is available at the end of the chapter
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1. Introduction

In our group, we place a premium on the rapid access to a wide rage of diverse small mole‐
cules. Our current focus spans the inhibition of dynamin GTPase, protein phosphatases 1
and 2A and the development of anti-cancer lead compounds.[1]-[10] While rapid access is
paramount, we also strive to develop high levels of diversity in an environmentally friendly
manner. That is, we are keen to apply the tenants of green chemistry at all stages of our drug
development programs. To satisfy this need we have developed a particular interest in mul‐
ticomponent reactions in benign solvents.

A multicomponent reaction (MCR) can be simply classified as a reaction in which three or
more components are combined together in a single reaction vessel to produce a final prod‐
uct or products displaying features of all inputs and thus offers greater possibilities for mo‐
lecular diversity per step with a minimum of synthetic time and effort. Products from such
MCRs result in high atom and step economy.

The first reported MCR was Strecker’s synthesis of racemic amino acids in the 1850’s.[11]
Strecker’s  amino acid synthesis combined an aldehyde,  hydrogen cyanide and ammonia
in a  one pot  procedure leading to  a  range of  amino acids.  With over  150 years  history
and development,  MCRs have recently seen a resurgence, in part due to the ease of ac‐
cess to a wide range of diverse, highly functionalized molecules, in particular the synthe‐
sis  of  small  heterocyclic  rings  of  medicinal  chemistry  importance.  A  discourse  on  the
physical properties of ionic liquids is out with the scope of this work. The chemistry, re‐
actions  and properties  of  ionic  liquids  has  been addressed in  a  number of  excellent  re‐
view articles  in  this  area.[12]-[20]  In  this  chapter  we  describe  the  current  state  of  play
associated  with  MCRs  in  ionic  liquids,  with  a  focus  on  3-  and  4-  component  MCRs
(3CRs and 4CRs respectively).[21]
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For ease of discussion the application of MCRs in ionic liquids is broken down into the type
of product generated: heterocyclic rings containing various numbers of heteroatoms and a
classification of the reaction as either a 3CR or a 4CR.

2. Three component MCRs (3CRs)

2.1. Synthesis of acyclic products

MCRs are not only applicable to the synthesis of heterocyclic systems, but represent a very
facile entry point to a range of acyclic compounds such as the amido substituted naphthols
shown in Scheme 1. The treatment of β-naphthol with a wide range of aldehydes (aliphatic
and aromatic), substituted amides in the presence of conventional ionic liquids (Ils), such as
those based on the N-methyl, N-sulfonic acid imidazolonium [MSIM] cation, afforded rapid
access to 1-amidoalkyl-2-naphthols and 1-amidoaryl-2-naphthols in good to excellent yields.
In this area Zolfigol et al. have had particular success with the functionalised ILs such as
[MSIM][Cl], [DSIM][Cl] and [MSIM][AlCl4], under solvent-free conditions (Scheme 1).[22]

	
Scheme 1. Synthesis of 1-amidoalkyl-2-naphthols: (i) [MSIM][Cl] or [DSIM][Cl] or [MSIM][AlCl4], 120ºC, ~40 min.

Hajipour et al. and Hervai et al. effected the same transformations, and extended the meth‐
odology to allow the use of urea as the amide source using a range of Brønstead acid based
Ils (BAILs).[23],[24] Hajipor et al.’s approach used N-(4-sulfonic acid)butyltriethyl ammoni‐
um hydrogen sulfate [TEBSA][HSO4], while Hervai et al. applied two BAILs: 3-methyl-1-(4-
sulfonic acid)-butylimidazolium hydrogen sulfate [MIM-(CH2)4SO3H][HSO4]) and N-(4-
sulfonic acid)butylpyridinium hydrogen sulfate [Py-(CH2)4SO3H][HSO4] to effect the same
transformations. [TEBSA][HSO4] has been used previously as an efficient and reusable cata‐
lyst for nitration of aromatic compounds and esterification of various alcohols by different
acids.[25]-[27] The acidic nature of BAILs has been exploited as catalysts for many other sig‐
nificant organic reactions, which proceed with excellent yields and selectivities and demon‐
strate the great potential of these ILs in catalytic technologies for chemical production.[23]

Kotadia et al. and Zhang independently reported the synthesis of similar 1-amidoalkylnaph‐
thols using solid supported ionic liquids (SSILs).[28] Kotadia used a benzimidazolium based
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ionic liquid immobilized on silica based solid support, while Zhang conducted the reaction
in the presence of polyethylene glycol (PEG)-based dicationic acidic ionic liquid as a catalyst
under solvent-free conditions.[29],[30] Supported reagents offer the advantages of simple
and safe catalyst recycling.[28] All MCR-IL based approaches to 1-amidoalkylnaphthols
where highly substituent tolerant with excellent yields observed ith both electron donating
and electron withdrawing aldehydes.

Yadav and Rai reported a three component MCR approach to β-nitrocarbonitriles and β-ni‐
trothiocyanates in [BMIM][OH] or [BMIM][BF4]. The reaction proceeds via a Henry reaction
to yield the β-nitrostyrenes follwed by Michael addition of trimethylsilyl cyanide (TMSCN)
or ammonium thiocyanate to yield the β-nitrocarbonitriles and β-nitrothiocyanates in mod‐
est overall yields of 53-58% (Scheme 2).[31],[32]

Scheme 2. Synthesis of β-nitrocarbonitriles and β–nitrothiocyanates: (i) [BMIM][OH] or [BMIM][BF4], TMSCN, CH3CN,
85-90ºC, 6-9h; (ii) [BMIM][OH] or [BMIM][BF4], NH4SCN, CH3CN, 85-90ºC, 6-9h.

Zaho et al. has reported the combined Barbier / Friedel-Crafts alkylation of unsusbtituted
benzaldehydes with allylbromide and phenols to yield 4-(2-hydroxyphenyl)-4-phenylbut-1-
enes promoted by BuPyCl/SnCl•2H2O and their subsequent application to the synthesis of
4-(substituted phenyl)chromans (Scheme 3).[33]

Scheme 3. Synthesis of 4-(2-hydroxyphenyl)-4-substituted phenylbut-1-enes: (i) BuPyCl/SnCl•2H2O.

The use of an enolisable ketone facilitated the synthesis of a family of β-amido ketones
(Scheme 4). The reaction of an enolizable ketone, aryl aldehyde and acetonitrile or benzoni‐
trile in the presence of TMSCl using a Brønsted-acidic ionic liquid 3-methyl-1-(4-sulfonic
acid) butylimidazolium hydrogen sulfate [MIM-(CH2)4SO3H][HSO4] as catalyst gave a fami‐
ly of β-amido ketones in good yield.[34]
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Scheme 4. Synthesis of β-amidoketones: (i) [MIM-(CH2)4SO3H][HSO4], TMSCl, 80ºC.

This enolisable ketone approach also allowed Fang et al. to conduct a three-component Man‐
nich-type reaction (Scheme 5) with aromatic aldehydes, aromatic amines, and ketones cata‐
lyzed by a novel functionalized ionic liquid, 3-(N,N-
dimethyldodecylammonium)propanesulfonic acid hydrogen sulfate ([DDPA][HSO4]) at
room temperature to give various β-aminocarbonyl compounds in good yields.[35] [DDPA]
[HSO4] was recycled and after six cycles, no loss in catalytic activity was reported. Gong et
al. conducted the same reaction using cyclohexanone and [BMIM][OH] as the IL catalyst to
afford the β-aminocarbonyl compounds in excellent yields.[36]

Scheme 5. Mannich-type approach to β-amidoketones: (i) [DDPA][HSO4] or [BMIM][OH].

Liu et al. also explored the IL mediated Mannich reaction, but utilised a series task-specific
ionic liquids in developing an asymmetric of β-aminoketones from isovaleraldehyde, meth‐
yl ketones, and aromatic amines in excellent yields (ca. 90%) and %ee’s (~95%).[37] L-proline
was used as the chiral catalyst (Scheme 6). The reaction with [DEMIm][BF4], [DEEIm][BF4],
[BEIm][BF4], [MEIm][BF4] and [PEIm][BF4] typically gave the desired product with an ee
>95%. While the chemical yield dropped marginally on re-use from 96 to 85% over four cy‐
cles of IL use, the %ee remained constant.
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Scheme 6. Catalysed asymmetric Mannich reaction: (i) task specific ionic liquid chosen from [DEMIm][BF4], [DEEIm]
[BF4], [BEIm][BF4], [MEIm][BF4] and [PEIm][BF4] / L-proline.

In a similar reaction sequence, Akbari and Heydari, replaced the activated ketone with tri‐
methyl phosphite, in the presence of [MIM-(CH2)4SO3H][CF3SO3], to affect rapid access to α-
aminophosphonates (Scheme 7).[38] The reaction proceded via protonation of the carbonyl
moiety, imine formation and attack at the protonated imine by trimethylphosphite. The re‐
action was highly tolerant of substituents on the carbonyl containing compound with pyrid‐
yl, cinnamyl, etc., affording excellent yields of the corresponding α-aminophosphonates.
The ionic liquid could be recycled with no observable loss of efficacy after six cycles.

Scheme 7. Synthesis of α–aminophosphonates: (i) [MIM-(CH2)4SO3H][CF3SO3] (10 mol%), H2O.

Reddy et al. also reported the synthesis of α-aminophosphonates via a three-component re‐
action of 5-amino-2,2-difluoro-1,3-benzodioxole, aromatic aldehydes, and diethylphosphite
catalysed by silica-supported boron trifluoride (BF3.SiO2) in [BMIM][HCl] at room tempera‐
ture (Scheme 8).[39] Yields were good to excellent and reaction times were typically 5 min
versus 3h using conventional solvents.

Scheme 8. Synthesis of α-aminophosphonate catalysed: (i) BF3.SiO2 / [BMIM][HCl].

O-Protected cyanohydrins are versatile synthetic intermediates in organic synthesis for the
preparation of a wide variety of organic compounds such as α-hydroxyacids, α-hydroxy ke‐
tones, α-amino acids, and β-amino alcohols.[40]-[43] Shen and Ji developed a mild synthesis
of these key intermediates via the condensation of an aldehyde, trimethylsilyl cyanide
(TMSCN), and Ac2O in [BMIM][BF4] (Scheme 9).[44] In addition, the recovered ionic liquid
could be reused for subsequent runs without the loss of activity.
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Scheme 9. One-pot synthesis of O-acetyl cyanohydrin: (i) [BMIM][BF4].

2.1.1. 3CRs yielding heterocycles with one ring nitrogen

Arguably the major utility of MCRs is in the synthesis of highly decorated heterocyclic com‐
pounds. In our group we are interested in the synthesis of heterocyclic scaffolds that can be
used in medicinal chemistry programs to instill the correct level of biological activity. Da‐
voodnia et al. reported an efficient procedure for preparation of 2,4,6-triarylpyridines by
treatment of acetophenones, aryl aldehydes, and NH4OAc in the presence of [MIM-
(CH2)4SO3H][HSO4] (Scheme 10).[45] Aromatic aldehydes with both electron donating and
electron withdrawing substituents were well tolerated.

Scheme 10. Preparation of 2,4,6-triarylpyridines: (i) [MIM-(CH2)4SO3H][HSO4], 120ºC.

In a related study, Heravi and Fakhr, reported a high yielding ultrasonic promoted synthe‐
sis of 2-amino-6-(arylthio)-4-arylpyridine-3,5-dicarbonitrile derivatives (Scheme 11), by the
reaction of aryl aldehydes, thiols and malononitrile catalyzed by ZrOCl2.8H2O/NaNH2 in
[BMIM][BF4] at room temperature.[46] Access to the same type of pentasubsituted pyridines
was also possible using [BMIM][OH] as described by Ranu (Scheme 11).[47]

Scheme 11. Synthesis of penta substituted pyridines: (i) [BMIM][OH] / EtOH, rt; or ZrOCl2.8H2O/NaNH2, [BMIM][BF4],
ultrasound.

The related 2,4,6-triaryl-1,4-dihydropyridines were generated in a Aldol-Michael-addition
reaction cascade involving an aromatic aldehyde, acetophenone and NH4OAc in [BMIM]
[BF4] (Scheme 12).[48] The resulting 2,4,6-triaryl-1,4-dihydropyridines were then examined
as potential catalysts for the the Diels-Alder reaction of p-quinone and cyclopentadine, and
maleic anhydride and cyclopentadiene.
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Scheme 12. Synthesis of 2,4,6,-triaryl-1,4-dihydropyridines: (i) [BMIM][BF4], 80ºC.

Wu used essentially the same reaction cascade described above, replacing acetophenone
with acetoacetates which yielded, from [Bpy][BF4], a series of 2,6-dimethyl-4-aryl-1,4-dihy‐
dropyridine-3,5-dicarboxylate esters (Scheme 13).[49] Compared with classical Hantzsch re‐
action conditions towards this type of product, this IL mediated reaction had the advantage
of excellent yields, short reaction time, and easy workup.

Scheme 13. Synthesis of 1,4-dihydropyridines: (i) [BPy][BF4], 100-110ºC.

Quinolin-4(1H)ones constitute an important class of heterocyclic compounds because of
their important pharmaceutical properties, such as anti-viral,[50],[51] anti-platelet,[52] and
anti-tumor effects.[53] These compounds have been exploited as precursors for anti-cancer
and anti-malarial agents.[54],[55] Yadav et al. decribed an efficient two step synthesis of qui‐
nolin-4(1H)ones, 5H-thiazolo[3,2-a]pyrimidine, and 4H-pyrimido[2,1-b]benzothiazoles at
room temperature.[56] The initial reaction in reaction was conducted arylamine with Mel‐
drum’s acid) and trimethylorthoformate in [BMIM][Br] at 40ºC giving the corresponding ar‐
ylaminomethylene-1,3-dioxane-4,6-diones. Cyclization occured in [BMIM][BF4] / OTf at 80ºC
under nitrogen to the quiniolin-4(1H)ones in excellent yields (Scheme 14).[56]

Scheme 14. Synthesis of 4(1H)-quinolones: (i) [BMIM][Br], 40ºC, N2; (ii) [BMIM][BF4]/OTf, 80ºC.

Wang et al. reported a novel reaction of 2-(1-substitutedpiperidin-4-ylidene)malononitrile,
benzaldehyde, and malononitrile or cyanoacetate in the synthesis of highly substituted iso‐
quinoline derivatives (Scheme 15).[57] The three-component reaction of benzaldehyde, ma‐
lononitrile, and ethyl 4-(dicyanomethylene)piperidine-1-carboxylate was reacted in [BMIM]
[BF4] at 50ºC, delivering ethyl 6-amino-5,7,7-tricyano-3,4,7,8-tetrahydro-8-arylisoquino‐
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line-2(1H)-carboxylate derivatives being obtained in excellent yields. The highest yields
were obtained with [BMIM][BF4].

Scheme 15. Synthesis of ethyl 6-amino-5,7,7-tricyano-3,4,7,8-tetrahydro-8-arylisoquinoline-2(1H)-carboxylate deriva‐
tives: (i) [BMIM][BF4], 50ºC.

There  are  many  methods  for  the  synthesis  of  acridine  compounds  containing  1,4-dihy‐
dropyridine  moieties  from  aldehydes,  dimedone,  and  anilines  or  ammonium  acetates
via  heating  in  organic  solvents,  or  catalysis  by  triethyl(benzyl)ammonium chloride  (TE‐
BAC) in water,  or  under microwave irradiation.[58]  In a  much more efficient  approach,
Li  et  al.  utilised  the  three  component  MCR in  [BMIM][BF4]  at  room temperature  of  an
aromatic  aldehyde,  2-hydroxy-1,4-naphthoquinone  and  naphthalen-2-amine  giving  rise
to  a  series  of  14-aryl-1,6,7,14-tetrahydrodibenzo[a,i]-acridine-1,6-dione  derivatives
(Scheme 16).[59]

Scheme 16. Synthesis of 14-aryl-1,6,7,14-tetrahydrodibenzo[a,i]acridine-1,6-diones: (i) [BMIM][BF4], rt.

Shi reported an efficient and green synthetic route to 3,3'-benzylidenebis(4-hydroxy-6-meth‐
ylpyridin-2(1H)-ones) via condensation, addition and ammonolysis of an aldehyde, aniline
and 6-methyl-4-hydroxypyran-2-one (Scheme 17).[60] Different solvents including [BMIM]
[Br], [BMIM][BF4] and [BMIM][PF6] were examined, with [BMIM][Br] giving the most fa‐
vourable outcome (high yield and ease of product isolation).

Scheme 17. Synthesis of 3,3'-benzylidenebis(4-hydroxy-6-methylpyridin-2(1H)-ones): [BMIM][Br], 95ºC.
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2.1.2. 3CRs yielding heterocycles with two ring nitrogens

Pyrimidine derivatives are important biologically active heterocyclic compounds which pos‐
sess antimalarial.[61] Gholap’s synthesis of 3,4-dihydropyrimidin-2-(1H)-ones from aromatic
or aliphatic aldehydes with ethyl acetoacetate and urea (or thiourea), was promoted by ul‐
trasound in [BMIM][BF4] at room temperature affording the target compounds in excellent
yields and short reaction times (Scheme 18).[62]

Scheme 18. Synthesis 3,4-dihydropyrimidin-2-(1H)-ones: (i) [BMIM][BF4], 30ºC, ultrasound.

Similar pyrimidine analogues were accessed by Gui et al. through the use of acidic ionic liq‐
uids such as [MIM-CH2COOH][HSO4], [MIM-CH2COOH][H2PO4], [MIM-(CH2)2COOH]
[HSO4] and [MIM-(CH2)2COOH][H2PO4]) which successfully promoted the Biginelli cou‐
pling of an aldehyde, 1,3-dicarbonyl compound, and urea giving easy access to 3,4-dihydro‐
pyrimidin-2(1H)-ones.[63] Peng and Deng, used [BMIM][BF4] and [BMIM][PF6] as catalysts
for the same Biginelli condensation reaction at 100ºC (Scheme 19).[64]

Scheme 19. The synthesis of 3,4-dihydropyrimidin-2(1H)-ones: (i) IL chosen from [MIMCH2COOH][HSO4] or
[MIMCH2COOH][H2PO4] or [MIM(CH2)2COOH][HSO4] or [MIM(CH2)2COOH][H2PO4], 75ºC.

Brønsted acidic ionic liquids have designed to replace solid acids and traditional mineral liq‐
uid acids like sulfuric acid and hydrochloric acid in chemical procedures.[65],[66] Using 3-
carboxypyridinium hydrogensulfate [HCPy][HSO4], 1,3-dicarbonyl compounds, aromatic
aldehydes and urea or thiourea, Hajipour and Seddighi, successfully removed the tradition‐
al acid requirement in the synthesis of 3,4-dihydropyrimidin-2(1H)-ones (Scheme 20).[67]

Scheme 20. Synthesis of 3,4-dihydropyrimidin-2-(1H)-ones: (i) [HCPy][HSO4], 120ºC.
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Fang et al.’s dicationic acidic IL catalytic approach, in what amounted to a modified Biginelli
approach, resulted in the synthesis of 3,4-dihydropyrimidin-2(1H)-one and 3,4-dihydropyri‐
midin-2(1H)-thione derivatives (Scheme 21), in good yields.[68] The products could be sepa‐
rated simply from the catalyst–water system, and the catalysts could be reused at least six
times without noticeably reducing catalytic activity.

Scheme 21. Synthesis of 3,4-dihydropyrimidin-2(1H)-(thi)ones: (i) Dicationic acidic IL (shown in box), 90ºC.

Rather than use an acidic IL approach to dihydropyrimidinones (above) Mirzai and Valiza‐
deh developed a microwave assisted Biginelli route using the weakly Lewis basic nitrite
based ionic liquid, IL-ONO (Scheme 22).[69] These nitrite based Ils have also been used to
carry out nitrosations of aromatic compounds in aqueous media.[70] Valizadeh, have report‐
ed the nitrozation of aromatic compounds using the same nitrite ionic liquid in aqueous me‐
dia.[70]

Scheme 22. Synthesis of dihydropyrimidinones: (i) IL-ONO, MW, 80ºC.

Trisubstituted imidazoles can be rapidly accessed from a one-pot condensation of 1,2-dike‐
tone or α-hydroxyketone, aldehyde, and NH4OAc in 1,1,3,3-N,N,N,N-tetramethylguanidini‐
um trifluoroacetate (TMGT) at 100ºC (Scheme 23).[71] The synthesis of trisubstituted
imidazoles in TMGT as promoter and solvent for the synthesis of trisubstituted imidazoles
not only represented a dramatic improvement (15-40 min, 81-94%) over conventional ther‐
mal heating but the reaction times were comparable to the recently reported microwave irra‐
diation (20 min in HOAc, 180–200ºC). There are related routes in a four-component
approach (see section 2.2.3).

Scheme 23. Synthesis of trisubstituted imidazoles: (i) TMGT, 100ºC.
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Khurana and Kumar have reported a simple and convenient synthesis of octahydroquinazo‐
linone and biscoumarin derivatives (Scheme 24).[72] Despite prolonged heating (10 h) at
100ºC, the reaction of benzaldehyde, dimedone and urea in [BMIM][Br] gave only 30% of
the expected product, 4,6,7,8-tetrahydro-7,7-dimethyl-4-phenyl-1H,3H-quinazoline-2,5-di‐
one. Addition of TMSCl saw a reduction in reaction duration to 2.5 h wand a 92% isolated
yield. Of the Ils examined [BMIM][Br] and [BMIM][BF4] gave higher yields than [BMIM][Cl]
and [BMIM][PF6].

Scheme 24. Synthesis of octahydroquinazolinones: (i) [BMIM][Br], TMSCl, 100ºC.

Omprakash et al. used catalytic [BMIM][BF4] and ultrasonics to obtain excellent yields of
quinazolin-4(3H)ones from anthranilic acid, primary aromatic amine and carboxylic acids
(Scheme 25). Of the anilines examined, only 4-nitroaniline required elevated temperature
(50℃), but this reaction was complete after 20 minutes.[73]

Scheme 25. Synthesis of 4(3H)-quinazolinones: (i) [BMIM][BF4], ultrasound.

The related quinazoline nucleus has been prepared by Dabiri et al. from 2-aminobenzophe‐
none derivatives, aldehydes and ammonium acetate in the presence of an protic ionic liquid,
1-methylimidazolium triflouroacetate, [HMIM][TFA] (Scheme 26).[74]

Scheme 26. Synthesis of quinazoline derivatives: (i) [HMIM][TFA], 80ºC.

An analogous 6, 5-ring system, the 3-aminoimidazo[1,2-a]pyridine, was accessed via con‐
densation of an aldehyde, 2-aminoazine and trimethylsilylcyanide, as an isocyanide equiv‐
alent  under  by  simple  heating  in  [BMIM][Br]  in  high  yields  with  rather  short  reaction
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times (1-2 h) (Scheme 27).[75] Shaabani took a slighly different route to 3-arylsubstituted
3-aminoimidazo[1,2-a]pyridines using an isocyanide rather than an isocyanide equivalent.
The use of substituted aminopyridines also allowed for the introduction of an additional
C6 substituent.[76]

Scheme 27. Synthesis of 3-aminoimidazol[1,2-a]pyridines: (i) [BMIM][Br], 80ºC

Scheme 28. Synthesis of 3-aminoimidazo[1,2-a]pyridines: (i) [BMIM][Br], 80ºC.

Using the Brønsted acidic ionic liquid triethylammonium hydrogen sulfate [TEBSA][HSO4]
Hajipour et al. synthesied pyrimidinone derivatives from a range of aromatic aldehydes, cy‐
clopentanone, and urea or thiourea (Scheme 28).[77]

Scheme 29. Synthesis of pyrimidinone derivatives: (i) [TEBSA][HSO4], 100ºC.

The reaction of phthalhydrazide, aromatic aldehydes, and malononitrile using controlled
under microwave irradiation in the presence of [BMIM][OH] at an ambient temperature of
45ºC allowed facile access to 1H-pyrazolo[1,2-b]phthalazine-5,10-dione (Scheme 29).[78]

Scheme 30. Synthesis 1H-pyrazolo[1,2-b]phthalazine-5, 10-dione derivatives: (i) [BMIM][OH], microwaves, 45ºC.

Ionic Liquids - New Aspects for the Future468



times (1-2 h) (Scheme 27).[75] Shaabani took a slighly different route to 3-arylsubstituted
3-aminoimidazo[1,2-a]pyridines using an isocyanide rather than an isocyanide equivalent.
The use of substituted aminopyridines also allowed for the introduction of an additional
C6 substituent.[76]

Scheme 27. Synthesis of 3-aminoimidazol[1,2-a]pyridines: (i) [BMIM][Br], 80ºC

Scheme 28. Synthesis of 3-aminoimidazo[1,2-a]pyridines: (i) [BMIM][Br], 80ºC.

Using the Brønsted acidic ionic liquid triethylammonium hydrogen sulfate [TEBSA][HSO4]
Hajipour et al. synthesied pyrimidinone derivatives from a range of aromatic aldehydes, cy‐
clopentanone, and urea or thiourea (Scheme 28).[77]

Scheme 29. Synthesis of pyrimidinone derivatives: (i) [TEBSA][HSO4], 100ºC.

The reaction of phthalhydrazide, aromatic aldehydes, and malononitrile using controlled
under microwave irradiation in the presence of [BMIM][OH] at an ambient temperature of
45ºC allowed facile access to 1H-pyrazolo[1,2-b]phthalazine-5,10-dione (Scheme 29).[78]

Scheme 30. Synthesis 1H-pyrazolo[1,2-b]phthalazine-5, 10-dione derivatives: (i) [BMIM][OH], microwaves, 45ºC.

Ionic Liquids - New Aspects for the Future468

Mixed solvent systems comprising [BMIM][BF4], water and ethanol were used in the syn‐
thesis  of  2H-indazolo[2,1-b]phthalazine-triones  by  condensation  of  phthalhydrazide,  aro‐
matic aldehydes, and cyclic 1,3-dicarbonyl compounds. Interestingly, the reaction required
the  addition  of  a  catalytic  quantity  of  sulfuric  acid  to  effect  the  desired  transformation
(Scheme 30).[79]

Scheme 31. Synthesis of a series of 2H-indazolo[2,1-b]phthalazinetriones: (i) [BMIM][BF4] / H2O-EtOH / H2SO4.

2.1.3. 3CRs yielding heterocycles with three ring nitrogen atoms

While not strictly speaking the synthesis of a new ring system by MCR in ILs, Wang has ex‐
ploited the MCR approach in an elegant synthesis of N-(α-alkoxyalkyl)benzotriazoles
(Scheme 31) via the condensation of benzotriazole with various aldehydes and alcohols cata‐
lysed by acidic ionic liquid [HMIM][HSO

4
] at room temperature.[80] The yield was up to

99%. Wang’s approach was effective when triethoxymethane was utilized instead of alco‐
hols. Moreover, the [HMIM][HSO

4
] was recyclable with no loss in catalytic activity.

Scheme 32. N-(α-alkoxyalkyl)benzotriazoles: (i) [HMIM][HSO4], rt.

Pyrazolo[3,4-b]pyridines possess a wide range of biological activities such as psychotropic
and cytotoxic, and are thus a very important scaffold in medicinal chemistry.[81],[82]

Scheme 33. Preparation of pyrazolo[3,4-b]pyridinone and pyrazolo[3,4-b]quinolinone derivatives: (i) [BMIM][BF4], 80ºC.

Judicious choice of the 1,3-dicarbonyl source allows the synthesis of either pyrazolo[3,4-
b]pyridinone derivatives or pyrazolo[3,4-b]quinolinone (Scheme 32). The combination of an
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aldehyde, 5-amino-3-methyl-1-phenylpyrazole, and Meldrum’s acid in [BMIM][BF4] affords
the pyrazolo[3,4-b]pyridinone, while the use of dimedone affords the pyrazolo[3,4-b]quinoli‐
nones.[83]

Zhang showed that the 1,3-dicarbonyl source was not limited to Meldrum’s acid or dimedone
derivatives  with  the  introduction of  1H-indene-1,3(2H)-dione for  a  mild synthesis  of  in‐
deno[2,1-e]pyrazolo[3,4-b]pyridine-5(1H)-one derivatives in excellent yields (Scheme 33).[84]

Scheme 34. Synthesise indeno[2, 1-e]pyrazolo[3, 4-b]pyridine-5(1H)-one: (i) [BMIM][Br], 95ºC.

Zhang et al. reported the reaction of aldehydes, 5-amino-3-methyl-1-phenylpyrazole and
malononitrile or ethyl cyanoacetate in [BMIM][BF4] as a green route to pyrazolo[3,4-b]pyri‐
dines (Scheme 34).[84]

Scheme 35. Preparation of pyrazolo[3,4-b]pyridine derivatives: (i) [BMIM][BF4], 80ºC.

Yao et al. synthesised 4-aryl-3,4-dihydro-1H-pyrimido[1,2-a]benzimidazol-2-one via the reac‐
tion of aryl aldehyde, 1,3-dicarbonyl compounds and 1H-benzo[d]imidazol-2-amine in
[BMIM][BF4] (Scheme 35).[85] The reaction accomplished in [BMIM][BF4] exhibited higher
yield (75%) than other counterparts.

Scheme 36. Synthesis of 4-aryl-3,4-dihydro-1H-pyrimido[1,2-a]benzimidazol-2-one: (i) [BMIM][BF4], 90ºC.

Wang has a particular interest in the development novel methods for the preparation of var‐
ious biologically important heterocyclic compounds by using ionic liquids. This group uses
ILs as both novel reaction media and reaction promoters.[86],[87] Shi et al. also have similar
interest and this led to the synthesis indeno[2,1:5,6]pyrido[2,3-d]pyrimidine and pyrimi‐
do[4,5-b]quinoline derivatives from aromatic aldehydes, 6-amino-3-substituted-1-methyl‐
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pyrimidine-2,4(1H,3H)-diones and dimidone analogues derivatives in ionic liquid without
any catalyst (Scheme 36).[88]

Scheme 37. Synthesis of 5-aryl-7,8,9,10-tetrahydropyrimido[4,5-b]quinoline-2,4,6-trione: [BMIM][Br], 95ºC.

Pyrimidoquinolinedione derivatives are known to possess antitumor, anticancer, antihyper‐
tensive, antibacterial activity and are Kaposi’s sarcoma-associated herpesvirus and topoiso‐
merase inhibitors.[89],[90] Entry to this highly biologically active scaffolds can be obtained
by the reaction of aldehydes, 1-naphthylamine and barbituric acid in [BMIM][BF4] gave 7-
aryl-11,12-dihydrobenzo[h]pyrimido-[4,5-b]quinoline-8,10(7H,9H)-diones (Scheme 37).
While the reaction proceeded in traditional organic solvent, yield enhancements and shorter
reaction tiomes were evident with the use of [BMIM][BF4].[91]

Scheme 38. The synthetic of 7-aryl-11,12-dihydrobenzo[h]pyrimido-[4,5-b]quinoline-8,10(7H,9H)-diones: (i) [BMIM]
[BF4], 90ºC.

2.1.4. 3CRs yielding heterocycles with >three ring nitrogens

The purine bioisosteres, [1,2,4]triazolo[1,5-a]pyrimidine, have been reported to possess anti‐
tumour activity.[92] Using both [BMIM][BF4] and [Bpy][BF4] as reaction solvents, Li synthes‐
ised 5-(trifluoromethyl)-4,7-dihydro-7-aryl-[1,2,4]-triazolo[1,5-a]pyrimidine derivatives from
aldehydes, 3-amino-1,2,4-triazole and ethyl 4,4,4-trifluoro-3-oxobutanoate or 4,4,4-tri‐
fluoro-1-phenylbutane-1,3-dione yielding 4-, 5- and 7- substituted derivatives (Scheme 38).
The 5- and 7- positions are known to be important for retention of antitumour activity.[93]

Scheme 39. Synthesis of 5-(trifluoromethyl)-4,7-dihydro-7-aryl-[1,2,4]triazolo[1,5-a]pyrimidine derivatives: (i) BMIM]
[BF4] or [byp][BF4].
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2.1.5. 3CRs yielding heterocycles with one ring oxygen

The synthesis of heterocyclic compounds with oxygen in the ring is slightly more complex, on‐
ly due to the reduced numbers of suitable oxygen nucleophiles to affect the final ring-closing
step. The 4H-pyran core is found in a wide range of natural products and it has thus attraced a
considerable degree of attention.[94]-[96] The high reactivity of 4H-pyran derivatives has led to
their use as synthons in the synthesis of more complex species. Access to highly substituted 4H-
pyrans is easily accomplished by the 1,1,3,3-tetramethylguanidine catalysed addition of aro‐
matic aldehydes, malononitriles, and β-dicarbonyl in [BMIM][BF4] (Scheme 39).[97]

Scheme 40. Synthesis of 4H-pyran derivatives: (i) TMG, [BMIM][BF4], 80ºC.

With dimedone as the 1,3-dicarbonyl source the corresponding 5-oxo-5,6,7,8-tetrahydro-4H-
benzo[b]pyran derivatives were accessed in [BMIM][BF4], [HMIM][BF4], [OMIM][BF4],
[OMIM][PF6] and [DMIM][PF6]. In this instance no additional catalyst was required and the
reactions were complete in 2-6 h with yields ranging from 52% to 98%.[98] Fang et al. report‐
ed a subtle variation leading to the syntheiss of more highly substituted 5-oxo-5,6,7,8-tetra‐
hydro-4H-benzo[b]pyrans by condensation of aromatic aldehyde, malononitrile (or ethyl
cyanoacetate), and dimedone (or 1,3-cyclo-hexanedione) in water catalyzed by acidic ionic
liquids such as [TEBSA][HSO4], [TBPSA][HSO4], [EDPSA][HSO4] (Scheme 40).[99] The reac‐
tions gave the products in good yields between 86 to 94%.

Scheme 41. Synthesis of 5-oxo-5,6,7,8-tetrahydro-4H-benzo[b]pyrans: (i) Ionic liquid chosen from [TEBSA][HSO4],
[TBPSA][HSO4] and [EDPSA][HSO4].

Interest in oxygen containing heterocycles is not limited to those with biological actiity. A
number of analogues, such as the 2-amino-2-chromenes are natural products that have
found utility in cosmetics and pigments. They also have a role as biodegradable agrochemi‐
cals.[100]-[102] Traditional approaches to this scaffold required the reaction of aldehydes,
active methylene containing compounds and activated phenols. Stoichiometric quantities of
organic base (piperidine) in volatile organic solvents are also required.[103],[104] By replac‐
ing the organic solvent with [BMIM][OH] the reaction proceeded with aromatic aldehydes,
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malononitrile with α- or β-naphthol in the absence of additional catalyst (Scheme 41).[105]
After five reuses of the [BMIM][OH] the isolated product yield had dropped from 91% to
85%, which may be due to [BMIM][OH] degredation.

Scheme 42. Synthesis of 2-amino-2-chromenes: (i) [BMIM][OH], H2O, reflux.

The basic 4H-pyran scaffold can be increased in complexity by modification of the basic build‐
ing blocks described above, e.g. in Schemes 39 and 41. Both Khurana and Magoo, and Zakeri re‐
ported the synthesis of a series of 12-aryl-8,9,10,12-tetrahydrobenzo[a]xanthen-11-ones by the
reaction of β-naphthol, aromatic aldehydes, and dimedone derivatives (Scheme 42).[106],[107]
Smooth conversion was accomplished through the use of catalytic p-TSA in [BMIM][BF4] at
80ºC for 35-45 min. The [BMIM][BF4] could be recyled without a reduction in product yield.

Scheme 43. Synthesis of a series of 12-aryl-8,9,10,12-tetrahydrobenzo[a]xanthen-11-ones: (i) [BMIM][BF4], p-TSA or
BAIL, 120ºC.

Zheng and Li accessed the tetrahydrobenzo[b]pyran and pyrano[c]chrome scaffoled via a
series of novel Lewis basic task-specific ionic liquids. These novel Ils were used to catalyse
the addition of aromatic aldehydes, dimedone and malononitrile can also be used as cata‐
lysts in multicomponent reaction accession during the mixture of tetrahydrobenzo[b]pyran
and pyrano[c]chromene derivatives (Scheme 43).[108]

Scheme 44. Synthesis of tetrahydrobenzo[b]pyran and pyrano[c]chromene derivatives: (i) [TETA][TFA] (5%), H2O-EtOH
(1:1), reflux.
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2.1.6. 3CRs yielding heterocycles with two ring oxygen atoms

Dihydropyrano[3,2-c]chromene-3-carbonitriles are important heterocycles with a wide
range of biological properties.[109]-[111] A number of 2-amino-4Hpyrans are reported to be
useful photoactive materials.[112] The task specific ionic liquid, hydroxyethanolammonium
acetate [HEAA], was used to initiate a domino cascade of 4-hydroxycoumarin, aldehydes,
and malononitrile at room temperature ultimately yielding 2-amino-5-oxo-4,5-dihydropyra‐
no[3,2-c]chromene-3-carbonitrile derivatives (Scheme 44).[113]

Scheme 45. Synthesis of 2-amino-5-oxo-4,5-dihydropyrano[3,2-c]chromene-3-carbonitrile derivatives: (i) [HEAA], pul‐
verise, rt.

Gong et al. reported facile method for the synthesis of 4H-pyrans in the presence of basic
ionic liquid [BMIM][OH] as catalyst in aqueous medium (Scheme 45).[114] The synthesis of
2-amino-4-aryl-5-oxo-4H,5H-pyrano-[3,2-c]chromence-3-carbonitrile was achieved by the
three-component condensation of an aromatic aldehyde, malononitrile with 4-hydroxycou‐
marin in the presence of 10 mol% [BMIM][OH] at 100ºC.

Scheme 46. Synthesis of 2-amino-4-aryl-3-cyano-5-oxo-4H,5H-pyrano[3,2-c]chromenes: (i) [BMIM][OH], H2O, 100ºC.

The 3,4-dihydro-2H-furo[3,2-c]coumarin core is present in a number of natural products
ranging including Novobiocin and warfarin. Earlier methods to this core include the oxida‐
tive cyclisation of the Michael adduct from the reaction of cyclic 1,3-diketones and chalcones
using a phase transfer catalyst; from 1,3-dicarbonyl compounds and (E)-β-bromo-β-nitro‐
styrenes in the presence of tert-butylammonium bromide (TBAB) (20 mol %);[115]-[117] and
the manganese acetate promoted radical cyclization of 4-hydroxycoumarin and 2-hy‐
droxy-1,4-naphthoquinone with electron-rich alkenes.[118] Rajesh et al. reported a much
simpler and greener approach for regio- and diastereo- selective synthesis of furocoumarins
(Scheme 46).[119] These reactions proceeded chemo-, regio- and stereoselectively and fur‐
nished compounds in good to excellent yields (81-92%).
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Scheme 47. Synthesis of furo[3,2-c]coumarins: (i) [BMIM][OH],pyridine, 80-90ºC.

Coumarin derivatives have received considerable attention because they possess several types
of pharmacological properties, such as antibacterial, anticancer.[120] The coumarins have at‐
tracted the attention of a number of research groups interested not only in their biological activ‐
ity, but also in developing more activity, but also in debeloping more environmentally friendly
approaches to their synthesis. Gong et al. reported the condensation of 4-hydroxycoumarin, al‐
dehydes, and Meldrum’s acids or malononitrile or α-cyanocinnamonitriles in the presence of
[BMIM][OH].[114],[121] While Chen et al. used 4-hydroxycoumarin, benzaldehyde and 1,3-di‐
carbonyl by use 1,3-dimethyl-2-oxoimidazolidine-1,3-diium cation [DMDBSI][2HSO4] were
employed as the model reactions in the presence of different catalysts (Scheme 47).[122] Both ap‐
proaches  offered ease  of  access  and considerable  improvements  over  the  traditional  ap‐
proaches to this class of compounds.[123]-[127]

Scheme 48. Synthesis of 4-hydroxycoumarin: (i) [DMDBSI][2H2SO4], H2O, reflux.

2.1.7. 3CRs yielding heterocycles with one ring sulfur atom

Thiophenes, dihydrothiophenes and tetrahydrothiophenes are known important constitu‐
ents of a range of pharmacologically active compounds.[128]-[130] While these compounds
are of significant interest to medicinal and synthetic chemists, the synthetic routes to highly
functionalised sulfur heterocycles are not well developed. Notwithstanding this, Zhang et al.
have reported the synthesis of thiopyrans from aldehydes, malononitrile and cyanothioace‐
tamide in an ionic liquid [BMIM][BF4] as a recyclable solvent and promoter without the
need of a catalyst (Scheme 48).[131]

Scheme 49. Synthesis of thiopyrans: (i) [BMIM][BF4], 80ºC.
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Given that most of the synthetic procedures towards sulfur heterocycles suffer from some
drawbacks such as low yields, long reaction times, the requirement for harsh reaction condi‐
tions, it is not surprising that a number of groups have risen to the challenge and examined
the use of ionic liquids as a potential method for enhancing the reaction outcomes whilst in‐
creasing the efficiency of the synthesis.[132]-[134] Kumar et al. have developed a series of
novel amino acid derived functional ionic liquids that facilitated the synthesis of dihydro‐
thiophene and tarcine derivatives in good yield under mild conditions from 2-arylidenema‐
lononitrile, 1,3-thiazolidinedione, aliphatic or aromatic amines were added with ionic liquid
[Bz-His(n-propyl)2-OMe][Br] and water (Scheme 49). While the products were shown as sin‐
gle diastereoisomers, no details of the level of diastereoselectivity were provided.[135]

Scheme 50. Synthesis of dihydrothiophenes: (i) [Bz-His(n-propyl)2-OMe][Br], 70ºC.

2.1.8. 3CRs yielding heterocycles with ring oxygen and nitrogen atoms

The synthesis of simple heterocycles with a single type of heteroatom is important, but a
considerable number of biologically active compounds have different types of heteroatom
within a single structure. The benzo[b][1,4]oxazin scaffold as a privileged structure for the
generation of drug-like libraries in drug-discovery programs has been amply demonstrated.
Benzo[b][1,4]oxazin derivatives have been used as the basic framework for substances of in‐
terest in numerous therapeutic areas, such as anti-Candina albicans agents,[136] antifungals,
[137] and kinase inhibitors.[138] Ebrahim et al. used [BMIM][Br] as both the solvent and re‐
action promotor for the room temperature three-component condensation of 2-aminophe‐
nole, an aldehyde and isocyanide to prepare benzo[b][1,4]oxazines (Scheme 50).[139]

Scheme 51. Synthesis of benzo[b][1,4]oxazines: (i) [BMIM][Br], rt.

Asri et al. described use of ionic liquids as complementary new media for multicomponent
reactions leading to the 2,6-diazabicyclo[2.2.2]octane core (Scheme 51).[140] Interestingly
both hydrophobic and hydrophillic Ils [BMIM][BF4] and [BMIM][NTf2] gave acceptable
yields, as the original synthesis required the use of toluene and a significant excess of molec‐
ular sives to remove water and drive the reaction forward. The original synthesis of these
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2,6-diazabicyclo[2.2.2]octanes required 6g of molecular seives per 200 mg reagent. Thus the
use of Ils represents a significant greening of this synthesis.[141]

Scheme 52. Synthesis 2,6-diazabicyclo[2.2.2]octane core: (i) [BMIM][BF4] or [BMIM][NTf2], 110ºC, 4 Å sieves.

The synthesis of 6-amino-4-aryl-5-cyano-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]pyra‐
zoles was first reported by Otto in 1974.[142] These molecules have since been shown to pos‐
sess interesting biological activity.[143] Balaskar et al. simplified the synthesis of this
important class of compounds in a triethylammonium acetate [TEAA] ionic liquid catalyzed
reaction of aromatic aldehydes, malononitrile and 3-methyl-1-phenyl-2-pyrazolin-5-one at
room temperature (Scheme 52). TEAA plays dual role as reaction media and catalyst. These
reactions are rapid, complete in 25 min, and typically high yielding (>90%).[144]

Scheme 53. Synthesis of 6-amino-4-aryl-5-cyano-3-methyl-1-phenyl-1,4 dihydropyrano[2,3-c]pyrazoles: (i) [TEAA], rt.

The furopyridine core is another privileged scaffold in medicinal chemistry.[145],[146] Shi et
al. rectified what they perceived as an oversight in this area with their synthesis of the fu‐
ro[3,4-b]pyridine motifs by reaction of an aldehyde, 5-amino-3-methyl-1-phenylpyrazole
and tetronic acid. They explored the use of [BMIM][Br], [BMIM][BF4], [PMIM][Br], water,
glacial acetic acid, acetone, and ethanol as potential solvents for the synthesis of furo[3,4-
e]pyrazolo[3,4-b]pyridine-5(7H)-one derivatives (Scheme 53).[147] Across the range of aro‐
matic aldehydes examined, the ILS [BMIM][Br], [BMIM][BF4], and [PMIM][Br] consistently
gave the highest product yields and the shortest reaction times.

Scheme 54. Synthesise the furo[3,4-e]pyrazolo[3,4-b]pyridine-5(7H)-one derivatives: (i) ILs, 95ºC.
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Moghaddam reported the synthesis of novel spiro[chromeno[2,3-d]pyrimidine-5,3'-indo‐
line]tetraone derivatives by the combination of isatin, barbituric acid, and cyclohexane-1,3-
dione derivatives in the presence of alum (KAl(SO4)2•12H2O) as a catalyst for 15 min and
[BMIM][PF6] (Scheme 54).[148] The unique structural array and the highly pronounced
pharmacological activity displayed by the class of spirooxindole compounds have made
them attractive synthetic targets.[149]

Scheme 55. Synthesis of spiro[chromeno[2,3-d]pyrimidine-5,3'-indoline]tetraone derivatives: (i) [BMIM][PF6], alum,
100ºC.

The synthesis of furopyrimidines and 2-aminofurans have received little attention with only
a few procedures reported. Among these, the furo[2,3-d]pyrimidines have been shown to
possess sedative, antihistamine, diuretic, muscle relaxant, and antiulcer properties.[150]-
[156] The condensation of an aldehyde, N,N-dimethylbarbituric acid and alkyl or aryl iso‐
cyanide in [BMIM][Br] gave furo[2,3-d]pyrimidine-2,4(1H,3H)-diones in high yields at room
temperature within 20 minutes (Scheme 55).[157]

Scheme 56. Synthesis of furo[2,3-d]pyrimidine-2,4(1H,3H)-diones: (i) [BMIM][Br], rt, 15-20 min.

The potential antitumour pharmacophore, benzopyrano[2,3-d]pyrimidine,[158] was ac‐
cessed by Gupta et al. by the condensation of the salicyladehyde, malononitrile, and dime‐
thylamine at room temperature in [BMIM][BF4] at room temperature (Scheme 56). Howver,
this approach was limited to the use of dimethlamine, with the diethylamine resulted in no
reaction.[159]

Scheme 57. Synthesis of benzopyranopyrimidines: (i) [BMIM][BF4], rt.
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2.1.9. 3CRs yielding heterocycles with ring sulfur and nitrogen atoms

4-Thiazolidinones  have  been  exploited  as  potential  bactericidal,  antifungal,  anticonvul‐
sant,  anti-HIV,  and  antituberculotic  agents.[160],[161]  While  there  have  been  multiple
synthestic  approaches,  there  is  still  considerable  scope  to  develop  a  more  environmen‐
tally  friendy  and  efficient  approach  to  this  scaffold.[162],[163]  Lingampalle  et  al.  have
developed  a  rapid  entry  to  4-thiazolidinones  via  the  N-methylpyridinium  tosylate
[NMP][Ts] cyclocondensation of amines, aromatic ketones, and mercaptoacetic acid.[164],
[165] The reaction proceeds via imine formation, followed by rapid cyclocondensation at
120 ºC (Scheme 57).

Scheme 58. Synthesis of 4-thiazolidinones: (i) [NMP][Ts], 120ºC, 3h.

The  (1H)-quinolones,  thiazolo[3,2-a]pyrimidines  and  pyrimido[2,1-b]benzothiazoles  dis‐
play considerable  bioactivity  and are  important  lead compounds in  the development of
anti-viral,  anti-platelet,  anti-cancer  and  anti-malarial  agents.[166]-[168]  While  there  are
many reported synthesis of pyrimido[2,1-b]benzothiazoles, arguably Yadav et al.  ’s 1-me‐
thoxyethyl-3-methylimidazolium  trifluoroacetate  [MOEMim][TFA]  mediated  MCR  is  the
most direct and efficient reported thus far (Scheme 58).[169]

Scheme 59. Synthesis of 2,3-diaryl/2-aryl-3-heteroaryl-1,3-thiazolidin-4-ones: (i) [MOEMim][TFA].

2.1.10. 3CRs yielding heterocycles with ring oxygen, sulfur and nitrogen atoms

Application of a tandem Knoevenagel, Michael and ring transformation reactions involving
3-arylrhodanines, aromatic aldehydes and a mercaptoacetyl transfer agent, 2-methyl-2-phe‐
nyl-1,3-oxathiolan-5-one, in a chiral ionic liquid L-prolinium sulfate [Pro2SO4], gave 6-mer‐
captopyranothiazoles with diastereoselectivities of 88-95%ee (Scheme 59).[170] The reactions
were conducted at room temperature 25-30 h, followed by isolation to yield a single diaster‐
eomer in 76-90% yields.
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Scheme 60. Synthesis of 2-methyl-2-phenyl-1,3-oxathiolan-5-one: (i) [Pro2SO4], rt.

The biologically important 4H-benzo[b]pyrans can be smoothly accessed as shown in
Scheme 60 in excellent yields (77-95%) after stirring for 30-50 min at ethanol reflux. In this
instance [BMIM][OH] was used as a catalyst.[121]

Scheme 61. Benzo[b]pyrans: (i) [BMIM][OH], EtOH, reflux.

2.2. 4CRs yielding heterocycles

2.2.1. 4CRs yielding heterocycles with one nitrogen in the ring

Increasing  the  number  of  components  in  MCRs  from  three  to  four  offers  the  potential
to increase substituent diversity, atom and step economy. This increased structural com‐
plexity  allows  for  a  facile  access  to  highly  decorated  scaffolds,  but  interestingly  in  the
four component IL mediated MCR, this has been limited to the synthesis of heterocyclic
compounds.  For  example,  rapid  access  to  both  alkyl  and aromatic  substituted 1,4-dihy‐
dropyridine  derivatives  can  be  accomplished  via  the  reaction  of  an  aldehyde,  a  1,3-di‐
carbonyl  compound,  Meldrum’s  acid  and  ammonium acetate  as  the  nitrogen  source  in
[BMIM][BF4] (Scheme 61).[172],[173]

Scheme 62. Synthesis of 1, 4-dihydropyridine derivatives: (i) [BMIM][BF4].

2.2.2. 4CRs yielding heterocycles with ring oxygen and nitrogen atoms

Kanakarajuwe et  al.  have exploited the four-component  MCR for  the synthesis  of  novel
antibacterial  chromeno[2,3-d]pyrimidin-8-amines  in  [BMIM][BF4]  (Scheme  62).  Simple
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stirring of a mixture of α-naphthol,  malononitrile,  aryl aldehydes and NH4Cl in [BMIM]
[BF4]  and with trace triethylamine (TEA) in DMF allowed direct isolation of the desired
analogue,  bypassing the  more  traditional  route  which involved isolation of  correspond‐
ing iminochromenes.[174]

Scheme 63. General synthetic route of chromeno[2,3-d]pyrimidine-8-amine derivatives: (i) [BMIM][BF4], TEA/DMF; (ii)
NH4Cl, 100ºC.

2.2.3. 4CRs yielding heterocycles with two ring nitrogens

The biologiocal roles of substituted imidazoles are well documented and numerous biologi‐
cally active analoges have been reported.[175] Shaterian et al. have developed both a three
and four component MCR route from benzil (or benzoin), substituted benzaldehydes and
ammonium acetate (3-component), or with the addition of phenyl hydrazine (4-component)
for the synthesis of 2,4,5-trisubstitutedimidazoles and 1,2,4,5-tetrasubstituted imidazoles re‐
spectively.[176] N-Methyl-2-pyrrolidonium hydrogen sulfate [NMP][HSO4] at 100ºC was
found to be superior to all previous reports which used a wide variety of catalys to conduct
the same transformations. Recyling of the [NMP][HSO4] saw a gradual diminution of the
product yield from 98% to 82% over seven cycles. While this team examined the four com‐
ponent route (addition of phenylhydazine) giving 1,2,4,5-substituted imidazoles in high
yields using Brønsted acidic ionic liquid, [NMP][HSO4] (Scheme 63).

Scheme 64. Synthesis of 2,4,5- and 1,2,4,5- substituted imidazoles by a three or four component MCR: (i) [NMP][HSO4].

Pyrano[2,3-c]pyrazoles represent an important scaffold in medicinal chemistry with multi‐
ple synthetic approaches developed. These approaches include synthesis in water, ethanol
reflux, microwave assisted and solvent free aporaches. Each approach comes replete with its
own set of advantages and disadvantages from excess solvent requirements, long reaction
times and poor yields.[177]-[180] Khurana et al. synthesis of 4H-pyrano[2,3-c]pyrazoles

Multicomponent Reactions in Ionic Liquids
http://dx.doi.org/10.5772/51937

481



avoids most of these disadvantages by providing for a high yielding (typically >85%), short
duration cyclocondensation of hydrazine monohydrate or phenyl hydrazine, ethyl acetoace‐
tate, aldehydes, and malononitrile in [BMIM][BF4] with catalytic quantities of L-proline (10
mol%) (Scheme 64).[181]

Scheme 65. Synthesis of pyrano[2,3-c]pyrazoles: (i) [BMIM][BF4], L-proline (10 mol%), 50ºC.

Xiao et al. have described a novel, efficient, and green procedure for the synthesis of 3-(5-
amino-3-methyl-1H-pyrazol-4-yl)-3-arylpropanoic acid derivatives through the four-compo‐
nent reaction in [BMIM][BF4] (Scheme 65).[182] Reactions were rapid (5 min) and the
product isolated by pouring onto water and recrystallisation from EtOH / H2O to afford
pure product.

Scheme 66. Synthesis of 3-(5-amino-3-methyl-1H-pyrazol-4-yl)-3-arylpropanoic acid derivatives: (i) [BMIM][BF4].

2.2.4. 4CRs yielding heterocycles with >three ring nitrogens

Ghahremanzadeh et al. reported the green synthesis of 1H-indolo[2,3-b]pyrazolo[4,3-e]pyri‐
dines from indolin-2-one, 3-oxo-3-phenylpropanenitrile, phenylhydrazine and benzalde‐
hyde under a variety of conditions (Scheme 63).[183] The best reaction outcome was
observed with the use of p-TSA in [BMIM][Br] at 140ºC (Scheme 66).

Scheme 67. Synthesis of 1H-indolo[2,3-b]pyrazolo[4,3-e]pyridines: (i) [BMIM][Br], p-TSA, 140ºC.

Building on their earlier report on the synthesis of spiro[indolinepyrazolo[4',3':5,6]pyri‐
do[2,3-d]pyrimidine]triones from barbituric acid, phenylhydrazine, 3-oxo-3-phenylpropane‐
nitrile and isatin, Ghahremanzadeh et al. noted that the use of mixture of alum
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(KAl(SO4)2.12H2O) and [BMIM][PF6] was a green approach to the same class of compounds
(Scheme 67).[184],[185]

Scheme 68. Synthesis of spiro[indolinepyrazolo[4',3':5,6]pyrido[2,3-d]pyrimidine]triones: (i) [BMIM][PF6], alum.

3. Conclusions

In this brief review we have demonstrated the considerable utility of room temperature ion‐
ic liquids in multicomponent reactions. Almost universally, the addition of an ionic liquid
increases the speed of reaction and reaction yields. In many cases the ionic liquid was used
as both the solvent and the reaction promotor. It was possible to add catalytic quantities of
ionic liquids in conventional solvent and still achieve a much greener reaction outcome.

While the linear variant of the four-component MCR in ionic liquids is currently poorly
described,  there  is  little  doubt  that  room temperature  ionic  liquids  will  aid  in  the  syn‐
thesis  of  such  species.  Overall  the  IL-MCR  approach  is  an  extremely  useful  one,  espe‐
cially  for  the  rapid  entry  to  highly  functionalised  heterocyclic  molecules  of  potentials
use in medicianl chemistry.
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Safer and Greener Catalysts –
Design of High Performance,
Biodegradable and Low Toxicity Ionic Liquids

Rohitkumar G. Gore and Nicholas Gathergood

Additional information is available at the end of the chapter
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1. Introduction

Molten salts which are ionic (i.e. a mixture of cation and anion) in nature and have a melting
point below 100 °C are termed as Ionic liquids (ILs). [1] Preferably salts which are liquid at
room temperature are called room temperature ionic liquids (RTILs). ILs have received
great attention in the last couple of decades due to their unique properties such as low va‐
pour pressure, high thermal stability, recyclability, non-flammability, and control over the
product distribution. [2,3] Due to the control over fugative emission; ILs can be a replace‐
ment for volatile organic compounds (VOCs) which are commonly used as solvents in or‐
ganic processes. Since the first ionic liquid was reported, [4] there has been a large number
of articles been published with different types of cations and anions. One can easily design
1018 possible structures of ILs by varying cations and anions. This makes them “designer”
molecules. [5-9] These designed combinations have already been found useful in different
fields of chemistry, such as organic chemistry, [10-14] electrochemistry, [15-19] analytical
chemistry, [20-24] and biochemistry. [15,25]

There are five major classes of cations in ILs e.g. ammonium, pyridinium, imidazolium,
phosphonium and sulfonium (Figure 1).

Along with these, there are a large number of commonly used anions such as halides (chlor‐
ide, bromide, iodide), bis(trifluoromethanesulfonimide) (NTf2), tetrafluoroborate (BF4), hexa‐
fluorophosphate (PF6), octyl sulfate (OctOSO3), acetate (OAc) and dicynamide (N(CN)2) to
name a few. Change in the anionic component can drastically affect physical properties of
an ionic liquid such as hydrophilicity, viscosity and melting point.
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2. Applications of ionic liquids in organic synthesis

Ionic liquids have been widely exploited in numerous organic reactions due to the versatility in
the physical properties such as ease of product separation, [26,27] enhancement in rate of reac‐
tion, [28-30] catalyst immobilization, [31-33] and recyclability. [34-36] Modifications in cations
and/or anions have facilitated their use in organic reactions while playing a role of reagent, sol‐
vent or catalyst. This can be reflected in a huge number of publications. Hence we are discus‐
sing, in our opinion only interesting representative examples here in this chapter.

In this chapter the aim is to demonstrate the versatility of ionic liquids in organic synthesis.
We are also going to discuss the environmental fate of ionic liquids by addressing the im‐
portance of toxicity, eco(toxicity), biodegradation and green chemistry metrics. By exploring
these parameters one can design and synthesise safer and greener catalyst/solvent.
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portance of toxicity, eco(toxicity), biodegradation and green chemistry metrics. By exploring
these parameters one can design and synthesise safer and greener catalyst/solvent.

Ionic Liquids - New Aspects for the Future500

2.1. Heck reaction

The palladium catalysed C-C bond forming reaction between aryl halide or vinyl halide (or
triflate) and activated alkene in presence of base is known as the Heck reaction. [37] This re‐
action is named after Prof. Richard F. Heck, for which he was awarded Nobel Prize in
Chemistry 2010, "for palladium-catalyzed cross couplings in organic synthesis" jointly with Prof.
Ei-ichi Negishi and Prof. Akira Suzuki. This reaction is also known as Mizoroki-Heck reac‐
tion, as Tsutomu Mizoroki was the first to report this reaction. [38] A large variety of organic
and inorganic bases can be used in this reaction. Phosphine ligands have been used to stabi‐
lize the catalytic system in molecular solvents. Although the reaction conditions are mild,
the major drawback is that it is difficult to recycle the palladium catalyst in traditional sol‐
vents. Kaufmann and co-workers (1996) were first to demonstrate the use of tetraalkylam‐
monium salts as an effective solvent in Heck reaction. [39] Since then a large number of
publications have shown that different class of ILs can be used as solvent, catalyst or as a
ligand in the Heck reaction. [40] L. Wang and co-workers have reported the Heck reaction of
aryl halide and styrene (Scheme 1) in an ethanolamine-functionalized quaternary ammoni‐
um bromide which act as base, ligand and solvent. [41]

(n-C4H9)3N
N

OH

OH

Br

N,O - Ligand

Organic Base
Ionic Liquid

Ecofriendly and Recyclable

Effective anion

Figure 2. The functions of DHEABTBAB IL in the Heck reaction
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The task specific ionic liquid i.e. 4-Di(hydroxyethyl)aminobutyl tributylammonium bromide
(DHEABTBAB) (Figure 2) and palladium acetate served as an excellent catalytic system for
the cross-coupling of a variety of olefins and aryl halides to give good to excellent results.
The Heck reactions of styrene and iodobenzene/bromobenzene have shown excellent con‐
versions and yield (>99%), whereas reaction of styrene and chlorobenzene have given only
66% yield. The reactions of activated and deactivated bromobenzenes and styrene/acrylates
generated good to excellent yields (82 to 99%). This catalytic system was also successfully
recycled and reused up to 6 times without significant loss of activity. Transmission electron
microscopy (TEM) image of Pd-nanoparticles formed in (DHEABTBAB) showed even distri‐
bution due to ethanolamine moiety of the IL, which can either coordinate to the palladium
or point away from the surface of the nanoparticle.
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Scheme 1. Synthesis of ionic liquid and its application in the Heck reaction

In an attempt to eliminate the use of phosphine ligands, Xaio and co-workers demonstrated
the in situ formation of a N-heterocyclic carbene complex with palladium when 1,3-dialkyli‐
midazolium ILs were used as a solvent under basic conditions to generate carbene ligand.
[42] They had successfully isolated the palladium carbene complex, by deprotonation of imi‐
dazolium-based ionic liquids in presence of base to form the catalytic precursor. Such partic‐
ipation of N-heterocyclic carbene as a ligand was predicted by Seddon. [43]
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Scheme 2. Stepwise formation of N-hetrocyclic carbene complex of palladium

[BMIM] based ionic liquid and palladium acetate in presence of base such as sodium acetate
first formed dimeric carbene complex, which eventually gave monomeric carbene com‐
plexes (Scheme 2). Existence of all four isomers of monomeric carbene complex was con‐
firmed by 1H-NMR. The Heck reaction of aryl halides with acrylates/styrene in ionic liquid
under the reaction conditions have performed better than the isolated trans isomer of N-he‐
trocyclic carbene complex in ionic liquid. This might be due to the presence of other active
palladium species formed in situ. Shrinivasan and co-workers have further supported such
formation of Pd-carbene complex in [BMIM] based IL and accelerated the reaction under ul‐
trasonic irradiation even at room temperature. [44]

Attempts and further efforts into increasing the recyclability of palladium catalyst and to re‐
duce the use of solvent resulted in exploration of solid supported ionic liquids for use in the
Heck reaction. [45,46] B. Han and co-workers have reported copolymerized ionic liquid sup‐
ported palladium nanoparticles as an effective catalyst for the Heck reaction under solvent-
free conditions. [47] The 1-aminoethyl-3-vinylimidazolium bromide i.e. [VAIM][Br] ionic
liquid was grafted on cross-linked polymer polydivinylbenzene (PDVB). The palladium
nanoparticles were anchored onto the polymer via the amino group in the ionic liquid
(Scheme 3). Formation of the catalyst was confirmed by a number of analytical techniques
such as X-ray photoelectron spectroscopy, transmission electron microscopy, Fourier trans‐
form infrared spectroscopy, etc.
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Scheme 3. Preparation of copolymerized ionic liquid supported palladium nanoparticles

The Heck reactions of a variety of iodobenzenes and acrylates have shown excellent conver‐
sions (above 93%) irrespective to the substitution on benzene ring. Triethylamine served as a
good base under the reaction conditions. Due to the insoluble nature of cross-linked poly‐
mer and strong co-ordination between amino group and palladium nanoparticles, the cata‐
lyst was recovered very easily by filtration and washed with ethanol. The PDVB-IL-Pd
catalyst was very active even after the 4th recycle and was confirmed by TEM image. The ex‐
cellent stability of the catalyst was due to its insoluble nature in both reactants and product,
and high thermal stability i.e. up to above 220 °C.

2.2. Sonogashira reaction

The palladium catalysed C-C coupling reaction of aryl halide and terminal acetylene is
known as the Sonogashira reaction. Copper iodides have also been used as a co-catalyst in
this reaction. [48] A stoichiometric amount of base is always used as acid (HX) scavenger.
This is a widely used and efficient way to prepare substituted or unsubstituted acetylenes.
Although Sonogashira coupling reactions works well under mild conditions, the drawback
of this reaction is that copper catalysts used can promote side reactions, such as Glaster-type
homocoupling of acetylenes. [49-53]

Ryu and co-workers have reported a palladium(II) catalysed efficient Sonogashira coupling
in ionic liquid, without any copper co-catalyst. [54] The reactions with an aryl halides and
alkyl/aryl acetylenes were carried out in [BMIM][PF6] as a solvent and diisopropylamine or
piperidine as a base. A number of palladium catalyst were screened in the Sonogashira reac‐
tion, where bis(triphenylphosphine)palladium(II) dichloride showed high catalytic activity
in absence of copper co-catalyst. The Sonogashira reactions of aryl halides and alkyl/aryl
acetylenes gave respective dialkyl/diaryl acetylenes in good yields (87-97%).
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Scheme 4. Sonogashira reaction in a Microflow system

The group has successfully demonstrated the application of this reaction in a microflow re‐
actor with IMM micromixer. Iodobenzene, phenylacetylene and base dibutylamine (syringe
A) was added via one inlet to IMM’s micromixer and Pd catalyst and [BMIM][PF6] (syringe
B) at the other inlet by using syringe pump (Scheme 4). After reacting in micromixer for 10
min., the product was easily isolated by Hexane/Water extraction, where Pd catalyst in ionic
liquid was recycled and reused with slight loss of activity.

In an effort to develop an air stable copper free Sonogashira reaction, Wu, Liu and co-work‐
ers have reported palladium complex functionalized ionic liquid as a catalyst in Sonogashira
reaction in [BMIM][PF6] under aerobic and copper free conditions. [55]
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The  functionalized  ionic  liquid  i.e.  di-(1-butyl-2-diphenylphosphino-3-methylimidazoli‐
um)-dichloridopalladium(II)  hexafluorophosphate  showed  efficient  catalytic  activity  and
recyclability  in  coupling  reactions  (Scheme  5).  A  clear  trend  i.e.  I>Br>Cl  was  observed
in  aryl  halide  and  phenylacetylene  couplings.  Iodobenzene  have  shown  excellent  reac‐
tivity  with  variety  of  terminal  acetylenes  (90-99%)  in  Sonogashira  coupling.  The  phos‐
phine-ligated  palladium  complex  functionalized  ionic  liquid  was  easily  recycled  and
reused.  Recyclability  experiments  displayed a  gradual  loss  of  activity  of  the  catalyst  in
[BMIM][PF6]  after  6  recycles  (100%  to  68%  yields),  whereas  rapid  loss  of  activity  in
CH3CN after 4 recycles (98% to 48% yields).

2.3. Suzuki coupling

The  Suzuki  reaction  is  a  palladium catalysed  coupling  between  aryl/vinyl  boronic  acid
and aryl/vinyl halide in presence of base. This reaction is named after Prof. Akira Suzu‐
ki  (Nobel  Prize  in  Chemistry,  2010)  and  also  referred  to  as  Suzuki-Miyaura  coupling.
[56-58] It  is  one of the important C-C bond forming reaction in the synthesis of styrene
and substituted biaryl compounds.

Wei and co-workers have developed a highly efficient silica supported ionic liquid with
palladium  incorporated  anion  catalyst  for  the  Suzuki-Miyaura  cross-coupling  in  water
under  reflux  conditions.  [59]  The  catalyst  was  prepared by  an  anion  exchange  reaction
between  silica-immobilized  diimidazolium ionic  liquid  brushes  with  the  sodium salt  of
Pd-EDTA (Scheme 6).  This  catalyst  has  shown great  stability  in  air  and  excellent  reac‐
tivity  without  any  phosphine  ligands.  The  Suzuki  coupling  of  a  large  variety  of  aryl
bromide  and  aryl  iodides  with  phenylboric  acid  in  water  and  PdEDTA-Ionic  liquid
brush as  a  catalyst  gave  very  high yields  ranging from 89% to  100%.  This  catalyst  did
not  show  loss  of  activity  even  after  10  recycles.  Another  advantage  of  SiO2-BisIL‐
sOct[PdEDTA] catalyst was that it also act as a phase transfer catalyst in the reaction of
water insoluble aryl halides.

Lombardo  and  co-workers  have  reported  the  triethylammonium  ion-tagged  diphenyl‐
phosphine palladium(II) complex for Suzuki-Miyaura reaction in pyrrolidinium ionic liq‐
uids  under  mild  reaction  conditions.  [60]  In  an  effort  towards  increasing  the
recyclability  of  palladium  catalyst,  triethylammonium  ionic  liquid  supported  diphenyl‐
phosphine  ligand  have  been  prepared.  1-Butyl-1-methyl-pyrrolidinium  bis(trifluorome‐
thanesulfonimide)  ([bmpy][NTf2])  prove  to  be  the  best  solvent  along  with  water  in
presence of  potassium phosphate as a base in the coupling of  o-bromotoluene and phe‐
nylboronic acid.  A Suzuki reaction of a number of  electron donating and electron with‐
drawing  groups  on  aryl  halides  and  aryl  boronic  acids  showed  good  to  excellent
results.  2-methylphenylboronic  acid  has  given  99%  yields  when  coupled  with  1-naph‐
thylbromide  and  also  with  4-bromobiphenyl.  The  coupling  of  p-anisylboronic  acid  and
4-bromobiphenyl  gave 84% yield with triethylammonium ion-tagged diphenylphosphine
palladium(II) complex.
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Miozzo and co-workers have demonstrated an excellent use of such ionic liquid ligated pal‐

ladium complex in the challenging Suzuki cross-coupling between 5,11-dibromotetracene
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with arylboronic acids under mild conditions (Scheme 7). [61] These couplings have given
very high yields with phenyl and substituted phenylboronic acid (93-97%) even with 2-
naphthylboronic acid (95% yield).

2.4. Stille coupling

The palladium catalyzed C-C bond formation reaction between organotin reagents and sp2-
hybridised organohalides are typically classed as Stille coupling reactions. [62,63] It is an im‐
portant method of alkylation/arylation of vinyl/aryl halide. Organotin reagents used in this
reaction are stable and easily stored in air. But the major drawbacks of Stille reaction are the
toxicity of organotin reagents and recyclability of palladium catalyst.

To increase  the  recyclability  of  palladium catalyst  and solvent,  Handy and Zhang have
reported the  use  of  ionic  liquid  as  a  effective  media  for  Stille  coupling.  [64]  Stille  cou‐
pling  reactions  were  compared  between  NMP  and  [BMIM][BF4]  as  a  solvent  with
bis(benzonitrile)palladium(II)  chloride  as  a  catalyst  and  in  the  presence  of  triphenylar‐
sine  and  Copper(I)  iodide.  These  reactions  demonstrated  the  compatibility  of  ionic  liq‐
uid in Stille reactions.

PdCl2(PhCN)2 (5 mol%)
Ph3As, CuI, [BMIM][BF4]

80 oC, 18 h

I

Me

Ph

Me

PhSnBu3

Scheme 8. Stille coupling of 4-iodotoluene and tributylphenyltin in [BMIM][BF4]

Aryl  coupling of  a  variety  of  aryl  iodides  and bromides  and tributylphenyltin  afforded
the respective products with good yields (Scheme 8).  The coupling of 4-iodotoluene and
tributylphenyltin  showed  the  highest  conversion  with  95%  yield,  whereas  p-bromoani‐
sole  and  tributylphenyltin  gave  only  15% yield  towards  the  desired  product.  Ionic  liq‐
uid and the catalyst bis(benzonitrile)palladium(II) chloride were recycled without loss of
activity even after 5th cycle.

Due to the toxicity of organotin reagents and contamination of product by tin, organotin re‐
agents have been boycotted by the pharmaceutical industry. Legoupy and co-workers re‐
ported an ionic liquid supported organotin reagent which can recycled and minimise
contamination of product by organotin compound, without the use of solvent and additives.
[65] Ionic liquids supported dibutylphenyltin was successfully synthesized and used as a re‐
agent in palladium catalyzed Stille cross-coupling reactions involving brominated substrates
under solvent-free conditions.
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An effective use of different ionic liquid supported vinyl, allyl, aryl and heteroaryl organo‐
tin reagents with aryl bromides have seen use in Stille cross-coupling reaction. Such ionic
liquid incorporated organotin reagent was recycled and reused 5 times with good yields and
without loss of reactivity by using Grignard reaction (Scheme 9). It also helped to minimise
tin contamination to less than 3 ppm.

2.5. Diels-Alder reaction

The cycloaddition reaction between the conjugated diene and dienophile/substituted alkene
is known as Diels-Alder reaction. [66] Prof. Otto Paul Hermann Diels and Prof. Kurt Alder
was awarded Nobel Prize in Chemistry in 1950 for "for their discovery and development of the
diene synthesis". Diels-Alder reaction is an important tool in synthesis of huge and complex
cyclic molecules such as cholesterol, reserpine, etc. Heterocyclic compounds can also be pre‐
pared with this reaction by using heteroatom (most of the times N and O) either as the diene
or dienophile component. Diels-Alder reaction has immense importance due to the 100%
atom economy in product formation. The reaction can be performed either by heating or by
using Lewis/Brønsted acid catalysts such as ZnCl2, HBF4, Sc(OTf)3 etc. in organic solvents.
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Scheme 10. Aza-Diels-Alder reaction of Danishefsky’s diene with imines
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Pégot and Vo-Thanh have reported aza-Diels-Alder reaction of Danishefsky’s diene with
imines in ionic liquids, at room temperature without any acid catalyst and organic solvents.
[67] The reaction of N-benzylidenebenzylamine and Danishefsky’s diene in [BMIM][OTf]
showed high i.e. 94% conversion (91% yield) in 1 hour at room temperature (Scheme 10).
Only half an equivalent amount of ionic liquid as used with respect to N-benzylidenebenzyl‐
amine. In the study of an effect of counter anion of [BMIM] cation, triflate (OTf) and bis(tri‐
fluoromethanesulfonimide) (NTf2) has shown high yields i.e. 91% and 94% respectively in
comparison with tetrafluoroborate (BF4) and hexafluorophosphate (PF6) i.e. 62% and 53% re‐
spectively. Reactions using pyridinium and ammonium cations with triflate anion gave
good yields (91% and 89% respectively). These studies have shown that ionic liquids can be
used as both polar solvent and as a catalyst in Aza-Diels-Alder reaction.

Zhou and co-workers reported C2-symmetric ionic liquid-tagged bis(oxazoline) copper cata‐
lyst for Diels-Alder reaction in ionic liquid. [68] Bis(oxazoline)-copper(II) complexes have al‐
ready been used as a Lewis acid catalyst in enantioselective Diels-Alder reactions. [69] In
order to increase recyclability of the catalyst, the imidazolium-tagged bis(oxazoline) ligand
copper catalyst was synthesized. (Scheme 11) The ionic liquid part of the ligand increased
the insolubility of the copper catalyst in typical reaction solvents like diethyl ether, which
makes workup procedure very simple. The product was separated from catalyst just by
washing with diethyl ether.
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The ionic liquid-tagged bis(oxazoline) copper catalyst did not show any conversion in the
Diels-Alder reaction of N-acryloyloxazolidinone and cyclohexa-1,3-diene in DCM as a sol‐
vent. When the same reaction was carried out in [BMIM][NTf2] has given required product
with 98% conversion and 97% ee. N-Acryloyloxazolidinone was found to be more active
than N-acryloylpyrrolidinone with cyclopentadine/cyclohexadiene in presence of C2-sym‐
metric ionic liquid-tagged (S,S)-t-Bu-box copper catalyst in [BMIM][NTf2]. This efficient cat‐
alytic system (catalyst + IL) was recycled 20 times without loss of activity or
enantioselectivity. This excellent recyclability was due to the ionic character of the ligand.
The toxicity testing of the ligands synthesized were carried out on luminescent bacteria. The
traditional t-Bu-box ligand has shown higher LC50 values (45 μg/mL) than most active li‐
gand (11 μg/mL).

2.6. Acetalisation reactions

The acid catalysed nucleophilic addition of an alcohol to aldehyde or ketone to form respec‐
tive acetal or ketal is termed as an acetalisation reaction. This is one of the important reac‐
tions in organic synthesis. As the carbonyl functionality is very reactive, it is important to
protect against the attack of nucleophiles, acidic, basic or reducing agents. [70] There are
several methods to protect aldehydes/ketones. Acetalisation i.e. formation of acetal has its
own advantages, as it is stable to all nucleophilic and basic reagents. This reaction can be
catalysed by traditional liquid acids such as HCl, H2SO4, etc. and also by solid acids i.e.
Lewis/Brønsted acid catalysts such as ZnCl2, FeCl3, Zeolites, p-TSA, etc. [70-72] A water mol‐
ecule is formed as a by-product in this reaction, which is important from a Green Chemistry
perspective. The major drawback of this reaction is involvement of harmful liquid acids,
which also involves handling hazards.

Forbes, Davis and co-workers reported Brønsted acidic ionic liquids with covalently bonded
sulfonic acid functionality containing imidazolium and phosphonium cations. [73] These ILs
has shown dual use as both catalyst and solvent in Fisher esterification and pinacol/benzopi‐
nacol rearrangement. Fang and co-workers further exploited such covalently bonded sulfon‐
ic acid functionality in ionic liquid and its dual use in acetalisation reaction. [74]

The Brønsted acidic ionic liquid N,N,N-trimethyl-N-propanesulfonic acid ammonium hy‐
drogen sulfate ([TMPSA][HSO4]) has been prepared economically and used as a catalyst and
as a solvent in acetalisation reactions. A number of aldehydes and ketones were reacted
with 1,2-diols and methanol to form acetal/ketal in [TMPSA][HSO4] (Scheme 12). All reac‐
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perature (Scheme 13). The catalyst was easily recycled just by filtration and reused without
any loss of activity.
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Scheme 13. Protection of aldehydes/ketones with triethyl orthoformate and IL catalyst

3. Environmental fate of ionic liquids

Due to the wide range of applications and versatility, ionic liquids are continually being
used extensively in industry, [2] which has triggered an issue of waste management. Also,
many of these are totally synthetic novel compounds. Hence it is important to study the en‐
vironmental impact of such ionic liquids before releasing into the natural environment. Due
to their low vapour pressure, ILs can reduce the possibility of air pollution. But bearing an
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ionic nature; ILs have a notably high solubility in water [7,76,77] (except NTf2
– & PF6

–) which
is a viable and common means by which these ILs get released in nature. In order to check
the biocompatibility of ILs, toxicity, eco-toxicity and biodegradation studies have to be car‐
ried out. ILs are usually referred to as “Green” alternatives to Volatile Organic Compounds
(VOCs). Instead of the “Green” label, ILs can be categorized in the pattern of ‘Traffic Signal
Lights’ as discussed at the BATIL (Biodegradation And Toxicity of Ionic Liquids) meeting in
DECHEMA, Frankfurt, 2009 (Fig. 1.3). [78] As we start classifying ILs in three colours (Red,
Yellow and Green), we can find that most ILs are in the Red and Yellow regions, although
this information was solely based on toxicity data. For an IL to be classified more accurately
by a ‘Traffic Signal Lights’ pattern, detailed information about the toxicity, biodegradation
and ease of synthesis etc. are required. Similar classification can be applied to commonly
used organic solvents (Figure 3). [79]

Figure 3. Recommendation for data representation of toxicity of ionic liquids and commonly used organic solvents
[78,79]

3.1. Toxicity and eco(toxicity) of ionic liquids

As mentioned before, many ionic liquids are non-natural (synthetic) molecules. While a sin‐
gle toxicological test yields useful, albeit limited data, over the last decade, a large number
of publications have demonstrated a wide variety of ‘biological test systems’ for toxicity
testing of ionic liquids (Figure 4). [80,81] This includes fungi, bacteria, algae, enzymes, rat
cell line, fish, etc. Only by assessing the toxicity of IL across a broad range of organisms can
a ‘true’ understanding of how environmentally friendly the compound is?
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Stock and co-workers reported the effect of ionic liquids on acetylcholinesterase. [82] En‐
zymes are a crucial part of the human nervous system. Acetylcholinesterase is known to cat‐
alyse the hydrolysis of the neurotransmitter acetylcholine, to acetate and choline. Inhibition
of acetylcholinesterase results in muscular paralysis and other medically significant nervous
problems. Organophosphates are a major class of acetylcholinesterase inhibitors. A range of
commonly used imidazolium, pyridinium and phosphonium ionic liquids were tested in
this assay. Imidazolium and pyridinium ionic liquids showed high toxicity to acetylcholi‐
nesterase at very low concentrations, whereas phosphonium ionic liquids were non-toxic
within the test limits. This testing showed that toxicity of these ionic liquids lies in the cati‐
onic part and alkyl side chain and not in the anionic part.

Figure 4. Toxicological test battery [80]

Another important finding of this assay was that increasing the length of alkyl side chains
increase the toxicity. This can be explained as long alkyl chain increases lipophilic nature of
the ionic liquids, which can then easily incorporate within the biological membrane of nerve
cell synapses. [83] Similar trends between the toxicity and length of alkyl chain on lumines‐
cence inhibition of Vibrio fischeri and promyelocytic leukemia rat cell line IPC-81 were reported
by Ranke and co-workers. [84] Leukemia rat cell line IPC-81 was also used to observe the
cytotoxic effect of commercially available anions. [85] No significant anion effect was found
under the test system.

Bernot and co-workers demonstrated that acute toxicity of certain 1-butyl-3-methyl imidazo‐
lium ionic liquids on Daphnia Magna were mainly due to the cationic part. [86] Daphnia Ma‐
gna has been extensively used for ecotoxicological evaluation of chemicals in invertebrates.
Ionic liquids were found to influence the reproduction of Daphnia Magna. 1-Butyl-3-methyli‐
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midazolium bromide was found to be most toxic in the test system (LC50: 8.03 mg/L). This
study demonstrated that the toxicity of ionic liquids was influenced by the cation compo‐
nent, which was confirmed by high LC50 values for sodium salts of similar anions. Yu and
co-workers reported the toxicity study of 1-alkyl-3-methylimidazolium bromide ionic liq‐
uids towards the antioxidant defence system of Daphnia Magna. [87] Increasing the length of
alkyl side chain was found again to increase toxicity. Toxicity of ionic liquids in this case
was due to oxidative stress in Daphnia Magna, which was evaluated by measuring the activi‐
ty of antioxidant defence enzymes, levels of the antioxidant glutathione and malondialde‐
hyde i.e. peroxidation by-product of lipid. [C12MIM][Br] showed very high toxicity with an
LC50 of 0.05 mg/L under 48h incubation time. Samorì and co-workers reported the toxicity
effect of oxygenated alkyl side chain imidazolium ionic liquids in Daphnia Magna and Vibrio
Fischeri. [88] A direct comparison between the toxicity of 1-butyl-3-methylimidazolium tetra‐
fluoroborate ([BMIM][BF4]) and 1-methoxyethyl-3-methylimidazolium tetrafluoroborate and
dicyanamide ([MOEMIM][BF4] and [MOEMIM][N(CN)2]) proved that incorporation of oxy‐
gen functionality helps to lower the toxicity of the ionic liquids (Figure 5). The 50% effective
concentration (EC50) for [BMIM][BF4] towards the inhibition of Daphnia Magna and V. Fi‐
scheri was lower (5.18 and 300 mg/L, respectively) than for [MOEMIM][BF4] (209-222 and
3196 mg/L, respectively) and [MOEMIM][N(CN)2] (209 and 2406 mg/L, respectively).

 

N N

X

1-Methoxyethyl-3-methylimidazolium
ionic liquids

O

X = BF4, N(CN)2

 

Figure 5. Schematic of 1-methoxyethyl-3-methylimidazolium ILs towards Daphnia Magna

Gathergood and co-workers further demonstrated that imidazolium based ionic liquids
with an oxygen functionality i.e. ester and ether side chains, have reduced antimicrobial ac‐
tivity to a great extent. [89] Four Gram negative bacteria (Pseudomonas aeruginosa, Escherichia
coli, Klebsiella sp., Salmonella sp.) and three Gram positive bacteria (Staphylococcus aureus, En‐
terococcus sp., Bacillus subtilis) were screened in the assay. A range of long ether and poly
ether ester side chain imidazolium ionic liquids showed a huge reduction in the toxicity in
this test system, compared with similar number of atoms in long alkyl side chains.

In order to check the toxicity effect of ionic liquids in humans, a cytotoxicity assay with hu‐
man cell lines was designed. HeLa is one of the most extensively used cell lines in medicinal
research. HeLa is a human tumor cell line, which is a prototype of epithelium. Due to the
first contact of an organism with toxic materials, HeLa cell line has great importance. Step‐
nowski and co-workers reported the cytotoxic effect of imidazolium ionic liquids in Hela
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cell line. [90] The EC50 values of a range of 1-alkyl-3-methylimidazolium ionic liquids were
evaluated on human epithelium HeLa cells. Ionic liquids with a decyl side chain with tetra‐
fluoroborate as the anion component demonstrated high toxicity (EC50 = 0.07 mM). This was
supportive of the results with other test systems. The cytotoxicity of ionic liquids were com‐
pared with the known 50% effective concentrations (EC50 values) of traditional organic sol‐
vents such as dichloromethane (71.43 mM), phenol (42.68 mM), xylene (52.43 mM) and
ethanol (1501.43 mM). These studies revealed that the tested ionic liquids had significant
toxicity against human cell line HeLa, compared with organic solvents. Lu and co-workers
utilised this assay for testing the cytotoxicity of a large range of ionic liquids containing imi‐
dazolium, pyridinium, choline, triethylammonium and phosphonium cations with halide,
NTf2

–, and BF4
– anions. [91] In general, choline and alkyl-triethylammonium ionic liquids

were found to be less toxic than their imidazolium and pyridinium salt counterparts.

In an effort to evaluate the eco(toxicity) of ionic liquids, Yun and co-workers reported an as‐
say of freshwater microalgae Selenastrum capricornutum. [92] The bromide salts of commonly
used 1-butyl-3-methylimidazolium, 1-butyl-3-methylpyridinium, 1-butyl-1-methylpyrrolidi‐
nium, tetrabutylammonium, and tetrabutylphosphonium ILs were tested against the S. cap‐
ricornutum and compared with traditional water miscible organic solvents such as
dimethylformamide, 2-propanol and methanol. Increase in the toxicity of imidazolium and
pyridinium cations were observed with an increase in incubation time, whereas the opposite
trend was found in the case of tetrabutylammonium, and tetrabutylphosphonium ILs. The
growth inhibition of S. capricornutum was higher in ionic liquids than organic solvents. A
similar test system was applied to investigate the toxicological effect of anions. [93] Toxicity
of various anions incorporated with 1-butyl-3-methylimidazolium cation were compared
with their respective sodium and potassium salts. The anions were found to inhibit the
growth of freshwater algae S. capricornutum. The clear trend in algae toxicity was observed
as hexafluoroantimonate (SbF6

–) > hexafluorophosphate (PF6
–) > tetrafluoroborate (BF4

–) > tri‐
flate (CF3SO3

–) > octyl sulphate (OctOSO3
–) > halide (Br–, Cl–). Toxicity studies (in fish, aquat‐

ic plants/invertebrates) on anionic surfactants have shown that toxicity is dependent on a
number of factors such as alkyl chain length, solubility and stability in water. [94] As the
length of alkyl chain increases, toxicity increases until certain limits. Further increase in
chain length can decrease the hydrophilic nature of these materials, reducing bioavaibility of
compound which results in a general decrease in the toxicity. [95]

3.2. Biodegradation of ionic liquids

Ionic liquids are well known for being stable to heating and in a variety of reaction condi‐
tions. Although this is an important property in their applications, it can raise issues re‐
garding degradation and bioaccumulation when released in nature. Accumulated data on
the anti-microbial toxicity of novel ionic liquids can be used as a preliminary guideline be‐
fore  performing  the  biodegradation  tests.  The  biological  test  system  has  its  limitations,
such  as  when  reported  toxicity  data  is  only  available  for  certain  individual  organisms,
whereas  biodegradation  assays  usually  have  a  large  sample  group  of  organisms.  Also,
breakdown products/intermediates of ionic liquids can be toxic, which can be resistant to
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further degradation, which leads to the issue of bioaccummulation. Hence it is important
to perform biodegradation studies of ionic liquids. [96] Boethling and co-workers in their
review  article  “Designing  Small  Molecules  for  Biodegradability”,  gave  useful  and  general
guidelines for the design and synthesis of environmental friendly chemicals. [97] Accord‐
ing  to  their  observations,  compounds  containing  unsubstituted  alkyl  chains,  benzene
rings, oxygen functionalities such as esters, aldehydes, and carboxylic acids (potential sites
for  enzymatic  hydrolysis)  greatly increase biodegradation.  Whereas compounds contain‐
ing halogens, branched chains, heterocycles, functional groups such as nitro, nitroso and
arylamines motifs,  adversely affect  the biodegradation.  There are several  biodegradation
study  methods  approved  by  the  Organisation  for  Economic  Cooperation  and  Develop‐
ment (OECD) (See Table 1).

Test No. Name Analytical method

OECD 301 A DOC Die-Away Dissolved organic carbon

OECD 301 B CO2 evolution CO2 evolution

OECD 301 C
MITI (Ministry of International Trade and Industry,

Japan)
Oxygen consumption

OECD 301 D Closed bottle Dissolved oxygen

OECD 301 E Modified OECD screening Dissolved organic carbon

OECD 301 F Manometric respirometry Oxygen consumption

ISO 14593 CO2 headspace test CO2 evolution

OECD 309 OECD 309 14C labelling

ASTM 5988 ASTM 5988
CO2 production / Biochemical oxygen

demand

Table 1. Biodegradation methods in use

Data collected from all of the tests mentioned in Table 1 can be catagorised according to
OECD guidelines as - (a) Ultimate biodegradation: Denotes complete degradation/utilisation
of a test compound to produce carbon dioxide (CO2), water, biomass and inorganic substan‐
ces. Such biodegradation can achieved due to the mineralisation by microorganisms. This is
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one of the significant characteristics, before classed as a ‘biocompatible’ compound. (b)
Readily biodegradable: These are positive results showing rapid ultimate degradation of the
test compound under aerobic conditions in stringent screening tests. Both mineralisation
and elimination/alteration (abiotic process such as hydrolysis, oxidation and photolysis) of
the test substance can be observed. (c) Primary biodegradation: An elimination or alteration
of the test sample by microorganisms, in order to lose its specific properties. [98]

Gathergood and Scammells reported the synthesis of ester and amide functionalised side
chain imidazolium ionic  liquids  [99]  according to  the  guidelines  outlined by Dr.  Boeth‐
ling. [100] All of the novel alkyl ester and amide side chain methylimidazolium ionic liq‐
uids were subjected to biodegradation studies. A biodegradation study of bromide salts of
these ionic liquids along with commonly used [BMIM][BF4] and [BMIM][PF6] ILs was car‐
ried out under the ‘Closed Bottle Test’ (OECD 301D) [101] although none of the tested
ionic liquids passed the minimum 60% biodegradation threshold in order to be classified
as ‘readily biodegradable’.  However, [BMIM][BF4] and [BMIM][PF6] did not show biode‐
gradation  in  the  test  system.  Ester  functionalised  side  chain  ionic  liquids  demonstrated
improved biodegradation. Increasing the length of the ester side chain increased the bio‐
degradation, for example a methyl ester derivative showed 17% biodegradation, whereas
biodegradation of an octyl ester derivative was 32% after 28 days. Another important ob‐
servation was that amide side chain ionic liquids showed very negligible biodegradation.
The effect of different anion on the rate of biodegradation was tested under the same test
system. A range of 1-butyl-3-methylimidazolium and ester functionalised 3-methyl-1-(pro‐
poxycarbonylmethyl)-imidazolium ionic liquids were prepared with different anions such
as Br–,  BF4

–,  PF6
–,  NTf2

–,  N(CN)2
– and OctOSO3

–.  BMIM+ based ionic liquids showed poor
biodegradation, except with an octyl sulphate as anion. The biodegradation of 3-methyl-1-
(propoxycarbonylmethyl)-imidazolium ionic liquid was increased from 19% with bromide
anion to 49% with octyl sulphate anion after 28 days. Gathergood and co-workers further
demonstrated that incorporation of ether and polyether linkages along with ester function‐
ality in the side chain can increase biodegradation to a great extent. [89] The biodegrada‐
tion  of  a  large  range  of  ether  and  polyether  ester  side  chain  methylimidazolium  ionic
liquids were studied using the CO2 Headspace test. Octyl sulphate salts of 1-methylimida‐
zolium ionic liquids with propoxyethoxy and butoxyethoxy esters were found to be readi‐
ly biodegradable (> 60% biodegradation in 28 days).

Docherty and co-workers reported biodegradation studies of imidazolium and pyridinium
based ionic liquids by OECD dissolved organic carbon Die-Away test.  The test was car‐
ried out with the activated sludge microorganisms from wastewater treatment plant. [102]
Denaturing gradient gel electrophoresis (DGGE) was also used to investigate the microbi‐
al community profile.  The results showed that the tested pyridinium based ionic liquids
has better biodegradability than the corresponding imidazolium salts. Octyl-3-methyl-pyri‐
dinium bromide was found to be readily biodegradable with complete degradation within
15-25  days  of  incubation,  whereas  hexyl-3-methyl-pyridinium  bromide  was  degraded
within 40-50 days.  Such complete biodegradation was further supported by the work of
Stolte and co-workers in their investigation of the primary biodegradation of a variety of
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ionic liquids by the modified OECD 301 D test. [103] A range of 1-alkyl-3-methylimidazo‐
lium, 1-alkylpyridinium and 4-(dimethylamino)pyridinium halide salts were screened un‐
der the test system. The biodegradation products were identified by HPLC-MS analysis. 1-
Octyl-3-methylimidazolium chloride gave a result of 100% primary biodegradation within
31  days.  The  stepwise  degradation  by  two  possible  metabolic  pathways  was  predicted
based on HPLC-MS analysis.  This predicted breakdown pathway was due to enzymatic
oxidation of the terminal carbon.

Scammells and co-workers also reported biodegradation of ester functionalised pyridinium
ionic liquids using the CO2 Headspace test (ISO 14593). [104] Pyridinium ionic liquids with
alkyl and ester side chains, along with ester derivatives of nicotinic acid with alkyl side
chain were tested under aerobic conditions. The halide salts of pyridinium ionic liquids with
alkyl side chain (C4, C10 and C16) showed poor biodegradation, whereas it was improved up
to a max. of 45% after 28 days by the use of octyl sulfate anion. Switching from alkyl chain to
ester side chain in pyridinium ILs increased the biodegradation dramatically. Such substitu‐
tion made them readily biodegradable, independent of the chosen anionic component. Bro‐
mide, hexafluorophosphate and octyl sulfate showed a high level of biodegradability (85%
to 90%), whereas NTf2

– gave 64% biodegradation after 28 days. Ionic liquids derived from
the nicotinic acid ester derivative i.e. ester group at 3-position of the pyridine ring were
found to be readily biodegradable even with methyl or butyl side chain. Amide side chain
derivatives showed low biodegradability, even with using octyl sulfate as the anion (30% bi‐
odegradation after 28 days). Scammells and co-workers further studied the effect of the in‐
corporation of ester, ether and hydroxyl side chain in phosphonium based ionic liquids.
[105] All phosphonium ionic liquids showed poor biodegradation independent of ester,
ether and hydroxyl side chains and anions in CO2 Headspace test. Only heptyl ester side
chain ionic liquid with octyl sulfate anion showed highest 30% biodegradation after 28 days.

Most of the ionic liquids prepared are not ‘readily biodegradable’; however, several struc‐
tural modifications have shown a positive improvement in the biodegradability of ionic liq‐
uids. [96,106] Striving towards compounds with ‘Ultimate biodegradation’ is preferred over
‘readily biodegradable’ examples and is a major research area. Hence it is important to
study the biodegradation pathways of ionic liquids along with kinetics and metabolite stud‐
ies to assist the ‘benign by design’ approach.

3.3. Guidelines for designing ‘Green’ ionic liquid catalysts/solvents

From the literature, the following observations were made and are summarised in Figure 6:

• Linear alkyl chains in general can increase biodegradation compared to branched hydro‐
carbon chains.

• Oxygen containing functionalities, such as ester and hydroxyl groups in the side chain of
imidazolium cation, not only reduces microbial toxicity but also increases rate of biode‐
gradation. This is, however, not effective in phosphonium based ionic liquids.

• Ether substitution reduces bactericidal toxicity.
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• Ester substitutions at 1 and 3 position of pyridinium cation can improve biodegradation.
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Figure 6. Guidelines for designing 'Green' ionic liquids (left, Gathergood and Scammells; right Scammells)

4. Green chemistry metrics

To achieve ‘Green’ synthesis of any chemical, the ‘12 Principles of Green Chemistry’ given by
Anastas and Warner serves as the most useful set of guidelines and gives us the important
message that ‘Prevention is better than cure’. [107] These principles suggest not only to con‐
sider toxicity and biodegradation, but also to measure the ‘greenness’ of the chemical proc‐
ess. To evaluate the ‘greenness’ of any process, a number of factors associated with the
chemical process has to studied. Green Chemistry metrics can help to measure the efficiency
and ‘greenness’ of the chemical process. There are several well established methods to deter‐
mine the sustainability of a chemical process under areas such as the economical, technical
and social effects of such processes. Economical methods mainly consist of profit related
analysis, whereas technical methods analyses quality, productivity and related issues. Social
methods concern the society and environmental aspect of the chemical process. [108] Porte‐
ous has shown that it is easy to correlate Green Chemistry metrics with the “12 Principles of
Green chemistry”. [109] There are several metrics available to measure efficiency, use of en‐
ergy and resources, toxicity, biodegradation, safety and life cycle impact of the chemical
process, which are closely related to the 12 Principles.

The  Environmental  (E)  factor  is  one  of  the  most  widely  used  and efficient  methods  to
measure the amount of waste generated in the process. [110] This is also known as Shel‐
don’s E-factor.

E factor=
Total mass of waste (kg)

Mass of product (kg)

E-factor calculations is one of the important methods to calculate the waste associated with
the process, which includes all unwanted side products, reagents, solvents and energy. Wa‐
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ter used in the process is usually excluded from the calculations. The higher the E-factor val‐
ue, the higher the waste generated which has an adverse effect on environment.
Economically this adds on to the profit and the cost of disposal. Many modifications on the
measurement of E-factor were adopted in industry. GlaxoSmithKline (GSK) has introduced
a concept of ‘Mass Intensity’ based on Sheldon’s E-factor. [111]

Mass Intensity=
Mass all materials used (excluding water)

Mass of product

Mass Intensity measures the amount of reagents, solvents and workup reagents used in the
process. Hence it takes an account of product yields and stoichiometry of the reagents. In
order to measure the synthetic efficiency of the process, the “Atom Economy” concept was
found to be useful. Atom economy in chemical reactions is one of the 12 Principles of Green
Chemistry, which gives indications as to the overall efficiency of a chemical reaction. [112]

Atom Economy=
Molecular weight of desired product

Molecular weight of all products / reactants  X 100%

Although this is an important concept, which suggests to minimise the waste. It does not
consider the actual mass, yield, solvents and other reagents used in the process. Reaction
mass efficiency (RME) has overcome these drawbacks. [111] Reaction mass efficiency con‐
siders actual mass of reactants and product. This is one of the commonly used metrics to
evaluate the efficiency of the chemical process.

Reaction Mass Efficiency=
Mass of product

Mass of all reactants  X 100%

Apart from these, real time analysis is also important to analyse the chemical process. Real
time analysis is again one of the “12 Principles of Green Chemistry”, which enables the
chemist to identify the formation of waste along the process. A number of analytical techni‐
ques such as HPLC, GC, NMR, FT-IR, and sensors etc. were already found to be useful in
real time analysis. It’s also important to determine the robustness of the process, which will
allow preparing chemicals on a large scale. The measurement of toxicity and biodegradation
are also important metrics to evaluate ‘greenness’ of the chemical products.

5. Case study

In order to design and synthesise ‘Green’ ionic liquid catalysts, guidelines prepared from
toxicity and biodegradation studies can be helpful. Novel ionic liquids have been extensive‐
ly prepared and used in organic synthetic applications, but only few research groups have
published complementary toxicity and biodegradation data to support its environmental
impact. [69,104,113]

Connon and co-workers reported an application of pyridinium salts as an effective cata‐
lyst in acetalisation reactions. [114-116] Ester group substitution at either the 3 or both 3
and 5 positions of the pyridinium ring displayed excellent catalytic activity with very low
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catalyst loading in the acetalisation of benzaldehyde with methanol. The remarkable fea‐
ture of the catalyst was that it is not acidic in nature, but can act as a Brønsted acid in the
presence of protic media. The highest catalytic activity pyridinium salts, 3,5-bis(ethoxycar‐
bonyl)-1-(phenylmethyl) bromide, showed excellent catalytic activity in the protection of a
variety of aldehydes with methanol. The catalyst was also found to be useful in diol and
dithiol protections (Scheme 14).  Catalytic activity of the catalyst was predicted based on
anticipated nucleophilic attack of the alcohol to the pyridinium to generate the Brønsted
acidic active species.
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Scheme 14. Acetalisation of benzaldehyde with methanol catalysed by pyridinium IL

On the basis of previous findings, Gathergood, Connon and co-workers reported the de‐
sign, synthesis and application of imidazolium ionic liquid catalysts in acetalisation reac‐
tions.  [113]  A  range  of  ester  and  amide  side  chain  imidazolium  ionic  liquids  was
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prepared. The catalytic activity of all of these imidazolium salts was evaluated in the ace‐
talisation of benzaldehyde in methanol (Scheme 15). The absence of catalyst resulted in no
formation of the corresponding acetal after 24 hours. All of the imidazolium bromide salts
showed poor catalytic activity independent of ester or amide side chain (9 to 13% conver‐
sions).  When switched to the NTf2 anion, reaction conversions in amide side chain ionic
liquids were increased marginally. Whereas ester side chain ionic liquids with NTf2 anion
gave 51% conversion.  A tetrafluoroborate  salt  of  a  methyl  ester  side chain imidazolium
ionic liquid gave high (85%) conversion towards required product. Hexafluorophosphate
and octyl sulfate anions performed poorly in this reaction. The anion exchange from bro‐
mide  to  tetrafluoroborate  had  greatly  influenced  the  acetalisation  reaction  of  benzalde‐
hyde with methanol, which gave 85% conversion.
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Scheme 15. Acetalisation of benzaldehyde using imidazolium IL as a catalyst. Biodegradation data for IL/Catalyst (ISO
14593) included.

The ionic liquid did not appear to have an acidic nature, but in the presence of a protic
medium was proposed to generate a Brønsted acid species to catalyse the acetalisation re‐
action.  (Figure  7)  The  most  active  catalyst  with  tetrafluoroborate  anion  was  further  ex‐
ploited  in  the  acetalisation  reactions  of  a  variety  of  aldehydes  with  methanol  at  room
temperature.  These  reactions  showed good to  excellent  conversions  with  5-10% catalyst
loading.  When  saturated  aldehyde  such  as  3-phenylpropanal  reacted  with  deuterated
methanol in presence of 1 mol% catalyst, the reaction gave quantitative conversion in only
1 minute. Diol and dithiol protection of benzaldehyde showed very good results. The BF4

catalyst promoted protection of benzaldehyde with 1,2-ethanedithiol gave 92% conversion,
whereas 1,3-propanedithiol and 1,3-propanediol gave 65% and 86% conversion respective‐
ly. Recyclability of the most active BF4 anion catalyst was performed on the 1,3-dithiolane
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protection of benzaldehyde. The catalyst was recycled and reused 15 times without signif‐
icant loss of activity.
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Figure 7. Proposed mode of action of catalytic aprotic imidazolium ions

Biodegradation studies of pyridinium-based ILs have shown that esters substitution at ei‐
ther the 1 or 3-position have a beneficial effect on degradation of the heterocyclic core, in‐
dependent  of  the  anion.  [104]  Also biodegradation studies  in  the  literature  have shown
that only the side chain of  the imidazolium ionic liquids undergo degradation,  whereas
imidazole core was found to persist in most of the OECD tests. [103]

Biodegradation studies of ester and amide side chain ionic liquids along with substituted
imidazolium salts was also carried out by using the “CO2 Headspace” test (ISO 14593)
(Scheme 14, 15). [113, 117] All imidazolium ionic liquids prepared failed to pass the mini‐
mum 60% biodegradation threshold value in order to be classified as ‘readily biodegrada‐
ble’. Ester functionalised ionic liquids displayed higher biodegradation levels than amide
functionalised ionic liquids in 28 days. The first generation imidazolium ionic liquid cata‐
lysts showed 10% to 14% biodegradation for methyl ester side chain ionic liquids, where as
maximum 3% biodegradation was observed in amide side chain ionic liquids after 28 days.

The toxicity of all ionic liquids was tested in an environmental and medicinally significant
microbial assay including 12 fungal and 8 bacterial strains. [113,118] In vitro antifungal activ‐
ities of the compounds were evaluated on a panel of four ATCC strains (Candida albicans
ATCC 44859, Candida albicans ATCC 90028, Candida parapsilosis ATCC 22019, Candida krusei
ATCC 6258) and eight clinical isolates of yeasts (Candida krusei E28, Candida tropicalis 156,
Candida glabrata 20/I, Candida lusitaniae 2446/I, Trichosporon asahii 1188) and filamentous fungi
(Aspergillus fumigatus 231, Absidia corymbifera 272, Trichophyton mentagrophytes 445). Whereas
In vitro antibacterial activities of the compounds were evaluated on a panel of three ATCC
strains (Staphylococcus aureus ATCC 6538, Escherichia coli ATCC 8739, Pseudomonas aeruginosa
ATCC 9027) and five clinical isolates (Staphylococcus aureus MRSA HK5996/08, Staphylococcus
epidermidis HK6966/08, Enterococcus sp. HK14365/08, Klebsiella pneumoniae HK11750/08, Kleb‐
siella pneumoniae ESBL HK14368/08). All ester and amide side chain ionic liquids shown in
Scheme 15 were non-toxic up to the 2000 μM concentration. This is less toxic than values re‐
ported for antimicrobial QAC (IC95 >10 μM). [80,81]

In order to evaluate the ‘greenness’ of the synthesis of ionic liquid catalysts, Gathergood and
Connon have also applied some important Green Chemistry metrics (Section 4), such as -
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• Sheldon E-factor

• GSK Reaction Mass Efficiency,

• Andraos Reaction Mass Efficiency

• Atom economy

• 1 / stoichiom. factor (excess reagents)

These metrics assisted improvements in the synthetic process, by reducing amount of sol‐
vents in the work-up and purification procedure, reduce number of steps to make required
compounds. For example, as the synthesis of tetrafluoroborate ionic liquids involves prepa‐
ration of halide salts followed by anion exchange metathesis. In an effort to reduce the num‐
ber of steps and amount of reagents and solvents in the synthesis, alkyl imidazoles were
directly reacted to Meerwein’s salt i.e. trimethyloxonium tetrafluoroborate to give tetrafluor‐
oborate ionic liquids in excellent yield. (For full analysis see ref. 117) Hence Green Chemis‐
try metrics assessment is important to achieve green synthesis.

6. Conclusion

In this chapter we have demonstrated that ionic liquids have great potential and versatility
in organic synthesis, with the dualistic ability to act as a solvent and as a catalyst. Ionic liq‐
uids were found to be possible replacements over traditional volatile organic solvents. Such
ionic liquid solvents were found to be useful in transition metal catalysed reactions. They
not only enabled catalyst immobilisation, but also increased recyclability of expensive tran‐
sition metal catalysts. Ease of product separation and their stability against a variety of re‐
agents has proved their important characteristics. We have seen that modification in the
cationic part of the ionic liquids, according to the requirements of the aforementioned reac‐
tions, enabled them to act as organocatalysts or ligands for transition metal catalysts. These
ionic liquid catalysts have shown comparative catalytic activity against known organocata‐
lysts but such materials had a distinct advantage in that the ionic liquids could be recycled,
with no discernible loss of activity. In order to increase recyclability, ionic liquid catalysts/
ligands were grafted onto a solid/ polymer support. These modifications helped to separate
ionic liquid catalysts from the reaction mixture.

We have also illustrated the efforts attempted by the scientific community to evaluate the
‘greenness’ of ionic liquids, by using toxicity and biodegradation methods. The majority of
ionic liquids are non-natural molecules, hence it’s important to check their biocompatibility.
Toxicity studies can serve as a “first post” primary evaluation of biodegradation. A variety
of test systems including fungi, bacteria, algae, enzymes, rat cell line, human cell line and
fish etc. were implemented to check the toxicity of ionic liquids. Most of these test systems
have shown that toxicity of the ionic liquids comes from the cationic component. Important
observations from such test systems also included that (a) long alkyl chains increase the tox‐
icity with increase in the length of hydrocarbons and (b) incorporation of oxygen functional‐
ities (ether, ester, and hydroxyl etc.) reduces the toxicity.
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A number of Organisation for Economic Cooperation and Development (OECD) tests were
found to be useful in the estimation of biodegradation. These tests mainly involve calcula‐
tion of CO2 evolution and oxygen consumed. These tests showed that most of the 1,3-dialkyl
imidazolium ionic liquids are non-biodegradable, in most of the test systems. Although the
alkyl side chain can undergo degradation, the imidazole core can still persist during biode‐
gradation studies. Introduction of oxygen functionality such as ether / ester, either in the
side chain of the imidazolium cation or at the C1 or C3 position of the pyridinium cation,
were found to increase the rate of biodegradation.

In the case study, we have demonstrated the schematic approach towards the design and
synthesis of ionic liquid catalysts for acetalisation reactions and evaluation of the biocom‐
patibility of such catalysts, by using toxicity and biodegradation methods. According to the
guidelines laid by the toxicity and biodegradation testing, ionic liquid catalysts were de‐
signed and prepared. Such ester and amide side chain imidazolium catalysts were found to
be useful in acetalisation and thioacetalisation reactions. These catalysts have shown low
toxicity against a variety of fungal and bacterial strains, but poor biodegradability in the
“CO2 Headspace Test”. Further modifications in the cationic part are underway with the
goal of increasing biodegradation and catalytic activity. Although biodegradation was not
improved by such modifications, the catalytic activity was modified and increased to a great
extent. Green Chemistry metrics had given useful information about the ‘greenness’ of the
synthetic route. Which allowed to modify the process by reducing the number of steps,
amount of solvents, etc. This case study was a clear example of the importance, in the design
of organocatalysts, of what the potential environmental impact of such compounds might
be, and why it is important to understand that a truly “green” catalyst needs to possess a
balance of both activity and eco-friendliness.
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1. Introduction

Ionic liquids are salts in a liquid state, combinations of cations and anions that are liquid at
temperatures below 100 oC. Thus, they have been called Room-Temperature Ionic Liquids
(RTILs, or just ILs) in order to differentiate them from traditional salts, which melt at much
higher temperatures and receive the name of “molten salts”. In contrast to conventional or‐
ganic solvents, ILs usually have extremely low volatility. Indeed, vapor pressures for ILs are
scarce in the literature exactly because they are extremely low (< 1 Pa) and have to be ob‐
tained at high temperatures (400-500 K) [1]. For this ”negligible” vapor pressure, ILs are of‐
ten said to be “green“ solvents when compared to traditional, environmentally harmful
volatile organic compounds (VOCs). A big goal in the use of ILs in enzymatic reactions is
the replacement of VOCs by ILs. In addition, ILs have other potential advantageous proper‐
ties such as reasonable thermal stability; ability to dissolve a wide range of organic, inorgan‐
ic and organometallic compounds; controlled miscibility with organic solvents (which is
relevant for applications in biphasic systems) among others. All these properties make them
very attractive non-aqueous solvents for biocatalysis. As they have been extensively descri‐
bed, ILs offer new possibilities for the application of solvent engineering to enzymatic reac‐
tions. Biocatalysis with ILs as reaction medium was first showed in the beginning of 2000
[2-4]. During the last decade, ILs have fast increased their attention as reaction media for en‐
zymes with some remarkable results [2-4]. The advantage of using ILs in enzymatic biocatal‐
ysis, as compared to VOCs, is the enhancement in the solubility of substrates or products
without inactivation of the enzymes, high conversion rates and high activity and stability
[5]. ILs are also being used as co-solvents in aqueous biocatalytic reactions, since ILs help to
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dissolve nonpolar substrates, while avoiding enzyme inactivation like water-miscible organ‐
ic solvents, as DMSO or acetonitrile, often do [6].

Another mentioned characteristic of ILs is the possibility of obtaining the desired physico-
chemical properties by selecting combinations of cations and anions (“tunability”), which
makes them “designer solvents”. For example, ILs can be produced to be water-miscible,
partially miscible or totally immiscible, and can also be synthesized with different viscosi‐
ties. These interesting properties make them a very important reaction media for enzyme
stabilization and reaction. The use of organic solvents in bioprocess presents a number of
further problems. The main concerns are the toxicity of the organic solvents to both the
process operators and the environment (eco-toxicity), and also the volatile and flammable
nature of these solvents, which make them a potential explosion hazard [7]. Thus, ILs have
emerged as a potential replacement for organic solvents in biocatalytic processes at both lab‐
oratory and industrial scale. The negligible vapor pressure means that they emit no volatile
compounds, and also introduces the additional possibility of removal of products by distil‐
lation without further contamination by the solvent. It also facilitates the recycling of ILs,
decreasing operation costs. All these properties make ILs very important for the stabilization
and activation of enzymes; therefore, numerous enzymatic reactions have been investigated
in different types of ILs as will be shown in the next sections. Several topics about biocataly‐
sis in ILs will be reviewed: their effect on the activity and stability of enzymes, toxicity of
ILs, new generation of ILs and methods to stabilize enzymes will be discussed.

2. Enzymatic activity and stability in ionic liquids

The most important criteria for selecting an enzyme-IL system are the activity and stability
of the enzyme within the reaction medium. ILs have been reported to be an appropriated
medium to increase the stability and activity of enzymes, as opposed to common organic
solvents [8-11]. However, depending on the enzyme nature, the IL can be or not suitable for
the reaction [12].

2.1. Lipases

Lipases, and Candida Antarctica Lipase B (CALB) in particular, are the most studied enzymes
in ILs. Most of these reactions in ILs are carried out with, no or low content of water as co-
solvent. Therefore, hydrophobic ILs are used and the enzyme activity and stability is de‐
pendent on the IL. Several studies in the literature show that enzymes, majority lipases,
exhibit greater stability in pure ILs than in traditional organic solvents [13, 14]. A review of
Zhao 2005 [15] shows that ILs with larger cations are better for enzyme activity than smaller
cations. The reasons for that are the longer hydrophobic alkyl chains in the cation presents
less tendency to take away the essential water molecules from the enzyme. In fact, one of the
most interest conclusions of Zhao is that hydrophobic ILs maintain lipase activity and stabil‐
ity better than hydrophilic ILs, as the latter will take water molecules away from enzyme
structure. According to Diego et al. [16] the enzyme stabilization by water immiscible ILs
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(such as [(CF3SO2)2N]− types) can be explained by a more compact enzyme conformation/
confinement formed from the evolution of α-helix to β-sheet secondary structure of the en‐
zyme. On the other hand, hydrophobic ILs may decrease the stability and activity of the en‐
zyme due to: (1) the interaction with the substrates or products, as organic solvents [17]; (2)
interaction by electrostatic forces [18] and (3) removing essential water molecules from the
enzyme [17]. Lau et al. [19] observed that enzyme activity in ILs was related with the confor‐
mation of enzyme; the hydrogen bonding could be the key to understanding the interactions
of enzymes and ILs. Another work of Lozano et al. [20] showed that lipase and α-chymo‐
trypsin were strongly stabilized in two ILs ([btma][NTf2] and [emim][NTf2]) due to the
maintenance of the native structure of the enzymes, as observed by both fluorescence and
circular dichroism spectroscopy.

2.2. Cellulases

ILs are also used in the pretreatment of cellulose hydrolysis by cellulase for production of
biofuels and other products. However, cellulases can be inactivated in the presence of ILs,
even when present at low concentrations. In order to explore these ILs abilities, it is impor‐
tant to find a compatible cellulose-IL system [10]. The IL must solubilize the lignocellulosic
biomass and at the same time, keep the enzyme active. It was shown that pretreatment of
cellulose with ILs such as [bmim][Cl], [mmim][Cl], and [HEMA] resulted in faster conver‐
sion to glucose and thermostability than hydrolysis with cellulose that was not pretreated
[22, 23]. A similar behavior was found for cellulases from different sources with imidazoli‐
um-based ILs, which enhanced the enzyme and thermal stability [24]. The stability of cellu‐
lases from Penicillium janthinellum mutants was evaluated in 10-50% (v/v) of [bmim][Cl] and
the enzymes were significantly stable in 10% (v/v) of IL [25]. Another work investigated the
stability and activity of commercial cellulases in aqueous solutions of 1-ethyl-3-methylimi‐
dazolium acetate [emim][OAc]. Cellulases retained 77% of their original activity in 15% and
20% (w/v) of IL and presented an avicel (a model substrate for cellulose) conversion efficien‐
cy of 91% [26].

2.3. Oxidoreductases

Several oxidoreductases, such as laccase, peroxidase, chloroperoxidase, D-amino acid oxi‐
dase and alcohol dehydrogenases, have been reported as active enzymes in aqueous solu‐
tion with ILs [27]. When compared to organic solvents, these enzymes are more active and
stable in the presence of ILs [27].

Laccases and peroxidases are the most effective enzymes capable to catalyze the degrada‐
tion of phenolic compounds. Phenolics such as hydroquinone, catechols, guaiacol, and 2,6-
dimethoxyphenol are good substrates for these enzymes in either aqueous and non-aqueous
media. Recent reports have been addressing the activity and stability of both enzymes in ILs
[6, 28-31]. For example, laccase activity and stability was well maintained in the presence of
several imidazolium-based ILs [31] such as [C4mim][Cl], [emim][MDEGSO4], [emim][EtSO4]
and [emim][MeSO3] [6], but are inactivated in the presence of [C10mim][Cl] [29]. Peroxidase

New Generations of Ionic Liquids Applied to Enzymatic Biocatalysis 539



was also described to mantain its activitiy and stability in imidazolium-based ILs for con‐
centrations up to 25 % v/v [30].

Alcohol dehydrogenases are enzymes that catalyze the reduction of ketones. Due to the vast
field of aplication of alcohol dehydrogenases, the study of this enzyme in ILs is promising.
A recent work presented the effect of 10 different ILs (with either imidazolium or ammoni‐
um cations) on the enzyme stability. Improved storage stabilities and improved enzyme ac‐
tivities were found in the most promising, ammonium-based, AMMOENGTM 101 IL [32].
Later, the same group [33] proved the feasibility of continuous production using the previ‐
ously recommended IL, combined with product separation using a membrane bioreactor
(the so-called process integration). Hussain and co-workers [34] showed that the use of 10%
(v/v) [bmp][NTf2] facilitated the conversion of ketone to the chiral alcohol. Dabirmanesh et
al. [21], showed the influence of different imidazolium based ILs on the structure and stabili‐
ty of alcohol dehydrogenase and the results exhibited that the ILs could affected the enzyme
stability, but not the tertiary structure, suggesting that the enzyme was reversibly inhibited.

There are only few reports investigating the enzyme activity of D-amino acid oxidase in ILs.
This enzyme catalyzes the deamination of various d-amino acids into imino acids. The activ‐
ity and stability of free and immobilized d-amino acid oxidase in five imidazolium ILs were
evaluated, and the most promising ILs were [bmim][BF4] and [mmim][MMPO4]. Total con‐
version of substrate in presence of 20% [mmim][MMPO4] was obtained [35].

3. Factors affecting enzymes in ionic liquids

The section before showed the stabilization and activation of enzymes in ILs. However, it is
also very important to understand the factors affecting the enzymes activity and stability in
IL media. It has been reported that enzyme reactions in ILs can be affected by several factors
such as the water activity, pH, excipients and impurities [36]. Several properties of ILs have
also been related to the activity and stability of enzymes. The most important include: polar‐
ity, hydrogen-bonding capacity, viscosity, kosmotropicity/chaotropicity and hydrophobici‐
ty, among others. It is clear from this set of properties that the type and strength of
interactions ILs can establish with enzyme molecules will certainly influence their 3D struc‐
ture. Such influence may produce or not changes in enzyme activity.

A few works have related the ILs polarity with the activity of enzymes. Lozano and co-
workers [37] observed that in less polar IL, lower activities of α-chymotrypsin were ob‐
tained. The same behavior was obtained for lipase, the enzyme activity increased with the
increase in IL polarity during the acetylation of racemic 1-phenylethanol with vinyl acetate
[38] and for the synthesis of methylglucose fatty acid esters [39].

The negative effect of hydrogen-bonding on the enzyme activity in the presence of ILs can
be associated with the anions effect and their action as hydrogen-bonding acceptors for the
protein (lipase) [40]. Another work suggested a similar reasoning for the effect of anions: the
decrease of lipase activity in [bmim][lactate] was caused by secondary structure changes of
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the protein, due to hydrogen-bonding interactions between lactate anions and peptide
chains [19]. However, due to the limited number of ILs and enzymes investigated, deeper
studies are required for a better understanding of this interaction.

As the majority of ILs are viscous fluids, the mass transfer limitations should be considered
when the reaction is rapid and the IL is relatively viscous. Many enzymatic reactions in pure
ILs can be heterogeneous due to the low solubility of the enzymes in ILs. Some studies have
reported that the activity of enzymes is dependent on the IL viscosity: Bose et al. [23] attrib‐
uted the lower activity of cellulase to the high IL ([HEMA]) viscosity. Lozano et al. [37] indi‐
cated that the activity of α-chymotrypsin was dependent on the IL viscosity, and thus higher
enzyme activities were observed in less viscous ILs. On the other hand, the work of Zhao et
al. [41] suggested that IL viscosity was not directly related to the lipase activity, but mass
transfer limitations. The high viscosity may reduce the reaction rate, however the IL struc‐
ture was responsible for lipase stabilization. So the author concludes that IL viscosity could
influence the enzymatic reaction rates, however it is not the principal factor for the enzyme
stabilization. Basso et al. [42] suggested that in the reactions for amide synthesis by immobi‐
lized penicillin G amidase, the high viscosities of the ILs did not affect the initial rates. Con‐
cluding, the effect of IL viscosity can affect the reaction rate, but this behavior is not the
same for all enzymatic reactions in ILs, specially when reaction rates are measured in equili‐
brium instead of kinetics [42].

The kosmotropicity/chaotropicity (Hofmeister series) is related with the effect of water
structure (and thus, protein salting in/out). There are reports in the literature that try to cor‐
relate the ion kosmotropicity with the enzyme behavior in aqueous solutions of ILs [43-48].
The reviews by Zhao et al. [15] and by Yang [49] discuss the probable mechanisms of Hof‐
meister effects of ILs. Kosmotropic anions (PO4

3-, CO3
2-, SO4

2-, …) and chaotropic cations (Cs
+, Rb+, K+, NH4+, …) stabilize enzymes, while chaotropic anions (NO3

-, I-, BF4
-, PF6

-,...) and
kosmotropic cations ((C4H9)N+, (C3H7)4N+, (C2H5)4N+,…) destabilize it [15].

Attending to the solubility of ILs in water, they can be divided into hydrophobic (water im‐
miscible) and hydrophilic (water miscible). Most often, water miscibility depends on the ILs
anions rather than the cations [50]. The hydrophobicity in ILs is generally determined by the
log P scale, based on the partition coefficient of ILs between 1-octanol and water [51]. The
stablility of enzymes can also be related to the log P. Usually, enzymes are more stable in
solvents with a larger log P (>3) [106]. Many works from literature have reported that for
lipases, activity increases with the increase in the IL hydrophobicity [13, 51-55]. Neverthe‐
less, this conclusion is in contradiction with the polarity effect mentioned at the beggining of
the section (more polar ILs promote enzyme stability). In our opinion, the vast pool of ILs
and enzymes, and the large differences in their chemical structure, make it very difficult to
extract general trends and conclusions. Just as an example, several authors [37] have proved
that hydrophobic ILs (thus, less polar) maintain better immobilized lipase activity in the
pure IL (low water content). At the same time, our group has shown that laccase and peroxi‐
dase activities are best maintained in more polar (less hydrophobic, more hydrophilic) ILs,
when used in aqueous solutions [6; 29]. Both statements are correct, because the reaction
conditions are completely different: very low water content in the former study, and water
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excess in the latter. Thus, the IL affinity for water will be dramatic at low water content, but
not when there is plenty of water.

4. Green aspects of ionic liquids

The interest in the development of biocatalytic processes in ILs media is desired to obtain
green technologies and unconventional properties to replace organic solvents (namely
VOCs). ILs appear free of many problems associated with the use of VOCs due to their non-
volatility, non-flammable character and both high thermal and chemical stability. However,
the use of certain ILs raises some concerns regarding environmental impact, attending to
their potential toxicity and biodegradability. As the use of ILs has been increasing in differ‐
ent fields from biology to electrochemistry, the assessment of their environmental, health
and safety impact is highly required. In recent years, environmental aspects related to ILs
have been strongly addressed, stating that many ILs commonly used cannot be regarded as
‘green solvents’. In general, ILs used in biocatalysis have not been designed for biocompati‐
bility and harmless. There are some recent reports showing that the ecotoxicity of alkylme‐
thylimidazolium cations (the most used in biocatalysis) is undesirable, and ecotoxicity
increases with the length of alkyl chains in cation [56-58]. Thus, for future applications it is
necessary to improve the green aspects of ILs. These improvements are currently going on.
The best examples are the choline-derived cations (which are based on food grade choline
chloride) or imidazolium derivatives designed for biodegradability (e.g., adding ether
groups in the alkyl side chains) [59], and ILs based on amino acids [60-61]. It is expected that
much improved and green ILs will become available soon. Currently, three different genera‐
tions of ILs can be identified, as described below.

4.1. First generation of ionic liquids

The first IL known was ethylammonium nitrate, reported in 1914 by Walden [62], but at‐
tracted little interest. The first generation of ILs with widespread utilization was mainly
composed of cations like dialkylimidazolium and alkylpyridinium derivatives, and anions
like chloroaluminate and other metal halides which have been described as toxic and non-
biodegradable [57]. The most common anions are chloroaluminate or other metal halide
anions that react with water and thus are not suitable for biotransformations. This genera‐
tion of ILs was also oxygen-sensitive [63] and can only be handled under inert-gas atmos‐
phere due to the hygroscopic nature of AlCl3 [64]. In the 1980s, Wilkes et al. started the
extensive research on first generation ILs [65]. However, due to these limitations, the prog‐
ress in their use was limited. For this reason, research was directed towards the synthesis of
air- and water-stable ILs, the second generation of ILs.
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4.2. Second generation of ionic liquids

After one decade the second generation of ILs [66] appeared. The water- and oxygen-reac‐
tive anions were replaced by halides (Cl-, Br-, I-) or anions such as BF4

-, PF6
- and C6H5CO2,

which are stable to water and air. Cations such as dialkylimidazolium or alkylpyridinium
were maintained, and ammonium and phosphonium were added. These ILs present inter‐
esting properties such as lower melting points, different solubilities in classic organic sol‐
vents, viscosities, etc. Due to these properties, the second generation attracted a great
interest in various fields, and research in ILs experienced an important boost from the
1990’s. The first reports of biocatalysis with ILs were published in the beginning of 2000´s [2,
4, 38, 67]. One of the disadvantages of these ILs is the high cost. According to Gorke et al.
[66], the high costs are related to starting materials (namely fluorinated components) and
purification of final product required in the preparation. The most important disadvantage
of the second generation is the toxicity, which in general is similar to those of chlorinated
and aromatic solvents [56]. However, this second generation of ILs attracted the attention of
the wide scientific community and has been providing interesting and novel applications in
differents areas. This generation of ILs is the most studied and a great number of applica‐
tions in biocatalysis have been published. The activity, stability, kinetic and thermal stability
of different enzymes such as oxidases, lipases or cellulases has been studied, and sinthesis of
various products has been carried out.

4.3. Third generation of ionic liquids

The third generation of ILs (advanced ILs) is based on more hydrophobic and stable anions
such as [(CF3SO2)2N-], sugars, amino or organic acids, alkylsulfates, or alkylphosphates and
cations such as choline. The cations and/or anions used are biodegradable, readily available,
and present lower toxicities. Besides, a new class of solvent systems, called deep eutectic sol‐
vents (DES), is more hydrophilic than the second generation, and in general is water-misci‐
ble [66]. DES are mixtures of salts (in general they are not liquids at room temperature) such
as choline chloride, and uncharged hydrogen bond donors such as amines, amides, alcohols,
carboxylic acids, urea, or glycerol [28]. A typical example is the choline chloride/urea mix‐
ture, which produces a DES with a melting point of 12°C at concentrations around 50% [66]

The advantages of the third generation are: lower costs (similar to organic solvents), simple
to prepare, biodegradable, do not require purification, the purity of the starting materials
determines the final purity and uses anions and cations with low toxicity. As this generation
is recent, few works have been published [68, 69]. The transesterification of ethyl valerate
with 1-butanol, showed good activity in DES, and in choline chloride: glycine the activity
was similar to activity in toluene for all lipases [69]. The third generation will reach the com‐
mercial level soon [70].
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5. Methods for stabilization of enzymes in ionic liquids

Stabilization of enzymes in ILs is one of the keys for the development of more efficient
biocatalytical  processes for industrial,  environmental,  or biomedical applications.  As dis‐
cussed in previous sections, stabilization of enzymes in ILs is one of the keys for the de‐
velopment  of  more  efficient  biocatalytic  processes  for  industrial,  environmental,  or
biomedical  applications.  The use  of  enzymes in  ILs  presents  different  advantages  when
compared to conventional organic solvents.  On the other hand, in some cases the appli‐
cation of  enzymes  can be  limited by  the  low solubility,  activity  or  stability  in  ILs.  The
improvement  of  enzyme  functionality  is  crucial  for  large-scale  applications  in  order  to
be economically viable. The methods to stabilize and activate enzymes in ILs can be div‐
ided  into  two different  strategies:  the  modification  of  enzymes  and/or  the  modification
of the solvent (ILs).  The modification of  enzymes includes lyophilization (to change the
morphology  of  the  solid  enzyme),  chemical  modification  (for  the  chemical  addition  of
functionalities  into  the  enzyme  biomolecule)  and  immobilization  in  a  suitable  support.
The second strategy includes the modification of the IL reaction media, such as IL coat‐
ing,  additives  or  use  of  microemulsions  with ILs.  These  methodologies  have been used
with promissory results [5].

5.1. Modification of solvent media

In order to avoid the enzyme insolubility, some works have reported the introduction of
functional  groups  in  IL  structure  such  as  hydroxyl,  ether,  and  amide  (which  present
high affinity for enzymes) [19].  For enzymes that are active in pure solvents,  such as li‐
pases,  the most hydrophilic ILs can remove enzyme-bound water molecules that are es‐
sential  to  maintain  protein  structure  and  active  function.  In  such  case,  these  ILs
(hydrophilic) are not adequate.

Another strategy is the addition of water in IL (co-solvent), but the enzyme may present
low  catalytic  activity  due  to  a  changed  conformation  in  ILs  [71].  Several  researchers
have  reported  enzymatic  reactions,  especially  for  oxidative  enzymes,  in  hydrophilic  ILs
with a  high concentration of  water  (in the range 5  –  50%) and promissory results  have
been found [6, 29-31].

Water-in-IL microemulsions, or reverse micelles, have been used as a very efficient techni‐
que for solubilizing enzymes in hydrophobic ILs. The advantage of this approach is that the
enzyme is protected of the contact with the solvent by a layer of water and surfactant mole‐
cules. As an example, the use of water-in-IL microemulsions was reported by Moniruzza‐
man et al. [50] as a new medium for dissolving various enzymes and proteins. Additionally,
several authors have reported the use of different microemulsions systems with good results
for enzyme stability [72-74].
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5.2. Modification of the enzyme

The most common methodology for enzyme modification is immobilization. It is well
known that immobilization of enzymes presents excellent advantages for biocatalysis,
namely in the recovery of the enzyme for reutilization, product separation and recovery
from the reaction media, application in continuous systems, and for enzyme stabilization.
Indeed, enzyme immobilization increases thermal and operational stability of the biocata‐
lysts compared to the free enzyme.

The use of immobilized enzymes in IL media has been reported by many research groups,
using different methods of immobilization and supports. The most frequently used enzyme
immobilization techniques are: physical adsorption, covalent attachment, entrapment in pol‐
ymeric matrixes and cross-linking of enzyme molecules. For lipases, it was found that reac‐
tion rates in ILs were comparable or higher than in organic solvents and also immobilized
lipase was more active than its free form [75-79]. The same behavior was found for protei‐
nase [80], papain [81] and for heme-containing proteins [82].

The chemical modification of enzymes with poly(ethylene glycol) (PEG) is a well-known
method (the so-called PEGylation) for enzyme stabilization in denaturing environments.
PEG presents both hydrophilic and hydrophobic properties, so the modified enzymes can
increase their solubility in some ILs [83]. Turner et al. [84] also reported higher activity of
PEGylated cellulase than free cellulase in IL solutions.

Another method for activating and stabilizing enzymes in non-aqueous media is co-lyophili‐
zation of the enzyme. Maruyama et al. [85] lyophilized lipase with poly(ethylene glycol)
(PEG) to prepare PEG–lipase complexes, finding that the activity of lipase in ILs increased
more than 14-fold. Wang and Mei [86] also lyophilized lipase with cyclodextrins, and the ac‐
tivity of lipase in ILs ([bmim][PF6] and [bmim][BF4]) was improved.

6. Applications of ionic liquids in biocatalysis

The use of ILs as solvents or co-solvents for reaction media of enzymes is well recognized in
biocatalysis. Examples available in the open literature include: polymerizations, biosensors,
production of biofuels, synthesis of sugar- and ester-derivatives, among many others.

A large number of examples of the use of ILs for the enzymatic production of esters by li‐
pase have been published [87]. The common esters synthetized in ILs are aliphatic and aro‐
matic esters, for applications in polymers, biodiesel, and in the perfume, flavour and
pharmaceutical industries. The synthesis of a wide range of aliphatic organic esters was car‐
ried out by transesterification from vinyl esters and alcohols and catalyzed by lipase in dif‐
ferent 1,3-dialkylimidazolium ILs [88, 89]. Aromatic esters have also been synthetized with
lipase in two ILs, [bmim][PF6] and [bmim][BF4] [90]. The esterification of 2-substituted-prop‐
anoic acids with 1-butanol was catalyzed by lipase in ILs [bmim][PF6] and [omim][PF6] [91].
Yuan et al. [92] studied the enantioselective esterification of menthol with propionic anhy‐
dride using lipase in [bmim][PF6] and [bmim][BF4]. The resolution of (R,S)-ibuprofen by es‐
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terification with lipases in the same ILs is another interesting example [93]. The aliphatic
polyester synthesis by lipase, also in [bmim][PF6], was reported by Nara et al. [94]. Later, the
enzymatic preparation of polyesters by ring-opening polymerization and by polycondensa‐
tion with lipase in [bmim][Tf2N], [bmim][PF6] and [bmim][BF4] was also investigated [95].
According to these authors, the use of ILs could be an advantage in the polymerization of
highly polar monomers with low solubility in organic solvents.

The production of biofuels, such as biodiesel (fatty acid methyl esters) has been also investi‐
gated in ILs through the transesterification of a triglyceride with methanol. Biodiesel is a re‐
newable and environmentally-friendly fuel. Several ILs have been utilized for biodiesel
production. Most often, the synthesis of biodiesel by enzymatic reactions in ILs is based on a
short-chain 1,3-dialkylimidazolium cation, such as [bmim][PF6] or [bmim][NTf2], and the re‐
action is carried out in a biphasic system with lipase and using an adequate substrate (e.g.,
soybean oil) [96]. For homogeneous one-phase systems, imidazolium ILs with long alkyl
chains such as [C16mim][NTf2] and [C18mim][NTf2] have been used [97,98]. These long chain,
lipophilic ILs create a nonaqueous system suitable for oil transesterification. Ha et al. [99]
studied the biodiesel production using immobilized lipase in 23 ILs. Among the ILs tested, it
was found that highest biodiesel production yield was obtained in [emim][TfO]. But it is im‐
portant to highlight that several works have been published for biodiesel production by li‐
pases [100-102].

In recent years, a significant number of publications have showed the direct electron-trans‐
fer reaction between redox proteins or enzymes and IL-based composite electrodes. Biosen‐
sors are small devices which convert the biological recognition event into an electrical
signal, so it can be used for selective analysis [103]. Several composite electrodes based on
ILs have been prepared. Many of them can be found in a recent review by Shiddiky and Tor‐
riero[104], such as: hemoglobin biosensor; myoglobin and cytochrome c biosensors; catalase
biosensors; glucose oxidase biosensors; horseradish peroxidase biosensors.

Sugar-based compounds are widely used in pharmaceuticals, cosmetics, detergents and
food. A recent review by Galonde et al. [105] shows the synthesis of glycosylated com‐
pounds in ILs.

7. Conclusion

Ionic liquids have demonstrated to be suitable solvents for enzymatic reactions. They can be
beneficial regarding to activity, (enantio)selectivity and stability of enzymes. The use of en‐
zymes in ILs opens new possibilities for non-aqueous enzymology with high efficiency in
several areas. Here, it was shown that a large variety of enzymes tolerate ILs or aqueous-IL
mixtures as reaction medium. Moreover, the development of green and biodegradable ILs is
reinforcing enzymatic applications of ILs, as stated in this work. Indeed, it is expected to be‐
come a standard in biotransformations, thus contributing to a greener chemical and bio‐
chemical industries.
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Nomenclature

tris-(2-hydroxyethyl)-methylammonium methylsulfate [HEMA]

Cations:

[mmim] = 1,3-dimethylimidazolium

[emim] = 1-ethyl-3-methylimidazolium

[bmim] or [C4mim] = 1-butyl-3-methylimidazolium

[bmp] = butylmethylpyrrolidinium

[btma] = butyl-trimethylammonium

[omim] = 1-octyl-3-methylimidazolium

[C10mim] = 1-decyl-3-methylimidazolium

[C16mim] = 1-hexadecyl-3-methylimidazolium

[C18mim] = 1-octadecyl-3-methyl- imidazolium

Anions

[OAc] = acetate

[MDEGSO4] = 1-ethyl-3-methylimidazolium 2-(2-methoxyethoxy)

[MeSO3] = methanesulfonate

[TfO] = trifluoromethanesulfonate

[BF4] = tetrafluoroborate

[MMPO4] = dimethylphosphate

[Cl] = chloride

[EtSO4] = ethyl sulfate

[(CF3SO2)2N-] = bis(trifluoromethylsulfonyl)amide

[MeSO4] = methyl sulfate

[PF6] = hexafluorophosphate

[NTf2] = bis(trifluoromethylsulfonyl)imide
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1. Introduction

Ionic liquids (ILs) have attracted increasing interest lately in several areas such as chemistry,
physics, engineering, material science, molecular biochemistry, energy and fuels, among others.
Scientific literature has been daily invaded by papers that show a variety of new ionic liquids
and new applications. Furthermore, the range of ILs used has been broadened, and there has
been a significant increase in the scope of both physical and chemical IL properties [1, 2]. ILs are
defined as liquid organic salts composed entirely of ions, and a melting point criterion has been
proposed to distinguish between molten salts and ionic liquids (mp< 100 °C) [3].

When ILs based on 1-alkyl-3-methylimidazolium salts were first reported in 1982 by Wilkes
et al. as tetrachloroaluminates, they were called ILs of first generation [4]. Replacement of this
moisture-sensitive anion by the tetrafluoroborate ion and other anions led, in 1992, to air- and
water-stable ILs, called then second generation, [5] which have found increasing applications
such as reaction media for various kinds of organic reactions. At the onset of the new millen‐
nium, the concept of task-specific ILs, called third generation was introduced by Davis [6]
(Figure 1). These compounds are defined as ILs in which the anion, cation, or both covalently
incorporate a functional group (designed to endow them with particular properties, such as
physical, chemical or in terms of reactivity) as a part of the ion structure [6,7]. Simultaneously,
Rogers et al. [8] proposed that the ILs can be grouped into three generations in according to
their properties and applications (Figure 1). The use of these compounds as solvents charac‐
terized them as ILs of first generation due to a unique and accessible physical property set
characterized by low or no volatility, thermal stability, or large liquid ranges. Second genera‐
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tion of ILs has potential application such as energetic materials, lubricants and scavenger
materials. In these cases, ILs provide a platform where the properties of both cation and anion
can be independently modified, permitting the design of new functional materials, while
retaining the desired features of an IL. Third generation of ILs has been described as the one
where the biological activity is a primary IL property. Thus, ILs are seen as active pharmaco‐
logical ingredient (API).

1st Generation - 1980s  (Chloroaluminate ILs)

2nd Generation - 1990s  (Air and Moisture-Stable ILs)

3rd Generation - 2000s  (Task Specific ILs)

3rd Generation 
(ILs based on their biological properties combined with 
chemical and physical properties)

2nd Generation 
(ILs based on their chemical property combined with 
physical properties)

1st Generation 
(ILs based on their physical properties)

Figure 1. Historical evolution of ILs: chronological and useful development.

Potential pharmaceutical applications of ILs have been showed initially by studies of their
toxicity and antimicrobial activity [9,10]. Currently, applications expanded to the use of
pharmacologically active ions to develop novel ILs (3rd generation), the use in the formation
of microemulsion droplets to transport and release of drugs, and as stabilizing agents of
actives, additives and polymers in pharmaceutics [11]. One of the most import pharmaceutical
applications is the use of pharmacologically active ions to develop novel liquid salts, since
more than 50% of the drugs in the market today are sold as organic salts [12]. Hough and
Rogers consider in their review [13] that the conversion of a drug into a salt is a crucial step in
the drug development and can have a huge impact on its properties, including solubility,
dissolution rate, hygroscopicity, stability, impurity profile and particle characteristics. Thus,
the authors believe that an IL approach seems more than appropriate in the design of APIs,
where a delicate balance exists between the exact chemical functionality needed for the desired
effect in the absence of adverse side effects and the physical properties required for manufac‐
turing, stability, solubility, transport and bioavailability [14,15]. Historically, the pharmaceut‐
ical industry depends mostly on crystalline APIs. However, many formulations fail during
testing because of issues as, for example, delivery mechanisms such as dissolution, transport,
and bioavailability or poor control over polymorphism which can dramatically change
properties such as solubility [16,17,18]. In the context of APIs, the counter ions could be selected
to synergistically enhance the desired effects or to neutralize unwanted side effects of the active
entity. They could also be chosen to pharmacologically act independently [12,19] or to improve
the pharmacokinetics properties [20] (Figure 2). Over the past few years, there have been three
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reviews published in which ILs from APIs occupied a central theme [12,13,20]. In these reviews,
the approach of ILs from APIs is discussed from different points of view: i) historical approach
of ILs (from solvents to ILs from APIs), ii) focus on the use of ILs from APIs to solve the toxicity
of ILs and polymorphism and iii) a good review where all these topics are shortly discussed.
However, there is no concern with the issue of the synthesis and physical and chemical
characterization of new salts like ILs. Thus, considering the lack of complete and deep survey
about all questions (advantages and disadvantages) in the literature and in continuation of our
research on ILs [21], we propose this chapter to show the application of IL approach to obtain
liquid pharmaceutical salt. This denotes that the material to be covered here includes only
papers where pharmaceutical activities (pharmacokinetic and pharmacological) are present at
the cation or anion and there is focus on the obtainment of ILs from APIs (Table 1). Here, we
consider biologically active the ILs whose components interact with any biological system,
and pharmaceutically active the ILs that present any pharmacokinetics and/or pharmacolog‐
ical activities (Table 3). Thus, it was necessary to mention that papers describing ILs with only
one of the biologically active components or with no pharmaceutically active were excluded.
Thus, the ions alkyimidazolium, phosphoniun, derivatives of non-nutritive sugars, and N-
trifluoromethanesulfonate were not included in the scope of this chapter. Another scope
limitation of this chapter is about the use of mechanical or thermal methods to the liquefaction
of a salt from APIs. This means that pharmacologically active salts such as the procainamide
and verapamil hydrochloride that pass from a crystalline state to amorphous state through
changes of conditions such as temperature and pressure were excluded [22,23].

IONIC LIQUIDS

CATION

Ions with  sinergistic         
effects

One ion acts against 
the side effects of 

the other

ANION

One ion is active and 
the other improves 

pharmaceutical 
performance

Ions have 
independent    

activities

Figure 2. Cation and Anion combination in ILs from APIs and their activities.

Hence, in this chapter we will present the main problems of pharmaceutical industry in relation
to solid salt APIs and how the proprieties as well as the limitations of the ILs affect the
salification (i.e., salt formation) of APIs. The synthesis, the characterization of physical and
chemical properties as well as the pharmaceutical performance of new ILs will be discussed.
For this propose, we emphasize that the ILs selected to this chapter (Table 1) present in their
structure at least one pharmacologically active entity, and the other (cation or anion) was
introduced with the objective to increase the activity, reduce side effects or improve pharma‐
ceutical performance by changing physical or chemical properties (Figure 2).
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Compound Name Ref.

1 3-hydroxy-1-octyloxymethylpyridinium acesulfamate ([1-(OctOMe)-3-OH-Py][Ace]) [47]

2 3-hydroxy-1-octyloxymethylpyridinium Saccharinate ([1-(OctOMe)-3-OH-Py][Sac]) [47]

3 Benzalkonium Acesulfamate [BA][Ace] [47]

4 Benzalkonium Saccharinate [BA][Sac] [47]

5 Benzalkonium Salicylate [BA][Sal] [37]

6 Benzethonium Acetylsalicylate [BE][Asp] [37]

7 Benzethonium Aaccharinate[Ben][Sac] [32]

8 Benzethonium Salicylate [BE][Sal] [37]

9 Cetylpyridinium Acetylsalicylate [CetPy][Asp] [37]

10 Cetylpyridinium Salicylate [CetPy][Sal] [37]

11 Cetylpyridinium Ampicillin [C16pyr][Amp] [35]

12 Choline Ampicillin [Col][Amp] [35]

13 Choline Phenytoin[Col][Phe] [32]

14, 15, 16 Choline-derivative Acesulfamate [Col][Ace] [46]

17 Didecyldimethylammonium Acesulfamate ([DDA][Ace]) [47]

18 Didecyldimethylammonium Ibuprofenate [DDA][Ibu] [8]

19 Didecyl-dimethyl-ammonium Saccharinate ([DDA][Sac] [47]

20 Hexadecylpyridinium Acesulfamate ([Hex][ Ace]) [47]

21 Hexadecylpyridinium Aaccharinate ([Hex][Sac]) [47]

22 Hexetidinium Salicylate [Hext][Sal] [37]

23 Lidocainium Acetylsalicylate [ LID][Asp] [37]

24 Lidocainium Docusate [Lid][Doc] [8]

25 Lidocainium Salicylate [LID][Sal] [37]

26 Mepenzolate Acesulfamate[Mep][Ace] [32]

27 Mepenzolate Saccharinate[Mep][Sac] [32]

28 Procainium Salicylate [Proc][Sal] [37]

29 Procainium Amidesalicylate [PA][Sal] [37]

30 Propantheline Acesulfamate[Pro][Ace] [32]

31 Propantheline Cyclamate[Pro][Cyc] [32]

32 Propantheline p-toluenesulfonate[Pro][pTO] [32]

33 Propantheline Saccharinate[Pro][Sac] [32]

34 Pyridostigmine Saccharinate[Pyr][Sac] [32]

35 Ranitidine Docusate [Ran]Doc] [8]
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Compound Name Ref.

36 Tetrabutylphosphonium Salicylate [P(BU)4][Sal] [37]

37 Tetraethylammonium Ampicillin[TEA][Amp] [35]

38 Tramadolium Acetyl-salicylate [Tram][Asp] [37]

39 Tramadolium Salicylate [Tram][Sal] [37]

40 Trihexyltetradecylphosphonium Ampicillin [P6,6,6,14][Amp] [35]

Table 1. ILs from active pharmaceutical ingredients found in this chapter.

2. Fundamentals

In this section we will deal with some important points of ILs approach salification of APIs
and the strategies used in the search and characterization of new ILs from APIs. The synthetic
procedure as well as physical and chemical properties (main thermal properties) of ILs will
also be discussed.

2.1. Salification of APIs

The physical form of a drug substance is of great importance since it directly affects the manner
in which the material is formulated and presented to the consumer, as well as influence more
fundamental characteristics such as solubility and dissolution rate, which, in turn, impact on
bioavailability [8, 17, 18].

The drugs converted into salts were found to be more stable and water soluble in comparison
to free bases or acid which qualifies them as the preferred forms to use as therapeutic agents
[19, 24-26]. Such salts may offer advantages over the corresponding free drug in terms of
physical properties such as melting point (thermal stability), crystallinity, hygroscopicity,
dissolution rate, or solubility (bioavailability). From a pharmaceutical viewpoint the melting
enthalpy, melting temperature and solubility are of particular importance, both because of
their routine measurement and their influence on processing and bioavailability [19, 26].
Taking these advantages into account, the pharmaceutical industry relies predominantly on
solid, primarily crystalline forms for the delivery of APIs, mainly for reasons of purity, thermal
stability, manufacturability, and ease of handling [8, 17, 18]. However, solid forms of APIs
often suffer from polymorphic conversion, low solubility, and a variety of factors which affect
bioavailability associated with the final solid form [17, 18, 27]. Many phase II trials of new APIs
end in failure due to their efficacy, often related to bioavailability and thus solubility [16-18].
These factors motivate the screening for novel solid forms, including salts, polymorphs,
pseudopolymorphs (or solvates), and co-crystals (Figure 3).

Liquid drug formulations from salification are rarely found and are usually based on eutectic
mixtures [24], however, salt drug generation can result in a liquid salt, known as ionic liquid.
The main advantage of ILs in most of the cases is that their salt properties are retained in a
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wide liquid range. This fundamental property of ILs is because ions are generally organic with
low symmetry and diffuse charge. In addition, ILs have properties such as negligible vapor
pressure resulting in reduced inhalatory exposure, absence of flammability, and their high
variability concerning organic chemical structure in order to optimize technological features
like solvation properties. This tunable solubility with several organic compounds, viscosity,
conductivity, as well as thermal and electrochemical stability is ideal in terms of technical
applicability [3]. The control of the properties of an IL is based on the manipulation of the
interactions between the ions. The suppression of these interactions reduces lattice energies
and the extreme suppression of these interactions leads to glass formation upon cooling,
polymorphism, multiple phase transitions, and ion dissociation [28-31]. An understanding of
the physical and chemical properties of ILs allows the proper selection of a specific IL for a
given application. Thus, for example, by choosing ionic components capable of solubilizing
specific solutes, one can control the critical solubility to crystallization processes [29].

Stoimenovski et al. [12] cited in their work that studies have been suggest that ILs do not
dissolve as independent ions but keep a nanostructured organization in aqueous media. This
fact, constitute other important advantage of the obtainment of an API as IL. Drugs that are
highly ionic have difficulty crossing the membrane in order to reach their site of action. Ion-
pair formation enhances the transport of various ionic drugs through the skin and across the
absorbing membrane [12]. Therefore, highly ion-associated pharmaceutically active ILs would
be highly beneficial forms of the original pharmaceutical active salts, as they could cross the
membrane more rapidly [12]. Therefore, targeted alterations of a final drug form based on the
various property sets obtainable through an IL approach may help to enhance efficacy, while
retaining, improving or even introducing a second activity. The potential of this approach as
a drug phase is to date poorly exploited [13, 13, 20].

Clearly, a salt that does not exhibit a crystalline phase will not present polymorphism, but
there are further advantages to be realized and exploited in the delivery of the API [32]. In
particular, a non-crystalline salt in a liquid or glassy phase will probably exhibit the enhanced
solubility exhibited by amorphous phases [17, 18, 32]. This concept bears further discussion as
it is potentially one of the most important advantages of the formulation of APIs as ionic liquid
phase [32].

SALT FORMS 
OF APIs

CRYSTALINE

Eutectic
cocrystals

Ionic Liquids 
(m.p.<100oC)

AMORPHOUS

Amorphized
cocrystals

Ionic Liquids

Figure 3. Salt forms of Active Pharmaceutical Ingredients (APIs).
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2.2. Synthesis of ILs from APIs

The selection of pairs of ions to form ILs is carried out with candidate ions that have low
symmetry and charge diffuse,  traits that also characterize several typical APIs.  Even the
nitrogen-containing heterocycles, commonly used in ILs today, are frequently found in APIs
or API precursors [8,33]. The process generally is a simple way to modify the properties of
a drug with ionizable functional groups to overcome undesirable features of the parent drug
[12].

Care must be taken when choosing appropriate IL-forming ion pairs. Many of the important
APIs are not permanent ions, but rather are protonated or deprotonated to form the commonly
used salts; thus suitable pKa differences need to be considered [8,34]. MacFarlane and Seddon
[8,1] have recently proposed that protic ILs can only be considered ILs if the pKa difference is
such that more than 99% of the salt exists in ionized form. For an API this distinction may not
be needed, since having a balance between ionized and neutral forms may have advantages.
There may be a significant advantage of drugs with low degree of ionisation over the fully
ionised ones due to their ability to cross membranes more efficiently. An example of a partially
ionized pharmaceutically active IL is 1-methylhexylammonium salicylate [12]. Salicylic acid,
an analgesic with a pKa value of 2.98, was reacted with 1-methylhexylamine, a nasal decon‐
gestant with a pKa value of 10.5, to produce a liquid at room temperature with a glass transition
at −40°C and a ΔpKa of 7.52.

Most of the syntheses found in the papers selected to this chapter consist of metathesis
reactions. The cation and anion in their available salt forms were separately dissolved in a
solvent (e.g., water, methanol, ethanol, acetone) allowed to stir with heating to ca. 90 °C (if
necessary) or at room temperature. Some alternative methods to methatesis reaction to specific
ILs were also described. Ferraz et al. [35] used a method to change the anion using ion exchange
resin described by Ohno et al. [36]. Ferraz et al. [35] employed Amberlite resin (in the OH form)
in order to exchange halides (bromide or chloride) to the hydroxide form and then this basic
solution was neutralized by the addition of an adequate acid solution. The acid–base reaction
yielded the desired IL. The organic cations were selected from salts which were first trans‐
formed into hydroxides by the use of an ionic exchange column (Amberlite IRA-400 OH) in
methanol. Next, the β-lactam antibiotic previously dissolved in a moderately basic ammonia
solution was used to neutralize the selected cations. In this case, pure ILs were obtained after
eliminating the excess ammonia and/or β-lactam antibiotic by evaporation and crystallization,
respectively. Bica et al. [37, 38] also showed an alternative synthesis in solvent-free conditions.
The compounds 25 and 28 were also prepared by melting a stoichiometric mixture of base and
salicylic acid at ~100 °C to obtain a liquid. Similarly, 22 was directly synthesized by the reaction
of hexetidine with salicylic acid. This solvent-free preparation is clearly advantageous
compared to conventional metathesis, since solvents and stoichiometric NaCl waste are
prevented. Furthermore, ILs are obtained in high purity without halide, metal, or solvent
impurities, as necessary for pharmaceutical applications. The isolation of the product occurred
considering that usually the inorganic salt precipitates. Thus, in most of cases, the product was
extracted by filtration of inorganic salt. The solvent was removed with a rotary evaporator.
The resulting product was placed on a high vacuum line to remove any residual solvent. In
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some cases, when inorganic salt is partially soluble, ILs had to undergo a process of extraction
typically with chloroform or dichloromethane. Following that step, the organic phase was then
washed with water to remove any inorganic salt (e.g., NaCl, which was monitored by a silver
nitrate test), and solvent was removed with a rotary evaporator. The resulting product was
placed on a high vacuum line to remove any residual solvent. In some cases, an extra purifi‐
cation was described, mainly to remove excess of halides.

2.3. ILs characterization

When searching for an IL from APIs, one has to care about its physical state and properties
because it may not be an IL, but a crystalline solid (Figure 3). A significant number of drugs
currently on the market are formulated as amorphous materials, and the most common means
of preparing the amorphous phase is by quenching: rapid cooling from the melt; rapid
precipitation from solution (for example on addition of an antisolvent); spray drying; flash
evaporation; lyophilisation, in other words, methods that allow the disordered glassy phase
to be “frozen in” before nucleation and growth that would lead to the appearance of crystals
[32, 17, 18]. Dean et al. [32] have showed a schematic comparison of the accessible phases and
the relative free energy of each phase. The authors highlight that in cases where a stable
crystalline form exists at ambient temperature, ΔGf° for the crystalline phase is lower than that
for the amorphous material formed by quenching. In this manner, the quenching results in a
form that is not the most thermodynamically stable phase at that temperature. The authors
also emphasize that in this situation, any event that initiates nucleation may lead to growth of
a crystalline phase at the expense of the amorphous glass. Such nucleation initiators may
include heating (yielding a plastic phase that then crystallizes) or localized shock, such as that
applied during size reduction (grinding) or formulation. In some cases, even the desired
increased solubility leads immediately to the crystallization of a stable crystalline phase. In
relation to the search by ILs, the authors emphasized that in the preparation of a salt that has
an amorphous phase as its most thermodynamically stable form (in the temperature range of
interest), a less preferred, but an effective form would be one with fusion temperature below
the temperature of interest [32].

In the light of the extensive literature on crystalline drug forms, currently supported by crystal
engineering [39,40] by using supramolecular synthons [41] concept and considering the
abovementioned data, their benefits are clear to develop strategies for increasing solubility of
drug compounds [42] and to chose co-crystal formers [43] for poorly soluble drugs [44].
Therefore, combining an understanding of the effect of robust supramolecular synthons on
the process of crystallization, with concepts involving IL, Dean et al. [32] proposed the
development of an “anti-crystal engineering” approach to the synthesis of ILs from APIs. This
would comprise identifying and intentionally avoiding the pairing of cations and anions that
might yield common supramolecular synthons, with the goal of decreasing the likelihood of
crystallization of salt. This “anti-crystal engineering” approach is postulated as a means of
narrowing the search for ILs from API to cation and anion pairs that have a higher likelihood
of not crystallizing. Dean et al. [32] illustrated this approach by preparing and analyzing a
series of API salts; some of which crystallized readily, while others were characterized as ILs
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and remained in an amorphous glass or liquid form in spite of vigorous attempts to bring about
crystallization. To achieve the combination, the authors studied the possibility of cations and
anions form supramolecular synthons mainly from interactions of hydrogen that usually
considered imparting a tendency toward crystallization that should be avoided in the quest
for ILs from APIs. As a result, they observed that all cation/anion combinations bearing both
hydrogen bond donor and acceptor groups yield crystalline salts (13, 26, 27 and 31) [32]. For
example, 13 (Table 1 and 2) which might be predicted to form the greatest number of strong,
directional hydrogen bonds between different ions yields the salt with the highest melting
point. Of greater interest, however, are those salts that are crystalline solids and even do not
(at first examination of individual ions) exhibit the capability to form hydrogen bonded
synthons (33 and 34), but have some energy stabilization resulting in crystallization. On the
other hand, some salts were observed as salt without a crystalline phase (or with a sub-ambient
melting point) indicating that they are in the most thermodynamically stable phase as a liquid
or glass at ambient temperature. Thus, these salts (7, 30 and 32) are considered ILs by the
authors [32]. In another work in search by ILs from APIs, Bica et al. [38] found that generating
oligomeric ions from tautomer’s protons has a tremendous influence on physical properties
that allow the expansion of the liquid ranges of some salts. They proposed that for this type
of liquid salt formulation, the term ionic liquids might be controversial. They suppose (say)
this based on initial experiments and further investigation concerning ionicity and simple
eutectic behavior are currently ongoing in their laboratories. The authors define oligomeric
ions as those that enable liquefaction of solid ILs (or other salts) by simply changing the
stoichiometry or complexity of the ions. They highlight that the strategy does not need to
employ the parent of the anion or cation in use and that this can be particularly useful for
pharmaceutically active salts or ILs. According to the authors, another advantage of the
oligomeric ions strategy is that the design of pharmaceutical IL may benefit since it is permitted
to modify the physical properties of a given salt form once obtained [38].

Therefore, considering the “anti-crystal strategy” proposed by Dean et al. [32] and the
“oligomeric ions” proposed by Bica et al. [38] in the search for ILs from API, the possibility of
formation of solid crystals (eutectics), amorphous, or liquid phase is a fundamental question
(Figure 3). Thus, one cannot imagine the search for new ILs from API without performing a
complete calorimetric characterization of what an IL may be. Currently, unfortunately, in most
of the cases, the ions are selected by facility from synthesis or purification routes rather than
rational choice or screening.

The calorimetric data reported in papers collected to this chapter showed that most of the salts
synthesized can be classified as ILs, while the remaining were crystalline salts. Those who were
characterized as IL can be shared in three general types of behavior. The first group of ILs
exhibits just melting points below 100 °C, allowing their classification as ILs (1, 2, 4, 9, 10, 14,
16 and 21). The second type of behavior is characterized by formation of an amorphous glass.
These ILs have no melting, but only glass-transition (6-8, 17, 18, 23-25, 28-30, 32-35 and 38).
The third group of ILs is characterized by compounds that have melting points and glass
transition (2, 5, 11, 12, 15, 19, 20, 34, 36 and 37)). Compounds 13, 22, 26, 27, 31, 33 and 39 were
found to have high melting not fitting the definition of ILs (Table 2). Other physical and
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chemical properties also should be evaluated to characterize an organic salt as an IL. Consid‐
ering the scope of this chapter, some of the properties were found in a few papers (Table 2).
These properties were density, solubility and thermal stability (Table 2). Viscosity is an
important physical property to characterize an IL. The viscosity of ionic liquids is essentially
determined by their tendency to form hydrogen bonding and by the strength of their van der
Waals interactions. The structure of the cation strongly influences the viscosity of the IL.
However, this property was not reported in any of the selected papers. Density was reported
only for two ILs (14, 15). These ILs were denser than water thus the density of comparable ILs
decreases as the bulkiness of the organic cation increases. It is evident that the density of such
compounds increases with increasing molecular weight of the anion which confirms the results
shown by Fredlake et al [45]. Density reported to ILs from APIs in the selected papers to this
chapter is characteristic of ILs[3]. At room temperature, the ILs from API reported in this
chapter were grouped into miscible in water and other polar organic solvents (hydrophilic)
and partially miscible or immiscible in water and hexane (hydrophobic). Water miscible ILs
were choline derivatives, ampilicin, saccharinate and water imiscible were choline, ammoniun
and pyridiniun derivatives. IL choline derivatives were present in both groups on dependence
of anion. Solubility data of other IL derivatives of other cations and anions were not reported
by the authors. The thermal stability of ILs is limited by the strength of their heteroatom-carbon
and their heteroatom-hydrogen bonds, respectively [3]. The ILs 9, 14, 15 and 23 showed a lower
thermal stability (115.14-126.5 °C) while 1-6, 8, 10-12, 17-22, 24, 25, 28, 29 and 35-40 have shown
more stable (154.22-307.94 °C).

Compound Thermal Data (°C) and Density at 25°C (g.mL-1) Ref.

1 m.p = 79-81d, TGA = 267 [47]

2 m.p = 95-98d, TGA = 301 [47]

3 m.p = 90, Tg = -36a, TGA = 187/249/394c [47]

4 m.p = 74, TGA = 204 [47]

5 m.p = 96.02, Tg = 51.01, TGA = 171.95b [37]

6 Tg =2.84, TGA = 154.22b [37]

7 Tg = -4 [32]

8 Tg = -13.72, TGA = 167.76b [37]

9 m.p = 61.31, TGA = 115.14b [37]

10 m.p = 73.97, TGA = 205.61b [37]

11 m.p = 86.0, Tg = -19.64, TGA = 269.39 [35]

12 m.p = 58.0, Tg = -20.12, TGA = 221.29 [35]

13 m.p = 215 – 217 [32]
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Compound Thermal Data (°C) and Density at 25°C (g.mL-1) Ref.

14 m.p. = 31-36 and82-84 TGA = 126.5, density = 1.103 - 1.277 [46]

15 m.p. = 85-86,Tg = -49, TGA = 122, density = 1.041-1.270 [46]

16 m.p.= 87-88 [46]

17 Tg = -53, TGA = 232/426c [47]

18 Tg = -73, TGA = 168b [8]

19 m.p = 16, Tg = -33, TGA = 214 [47]

20 m.p = 57, Tg = -11, TGA = 267/494c [47]

21 m.p = 66, TGA = 253/412c [47]

22 m.p = 106.81, TGA = 182.14b [37]

23 Tg = -13.97, TGA = 120.71b [37]

24 Tg = -29, TGA = 222 b [8]

25 Tg = 19.78, TGA = 158.46b [37]

26 m.p = 135 – 137, Tg = 34 [32]

27 m.p = 187 – 189, Tg = 53 [32]

28 Tg = 13.87, TGA = 187.33b [37]

29 Tg = 19.87, TGA = 159.21b [37]

30 Tg = -20 [32]

31 m.p = 133 – 137, Tg = 20 [32]

32 Tg = 7 [32]

33 m.p = 133 – 135, Tg = 18 [32]

34 m.p = 94 – 96, Tg = 4 [32]

35 Tg = -12, TGA = 249 [8]

36 m.p = 57.32, Tg = -56.47, TGA = 307.94b [37]

37 m.p = 79.0, Tg = -18.64, TGA = 214.75 [35]

38 Tg = 13.78, TGA = 169.64b [37]

39 m.p = 176.17, TGA = 177.16b [37]

40 TGA = 297.65 [35]

aSolid-solid transition.bTonset 5%.cMultiple decomposition steps. dVisual melting point range via hot-plate apparatus.

Table 2. Physical and Chemical Properties of some ILs from APIs.
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3. Pharmaceutical activity assessment

In view of the objective of our chapter, it is important to evaluate the pharmaceutical profile
of ILs from API. Pharmaceutical profile includes changes on the pharmacokinetics and/or
pharmacological behavior of the salts when they turn into liquids by changing their cation or/
anion.

No specific pharmacokinetic property was evaluated. However important observation
reporting by Hough et al [8] and related in a review by Stoimenovski et al [12] is that strongly
hydrophilic ionic actives often possess insufficient ability to penetrate biological membranes.
Combining such an active ion with another of a more lipophilic character may offer a solution
to this problem. For example, lidocaine docusate [Lid][Doc], an IL form of the local surface
anaesthetic lidocaine, combines the relatively hydrophobic lidocaine cation with a hydropho‐
bic anion, docusate (an emollient), to produce a hydrophobic IL, which exhibits reduced or
controlled water solubility (Figure 2) and thus should exhibit extended residence time on the
skin [8].

From the selected papers to this chapter, only three of them bring evaluation of pharmaceutical
properties of new API (IL). Pharmacological activities were evaluated in four papers. Phar‐
macological activity evaluated were antinociception [8], suppression of PC12 neuritic out‐
growth [8], antibactericidal [46, 47] and antifungal [46, 47] activities and skin irritation [47].
Antinociception activity [8] was assessed using a modification of the tail-withdrawal proce‐
dure. Two antinociceptive models were used: warm water tail-withdrawal from 49 °C water
in intact mice, and warm water tail-withdrawal from a 47 °C bath, following tail injury. In this
test it was observed that [Lid][Doc] produced a longer duration of antinociceptive effect than
lidocaine hydrochloride [Lid][HCl]. The authors suggest that the high hydrophobicity for [Lid]
[Doc] in relation to [Lid][HCl] account for the increased duration of [Lid][Doc] over [Lid][HCl]
observed in vivo models. Also, this may constitute a slow-release mechanism unique to any
hydrophobic IL [8].

In the same paper [8], the evaluation of the suppression of PC12 neuritic outgrowth by [Lid]
[Doc] and [Lid][HCl] was evaluated. The suppression of PC12 neuritic outgrowth is related to
the local anesthetic effects. These anesthetics suppress nerve growth factor (NGF) mediated
neuronal differentiation in rat pheochromocytoma (PC12) cells. This was used as a bioassay
for detecting that killed PC12 cells treated with [Lid][HCl] was higher than [Lid][Doc]. Authors
suggest that the PC12-NGF data indicate potential differences between [Lid][Doc] and [Lid]
[HCl] at the cellular level and showed a mechanism of action entirely different for [Lid][Doc]
than that for [Lid][HCl]. Docusate may enhance membrane permeability which may suggest
at least one mechanism associated with the apparent increase in [Lid][Docl] efficacy in vivo.
However, while an increase in permeability may enhance transdermal transport and account
for the longer duration and greater efficacy of [Lid][Doc ]in vivo, the longer duration of [Lid]
[Doc] on the mouse tail-withdrawal indicates an alternative mechanism.
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Antimicrobial, antifungical and antibactericidal activities were evaluated to ILs 14 and 15 [46],
3, 4, 17 and 19 [47]. Results were expressed in terms of mean minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC). The efficacies of 14 and 15 were low
(but still high enough to be effective) in comparison with that of the widely used benzalkonium
chloride. No MIC and MBC values could be established for the [Ace] salts 16, because of their
hydrophobic characters. Salts 3, 4, 17 and 19 were also evaluated; benzalkonium and didecyl‐
methylamonnium chloride which inherently exhibit anti-microbial, anti-bacterial and anti-
fungal activities were used as standard for comparison. ILs activities are similar to those of

commercially available, although the ILs were not found to be limited to a specific class of
bacteria or fungi. Skin irritation of salts 17 and 19 [47] was also determined. Each IL was tested
on 3 male New Zealand albino rabbits, where the fur was previously removed from the back
of the rabbit. Half a milliliter of the ILs (100%, pure) was distributed on two 6 cm3 sites of the
same animal. The application site was then covered with a porous gauze dressing and secured
in place with tape. After a 4h exposure, the dressing was removed and the application site was
gently washed with water. Observations were then conducted at 1, 24, 48, and 72 h, where the
test sites were evaluated for erythema and edema using a prescribed scale. The skin irritation

of these ILs is defined as category 4 (the highest) by standard organization for economic co-
operation and development (OECD) grading.

Finally, the acute oral toxicities of salts 17 and 19 were determined. The toxicity was tested
according to the method of acute toxic class. Wistar rats male and female were used for each
IL tested. Results indicated the acute toxicity range for both ILs was between 300–2000 mg/kg
in male and female rats. Thus, these ILs would be classified as category 4 (harmful) toxins
according to standard organization for economic co-operation and development (OECD)
grading. Table 3 depicted the cation and anion covered in this review. Structures and phar‐
macological activities of each of them are also showed.
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Structure Name Activity
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Structure Name Activity
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Structure Name Activity
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O
O

Saccharinate[Sac] noncaloric sugar

N
N

O

O

H
Phenytoin[Phe] antiepileptic

HN
S

O

O O
Cyclamate [Cyc] noncaloric sugar

O

O

Me

O

O
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O

OH

O

Acetylsalicylate [Asp]

salicylate [Sal]

anti-inflammatory,

analgesic, anti-pyretic

Ionic Liquids - New Aspects for the Future572



Structure Name Activity

Me
O

O
isobutyl

Ibuprofenate [Ibu] anti-inflammatory

N
S

OMe

O

O
O

Acesulfamate [Ace] noncaloric sugar

S
N

O

O
O

Saccharinate[Sac] noncaloric sugar

N
N

O

O

H
Phenytoin[Phe] antiepileptic

HN
S

O

O O
Cyclamate [Cyc] noncaloric sugar

O

O

Me

O

O
and

O

OH

O

Acetylsalicylate [Asp]

salicylate [Sal]

anti-inflammatory,

analgesic, anti-pyretic

Ionic Liquids - New Aspects for the Future572

Structure Name Activity

H
N

O

NH2

N
O

S
Me

Me

O
O

H
Ampicillin [Amp] antibacterial

aNumber 4, 5 and 6 are of the ILs formed from these cations (See Table 1).

Table 3. Structure and activity of ions found in this chapter.

4. Conclusion

After having examined the literature in ILs from APIs it is possible to conclude that: (i) this is
a research area developed by few groups; (ii) a complete and elaborated work including
synthesis, physical and chemical properties studies and pharmacological activity estimation
is necessary to produce significant results in this area (some groups have already performed
more elaborated works); (iii) evaluation of physical and chemical properties, main thermal
behavior is fundamental to develop new liquid APIs from IL approach; (iv) modification in
the physical state of an API can result in modification or modulation of pharmaceutical
properties of drugs. For example, co-formation of two separate solid actives in a solid dosage
form significantly differ from a dual functional IL formulation. The ions in an IL dissolve in
the body fluids exactly the same way—since one ion cannot dissolve without the other; this is
not true to separate solid forms administered at the same time since each may dissolve at quite
different rates. In addition, increase in solubility and bioavailability can enable a new formu‐
lation and/or a new doseage. Consequently, pharmacokinetic and pharmacological profiles
studies necessarly lead to a potential patent protection for each of new forms of drugs [12].

In this chapter, we hope to have given a clear idea of the use of IL approach in the obtainment
of liquid or amorphous API. We would like to conclude with an optimistic view for the future
expansion of the development of new drug profiles. This positive view comes from the
certainty that the results reported here are the beginning of a great advance in this promising
field in the near future.
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Chapter 22

Increase in Thermal Stability of Proteins by Aprotic
Ionic Liquids
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Additional information is available at the end of the chapter
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1. Introduction

Proteins are biomolecules of great importance in the biochemical processes such as the med‐
ical, pharmaceutical, and food fields, since they exhibit their outstanding biological activities
under mild condition. However, most of proteins dissolved in an aqueous solution are im‐
mediately denatured and inactivated at high temperatures due to the disruption of weak in‐
teractions including ionic interactions, hydrogen bonds, and hydrophobic interactions,
which are prime determinants of protein tertiary structures [5-3]. In particular, protein ag‐
gregation easily occurs upon the exposure of the hydrophobic parts of proteins, which are
usually located in the inside of native proteins, and this phenomenon becomes the major
problem because of the fast irreversible inactivation. Thermal denaturation of proteins is a
serious problem not only in the separation and storage of proteins but also in the processes
of biotransformation, biosensing, drug production, and food manufacturing. Several strat‐
egies have so far been proposed in order to prevent thermal denaturation of proteins [4-14].
They include chemical modification, immobilization, genetic modification, and addition of
stabilizing agents. The addition of stabilizing agents is one of the most convenient methods
for minimizing thermal denaturation, compared to other methods. It has been reported that
inorganic salts, polyols, sugars, amino acids, amino acid derivatives, chaotropic reagents,
and water-miscible organic solvents are available for improving protein stability. However,
these additives do not sufficiently prevent irreversible protein aggregation or some of them
are no longer stable at high temperatures.

Ionic solvent that is liquid at room temperature has attracted increasing attention as a green
solvent for the chemical processes because of the lack of vapor pressure, the thermal stabili‐
ty, and the high polarity [15, 16]. Chemical and physical properties of ionic liquids can be
changed by the appropriate modification of organic cations and anions, which are constitu‐
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ents of ionic liquids. It has recently been reported that protic ionic liquids such as alkylam‐
monium salts keep the stability of proteins in an aqueous solution at high temperatures [17,
18], and amyloid fibrils of proteins are dissolved in protic ionic liquids and are refolded by
dilution with an aqueous solution [19]. On the other hand, biotransformation in ionic liquids
has increasingly been studied [20-2]. Aprotic ionic liquids such as immidazolium salts have
mainly been employed as reaction media, since the high activity of enzymes is exhibited as
usual. We have found that the activity of protease is highly maintained not only in water-
immiscible aprotic ionic liquids but also in water-miscible aprotic ionic liquids [23, 24].

Figure 1. Structure of hen egg white lysozyme.
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Figure 2. Structures of ionic liquids used in the present work.
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Figure 3. Effect of concentration of ionic liquids on remaining activity of lysozyme during incubation at 25 ℃. The
aqueous solution of 100 μM lysozyme with requisite concentration of ionic liquids was incubated in a water bath ther‐
mostated at 25 ℃ for 30 min.

However, despite such potential capability of aprotic ionic liquids, there have not been any
works on the thermal stability of proteins in aqueous solutions containing water-miscible
aprotic ionic liquids.

In the chapter, the effect of water-miscible aprotic ionic liquids consisting of 1-ethyl-3-meth‐
ylimidazolium cations and several kinds of anions on thermal stability of proteins in aque‐
ous solutions is mainly discussed [25].

2. Dependence of the remaining activity of lysozyme on the
concentration of ionic liquids after the incubation at 25 oC

As a model protein, hen egg white lysozyme has been employed as shown in Fig. 1, since it has
been well investigated regarding its structure, properties, and functions [26]. Lysozyme is a
compact protein of 129 amino acids which folds into a compact globular structure. The molec‐
ular weight of lysozyme is 14,300, and the structure of lysozyme includes α-helices, β sheets,
random coils, β turns, and disulfide bonds, which are typical structures of proteins. Lysozyme
attacks peptidoglycans in the cell walls of Gram-positive bacteria, and catalyzes hydrolysis of
1,4-beta-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in a
peptidoglycan. Accordingly, lysozyme has been used as an anti-inflammatory agent, a preser‐
vative, a freshness-keeping agent, an antibacterial agent, a disinfectant, and so on.

Room temperature ionic liquids of alkyl imidazolium cations are widely used, and are com‐
mercially available. Figure 2 shows structures and properties of ionic liquids introduced in
this chapter. 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate, 1-ethyl-3-methylimi‐
dazolium tetrafluoroborate, and 1-ethyl-3-methylimidazolium chloride are abbreviated to
[emim][Tf], [emim][BF4], and [emim][Cl], respectively. Their properties such as melting
point alter by switching from one anion to another.
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It has been well known that ions and other compatible solutes affect enzyme activity [22].
Figure 3 shows the plot of the remaining activity of lysozyme against the concentration of
ionic liquids after the incubation at 25 ℃ for 30 min. The remaining activity in the presence
of [emim][Cl] or [emim][BF4] was independent on the concentration of ionic liquids till 1.2
M [emim][Cl] or 2.0 M [emim][BF4] and gradually dropped, while it in the presence of
[emim][Tf] dramatically decreased with an increase in the concentration of [emim][Tf].
These results indicate that [emim][Tf] tends to strongly function as a denaturant, compared
with [emim][Cl] and [emim][BF4]. Electrolytes promote or inhibit the stability of proteins ac‐
cording to the kind of electrolytes [27-28].

AggregationUnfolding

Partly Unfolded
Protein Aggregated ProteinNative Protein

Refolding

Covalent Changes

Deamidation of Asn residues
Hydrolysis of Asp-X peptide bonds
Destruction of cystine residues

Figure 4. Schematic illustration of thermal denaturation of proteins.

3. Thermal stabilization of lysozyme by aprotic ionic liquids

3.1. Thermal inactivation of lysozyme

When proteins dissolved in an aqueous solution are placed at high temperatures, most of
proteins are immediately unfolded due to the disruption of weak interactions including ion‐
ic effects, hydrogen bonds, and hydrophobic interactions, which are prime determinants of
protein tertiary structures. In addition, the intermolecular aggregation among unfolded pro‐
teins and the chemical deterioration reactions in unfolded proteins proceed as shown in Fig.
4 [2, 29, 30]. In particular, protein aggregation easily occurs upon the exposure of the hydro‐
phobic surfaces of a protein, and this phenomenon becomes the major problem because of
the fast irreversible inactivation. On the other hand, when a heated solution of denatured
proteins without protein aggregation is slowly cooled back to its normal biological tempera‐
ture, the reverse process, which is renaturation with restoration of protein function, tends to
occur. Accordingly, if stabilizing agents can sufficiently prevent irreversible aggregation of
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unfolded proteins, it is expected that unfolded proteins are refolded by cooling treatment,
and the high remaining activity is obtained.

Figure 5. Remaining activities of lysozyme in the presence of various kinds of additives after heat treatment at 90 ℃
for 30 min.

(a) (b)
Figure 6. Photographs of lysozyme solutions after heat treatment at 90 ℃ for 30 min: (a) lysozyme solution with 1.5 M
[emim][BF4], (b) lysozyme solution without [emim][BF4].

Figure 5 represents the remaining activities of lysozyme in the presence of various kinds of
additives after heat treatment at 90 ℃ for 30 min as an accelerated test. Lysozyme without
additives lost its activity perfectly after heat treatment. Native lysozyme solution immedi‐
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ately became turbid due to the aggregation of thermally-denatured proteins, as soon as heat
treatment was carried out, as shown in Fig. 6(b). It has been reported that the precipitation
due to protein aggregation at high temperatures is observed above 10 μM lysozyme [31]. As
lysozyme concentration in the present work was 100 μM (1.4 mg/mL) which was ten times
higher than that, the formation of protein aggregation was dramatically accelerated. Ammo‐
nium sulfate, which was an inorganic salt, glucose and glycerol, which were polyols, and
urea, which was a chemical denaturant, inhibited the formation of protein aggregation, and
exhibited thermal stabilization to some extent. β-Cyclodextrin, which was an inclusion com‐
pound, pectin, which was a thickener, and Triton-X, which was a nonionic surfactant, could
not maintain the stability of lysozyme at high temperatures, although they were widely
used as a stabilizer. On the other hand, [emim][BF4] and [emim][Tf] showed high remaining
activities. The lysozyme solution in the presence of ionic liquids was transparent after heat
treatment, as seen in Fig. 6(a). When lysozyme solution in the presence of protic ionic liq‐
uids such as alkylammonium formates is heated at 90 ℃, protein aggregation is prevented,
and any cloudy appearance is absent [18]. The hydrophobic core of lysozyme unfolded by
heat interacts with the cation of ionic liquids, and cation adsorption results in acquisition of
a net positive charge preventing aggregation via electrostatic repulsion [17].

Figure 7. Time dependence of remaining activity of lysozyme with ionic liquids under cooling at 25 ℃ after heat treat‐
ment at 90 ℃ for 30 min. After heat treatment, the aqueous solution of 100 μM lysozyme with 0.1 M [emim][Tf] or 1.5
M [emim][BF4] was incubated in a water bath thermostated at 25 ℃.

3.2. Refolding of lysozyme by ionic liquids

When the formation of protein aggregation is inhibited at high temperatures by ionic liq‐
uids, and thermally-denatured proteins are individually dispersed in an aqueous solution, it
is probably that denatured proteins are gradually refolded under cooling conditions. Figure
7 shows the time course of remaining activity in the presence of ionic liquids under cooling
treatment at 25 ℃ after the heat treatment at 90 ℃ for 30 min. The remaining activities of
lysozyme in the presence of 1.5 M [emim][BF4] and 0.1 M [emim][Tf] exhibited 30 and 24%,
respectively, just after heat treatment. The remaining activity of lysozyme with 1.5 M
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[emim][BF4] or 0.1 M [emim][Tf] rapidly increased with incubation time at 25 ℃, and
reached a plateau around 2 and 7 min, respectively. In sufficiently low concentration of pro‐
teins, where protein aggregation is not formed, when the hydrophobic core of proteins is ex‐
posed, but the disulfide bonds keep intact, denatured proteins gradually tend to refold to
their native structures on cooling after thermal denaturation [32-36]. The refolding of ther‐
mally-denatured proteins is enhanced in the presence of protic ionic liquids such as alky‐
lammonium nitrate and alkylammonium formates [32, 21]. Moreover, N’-alkyl and N’-(ω-
hydroxyalkyl) N-methylimidazolium chlorides refold denatured proteins such as hen egg
white lysozyme and the single-chain antibody fragment ScFvOx [37].

Figure 8. Effect of concentration of ionic liquids on remaining activity of lysozyme after heat treatment at 90 ℃ for 30
min. The aqueous solution of 100 μM lysozyme with requisite concentration of ionic liquids was incubated in a sili‐
cone oil bath thermostated at 90 ℃ for 30 min.

3.3. Dependence of the remaining activity of lysozyme on the concentration of ionic
liquids via heat treatment

The stability of proteins depends upon the kind and concentration of electrolytes [27, 28].
Figure 8 shows the plot of the remaining activity of lysozyme against the concentration of
ionic liquids after the heat treatment at 90 ℃ for 30 min. The remaining activity was strongly
dependent on the concentration of [emim][BF4] or [emim][Tf], while the effect of concentra‐
tion of [emim][Cl] was not observed. The remaining activity in the presence of [emim][BF4]
increased with an increase in the concentration of [emim][BF4] and reached a plateau around
0.8 M. The remaining activity in the presence of [emim][Tf] dramatically increased with in‐
creasing the concentration of [emim][Tf], the maximal remaining activity was obtained at 0.1
M [emim][Tf], and then decreased steeply. As seen in Fig. 3, the remaining activity de‐
creased at 25 ℃ with an increase in the concentration of [emim][Tf]. Chemical denaturants,
such as urea and guanidine hydrochloride, can promote dissolution of inclusion bodies,
which are protein aggregation formed by prokaryotic expression systems [38]. Similarly,
[emim][Tf] inhibits the formation of protein aggregation at low [emim][Tf] concentrations,
but it mainly denatures proteins at higher [emim][Tf] concentrations. Moreover, it has been
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reported that after heat treatment the remaining activity of lysozyme increases with an in‐
crease in the concentration of ethylammonium formate and 2-methoxyethylammonium for‐
mate, while the remaining activity increases at low concentration of propylammonium
formate, but at higher concentrations of propylammonium formate the protein spontaneous‐
ly denatures [18]. Thus, the dependence of concentration of ionic liquids on the remaining
activity of proteins changes by switching from one ionic liquid to another.

Figure 9. Thermal denaturation curves of lysozyme with or without ionic liquids. The aqueous solution of 100 μM ly‐
sozyme with or without ionic liquids was incubated in a silicone oil bath thermostated at requisite temperature for 30
min.

3.4. Dependence of the remaining activity of lysozyme on the temperature of heat
treatment

The thermal inactivation of proteins more rapidly proceeds by higher temperatures. Figure 9
shows the relationship between the temperature of heat treatment and the remaining activi‐
ty of lysozyme in aqueous solutions containing water-miscible ionic liquids after the heat
treatment for 30 min. As seen in the figure, the remaining activity of lysozyme without ionic
liquids gradually decreased with an increase in temperature below 70 ℃, accompanied with
the formation of precipitation due to protein aggregation, drastically dropped in the range
from 70 to 80 ℃, and was then lost at temperatures of 80 ℃ or higher. The transition temper‐
ature was exhibited around 75 ℃, similar to the case measured by differential scanning calo‐
rimetry [17]. On the other hand, the remaining activity of lysozyme with 1.5 M [emim][Cl]
gradually decreased with an increase in temperature below 75 ℃, and drastically dropped in
the range from 75 to 90 ℃. The remaining activity of lysozyme with 1.5 M [emim][BF4] was
highly maintained below 80 ℃, gradually decreased with temperature, and the remaining
activity depicted 60% at 98 ℃. Similarly, the remaining activity of lysozyme with 0.1 M
[emim][Tf] was highly retained below 80 ℃, gradually decreased with temperature below 92
℃, drastically dropped in the range from 92 to 98 ℃, and was then lost at 98 ℃. These results
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indicate that the addition of aprotic ionic liquids to an aqueous solution of lysozyme effec‐
tively improves the thermal stability of lysozyme at high temperatures.

Figure 10. Time dependence of remaining activity with or without ionic liquids after heat treatment at 90 ℃. The
aqueous solution of 100 μM lysozyme with or without ionic liquids was incubated in a silicone oil bath thermostated
at 90 ℃.

Ionic liquid Rate constant (min-1) Half line (min)

none 0.43 1.6

1.5 M [emim][CI] 0.065 22

0.1 M [emim][Tf] 0.0081 86

1.5 M [emim][BF4] 0.0049 141

Table 1. Rate constants and half lives of inactivation of lysozyme at 90 ℃.

3.5. Time course of remaining activity of lysozyme via heat treatment with or without
ionic liquids

Heating time directly enhances the thermal inactivation of proteins. Figure 10 shows time
course of remaining activity of lysozyme with or without ionic liquids through the heat
treatment at 90 ℃. The remaining activity of lysozyme without ionic liquids dramatically de‐
creased with an increase in time, accompanied with the formation of protein aggregation,
and was almost lost at 10 min. It has been reported that the remaining activity in the thermal
denaturation process accompanied with the formation of protein aggregation follows first-
order kinetics [31]. As seen in the figure, the relationship of the remaining activity of pro‐
teins in the absence of ionic liquids with the time of heat treatment could be correlated by
first-order kinetics. On the other hand, 1.5 M [emim][BF4] or 0.1 M [emim][Tf] effectively
prevented the thermal inactivation of lysozyme. In the presence of ionic liquids the turbidity
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of solutions due to protein aggregation was not observed during heat treatment. This indi‐
cates that the thermal inactivation mainly results from the covalent change as shown in Fig.
4. The plots of remaining activity versus heat treatment time on thermal inactivation of lyso‐
zyme in the presence of ionic liquids followed first-order kinetics on linearity. It has been
reported that the thermal inactivation of lysozyme obeyed first-order kinetics when it irre‐
versibly proceeded by the covalent change without the formation of protein aggregation
[39]. Table 1 represents rate constants and half lives of inactivation of lysozyme with or
without ionic liquids calculated from the fitting curves in Fig. 10. The half lives with 1.5 M
[emim][BF4], 0.1 M [emim][Tf], and 1.5 M [emim][Cl] were 88, 54, or 6.9 times longer than
that without ionic liquids, respectively.

4. Conclusion

In this chapter the effect of water-miscible aprotic ionic liquids on thermal stability of lyso‐
zyme has been described. Aprotic ionic liquids could sufficiently prevent thermally-dena‐
tured proteins from aggregating. The activity of lysozyme in the presence of aprotic ionic
liquids was kept to some extent, just after heat treatment at high temperatures. Moreover,
thermally-denatured lysozyme was effectively refolded by cooling. Consequently, the high
remaining activity of lysozyme was obtained. These results indicate that aprotic ionic liq‐
uids act not only as an inhibitor of protein aggregation, but also as a protective agent in the
native structure of protein and an accelerator in the refolding of thermally-denatured pro‐
teins. The remaining activity of lysozyme markedly depended upon the kind of anions and
the concentration of ionic liquids. Especially, [emim][Tf] exhibited the thermostabilization
effect of proteins at low concentrations, but mainly worked as a denaturant of proteins at
high concentrations. The effect of [emim][BF4] and [emim][Tf] upon thermal stabilization at
high temperatures was much superior to that of [emim][Cl]. As chemical and physical prop‐
erties of ionic liquids can be changed by the appropriate modification of organic cations and
anions, which are constituents of ionic liquids, it is expected that the ionic liquid, which is
more suitable for the thermal stabilization of proteins, is prepared by tailoring the constitu‐
ents of ionic liquids.
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reported that the thermal inactivation of lysozyme obeyed first-order kinetics when it irre‐
versibly proceeded by the covalent change without the formation of protein aggregation
[39]. Table 1 represents rate constants and half lives of inactivation of lysozyme with or
without ionic liquids calculated from the fitting curves in Fig. 10. The half lives with 1.5 M
[emim][BF4], 0.1 M [emim][Tf], and 1.5 M [emim][Cl] were 88, 54, or 6.9 times longer than
that without ionic liquids, respectively.

4. Conclusion

In this chapter the effect of water-miscible aprotic ionic liquids on thermal stability of lyso‐
zyme has been described. Aprotic ionic liquids could sufficiently prevent thermally-dena‐
tured proteins from aggregating. The activity of lysozyme in the presence of aprotic ionic
liquids was kept to some extent, just after heat treatment at high temperatures. Moreover,
thermally-denatured lysozyme was effectively refolded by cooling. Consequently, the high
remaining activity of lysozyme was obtained. These results indicate that aprotic ionic liq‐
uids act not only as an inhibitor of protein aggregation, but also as a protective agent in the
native structure of protein and an accelerator in the refolding of thermally-denatured pro‐
teins. The remaining activity of lysozyme markedly depended upon the kind of anions and
the concentration of ionic liquids. Especially, [emim][Tf] exhibited the thermostabilization
effect of proteins at low concentrations, but mainly worked as a denaturant of proteins at
high concentrations. The effect of [emim][BF4] and [emim][Tf] upon thermal stabilization at
high temperatures was much superior to that of [emim][Cl]. As chemical and physical prop‐
erties of ionic liquids can be changed by the appropriate modification of organic cations and
anions, which are constituents of ionic liquids, it is expected that the ionic liquid, which is
more suitable for the thermal stabilization of proteins, is prepared by tailoring the constitu‐
ents of ionic liquids.
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Use of Ionic Liquid Under Vacuum Conditions
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Additional information is available at the end of the chapter
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1. Introduction

Ionic liquid (IL) is a kind of salt that can stay as a liquid phase even at room temperature.
However, researchers sometimes prefer to call it room temperature ionic liquid (RTIL) to
distinguish between liquid salt at around room temperature and that at high temperature.
Fig. 1 shows structural formulas of well-known ILs with their names and abbreviations. The
liquid possesses several attracting characteristics like high ionic conductivity, wide electro‐
chemical windows, and negligible vapor pressure [1-5]. All features imply that IL has high
stability and inertness, which have become very useful to utilize IL as electrolytes for Li-ion
secondary batteries and PEM fuel cells, reaction solvents for organic synthesis and nanopar‐
ticle preparation, and lubricants usable in cosmic space [4].

The negligible vapor pressure of most ILs at room-temperature means that such the ILs can
be put in a vacuum chamber without any vaporization. This fact invented a new technologi‐
cal concept because there are several instruments that require vacuum conditions for sample
analyses and material manufacturing. Those instruments are basically designed for dealing
with solid samples because it is quite common sense that the vacuum conditions should pro‐
vide dry atmosphere. In other words, conventional procedures with such the instruments
cannot be applied to any wet sample, although researchers frequently meet the cases where
they would like to deal with wet samples and liquid itself in vacuum equipments. Possibili‐
ty to introduce ILs to the vacuum instruments could innovatively change the techniques re‐
quiring vacuum conditions. Then, some researchers including our research group started to
put ILs in vacuum chambers of several instruments.

© 2013 Kuwabata et al.; licensee InTech. This is an open access article 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.
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Figure 1. Structure formulas of typical ionic liquids with names and their abbreviations.

In this chapter, new techniques developed by putting ILs in the vacuum chambers of instru‐
ments will  be introduced.  Actually there are some other liquids having very low vapor
pressure like silicon grease, which also can be introduced into the vacuum chamber. How‐
ever, such oily medias cannot work as solvent for chemical and physical reaction because
of their extremely high viscosity. On the other hand, ILs, which work well as solvent and
electrolyte, make the dry vacuum conditions become wonderful wet world as will be intro‐
duced in this chapter.

2. XPS analysis

XPS is an instrument for analyzing the composition of solid materials and chemical state of
each element. To detect generated photoelectrons with high sensitivity, vacuum condition is
required. This condition is also effective for avoiding contamination of the sample surfaces.
Although many researchers would like to put liquid into this instrument, vacuum condition
in its sample chamber does not allow it. Nevertheless, some papers have reported the ag‐
gressive attempt to analyze the liquid surface by XPS with intricately designed sample
stages [6-9]. In contrast, IL that is not vaporized under ultra-vacuum conditions can easily
be put in the XPS chamber without any specific technique of modification.

[EMI+][C2H5SO3 -] was the first IL that has been subjected to XPS analyses. It was found that
IL emitted stable photoelectron flux, giving XPS spectra with high resolution [10-13]. Then,
the obtained spectra enable a peak separation by the fitting calculations. Figure 2(a) shows the
C1s spectrum of [EMI+][C2H5SO3 -] together with the fitting curves based on C elements in five
locations in the IL [14]. The XPS analysis of IL also allows detection of species dissolved in the
IL, enabling in situ analysis of chemical reactions. An example is shown in Fig. 2(b) which
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were XPS spectra of Pd(OAc)2(PPh3) dissolved in [EMI+][C2H5SO3 -] [14]. Successive measure‐
ments showed that the intensity of spectra due to Pd(II) decreased, while the spectra due to
Pdo increased, showing decomposition of Pd complex known as the Heck catalyst.

Figure 2. High resolution XPS spectra of [EMI+][C2H5OSO3
-] detailing the C1s photoemission (a) and those of Pd(Oac)2

in [EMI+][C2H5OSO3 -]. The red line shows data recorded at the start of the XPs experiment and the black line presents
data recorded 6 h later.

3. MALDI Mass Spectroscopy

The matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is one of
the groundbreaking analysis techniques that vaporize samples by laser irradiation with as‐
sistance of an appropriate matrix, as schematically illustrated in Fig. 3(a). This way allows to
vaporize very large molecules like proteins that could not been analyzed without decompo‐
sition of the sample by the conventional mass spectrometry. The Matrix selection is quite es‐
sential, and an ideal matrix is a material possessing sufficient absorption coefficient for the
laser beam, low vapor pressure, ability to dissolve or co-crystallize with sample, and ability
to promote ionization of sample without its significant decomposition. The liquid matrices
having low vapor pressure like glycerol and 3-nitrobenzyl alcohol have been utilized in the
early research but their inherent volatility still causes some problems, such as decrease in
their amounts with time. Another problem is that these liquids possess no UV absorbability,
requiring addition of another photosensitive component.

Since IL possesses both no volatility and UV absorbability, it seems to be an ideal solution
matrix for MALDI. However, usual ILs such as [BMI+][BF4 -] and [BMI+][PF6 -] were unfortu‐
nately unable to ionize samples dissolved in them [15]. Then, new ionic liquid family for the
liquid matrixes were synthesized using solid acidic compounds of α-cyano-4-hydroxycin‐
namic acid (CHCA), sinapinic acid (SA), and 2,5-dihydroxybenzoic acid (DHB), which are
widely used as solid matrixes for MALDI-MS [15,16]. Then, some of them were found to
keep liquid state at room temperature and work as liquid matrices for detection of polymer
and some biomolecules by MALDI-MS [15-18].
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Figure 3. a) Schematic illustration of MALDI. (b) [M + H]+ ion intensities from 90 positions on a human angiotensin II
preparation with ionic liquid matrix CHCAB (black triangles) and with traditional CHCA matrix (grey squares). The rela‐
tive standard deviations (RSD) of the data series are given as bar graphs. Black bars indicate RSD values found using
ionic liquid matrixes, and gray bars indicate RSD values of the data series yielded by the respective traditional MALDI
matrixes.

Fig.3(b) shows change in signal intensities of [M + H]+ obtained at 90 different positions on a
spot of sample-matrix mixture. As expected, the IL matrix of α-cyano-4-hydroxycinnamic
acid butylamine (CHCAB) gave much narrow data dispersion than that obtained for the sol‐
id matrix of CHCA, indicating evidently usefulness of IL matrix for improvement of repro‐
ducibility. Another feature of the IL matrix is higher ability to suppress decomposition of
sample than the conventional solid matrix. Use of CHCA-based guanidium salt and its anal‐
ogous salts as IL matrixes enabled detection of oligosaccharides, which exhibit poor ioniza‐
tion efficiencies and tend to get thermal fragmentation through the loss of SO3 groups, with
suppression of loss of SO3 [17,18].

4. Use of ILs for SEM observations

The first attempt was to observe ILs with a scanning electron microscope (SEM) [19]. The
fact that ILs possess ionic conductivity but they do not possess electric conductivity gave an
anticipation of charging of a IL drop during SEM observation. As a matter of fact, nonvola‐
tile silicon oil, which can also be put in a vacuum chamber without vaporization, exhibited a
white image with lots of noise because of charging behavior (Fig. 4(a)). Surprisingly, howev‐
er, IL droplet gave a dark contrast images without any noise (Figure 4(b) -(d)), indicating
that ILs are not charged by electron beam irradiation. Pulse radiolysis studies on ILs have
revealed that electrons injected in ILs with high accelerated voltage are stabilized in con‐
densed ions, allowing electrons to move in the liquid [20]. Consequently, ILs behave like
electrically conducting materials for SEM observations. Based on this fact, several attempts
have been done for SEM observations using ILs. The simplest way must be putting conduc‐
tivity in place of metal or carbon deposition to insulating materials to observe them with a
SEM. However, if neat IL was put onto the surface of the insulating material, existence of the
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liquid pools interfered observations of surface details of the abrasive paper, as shown in Fig.
5 (b), as compared with the case of the Au-deposited sample (Fig. 5 (a)). This troublesome
can be resolved by dilution of IL with volatile solvent like alcohol. The abrasive paper was
soaked in 2 mol dm-3 [BMI+][TFSA-] / ethanol solution in a couple of seconds and was taken
out of the solution. Leaving it in air for several ten seconds allowed vaporization of ethanol,
resulting in stay of a thin IL layer on the sample. In fact, its SEM image as shown in Fig. 5c
was quite similar to that obtained for the Au-coated abrasive paper [21].

Figure 4. SEM images of droplets of silicon oil (a), [BMI+][BF4
-] (b), [EMI+][BF4] (c), and [EMI+][TFSA-]

Figure 5. SEM images of surfaces of abrasive paper coated with gold (a), neat [BMI+][TFSA-] (b), and /ethanol solu‐
tion (c).

Figure 6. SEM images of insect, flower, tissue, and cell pretreated with IL; a) head of a yellow jacket, b) stamen of
asteraceae, c) pollens of lily, d) villi of mouse small intestine, and mouse-derived fibroblast L929 cells (e). A picture (f) is
optical microscope image of L929 cells for comparison.
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Application of IL as an electric conducting material to an insulating sample gives another
advantages, as compared with metal or carbon deposition. The liquid can keep the sample
wet conditions even in vacuum chamber. This possibility has in particular a positive effect
on observation of biological specimens [22-25]. Some examples are shown in Fig. 6 [22].
Since biological specimens have complex surface structures, metal or carbon deposition can‐
not perfectly deposit conducting films on the surfaces having dimples and indented places.
However, liquid can reach anywhere on the complex surfaces, resulting in complete sup‐
pression of the charging behavior. Also replacement of water contained in the biological
specimens with IL keeps the sample wet condition. As a result, SEM image of IL-treated fi‐
brous blast cells, as shown in Fig. 6(e) was quite similar to shapes of cells containing water,
which were observed by an optical microscope (Fig. 6(f)).

The IL treatment became now significant for biological and medical studies by electron mi‐
croscope observations. An example is shown in Fig. 7 [23,24]. The metastasis is one of the
most serious problems during cancer treatment. Such action has never been seen for the nor‐
mal cells which prefer to adhere to each other during and after the cell fissions. This means
that the normal cells must have some specific means to keep connections with neighboring
cells. It is already known that something works well to make cell-to-cell junction, but direct
observation of the something by an electron microscope has not yet been succeeded.

Figure 7. SEM images of A549 cells with (a) and without (b) pre-TGF-β1 treatment for 18 h. The IL treatment was con‐
ducted for the both samples before SEM observation.

The cells shown in Fig. 7 are human lung epithelial cells (A549). Before SEM observation of
the cells, fixation treatment and metal or carbon coating are required to keep the cell mor‐
phology under vacuum conditions and to put electrical conductivity. Sometimes, however,
such the treatments deform the delicate moieties of the cells. The A549 cells, which were
subjected to dehydration and Pt-sputtering gave their SEM images showing relatively
smooth surface with short microvilli. On the other hand, if IL was applied to the cells in
place of the Pt-sputtering to put electrical conductivity to the cell, the SEM image shown in
Fig. 7(b) was obtained. It indicates evidently long microvilli around the cell and ruffled cell
surface. It is noteworthy that some of long microvilli made connections between separated
cells, forming cellular bridges. The transforming growth factor (TFG)-β1 is a representative
epthelial-mesenchymal transition (EMT), which is a key event in cancer metastasis. In fact, it
is well known that the cells pre-treated with (TFG)-β1 lose their polarity and cell-to-cell con‐
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tact. Fig. 7(a) shows A549 cells, which were subjected to the (TFG)-β1 treatment before SEM
observation using IL. It is apparent by comparison of Fig. 7(a) with (b) that the A549 treated
with (TFG)-β1 completely lost microvilli, implying that EMT-inducing TGF- β1 on the regu‐
lation of filopodia formation in mitotic cells. As a result the cells, which are free from other
cells, enable their metastases.

5. Observation of electrochemical reactions

ILs work as a favorable electrolyte for several kinds of electrochemical reactions, implying
that such the electrochemical reactions can be induced in a vacuum chamber, allowing ob‐
servation of the reactions by an electron microscope [26,27]. As the first attempt, SEM obser‐
vation of electrochemical Ag deposition has been conducted. Since the electrochemical
reaction proceeds in IL as an electrolyte, IL may disturb the observation. However, the reac‐
tion occurring at several μm from the IL surface can be observed because the accelerated
electron beam of SEM can penetrate such a thing IL layer.

In situ SEM observation of silver deposition was made by applying electrode potential to the
working electrode, while observing the electrode surface from the top. The polarization po‐
tential chosen was -0.22 V, which was a little more negative than the onset potential of silver
deposition (-0.15 V), and -1.14 V vs. Ag/Ag+ where the reaction rate is determined by diffu‐
sion of Ag+. It is well known that silver deposition with nucleus growth is dominant when
overpotential is small, whereas aciculate deposits becomes dominant at the potentials where
diffusion determines the reaction rate. Such the natural rule was well represented by the
SEM images taken with the reaction time, as shown in Fig. 8 [26].

Figure 8. SEM images of gradual deposition of silver particles polarized at 0.22 V (upper) and -1.14 V (lower) vs.
Ag/Ag+ for 0, 15, 30, 60 min, and180 min.
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6. EDX analysis

Energy dispersive X-ray spectrometry (EDX) has become powerful for elemental analysis at
small parts when it is combined with electron microscopes. Our previous studies revealed
that EDX analysis is effective for detecting changes in components caused by electrochemi‐
cal reactions in ILs. As a concrete application, we utilized this technique to reveal reaction
mechanism of the electrochemical actuator.

The actuator device was prepared using a film of poly(vinylidene fluoride-co-hexafluoro‐
propylene) (PVdF-HFP) containing IL. This composite film was sandwitched between two
thin Au or Pt layers that were deposited by a metal sputtering. When [EMI+][TFSA-] was
used to prepare the PVdF-HFP-IL composite, the resulting actuator bent toward the positive
side (Fig. 10 (a)). The same tendency was observed for other polymer-IL composite actua‐
tors. Based on such the results, some researchers explained that bending is caused by differ‐
ence in size between cation and anion of IL, the former is a little larger than the latter.
Therefore, larger cations and smaller anions are attracted to the negative and the positive
metal layer, respectively, resulting in expansion of the former side more than the latter.

Figure 9. Schematic illustration of in situ SEM system for an actuator to investigate component changes by its reaction.

However, unexpected result was obtained when the fluorohydrogenate IL, [EMI+][(FH)2.3F-]
was used for the composite preparation. The actuator fabricated using this composite bent
toward its negative side, as shown in Fig. 10 (b) although size of [(FH)2.3F-] is smaller than
[TFSA-], requiring another reaction mechanism that can explain reasonably the bending to‐
ward positive and negative sides. Then, we attempted in situ EDX analysis using the specifi‐
cally modified SEM instrument, as shown in Fig. 9.

The prepared actuator was put on the sample stage of the SEM and DC voltage of + 3.5 V
was applied to the Pt layers from a power supply outside of the SEM chamber. The one side
of the actuator was observed by the SEM and change in amount of ions at vicinity of the Pt
layer was detected by EDX while changing polarity of the DC supply. Typical change in the
EDX spectra were shown in Fig. 10 (c) and (d). In case of the [EMI+][TFSA-] composite, the
peak intensities for the anion components such as O, F, and S did not show significant
change at all after changing polarity, while the intensity of carbon, which is mainly con‐
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tained in the cation, markedly increased when the polarity was changed from plus to minus.
On the contrary, in case of the [EMI+][(FH)2.3F-] composite, the F intensity decreased by
changing voltage from +3.5 to -3.5 V, while almost no change was observed for the carbon
intensity. Such the results indicated that cations and anions moved dominantly by changing
the voltage polarity. Those behavior may be comprehensible because the transport numbers
of cations and anions are larger for [EMI+][TFSA-] and [EMI+][(FH)2.3F-], respectively. Based
on those results and information, schematic illustrations shown in Fig. 10 (e) and (f) can be
depicted to explain the actuator's bending. If only cations move in the polymer-IL compo‐
site, population of ions existing in the vicinity of the positive side decreases and that in the
vicinity of the negative side increases, resulting in bending toward the positive side. It is,
therefore, explainable that the bending toward the negative side in case of the IL, anion of
which has larger transport number than cation, as shown in Fig. 10 (f) [28].

Figure 10. Motion of the electrochemical actuators prepared using ILs of [EMI+][TFSA-] (a) and [EMI+][(FH)2.3F-] (b),
their in situ EDX results (c, d), and plausible reaction mechanisms (e, f).
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7. Preparation of metal nanoparticles by plasma deposition method

Ag, Cu, and Al nanoparticles have been successfully synthesized by plasma deposition
method [29-31]. This approach called glow discharge electrolysis, is based on historical arti‐
cles reported about 100 years ago. Schematic illustration of the system for the plasma depo‐
sition is illustrated in Fig. 11 (a). The plasma generation does not need vacuum conditions,
but appropriate gas of low pressure is required to generate a stable plasma. However, the
use of ILs is also essential in this case because the presence of vapor of a volatile liquid in the
gas phase would inhibit the plasma generation. A typical plasma experiment is shown in
Fig. 11 (b) [31]. The reaction media was [EMI+][TFSA-] with 62 mmol L-1Cu(I). A dark brown‐
layer that appeared at the interphase between the IL and plasma phase was growing with
plasma irradiation time, indicating that Cu(I) was reduced to Cu nanoparticles with an aver‐
age size of ∼11 nm. However, the surface was covered with a copper oxide layer. If the met‐
al nanoparticles are yielded under vacuum or inert gas condition, this is a common issue for
which it is very difficult to collect metallic state nanoparticles, especially base metal nano‐
particles that are oxidized readily under atmospheric condition. One of solution methodolo‐
gies about this will be introduced in a later section. Very recently, the plasma deposition
method was adopted for preparation of Au [32,33] and Pt [33] nanoparticles. The relation‐
ship between deposition conditions and the characteristics of the prepared nanoparticles
was studied in detail. One of interesting findings is that nanoparticles were prepared even if
the cathode was placed in the IL phase and not the gas phase.
 

Figure 11. Schematic illustration of the experimental setup for plasma electrochemical reduction of metal ions dis‐
solved in ILs (a) and photographs of the plasma electrochemical reduction experiment of Cu(I) dissolved in a IL at dif‐
ferent reduction times (b).
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8. Nanoparticle synthesis by sputtering

It is well known that metal vapor-deposition is a method to prepare ultrapure metal nanopar‐
ticles or films on solid substrates. Several research groups have developed the sputter depo‐
sition of metal nanoparticle onto pure ILs, as schematically illustrated in Fig. 12 (a), in order
to prepare ultrapure metal nanoparticles [32-38]. The simple sputter deposition of Au onto ILs
resulted in a solution containing highly dispersed Au nanoparticles whose size was depend‐
ent on the IL used [32]. In situ TEM observations of Au-deposited ILs revealed that highly-
dispersed nanoparticles with no aggregation were seen in ILs, as shown in Fig. 12 (b), (c).
Sputter deposition onto [EMI+][BF4 -]  gave spherical Au nanoparticles having an average
diameter of 5.5 nm, while much smaller nanoparticles with size of 1.9 nm were obtained for
the experiment using [Me3PrN+][TFSA-]. Although sputtered species were assumed not to
considerably suffer gas-phase collisions in the space between Au foil and IL solution be‐
cause of low gas pressure, their injection into IL solution could make high concentration enough
to coalesce with each other. Their coalescence would proceed until Au nanoparticles were
stabilized by the adsorption of IL ions, the degree being dependent on IL. Since it is well-
known that TFSA- anion makes a coordination bond with metal ions, it is expected that strong
adsorption of TFSA- suppresses the growth and/or coalescence of particles.

Figure 12. Schematic illustration of the metal nanoparticle formation by sputtering (a) and TEM image of Au nanopar‐
ticles sputter-deposited in EtMeImBF4.

This method has achieved the preparation of various pure metal nanoparticles, such as Au
[32-36], Ag [37,38], Pt [39,40] and so forth, possessing particle sizes less than 10 nm in diame‐
ter without any specific stabilizing agent. A small-angle X-ray scatting study revealed the
initial formation mechanism of the gold nanoparticles during the sputtering process onto
several [1,3-dialkylimidazolium][BF4] [36]. The proposed formation mechanism is divided
into two phases where it was concluded that both surface tension and viscosity of the IL are
important factors for the Au nanoparticle growth and its stabilization.

The simultaneous sputter deposition of different pure metals on IL is a facile synthetic meth‐
od to prepare bimetallic alloy nanoparticles [37]. The use of metal targets composed of radi‐
ally-arranged Au and Ag foils allowed simultaneous sputter deposition of Au and Ag onto
[BMI+][PF6 -] in argon atmosphere at ca. 20 Pa. The color of [BMI+][PF6 -] subjected to the
sputter deposition was varied (Fig. 11), depending on a fraction of gold foils on targets. Each
absorption spectrum of the resulting solution exhibited a single peak or shoulder assigned
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to the surface plasmon resonance (SPR) band of the metal particles and the peak wavelength
increased almost linearly with the Au fraction. These results indicated that the simultaneous
injection of sputtered species of Au and Ag into an IL caused coalescence with each other in
the solution, resulting in the formation of AuAg alloy nanoparticles, as shown in Fig. 13. The
chemical composition and optical properties of the alloy nanoparticles are easily controlled
just by varying the area ratio of the individual pure metal foils in a sputtering target.

Figure 13. Photographs of [BuMeIm][PF6] ILs after sputtering experiments at Au-Ag targets having different surface
area ratios and TEM images of the resulting nanoparticles obtained at each Au-Ag target.

Furthermore, it was discovered that hollow nanoparticles can be synthesized by some modi‐
fication of the sputtering method [39]. This fact was found when we attempted to produce
indium metal nanoparticles by sputtering of In onto [BMI+][BF4 -]. SEM observation and
some analyses of the obtained nanoparticles revealed that they had In/In2O3 core/shell con‐
figuration, as shown in Fig. 14(a). Since the melting point of In is 156.6 oC, we attempted to
heat the resulting In/In2O3-dispersed IL at 250 oC, giving the In2O3 hollow nanoparticles, a
TEM image of which is shown in Fig. 14(b). The plausible reaction mechanisms for synthesis
of In/In2O3 and In2O3 hollow nanoparticles are schematically illustrated in Fig. 12(c) and (d),
respectively. The oxidation of the In nanoparticle surfaces and the melted In by heating
might be caused by oxygen that was dissolved in the IL when the IL was taken out from the
sputtering instrument.
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Figure 14. Nanoparticles synthesized by sputtering of In onto [EMI+][BF4
-] (a), those after heating at 250 oC, and the

plausible reaction mechanisms for the In sputtering (c) and the heating (d) procedures.

Figure 15. A way to immobilize Pt nanoparticles on surface of carbon substance (a) and Pt nanoparticles-immobilized
carbon nanotube (b) prepared by this way.

The produced metal nanoparticles are stably dispersed in ILs for long time without any spe‐
cific stabilizing agent. However, the nanoparticles can be immobilized onto carbon substan‐
ces by putting the nanoparticles-dispersed IL on a carbon substrate followed by heating and
then removal of IL by washing with acetonitrile (Fig. 15(a)) [34]. When the resulting Pt nano‐
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particles-immobilized carbon substance was used as an electrode, it exhibited high electro‐
catalytic activities toward O2 reduction, indicating that the immobilized Pt nanoparticles
kept their catalytic acitvities [40,41]. Similar method was found to be useful to immobilize Pt
nanoparticles onto surfaces of carbon nanotubes, as shown in Fig. 15 (b) [42]. In this case, Pt-
dispersed IL and carbon nanotubes are vigorously mixed and the resulting mixture was
heated, followed by washing with acetonitrile. The Pt nanoparticles on the carbon nano‐
tubes also exhibited high electrocatalytic activities, as shown in Fig. 14.

Figure 16. Hydrodynamic voltammograms for O2 reduction at a Pt–SWCNT modified rotating ring disk electrode in
O2-saturated 0.1 M HClO4 aqueous solution at 298 K. The electrodes were (top) Pt ring and (bottom) Pt–SWCNT modi‐
fied GC disk. The IL used for Pt nanoparticle preparation was [Me3PrN+][TFSA-]. The potential for the ring electrode was
1.20 V. The scan rate was 10 mV s-1; the rotation rate was 1200 rpm.

9. Nanoparticle preparation by quantum Beam

Irradiation of electron beam to IL is another way to synthesize metal particles. This fact was
found first when we observed [BMI+][TFSA-] containing 0.1 mol dm-3 NaAuCl4 [43]. As
shown in Fig. 17(a)-(c), many bright lines appeared in the IL droplet on a FTO with observa‐
tion time. When the bright line was observed with higher magnification, a SEM image of
Fig. 17 (d) was obtained, showing Several experiments and analyses have revealed that Au
particles are produced by reduction of Au3+ ions by electron beam, and that particle size de‐
pends on the experimental conditions [44].
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Figure 17. SEM images of the ionic liquid irradiated with an electron beam for 0 s (a), 90 s (b), and 300 s (c), and
generated Au particles (d).

Accelerated electron beam and γ-ray generated by industrial plants, which are usually uti‐
lized for sterilizing medical kits, are also available for reduction of metal ions to metal nano‐
particles [45]. In this case, since irradiation is made by conveying IL containing metal ions,
which is sealed in a sample vial, through the generator, mass production of metal nanoparti‐
cles is possible. This technique was able to synthesize several kinds of metal nanoparticles,
such as Au, Ag, Cu, Ni, Pd, Pt, Mg, Fe, Zn, Al, Sn, and FePt alloy [46].

10. Conclusion Remarks

Chemists prefer wet conditions than dry conditions because wet conditions are more de‐
sired for inducing chemical reactions. Since wet conditions are also required for all living
things, investigation of biomaterials under wet conditions are much better than that under
dry conditions. Unfortunately, however, many instruments for precise analyses and those
for material production with micro or nano scales require vacuum conditions because the air
intererferes precise proving and controlling. So far, vacuum and wet are contradictory
words because there is no liquid which can stand in vacuum without vaporization. IL is the
first liquid that can set the relationship between vacuum and wet on the right footing. There
are more instruments requiring vacuum conditions than those introduced in this article. We
would like to apply IL to more instruments to make many scientists know that IL is the key
material to solve the mysteries of our wet world.
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1. Introduction

The interaction of discharge plasmas with liquids [1-5] is one of the active topics in the
realm of recent plasma science and science technology. It has pioneered new channels relat‐
ing to nano material creation based on their distinct properties such as ultra-high density,
high reactivity, high process rate, and so on. Especially, the boundary between the plasmas
and the liquids, which activates physical processes and chemical reactions, has attracted
much attention as a novel field in the nano-bio material creation. For example, the nanopar‐
ticle synthesis using the plasma-liquid interfaces [6-10] is especially advantageous in that a
reducing agent is the plasma itself, and then, toxic stabilizers and reducing agents are un‐
necessary and the synthesis is continuous during the plasma irradiation. In these methods,
although it has been reported that the metal salt is reduced by an electron or an active hy‐
drogen, the precise control of the synthesis in terms of the synthesis rate, morphology (size,
shape, structure, and so on) control remain unclear because the inevitable high voltage dis‐
charge in the atmospheric pressure and the consequential dynamic behavior of the gas-liq‐
uid interface prevent us from analyzing the precise properties of the plasmas in the
interfacial region.

In this sense, for the purpose of the generation of the static and stable plasma contacting
with the liquid, we adopt ionic liquids [11,12] which have the interesting characteristics such
as their composition consisting of only positive and negative ions, i.e., no neutral solvent,
extremely low vapor pressure, high heat capacity, and nonflammability. These characteris‐
tics enable us to introduce the ionic liquids to the vacuum system and the discharge plasma.
Therefore, the ionic liquids are the most suitable liquid for the formation of nano-composite
materials using the discharge plasmas in contact with the liquids [13-21].
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On the other hand, recently, highly-ordered periodic structures of metal nanoparticles have
attracted much attention due to their high catalytic activity, unique photosensitive reactivi‐
ty, bio sensitivity, and so on [22-26]. One possibility is use of nano-carbons such as carbon
nanotubes or graphenes as template for synthesis of the nanoparticles [27-32]. However, the
structures of the nanoparticles are decided by the chemical properties of the nano-carbons
and are difficult to be freely controlled by the external parameters. To realize the easy and
flexible control of the periodic structure of the nanoparticles, we adopt a novel plasma tech‐
nique combined with introduction of ionic liquids under strong magnetic fields up to sever‐
al tesla (T), whose concept is schematically shown in Figure 1 [33].

Since the plasma generated under the strong magnetic field keeps its structure due to con‐
finement along the magnetic field lines, the plasma structure can be transcribed to the liquid
surface, resulting in the synthesis of the structured nanoparticles at the gas-liquid interface
when the plasma reduces the metal chlorides in the liquid. This method could contribute to
supplying a considerable amount of spatially-periodic nanoparticles available for the devel‐
opment of unique optoelectronic devices [34].

Figure 1. Concept of synthesis of periodic metal nanoparticles using discharge plasmas in contact with ionic liquid
substrate.

2. Gas-liquid interfacial plasma process using ionic liquid substrate

Figure 2 shows schematic model of the gas-liquid interfacial plasmas for Au nanoparticle syn‐
thesis. An electrode which is made of a platinum (Pt) plate is located inside the glass cell, and a
popular ionic liquid (1-buthl-3-methyl-imidazolium tetrafluoroborate: [C8H15N2]+[BF4]-) is in‐
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troduced on the Pt electrode as cathode electrodes for the purpose of investigating the effects of
the ionic liquid on the discharge. On the other hand, a grounded anode electrode which is made
of the SUS plate is set in a gas phase (plasma) region at a distance of 60 mm from the cathode elec‐
trodes. This discharge configuration, in which the ionic liquid cathode electrode is in the glass
cell, is defined as “ion irradiation mode”, because the positive ions in the plasma are accelerated
by the electric field formed on the ionic liquid as shown in Figure 2(a).

In order to examine the effects of the ion irradiation to the ionic liquid on discharge-related
phenomena, the cathode electrode is switched to the SUS plate located at the top of the gas
plasma region, which is defined as “electron irradiation mode” and the anode electrode con‐
sisting of the ionic liquid in the glass cell is grounded as shown in Figure 2(b). Removal of
the water dissolved in the ionic liquid is performed under the vacuum condition for 2 hours
after introducing the ionic liquid into the glass chamber. A negative direct current (DC) volt‐
age is supplied to the cathode electrode, where typical discharge voltage VD, discharge cur‐
rent ID, plasma irradiation time tpi are VD = 500 ~ 1500 V, ID = 1 ~ 5 mA, tpi = 1 ~ 40 min,
respectively. The argon gas is adopted as a discharge medium, and the gas pressure Pgas is
varied from 20 Pa to 200 Pa approximately. A Langmuir probe is inserted at the position of z
= 0 ~ 60 mm to measure parameters of the plasma in contact with the ionic liquid substrate (z
= 0: surface of the ionic liquid substrate in the glass cell).  

 

 

 

 

 

Figure 2. Schematic model of nanoparticle synthesis in the gas-liquid interface on the ionic liquid substrate. (a) ion
irradiation mode, (b) electron irradiation mode.

Using this ion or electron irradiation, gold nanoparticles are synthesized in the ionic liquid
by the reduction of Au chloride such as HAuCl4 dissolved in the ionic liquid. Figure 3 shows
transmission electron microscopy (TEM) images of the Au nanoparticles synthesized in (a)
the ion irradiation mode and (b) the electron irradiation mode for Pgas = 60 Pa, ID = 1 mA, and
tpi = 40 min. In both cases, the Au nanoparticles can be formed, however, it is found that, in
ion irradiation mode, the average diameter of the Au nanoparticles is smaller and the parti‐
cle number is larger than that in electron irradiation mode. The reduction reaction of the Au
ions is believed to be caused by electrons injected from the plasma in electron irradiation
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mode, while in ion irradiation mode, the reduction may be caused by the hydrogen radical
H*, which is generated by the dissociation of the ionic liquid. Based on this mechanism, the
hydrogen radical is considered to be more effective for the reduction of Au ions than elec‐
trons, and efficient Au nanoparticle synthesis is realized using ion irradiation.

Since Au nanoparticles with diameter less than 100 nm are known to exhibit localized surface
plasmon resonance, visible absorption spectra are obtained for a quantitative observation of the
Au nanoparticle concentration. Figure 3(c) shows visible absorption spectra of the Au nanopar‐
ticles synthesized by an Ar plasma in ion and electron irradiation mode. The absorption peak
appears around 550 nm, corresponding to the Au plasmon resonance, and the absorption-peak
intensity in ion irradiation mode is obviously larger than that in electron irradiation mode. Ar
ions with high energy can penetrate deep into the ionic liquid, promoting the generation of hy‐
drogen radicals. The increased concentration of hydrogen radicals may reduce Au ions more ef‐
fectively in ion irradiation mode than electron irradiation mode. The rate of Au nanoparticle
synthesis could be controlled by the irradiation energy of inert gas ions such as Ar.  
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Figure 3. TEM images of Au nanoparticles synthesized in (a) the ion irradiation mode and (b) the electron irradiation
mode. (c) UV-Vis absorption spectra of Au nanoparticles. Pgas = 60 Pa, ID = 1 mA, tpi = 40 min.

3. Control of nanoparticle morphology by gas-liquid interfacial plasmas

3.1. Periodic nanoparticle structure formed by periodic plasma

Figure 4(a) shows the schematic of an experimental setup for nanoparticle structure formation
using the gas-liquid interfacial discharge plasma under strong magnetic fields, which has a glass
cell with 15 mm inner diameter and 10 mm depth in a cylindrical glass chamber with 75 mm di‐
ameter and 200 mm length. A DC voltage VD is supplied to an upper cathode electrode com‐
posed of a stainless steel (SUS) plate and a SUS mesh grid (10 meshes/inch) is used as an anode
electrode to promote a spatial diffusion of the plasma. Typical discharge current is ID=3 mA. Ni‐
trogen gas is adopted as a discharge gas, and the gas pressure Pgas is varied from 20 to 100 Pa.

The new kind of the ionic liquid (N.N.N.-Trimethyl-N-propyl-ammonium Bis (trifluoro meth‐
ane sulfonyl) imide) put in the glass cell is placed on a peltier element which is located at a dis‐
tance of 50 mm from the anode electrode. Since this ionic liquid does not become supercooled
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state, we can make the ionic liquid solid state by cooling the ionic liquid using the peltier ele‐
ment located under the glass cell. When the strong magnetic fields are applied along the ma‐
chine axis, the generated plasma is strongly magnetized, and then, the periodic plasma structure
formed by the mesh anode is maintained just above the ionic liquid as shown in Figure 4(b).

The Au nanoparticles are synthesized in the ionic liquid by the plasma reduction of HAuCl4.
The ionic liquid can be cooled by the peltier element and becomes the solid state as men‐
tioned above, with keeping the structure of Au nanoparticles synthesized by the plasma ir‐
radiation at the liquid interface.  

 

 

 

 

 

Figure 4. a) Schematic of the experimental setup and (b) photo of the synthesized periodic plasma structure for B = 1
T, ID = 3 mA, Pgas = 20 Pa.

Figure 5 shows the radial profiles of the electron density ne of the plasma as functions of (a) mag‐
netic fields B and (b) gas pressure Pgas. When the strong mantic fields is applied (closed circles),
the electron density has the depression periodically in the radial direction. The electron density
in the high density region is about 108 cm-3, and that in the depression region becomes one order
smaller. The interval of the depression is about 2.5 mm, which is corresponding to the distance
between the SUS wire of the mesh anode electrode. Therefore, these density depressions are
caused by shielding of the plasma under the wire of the mesh anode, where the generated plas‐
ma cannot pass through toward the ionic liquid substrate. In the absence of the magnetic field, on
the other hand, the radial profile of the electron density is almost flat even using the mesh anode,
because the plasma diffuses in the radial direction and becomes uniform.

When the gas pressure is changed from Pgas=20 Pa to 40 Pa, the radial density profile drasti‐
cally changes as shown in Figure 5(b). Since the collision between the ions and neutral parti‐
cles becomes frequent with an increase in the gas pressure, the formed periodic structure of
the electron density collapses and becomes relatively flat.

Based on these results, it is found that the structure of the plasma is sensitive to the magnet‐
ic field and gas pressure, which are necessary to be carefully adjusted to obtain the desired
plasma structure.
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Figure 5. Radial profiles of the electron density of the plasmas (a) as a function of magnetic fields B for Pgas = 20 Pa
and (b) as a function of gas pressure Pgas for B = 1 T. ID = 3 mA.

Using this periodic plasma structure, we attempt to synthesize the Au nanoparticles with
periodic morphology. Figure 6 shows photos of the temporal evolution of the periodic Au
nanoparticle structure which is formed at the gas-liquid interface in accordance with the pe‐
riodic plasma structure under the condition of the strong magnetic field of B = 1 T. The den‐
sity of the periodic structured Au nanoparticles increases with plasma irradiation time tpi,
and the obvious structure is formed typically within tpi = 5 min. The interval of the nanopar‐
ticle structure is about 2.5 mm, which is same as the distance between the wires of the mesh
anode. As mentioned above, the electron density decreases under the shadow region of the
mesh anode. Therefore, the nanoparticles are considered to be synthesized in the electron
density depression region. This synthesis mechanism is discussed later.

In order to analyze the properties of the periodic structured Au nanoparticles, the ionic liq‐
uid is cooled using the peltier element located under the glass cell and is changed to the sol‐
id phase. The solid phase ionic liquid containing the Au nanoparticles can be extracted from
the vacuum chamber with keeping its structure. Figure 7 shows the picture of the periodic
structure of the Au nanoparticles which are synthesized on the ionic liquid substrate at
room temperature, and (a) kept at room temperature and (b) cooled under Tsub ~ 0 oC after
the synthesis. The ionic liquid becomes solid state under Tsub = 0 oC and the Au nanoparticles
are fixed in the solid state of the ionic liquid.

However, when the plasma is irradiated for longer than 5 min, the Au nanoparticles diffuse
and the structure is broadened as shown in Figure 7(b). In order to suppress the diffusion of
the Au nanoparticles, the temperature of the ionic liquid is reduced during the plasma proc‐
ess using the peltier element, resulting in the increase in viscosity of the ionic liquid. Al‐
though the diffusion of the Au nanoparticles is suppressed, the Au nanoparticle synthesis
rate becomes low. Therefore, it is necessary to precisely control the temperature of the ionic
liquid for the fine periodic Au nanoparticle structure.
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sity of the periodic structured Au nanoparticles increases with plasma irradiation time tpi,
and the obvious structure is formed typically within tpi = 5 min. The interval of the nanopar‐
ticle structure is about 2.5 mm, which is same as the distance between the wires of the mesh
anode. As mentioned above, the electron density decreases under the shadow region of the
mesh anode. Therefore, the nanoparticles are considered to be synthesized in the electron
density depression region. This synthesis mechanism is discussed later.

In order to analyze the properties of the periodic structured Au nanoparticles, the ionic liq‐
uid is cooled using the peltier element located under the glass cell and is changed to the sol‐
id phase. The solid phase ionic liquid containing the Au nanoparticles can be extracted from
the vacuum chamber with keeping its structure. Figure 7 shows the picture of the periodic
structure of the Au nanoparticles which are synthesized on the ionic liquid substrate at
room temperature, and (a) kept at room temperature and (b) cooled under Tsub ~ 0 oC after
the synthesis. The ionic liquid becomes solid state under Tsub = 0 oC and the Au nanoparticles
are fixed in the solid state of the ionic liquid.

However, when the plasma is irradiated for longer than 5 min, the Au nanoparticles diffuse
and the structure is broadened as shown in Figure 7(b). In order to suppress the diffusion of
the Au nanoparticles, the temperature of the ionic liquid is reduced during the plasma proc‐
ess using the peltier element, resulting in the increase in viscosity of the ionic liquid. Al‐
though the diffusion of the Au nanoparticles is suppressed, the Au nanoparticle synthesis
rate becomes low. Therefore, it is necessary to precisely control the temperature of the ionic
liquid for the fine periodic Au nanoparticle structure.
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Figure 6. Temporal evolution of the periodic nanoparticle structure formed by controlled gas-liquid interfacial plas‐
mas. Pgas = 20 Pa, ID = 3 mA, B = 1 T.

Figure 7. Pictures of the periodic nanoparticle structures which are formed at room temperature and (a) kept at room
temperature and (b) cooled under Tsub = 0 oC. Pgas = 20 Pa, ID = 3 mA, B = 1 T.

3.2. Ring-shaped nanoparticle structure formed by structure-controlled plasma

As the next step, we attempt to form more finely periodic structures of the Au nanoparticles
based on the self-organizing behavior of turbulent plasmas generated by the nonlinear de‐
velopment of plasma fluctuations. For this purpose, a ring electrode is inserted in the plas‐
ma column as shown in Figure 8, and a positive DC bias voltage VRG is applied to the
electrode. It is found that the high frequency fluctuation (100 kHz – 1 MHz) is excited by the
positive bias voltage, however the self-organized plasma structure is not observed at
present. Therefore, in this experiment, the ring electrode is used for the plasma structure
control without bias voltage.

Plasma Process on Ionic Liquid Substrate for Morphology Controlled Nanoparticles
http://dx.doi.org/10.5772/52095

623



Using this configuration, the Au nanoparticles are synthesized by reducing HAuCl4. It is
found that the ring shaped Au nanoparticle structure is formed corresponding to the shape
of the inserted ring electrode as shown in Figure 8(b). This result means that the Au nano‐
particles are synthesized at the region without plasma irradiation due to the shielding by the
ring electrode. Although the Au nanoparticles are usually synthesized by the reduction ef‐
fect of the electrons in the plasma [14-16], the electron is absent in the shadow region of the
ring electrode in this experiment. Therefore, the reducing agent is not electrons in this case.  

 

 

 

 

 

Figure 8. a) Experimental apparatus using ring electrode for nanoparticle structure control and (b) the synthesized
ring shaped nanoparticle structure B = 1 T, ID = 2 mA, Pgas = 20 Pa.

To explain the phenomena, we use the model of the Au nanoparticle synthesis as shown in Fig‐
ure 9(a). As mentioned above, the charged particles such as the electrons and the positive ions
cannot reach to the shadow region of the ring electrode, namely, only neutral radicals can ar‐
rive at the shadow region. The ionic liquid used in this experiment is described in Figure 9(b),
which has C-H bond in cation (positive ion) and C-F bond in anion (negative ion). When the rad‐
icals in the plasma are irradiated to the ionic liquid, the C-H bond of the ionic liquid is consid‐
ered to be dissociated, and the generated hydrogen radicals reduce the Au ions, resulting in the
synthesis of Au nanoparticles in the shadow region of the ring electrode. On the other hand, in
the plasma irradiation region, relatively high-energy ions are irradiated to the ionic liquid, and
the C-F bond whose dissociation energy (D=5.07 eV) is larger than that of the C-H bond (D=4.29
eV), can be dissociated by the high-energy ions. Therefore, the Au nanoparticles are destroyed
by the oxidation effect of the fluorine radicals which come from the dissociation of the ionic liq‐
uid by the collision with the high energy charged particle.

To understand the mechanism of this ring-shaped nanoparticle structure formation, the ring
electrode is changed to disk electrode as shown in Figure 10, where the bias voltage of the
disk electrode VDK is floated in this experiment. In this case, since the shadow region of the
disk electrode is wide and clear compare with the ring electrode, it is possible to clarify the
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species in the plasma, which are necessary for the synthesis of the Au nanoparticles. To
change the plasma characteristics irradiated to the ionic liquid, we change the discharge cur‐
rent ID.

Figure 9. a) Model of the synthesis mechanism of the ring shaped Au nanoparticles and (b) chemical formula of the
ionic liquid used in this experiment.

Figure 10. Experimental apparatus using disk electrode for understanding the mechanism of nanoparticle structure
formation.

Figure 11 shows snapshots of the temporal evolution of the Au nanoparticle synthesis for (a)
ID= 1 mA and (b) ID=3 mA. In the case for ID=1 mA, the Au nanoparticles are synthesized
from the outside of the ionic liquid in the plasma irradiation region, and are absent in the
shadow region of the disk electrode for the plasma irradiation time tpi=5 min. In the case of
ID=3 mA, on the other hand, the Au nanoparticles are synthesized not only from the outside
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of the ionic liquid but also the edge region of the disk electrode for tpi=40 sec. Furthermore,
the Au nanoparticles are not synthesized in the plasma irradiation region.

Figure 11. Photos of the Au nanoparticle structure as a function of plasma irradiation time tpi for (a) ID = 1 mA and (b)
ID = 3 mA. B = 1 T, Pgas = 20 Pa.

Since the electron density for ID=1 mA is lower than that for ID=3 mA, the sheath electric field
formed above the ionic liquid is small for ID=1 mA. Therefore, the ion irradiation energy to
the ionic liquid is small, and as a result, the ion cannot dissociate the C-F bond of the ionic
liquid. However, the C-H bond which has relatively low dissociation energy (4.29 eV) is dis‐
sociated by the low-energy ions or neutral nitrogen radicals. The dissociated hydrogen radi‐
cals can reduce the Au ions, resulting in the formation of the Au nanoparticles in the plasma
irradiation region for ID=1 mA.

For ID=3 mA, on the other hand, the sheath electric field becomes large in the plasma irradia‐
tion region, and then, the high-energy ion irradiation can dissociate the C-F bond of the ion‐
ic liquid. Therefore, the Au ions are difficult to be reduced by the oxidation effect of the
fluorine radical in the plasma irradiation region. However, in the shadow region of the disk
electrode, the C-H bond of the ionic liquid is dissociated by the nitrogen radical of the plas‐
ma, and the dissociated hydrogen radical can synthesize the Au nanoparticles. In the center
of the shadow region of the disk electrode, the Au nanoparticles are not synthesized because
the nitrogen radicals cannot reach to the center of the shadow region.

Based on these results, it is found that the Au nanoparticles are synthesized by the reduction
effect via the neutral radical irradiation, and are destroyed by the oxidation effect via the
high-energy ion irradiation in the plasma irradiation region.
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3.3. Size control of ring-shaped nanoparticle structure under inhomogeneous conversing
magnetic fields

For the purpose of size control of the ring-shaped nanoparticle structure, we use the plasma
- ionic liquid interface under the inhomogeneous converging magnetic fields (B) to shrink
the size of the nanoparticle structure [33].

Figure 12 shows the schematic of a new experimental setup for the discharge plasma in con‐
tact with the ionic liquid containing a gold chloride (HAuCl4), where the distance between a
ring electrode and the ionic liquid on the glass plate is defined as zr. The plasma is generated
between a plate cathode electrode and a mesh anode electrode, and is irradiated to the ionic
liquid. Here, a mirror ratio Rm is defined as the ratio of the magnetic field strength at the
ring electrode position (BRG) to that at the ionic liquid substrate position (BIL).

Figure 12. Experimental apparatus for size control synthesis Au nanoparticles under the inhomogeneous converging
magnetic fields for mirror ratio (a) Rm~1 and (b) Rm=2.

Figure 13(a) shows pictures of the Au nanoparticle structure which is formed at the plas‐
ma-liquid interface in accordance with the plasma structure for zr = 25 mm, i.e. Rm~1. The
Au nanoparticles are synthesized in the shadow region under the ring electrode with the
diameter  of  about  7  mm,  where  there  are  a  large  amount  of  neutral  radicals  and  few
charged ions. The Au nanoparticles are synthesized by the reduction effect of the radical
in the plasma, while the charged ions inhibit the synthesis of the Au nanoparticles by the
oxidation effect.

It is possible to control the Au nanoparticle structure by using shrinkage of the plasma di‐
ameter under the converging magnetic field. Figures 13(b) and 13(c) show pictures of the Au
nanoparticle structure for zr = 200 mm (Rm=2) and 550 mm (Rm=10), respectively.
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The diameters of the Au nanoparticle structures are observed to be 5 mm and 2.2 mm for
Rm=2 and Rm=10, respectively. Since the diameter of the plasma is proportional to the square
root of the mirror ratio, the diameter of the ring shaped nanoparticles is also changed corre‐
sponding to the plasma diameter. Therefore, the diameter of the ring-shaped Au nanoparti‐
cle structure for zr = 200 mm and 550 mm should be 1 / 2 and1 / 10, respectively. We can
easily control the size of the nanoparticle structure by simply change the magnetic field con‐
figuration, which is useful for the future nanoparticle nano-electronics devices.

Figure 13. Picture of nanoparticle structures for (a) Rm = 1, (b) Rm = 2, and (c) Rm = 10. ID=2 mA, Pgas=20 Pa, BIL=1 T.

4. Conclusion

A direct current (DC) discharge plasma has stably been generated just above the ionic liquid
by applying the DC voltage to an electrode immersed in the ionic liquid. The precise poten‐
tial structure and the resultant plasma ion or electron irradiation to the ionic liquid are con‐
trolled. This ion irradiation is found to be effective for the synthesis of gold nanoparticles in
comparison with the conventional electron irradiation system, and the control of the plas‐
ma-ion irradiation to the ionic liquid has the possibility of application to the synthesis of the
various kinds of size- and yield-controlled nanoparticles.

Furthermore, the periodic and ring shaped Au nanoparticle structures are formed, which
correspond to the shape of the strongly-magnetized plasmas generated using the mesh
anode electrode or the ring/disk electrode inserted in the plasma.

It is very interesting that the structure of the Au nanoparticles depends on the discharge cur‐
rent, namely, the Au nanoparticles are synthesized from the periphery and absence in the
shadow region of the disk electrode for small discharge current, while the Au nanoparticles
are synthesized at the boundary of the disk electrode for relatively large discharge current.
These phenomena are well explained by the reduction and oxidation effects of the radicals
which are generated by the plasma irradiation to the ionic liquid and resultant dissociation
of the ionic liquid.

Finally, the size of the Au nanoparticle structure can be controlled by using shrinkage of the
plasma diameter under the converging magnetic field, which enables us to freely form the
micro- or nano-sized nanoparticle structures.
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1. Introduction

The use of electronic devices is experiencing an exponential growth in all the fields of hu‐
man life, and most of them (personal computers, communication, medical and analytic devi‐
ces, a lot of domestic appliances) work in the microwave frequency range. This growth gives
rise to an increase of Electro Magnetic Interference (EMI) so that it is mandatory to develop
systems to protect electronic devices from external interferences.

Electromagnetic (EM) wave absorption materials have attracted much attention owing to the
expanded EM interference problems. The EM absorbers are now requested to have not only
strong absorption characteristics and wide absorption frequency, but also light weight and
antioxidation. The electric permittivity (ε) and magnetic permeability (μ) are parameters re‐
lated to the dielectric and magnetic properties of a material, and directly associated to their
absorbing characteristics [1-5].

The relative permittivity and permeability are represented by Equations 1 and 2, respective‐
ly; the values of these parameters are calculated from the experimental values of the trans‐
mission and refection coeffcients of the material.

r  '  i ''  e e e= + (1)

r  ’  i ’’  µ µ µ= + (2)
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In these equations, the primed and double-primed symbols denote real and imaginary com‐
ponents. When the material is lossy, the permittivity and permeability of are complex and
some of the incident electromagnetic energy is dissipated [6-7].

In the case of a magnetic material, losses are produced by changes in the alignment and ro‐
tation of the magnetization spin [1,8, 9].

The  traditional  absorbers  such  as  ferrite  have  strong  absorption  characteristics,  but  the
thickness required is too large. Therefore, many nanostructures have recently been stud‐
ied for attenuation of EM wave. These materials are involved with carbon nanotubes, iron
and zinc oxide, etc [10-14]. EM wave absorption capability depends on the nature, shape,
and size of an absorber.

The dramatic effect that shape anisotropy has on the electronic, optical, and catalytic proper‐
ties of noble ceramic nanostructures makes the development of morphology-controlled syn‐
thesis strategies a main step toward the design of future nanodevices [15-19].

In this regard, the last years have been very prolific in the design of new procedures dealing
with the synthesis of noble metal anisotropic structures (Au, Ag, Pt, Pd) such as nanowires,
[20-22] nanoplates, [23-26] nanocubes, [27,28] and nanorods [29] with well-controlled size.
Recently, some examples concerning the synthesis of branched nanostructures (monopod,bi‐
pod, tripod, tetrapod,multipod),[30-35] star polyhedral crystals [36], nanoflowers [37], and
ringlike nanostructures[38] have also been reported.

Hierarchical nano-/micro-structures with specific morphology have fascinated scientists all
over the world because of their sophisticated architectures which are expected to provide
some unique and exciting properties. To date, many recent efforts have been devoted to the
synthesis of inorganic materials with hierarchical shapes, including metal [39,40], metal ox‐
ide [41], sulfide [42], hydrate [43], and other minerals [44,45].

Recently, ionic liquids have aroused increasing interest because of their unique properties
and the potential applications. Ionic liquid can act as a new reaction medium for reactants
and morphology templates for the products at the same time, which enables the synthesis of
hierarchical nano-/micro-structures with novel or improved properties [46]. Novel nano‐
structures can be produced by selecting suitable ionic liquids reaction systems. Various
nano- or microstructured materials, such as Bi2S3 nanostructures [47, 48],Bi2Se3 nanosheets
[49] and hollow TiO2 microspheres [50] have been synthesized in ionic liquids.

In this chapter, an attempt has been made to develop hierarchical ceramic nanomaterials
with a wide range of morphologies and sizes with improved reflection losses (RL). The du‐
ration of experimental processes parameters like amount of IL, pH and temperature have
been extensively optimized to obtain morphologies and sizes.

1.1. Development of Innovative Synthesis Methods of Ceramic Nano-materials Using
Ionic Liquid

Synthesis of nanomaterials is an increasing active area [51,52]. This interest arises from not
only their unusual chemical and physical properties but also their potential application in
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many fields, which have stimulated the search for new synthetic methods for these materi‐
als. Size, morphology and dimensionality can strongly affect the properties of nanostruc‐
tured materials. Recently, nanostructured metallic and semiconducting materials with
various structures and morphologies have received muchattention due to their novel appli‐
cations, intriguing properties, and quantum size effects [53]. Especially, a three-dimensional
(3D) integrated platform of nanostructured materials is highly desirable for applications in
advanced nanoelectronic, optoelectronic, solar cells, sensor, etc., [54–56].

Novel nanostructures can be produced by selecting suitable ILs reaction systems. Various
nano- or microstructured materials, have been synthesized in ILs

Cupric oxide (CuO) with leaf-like, chrysanthemum-like and rod shapes have been synthe‐
sized by microwave-assisted approach using an ionic liquid 1-n-butyl-3-methyl imidazoli‐
um  tetrafluoroborate  ([BMIM]BF4)  by  Xu  and  coworkers  [57].  By  controlling  the
concentration of  [BMIM]BF4  and reaction time,  shape transformation of  CuO nanostruc‐
tures could be achieved in a short period of time. The morphologies of the samples were
shown in Figure. 1. Leaf-like CuO nanosheets with uniform shape and size were obtained
on a large scale (Figure. 1(a)).

Figure 1. FESEM images of sample A (a–b), EDS results of sample A (c), and TEM image of sample A (d). The inset
showed the SAED pattern taken from d.(Reproduced from X Xu, M Zhang, J Feng, M Zhang. Shape-controlled synthe‐
sis of single-crystalline cupric oxide by microwave heating using an ionic liquid. Mat Lett. 2008; 62:2787–2790, Copy‐
right (2008), with permeation from Elsevier).

MoS2 microspheres were successfully synthesized via a facile hydrothermal route assisted by
an ionic liquid [BMIM][BF4] by Ma and coworkers [58]. SEM images showed that the MoS2 mi‐
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crospheres had uniform sizes with mean diameter about 2.1 μm. The MoS2 microspheres had
rough surfaces and were constructed with sheetlike structures. Ionic liquid played a crucial
role as a templating reagent in the formation of MoS2 microspheres. A possible formation
mechanism of MoS2 microspheres was preliminarily presented. The size and morphology of
the samples were examined by SEM. Figure. 2A shows that the as-synthesized MoS2 products
display a uniform spherical morphology with mean diameter of 2.1 μm.

Figure 2. SEM images of MoS2 microspheres prepared by IL-assisted hydrothermal process. (A) and (B) as-synthesized
samples and (C) after annealing at 800 °C for 2 h. [Reproduced from Ma L, Chen WX, Li H, Zheng YF, Xu ZD. Ionic
Liquid-Assisted Hydrothermal Synthesis of MoS2 Microspheres. Mat Lett. 2008; 62: 797–799, Copyright (2008), with
permeation from Elsevier)].

Wurtzite CdSe nanoparticles-assembled microspheres with macropores have been success‐
fully synthesized through a modified hydrothermal method with Cd(NO3)2  and Na2SeO3

as precursors and hydrazine hydrate as a reductant in the presence of 1-n-butyl-3-methyl‐
imidazolium bromide ([Bmim]Br)  by Liu and coworkers  [59].  The results  indicated that
the CdSe microspheres have an average size of about 3 μm and were assembled by CdSe
nanoparticles  with  size  ranging  from  20  to  40  nm.  It  was  found  that  the  pH  and
[Bmim]Br have influence on the morphologies of the products. Figure. 3 shows Wurtzite
CdSe nanoparticles-assembled microspheres.

ZnO/SnO2 nanostructured have been successfully synthesized by a hydrothermal method
in the presence of the chiral ionic liquid (CIL) ditetrabutylammonium tartrate, [TBA]2[L-
Tar]  by  Kowsari  and  coworkers  [60].The  results  revealed  that  using  different  ratios  of
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Zn2+/Sn4+  affects  the  phase  and  morphology  of  the  ZnO/SnO2  nanocomposite  materials.
Figure. 4 shows ZnO/SnO2 nanostructures.

Figure 3. (a) Low magnification SEM image of the CdSe microspheres, the inset shows the structure on the surface of
the microspheres; (b) Magnified SEM image of three individual CdSe microspheres. [Reproduced from Liu X, Peng P,
Ma J, Zheng W. Preparation of novel CdSe microstructure by modified hydrothermal method. Mat Lett. 2009; 63: 673–
675. ,Copyright (2009), with permeation from Elsevier)].

Figure 4. SEM images of products obtained at different Zn2+/Sn4+ molar ratios: (a) 2:1, (b) 1:1, (c) 4:1, (d) 1:2, (e) 0:1,
and (f) 1:0; the reaction time was kept constant at 24 h and the reaction temperature was 170 °C, CIL=0.05 g. [Repro‐
duced from Kowsari E, Ghezelbash MR. Ionic liquid-assisted, Facile Synthesis of ZnO/SnO2 Nanocomposites, and Inves‐
tigation of Their Photocatalytic Activity. Mat Lett. 2012; 68: 17–20,Copyright (2009), with permeation from Elsevier)].

A hydrothermal method has been employed to prepare cactus-like zincoxysulfide ZnOxS1−x
nanostructures with the assistance of a dicationic task-specific ionic liquid (TSIL), [mim]
{(CH)2}3[imm](SCN)2 by kowsari and coworkers[61]. To the best of our knowledge, this is the
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first time that this TSIL with the SCN anion has been used in place of conventional reagents
as a source of S to prepare a ZnOxS1−x nanostructure. The effect of the TSIL concentration on
the morphology of the products shows in Figure. 5.

Figure 5. SEM images of products obtained with different amounts of FIL: (a) 0.22 g (S-1), (b) 0.1 g (S-2); the reaction
time was constant at 24 h and Zn2+/OH−=1:20; the reaction temperature was 170 °C. [Reproduced from Kowsari E,
Ghezelbash MR. Synthesis of Cactus-Like Zincoxysulfide (ZnOxS1−x) Nanostructures Assisted by a Task-Specific Ionic Liq‐
uid and Their Photocatalytic Activities. Mat Lett.2011; 65: 3371–3373.Copyright (2011), with permeation from Elsevier)].

2. Influence of ionic liquids on the growth of nanofillers for
electromagnetic-absorbing coatings

2.1. The fabrication of BaCO3 nanostructures as nanofillers for electromagnetic-absorbing
coatings

An economical and efficient ionic liquid-assisted chemical method was demonstrated for
the first time for the fabrication of BaCO3 nanostructures. The shape of these BaCO3 nano‐
structures  could  be  readily  controlled  by  changing  the  chemical  conditions  and  the
amount of the chiral ionic liquid (CIL), ditetrabutylammonium tartrate, [TBA]2[L-Tar] by
Kowsari  and coworkers [62].  The CIL is  a reagent and templating agent for the fabrica‐
tion of BaCO3 nanostructures. It was demonstrated that [TBA]2[L-Tar] served as a modifi‐
er  in  the  reactionsystem.Figure  6  shows  typical  SEM  images  of  BaCO3  nanostructures
synthesized with 0.05 g CIL at 170 °C for 24 h. From the SEM image Figure 6, it is clear
that  the  typical  BaCO3  dendritic  nanostructures  assembled were  hyacinth-like  with  rod-
like nanostructures with lengths of up to several micrometers.
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Figure 6. Typical scanning electron micrographs of BaCO3 nanostructures synthesized with 0.05 g CIL, NaOH = 0.04 M
(2 ml) at 170 °C for 24 h, the Ba(NO3)2 = 0.53 g. [Reproduced from Kowsari E, Karimzadeh AH. Using a Chiral Ionic
Liquid for Morphological Evolution of BaCO3 and its Radar Absorbing Properties as a Dendritic Nanofiller. Mat Lett.
2012;74, 33-36, Copyright (2012), with permeation from Elsevier)].

With increase in the amount of  CIL to 0.1  g,  flower-like BaCO3  structures composed of
dendritic  petals  were produced,  which appeared as  a  result  of  oriented attachment and
self-assembly, as exhibited in Fig 7.

Figure 7. Typical scanning electron micrographs of BaCO3 nanostructures synthesized with 0.1g CIL, NaOH = 0.04 M (2
ml) at 170 °C for 24 h, the Ba(NO3)2 = 0.53 g. [Reproduced from Kowsari E, Karimzadeh AH. Using a Chiral Ionic Liquid
for Morphological Evolution of BaCO3 and its Radar Absorbing Properties as a Dendritic Nanofiller. Mat Lett.2012;74,
33-36, Copyright (2012), with permeation from Elsevier)].

The effects of the synthetic parameters, such as the concentration of NaOH, reaction temper‐
ature, reaction time and [Ba2+], on the morphologies of the resulting products were investi‐
gated. Typical SEM images of the products with different morphologies brought about by
varying the amount of NaOH are presented in Figure. 8.

Too much NaOH was found to be harmful to the formation of flower-like structures and re‐
sulted in atrophic flowers, which are analogs of a sphere as shown in Figure. 8. NaOH af‐
fected the reaction kinetics through tuning the dissolution-deposition equation of Ba(OH)2,
because soluble Ba(NO3)2 will first react with NaOH to form Ba(OH)2 precipitate (Ksp ) 1.09
× 10-15). The trend for Ba(OH)2 to release Ba2+ decreased if the concentration of OH- is rela‐
tively high, leading to the thermodynamic change of nucleation and growth velocities,
which is beneficial for the formation of spherical structures.

Figure  9  shows  XRD  patterns  of  the  products  obtained  under  different  reaction  condi‐
tions.  It  is  clear  that  all  of  the  peaks  can  be  readily  indexed to  the  pure  orthorhombic
phase of BaCO3 (JCPDS card no. 05-0378). The sharp diffraction peaks of the sample indi‐
cate  that  well-crystallized BaCO3 crystals  can be easily  obtained under the current  syn‐
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thetic conditions. On comparing the XRD patterns of the four products, It was shown that
the relative intensity of the peaks varied slightly.

Figure 8. Typical scanning electron micrographs of BaCO3 nanostructures synthesized with (a) 2.5 ml, CIL = 0.05 g at
170 °C for 24 h, Ba(NO3)2 = 0.53 g.] [Reproduced from Kowsari E, Karimzadeh AH. Using a Chiral Ionic Liquid for Mor‐
phological Evolution of BaCO3 and its Radar Absorbing Properties as a Dendritic Nanofiller. Mat Lett.2012;74, 33-36,
Copyright (2012), with permeation from Elsevier)].

Figure 9. Typical scanning electron micrographs of BaCO3 nanostructures synthesized with CIL = 0.05 g at 170 °C for
24 h, Ba(NO3)2 = 0.53 g. [Reproduced from Kowsari E, Karimzadeh AH. Using a Chiral Ionic Liquid for Morphological
Evolution of BaCO3 and its Radar Absorbing Properties as a Dendritic Nanofiller. Mat Lett.2012;74, 33-36, Copyright
(2012), with permeation from Elsevier)].

The value of the minimum reflection loss for the BaCO3 dendritic nanostructures compo‐
site was -40 dB at 10.2 GHz (for a thickness of 4.0 mm) [Figure. 10]. According to the re‐
sults  shown  above,  BaCO3  dendritic  nanostructures  showed  very  strong  absorption  of
microwave compared with other samples. It is noteworthy that the BaCO3 dendritic nano‐
structures  have  special  geometrical  morphology.  Such  isotropic  crystal  symmetry  can
form isotropic quasi antennas and some continuous networks in the composites. It is pos‐
sible  for  the electromagnetic  waves to  penetrate  the nanocomposites  formed by the nu‐
merous antenna-like semiconducting BaCO3  dendritic  nanostructures and for  the energy
to be induced into a dissipative current; then the current will be consumed in the continu‐
ous networks, which leads to the energy attenuation (19-20). More importantly, the inter‐
facial  electric  polarization  should  be  considered.  However,  further  experimental  and
theoretical work is needed to clarify this mechanism.
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Evolution of BaCO3 and its Radar Absorbing Properties as a Dendritic Nanofiller. Mat Lett.2012;74, 33-36, Copyright
(2012), with permeation from Elsevier)].

The value of the minimum reflection loss for the BaCO3 dendritic nanostructures compo‐
site was -40 dB at 10.2 GHz (for a thickness of 4.0 mm) [Figure. 10]. According to the re‐
sults  shown  above,  BaCO3  dendritic  nanostructures  showed  very  strong  absorption  of
microwave compared with other samples. It is noteworthy that the BaCO3 dendritic nano‐
structures  have  special  geometrical  morphology.  Such  isotropic  crystal  symmetry  can
form isotropic quasi antennas and some continuous networks in the composites. It is pos‐
sible  for  the electromagnetic  waves to  penetrate  the nanocomposites  formed by the nu‐
merous antenna-like semiconducting BaCO3  dendritic  nanostructures and for  the energy
to be induced into a dissipative current; then the current will be consumed in the continu‐
ous networks, which leads to the energy attenuation (19-20). More importantly, the inter‐
facial  electric  polarization  should  be  considered.  However,  further  experimental  and
theoretical work is needed to clarify this mechanism.
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Figure 10. X-ray diffraction patterns of the BaCO3 nanostructures synthesized with (a) 5 ml, (b) 2.5 ml, (NaOH (0.04 M)
[CIL = 1.25 g /L at 170 °C for 24 h, Ba(NO3)2 = 13.25 g/L.], (c) 2.5 g/L CIL. [NaOH = 0.04 M (2 ml) at 170 °C for 24 h, the
Ba(NO3)2 = 13.25 g/L]; [Reproduced from Kowsari E, Karimzadeh AH. Using a Chiral Ionic Liquid for Morphological
Evolution of BaCO3 and its Radar Absorbing Properties as a Dendritic Nanofiller. Mat Lett.2012;74, 33-36, Copyright
(2012), with permeation from Elsevier)].

2.2. Fern-like, fish skeleton-like, bunched cubic, and butterfly-like BaO nanostructures as
nanofillers for Radar-absorbing coatings

Fern-like, fish skeleton-like, bunched cubic, and butterfly-like BaO nanostructures have been
synthesized by a hydrothermal method at 170 °C from Ba(NO3)2 •3H2O and NaOH in the
presence of ammonium persulfate (NH4)2S2O8 (APS) by Kowsari and coworkers[63]. The ef‐
fect of the chiral ionic liquid (CIL) ditetrabutylammonium tartrate, [TBA]2[L-Tar], on the
morphologies of the products has been investigated. It was demonstrated that [TBA]2[L-Tar]
served as a modifier in the reaction system. Furthermore, the BaO nanostructures have been
used as fillers in high-performance microwave-absorbing coatings.

Ionic-Liquid-Assisted Synthesis of Hierarchical Ceramic Nanomaterials as Nanofillers for Electromagnetic-Absorbing
Coatings

http://dx.doi.org/10.5772/51653

641



By controlling the concentrations of CIL, Ba2+, and APS, shape transformations of the BaO
could be achieved. When the amount of CIL was zero, rotor-like BaO was formed (Figure 11).

Figure 11. Reflection loss (dB) as a function of frequency (GHz) of BaCO3 nanostructures synthesized with: (a) NaOH =
2.5 mL (0.04 M), CIL = 1.25 g /L for 24 h Ba(NO3)2 = 13.25 g/L; (b) NaOH = 5 mL (0.04 M) and CIL = 1.25 g /L for 24 h,
Ba(NO3)2 = 13.25 g/L; (c) NaOH = 2 mL (0.04 M) and CIL = 2.5 g/L, for 24 h, amount of Ba(NO3)2 = 13.25 g/L; (d) NaOH
= 2 mL (0.04 M), CIL = 1.25 g /L for 24 h, Ba(NO3)2 = 6.52 g/L; (e) NaOH = 2 mL (0.04 M), CIL = 1.25 g /L for 24 h,
Ba(NO3)2 = 13.25 g/L; (f) NaOH- = 2 mL (0.04 M), CIL = 1.25 g /L for 48 h, Ba(NO3)2 = 13.25 g/L, (at 170 °C and with
filler = 0.025 g in coating). [Reproduced from Kowsari E, Karimzadeh AH. Using a Chiral Ionic Liquid for Morphological
Evolution of BaCO3 and its Radar Absorbing Properties as a Dendritic Nanofiller. Mat Lett.2012;74, 33-36, Copyright
(2012), with permeation from Elsevier)].

Figure 12. SEM images of products obtained with : 0.1 g CIL, keeping the reaction time fixed at 24 h; Ba(NO3)2 = 0.2 g,
APS = 0.27 g, reaction temperature 170 °C. [Reproduced from Kowsari E, Karimzadeh AH. Fabrication of Fern-Like, Fish
Skeleton-Like, and Butterfly-Like BaO Nanostructures as Nanofillers for Radar-Absorbing Nanocomposites. Mat Lett.
2012; 74:33–36, Copyright (2012), with permeation from Elsevier].
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When the amount of  CIL was increased gradually,  while maintaining the same reaction
time,  rotor-like  BaO changed to  bunched cubic  BaO,  as  shown in  Figure  14.  The cubes
have a porous surface structure.

Figure 13. SEM images of products obtained with 0.1 g, CL= 0.15 g keeping the reaction time fixed at 24 h; Ba(NO3)2 =
0.2 g, APS = 0.27 g, reaction temperature 170 °C. [Reproduced from Kowsari E, Karimzadeh AH. Fabrication of Fern-
Like, Fish Skeleton-Like, and Butterfly-Like BaO Nanostructures as Nanofillers for Radar-Absorbing Nanocomposites.
Mat Lett.2012; 74:33–36, Copyright (2012), with permeation from Elsevier].

Figure 14. SEM images of products obtained with Ba(NO3)2 = 0.8 g, CIL = 0; APS = 0.27 g; (the reaction time was kept
constant at 24 h and the reaction temperature was 170 °C). [Reproduced from Kowsari E, Karimzadeh AH. Fabrication
of Fern-Like, Fish Skeleton-Like, and Butterfly-Like BaO Nanostructures as Nanofillers for Radar-Absorbing Nanocom‐
posites. Mat Lett.2012; 74:33–36, Copyright (2012), with permeation from Elsevier].
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The CIL clearly plays a key role in tailoring the form of the resultant BaO nanostructures. It
is thought that hydrogen bonds formed between the hydrogen atom at the position-2 (con‐
nected to oxygen) of the CIL cation and the oxygen atoms of O–Ba crystal cores may act as
effective bridges in connecting the produced BaO nuclei and CIL cations, playing a crucial
role in the directional growth of the 2D nanocrystals.

Figure 15. SEM images of products obtained with: Ba(NO3)2 = 0.4 g, CIL = 0, APS = 0.27 g; (the reaction time was kept
constant at 24 h and the reaction temperature was 170 C). [Reproduced from Kowsari E, Karimzadeh AH. Fabrication
of Fern-Like, Fish Skeleton-Like, and Butterfly-Like BaO Nanostructures as Nanofillers for Radar-Absorbing Nanocom‐
posites. Mat Lett.2012; 74:33–36, Copyright (2012), with permeation from Elsevier].

Figure 16. SEM images of products obtained with Ba(NO3)2 = 0.2 g, CIL = 0, APS = 0.27 g; (the reaction time was kept
constant at 24 h and the reaction temperature was 170 C). [Reproduced from Kowsari E, Karimzadeh AH. Fabrication
of Fern-Like, Fish Skeleton-Like, and Butterfly-Like BaO Nanostructures as Nanofillers for Radar-Absorbing Nanocom‐
posites. Mat Lett.2012; 74:33–36, Copyright (2012), with permeation from Elsevier].

We also investigated the effect of the amount of Ba(NO3)2 on the morphology of the prod‐
ucts. The respective products obtained from this series of experiments are depicted in Fig‐
ure 13, 14, 15.
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The value of the maximum reflection loss for the composite with BaO cubic nanostructures
was measured as 20 dB at 10.5 GHz for a thickness of 4.0 mm. According to the results
shown in Figure 4, the BaO cubic nanostructures showed very strong absorption of micro‐
waves compared with the other samples. It may be noted that the BaO cubic nanostructures
had a special geometrical morphology.

2.3. Morphology evolution of the ZnO/Zn(OH)2 nanofillers using ionic liquids

An  efficient  ionic-liquid-assisted  chemical  method  for  the  fabrication  of  ZnO/Zn(OH)2

nanoplates  is  demonstrated  by  kowsari  and coworkers  [64].  The  shape  of  the  resulting
ZnO/Zn(OH)2 nanostructures could be readily controlled by changing the chemical condi‐
tions and the amount of [Cn(mim)]+ H2PO4- as a task-specific ionic liquid (TSIL). The TSIL
thus serves as a reagent and templating agent for the fabrication of ZnO/Zn(OH)2  nano‐
plates. Furthermore, a possible growth mechanism of the ZnO/Zn(OH)2 nanostructures is
proposed.  The  effects  of  different  morphologies  of  the  nanofillers  on  electromagnetic
properties have been investigated.

By controlling the concentration of the TSIL and the reaction time, shape transformations of
the ZnO/Zn(OH)2 nanostructures could be achieved. Our results show that the quantity of
the TSIL affected the morphology of the Zn(OH)2 and caused changes in the interplanar sep‐
aration and the arrangement of the nanoplates. Salient SEM images are compared in Fig. 1.
In this figure, it can be seen that as the quantity of the TSIL was increased from 0.1 g to 0.2 g,
the separation between the nanoplates decreased and the number of nanoplates increased.

The TSIL clearly played a key role in tailoring the form of the resultant ZnO/Zn(OH)2 nano‐
composites.To analyze the effect of the reaction time on morphology, the reaction was car‐
ried out for 12, 24, and 48 h, while keeping the amounts of Zn2+ and TSIL constant. Fig. 2
shows the morphologies of the products. It can be seen that with increasing reaction time,
the separation between the nanoplates increased and the number of nanoplates decreased

Figure 17. SEM images of products obtained with different time of reaction: (a) 12 h, (b) 48 h, Zn(NO3)2 = 0.8 g, OH =
0.27 g, reaction temperature 170 °C, TSIL =0.1 g.

Fig. 18 clearly shows the process of TSIL-assisted hydrothermal growth of ZnO and
Zn(OH)2 crystals. The amount of the growth unit [Zn(OH)2(H2PO4)2]2− is greatly increased,
and further ZnO and Zn(OH)2 nuclei directly conglomerate to form a two-dimensional
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nanosheet structure in order to lower the surface potential. Thereafter, the nanosheets self-
assemble to produce a cabbage-like structure.

Figure 18. Schematic illustration of the processes of Zn(OH)2/ZnO nanostructure assembly by IL-assisted hydrother‐
mal growth.

The TSIL  clearly  played a  key  role  in  tailoring  the  form of  the  resultant  ZnO/Zn(OH)2

nanocomposites. In a general manner, the produced coatings showed broadband absorber
behavior, which may be attributed to the dielectric properties and the particular shape of
the Zn(OH)2/ZnO nanofillers. When radar impinges on a radar -absorbing coating, the in‐
cident radiation is not totally absorbed immediately. The radar attenuation by the radar-
absorbing  coating  is  significantly  complex  and  different  attenuation  mechanisms  can
occur. Equal amounts of three types of Zn(OH)2/ZnO nanostructures with different mor‐
phologies and different separations between their nanoplates, as synthesized under differ‐
ent conditions, were used as fillers in coatings.

The value of the maximum reflection loss for the composite with Zn(OH)2/ZnO nanostruc‐
tures was measured ~20 dB at 8 GHz for a thickness of 4.0 mm. The samples incorporating
Zn(OH)2/ZnO nanostructures of a morphology with a shorter inter-plate separation dis‐
played higher absorptions. The absorption was also shifted toward higher frequencies.
Moreover, a higher bandwidth was observed. It may be noted that the ZnO/Zn(OH)2 nano‐
structures had a special geometrical morphology, namely that of a multi-layer microwave
absorber. More importantly, the interfacial electric polarization should be considered. It is
well known that the permittivity mainly originates from electronic polarization, ion polari‐
zation, and intrinsic electric-dipole polarization, on which the crystal structure, size, and
shape of nanomaterials may have important influences. On the basis of the electron micro‐
scopy characterization results, we can conclude that the radar-absorbing properties are asso‐
ciated with the crystal structure, the crystallization, and the degree of aggregation of the
nanocrystal building blocks. This also explains why the ZnO/Zn(OH)2 nanostructures stud‐
ied here show different radar-absorption properties. However, further experimental and
theoretical work is needed to clarify the mechanism.
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3. Conclusion

Over the past years, there has been an increasing interest in developing hierarchically struc‐
tural materials on a nanometer scale due to their novel or enhanced properties. By control‐
ling the condition of reaction, shape transformations of the resulting hierarchical ceramic
nanomaterials could be achieved. In this chapter, the ceramic nanomaterials have been syn‐
thesized in a single reaction system by simply adjusting the reaction conditions and used as
fillers in high-performance microwave-absorbing coatings, with epoxy resin as the polymer
matrix. The task specific ionic liquids thus serves as a reagent or templating agent for the
fabrication of ceramic oxides. The effects of different morphologies of the nanofillers on elec‐
tromagnetic properties have been investigated. The maximum reflection attenuation was
measured as −20 dB in the frequency range 5−12 GHz.

Author details

Elaheh Kowsari*

Address all correspondence to: kowsarie@aut.ac.ir

Department of Chemistry, Amirkabir University of Technology, Tehran, Iran

References

[1] Balanis, C. A. (1989). Advanced Engineering Electromagnetics, New York, John Wiley
and Sons.

[2] Lee, S. M. (1991). International Encyclopedia of Composites, New York, VCH Publishers.

[3] Clark, D. E., Diane, C. F., Stephen, J. O., & Richards, S. (1995). Microwaves: Theory and
Application in Materials Processing III, Westerville, The American Ceramic Society.

[4] Hippel, A. (1954). Dielectric Materials and Applications, London, Artech House.

[5] Yusoffa, A. N., Abdullah, M. H., Ahmad, S. H., Jusoh, S. F., Mansor, A. A., & Hamid,
S. A. A. (2002). Electromagnetic and absorption properties of some microwave ab‐
sorbers. J.Appl Phy, 92(2), 876-882.

[6] Orfanidis, S. J. (2008). Electromagnetic Waves and Antennas, Available from, http://
www.ece.rutgers.edu/~orfanidi/ewa/, accessed Oct.

[7] Sucher, M. ., & Fox, J. (1963). Handbook of the microwave measurements (3 ed.), New
York, John Wiley and Sons.

[8] Thostenson, E. T., & Chou, T. W. (1999). Microwave processing: fundamentals and
applications. Composites: Part A: Applied Science and Manufacturing, 30(9), 1055-1071.

Ionic-Liquid-Assisted Synthesis of Hierarchical Ceramic Nanomaterials as Nanofillers for Electromagnetic-Absorbing
Coatings

http://dx.doi.org/10.5772/51653

647



[9] Jarem, L. M., Johnson, J. B. ., & Scott, W. (1995). Measuring the permittivity and per‐
meability of sample at Ka Band using a partially flled waveguide. IEEE Transactions
on Microwave and Techniques, 43(12), 2654-2667.

[10] Watts, P. C. P., Hsu, P. C. P., Barnes, W. K., & Chambers, A. (2003). B High Permittiv‐
ity from Defective Multiwalled Carbon Nanotubes in the X-Band. Adv Mater., 15(7-8),
600-603.

[11] Wadhawan, A., Garrett, D., & Perez, J. M. (2003). Nanoparticle-assisted microwave
absorption by single-wall carbon nanotubes. Appl Phys Lett., 83(13), 2683-2685.

[12] Deng, L. J., & Han, M. (2007). Microwave Absorbing Performances of Multiwalled
Carbon Nanotube Composites with Negative Permeability. Appl Phys Lett., 91(2),
023119-023121.

[13] Liu, J. R., Itoh, M., Terada, M., Horikawa, T., & Machida, K. I. (2007). Enhanced Elec‐
tromagnetic Wave Absorption Properties of Fe Nanowires in Gigaherz Range. Appl
Phys Lett, 91(9), 093101-093103.

[14] Chen, Y. J., Cao, M. S., Wang, T. H., & Wan, Q. (2004). Microwave absorption proper‐
ties of the ZnO nanowire-polyester composites. Appl. Phys. Lett., 84(17), 3367-3370.

[15] Tang, Z., & Kotov, N. A. (2005). One-dimensional assemblies of nanoparticles: Prepa‐
ration, properties, and promise. AdV Mater., 17(8), 951-962.

[16] Murphy, C., Sau, T. K., Gole, A. M., Orendorff, C. J., Gao, J., Gou, L., Hunyadi, S., &
Li, T. (2005). Anisotropic Metal Nanoparticles:  Synthesis, Assembly, and Optical Ap‐
plications. J. Phys. Chem. B, 109(29), 13857-13870.

[17] Xia, Y., & Halas, N. (2005). Shape-Controlled Synthesis and Surface Plasmonic Prop‐
erties of Metallic Nanostructures. J MRS Bull., 30(5), 338-348.

[18] Liz-Marza´n, L. M. (2006). Tailoring Surface Plasmons through the Morphology and
Assembly of Metal Nanoparticles. Langmuir, 22(1), 32-41.

[19] Link, S., & El -Sayed, M. A. (1999). Spectral Properties and Relaxation Dynamics of
Surface Plasmon Electronic Oscillations in Gold and Silver Nanodots and Nanorods.
J. Phys. Chem. B, 103(40), 8410-8426.

[20] Vasilev, K., Zhu, T., Wilms, M., Gillies, G., Lieberwirth, I., Mittler, S., Knoll, W., &
Kreiter, M. I. (2005). One-step Synthesis of Gold Nanowires in Aqueous Solution.
Langmuir, 21(26), 12399-12403.

[21] Wiley, B., Sun, Y., Mayers, B., & Xia, Y. (2005). Shape-Controlled Synthesis of Metal
Nanostructures: The Case of Silver. Chem Eur J, 11(2), 454-463.

[22] Giersig, M., Pastoriza-Santos, I., & Liz-Marza´n, L. M. (2004). Evidence of an Aggre‐
gative Mechanism During the Formation of Silver Nanowires in N,N-dimethylforma‐
mide. J Mater Chem, 14, 607-610.

Ionic Liquids - New Aspects for the Future648



[9] Jarem, L. M., Johnson, J. B. ., & Scott, W. (1995). Measuring the permittivity and per‐
meability of sample at Ka Band using a partially flled waveguide. IEEE Transactions
on Microwave and Techniques, 43(12), 2654-2667.

[10] Watts, P. C. P., Hsu, P. C. P., Barnes, W. K., & Chambers, A. (2003). B High Permittiv‐
ity from Defective Multiwalled Carbon Nanotubes in the X-Band. Adv Mater., 15(7-8),
600-603.

[11] Wadhawan, A., Garrett, D., & Perez, J. M. (2003). Nanoparticle-assisted microwave
absorption by single-wall carbon nanotubes. Appl Phys Lett., 83(13), 2683-2685.

[12] Deng, L. J., & Han, M. (2007). Microwave Absorbing Performances of Multiwalled
Carbon Nanotube Composites with Negative Permeability. Appl Phys Lett., 91(2),
023119-023121.

[13] Liu, J. R., Itoh, M., Terada, M., Horikawa, T., & Machida, K. I. (2007). Enhanced Elec‐
tromagnetic Wave Absorption Properties of Fe Nanowires in Gigaherz Range. Appl
Phys Lett, 91(9), 093101-093103.

[14] Chen, Y. J., Cao, M. S., Wang, T. H., & Wan, Q. (2004). Microwave absorption proper‐
ties of the ZnO nanowire-polyester composites. Appl. Phys. Lett., 84(17), 3367-3370.

[15] Tang, Z., & Kotov, N. A. (2005). One-dimensional assemblies of nanoparticles: Prepa‐
ration, properties, and promise. AdV Mater., 17(8), 951-962.

[16] Murphy, C., Sau, T. K., Gole, A. M., Orendorff, C. J., Gao, J., Gou, L., Hunyadi, S., &
Li, T. (2005). Anisotropic Metal Nanoparticles:  Synthesis, Assembly, and Optical Ap‐
plications. J. Phys. Chem. B, 109(29), 13857-13870.

[17] Xia, Y., & Halas, N. (2005). Shape-Controlled Synthesis and Surface Plasmonic Prop‐
erties of Metallic Nanostructures. J MRS Bull., 30(5), 338-348.

[18] Liz-Marza´n, L. M. (2006). Tailoring Surface Plasmons through the Morphology and
Assembly of Metal Nanoparticles. Langmuir, 22(1), 32-41.

[19] Link, S., & El -Sayed, M. A. (1999). Spectral Properties and Relaxation Dynamics of
Surface Plasmon Electronic Oscillations in Gold and Silver Nanodots and Nanorods.
J. Phys. Chem. B, 103(40), 8410-8426.

[20] Vasilev, K., Zhu, T., Wilms, M., Gillies, G., Lieberwirth, I., Mittler, S., Knoll, W., &
Kreiter, M. I. (2005). One-step Synthesis of Gold Nanowires in Aqueous Solution.
Langmuir, 21(26), 12399-12403.

[21] Wiley, B., Sun, Y., Mayers, B., & Xia, Y. (2005). Shape-Controlled Synthesis of Metal
Nanostructures: The Case of Silver. Chem Eur J, 11(2), 454-463.

[22] Giersig, M., Pastoriza-Santos, I., & Liz-Marza´n, L. M. (2004). Evidence of an Aggre‐
gative Mechanism During the Formation of Silver Nanowires in N,N-dimethylforma‐
mide. J Mater Chem, 14, 607-610.

Ionic Liquids - New Aspects for the Future648

[23] Umar, A. A., & Oyama, M. (2006). Formation of Gold Nanoplates on Indium Tin Ox‐
ide Surface:  Two-Dimensional Crystal Growth from Gold Nanoseed Particles in the
Presence of Poly(vinylpyrrolidone). Cryst Growth Des., 6(4), 818-821.

[24] Shankar, S. S., Rai, A., Ankamwar, B., Singh, A., Ahmad, A., & Sastry, M. (2004). Bio‐
logical Synthesis of Triangular Gold Nanoprisms. Nat Mater, 3(7), 482-488.

[25] Xiong, Y., Mc Lellan, J. M., Chen, J., Yin, Y., Li, Z., & Xia, Y. (2005). Kinetically Con‐
trolled Synthesis of Triangular and Hexagonal Nanoplates of Palladium and Their
SPR/SERS Properties. J Am Chem Soc., 127(48), 17118-17127.

[26] Yang, J., Lu, L., Wang, H., Shi, W., & Zhang, H. (2006). Glycyl Glycine Templating
Synthesis of Single-Crystal Silver Nanoplates. Cryst Growth Des., 6(9), 2155-2158.

[27] Sun, Y., & Xia, Y. (2002). Shape-Controlled Synthesis of Gold and Silver Nanoparti‐
cles. Science, 298(5601), 2176-2179.

[28] Yu, D., & Yam, V. W. (2004). Controlled Synthesis of Monodisperse Silver Nanocubes
in Water. J. Am Chem Soc., 126(41), 13200-13201.

[29] Gou, L., & Murphy, C. J. (2005). Fine-Tuning the Shape of Gold Nanorods. Chem. Ma‐
ter., 17(14), 3668-3672.

[30] Chen, S., Wang, Z. L., Ballato, J., Foulger, S. H., & Carrol, D. L. (2003). Monopod, Bi‐
pod, Tripod, and Tetrapod Gold Nanocrystals. J Am ChemSoc., 125(52), 16186-16187.

[31] Sau, T. K., & Murphy, C. J. (2004). Room Temperature, High-Yield Synthesis of Mul‐
tiple Shapes of Gold Nanoparticles in Aqueous Solution. J Am Chem Soc, 126(28),
8648-8649.

[32] Yamamoto, M., Kashiwagi, Y., Sakata, T., Mori, H., & Nakamoto, M. (2005). Synthesis
and Morphology of Star-Shaped Gold Nanoplates Protected by Poly(N-vinyl-2-pyr‐
rolidone). Chem Mater., 17(22), 5391.

[33] Kuo, C., & Huang, M. H. (2005). Synthesis of Branched Gold Nanocrystals by a Seed‐
ing Growth Approach. Langmuir, 21(5), 2012-2016.

[34] Hao, E., Bailey, R. C., Schatz, G. C., Hupp, J. T., & Li, S. (2004). Synthesis and Optical
Properties of “Branched” Gold Nanocrystals. Nano Lett., 4(2), 327-330.

[35] Bakr, O. M., Wunsch, B. H., & Stellacci, F. (2006). High-Yield Synthesis of Multi-
Branched Urchin-Like Gold Nanoparticles. Chem Mater., 18(14), 3297-3301.

[36] Burt, J. L., Elechiguerra, J. L., Reyes-Gasga, J., Montejano-Carrizales, J. M., & Yaca‐
man, M. J. (2005). Beyond Archimedean Solids: Star Polyhedral Gold Nanocrystals. J
Cryst Growth, 285(4), 681-691.

[37] Wang, T., Hu, X., & Dong, S. (2006). Surfactantless Synthesis of Multiple Shapes of
Gold Nanostructures and Their Shape-Dependent SERS Spectroscopy. J Phys Chem.
B, 110(34), 16930-16936.

Ionic-Liquid-Assisted Synthesis of Hierarchical Ceramic Nanomaterials as Nanofillers for Electromagnetic-Absorbing
Coatings

http://dx.doi.org/10.5772/51653

649



[38] Ma, H., Huang, S., Feng, X., Zhang, X., Tian, F., Yong, F., Pan, W., Wang, Y., & Chen,
S. (2006). Electrochemical Synthesis and Fabrication of Gold Nanostructures Based
on Poly(N-vinylpyrrolidone). Chem Phys Chem;, 7(2), 333-335.

[39] Shen, G. Z., Bando, Y., & Golberg, D. (2007). Self-Assembled Hierarchical Single-
Crystalline β-SiC Nanoarchitectures. Cryst Growth Des., 7(1), 35-38.

[40] Teng, X. W., & Yang, H. (2005). Synthesis of platinum multipods: an induced aniso‐
tropic growth. Nano Lett., 5(5), 885-891.

[41] Liu, B., & Zeng, H. C. (2004). Fabrication of ZnO “Dandelions” via a Modified Kir‐
kendall Process. J Am Chem Soc., 126(51), 16744-16746.

[42] Xie, S. H., & Zhao, D. Y. (2002). A Simple Route for the Synthesis of Multi-Armed
CdS Nanorod-Based Materials. Adv Mater., 14(21), 1537-1540.

[43] Zhang, Z., Sun, H., Shao, X., Li, D., Yu, H., & Han, M. (2005). Three-Dimensionally
Oriented Aggregation of a Few Hundred Nanoparticles into Monocrystalline Archi‐
tectures. Adv Mater., 17(1), 42-47.

[44] Kowsari, E., & Faraghi, G. (2010). Synthesis by an ionic liquid assisted method and
optical properties of nanoflower Y2O3. J Mater Res Bull, 45, 939-945.

[45] Murray, C. B., Kagan, C. R., & Bawendi, M. G. (1995). Self-Organization of CdSe
Nanocrystallites into Three-Dimensional Quantum Dot Superlattices. Science,
270(5240), 1335-1338.

[46] Andreas, T. (2004). CuCl Nanoplatelets from an Ionic Liquid-Crystal Precursor. An‐
gew Chem Int. Ed. Engl., 43(40), 5380-5382.

[47] Jiang, Y., & Zhu, Y. J. (2005). Microwave-Assisted Synthesis of Sulfide M2S3 (M = Bi,
Sb) Nanorods Using an Ionic Liquid. J Phys Chem., B, 109(10), 4361-4364.

[48] Jiang, J., Yu, S. H., Yao, W. T., Ge, H., & Zhang, G. Z. (2005). Morphogenesis and
Crystallization of Bi2S3 Nanostructures by an Ionic Liquid-Assisted Templating
Route:  Synthesis, Formation Mechanism, and Properties. Chem. Mater., 17(24),
6094-6100.

[49] Jiang, Y., Zhu, Y. J., & Cheng, G. F. (2006). Synthesis of Bi2Se3 Nanosheets by Micro‐
wave Heating Using an Ionic Liquid Cryst Growth Des. 9, 2174-2176.

[50] Nskashima, T., & Kimizuka, N. (2003). Interfacial Synthesis of Hollow TiO2 Micro‐
spheres in Ionic Liquids. J Am Chem Soc., 125(21), 6386-6387.

[51] Rai, P., Jo, J. N., Lee, I. H., & Yu, Y. T. (2010). Fabrication of 3D rotorlike ZnO nano‐
structure from 1D ZnO nanorods and their morphology dependent photolumines‐
cence property. J Solid State Sci, 12, 1703-1710.

[52] Patzke, G. R., Krumeich, F., & Nesper, R. (2002). Oxidic Nanotubes and Nanorods-
Anisotropic Modules for a Future Nanotechnology Angew. Chem., Int. Ed. Engl.,
41(14), 2446-2461.

Ionic Liquids - New Aspects for the Future650



[38] Ma, H., Huang, S., Feng, X., Zhang, X., Tian, F., Yong, F., Pan, W., Wang, Y., & Chen,
S. (2006). Electrochemical Synthesis and Fabrication of Gold Nanostructures Based
on Poly(N-vinylpyrrolidone). Chem Phys Chem;, 7(2), 333-335.

[39] Shen, G. Z., Bando, Y., & Golberg, D. (2007). Self-Assembled Hierarchical Single-
Crystalline β-SiC Nanoarchitectures. Cryst Growth Des., 7(1), 35-38.

[40] Teng, X. W., & Yang, H. (2005). Synthesis of platinum multipods: an induced aniso‐
tropic growth. Nano Lett., 5(5), 885-891.

[41] Liu, B., & Zeng, H. C. (2004). Fabrication of ZnO “Dandelions” via a Modified Kir‐
kendall Process. J Am Chem Soc., 126(51), 16744-16746.

[42] Xie, S. H., & Zhao, D. Y. (2002). A Simple Route for the Synthesis of Multi-Armed
CdS Nanorod-Based Materials. Adv Mater., 14(21), 1537-1540.

[43] Zhang, Z., Sun, H., Shao, X., Li, D., Yu, H., & Han, M. (2005). Three-Dimensionally
Oriented Aggregation of a Few Hundred Nanoparticles into Monocrystalline Archi‐
tectures. Adv Mater., 17(1), 42-47.

[44] Kowsari, E., & Faraghi, G. (2010). Synthesis by an ionic liquid assisted method and
optical properties of nanoflower Y2O3. J Mater Res Bull, 45, 939-945.

[45] Murray, C. B., Kagan, C. R., & Bawendi, M. G. (1995). Self-Organization of CdSe
Nanocrystallites into Three-Dimensional Quantum Dot Superlattices. Science,
270(5240), 1335-1338.

[46] Andreas, T. (2004). CuCl Nanoplatelets from an Ionic Liquid-Crystal Precursor. An‐
gew Chem Int. Ed. Engl., 43(40), 5380-5382.

[47] Jiang, Y., & Zhu, Y. J. (2005). Microwave-Assisted Synthesis of Sulfide M2S3 (M = Bi,
Sb) Nanorods Using an Ionic Liquid. J Phys Chem., B, 109(10), 4361-4364.

[48] Jiang, J., Yu, S. H., Yao, W. T., Ge, H., & Zhang, G. Z. (2005). Morphogenesis and
Crystallization of Bi2S3 Nanostructures by an Ionic Liquid-Assisted Templating
Route:  Synthesis, Formation Mechanism, and Properties. Chem. Mater., 17(24),
6094-6100.

[49] Jiang, Y., Zhu, Y. J., & Cheng, G. F. (2006). Synthesis of Bi2Se3 Nanosheets by Micro‐
wave Heating Using an Ionic Liquid Cryst Growth Des. 9, 2174-2176.

[50] Nskashima, T., & Kimizuka, N. (2003). Interfacial Synthesis of Hollow TiO2 Micro‐
spheres in Ionic Liquids. J Am Chem Soc., 125(21), 6386-6387.

[51] Rai, P., Jo, J. N., Lee, I. H., & Yu, Y. T. (2010). Fabrication of 3D rotorlike ZnO nano‐
structure from 1D ZnO nanorods and their morphology dependent photolumines‐
cence property. J Solid State Sci, 12, 1703-1710.

[52] Patzke, G. R., Krumeich, F., & Nesper, R. (2002). Oxidic Nanotubes and Nanorods-
Anisotropic Modules for a Future Nanotechnology Angew. Chem., Int. Ed. Engl.,
41(14), 2446-2461.

Ionic Liquids - New Aspects for the Future650

[53] Cui, Y., & Lieber, C. M. (2001). Functional Nanoscale Electronic Devices Assembled
Using Silicon Nanowire Building Blocks. Science, 291(5505), 851-853.

[54] Chen, A. C., Peng, X. P., Koczkur, K., & Miller, B. (2004). Super-hydrophobic tin ox‐
ide nanoflowers. Chem Commun., 1964-1965.

[55] Gur, I., Fromer, N. A., Geier, M. L., & Alivisatos, A. P. (2005). Air-stable all-inorganic
nanocrystal solar cells processed from solution. Science, 310(5747), 462-465.

[56] Antonietti, M., Kuang, D. B., Smarsly, B., & Yong, Z. (2004). Ionic liquids for the con‐
venient synthesis of functional nanoparticles and other inorganic nanostructures. An‐
gew ChemInt Ed, 43(38), 4988-4992.

[57] Xu, X., Zhang, M., Feng, J., & Zhang, M. (2008). Shape-controlled Synthesis of Single-
Crystalline Cupric Oxide by Microwave Heating Using an Ionic Liquid. Mat Lett.,
62(17-18), 2728-2790.

[58] Ma, L., Chen, W. X., Li, H., Zheng, Y. F., & Xu, Z. D. (2008). Ionic Liquid-Assisted
Hydrothermal Synthesis of MoS2 Microspheres. Mat Lett., 62(6-7), 797-799.

[59] Liu, X., Peng, P., Ma, J., & Zheng, W. (2009). Preparation of Novel CdSe Microstruc‐
ture by Modified Hydrothermal Method. Mat Lett., 63(8), 673-675.

[60] Kowsari, E., & Ghezelbash, M. R. (2012). Ionic Liquid-Assisted, Facile Synthesis of
ZnO/SnO2 Nanocomposites, and Investigation of Their Photocatalytic Activity. Mat
Lett., 68, 17-20.

[61] Kowsari, E., & Ghezelbash, Mohammad Reza. (2011). Synthesis of cactus-like zincox‐
ysulfide (ZnOxS1−x) nanostructures assisted by a task-specific ionic liquid and their
photocatalytic activities. Mat Lett., 65-3371.

[62] Kowsari, E., & Karimzadeh, A. H. (2012). Using a Chiral Ionic Liquid for Morpholog‐
ical Evolution of BaCO3 and its Radar Absorbing Properties as a Dendritic Nanofiller.
Mat Lett., 74, 33-36.

[63] Kowsari, E., & Karimzadeh, A. H. (2012). Fabrication of Fern-Like, Fish Skeleton-
Like, and Butterfly-Like BaO Nanostructures as Nanofillers for Radar-Absorbing
Nanocomposites. Mat Lett., 74, 33-36.

Ionic-Liquid-Assisted Synthesis of Hierarchical Ceramic Nanomaterials as Nanofillers for Electromagnetic-Absorbing
Coatings

http://dx.doi.org/10.5772/51653

651





Chapter 26
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1. Introduction

In recent years, photo functional materials have been increasing much attention because of
their attractive characteristics such as good specificity, excellent sensitivity, and easy han‐
dling [1]. Fluorescent-emitting materials are one of the most practically used photo function‐
al materials in the many application fields such as color sensors and probes in biological
science, key elements in color devises and displays, organic light-emitting diodes, and or‐
ganic field-effect transistors [2]. Furthermore, a variety of polymers bearing covalently
linked fluorescent dye moieties, exampling polymethacrylate, polyacrylamide, and conju‐
gated polymer, have been synthesized to provide novel polymeric fluorescent materials
[3-5]. To develop new fluorescent functional materials, the author has noted ionic liquids
(ILs) as material components. ILs are low-melting-point molten salts, defined as which form
liquids at room temperature or even at temperatures lower than a boiling point of water.
The property is owing to that the liquid state is thermodynamically favorable due to the
large size and conformational flexibility of the ions, in which these behaviors lead to small
lattice enthalpies and large entropy changes that favor the liquid state [6]. In the past more
than a decade, ILs have attracted much attention due to their specific characteristics such as
a negligible vapor pressure, excellent thermal stabilities, and controllable physical and
chemical properties [7]. Beyond these traditional properties of ILs, recently, interests and ap‐
plications on ILs have been extended to the researches related to functional materials as de‐
signer substrates with controllable physical and chemical properties or even specific
functions [8], so-called ‘task-specific ILs’ [9,10]. As one of the unique and specific properties
of ILs, it has been reported that imidazolium-type ILs exhibit excitation-wavelength-de‐
pendent fluorescent behavior due to the presence of energetically different associated spe‐
cies [11-14]. For example, 1-butyl-3-methylimidazolium chloride (BMIMCl) typically
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exhibits emissions maxima at around 450-600 nm depending on the excitation wavelengths
(Figure 1). The imidazolium-type ILs which form such different species have potential as
components to contribute to developing new fluorescent functional materials.

Figure 1. Fluorescence spectra of a liquid BMIMCl by excitation at 260-600 nm.

In this chapter, the author describes the use of the imidazolium-type ILs as components to
prepare new fluorescent functional materials. A first topic deals with the appearance of fluo‐
rescent resonance-energy-transfer (FRET) in solutions of fluorescent dyes with BMIMCl. As
a second topic, on the basis of this unique FRET system, the preparation and FRET functions
of polymeric IL (PIL) films carrying fluorescent dye moieties are disclosed. Furthermore, a
third topic deals with the preparation of ion gel materials from BMIMCl which exhibit the
FRET function and other unique fluorescent properties.

2. Fluorescent Properties in Solutions of Rhodamine 6G with Ionic
Liquid

2.1. FRET

Besides exhibiting emission by excitation at a characteristic wavelength of each fluorescent
dye, the fluorescent materials in practical applications are often required to exhibit fluores‐
cent emissions by excitation at different wavelength areas. For the purpose to develop such
dye materials, the author has noted the FRET technique [15], which has been used in de‐
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signed fluorescent materials to obtain a large shift of the excitation wavelength from that the
dyes natively show. FRET is an interaction between the electronic excited states of two fluo‐
rescent substrates, a donor and an acceptor, in which excitation energy is transferred from
the former to the latter without emission of a photon (Figure 2) [16]. By means of FRET, new
high performance biosensors, fluorescence imaging, and quantification systems of selective
interaction have been developed for targets of biological molecules, such as proteins and lip‐
ids [17,18].

Figure 2. Image of FRET from a donor to an acceptor.

2.2. FRET in Systems of Rhodamine 6G with BMIMCl

To develop the basic technique for the preparation of new functional fluorescent materials,
the author found a unique FRET system in a solution of rhodamine 6G with BMIMCl, where
the former and latter acted as an acceptor and a donor, respectively [19]. Rhodamine 6G is a
representative red fluorescent dye and exhibits emission maxima at ca. 540-610 nm by exci‐
tation at around 520 nm [20]. When the fluorescence spectra of the solution of rhodamine 6G
with BMIMCl (2.5 mmol/L) were measured by excitation at 260-600 nm, emissions at ca. 608
nm due to the dye were observed in all the spectra, whereas fluorescence peaks due to
BMIMCl were not detected (Figure 3). From these results, the occurrence of FRET from
BMIMCl to rhodamine 6G in the solution was supposed. Indeed, all the fluorescence spectra
of a sole BMIMCl liquid excited at various wavelengths were overlapped with an absorption
peak of rhodamine 6G at 545 nm. The occurrence of FRET in the solution of rhodamine 6G
with BMIMCl was confirmed further using the Stern-Volmer relation [21].

On the other hand, the fluorescence spectra of a solution of another fluorescent dye, pyrene,
with BMIMCl by excitation at 260-600 nm showed the emissions due to BMIMCl. This was
owing to no occurrence of FRET in the solution because an absorption of pyrene was not
overlapped with the emissions of BMIMCl. Moreover, when the fluorescence spectra of a
solution of a dye with no fluorescent emission, that is, Congo red, were measured by excita‐
tion at various wavelengths, the emissions due to BMIMCl were not observed. This result
was explained by the energy transfer from BMIMCl to Congo red because an absorption of
the dye overlapped with the emissions of BMIMCl.
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Figure 3. Fluorescence spectra of rhodamine 6G/BMIMCl solution by excitation at 260-600 nm.

3. Tunable Multicolor Emissions of Polymeric Ionic Liquid Films
Carrying Fluorescent Dye Moieties

3.1. Polymeric Ionic Liquids

Polymeric ionic liquids (PILs) are defined as the polymers obtained by polymerization of ILs
having polymerizable groups (polymerizable ILs) [22,23]. Thus, ‘PILs’ are termed just the
polymeric forms of ILs, but they are not necessary to show liquid forms at room tempera‐
ture or even at some ambient temperatures. The polymeric ILs, therefore, are often called
‘polymerized ILs’ too. The major advantages for providing the PILs are to be enhanced sta‐
bility, and improved processability and feasibility in application as practical materials. Poly‐
merizable ILs as a source of the PILs can be available by incorporating the polymerizable
groups at both anionic and cationic sites (Figure 4). In the former case, polymerizable anions
are ionically exchanged from some anions of general ILs (Figure 4(a)), giving the polymeriz‐
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able ILs. In the latter case, vinyl, meth(acryloyl), and vinylbenzyl groups have typically been
appeared as the polymerizable group (Figure 4(b)). Because 1-vinylimidazole is a commer‐
cially available, the vinylimidazolium-type polymerizable ILs are prepared by quaterniza‐
tion of 1-vinylimidazole with a variety of alkyl halides. The reaction of vinylbenzyl halides
or haloalkyl (meth)acrylates with 1-alkylimidazoles gives the corresponding imidazolium-
type polymerizable ILs having the vinylbenzyl or (meth)acryloyl polymerizable group (Fig‐
ure 5). Furthermore, when vinylbenzyl halides or haloalkyl (meth)acrylates are reacted with
1-vinylimidazole, the polymerizable ILs having two polymerizable groups are produced.
Because these polymerizable ILs can be converted into insoluble and stable PILs with the
cross-linked structure by the radical polymerization (Figure 6), they have a highly potential
as the source of the components in the practical materials.

Figure 4. Polymerization of polymerizable ILs having a polymerizable group at anionic site (a) and cationic site (b).

Figure 5. Typical synthetic schemes for polymerizable ILs having vinylbenzyl (a) and (meth)acrylate (b) groups.
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Figure 6. Polymerization of a polymerizable IL having two polymerizable groups to produce a cross-linked insoluble PIL.

3.2. Preparation of Transparent Polymeric Ionic Liquid Films

To incorporate the aforementioned unique FRET function into a film material, the prepara‐
tion of a transparent PIL film was attempted by radical polymerization of the appropriate
polymerizable ILs [24]. For this purpose, the two imidazolium-type polymerizable ILs, 1-
methyl-3-(4-vinylbenzyl)imidazolium chloride (1) and 1-(3-methacryloyloxypropyl-3-vinyli‐
midazolium bromide (2) were employed to obtain a cross-linked PIL (Figure 7). For the
preparation of the film form of PIL, a solution of 1 and 2 (10:1), and AIBN as a radical initia‐
tor (1mol% for 1+2) was sandwiched between two glass plates. Then, the system was heated
at 65 oC for 30 min and subsequently at 75 oC for 2 h to occur the copolymerization. The re‐
sulting material had the film form with transparent property.

Figure 7. Radical copolymerization of 1 with 2 by AIBN to give PIL film.
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The UV-vis spectrum of the film showed small absorptions at 280-550 nm, which were prob‐
ably related to the fluorescent emissions of the imidazolium-type ILs, besides large absorp‐
tions at the wavelengths below 280 nm. The fluorescence spectra of the film showed
excitation-wavelength-dependent fluorescent emission maxima at around 430-470 nm by ex‐
citation at 260-400 nm (Figure 8). Indeed, the film exhibited blue emission by UV light irra‐
diation at 365 nm (Figure 9). The fluorescent behavior of the film was similar as that of the
general imidazolium-type IL such as BMIMCl.

Figure 8. Fluorescence spectra of PIL film by excitation at 260-400 nm.

Figure 9. Photograph of PIL film under UV light irradiation at 365 nm.
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3.3. Preparation and Multicolor Emissions of Fluorescent Polymeric Ionic Liquid Films

On the basis of the principle of three primary colors, the PIL films which exhibit multicolor
emissions depending on combinations of the primary colors have considerably been de‐
signed [24,25]. For this purpose, three fluorescent dyes, rhodamine (red emission), 7-(diethy‐
lamino)coumarin-3-carboxylic acid (DEAC, green emission), and pyranine (blue emission)
were selected, and thus, polymerizable rhodamine, DEAC, and pyranine derivatives (3, 4,
and 5) having a methacrylate group were synthesized. Then, radical copolymerization of 1,
2, with 3, 4, or 5 was conducted by a similar procedure as aforementioned for PIL film to
produce the PIL films 6, 7, and 8 carrying respective dye moieties (Figure 10).

Figure 10. Radical copolymerization of 1, 2, with 3, 4, or 5 to give PIL films carrying primary color fluorescent dye moieties.

When the fluorescence spectra of the film 6 were measured by excitation at 260-400 nm,
emissions at ca. 620 nm due to the rhodamine group in addition to scattering peaks of exci‐
tation lights were observed in all the spectra (Figure 11(a)). On the other hand, fluorescent
emissions at around 430-470 nm due to the units 1 and 2 did not appear. These results sug‐
gested the occurrence of FRET from the units 1 and 2 to the rhodamine group in the film.
Indeed, all the emissions of the PIL film composed of the units 1 and 2 (without fluorescent
dye moieties; hereafter, this film is named the basic PIL film) excited at various wavelengths
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emissions at around 430-470 nm due to the units 1 and 2 did not appear. These results sug‐
gested the occurrence of FRET from the units 1 and 2 to the rhodamine group in the film.
Indeed, all the emissions of the PIL film composed of the units 1 and 2 (without fluorescent
dye moieties; hereafter, this film is named the basic PIL film) excited at various wavelengths
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were partially overlapped with an absorption peak of the film 6 at wavelength areas of
around 450-600 nm.

Figure 11. Fluorescence spectra of PIL films 6, 7, and 8 ((a)-(c), respectively) by excitation at 260-400 nm.

When the fluorescence spectra of the film 7 were also measured by excitation at 260-400 nm,
emissions at ca. 470 nm due to the DEAC group were observed (Figure 11(b)). Furthermore,
all the emissions of the basic PIL film excited at various wavelengths were totally or even
partially overlapped with absorptions of the film 7. Taking the UV-vis spectrum of the film 7
into consideration, it was also supposed that the DEAC moieties in 7 emitted by excitation at
around the wavelengths areas where the absorptions of 7 appeared. Therefore, the above re‐
sults suggested that the emissions due to the DEAC group in 7 excited at wide wavelength
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areas were owing to either direct excitation of the DEAC group or FRET from the units 1
and 2 to the DEAC group in the film.

Similarly, emissions due to pyranine moieties were observed at ca. 420 nm in the fluores‐
cence spectra of the film 8 excited at 260-400 nm (Figure 11(c)). The fluorescent emissions of
the basic PIL film excited at shorter wavelength areas, i.e., 260-360 nm were partially over‐
lapped with absorptions of the film 8 at around 300-400 nm. On the other hand, the emis‐
sions of the basic PIL film by excitation at longer wavelength area such as 380 and 400 nm
appeared at wavelengths longer than ca. 400 nm, which were not mostly overlapped with
the absorptions of the film 8. Moreover, the pyranine moieties in 8 emitted by excitation at
around the wavelength areas where the absorptions of 8 appeared. Therefore, it was sup‐
posed that the emissions of the pyranine group in the film 8 by excitation at shorter wave‐
length area were owing to either direct excitation of the pyranine group or FRET from the
units 1 and 2 to the pyranine group, whereas those excited at longer wavelength areas were
probably caused by only direct excitation of the pyranine group in the film.

Actually, the film 6, 7, and 8 showed the red, green, and blue emissions, respectively, by the
UV-vis light irradiations at 365 nm (Figure 12).

Figure 12. Photographs of PIL films 6, 7, and 8 ((a)-(c), respectively) under UV light irradiations at 365 nm.

By means of possible combinations among the rhodamine, DEAC, and pyranine dyes, which
emitted the  three  primary colors,  the  PIL films exhibiting tunable  color  emissions  were
prepared. Three combinations of polymerizable dyes, that is, 3 and 4, 3 and 5, and 4 and
5, were copolymerized with 1 and 2 by AIBN according to the same experimental man‐
ner as that for the basic PIL film (Figure 13). The fluorescence spectra of the resulting films
showed two kinds of emissions due to the incorporated dye moieties by excitation at 260-400
nm. These data suggested that the respective dye groups in the PIL films were individual‐
ly  emitted  by  direct  excitation  or  FRET.  The  PIL  film carrying  three  dye  moieties  was
similarly  prepared by copolymerization of  1,  2,  with  the  three  polymerizable  dyes.  The
fluorescence spectra of the resulting film also showed three kinds of emissions excited at
260-400 nm. Thus, the resulting films exhibited yellow, magenta, cyan, and white fluores‐
cent emissions, respectively, by UV light irradiation at 365 nm (Figure 13). These results
indicated that the PIL films carrying proper fluorescent dye moieties emitted tunable mul‐
ticolors by excitation at a sole wavelength.

Ionic Liquids - New Aspects for the Future662



areas were owing to either direct excitation of the DEAC group or FRET from the units 1
and 2 to the DEAC group in the film.

Similarly, emissions due to pyranine moieties were observed at ca. 420 nm in the fluores‐
cence spectra of the film 8 excited at 260-400 nm (Figure 11(c)). The fluorescent emissions of
the basic PIL film excited at shorter wavelength areas, i.e., 260-360 nm were partially over‐
lapped with absorptions of the film 8 at around 300-400 nm. On the other hand, the emis‐
sions of the basic PIL film by excitation at longer wavelength area such as 380 and 400 nm
appeared at wavelengths longer than ca. 400 nm, which were not mostly overlapped with
the absorptions of the film 8. Moreover, the pyranine moieties in 8 emitted by excitation at
around the wavelength areas where the absorptions of 8 appeared. Therefore, it was sup‐
posed that the emissions of the pyranine group in the film 8 by excitation at shorter wave‐
length area were owing to either direct excitation of the pyranine group or FRET from the
units 1 and 2 to the pyranine group, whereas those excited at longer wavelength areas were
probably caused by only direct excitation of the pyranine group in the film.

Actually, the film 6, 7, and 8 showed the red, green, and blue emissions, respectively, by the
UV-vis light irradiations at 365 nm (Figure 12).

Figure 12. Photographs of PIL films 6, 7, and 8 ((a)-(c), respectively) under UV light irradiations at 365 nm.

By means of possible combinations among the rhodamine, DEAC, and pyranine dyes, which
emitted the  three  primary colors,  the  PIL films exhibiting tunable  color  emissions  were
prepared. Three combinations of polymerizable dyes, that is, 3 and 4, 3 and 5, and 4 and
5, were copolymerized with 1 and 2 by AIBN according to the same experimental man‐
ner as that for the basic PIL film (Figure 13). The fluorescence spectra of the resulting films
showed two kinds of emissions due to the incorporated dye moieties by excitation at 260-400
nm. These data suggested that the respective dye groups in the PIL films were individual‐
ly  emitted  by  direct  excitation  or  FRET.  The  PIL  film carrying  three  dye  moieties  was
similarly  prepared by copolymerization of  1,  2,  with  the  three  polymerizable  dyes.  The
fluorescence spectra of the resulting film also showed three kinds of emissions excited at
260-400 nm. Thus, the resulting films exhibited yellow, magenta, cyan, and white fluores‐
cent emissions, respectively, by UV light irradiation at 365 nm (Figure 13). These results
indicated that the PIL films carrying proper fluorescent dye moieties emitted tunable mul‐
ticolors by excitation at a sole wavelength.

Ionic Liquids - New Aspects for the Future662

Figure 13. Multicolor emissions of PIL films carrying various combinations of fluorescent dye moieties.

4. Preparation of Photo Functional Ion Gels of Polysaccharides with an
ionic liquid

4.1. Ion Gels of Polysaccharides with Ionic Liquids

Because ILs have been found to be used as good solvents for natural polysaccharides such as
cellulose [26-29], and accordingly, can be considered to have a specific affinity for polysac‐
charides, efficient methods to produce new polysaccharide-based materials compatibilized
with ILs have the potential to lead to the practical use of natural polysaccharides as the
promising biomass resources [30,31]. On the basis of these viewpoints, the author has re‐
ported the facile preparation of gel materials of abundant polysaccharides such as cellulose,
starch, and chitin, which include ILs as disperse media in the polysaccharide network ma‐
trixes, so-called ion gels [32-35]. Besides such abundant polysaccharides, many kinds of nat‐
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ural polysaccharides from various sources have been known [36]. For example, some
polysaccharides such as guar gum and xanthan gum are used as hydrocolloid polysacchar‐
ides for a stabilizer, a viscous agent, and a structure provider in food industries [37]. Guar
gum is a galactomannan extracted from the seed of the leguminous shrub Cyamopsis tetrago‐
noloba and consists of a (1→ 4)-linked β-D-mannopyranose main-chain with a branched α-D-
galactopyranose unit at 6 position (Figure 14). Xanthan gum produced by Xanthomonas
campestris has a cellulose-type main-chain (β-(1→ 4)-glucan) with trisaccharide side chains
attached to alternate glucose units in the main-chain (Figure 14). The author has reported
that functional ion gels of hydrocolloid polysaccharides, e.g., guar gum and xanthan gum,
with BMIMCl were obtained when the corresponding solutions of the polysaccharides in
BMIMCl in appropriate concentrations were left standing at room temperature [38-42].
These ion gels have been applied to providing functional materials by means of the specific
fluorescent behaviors of ILs.

Figure 14. Structures of guar and xanthan gums.

4.2. FRET Function of Ion Gel of Guar Gum with an Ionic Liquid

For the preparation of gel materials exhibiting the aforementioned unique FRET function,
the gelling system of BMIMCl using guar gum was employed. When the fluorescence spec‐
tra of the guar gum/BMIMCl ion gel was measured by excitation at 260-600 nm, the similar
excitation-wavelength-dependent fluorescence behavior as that of a sole BMIMCl was ap‐
peared (Figure 15). Accordingly, the guar gum/BMIMCl ion gel containing rhodamine 6G
(1.5 mmol/L) was prepared from the mixture of rhodamine 6G and guar gum with BMIMCl.
The fluorescence spectra of the resulting ion gel exhibited emissions due to rhodamine 6G
by excitation at 260-600 nm, whereas no emissions due to BMIMCl were observed (Figure
16). These results indicated the occurrence of FRET from BMIMCl to rhodamine 6G in the
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ion gel. Indeed, the gel showed the red emissions by photo irradiation at various wave‐

lengths (Figure 17).

Figure 15. Fluorescence spectra of guar gum/BMIMCl ion gel by excitation at 260-600 nm.

Figure 16. Fluorescence spectra of guar gum/rhodamine 6G/BMIMCl ion gel by excitation at 260-600 nm.
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Figure 17. Photographs of guar gum/rodamine 6G/BMIMCl ion gel by excitation at 260-600 nm.

4.3. Fluorescent Behaviors of Ion Gel of Xanthan Gum with an Ionic Liquid

The author has been interested in the association state of  BMIMCl in the xanthan gum/
BMIMCl ion gels  because nano-ordered association of  1-butyl-3-methylimidazolium-type
ionic liquids in the liquid state was suggested in previous report [43].  The UV-vis spec‐
tra  of  the ion gels  were measured to  evaluate  the association states  of  BMIMCl [41].  A
liquid BMIMCl showed significant absorptions at wavelengths below 250 nm besides very
small absorptions at 250-450 nm (Figure 18(a)). However, the strong absorptions in a wide
range from 200 to 450 nm were observed in the UV-vis spectra of the ion gels with differ‐
ent  contents  (10  and 30% (w/w),  Figure  18(b)  and (c)).  Such strong absorption was  not
observed in the UV-vis spectrum of guar gum/BMIMCl ion gel.  These results suggested
the presence of the different association state of BMIMCl in the xanthan gum/BIMICl ion
gel from that in the liquid and the guar gum/BIMICl ion gel. The presence of the specif‐
ic association state of BMIMCl in the xanthan gum/BMIMCl ion gel was also confirmed by
the 1H NMR analysis.

On the basis of the above findings, the fluorescent behaviors of the xanthan gum/BMIMCl
ion gels were investigated. Figure 19 shows the fluorescence spectra of the ion gels in the
different xanthan gum contents (10, 20, 40, and 60% (w/w)) by excitation at 360-480 nm.
Emission maxima were obviously shifted to the longer wavelength areas with increasing
xanthan gum contents. Such red-shift was probably due to the presence of the specific asso‐
ciation states of BMIMCl depending to the xanthan gum contents in the gels. Actually, the
colors of the gels were changed from yellow to red-brown with increasing the xanthan gum
contents (Figure 20). These results suggest that the present xanthan gum/BMIMCl ion gels
can be applied to the new fluorescent gel materials in the future.
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Figure 18. UV-vis spectra of a liquid BMIMCl (a), and xanthan gum/BMIMCl ion gels in 10 and 30% (w/w) contents
((b) and (c), respectively.

Figure 19. Fluorescence spectra of xanthan gum/BMIMCl ion gels in 10, 20, 40, and 60% (w/w) contents by excitation
at 360-480 nm ((a) – (d), respectively).
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Figure 20. Photographs of xanthan gum/BMIMCl ion gels in 10-60% (w/w) contents.

5. Conclusion

This chapter overviewed the preparation of new fluorescent materials composed of the ILs
as components which exhibited specific and unique photo functions. The unique FRET sys‐
tem using rhodamine 6G and the imidazolium-type IL, BMIMCl, was successfully appeared.
The radical copolymerization of two PILs, which had one and two polymerizable groups,
respectively, was carried out with AIBN as an initiator to give the transparent polymeric
ionic liquid (PIL) film. The fluorescence spectra of the film exhibited excitation-wavelength-
dependence fluorescent emission maxima at around 430 – 470 nm by excitation at 260 – 400
nm. On the basis of the above results, the PIL films carrying fluorescent dye moieties were
prepared by radical copolymerization of polymerizable ionic liquids with appropriate poly‐
merizable fluorescent dye derivatives. The films carrying rhodamine, 7-(diethylamino)cou‐
marin-3-carboxylic acid (DEAC), and pyranine moieties exhibited the three primary color
emissions, i.e., red, green, and blue, respectively, by excitation at wide wavelength areas. By
incorporating possible combinations of the dye moieties in the PIL backbones, furthermore,
the PIL films, which emitted tunable multicolors, were successfully obtained.

For the preparation of materials exhibiting the unique fluorescent behaviors, the gelling sys‐
tem of BMIMCl using guar gum of a natural polysaccharide containing rhodamine 6G was
employed. The fluorescence spectra of the resulting ion gel showed the emissions due to
rhodamine 6G by excitation at 260 – 600 nm, whereas no emissions due to BMIMCl were
observed, indicating the occurrence of FRET from BMIMCl to rhodamine 6G in the gel. The
fluorescent behaviors of xanthan gum/BMIMCl ion gels were also investigated. The gels ex‐
hibited the xnathan gum content-dependent emission changes, probably owing to the pres‐
ence of specific association states of BMIMCl in the gels.

The specific fluorescent functions of the materials described in this chapter are realized by
the unique photo properties of the ILs. The present materials have the potential for the prac‐
tical applications in the various fields in the future.
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1. Introduction

Ionic liquids (ILs) are generally defined as a salt with a melting point lower than 100 °C
whose properties include non-volatility, non-flammability, and a relatively high ionic con‐
ductivity [1]. Recently, therefore, interest has increased in the possible use of this type of liq‐
uid as an electrolyte in energy storage devices, for example, a lithium rechargeable battery
[2–9] and an electric double layer capacitor [10–14].

At the same time, to further the development of large, thin, prismatic electrochemical devi‐
ces for which there is a high market demand, solid electrolytes are generally preferred over
liquid electrolytes from the view point of ease of production and long device lifetime. In the
last decade, many researchers and battery companies have been developing a “solid state
polymer electrolyte” or a “gel polymer battery” with a film-like shape. More recently, grow‐
ing attention has been paid to poly(ionic liquids) as a class of polymeric materials that are
highly non-flammable. Examples of new polyelectrolytes poly(ILs) have been produced
from polymerizable ionic liquid monomers by several polymerization processes. Research
into the application of poly(ILs) for polymer electrolytes were under intense study by Ono
et al around at 2005 [15-17]. The ensuing intensive studies on poly(ILs) in the last five years
significantly expanded the research scope of this new type of polymer, and some valuable
review [18-19] and feature articles have been published [20].

Amid such developments, we also developed a polymerizable ionic liquid, N, N-diethyl- N-
(2-methacryloylethyl)-N-methylammonium bis(trifluoromethylsulfonyl)imide (DEMM-
TFSI, whose molecular structure is shown in Fig.1). From many previous studies, it was
known that aliphatic quaternary ammonium based ionic liquids had an obviously higher
cathodic stability than the aromatic type ionic liquids. Therefore, polymer materials made
from these polymerizable ILs could have high durability in use as an electrolyte in various
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energy devices. However, because there have been only a few reports on this topic, we de‐
scribe in this chapter the preparation, polymerization, physicochemical properties, and the
application of quaternary ammonium type polymerizable ionic liquids and related poly‐
mers.

On the other hand, the use of ILs as the solvent in free radical polymerization media instead
of a conventional organic solvent markedly affects the rate and degree of polymerization. It
has been reported that poly(methylmethacrylate) (PMMA) reactions are much more rapid in
an ionic liquid than in a nonpolar solvents, and that a PMMA prepared in an ionic liquid
has a molecular weight approximately five times higher than in benzene and toluene [21].
The ionic liquid monomer, DEMM-TFSI, also gives the ultra high molecular weight
poly(DEMM-TFSI) by bulk polymerization with a conventional 2-2'-azoisobutyronitrile
(AIBN) initiator [22]. However, control of the molecular weight was difficult due to the
strong enhancement of the propagation rate coefficients (kp) in ILs. Although molecular
weight control in the polymerization of polymerizable ILs is more successful using an atom
transfer radical polymerization (ATRP) [20, 23, 24], there are few investigation of length con‐
trol by other polymerization methods, such as conventional chain transfer radical (CTR) pol‐
ymerization, adding chain transfer agents, or reversible addition fragmentation chain
transfer (RAFT) polymerization. In this chapter, we describe the molecular weight-control‐
led polymerization of DEMM-TFSI by CTR polymerization and RAFT polymerization. We
also detail the physicochemical properties of the resulting molecular weight-controlled ionic
liquid polymer, poly(DEMM-TFSI), especially the thermal properties (glass transition tem‐
perature; Tg), ionic conductivity and the self-diffusion coefficient (D) of poly-cation and
anion in solution using pulsed-gradient spin echo NMR (PGSE-NMR) spectroscopy.

For electrochemical device applications, a good method to produce a flexible polymer elec‐
trolyte membrane with high conductivity and non-flammability is to use poly(ILs) as a host
polymer for the gelation of ILs [22, 25]. Poly(ILs) have a higher affinity for ionic liquids than
that of conventional polymers such as PMMA, poly(ethylene oxide) (PEO) and poly(vinyli‐
denefluoride) (PVdF). In fact, the ionic liquid gel composite material including poly(ILs)
showed higher ionic conductivity than that of the materials including conventional polymer
such as a PMMA. A high degree of compatibility with the ionic liquid results in a high ionic
conductivity and good physical properties even when only a small amount of polymer ma‐
terial is added. This allows the IL to be completely encapsulated, thereby avoiding liquid
leakage accidents. Work in this area will be also described in this chapter.

2. Preparation and physicochemical properties of DEMM-TFSI

We developed a new type of polymerizable IL, N, N-diethyl- N- (2-methoxyethyl)- N-meth‐
ylammonium bis(trifluoromethylsulfonyl)imide (DEMM-TFSI in Fig. 1 ), with electrochemi‐
cal stability in a wide range of potential. The preparation route of the DEMM-TFSI, was
given elsewhere [22]. In brief, 2-(diethylamino)ethylmethacrylate was treated with 1.2 equiv.
of methyliodide in tetrahydrofuran at 0 °C and stirred overnight, giving N,N-diethyl-N-(2-
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methacryloylethyl)-N-methylammonium iodide as a precipitate, which was filtered off and
recrystallized in tetrahydrofuran-ethanol solvent. The recrystallized product was treated
with exactly 1.0 equiv. of lithium bis(trifluoromethylsulfonyl)imide in deionized water for 5
h. After the reaction, the mixture was separated into two phases, the bottom phase being
N,N-diethyl-N-(2-methacryloylethyl)-N- methylammonium bis(trifluoromethylsulfon‐
yl)imide.

N
O

O
N(CF3SO2)2

_
+

Figure 1. Molecular structure of DEMM-TFSI

The ionic conductivity is 0.6 mScm-1 at 25 °C measured by a conductivity meter (HM-30R,
DKK-TOA Corporation).

Fig.2 depicts the differential scanning calorimetry (DSC) and thermal gravimetric analysis
(TGA) curves of the DEMM-TFSI. This polymerizable IL did not exhibit a clear melting or
freezing temperature in a typical DSC measurement; however, the glass transition tempera‐
ture Tg was observed at −68 °C. The decomposition temperature corresponding to a 10%
weight loss according to TGA measurements occurred at 329 °C. DEMM-TFSI exists as an
ionic liquid over a very wide temperature range, approximately 400 °C.

Figure 2. (a) Differential scanning calorimetry (DSC) and (b) thermal gravimetric analysis (TGA) results for the ionic
liquid monomer, DEMM-TFSI at a heating rate of 5 °C min−1.
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Figure 3. Cyclic voltammogram of an ionic liquid monomer, an organic electrolyte at 25 °C. Scan rate: 10mVs−1; plati‐
num working and counter electrodes; Ag/Ag+ reference electrode. The potential value (V) was referenced to the ferro‐
cene (Fc)/ferrocenium (Fc+) redox couple in each salt. (a) 0.1 mol kg−1 of DEMM-TFSI in propylene carbonate (PC)
solution, (b) 0.1 mol kg−1 of LiTFSI in PC solution. The concentration is defined in terms of molality = (mol solute/kg
solvent). The dashed line arrow indicates the potential of the Li/Li+ couple.

Fig. 3 shows both the limiting reduction potentials (Ered.) on platinum of the ionic liquid
monomer as measured by cyclic voltammetry at room temperature, and a voltammogram of
an ordinary organic electrolyte LiTFSI in PC. The sharp peaks around −3.0V are probably
due to the deposition and dissolution of Li metal, since a color change of the working elec‐
trode by the metal deposition appears with a current loop at that potential. The Ered. and the
limiting oxidation potentials (Eoxd.) were defined as the potential where the limiting current
density reached 1mAcm−2. The Ered. of the DEMM-TFSI ionic liquid monomer was positioned
about 0.7V positive against the Li/Li+. We confidently expected this result, because the mon‐
omer molecule had an easily reduced double bond.

3. Preparation of poly(DEMM-TFSI)

3.1. Radical polymerization of ionic liquid monomer; DEMM-TFSI

The poly(IL), poly(DEMM-TFSI), was synthesized by the bulk polymerization method. First,
the monomer was dissolved in acetonitrile, and the solution was treated with activated car‐
bon; the resultant acetonitrile solution was evaporated and the purified monomer was dried
in vacuum at 25 °C. The ionic liquid monomer and 2,2'-Azoisobutyronitrile (AIBN), at a ra‐
tio of 1.0 mol% to the amount of methacryl groups present in the monomer, were mixed un‐
til they became homogeneous. The mixture was degassed in vacuum at 50 °C, and kept
standing at 70 °C for 15 h. After polymerization, the product polymer was dissolved in ace‐
tonitrile and precipitated into ethanol and water, before a final drying in vacuum at 70 °C.
The preparation scheme is shown in Fig. 4.
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limiting oxidation potentials (Eoxd.) were defined as the potential where the limiting current
density reached 1mAcm−2. The Ered. of the DEMM-TFSI ionic liquid monomer was positioned
about 0.7V positive against the Li/Li+. We confidently expected this result, because the mon‐
omer molecule had an easily reduced double bond.

3. Preparation of poly(DEMM-TFSI)

3.1. Radical polymerization of ionic liquid monomer; DEMM-TFSI

The poly(IL), poly(DEMM-TFSI), was synthesized by the bulk polymerization method. First,
the monomer was dissolved in acetonitrile, and the solution was treated with activated car‐
bon; the resultant acetonitrile solution was evaporated and the purified monomer was dried
in vacuum at 25 °C. The ionic liquid monomer and 2,2'-Azoisobutyronitrile (AIBN), at a ra‐
tio of 1.0 mol% to the amount of methacryl groups present in the monomer, were mixed un‐
til they became homogeneous. The mixture was degassed in vacuum at 50 °C, and kept
standing at 70 °C for 15 h. After polymerization, the product polymer was dissolved in ace‐
tonitrile and precipitated into ethanol and water, before a final drying in vacuum at 70 °C.
The preparation scheme is shown in Fig. 4.
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Figure 4. Synthesis of ionic liquid monomer (DEMM-TFSI) and poly(DEMM-TFSI).

It has been reported that poly(methyl methacrylate) (PMMA) reactions are much more rapid
in an ionic liquid than in a nonpolar solvent such as benzene, and that a PMMA prepared in
an ionic liquid has a molecular weight approximately five times higher than in benzene [21].
The ionic liquid monomer DEMM-TFSI also gives the ultra high molecular weight
poly(DEMM-TFSI) by bulk polymerization with an AIBN initiator. Fig. 5 illustrates the GPC
trace of the poly(DEMM-TFSI) product polymerized using a mol ratio of [monomer]/[AIBN]
= 1:0.01. The resulting polymer was a rubbery solid, with a weight average molecular weight
(Mw) of 1,084,000 and a polydispersity index by GPC analysis of 2.95 [PDI = (Mw)/number-
average molecular weight (Mn)].

Figure 5. GPC trace of poly(DEMM-TFSI). Mn = 368,000; Mw = 1,084,000; Mw / Mn = 2.95. GPC analyses were performed
at 40 °C, with a Shodex GPC-101 equipped with two, series-connected OHpak SB-806M HQ columns with a solution of
0.5 M acetic acid and 0.2 M sodium nitrate in acetonitrile and water (1/1 v/v) as the eluent. The weight- and number-
average molecular weight were estimated on the basis of the calibration curve established with standard poly(ethyl‐
ene oxide)s with the Shodex 480-II data station.
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3.2. Molecular weight control of poly(DEMM-TFSI)

It is well known when the radical polymerizations are conducted in an ionic liquid, a signifi‐
cant incerase of the kp / kt ratio is normally observed in comparison to those carried out in
other polar solvents [18, 26]. Not only the rates of polymerization, but also the molecular
weights of the polymers produced were considerably higher for several kinds of monomers.
Also, the polymerizable ionic liquids, in our case DEMM-TFSI, give considerably higher mo‐
lecular weight polymers in bulk radical polymerizations. The difficulty in molecular weight
control might become disadvantageous in material development. In this section, we show
how we succeeded in the molecular weight control of the radical polymerization process us‐
ing DEMM-TFSI by simply adding a chain transfer reagent (CTA).

Fig. 6 illustrates the relationships between the number average molecular weights and the
concentration of the charge transfer reagent, 3-mercapto-1-hexanol in bulk radical polymeri‐
zation media using AIBN as a initiator at 50 °C. We were able to synthesize poly (DEMM-
TFSI) over Mn range from 5000 to 50,000, indicating that 3-mercapto-1-hexanol is an effective
CTA under these conditions. The polydispersity index (PDI = Mw / Mn) was approximately
1.8 and 2.7 for polymer with a Mn of ten thousand or less and several tens of thousands or
more, respectively; these PDI values are not very different from those found with a conven‐
tional free radical polymerization.

Figure 6. The relationship between the number average molecular weight of polymerized ionic liquid, DEMM-TFSI
and the concentration of the charge transfer reagent 3-mercapto-1-hexanol, using 2,2’-azobis(isobutyronitrile) (AIBN)
as initiator at 50 °C. Molar ratio: [DEMM-TFSI] / [AIBN] = 1 / 0.015. Number-average molecular weights were as deter‐
mined by GPC.

Using the controlled/living radical polymerization techniques that have shown remarkable
progress recently is perhaps the best choice for preparation of the poly(ILs) with controlled
molecular weight and a narrow PDI. Two such possibilities are atom transfer radical poly‐
merization (ATRP) and reversible addition-fragmentation chain transfer (RAFT) polymeri‐
zation [27]. We have already achieved exceptionally dense grafting of well-defined
pol(DEMM-TFSI) on a solid surface, known as a concentrated polymer brush prepared by
surface initiated ATRP. Such a polymer brush surface showed unique properties, including
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high modulus, super lubrication, and unique size exclusion that were quite different and
even unpredictable from those of the previously studied semidilute polymer brushes [24].
The polymerization of DEMM-TFSI was well controlled and exhibited living characteristics
when a Cu(I)Cl and Cu(II)Cl2 mixture and 2,2’-bipyridine complex was used as the catalyst
system and ethyl-2-bromoisobutyrate as initiator. However, if such synthesized poly(ILs)
are used for the electrochemical devices, some residue of the metallic catalyst may ruin the
reliability of the devices. An apparent disadvantage of applying ATRP for the synthesis of
poly(ILs) is the unavoidable complexation of polymers with the catalytic copper ions. How‐
ever, RAFT polymerization is free of this problem, as no metal source is involved.

Compared to ATRP, there are not many examples of research into RAFT polymerization. Be‐
cause papers concerning the RAFT polymerization of polymerizable quaternary ammonium
type ionic liquids are very few in number, we investigated the kinetics of the RAFT poly‐
merization of DEMM-TFSI. Figure 7(a) shows the variation in ln([M]0 / [M]t) versus poly‐
merization time for the polymerization of DEMM-TFSI in acetonitrile at 50 °C with AIBN in
the presence of 2-cyano-2-propyl benzodithioate (CPBT). The reaction was conducted at a
ratio of [DEMM-TFSI]0 / [CPBT]0= 200 / 1, the concentration of DEMM-TFSI and AIBN being
75 wt.% and 0.5 wt.% in acetonitrile, respectively. Almost full conversion was reached after
5 hours and an almost linear first-order kinetic plot is seen until almost 100% conversion.
Nevertheless, a linear increase in the number-average molecular weight determined by GPC
spectroscopy with conversion is observed, indicating a constant number of propagating
chains throughout the polymerization (Figure 7(b)). The PDI value is consistently small
(Mw / Mn = 1.45-1.24) from the first stage of the polymerization to the end. This is an indica‐
tion that the polymer chain end is capped with the fragments of CPBT, as expected accord‐
ing to the general mechanism of the RAFT process. These data indicated the molecular
weight controlled synthesis of poly(DEMM-TFSI) with a narrow PDI can be successfully
performed by RAFT polymerization of DEMM-TFSI.

Figure 7. (a) Plot of ln([M]0/[M]t) versus time and (b) evolution of number average molecular weight (Mn) and polydis‐
persity index (Mw/Mn) for the RAFT polymerization of DEMM-TFSI with 2,2’-azobis(isobutyronitrile) (AIBN) in the pres‐
ence of 2-cyano-2-propyl benzodithioate (CPBT) in acetonitrile at 50 °C: [DEMM-TFSI]0 / [CPBT]0 / [AIBN]0 = 200 / 1 /
3.91. The number average molecular weights and conversion were determined by GPC and 1H-NMR.
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4. Physicochemical properties of poly(DEMM-TFSI)

In Fig. 8 are shown the Tg values of poly(DEMM-TFSI) with various Mn values and relatively
small polydispersity index values (M w / M n < 1.2) measured by differential scanning calo‐
rimetry (DSC) analysis during heating at 10 deg/min. versus the number average molecular
weight (Mn). The polymer was prepared by atom transfer radical polymerization (ATRP) us‐
ing a complex catalyst consisting of copper chloride and 2,2‘-bipyridine in acetonitrile [24].
ATRP represents one of the branches of living radical polymerization (LRP). The Mn value
was estimated as an absolute value, assuming a 100% initiation, from the monomer-to-initia‐
tor molar ratio and the conversion determined by 1H-NMR using a JEOL JEM-ECX400 spec‐
trometer. The Mw / Mn value was determined by poly(ethyleneglycol)-calibrated gel
permeation chromatography (GPC) using a Shodex GPC-101 high-speed liquid chromatog‐
raphy system.

Figure 8. Glass transition temperatures, measured calorimetrically during heating at 10 deg. / min, versus number
average molecular weight.

The glass transition temperature is related to the start of the segmental motion of polymers.
In general, polymers with more free volume have a lower Tg value and that temperature is
essentially independent of molecular weight because the free volume ratio per segment of
polymer materials is the same even if the length of a polymer main chain changes. However,
it is known that a lower molecular weight polymer usually has lower Tg value. Because the
chain ends have high mobility and more free volume than the middle part of polymer, the
free volume increases with the numbers of terminals, and Tg decreases as a result.

A poly-cation type material such as poly(DEMM-TFSI) has bulky tetra-alkyl ammonium
functional groups in each unit and has a relatively low Tg value due to its large free volume
due to the effect of the electrostatic repulsions of cationic groups. A polymer with a molecu‐
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lar weight that exceeds 100,000 has roughly a Tg of 50 °C while, on the other hand, a 20 de‐
grees lower value of Tg of 30 °C was found for a polymer with a Mn about 10,000,
presumably due to the chain ends effect. The relationships between Mn and Tg of this
poly(IL) had a similar trend to that of polystyrene [28, 29]. We realized that the Tg rose great‐
ly on polymerization only up to about 50 of degree of polymerization, though the Tg of the
monomer had shown an extremely low value of -68 °C.

It was thought that a excellent solid polymer electrolyte with high physical strength and
high ionic conductivity could be developed by the polymerization of ionic liquid monomers,
so much attention has been directed toward developing poly(ILs) in order to avoid some
disadvantages of liquid electrolytes, such as leakage and flammability, in energy device ap‐
plications, including the lithium ion rechargeable battery, the electric double layer capacitor
and dye-sensitized solar cell. However, the ionic conductivity of the polymerized ionic liq‐
uids was generally considerably lowered due to both the considerable elevation of the glass
transition temperature and a reduced number of mobile ions, as one of ions is fixed to the
polymer chain and so cannot move.

Fig. 9 shows the temperature dependence of the ionic conductivity for a series of
poly(DEMM-TFSI)s with different Mn values. In the case of our polymer, the ionic conduc‐
tivity of poly(DEMM-TFSI) was four digits or more lower than that of an ionic liquid such as
DEME-TFSI (molecular structure is indicated in Fig. 11.) in the room temperature region.
Unfortunately, this level of conductivity is not practicable for devices. However, an interest‐
ing point is that neither the value of the ionic conductivity nor the temperature dependency
of the conductivity do not depend on the molecular weight of the polymer, and exhibit an
almost constant value. Thus, polymers with Mn of 27,000, 250,000 and 710,000 have Tg values
of 40, 50 and 50 °C, respectively. The ionic conductivity of these polymers continuously
changes without an inflection point in the area before and after the Tg. There seems to be no
correlation between the ionic conductivity value and the glass transition temperature. It is
widely accepted that ion conduction in an amorphous polymer matrix should occur above
the glass transition temperature as it is coupled with a segmental motion of polymer chain
[30]. The matrix polymer solvated the mobile ions and created a liquid-like environment
around the ions. However, in the poly(DEMM-TFSI) matrix, it seems the anion moves inde‐
pendently of the polymer chain which stops its segmental motion below the glass transition
temperature. The mobility of the anion in this poly(IL) seems to be different from that of the
solvated ions in the polymer without any dissociable ionic substituent, such as polyethylene
oxide (PEO) that contains a lithium salt. Ionic conduction does not appear in a PEO matrix
below the glass transition temperature. In the poly(DEMM-TFSI), an alternative anion con‐
duction mechanism that does not involve polymer motion might exist. There are only a few
previous studies related to the ionic conduction mechanism in poly-cation and poly-anion
systems below Tg. We are planning to combine DSC and ionic conductivity measurements
using a dielectric relaxation spectroscopy measurement in order to improve our understand‐
ing of this interesting phenomenon.
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Figure 9. Temperature dependence of the ionic conductivity for poly(DEMM-TFSI)s with different Mn values and an
ionic liquid by the complex impedance method [24]. Open circle, Poly(DEMM-TFSI) with Mn=27,000; open triangle,
Mn=250,000; open square, Mn=710,000; filled circle, ionic liquid (DEME-TFSI). Ionic conductivity measurements were
made by an AC-impedance method using a multi-frequency LCR meter (Agilent Technology E4980A Precision LCR).
The sample was loaded at 100 °C between two polished stainless-steel discs acting as ion-blocking electrodes with
ceramic-sheet spacer with a 100 μm thickness. The measurement cell was set in a thermostat oven chamber and col‐
lected at various frequencies ranging from 20 Hz to 2 MHz and various temperatures ranging from –5 to 125 °C. The
conductivity of the ionic liquid was measured at various temperatures by a conductivity meter (HM-30R, DKK-TOA
Corporation).

Hayamizu et al. have succeeded in measuring the self diffusion coefficients (D) values of the
solvent molecule, the cation, the anion, and the polymer molecule in a PEO-type gel electro‐
lyte system by the method of pulsed gradient spin-echo multinuclear NMR (PGSE-NMR)
[31, 32, 33]. We also carried out PGSE-NMR measurements in order to evaluate the D value
of the poly-cation and counter anion (TFSI) in a relatively high viscosity poly(DEMM-TFSI)
solution in acetonitrile. The polymer concentration of the solution used for the measurement
is 20 percent by weight, a value that far exceeded the overlap concentration, C*, where the
polycation chains can contact and entangle with each other. So, the movement of the poly‐
mer chain was suppressed in this concentration region, hence it can be said that the environ‐
ment was in a gel-like state.

Fig. 10 represents the NMR echo signal attenuation of a poly(DEMM-TFSI) solution in aceto‐
nitrile at 25 °C probed by 1H and 19F nuclear signals attributed to the methyl proton on the
ammonium cation and acetonitrile and the TFSI anion. The attenuation due to free diffusion
in the Stejskal and Tanner sequence using half-sine-shaped gradient pulses is given by

E =S / S0 = exp(−γ 2g 2δ 2D(4Δ −δ) /π 2) (1)

where γ is the gyromagnetic ratio, S is the amplitude of the echo signal and S0 is the ampli‐
tude where g = 0, g is the amplitude of the gradient pulse, δ is the duration of the gradient

Ionic Liquids - New Aspects for the Future682



2.6 2.8 3.0 3.2 3.4 3.6

-7

-6

-5

-4

-3

-2

lo
g 
s 

 / 
S 

cm
-1

1000 T -1  /  K-1

Tg=40
Tg=50

Figure 9. Temperature dependence of the ionic conductivity for poly(DEMM-TFSI)s with different Mn values and an
ionic liquid by the complex impedance method [24]. Open circle, Poly(DEMM-TFSI) with Mn=27,000; open triangle,
Mn=250,000; open square, Mn=710,000; filled circle, ionic liquid (DEME-TFSI). Ionic conductivity measurements were
made by an AC-impedance method using a multi-frequency LCR meter (Agilent Technology E4980A Precision LCR).
The sample was loaded at 100 °C between two polished stainless-steel discs acting as ion-blocking electrodes with
ceramic-sheet spacer with a 100 μm thickness. The measurement cell was set in a thermostat oven chamber and col‐
lected at various frequencies ranging from 20 Hz to 2 MHz and various temperatures ranging from –5 to 125 °C. The
conductivity of the ionic liquid was measured at various temperatures by a conductivity meter (HM-30R, DKK-TOA
Corporation).

Hayamizu et al. have succeeded in measuring the self diffusion coefficients (D) values of the
solvent molecule, the cation, the anion, and the polymer molecule in a PEO-type gel electro‐
lyte system by the method of pulsed gradient spin-echo multinuclear NMR (PGSE-NMR)
[31, 32, 33]. We also carried out PGSE-NMR measurements in order to evaluate the D value
of the poly-cation and counter anion (TFSI) in a relatively high viscosity poly(DEMM-TFSI)
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is 20 percent by weight, a value that far exceeded the overlap concentration, C*, where the
polycation chains can contact and entangle with each other. So, the movement of the poly‐
mer chain was suppressed in this concentration region, hence it can be said that the environ‐
ment was in a gel-like state.

Fig. 10 represents the NMR echo signal attenuation of a poly(DEMM-TFSI) solution in aceto‐
nitrile at 25 °C probed by 1H and 19F nuclear signals attributed to the methyl proton on the
ammonium cation and acetonitrile and the TFSI anion. The attenuation due to free diffusion
in the Stejskal and Tanner sequence using half-sine-shaped gradient pulses is given by
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pulse, and Δ is the interval between the gradient pulses. Thus, D could be determined from
the slope of a plot of ln E against varying g. In the present experiments, the maximum g
value was 13.5 T/m, the Δ was set to 10 ms, and the δ values varied in the range of 0.1 to 3
ms. The self-diffusion coefficient D of the poly-cation, anion, and solvent molecules are 1.6 ×
10-11, 4.5 × 10-10 and 2.8 × 10-9 m2/s, respectively. The D value of the anion molecule was about
1/6 of that of the solvent molecule. However, one might think that the anion has the same
degree of mobility as the solvent molecule because it has a several times larger molecular
volume than the solvent molecule. That is to say, the anion can move like a solvent molecule
in a very high concentration solution of poly-cation without suffering a strong restraint due
to electrostatic effects. The anion seems to be able to escape from the restraint of the poly-
cation even in a very high concentration poly-cation solution.

Figure 10. (a) PGSE attenuation plots for the single N-CH3 of [Poly(DEMM-TFSI)] and the CH3 signal of acetonitrile pro‐
bed by the 1H nucleus and the TFSI anion probed by 19F at 25 °C obtained by varying δ at different g values for Δ = 10
ms. (b) Maginified plots area. (c) Self-diffusion coefficient values in high concentration poly(DEMM-TFSI) in acetonitor‐
ile solution.
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5. High rate performance of a lithium polymer battery using an ionic
liquid polymer composite

Some investigators have attempted to develop a non-flammable polymer electrolyte system;
we have developed a polymer-gel electrolyte system consisting of a lithium salt in an ionic
liquid and poly(ILs), which we have called a LILP composite system (Li-salt + ionic liquids +
poly(ILs)). Generally, a binary Li-IL, specifically, a lithium salt dissolved in an ionic liquid
having the same anion are used for LILP system. Several LILP systems with conductivities
over 10-3 S cm−1 at room temperature have been developed [34, 25, 17]. However, since the
binary Li-IL have a considerably high viscosity, the cell containing such liquids has a poor
charge / discharge performance at a relatively large current, namely a lower power density,
compared to conventional cells using the flammable organic solvent. And, there have been
few reports of the performance of Li ion cells incorporating a LILP system. We are aiming to
develop a truly safe Li ion polymer cell with a good charge and discharge performance at a
large current, we discovered that the choices of LiMn2O4 and Li4Ti5O12 [36] as, respectively,
the cathode and anode active material, produced a faster charge / discharge reaction than
conventional LiCoO2 and graphite systems, and we combined these active materials and
poly(DEMM-TFSI), which is very compatible with ionic liquids, as a novel LILP system. Our
novel Li polymer cell has the following structure: negative electrode: Li4Ti5O12/LILP-includ‐
ing ultrahigh molecular weight ionic liquid polymer / positive electrode: LiMn2O4. In this
section, we will discuss the performance of this cell.

Poly (DEMM-TFSI) has the capability to dissolve a lithium salt independent of the presence
of a liquid electrolyte. In a polarizing microscope analysis of Poly(DEMM-TFSI) which con‐
tained 1M concentration of dissolved lithium salt LiClO4, we did not observe the birefrin‐
gence indicating the existence of crystals. Thus, there must have been a complete
dissociation of the lithium salt in the polymer matrix as the polymer itself has a non-crystal‐
line nature. DSC measurements indicate that prepared poly(DEMM-TFSI) has a glass transi‐
tion temperature (Tg) of approximately 50 °C. Thus, a poly(DEMM-TFSI) / lithium salt
composite could potentially serve as an all-polymer electrolyte at temperatures over 50 °C.

Moreover, poly(DEMM-TFSI) dissolves in a variety of quaternary ammonium ionic liquids
to make a gel. For example, the ionic liquid, N,N-diethyl-N-(2-methoxyethyl)-N-methylam‐
monium bis(trifluoro- methylsulfonyl) imide (DEME-TFSI, molecular structure is indicated
in Fig. 11.) containing only 5% of the ultrahigh molecular weight poly(DEMM-TFSI) lost its
liquid characteristics and became a gel. It seems that the strong cohesiveness and loss of liq‐
uidity appear because of the entanglement effect of long polymer chains. When we adjusted
the solution to a suitable viscosity by adding a supplementary solvent, in our case a propy‐
lene carbonate (PC) and vinylene carbonate (VC) mixture, it filled the pore space in the elec‐
trode and the separator.

The ionic liquid/poly(ILs) composite from which the solvent is removed by vacuum evapo‐
ration at a relatively high temperature has no components that leak out of the electrode.
However, the high-polarity LILP matrix interacted with the supplementary solvent (PC +
VC) and probably obstructed perfect evaporation of added solvents. The weight percentage
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of remained solvent in the composite was 1.7 wt%. We reported that the vinylene carbonate
(10 wt%) in the electrolyte Li-DEME-TFSI, composed of an ionic liquid, DEME-TFSI and Li-
TFSI was effective as solid electrolyte interface (SEI) forming additives on the carbon materi‐
als such as graphite used as an active material in the anode of a lithium ion cell [9].
Holzapfel and co-workers reported that 2% VC to ionic liquid, EMI-TFSI, contributed to the
SEI formation, although the effect was not perfect [37]. Also in this case, there will be a pos‐
sibility that the remained VC in composite contributes to the SEI formation. However, we
realized that the effective SEI to prevent capacitance deterioration with charge/discharge cy‐
cles was not formed by the too small amounts (1.7 wt%) of carbonate solvents in LILP com‐
posite from the cycling behavior of the cell. A highly reliable polymer battery is not easily
obtained when the polymerization is carried out in the battery bag. In such an “in-situ radi‐
cal polymerization”, some initiator and unreacted monomer may remain in the polymer ma‐
trix. However, our process makes possible the preparation of an electrolyte with few
impurities through the use of the purified polymer combined with the binary Li-IL.

Figure 11. Molecular structure of ionic liquid, DEME-TFSI

Fig. 12 shows both the limiting reduction (Ered.) and oxidation (Eoxd.) potentials of the
poly(DEMM-TFSI) in PC as measured by cyclic voltammetry at room temperature. The Ered.
of the poly(DEMM-TFSI) can definitely be seen at around 2.0–2.5V positive relative to Li/Li
+. However, its presence is not clear, and the current density is small because, we carried out
the measurement in rather dilute conditions to avoid turbulence caused by an increased vis‐
cosity in the more concentrated polymer solution. In addition, the Ered. of the DEME based
ionic liquids was merely somewhat positive against the Li/Li+ [9]. Thus, we realized the
need either to select an electrode that would avoid cathodic decomposition during the
charge–discharge cycling, or to form a more effective protective layer, such as a solid elec‐
trolyte interface (SEI), on the negative electrode material.

We selected high power active electrode materials, and combined them with a LILP system
and prepared two type vapor-free lithium ion polymer cells for demonstration purposes.
The negative Li4Ti5O12 electrodes (AKO-6), had a charge capacity of 0.42 mAh cm−2, an area
density of 3.00 mg cm−2, and had an active electrode layer 25 micron-m thick on a copper
foil. The other negative electrode used was a hard carbon electrode (AKT-2) with a charge
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capacity of 1.29 mAh cm−2, an area density of 2.96 mg cm−2, and a 33 micron-m in thick elec‐
trode active layer on a copper foil. The first positive electrode, a LiMn2O4 electrode (CKT-22)
that was paired with the AKO-6 negative electrode, had a charge capacity of 0.49 mAh cm−2,
an area density of 6.60 mg cm−2 and an electrode active layer 36 -37 micron-m in thickness on
an aluminum foil. The second LiMn2O4 electrode (CKT-9), paired with the AKT-2 had a
charge capacity of 1.075 mAh cm−2, an area density of 12.51 mg cm−2, and a 65 micron-m
thick electrode active layer on an aluminum foil. The specification of the electrodes are sum‐
marized in Table 1. The details of the preparation method have been described in our previ‐
ous paper [9].

Figure 12. Cyclic voltammogram of poly(DEMM-TFSI) in PC at 25 °C. Scan rate: 10mVs−1; platinum working and coun‐
ter electrodes; Ag/Ag+ reference electrode. The potential value (V) was referenced to the ferrocene (Fc)/ferrocenium
(Fc+) redox couple in each salt. Polymer concentration, 0.002 mol kg−1 poly(DEMMTFSI) in PC solution. The concentra‐
tion is defined in terms of molality = (mol solute/kg solvent). The dashed line arrow indicates the potential of the Li/Li+

couple.

Code Active material Polarity Charge capacity

(mAh cm-2)

Area density

(mg cm-2)

Active layer

thickness (μm)

Current

collector/(μm)

AKO-6

CKT-22

Li4Ti5O12

LiMn2O4

Negative

Positive

0.42

0.49

3.00

6.60

25

36-37

Copper/13

Aluminium/20

AKT-2

CKT-9

Hard carbon

LiMn2O4

Negative

Positive

1.29

1.075

2.96

12.51

33

65

Copper/13

Aluminium/20

Table 1. Electrode specification.

In Fig. 13, we show the first and second charge–discharge potential curves at 40 °C of the
demonstration cells, consisting of hard carbon/LILP (1.3 mol of LiTFSI dissolved in
poly(DEMM-TFSI)/ DEME-TFSI composite, giving a polymer concentration of 5.4 wt%)/
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LiMn2O4. About 26% of the charge capacity was lost in the first cycle; however, from that
point on, the cell exhibited an efficiency of 96% or more.

Figure 13. First and second charge/discharge curves of lithium polymer cell at 0.05C current at 40 °C. Positive elec‐
trode = LiMn2O4; negative electrode = hard carbon; electrolyte = 1.30 mol kg−1 of LiTFSI in a DEME-TFSI and
poly(DEMM-TFSI) composite. The concentration is defined in terms of molality = (mol solute/kg polymer-ionic liquid
composite). The polymer concentration for the composite electrolyte was 5.4 wt%.

The rate capability of this cell at 40 °C appears in Fig. 14. As the discharge current increased,
the discharge capacity of this cell decreased significantly faster than that of a cell using con‐
ventional materials. The capacity at 1C discharge was approximately 63% of that at 0.1C dis‐
charge. Most likely, the greater decrease at large discharge currents in the capacity of the cell
using the LILP electrolyte resulted from a large internal resistance in the cell. The cycling be‐
havior of this cell, plotted in Fig. 15, was not suitable for practical use. When we set the up‐
per limit voltage at 4.2V, the cell deteriorated sooner than with a voltage of 4.0V. The CV
measurements suggested that degradation of the polymer or ionic liquid was occurring dur‐
ing the charge–discharge cycles. It is necessary to establish a method of forming an effective
SEI if a practicable cycle performance is to be achieved.

We then prepared another type of lithium polymer cell, comprising Li4Ti5O12 / LILP (1.3 mol
of LiTFSI dissolved in poly(DEMM-TFSI) / DEME-TFSI composite, 5.4 wt% polymer concen‐
tration) / LiMn2O4. Because the intercalation-deintercalation potential of Li4Ti5O12 is around
1.5V vs. Li / Li+ potential, our prepared cell had about 3.0 V of charging potential with
LiMn2O4. The overall cell reactions can be described as follows:

negative electrode,

Li Li1/3Ti5/3 O4 +  xLi+ + xe −  ⇔Li1+x Li1/3Ti5/3 O4 (2)

positive electrode,
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LiMn2O4⇔Li1−xMn2O4 + xLi + xe − (3)

overall reaction,

Li Li1/3Ti5/3 O4 +  LiMn2O4⇔Li1+x Li1/3Ti5/3 O4 + Li1−xMn2O4 (4)

The theoretical capacity of Li4Ti5O12 was expected to be approximately 175 mAh g-1. In our
electrode, the discharge capacity was 171 mAh g-1. The performances of the prepared cell are
shown in Figs. 16-18.

Figure 14. Discharge curves of the lithium polymer cell at various current densities at 40 °C. The positive electrode =
LiMn2O4; negative electrode = hard carbon; electrolyte = 1.30 mol kg−1 of LiTFSI in DEME-TFSI and poly(DEMM-TFSI)
composite. The concentration is defined in terms of molality = (mol solute/kg polymer-ionic liquid composite). The
polymer concentration for the composite electrolyte was 5.4 wt%.

Figure 15. Cycle life of lithium polymer cell including hard carbon as negative active material. The charge–discharge
process was performed at 0.1C at 40 °C. The cut-off voltages were 4.2V and 2.5V for nine cycles, and 4.0V and 2.5V
from 10th to 24th cycle.
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Figure 16. First and second charge/discharge curves of lithium polymer cell at 0.05 C current at 40 °C. The positive
electrode = LiMn2O4; negative electrode = Li4Ti5O12; electrolyte = 1.30 mol kg−1 of LiTFSI in DEME-TFSI and poly(DEMM-
TFSI) composite. The concentration is defined in terms of molality = (mol solute/kg polymer-ionic liquid composite).
The polymer concentration for the composite electrolyte was 5.4 wt%.
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Figure 17. Discharge curves of lithium polymer cell at various current densities at 40 °C. The positive electrode =
LiMn2O4; negative electrode = Li4Ti5O12; electrolyte = 1.30 mol kg−1 of LiTFSI in DEME-TFSI and poly(DEMM-TFSI) com‐
posite. The concentration is defined in terms of molality = (mol solute/kg polymer-ionic liquid composite). The poly‐
mer concentration for the composite electrolyte was 5.4 wt%.

The discharge specific capacities and Columbic efficiency of the cell at the 1st. was 11.8 mAh,
and 82 %; at the second cycle, they were 11.4 mAh, and 92 %. After the 5th. cycle, the Co‐
lumbic efficiency of this cell remained at approximately 97-98 %.

The battery in Fig. 17 that combined the Li4Ti5O12 anode with the LiMn2O4 cathode showed
an excellent rate discharge character as for a lithium polymer battery. Evidently, this battery
retains 83 % or more of the capacity maintenance rate at a 3C high power discharge. Thus, it
was possible to create a new, leak-free battery with a vapor-free, practical discharge per‐
formance, and a prismatic cell design by selecting an electrode material with a high speed
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charge/discharge reaction when combined with an LILP system. The rate performances of
the Li4Ti5O12 negative cell and the hard carbon negative cells differ greatly, even though the
electrolyte in each is the same LILP system. The interfacial compatibility of the active materi‐
al and the electrolyte seem to have a bigger influence on the rate performance than the bulk
ionic conductivity of the electrolyte itself. The cycling behavior of the cell, plotted in Fig. 18,
indicated a good cycle durability, almost equivalent to that of a conventional lithium ion
cell.

Figure 18. Cycle life of lithium polymer cell including Li4Ti5O12 as negative active material. The charge- discharge proc‐
ess was performed at 0.1C at 40 °C. The cut off voltages were 3.0V and 1.5V. Three cells were tested.

As in the case of the hard carbon electrode, we expected that electrochemical degradation of
the DEME-TFSI or poly(DEMM-TFSI) probably occurred. In our previous study, we sug‐
gested that some kinds of organic solvents, such as VC and ethylene carbonate, are effective
as SEI-forming additives on the graphite used as an active material in the anode of a lithium
ion cell with a binary Li-IL electrolyte. In this study, we did use a small amount of VC as a
dilution solvent; however, because almost all the VC evaporates from the battery in the
process of establishing the composite, it appears the small amounts of remained VC did not
have large contribution to the SEI formation.

On the other hand, however, we should point out that the use of Li4Ti5O12 as the negative
electrode for the lithium-ion LILP cell avoids cathodic decomposition of the LILP composite
during the charge/discharge cycling.

6. Conclusion

This chapter has reported the synthesis and physicochemcal properties of a quaternary am‐
monium polymerizable ionic liquid and of the corresponding polymer. In conclusion we
find;
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1. The polymerizable ionic liquid, DEMM-TFSI having a methacryl functional group as
part of the ionic liquid’s cation species has a remarkably low glass transition tempera‐
ture (Tg = -68 °C), a relatively high ionic conductivity (0.6 mS/cm at 25 °C) and relatively
wide potential windows.

2. The DEMM-TFSI monomer has a high reactivity for radical polymerization. We could
prepare poly(DEMM-TFSI) with an ultra high molecular weight, with an Mw of over
one million. However, in many cases, control of the molecular weight has been difficult
because of the highly reactive nature of these monomers.

3. We succeeded in achieving molecular weight control by the radical polymerization of
the ionic liquid monomer via three methods; atom transfer radical polymerization
(ATRP), chain transfer radical polymerization (CTRP) and reversible addition-fragmen‐
tation chain transfer polymerization (RAFT). The control of the molecular weight occur‐
red extremely easily in CTRP because of the addition of 3-mercapto-1-hexanol as a
chain transfer reagent. In RAFT polymerization, molecular weight controlled poly(IL)
with a low polydispersity index can be prepared.

4. A poly-cation type material such as poly(DEMM-TFSI) has bulky tetra-alkyl ammoni‐
um functional groups in each unit and has a relatively low Tg value due to it having a
large free volume due to the effect of electrostatic repulsions of cationic groups. A poly‐
mer with a molecular weight that exceeds 100,000 has roughly a Tg of 50 °C while, on
the other hand, a polymer with Mn about 10,000 had a 20 degrees lower Tg of 30 °C, pre‐
sumably due to the chain ends effect.

5. The bulk poly(DEMM-TFSI) has a relatively low ionic conductivity that is not practical
for use in electrochemical devices at room temperature. However, the temperature de‐
pendence of the ionic conductivity showed an interesting property, unlike that of a non-
ionic polymer electrolyte, such as polyethylene oxide. Ionic conduction also appeared
below the glass transition temperature in the polymer matrix. The anion seemed to
show ionic conduction, independent of the segmental motion of the polymer chain. A
new ionic conduction mechanism in the poly-cation matrix might be discovered by a
further research.

6. We measured the self-diffusion coefficient value D of the poly-cation, anion and solvent
molecule in a high concentration solution of poly(DEMM-TFSI) by PGSE-NMR. It was
clarified that the anion had a D value that was comparatively close to that of the solvent
molecule. We think that the anion has a high D value by escaping from a strong interac‐
tion with the poly-cation.

7. We obtained a polymer electrolyte by combining a small amount of the poly(ILs) and a
binary Li-IL. The system of a lithium salt dissolved in an ionic liquid polymer and ionic
liquid composite (LILP) could potentially comprise an electrolyte having zero vapor
pressure. The discharge performance of a cell with an LILP system might be expected to
show a poor discharge performance, because the solidified ionic liquid decreases the
mobility of the ionic species. However, we have conceived a method of making a poly‐
mer battery with a practicable performance by combining electrodes that can offer a
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high-speed charge/discharge reaction. The experimental battery that combined a
Li4Ti5O12 anode with a LiMn2O4 cathode and included an LILP electrolyte showed an ex‐
cellent rate discharge character for a lithium polymer battery; at a 3C current rate, it re‐
tained 83% of its discharge capacity, and relatively good cycle performance. A lithium
ion cell with a LILP system performed, in terms of cell performance and cycle durabili‐
ty, at a level of practical utility. This novel lithium polymer cell, non-flammable and
leak-free, is a promising candidate as a safe, large size lithium secondary battery.
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