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Preface

Ionic liquids (ILs) have received considerable attention in recent years as potential
alternative solvents. The non-volatile nature and the high thermal and chemical stability
of these solvents facilitate their use as solvent media for high-temperature chemical
reactions. Using judicious combinations of cations and anions, their physico-chemical
properties and their solubilizing character can be fine-tuned, in turn modifying the
miscibility of the IL with water and organic solvents. ILs have been used as adsorbents
in gas separation membranes, as stationary phases in gas-liquid chromatography, as
entrainers in extractive azeotropic distillations, and as solvents in micro-extraction
devices. In the field of heat absorption transformers, {H,0 + ILs} working fluids have
been shown to be successful as replacements for the conventional system {H,O + LiBr}.
Numerous ILs have been proposed as absorbents for absorption cycles. They have also
been found efficient for biomass pretreatment, the production of bioethanol, and the
extraction of high value-added compounds from biomass.

This book includes contributions from experts in different domains. The first section,
“Applications of Ionic Liquids in Batteries,” begins with a chapter on the various prop-
erties of IL-based electrolytes and their application in rechargeable lithium batteries.
The next chapter discusses the synthesis and characterization of new dicationic ILs,
which are efficient in energy devices such as fuel cells, batteries, supercapacitors, and
solar cells. The final chapter in this section presents a comprehensive guide for the
design, synthesis, and computational aspects of ILs in rechargeable Li-ion batteries.

The second section, “Specific Ionic Liquids for Industrial Applications” is devoted

to the use of specific ILs in industrial applications. The first chapter in this section
discusses the catalytic importance and the plausible organic reaction mechanisms

of novel mono, di, and trimeric imidazolium and pyridinium salts as a catalyst in
aldol condensation, Biginelli reaction, Erlenmeyer reaction, Mannich reaction, and
Pechmann reaction. The second chapter proposes the use of paramagnetic ILs in
magnetic resonance imaging techniques. These paramagnetic ILs have shown superior
features over other existing and reported contrast agents such as better dual-mode
contrast properties, a biofriendly nature, the involvement of a non-toxic magnetic
center (Fe), stable aqueous solutions, a better image intensity at low concentration
level, and easier syntheses. The third chapter evaluates the compatibility of filter
materials used with ILs. The last chapter presents the development of low-friction ion
gels for industrial applications.

Fabrice Mutelet
University of Lorraine,
Nancy, France
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Chapter 1
Ionic Liquids: Applications in
Rechargeable Lithium Batteries

Dipika Meghnani and Rajendra Kumar Singh

Abstract

World is passing through the energy crises due to the rapid depletion of fossil fuels.
To address this crisis and to fulfill the energy demands worldwide, development of
energy storage devices have increased rapidly. Also, renewable energy resources are
intermittent, and therefore nevertheless, this energy resources are not always avail-
able. In that context, rechargeable lithium batteries are most promising energy storage
devices owing to high energy and power density. Although, the development of the
component of rechargeable battery such as anode, cathode and electrolyte are in
progress as they play major role in enhancing the electrochemical performance of
lithium-ion battery. Among them, electrolyte plays crucial role as it provides the path
for diffusion of Li* ions between the electrodes. In that context, ionic liquid-based
electrolytes are widely used as it acts as plasticizer and thus increases the conductivity
of electrolyte considerably. In this chapter, we have discussed basics of ionic liquids
and its application in electrolyte system. Also, in this chapter, we have discussed
various properties of ionic liquid-based electrolytes and their application in recharge-
able lithium battery.

Keywords: ionic liquid, rechargeable battery, IL-based polymer electrolyte, ionic
conductivity, lithium-ion conductivity

1. Introduction

During the past decades, lithium-ion batteries (LIBs) have drawn more attention
of researchers in the area of energy storage due to high energy density (~250 Wh/kg)
and high-power density, good cycle life etc. Also, LIBs are considered as the most
efficient energy storage devices that can store the vast amount of energy from the
renewable energy sources (such as wind, solar etc.) and thus help us in making the
“Fossil free world”. Furthermore, in order to maximize the energy and power density,
several industries and R&D groups have continuous worked hard on the improvement
of electrochemical performance of electrode materials as well as electrolytes for LIBs
[1-5]. Due to high power and energy density, good cycle life and bring light weight,
lithium-ion batteries are widely used and industrialized in transportation devices as
well as hybrid and electric vehicles [6] as shown in Figure 1. Commercial rechargeable
LIBs have three components mainly anode, cathode and electrolyte. Each component
of battery has significant role in enhancing the performance of LIBs. Among them,
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Figure 1.
Schematic presentation of various application of Lithium-ion battery.

electrolyte provides the path for the diffusion of ions between the electrodes and also
act as separator. Initially, organic based conventional electrolytes are commonly used
in LIBs due to their high ionic conductivity (10to 1072 s/cm) [7]. Organic liquid
electrolytes are usually lithium salts that are dissolved in organic solvents such as ethyl
methyl carbonate (EMC), ethylene carbonate (EC), propylene carbonate (PC) etc.
However, they are highly flammable in nature, highly reactive towards the lithium
electrode which causes the unwanted lithium metal electrode growth commonly
knowns as lithium dendrite growth [8-10] as shown in the Figure 2. This inevitable
lithium dendrite growth is the major problem of short circuiting of battery. Therefore,
from the safety concern point, development of organic liquid-based electrolyte is
restricted on large-scale applications. To address the above problem, solid polymer
electrolytes are promising candidate as they have good mechanical strength, better
thermal and chemical stability, good electrochemical stability window. Also, growth
of lithium dendrite can be suppressed by such type of quasi-solid electrolytes.

However, they suffer from low room temperature ionic conductivity (<10~°s/cm)
[11, 12]. In order to enhance the ionic conductivity of solid polymer electrolyte,
several strategies [13, 14] are adopted such as:

1. Use of ethyl methyl carbonate (EMC), ethylene carbonate (EC), propylene
carbonate (PC) as conventional plasticizer.
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Figure 2.
Showing the lithium dendrite growth in rechargeable lithium batteries.

2.Use of additive/nano size filler such as Al,03, SiO,, TiO; etc.
3.Blending of polymer
4.Copolymerization.

By adopting this approach, considerable increase in the ionic conductivity of solid
polymer electrolyte has been achieved but it needs to be increased further for Li-ion
battery applications. For that, a new class of material known as the ionic liquid has
been introduced in the solid polymer electrolyte that has flexible nature, good ionic
conductivity, better mechanical stability and wide electrochemical window and ease
of processibility as well as portability and is free from the corrosion and leakage
problem [15-18]. Ionic liquids have enormous effect on the research field due to its
wide range of properties that have a good impact on the development of energy
technologies. Ionic liquids are generally molten salts having large organic cation and
organic/inorganic anion and therefore the ionic forces between them are weaker and
thus low melting temperature. ILs have generally melting temperature less than 100°C
and some ionic liquids are liquid at or below the room temperature usually known as
room temperature ionic liquids (RTILs) [19, 20]. Also, RTILs have gained increasing
attention in the electrochemical device due to their excellent properties such as
nonvolatility & nonflammability and thermal stability. In addition, ILs have low
vapor pressure, display wide electrochemical stability window (ESW), have high ionic
conductivity and display high thermal and chemical stabilities. Few common anions
and cations used in the formation of ILs [21, 22] are shown in the Figure 3. The choice
of anions and cations plays a crucial role on the physical properties of ILs because
these cations and anions can combine in millions of possible ways to give the IL having
the specific properties for a particular interest. Due to these properties, ionic liquids
are also known as “Designer Solvents” [23]. Therefore, due to their uniqueness in
properties ionic liquids are widely used as plasticizer in solid polymer electrolytes.
Ionic liquid based solid electrolytes are usually composed of polymer host matrix,
lithium salts and ionic liquid. Ionic liquid-based polymer electrolytes not only have
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Cations
Piperidinium ;Pvrrolldlnlum Phosphonium ;Pvridinium

ANIONS

WK K F A

Bis(fluorosulfonyl)  gjs(trifluoromethanesulfonyl) Hexafluorophosphate Tetrafluroborate
imide imide
E—

Figure 3.
Some of cations and anions used in the formation of ionic liquids.

high ionic conductivity but have good electrode-electrolyte contact like liquid elec-
trolyte, good mechanical strength, flexibility, wide electrochemical window and good
thermal stability and chemical stability also. Therefore, in electrochemical devices
especially, in lithium-ion batteries, ionic liquid-based electrolytes are widely used.

In this chapter, we discussed the physical, thermal, structural and electrochemical
properties of IL-based polymer electrolytes and its application as electrolyte in lithium
polymer batteries.

2. Different role of ionic liquids in lithium batteries
2.1 Pure Ionic liquids as electrolytes

Nowadays, room temperature ionic liquids are replaced by conventional organic
carbonate-based electrolytes due to their unique features, such as (a) wide ECW, (b)
non-flammability, (c) low vapor pressure (d) higher conductivity (e) wide operation
range of temperature (f) non-toxicity (g) non-flammability. Surprisingly, some elec-
trode materials show good performance with pure IL-based electrolytes, compromis-
ing of lithium salt and IL which are not working with the conventional organic
carbonate-based electrolyte [24]. However, practical applications of ionic liquid elec-
trolyte are limited due to their high viscosity. As the conductivity is affected by
viscosity, higher the viscosity, it will be more difficult for Li* ions to migrate. Among
different types of ILs, 1-ethyl-3- methylimidazolium bis(trifluoromethylsulfonyl)
imide ([EMIM][TFSI]) IL has highest conductivity (~107% S/cm at room tempera-
ture) due to smallest viscosity [25]. Ishikawa et al. [26] reported pure ionic liquid
electrolytes such as the 0.8 M LiTFSI/EMI-TFSI, 0.8 M LiTFSI/EMI-FSI, or 0.8 M
LiTFSI/P13-FSI and studied their electrochemical behavior using natural graphite as a
negative electrode and Li as a counter electrode. They found that LiTFSI/EMI-TFSI
shows outstanding performance than that of LiTFSI/EMI-FSI or LiTFSI/P13-FSI
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electrolyte and reversible capacity of a graphite negative electrode with LiTFSI/EMI-
FSI as the electrolyte is ~360 mAh g " at C/5 rate remains stable during 30 cycles
which favorably is comparable with that of the EC + DEC solvent.

Also, the Li-salt concentration greatly affects the conductivity of ionic liquid sys-
tem. Shiro Seki et al. [27] have reported effect of lithium salt concentration in 1,2-
dimethyl-3- propyl imidazole bis(trifluoromethylsulfonyl) imide ([DMP][ImTFSI])-
based binary electrolyte on the electrolyte/electrode interfacial resistance, charge-
discharge performance, and ionic conductivity. They found that ionic conductivity of
DMPIMTFSI-LIiTFSI mixed electrolyte is decreased with on decreasing LiTFSI con-
centration and also with optimized mixed binary electrolyte with LiCoO, cathode,
Li-cell shows high reversibility during charge-discharge performance for more than
100 cycles.

2.2 Conventional carbonate-based electrolyte with added ILs

Due to strong ion-ion interaction, ionic liquids have high viscosity and low ionic
conductivity which limits their application in batteries. In order to solve these men-
tioned problems, organic solvents such as ethylene carbonate (EC), diethylene car-
bonate (DEC), dimethyl carbonate (DMC) are added to ILs which significantly reduce
the viscosity and enhance the ionic conductivity of system than that of pure ionic
liquid electrolyte system [28]. Marco Agostini et al. [29] added ethylene carbonate
(EC): dimethyl carbonate (DMC) in N-butyl-N-methyl-pyrrolidinium bis(trifluoro-
methanesulfonyl) imide, lithium bis(trifluoromethanesulfonyl)imide (Py; 4 TFSI-
LiTFSI) ionic liquid-based system and found that ionic conductivity as well as lithium-
ion transference number increases from 102 to 10~ S/cm and 0.25 to 0.38 respec-
tively. This increase in lithium-ion transference number and ionic conductivity is due
to the solvation of Li*-ions and dissociation of Li-salts due to more conductive system.

2.3 Quasi solid-state electrolytes containing ionic liquid

Quasi solid-state electrolyte containing ionic liquids are also known as ionic liquid-
based electrolyte which have gained significantly more attention due to their high
mechanical and chemical stability, good thermal and wide electrochemical stability,
highly flexible in nature, non-flammability in nature and high ionic conductivity. In
such system, ionic liquid is added into the polymer-based electrolyte as plasticizer
which helps to improve the ionic conductivity, electrochemical window as well as
Li-transference number. Singh et al. [30] added the 1-butyl-3- methylimidazolium bis
(trifluoromethylsulfonyl)imide ([BMIM][TFSI]) ionic liquid into PEO + 20 wt.% of
LiTFSI polymer electrolyte system and found the ionic conductivity of optimized
ionic liquid-based polymer electrolyte (PEO + 20 wt.% LiTFSI) + 20 wt.% BMIMTFSI
around ~1.5 x 10~* S/cm at 30°C. Furthermore, addition of ILs in to polymer-based
electrolyte, increases the amorphicity as well as ionic conductivity of polymer elec-
trolyte system due to the plasticizing effect of ILs. Simonetti et al. [31] have reported
the PEO-based polymer electrolyte containing N-methyl-N-propylpyrrolidinium bis
(fluorosulfonyl)imide ionic liquid and ionic conductivity values ~3.46x10* and
2.43%x107> S/cm at —20 and 20°C, respectively, with electrochemical stability window
~4.5V vs. Li/Li". Furthermore, Kumar et al. [32] have also reported the effect of
1-ethyl 3-methyl imidazolium trifluoromethanesulfonate (EMITf) IL on the PEO and
lithium trifluoromethanesulfonate (LiCF3SO; or LiTf) (in the ratio ~ 25) polymer
electrolyte system. They found that PEO,s LiTf +40 wt.% (EMITY) electrolyte system
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IL based PEO-polymer system Electrical Transference Electrochemical References
conductivity number stability window
(S.cm™) (Ion/cation)
PEO + 20 wt.% LiFSI +20 wt.% 4.05%x 107° 0.99/0.37 4.2 [8]
BMPyTFSI
PEO-LiTFSI- PYR13FSI 243 x 103 at — 45 [31]
20°C
(PEO),LiTFSI + PYR43FSI ~107* — — [22]
PEO25.LiTf+40 wt.% EMITf 3.0 x 107* 49V [32]
PEO + 20 wt.% LiTFSI + 42%x107° 0.99/0.37 3.34 [33]
[Pe6,614] [Ntf;]
PEO + 20 wt.% LiTFSI +12.5 wt. 2.08 x 1074 0.99/0.39 4.6 [34]
% EMIMTFSI
P(EO),oLiTFSI - BMPyTFSI 6.9 x 10 *at — 4.8-53 [35]
40°C
P(EO),oLiTFSI + 1.27PP1.3TFSI  2.06 x 10~* 0.339 4547 [36]
PEO + 20wt%LiFSI+ 7.5wt% 2.89 x 10°* 0.99/0.28 3.8 [37]
EMIMFSI
PEO-NaMS- BMIM-MS 1.05 x 10°* 0.99/0.46 4-5 [38]
PEO,(LiDFOB + 40 wt.% IL ~1.85 x 1074 — 25-4.0V [39]
EMImTFSI
Table 1.

Properties of Ionic liquid-based polymer electrolyte system.

shows ionic conductivity of ~3 x 10~ * S/cm at RT with wide electrochemical stability
window (~4.9 V vs. Li/Li") and excellent thermal stability which proves the suitabil-
ity of electrolyte in various energy storage/conversion devices. Also, such IL-based
polymer electrolytes have freestanding and flexible nature along with excellent ther-
mal and mechanical stabilities which proves the suitability of such electrolytes in Li-
ion battery. Some of the IL-based polymer electrolyte systems are listed in Table 1
along with some properties such as ionic conductivity, Li-ion transference number
and electrochemical stability window (ESW). From the Table 1, it can be seen that IL
incorporation in the polymer and salt electrolyte system has increased the ionic con-
ductivity as well ESW which proves the suitability of IL-based polymer electrolytes
for Li-battery. In this chapter, we mainly discuss the physical, thermal, structural and
electrochemical properties of IL-based polymer electrolyte system and its application
in lithium metal battery (LMB).

3. Structural, thermal and ionic transport properties of ionic liquid-based
polymer electrolytes

3.1 Structural properties of ionic liquid-based polymer electrolytes

It is reported in the literature that on addition of IL in the PEO-based polymer
electrolyte system, its amorphicity is increased and hence mobility of free ions which
in turn increases the ionic conductivity of IL-based polymer electrolyte system. Such
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increase in the amorphicity is observed by the X-ray Diffraction study (XRD) of IL-
based polymer electrolyte system. Meghnani et al. [8] have reported that when in the
PEO + 20 wt.% LiFSI system, 1-butyl-3-methlypyridinium bis(trifluoromethyl-
sulfonyl) imide (BMPyTFSI) IL is added, the amorphous nature of polymer electrolyte
system increases which in turn increases the mobility of charge carrier due to free
volume. Figure 4 shows the XRD pattern of pristine PEO and polymer electrolytes
PEO + 20 wt.% LiFSI + X wt.% IL (b) X = 0, (c) X =10, (d) X =15, and (e) X =20 at
room temperature and it can be seen that on addition of ionic liquid in polymer
electrolyte system, the halo region as well as FWHM increases which in turn decreases
the crystallinity of the system. Gupta and Singh et al. [30, 33] observed the similar
behavior, they reported the effect of addition of phosphonium based IL and
BMIMTFSI IL in the PEO + 20 wt.% LiTFSI, and observed that the halo region of peak
increases which makes the polymer system amorphous. This amorphous nature of
polymer electrolyte system favors the Li ion diffusion and hence enhances the Li-ion
conductivity.

Besides that, addition of ionic liquid does not only affect the XRD pattern of
polymer electrolyte system, but also affects the surface morphology of it. It is reported
in the literature that on addition of IL, surface of polymer electrolyte becomes smooth
than that of without ionic liquid. We [40] have reported that addition of BMPyTFSI IL
into PEO-based electrolyte system makes the surface of polymer electrolyte system
smoother as shown in the Figure 5. Same behavior is also observed by Gupta et al. [33]
They have reported the smoother surface morphology of IL based polymer electrolyte

(e)PEO + 20 wt% LiFSI + 20 wt% IL

(d)PEO + 20 wt% LiFSI + 15 wt% IL

(c)PEO + 20 wt% LIiFSI + 10 wt% IL

AN

b adnd

/-Jk (b)PEO + 20 wt% LiFSI

Intensity (a.u)

(a)Pristine PEO

mu...n....

10 60 70 80
Angle (20)

Figure 4.
X-ray diffraction patterns of (a) PEO and PEO + 20 wt.% LiFSI + X wt.% IL (b) X = 0, (¢) X = 10, (d) X = 15,
and (e) X = 20 polymer electrolytes at RT.
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Figure 5.
SEM images of (a) Pristine PEO (b) PEO +20 wt.% LiFSI +20 wt.% IL.

and found that addition of IL into polymer electrolyte system increases the
amorphicity of the system and thus makes it surface smoother.

3.2 Effect of IL on the thermal behavior of polymer electrolyte system

The effect of IL on the thermal stability of polymer electrolyte system is examined
by Thermogravimetric and Differential scanning calorimetry analysis using Mettler
Toledo DSC/TGA system (TGA and DSC study). For practical application of IL-based
polymer electrolyte system in lithium batteries at high temperature, it is necessary to
know the thermal stability as well as melting temperature of IL based polymer elec-
trolyte system. Meghnani et al. [41] synthesized the IL-based polymer electrolytes
PEO + 20 wt.% LiFSI + X wt.% N-methyl-N-propyl piperidinium bis(fluorosulfonyl)
imide (PP;5FSI) (X = 10, 20, 30 and 40) by solution cast technique [8] and found the
thermal stability ~210°C as shown in the Figure 6(a). The authors have also reported
the melting temperature as well as degree of crystallinity of IL-based polymer elec-
trolytes by DSC technique. They found that on increasing the IL concentration in
PEO + 20 wt.% LiFSI system, melting temperature (T,,) is shifted towards the lower
temperature (~47.6°C) and also area under the endothermic curve deceases due to
decrease in the crystallinity of the system. This decrease in the crystallinity of the
system is calculated by the formula [42]:

Degree of Crystallinity = % x 100% 1)

m

Where AH,, and AH?, are the enthalpy value of electrolyte and pristine PEO
respectively. The value of AH,, is the area under the endothermic peak related to
melting curve whereas the value of AH? is 213.7 Jg ' for 100% crystalline polymer
PEO. It is found that on addition of IL, the melting temperature as well as degree of
crystallinity decrease and the lowest value is found to be for 40 wt.% IL containing
polymer electrolyte (see Figure 6(b)). This is due to the enhancement of the
amorphicity of the polymer electrolyte system which result in the increase of the
segmental motion of polymeric chain.
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Figure 6.

(a) Thermal stability, (b) DSC thermograms of polymer electrolyte PEO + 20 wt.% LiFSI + X wt.% PP, ;FSI
(X =0, 10, 20, 30, 40) and (c) TGA thermogram and (d) DSC thermograms of pristine PEO, polymer
electrolytes films PEO + 20 wt.% LiFSI + X wt.% IL (X = o, 10, 15, and 20).

Meghnani et al. [8] also reported the effect of BMPyTFSI IL on the thermal
stability of PEO-based electrolyte system. They have found that that IL based polymer
electrolyte PEO + 20 wt.% LiTFSI + X wt.% (X = 10, 15, 20) shows three step
decomposition and thermal stability is found in the range 200-220°C as shown in
Figure 6(c). Also, on increasing the IL concentration, melting temperature shifted
towards lower temperature side (see Figure 6(d)). Therefore, IL based polymer
electrolyte is more suitable electrolyte for Li-battery applications at high temperature
due to its good thermal stability.

3.3 Effect of IL on the ionic conductivity of polymer electrolyte system

One of the crucial effects of IL on the polymer electrolyte system is ionic conduc-
tivity which is usually examined by the complex impedance spectroscopy technique.
It has been reported in literature that on addition of IL into the polymer electrolyte
system, the conductivity of parent system increases because IL acts as plasticizer
which enhances flexibility of polymer electrolyte system and thus ionic conductivity
of the system. The ionic conductivity of IL-based polymer electrolyte system is calcu-
lated by the equation:
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()

o =

hN o

1
Ry

Where L and A are the thickness and area of polymer electrolyte respectively and
Ry, is the bulk resistance of electrolyte.

Meghnani et al. [41] have reported that on increasing the IL concentration the bulk
resistance of polymer electrolyte PEO + 20 wt.% LiFSI + X wt.% PP;3FSI (X = 0, 10,
20, 30, 40) decreases and the lowest bulk resistance or highest ionic conductivity is
found to be for 40 wt.% IL containing polymer electrolyte as shown in Figure 7(a,b).

This decreasing trend may be due to the plasticizing nature of IL which enhances
the flexibility of polymer chain and thus ionic conductivity of polymer electrolyte.
They have also studied the temperature dependent conductivity and found that on
increasing the temperature, ionic conductivity of the system increases and show
Arrhenius type thermally activated behavior:

0 = ope KT (3)

Where E,, Kand T are the activation energy, Boltzmann constant and temperature
respectively and o is pre-exponential factor. It is found that activation energy of
electrolyte system decreases with increasing the IL concentration as seen from
Figure 7(c). In another study Meghnani et al. [8] have reported the conductivity of
PEO + 20 wt.% LiFSI + X wt.% BMPyTFSI (X = 10, 15, 20) system and found that on
increasing IL content, conductivity of system increases and follows Arrhenius type
thermally activated behavior as shown in the Figure 7(d). Also, they have observed
that conductivity and activation energy both are inverse in nature (see Figure 7(e)).
Balo et al. [43] also observed almost similar behavior in PEO + 20 wt.% LiTFSI + X wt.
% EMIMFSI (x = 0,2.5,5,7.5, 10, 12.5, and 15) polymer electrolyte system. They found
that on increasing the IL concentration upto 10 wt.%, ionic conductivity of system
increases and thereafter it is decreases. It is because beyond this IL concertation,
formation of ion pairs starts which reduces the ionic conductivity of the system.

3.4 Effect of IL on the Li* diffusion coefficient (D;;+) and Li-ion ionic
conductivity of polymer electrolyte system

For application of IL-based polymer electrolyte system in Li-battery, it is impor-
tant to know the Li* diffusion coefficient (Dy;+) and Li-ion ionic conductivity. Li*
diffusion coefficient is usually estimated by restricted diffusion method [44]. In this
method, polymer electrolyte is sandwich between two non-blocking electrodes and
constant potential is applied for a fixed period of time to set up constant current.
Thereafter, potential is interrupted and drop of potential is recorded with respect to
time. By determining the slope of this curve, diffusion coefficient of electrolyte is
calculated using the formula [44]:

2
—n°D
Slope = % (4)

Where L is the thickness of the electrolyte. Meghnani et al. [41] have estimated the
Li* diffusion coefficient (D;;+) for PEO + 20 wt.% LiFSI + X wt.% (0, 10, 40) PP,3FSI
system (see Figure 8(a,b)). It is found that D;;+ value for PEO + 20 wt.% LiFSI

system is ~3.51 x 10”2 cm?s™! at room temperature (RT) while when IL is added in
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(a) Nyquist plot, (b) variation of conductivity with IL concentration at 30°C and 40°C and (c) Arrhenius plot of
the cell SS/PEO + 20 wt.% LiFSI + X wt.% PP,;FSI/SS (X = o, 10, 20, 30, 40) (d) temperatuve-dependent

conductivity of polymer electrolytes PEO + 20 wt.% LiFSI + X wt.% IL (X = 10, 15, and 20) and (e) variation of
conductivity (c), and activation energy (E,) with IL concentration.

the PEO + 20 wt.% LiFSI system, D;;+ increases progressively and its maximum value
is observed ~1.32 x 10 8cm? 5! for 40 wt.% IL containing polymer electrolyte as
shown in the Figure 8(c). This increase in D;,;+ value confirms the higher lithium-ion
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(a-b) Li* ion Diffusion coefficient measurement using RDM of the polarized cell Li/PEO + 20 wt.% LiFSI + X wt.
% (0, 10, 40) PP,;FSI/Li shown by (e) Variation of Li* ion diffusion coefficient with respect to IL concentration.

conductivity which makes IL-based electrolyte system more suitable for Li-battery
applications.

Besides that, IL also affects the lithium-ion transference number of polymer elec-
trolyte system. Meghnani et al. [8] have determined the Li-ion transference no by dc
polarization technique. In this technique, IL-based polymer electrolyte is sandwiched
between two Li-metal foils (Li/IL-based-PE/Li) and a small constant potential (0.1 V)
is applied across this cell configuration for a fixed period of time and corresponding
current is recorded with respect to time, as shown in Figure 9(a). Also, the imped-
ance plot is recorded before and after polarization (see Figure 9(b)). Authors have
calculated the transference number of Li + ion using the Bruce and Vincent’
formula [45]:

I(AV — IoR)
i =m—-r—ono—
M7 Io(AV — IssRss) )

Where Igs and Rgs are the steady- state current and passive layer resistance after
polarization and Io &Ry are the initial current and passive layer resistance before
polarization respectively.
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(a) dc polarization curve of cell (Li/20 wt.% IL containing PEs/Li) at the voltage 0.05 V, (b) Nyquist plot of the
cell (Li/20 wt.% IL containing PEs/Li) before and after polarization and (c) Variation of Li* transference
number and Li* ion conductivity with IL concentration.

From these studies they found that ;;+ as well Li-ion conductivity both are
increased with IL concentration and the maximum ¢;;+ value is ~0.37 for 20 wt.%
IL-containing polymer electrolyte as seen from Figure 9(c).

Besides that, Balo et al. [34] also reported the same result for PEO + 20 wt.%
LiTFSI + x wt.% EMIMTFSI (x = 0, 2.5, 5, 7.5, 10 and 12.5) IL-based polymer electro-
lyte system. They found that for PEO + 20 wt.% LiTFSI, ¢;;+ is around 0.11 while on
addition of IL it is reached to 0.16 for PEO + 20 wt.% LiTFSI +2.5 wt.% EMIMTEFSI and
increases gradually on increasing the IL concentration and maximum value is found to
be ~0.39 for PEO + 20 wt.% LiTFSI +12.5 wt.% EMIMTFSI.

3.5 Effect of IL on the electrochemical stability window of polymer electrolyte

For application of IL-based polymer electrolyte in Li-battery, it is important to
know the electrochemical stability window (ESW) of electrolyte. For this motive,
Linear sweep voltammetry (LSV) technique is used. In this technique electrolyte is
sandwiched between stainless steel electrode which work as reference electrode and
Li-electrode which act as working electrode and current is record with respect to
voltage. Meghnani et al. [41] have observed the effect of IL on the ESW (Figure 10)
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rate ~ 0.05 mV/s.

and found that for polymer system PEO + 20 wt.% LiFSI without IL, the ESW is
~3.67 V vs. Li/Li" [while for 40 wt.% IL containing polymer electrolyte, electrochem-
ically stable window ~4.72 V vs. Li/Li*. From the above discussion, it can be seen that
the presence of IL improves the electrochemical stability window of polymer system
significantly which is good for high voltage Li-battery application.

4. Application of IL-based polymer electrolyte in Li-metal battery

In Li-battery, charging and discharging take place by means of electrochemical
redox reaction. For Li-ion insertion and extraction during charging-discharging pro-
cess, electrolyte is required. Electrolyte plays the crucial role in determining the Li-
battery performance. Among the different type of electrolytes, IL-based polymer
electrolytes have gained more attention due to its some unique properties such as high
flexibility, wide ECW, good thermal and mechanical stability as well as high ionic
conductivity.

IL-based polymer electrolyte which is most commonly known as gel-polymer
electrolyte is widely used in Li-battery carries the hybrid properties of solid electrolyte
with an embedded liquid electrolyte that is liquid electrolyte is embedded in the
polymer matrix. Due to immobilization of electrolyte, enhanced ionic conductivity as
well as wide ESW is achieved when compared to solid and liquid electrolytes. Also, it
reduces the probability of short-circuiting due to stable solid-interphase formation
(SEI) which reduces in turn the lithium-dendrite growth, there is ease of portability,
safety issue of battery enhances due to no electrolyte leakage and absence of volatile
reaction. Therefore, IL-based polymer electrolyte is attractive choice for Li-batteries.
Among the alternative clear energy resources, Li-metal battery have gained more
attention. They are widely used in the market such as portable electronic devices,
electric vehicles (EVs), hybrid electric vehicles (HEVs), grid energy storage system
and so on [46-48].

Furthermore, from safety point of view specially in lithium-metal battery (LMB),
IL -based polymer electrolyte is widely used but still there needs to improve some
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parameters like internal resistance of the cell should be low and also cell must deliver
maximum capacity with 100% coulombic efficiency and better capacity retention. For
that purpose, IL-based polymer electrolytes having high ionic conductivity must be
used in LMBs so that cell resistance as well as SEI layer resistance would be low. The
performance of some of LMBs with IL-based polymer electrolytes are listed in

Table 2.

Meghnani et al. [41] have reported the performance of lithium metal polymer
battery (LMPB) using the synthesized IL-based polymer electrolyte, PEO + 20 wt.%
LiFSI +40 wt.% PP13FSI in the cell Li/PEO + 20 wt.% LiFSI +40 wt.% PP3FSI/ Pristine
NCA and Li/PEO + 20 wt.% LiFSI +40 wt.% PP;3FSI/BiPO,@NCA configuration. In
the cell configuration Li/pristine NCA, cell delivers a discharging capacity ~150 mAh.
g ' at C/10 rate while Li/BiPO,@NCA cell delivers the discharge capacity ~164 mAh.
gf1 at C/10 rate as shown in Figure 11(a,b). Also, the coulombic efficiency of the cell
Li/BiPO4@NCA is found to be ~99.96% after 150 cycles and for the cell Li/pristine
NCA, it is around ~91.68% as shown in Figure 11(c,d).

Balo et al.[43] have studied the electrochemical performance of Li-battery using
the IL based polymer electrolyte, PEO + 20 wt.% LiTFSI+10 wt.% EMIMFSI in the cell
Li/ PEO + 20 wt.% LiTFSI+10 wt.% EMIMFSI /GO-LiFePO, and Li/PEO + 20 wt.%
LiTFSI+10 wt.% EMIMFSI/NCA configuration. They found that the cell Li/GO-
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Figure 11.

(a,b) chavge-discharge curve and (c,d) cyclic stability of cell Li/PEO + 20 wt.% LiFSI +40 wt.% PP, ;FSI/Pristine
NCA and Li/PEO + 20 wt.% LiFSI +40 wt.% PP,;FSI/BiPO,@NCA respectively.
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LiFePO, delivers the maximum discharge capacity 145, 83, 38, 20 mAh/g at C/10, C/5
and 1 C and 2 C rate respectively (see Figure 12(a)). While another cell configuration
Li/NCA delivers maximum discharge capacity 175, 168, 157, 150 mAh/g at C/10, C/5,
1 C and 2 C rate respectively (Figure 12(c)). When these cells are cycled at C/10 upto
200 cycles it is found that for cell Li/GO-LiFePO, in the initial few cycles discharge
capacity is lower and it reaches to around ~145 mAh/g within the 10™ cycle (see
Figure 12(b)). However, 142 mAh/g capacity remains after 200th cycle. They have
also calculated capacity fading per cycle (inset of Figure 12(b)). It is seen that it
shows linear behavior and there is only 0.01% capacity loss per cycle. From the cyclic
performance of the cell Li/NCA it was inferred that the discharge capacity is low
(~126 mAh/g) in initial 6-7 cycles thereafter it value increases gradually and attains
the maximum capacity ~175 mAh/g (see Figure 12(d)). However, after that, the
capacity remains constant during the cycling process. The maximum discharge
capacity and better cyclic stability with good coulombic efficiency of these two cells
may be consistent with the higher lithium-ion conductivity of ionic liquid-based
polymer electrolyte and lower interfacial resistance due to better contact with the

electrode.

From the above discussion, it can be concluded that IL-based polymer electrolytes
are most promising candidate for Li-metal polymer batteries.
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5. Conclusion

As we can see that electrolyte plays the crucial role in batteries performance. It not
only acts as a separator between electrodes but also provides the path for ion trans-
portation. Therefore, electrolyte should possess high ionic conductivity, wide electro-
chemical window, good thermal and mechanical stability. All these properties are
embedded in ionic liquid-based gel polymer electrolyte. IL-based polymer electrolytes
not only have high ionic conductivity but also are free from leakage problem, porta-
bility issue and short-circuiting problem which is usually faced in case of liquid
electrolytes. The unique properties of IL-based polymer electrolytes proves its suit-
ability for battery applications. For this reason, IL-based polymer electrolytes are
widely used in Li-battery and it is found that IL-based polymer electrolyte with Li-
metal shows better cyclic stability as well good coulombic efficiency. Thus, IL-based
polymer electrolytes are most attractive choice for lithium metal polymer battery.
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Abstract

Ionic liquids (ILs) are salts consisting of organic cations and inorganic/organic
anions having melting transitions lower than 100°C. They hold promise as engineered
materials in a variety of modern fields. They are used as green solvents or catalysts
for chemical reactions, biocatalysts, biopolymers processing, active pharmaceutical
ingradients in medicine, even as electrolytes for batteries. For batteries applica-
tions, ionic liquids must have high ionic conductivity, but most of the ionic liquids
(monocationic) have low conductivities. To address this limitation, we describe in this
chapter dicationic ionic liquids based on extended viologens. The colossal conductivi-
ties, 64c ~ 107°.S cm' of new diatonic ionic liquids in the same range of benchmark
materials/electrolytes applied in fuel cells and batteries is reported. The relatively
new class of ionic liquids consist of extended viologen bistriflimides containing
oligoethyleneoxy groups were prepared via Zincke reaction under mild conditions
and are excellent candidates as components in devices for energy conversion and
storage applications. The synthesis and ionic conductivities of other ionic liquids and
dicationic organic salts will be contrasted with dicationic ionic liquids in this chapter.

Keywords: extended viologens, ionic liquids, Zincke salt, dicationic ionic liquid crystals,
ionic conductivity, dielectric impedance spectroscopy

1. Introduction

Ionic liquids (ILs) are salts consisting of organic cations and inorganic/organic
anions having melting transitions (Ty,) lower than 100°C, and even below ambient
temperatures, and with cryogenic glass transition temperatures (T}). ILs can be
engineered for a variety of modern applications, including green solvents or catalysts
[1, 2], biocatalysts [3], biopolymers [4-7], pharmaceutical ingredients [8], and elec-
trolytes for batteries [9-11]. Despite they were discovered over 30 years ago, interest
by researchers and industrialists in ILs continues to grow due to their versatility.

The introduction of multiple charges in low-molar ionic liquids and poly(ionic
liquid)s widens the range of physical properties, leading to improvements in density,
surface tension and viscosity, facilitated by their higher molecular weights [12, 13].
The large charge densities and electrostatic interactions normally increase the ILs
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thermal stabilities [14, 15] and electrical capacities [16, 17], and results in better per-
formance as antimicrobial agents [18] and stationary phases for gas chromatography
[19], among others [20, 21].

Multi-charged ILs are particularly attractive as electrolytes used in energy stor-
age and conversion materials and devices, due to their combination of low viscosity
(like traditional ILs) and high ionic conductivity (like poly(ionic liquid)s). The
physical properties of multi-charged ILs can be fine-tuned by combining different
cations and anions, with well-defined chemical structures that avoid polydispersity
issues. Current multi-charged ILs include ammonium, phosphonium, imidazo-
lium, pyridinium, pyrrolidinium, piperidinium, triazolium and 4,4’-bipyridinium
(viologen) cations, but the perspectives for new and tailored materials are almost
unlimited.

In this chapter, we showcase the potential of three series of different ionic liquids
as electrolytes in energy applications, by correlating their ionic conductivities to
structural effects.

2. Conductivity measurements

The conductivity of the ionic liquids was studied by impedance spectroscopy [22].
Small amounts (few mg) of molten samples were inserted into commercial indium tin
oxide (ITO) cells, via capillary method (Instec Inc.). The parallel capacitance C, and
the dielectric loss tangent ( tan( ) ) Y o where &" is the dielectric loss factor, and

¢ the dielectric modulus) were measured in frequency sweeps ranging between

f = 0.1 Hzand 10° Hz, and at different temperatures. Two instruments were used
and combined for these impedance measurements: a laboratory-made dielectric
spectrometer (10'-10* Hz) and a commercial impedance analyser (Agilent 4294A)
(10>-10° Hz). The results were analysed in terms of the complex permittivity,

& (w)=¢'-j&", and conductivity, 0" (w)=0"- jo" , where o' = we,&" and

0" =we,e' with @ = 2nf is the angular frequency (rad-s™).

3. Results: materials preparation and conductivity

We have prepared and assessed three series of dicationic salts as novel ionic
liquid electrolytes: dicationic stilbazolium salts, dicationic asymmetric viologens,
and dicationic ionic liquids. Our general strategy for their synthesis is based on
quaternization by Sy aka Menshutkin reactions, followed by metathesis of anions
[12-21, 23].

3.1 Dicationic stilbazolium salts and their ionic conductivities

The dicationic stilbazolium salts (I-1-1-4) were prepared by the reaction of
trans-4-octyloxy-4-stilbazole with a,0-methylene ditosylates by Sy’ followed by
metathesis reaction of the corresponding ditosylates salts with lithium triflimide
salt to yield the dicationic stilbazolium bistriflimide salts (II-1- II-4), as shown in
Figure 1. The detailed synthetic procedures were described elsewhere [24]. Their
chemical structures were established by using 'H, *C and F nuclear magnetic
resonance (NMR) spectra and elemental analysis [24].
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Synthesis of dicationic stilbazolium dicationic salts containing bistosylate and bistriflimide counterions.

Despite the presence of mesogenic units, these salts do not display mesomorphic
properties, and instead solely exhibit crystalline polymorphism, confirmed by the
presence of several peaks in the differential scanning calorimetric thermograms

(DSC), Figure 2.

We found that the salts containing tosylate ions (I-z) display stronger dielectric
response than the triflimide analogues (II-n, see Figure 3(a)), and show more
complex profiles, associated to the additional aromatic groups. All these dielectric
relaxations promote short-range conductivity in the salts, see Figure 3(b), associated
to local displacements of the charges. Despite the strong ¢ “response, the tosylate salts
did not develop signs of direct conductivity (c4.) in the range of temperatures and
frequencies under study. We hypothesise that the presence of bulky aromatic groups
may hinder long-range transport of ionic charges in these compounds. The triflimide
salts, alternatively, show DC values that reach the 10~*° S.cm™ range in the isotropic
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Differential scanning calorimetry thermograms (DSC) obtained on heating at 10°C-min" for the bistosylate (a)

and bistriflimide (b) salts.
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Figure 3.
Dielectric vesults obtained from the impedance frequency sweeps of dicationic stilbazolium salts: (a) dielectric loss

factor, &" and (b) real component of the complex conductivity, o' of I1-3; (¢) Arrhenius plots for the direct
curvent conductivity ( Ca ) obtained for 11-4.

phase, see Figure 3c), but then fall rapidly following a Vogel- Fulcher-Tammann,
VFT, profile [24-26].

These correlations between conductivity and structure highlight that the transport
of ionic charges in these salts may require an amorphous environment, even if they
involve short molecular range. The strong temperature dependence of 64 also confirms
that the conductivity response is strongly coupled to segmental viscous-like motions.

3.2 Dicationic asymmetric viologens, 6BPx(s)

The synthesis of asymmetric viologens with hexyl terminal groups and different
alkyl chain lengths, and their synthetic routes are shown in Figure 4. The detailed
synthetic procedures were described elsewhere, and their chemical structures were
determined by using 'H, C and F NMR spectra and elemental analysis [27].

The 6BPn(s) exhibit Smectic T phases in a broad range of temperatures, including
room temperature, confirmed by polarised optical microscopy and X-ray diffraction,
see Figure 5.

The 6BP#x(s) undergo one main dielectric relaxation, Figure 6(a), associated to
the rotation of the molecular core, and high frequency conductivity, Figure 6(b),
related to short-range triflate ion-hoping. The materials reach direct current conduc-
tivities (64.) inthe 10 t0 102 Sem™! range, Figure 6(c), which are very promising
for organic media. These dielectric processes depict a clear Vogel-Fulcher-Tammann
(VFT) behaviour, indicating that the dielectric and conductivity response of these
LClIs is strongly coupled to segmental-type motions [27].

3.3 Dicationic extended viologens and their ionic conductivities

The dicatonic extended viologens 1-3 were prepared according to the Figure7
(vide infra). The 4-oligoethyleneoxypheylanilines were prepared according to
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Synthetic routes for the asymmetric viologen bistriflimide salts of a 4,4'-bipyridinium core (BP) alkylated with
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110!
O SmT
Hc

5678 910n111214161820

(a) (b)

Figure 5.
(a) Photomicrograph of 6BP16 obtained under the polarised optical microscope, showing the SmT phase; (b)
phase diagram of the 6BPn(s) as a function of terminal chain, n, showing a sketch of a proposed SmT structure.

modified literature procedures step 1 and step 2 [28, 29]. The synthesis of bis-(4-
oligoethyleneoxyphenyl)-4,4’-bipyridinium dichlorides (P1-P3) with different
ethyleneoxy groups is also summarised in Figure 7. The synthetic routes involved:
(i) the aromatic nucleophilic substitution between the 1-chloro-2,4-dinitrobenzene
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Figure 6.

Dielectric results obtained from the impedance frequency sweeps of 6BP14: (a) dielectric loss factor, " ; (b) real
component of the complex conductivity, o ; (c) Arrhenius plots for the frequency dependence of &' and o'
maxima, and divect curvent conductivities ( Cac ).

and 4,4’-bipyridine in acetonitrile on heating to reflux, to yield the so-called Zincke
salts [30, 31] (step 3); and (ii) subsequent anionic ring opening and ring closing
reactions (ANROC) with the corresponding 4-oligoethyleneoxypheylanilines, in
N,N-dimethylacetamide (DMAc) at room temperature (step 4). Lastly, P1-P3 were
converted to 1-3 by metathesis with lithium triflimides in methanol [32] (step 5).
Detailed synthetic procedures and analyses are also given elsewhere [33]. The
chemical structures of the intermediates and final products were confirmed by their
Fourier-transform infrared (FT-IR) spectra, 4, BC, and ¥F spectra in CD;0D and
their purity was determined by elemental analysis [33]. To our knowledge, these are
the first examples of ionic liquids prepared via Zincke reactions.

Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and
polarised optical microscopy (POM) were used to determine the thermal properties
and phase behaviour of these salts. The three salts’ degradation temperatures, Ty,
range from ~311 to 334°C, with less than 5% weight loss up to 300°C in nitrogen [33].
Although it was anticipated that bistriflimide ions would impart high thermal stabili-
ties, the high Ty values demonstrate that the presence of flexible oxyethylene groups
has no destabilising effect on these salts.

The DSC thermograms of salts 1 and 2 exhibit first-order endotherms associated
with crystal-to-crystal (2) and melting (1 and 2) processes, whereas salt 3 only exhibits
a low-temperature glass transition (T, = —6°C) [1-11, 34, 35]. Both 1 and 2 melt upon
heating as expected where the increase in the oxyethylene termination length reduces the
melting point. Due to inhibition of crystallisation at sufficiently long ethyleneoxy chains,
n = 3, the absence of first-order transitions in the corresponding thermogram indicates
that 3 behaves like an amorphous salt. In subsequent heating and cooling scans, there
are no additional thermal events were visible for 1 and 2, suggesting that crystallisation
of these samples must be a slow process. The absence of liquid crystal behaviour in these
salts, contrasts with the recent report of smectic phases by analogous alkoxy-terminated
(n > 6) viologens (see Figure 8) [32] and others [36-38]. Even though comparable
lengths of terminal chains would have been expected to promote microphase separation
and smectic behaviour in 1-3, the formation of stronger interactions by the ethyleneoxy
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Multiple steps for the synthesis of the ionic liquids and salts 1-3.
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General chemical structures of alkoxy-terminated viologens [32].
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groups may limit the local mobility required to yield liquid crystallinity. The effect of
terminal chain lengths on nanosegregation between polar chains and aromatic cores in
similar viologens is being studied further.

Viologens and their countless derivatives have already been proposed as potential
redox active functional materials for use in electrochromic devices, diodes and tran-
sistors, memory devices, molecular machines, and dye-sensitised solar cells [39-41].
The incorporation of the oxyethylene(s) terminations is warranted for not one but
two distinct reasons. On the one hand, one of our goals is to reduce (at least partially)
the rigidity of the four-ring phenyl core (which could increase viscosity). On the
other hand, the presence of polar chains can help delocalize the triflimide anions and
avoid complexation, both of which would inhibit ion mobility [42]. This is because
polar chains have a higher dipole moment.

Figure 9 shows the dielectric and conductivity response of the extended violo-
gens 1-3 as a function frequency measured at room temperature. The complex
permittivity and conductivity values of these salts have been found to be extraordi-
narily high due to the highly polar nature of ionic liquids and salts [33]. The ¢” plot
demonstrates a linear increase (with slopes of —1) at sufficiently lower frequencies
representing the increase in direct current (DC) conductivity [43]. This DC com-
ponent dominates any potential dielectric relaxation, despite the presence of peaks
in the salts 1 in Figure 9(a). The third salt has the highest conductivity values of the
three salts. The formation of plateaus in the double logarithmic ¢’ versus f plots in
Figure 9(b) [22] confirms the existence of DC conductivity. The exemplary tem-
perature plot of complex permittivity (¢*) and conductivity (¢*) of salt 2 is shown
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Figure 9.

Complex permittivity (a) and conductivity (b) obtained for compounds 1, 2 and 3 measured at room
temperature.
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Figure 10.
Complex permittivity (a) and conductivity (b) obtained for compounds 2 measured on heating from 30°C (see the
arrow).

in Figure 10. The DC conductivity values, 64, are estimated by extrapolating the
constant ¢’ ranges to f—>0 at various temperature. The resulting Arrhenius plots

(not shown here) were used to evaluate the activation energy E, of the conductivity
process using the equation; 64, = 6pexp (E,/RT), where R is the gas constant, 8.31].
mol K™, T is the absolute temperature, and o, is a pre-exponential term. Salts 1 and
2 have activation energies of 95.9 kJ/mol and 84.5 kJ/mol, respectively. These values

are significantly higher for locally activated processes and are consistent with the
occurrence of so-called B-relaxations, which involve the rotation of rod-like molecules
(extended viologen moieties) within the crystal lattice around their long axis [33, 44].
When the -(CH,CH,0)- terminal chains are short, it appears that the motions around
the bulky four-phenyl core dominate (and partially hinder) the conductivity process
[43, 45-47]. On the other hand, salt 3 shows exceptional o4, values (=107 S/cm)
comparable to the bench electrolytes used in fuel cells [48] and batteries [49]. Longer
ethyleneoxy terminal chains enhance conductivity in salts by a plasticizing effect,
thereby promoting ionic motions in the material. Moreover, salt 3 is one of the few
examples of an organic salt with such large conductivities under anhydrous condi-
tions and at temperatures close to room temperature [9, 50-54]. The formation of
arubbery phase above its low glass transition T, — 6°C (from DSC measurement)
with large free volumes that facilitate ionic motion can explain the higher o4 values
observed for 3 within the series [55, 56]. In this molten-like state, conductivity has
very weak temperature dependence [57-59]. The ionic liquids 1 and 2, on the other
hand, remain in a glassy state throughout the temperature range under study, and the
64c values are lower.
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4, Conclusions

We have prepared new viologens by using Zincke reactions, which led to the
formation of ionic liquids and salts with strong dielectric responses. Our results
confirm that a fine balance between local/charge interactions and mobility is needed
to optimise phase behaviour and conductivity of the ionic liquids. In general terms,
the formation of amorphous, liquid crystalline, or crystal phases, can be tuned by the
aspect ratio of the rigid core and the flexible terminations.

Whilst compounds having alkyl terminations still fall some orders of magnitude
below those exhibited by reference phosphonium or imidazolium-based ionic liquid
electrolytes (10> S-cm™) [60, 61], we found that the presence of oxyethylene groups
promotes high conductivities in the 10™° S-cm™ range, comparable to those required
in commercial batteries or fuel cells [48, 49]. The presence of additional polar sites in
these terminations may be the key to facilitate long-range transport in these materials.
Interestingly, the presence of tosylate ions with a strong dielectric response does not
promote long-range conductivity, and triflimide ions appear to be more suitable for
ionic transport. Delocalisation of the charges can therefore be a key enabler for high
64c values.

These results highlight the potential use of these and other ionic liquids in energy
devices such as fuel cells, batteries, supercapacitors, or solar cells. By extending
the central rigid core, exchanging different cations, or modifying the composition
and length of the terminations, this work opens new avenues for the design of ionic
liquids with tuned electrostatic interactions and nanostructures.
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Abstract

The breathtaking pace of the development of smart and wearable gadgets, electric
vehicles and many other ultraportable devices has ushered into the era of rapid
development of rechargeable batteries with enhanced safety, high-performance, high
gravimetric and volumetric energy density. New battery chemistries are being con-
stantly explored to identify better electrolytes that are environmental-friendly, non-
flammable, reusable and most importantly ultra-customizable for high-performance
applications. Ionic liquid, by virtue of its unique set of tunable properties, is a natural
choice from both academic and industrial perspectives. A general guiding principle of
ionic liquid synthesis proceeds via an appropriate selection of precursors from the
ionic liquid toolbox and reaction with the alkyl halide followed by the metathesis or
simple acid-base reaction yielding the final ionic liquid. This study is a complete and
extensive treatise on the usage of the ionic liquids in the electrolytes of secondary
batteries concerning (i) the design philosophy, (ii) synthesis, (iii) characterization,
(iv) new chemistry and electrode material development (v) cell performance, (vi) cell
safety, and (vii) comprehensive computational protocols encompassing all the aspects
of the electrolyte and electrode-electrolyte interactions.

Keywords: ionic liquids, electrolyte/electrolyte additive, secondary battery, density
functional theory, molecular dynamics, Monte Carlo simulations

1. Introduction

Batteries are all around us. They are mainly of two types: primary (non-
rechargeable) and secondary (rechargeable). Economically and also from a materials
sustainability point of view, rechargeable batteries should replace the primary cells
wherever possible. Intense research is going on to make our planet cleaner through
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sustainable and ecofriendly technologies. Through constant innovation, battery mate-
rials are being perfected in terms of cost effectiveness, cycle lives, energy and power
densities, cell voltages and cell safety [1, 2]. Rechargeable batteries are the electro-
chemical devices which can transform chemical energy into electrical energy and vice
versa. This is called the “Rocking Chair” mechanism. The battery mainly consists of
three parts: Anode, electrolyte and cathode. When a battery is operated, redox reac-
tions take place: reduction and oxidation take place at cathode and anode respectively
during discharge. While charging, the reactions are reversed. In order to maintain the
charge balance in a battery driven electrical circuit, the resulting current from anode
to cathode need to be compensated by ion transport through electrolyte inside the cell.
If the electrolyte is liquid, there is a need for a separator between electrodes to prevent
short-circuit.

Among the most popular commercially available rechargeable batteries, lithium
ion batteries (LIBs) are having higher gravimetric and volumetric energy densities [3]
which make them smaller, lighter and energy dense than others. These parameters are
of crucial importance for modern automotive and portable electronic industries.

The other advantages of LIBs are low self-discharge and lack of memory effect.
Schematics of internal structure of a LIB is shown in Figure 1. LIBs were first com-
mercialized by Sony Corporation in 1991 [4]. The following decade can be marked by
intense advanced engineering of LIBs. In 2005, Sony again introduced the first tin
based anode battery [5] (Nexelion™) with 30% more battery capacity resulting in an
expeditious increase in LIB sales for automotive applications [6].

—— -.|+ 2 Charge
Load
e . )

i
L]
n

§ Electrolyte

Li, ,Co0,

Figure 1.
Schematics of internal structure of a lithium ion battery.
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Battery electrolyte plays a very crucial role in performances. Electrolyte is a
medium of transportation of ions. There are many types of electrolytes available in the
market in the form of solid, liquid, gel and polymer. Some important and desirable
properties of electrolyte are (i) solid electrolyte interface (SEI) formation which pro-
tects the electrodes from degradation and also prevents anion intercalation, (ii) wide
electrochemical window which determines the stability range of batteries; and
improving: (iii) chemical stability, (iv) ionic conductivity, and (v) salt solubility.
Liquid electrolyte is advantageous because of their high ionic conductivity. The most
popular commercial LIB electrolytes was developed by Tarascon et al. [7], which
contains lithium hexafluorophosphate (LiPFg; a lithium salt) dissolved in a mixture of
organic carbonates (ethylene carbonate and dimethyl carbonate). This electrolyte has
high salt dissociation, low viscosity, moderate ionic conductivity and cost-effective.
However, it also has serious shortcomings in the form of being flammable, sensitive
towards hydrolysis and toxic. There is an urgent need to identify a possible solution
for reducing irreversible lithium losses and flammability. One of the most attractive
routes to address these problems is through the introduction of additives or optimiza-
tion of electrolyte composition [8].

The role of additives in electrolyte is to facilitate one or more of the following
phenomena: Formation of stable solid electrolyte interface (SEI) on electrodes, protect
cathode from over-charge, reduce gas generation, improve thermal stability and ionic
conductivity and increase coulombic efficiency. They are typically categorized as SEI
supporting, flame retardant and over-charge protective additives. The SEI supporting
additives are again classified into three groups: reaction type, reduction type and SEI
improver. The reaction type additives react with intermediate solvents and participate
in SEI formation. The reduction type additives generally decompose prior to the
electrolyte solvent’s decomposition while charging and help in formation of SEI. The
last type i.e. SEI improvers are re-dissolved in the inorganic SEI layer to prevent
continuous growth of SEI further, thus enhancing the performance of LIB. Figure 2
depicts the design strategy of a high energy rechargeable batteries.

Ionic Liquids (ILs) have been proposed as electrolytes in LIBs for recent years. For
example, Kim et al. [9] developed the battery prototype of Li/LiFePO, and LisTisO1,/
LiFePO, using pyrrolidinium-based ILs and their performance characterization are

Transport

Electrode/
Electrolyte
Architecture

Material

Optimization of cell/Electrode

{ Enable High Energy/ Power density and longer cycle Iife]

Figure 2.
Design strategy of a high energy vechargeable batteries.
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described therein. T. Yim et al. [10] discussed the usage of room temperature ILs as an
alternative to conventional carbonate-based electrolyte for LIBs. Masayoshi Watanabe
et al. [11] described the application of 1Ls in energy storage devices. Sato et al. [12]
found a novel ammonium IL, N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl)imide) as an electrolyte for electrochemical devices. T.D
Vo et al. [13]. had studied the safety aspect of 1-ethyl-3-methylimidazolium bis
(trifluoromethanesulfonyl) in carbonate solvents (EC-PC). H. Park et al. [14] used
over-lithiated lithium nickel oxide (Li,NiO,) as a sacrificing positive additive for LIBs.
Guerfi et al. [15] used mixtures of ILs ((trifluoromethylsulfonyl imide) as anion and 1-
ethyl-3-methylimidazolium as cation) along with organic electrolyte to enhance cell
safety and electrochemical performances. H. Saruwatari et al. [16] found that addition
of bis(oxalato)borate anion in 1-ethyl-3-methyl-imdazolium tetrafluoroborate formed
SEI which improved the performances in battery. N. Plylahan et al. [17] showed that
for high temperature LIB, pyrrolidinium-based hybrid ILs might be a good choice. In
summary, using ILs as an electrolyte/electrolyte additive in lithium ion batteries may
resolve many concerns in LIBs.

2. General features, synthesis and characterization of ILs

Green technology refers to the application of scientific principles for the purpose
of emission reduction, conservation of water, waste reduction and increasing energy
efficiency compared to their conventional counterparts. From the early age of
alchemy, there has been huge interest in the study of species in solution. Solvents can
be of any type of liquids but sometimes they are hazardous and create environmental
pollution. The examples of common solvents are chloroform, dichloromethane, car-
bon tetrachloride, acetone, chlorofluorocarbon (CFC), ethylene carbonate (EC),
dimethyl carbonate (DMC) etc. Traditionally, these solvents have been used as reac-
tion media for the synthesis of fine chemicals, pharmaceuticals, petrochemicals and
energy storage applications however, they have some drawbacks: (i) mostly they are
used in large amounts, and (ii) usually they are volatile. In the chemical industry, the
major problem is the large volume of hazardous wastes as by-products. When these
are dumped into the environment it causes air, water and soil pollution. These volatile
organic compounds (VOC) which evolve harmful gasses have low thermal stability,
pose danger to human life and disbalance the ecosystem. So, introducing greener and
cleaner technology in both industry and academia is a high priority agenda [18]. More
specifically, green chemistry is the design of processes which can reduce or eliminate
the generation of harmful/hazardous substances. Hazardous materials are categorized
as physical (e.g. flammable and explosive), toxicological (carcinogenic and muta-
genic), and environmental (affecting ozone depletion, climate change, and global
warming) [19, 20]. To minimize the chemical wastes from industries, refinements and
redesign are necessary for conventional chemical processes [12]. At present scenario,
low volatile, recyclable, reusable and thermally stable solvents, in particular, “neoteric
solvents” would be ideal for chemical industries. According to the guidelines of Mon-
treal Protocol [21], four alternate technologies are possible. They are (i) solvent free
synthesis, (ii) use of supercritical fluids, (iii) use of water as solvent, and (iv) use of
room temperature ionic liquid. Solvent free synthesis is not feasible all the time. For
supercritical fluids, they need special conditions (e.g. a feasible or at least favorable
Tc, Pc etc.). For the last two decades, water has been used as a useful solvent medium
but as it is a protic solvent, it has the tendency to hydrolyze. Another major limitation
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of water is the low miscibility with organic reagents. So, ILs as reaction media are a
better and generic option for many applications.

ILs are molten salts that are liquid below 100°C and consist entirely of ions [22-25].
Mostly ILs are comprised of bulky, asymmetric organic cations and organic or inor-
ganic anions (Figure 3).

The most common IL cations are alkylammonium, alkylphosphonium, N,N-
dialkylimidazolium as well as N-alkylpyridinium and alkylthiozolium cations. The
anions may be as simple as halides (chloride, bromide or iodide), nitrate,
tetrafluoroborate, haloaluminates, hexafluorophosphate etc. Nowadays, alkyl sulfates
and alkyl sulfonates and even more often fluorinated and perfluorinated anions such
as triflate, [CF3S03] , bis(fluorosulfonyl)imide [(FSO,),N] ™ and bis(trifluoro-
methylsulfonyl)imide [(CF3S0,),N] ™ are employed. There are several functionalized
cations which are very popular (Figure 4).

With permutation and combination of these cations and anions, a large number of
ILs can be designed for specific applications [13, 24]. In fact, for 1,3-functionalized
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The ionic liquid tool cabinet: Frequently used cations and anions for ILs.
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Functionalized cations of ILs.
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imidazolium derivatives, there are 30,000 entries in the CAS database [26]. That is
why, RTILs are also known as “designer solvents”.

Although, one can certainly identify an optimal IL for any specific application,
there still might be some pros and cons. The choice of cations and anions have a great
influence not only on the physical properties but also in thermodynamics and the
kinetics of the reactions involved for specific applications. As a rule of thumb, anions
control the chemistry and the cations refine the physical properties like viscosity,
solubility, flammability, density etc. Thus, for a targeted application, tuning of the
properties of ionic liquids is very important. Figure 5 depicts the number of publica-
tions on ILs in rechargeable batteries from 2010 to May 2022.

2.1 Synthesis of room temperature ionic liquids

Depending upon the structures, properties and applications, four different gener-
ations of ionic liquids have been reported till date [27, 28]. The first generation ILs are
those whose physicochemical properties can be strengthened by simply changing their
cations and anions. They have been extensively used as solvent of the reaction media
but they are ecotoxic in aquatic environments. When functionalized cations e.g.,
dialkylimidazolium, alkylpyridinium and phosphonium or anions e.g.,
tetrafluoroborate and hexaflourophosphate are introduced to play a particular chem-
ical role, it is called second generation ILs. They are stable in aquatic environments
and mainly used as lubricants, complex ligands and materials for energy applications.
The third generation ILs are synthesized from some low-toxic, biologically active ions
e.g., amino acids and choline, which have nearly identical physical properties of
classical ILs. These task specific ILs [29] have antifungal and antibacterial properties
etc. They are the good choices for drugs/biomolecule delivery, bio sensing and regen-
erative medicines. Recently, in 2018, the fourth generation ILs [30] have been intro-
duced. Unlike the three previous generations, these ILs go beyond the traditional salt-
in-solvent solutions and therefore not readily predictable by simple rule of mixtures.
Typically, they are custom-designed aryl-alkyl-substituted ILs. They offer some
unique application in bio preservation and offer tremendous future potential owing to
their intrinsic biocompatibility.

Since the present study focuses on the ILs for LIB applications, we have confined our
discussion only to the synthesis of first and second generation room temperature ILs.
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Figure 5.
The number of publications on ILs in rechargeable batteries from 2010 to 2022 (all data are taken from
“Scifinder” up to 16th of May 2022.
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Fewer steps are required for their synthesis. The first synthetic step for both first and
second generation ILs [27] are common. First of all, one has to choose the corresponding
precursor which after reaction with alkyl halide gives halide intermediate. This inter-
mediate undergoes either metathesis (anion is exchanged with group 1 metal salts) or
simple acid-base reaction to give final ionic liquid. The synthetic route of Imidazolium-
based ionic liquids were given by Huddleston et al. [31] and Stark et al. [32]

From Figure 6, it can be seen that 1-alkyl-3-methylimidazolium ionic liquid is
obtained from corresponding halide precursors either by metathesis or by treatment
with acids with stoichiometric ratios. Among halides, chlorides are mostly preferred.
Sometimes the alkylation is carried out in an autoclave at elevated temperature and
autogenous pressure without addition of any solvent if the chloroalkane (e.g.,
chloroethane) is gaseous at room temperature. But their higher homologues can be
synthesized under reflux at atmospheric pressure. Same method can be followed for
the pyridinium, piperidinium or any other ILs. The synthesis of third and fourth
generation ILs follow the green path and thus is not very easy to synthesize. Particu-
larly, attaining high purity becomes increasingly challenging for the higher generation
ILs and often additional precautions need to be taken [28, 33].

2.2 Characterization of ILs

The synthesized ILs should be free from any impurities such as organic solvents,
chloride ions, water etc. because final purity of ILs has a very strong influence on the
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Figure 6.
Common synthetic route for the preparation of IL; reproduced from vef. [28].
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physicochemical properties. Therefore, during synthesis proper care should be taken.
The identity of synthesized ILs are established by Nuclear Magnetic Resonance
(NMR) spectroscopy, Fourier Transform Infrared (FT-IR) spectroscopy, Electrospray
ionization mass spectrometry (ESI-MS) and Elemental (CHN) analysis. Additionally,
Karl Fischer titration is an important technique to quantify the trace amount of water
present in the synthesized IL.

2.3 Physicochemical characteristics of ILs

ILs have many interesting properties depending upon the choices, which make
them very attractive candidates for diverse applications. Some of them are as follows:
(i) very negligible vapor pressure, (ii) high thermal stability, (iii) wide electrochem-
ical window, (iv) tunable properties, (v) nonflammable, and (vi) the most impor-
tantly, environment friendly. Thermodynamic properties such as activity coefficients,
densities and transport properties like viscosity, conductivity and diffusion coeffi-
cients have a great influence in reactiveness of ILs towards chemical processes. In a
review, Heintz [34] has described the thermodynamics and thermophysics of ILs in
non-aqueous solvents.

As ILs are ionic in nature, they are highly conducting materials [35]. This property
makes ILs the ideal candidate for applications in electrochemical devices. Just like
other properties, conductivity of ILs also can be adjusted by deliberate choice of
cations and anions as both moieties can contribute to it. It can also be enhanced by
increasing the temperature. Sometimes, the aggregation or ion pairing in neat solution
leads to reduction in ion mobility thus reducing the conductivity. As a side note,
studies have shown that in the solar cell applications, the conduction is enhanced via
Grotthuss hopping alternatively than the typical transfer mechanisms [36, 37].

Viscosity plays a major role in determining the physical properties. Generally, the
viscosities of IL are higher than that of common solvents [31]. If alkyl chain length of
IL is increased, the viscosity is increased because of more Van der Waals interaction
between cations [38]. It can be minimized by functionalization of side chains. The
anions also play an important role. The tendency to form hydrogen bonds and sym-
metry of anions have a great influence on viscosity of ILs. It decreases with increase in
temperature due to the reduction in Van der Waals interaction between cations and
anions. The impurities such as water, organic solvents and chloride ions have great
influence on viscosities [39]. For example, 0.01 molal bmimCl has viscosity of 154 cP
whereas 0.5 molal bmimCl has viscosity of 201 cP. Generally, Imidazolium based ILs
have lesser viscosities than ammonium based ILs [40]. The viscosities can be tuned by
structural modification of ions.

The electrochemical stability window (ESW) of an ionic liquid is the range in
electric potential wherein that particular ionic liquid is stable (not decomposed) either
by the reduction of constituting cation or by the oxidation of anion [35]. Generally,
the window for ILs lie in between 3.0 V and 6.4 V [41-44]. The precise range of
electrochemical windows depends on the nature of cations and anions. Fluorine
containing anions generally show a wide range. All Imidazolium-based ILs show
cathodic stability about —2 V Vs saturated calomel electrodes [41-44].

The ILs generally possess high thermal (and radiation, useful for nuclear applica-
tion) stability because of their negligible vapor pressure. Detail studies have been
reviewed by Maton et al. [45] and Bier et al. [46]. Xue et al. [47] described the long-
term stability of protic, polymerized and mixtures of ILs in their perspective article.
Literature reveals that, their decomposition temperature are generally in the range of
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280-490°C. Thermal stability is generally determined by thermogravimetric analysis
(TGA). The decomposition temperature is very much dependent on the structure of
the consisting cations and anions [48]. Generally, the anions are more responsible
than cations for the decomposition of ILs. For same cation, the decomposition tem-
perature is increased with more hydrophobic anions [31] e.g. for [C4mim]* the
decomposition temperature varies in the following way: Cl (254°C) < I (265°C)

< PF¢ (349°C) < BF, (403°C) < NTf, (439°C).

ILs are still expensive than conventional solvents. Because of their low vapor
pressure, the classical ILs may not be harmful in atmospheric condition but they may
cause severe contamination in aquatic environment due to their potential toxicity and
nonbiodegradability. To make them economical and environment friendly, there is a
need to recycle those ILs for future use. Recyclability of ILs is one of the main reasons
for their increasing popularity among the scientists and engineers. There are several
processes available for IL recovery. Wu et al. [49] have summarized the different IL
recovery processes which might be a guide to future researchers. Toxicity is also a
major issue for the biomedical application of ILs. Using structure-activity relationship,
the toxicity and biocompatibility can be tailored for ILs [50]. Zhao et al. [51] and
Ranke ez al. [52] have highlighted some toxicological advances of new generation ILs.

3. Different types of ILs used in rechargeable batteries

Table 1 summarizes the salient features of different IL precursors and their deriv-
atives for specific electrochemical systems to enhance different performance/stability/
safety metrics. These can be a good guiding principle for customizing IL for a specific
battery application.

IL precursor classes  ILs + additives Electro- Salient features Reference
chemical
System

Imidazolium-based ILs HMITFSI, Li/ Wide (~ 5.5 V) ESW and possible [53]

MEMITFSI LiMn; sNip 5O, parasitic anodic reactions while
charging at the high potentials

LiTFSI in Li-Sulfur Lithium polysulfide dissolution is  [54]
AMImTFSI suppressed and exhibit good

cycling capacity
EMIM*- Li/LiFePO, Reversible Li* intercalation/ [55]
encapsuled deintercalation behavior and
ionogel stable even after 120 cycles at

0.5C

IMI; ,0,TFSI,  Li/LiFePO, Increased conductivity with less ~ [56]
IMI4,10201TFSI viscosity, capacity retention is up
to 92% at lower current rate

Pyrolidinium-based BMPTFSI Li/ Wide (~ 5.5 V) ESW and possible [53]
ILs LiMn, sNip 5O, parasitic anodic reactions while
charging at the high potentials

Py,4TFSI- Li/Li Wide ESW, high degradation [57]
LiTFSI + temperature and high lithium ion
PVdF- transport

HFP + EC + PC
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IL precursor classes  ILs + additives Electro- Salient features Reference
chemical
System
PYR;(201)TFSI, Li/LiFePO, Suppresses crystallinity and [55]
PYR,,TFSI increase cation solvation
PYR45TFSI, Li/NMC Ion transport properties is [58]
PYR;5FSI enhanced (about 10> Scm ™t at
—20°C) and wide ESW of 5V
Pyr1,3FSI- Li-LiCoO, Lithium dendrite growth is [59]
LiTFSI effectively suppressed and exhibit
good cycling performances at
4.4V

BMPyrTFSI, Zn stannates /  Safer electrolytes and potential [60]
MPPyrTFSI Li candidate to replace graphite as

the anode material in more

complex devices.

Pyridinium-based IL B;MePyTFSI,  Li/LiFePO, High ionic conductivity and [55]
B4MePyTFSI exhibit better cycling capacity by
enhancing cation solvation
Tetraalkylammonium- N111(102) FSI  Li-Air Possesses low viscosity [61]
based ILs (~111.4 cP) and initial capacity is
3.75 times higher than reference
material
DEMETFSA - Li-LiCoO, Charge/discharge reversibility is ~ [62]
LiTFSA increased
Phosphonium-based IL  mono-(C6) Li-LiCoO, High decomposition temperature  [63]
3PC10- TFSI (355<C), good conductivity (1.7

mS cm ™) at 100<C and enhanced
specific energy and capacity
retention

Table 1.
Representative ILs as electvolytes used in rechargeable battery with corresponding electrochemical systems.

4. Tailoring the properties of rechargeable batteries using IL electrolyte
additives

4.1 Ionic conduction

Polymer electrolytes, in spite of its mechanical strength and stability, have a low
ionic conductivity at a temperature below its glass transition temperature [64]. ILs
have been recently studied as plasticizers in polymer electrolyte. Polymer doping with
ILs and polymerization with ILs as solvent are the widely used methods to incorporate
ILs in polymer electrolytes [65]. The ions in the ILs react with donor species of the
polymer molecule thus reducing the intermolecular interaction. This increases
disorder and causes an increase in Li-ion conductivity [66]. Even when polymer is
added in small concentration in ionic liquids (gel or polymer-in-salt ionic liquids),
the ionic conductivity of the gel polymer is greater than the pure electrolyte, due
to the reduction in the overall viscosity of the gel, explained by polymer breathing
model [67].
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4.2 Solid electrolyte interphase (SEI)

As the ILs [68-70] have high oxidation potential (~5.3 V vs. Li*/Li%), they may
serve as alternative electrolytes for LIBs. The major drawback with ILs is their high
viscosity due to which the Li* ion conductivity is reduced. Imidazolium-based ILs are
the most appropriate candidates for LIBs due to their relatively lower viscosity and a
high Li-salt solubility at room temperature. In order to form a stable SEI layer on the
graphite anode, some electrolyte additives (EC or VC) must be added because these
ILs have poor stability below 1.1 V vs. Li*/Li° [43].

In a stable battery cell, the relative electron energies in the cathode, anode and
electrolyte have been schematically depicted in Figure 7. Here cathode is the oxidant
and anode is the reductant and AEp is the electrochemical stability window (roughly
the energy difference between the HOMO and LUMO of the electrolyte). pa and pc
are the chemical potential and ¢ and ¢ are the work function of anode and cathode
respectively. In absence of any passivation layer (SEI), if the chemical potential of
anode is more than the LUMO of the electrolyte, then it will reduce the electrolyte by
transferring the electron to the LUMO of the electrolyte and if the chemical potential
of the cathode is less than the HOMO of the electrolyte, then it will oxidize the
electrolyte by transferring the electron to the cathode from the HOMO of the electro-
lyte. For thermodynamic stability of the battery cell, the following relationship must
hold:e. V,, = ps — pic < AEp; where e is the electronic charge and V,, is the open circuit
voltage of the battery cell. Hence the SEI layer provides the kinetic stability to increase
the V,. provided the solvent window of the electrolyte is not too large and the SEI
layer formation is ensured by either gy > LUMO and or uc < HOMO.

An optimized concentration of ionic liquid as additive to an organic liquid carbon-
ates may tackle the problem of flammability without much compromise in the Li-ion
transport and it also helps in SEI formation that in turn provides protection from the
degradation of electrode surface [72, 73]. In our previous work, an imidazolium-based
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Figure 7.
Schematic open-circuit-diagram of an electrolyte in a thermodynamically stable battery cell. Copyright; veprinted
with permission from ref. [71].
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( a%uGalvanosmtic charging and discharging (100 cycles) of the cells with and without IL with cell voltage between
3.0 Vto 4.0 V and a break plot from 3 to 81 days. The cell with IL (black) provides at least 6 days more service
than without IL. (b) Cyclic discharge curve of the cell in electrolyte without and with IL, (c) SEM micrographs of
both the electrodes before and after cycling, and (d) C 1 s XPS spectra of graphite electrodes with IL and without
IL; copyright; veprinted with permission from vef. [72]. Copyright 2020 Springer Nature.

non-flammable dicationic ionic liquid was synthesized and was used (20 mM) as an
additive to the conventional organic electrolytes for LIBs (Figure 8).

It has been found that the addition of IL enhances the discharge capacity of the
LIBs by 22% and capacity retention is ~73%. The SEM micrographs and XPS study
with IL revealed that a stable SEI has been formed during cycling.

Further, this strategy may further increase the oxidation voltage (lower HOMO
energy) of the hybrid electrolyte from that of the carbonate. Unfortunately, till date
the use of IL as a sole electrolyte for secondary batteries is still a challenge.

5. Theoretical considerations
5.1 Overarching theoretical and computational paradigm

Computational methods have been widely used for the fundamental understand-
ing of many novel materials. Similarly, simulation of the ionic liquids enables
researchers to understand its behavior and tailor its properties. When ILs are used as
solvents in battery electrolytes the charge present in the solute polarizes the solvent
around it, thus a reaction potential acts on the solute which alters its charge distribu-
tion with respect to normal charge distribution in the vacuum. Thus, for the simula-
tions of ILs, the solvent effect is of paramount importance in predicting their
properties. Two different methods have been developed for studying the effect of
solvent on the molecule. One includes consideration of explicit solvent molecules
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around the solute and studying it as a single system. The second method involves the
usage of average properties of solvent with the assumption that the solvent is a
macroscopic continuum medium instead of individual molecules. In the first approach
the number of solvent molecules considered explicitly is limited and with a large
number of molecules it becomes computationally expensive, especially in first princi-
ple calculations. Thus, the second approach is widely used to find the properties of a
solute in the presence of a dielectric solvent using first principle calculations. Many
continuum solvent models have been proposed such as the Apparent Surface Charge
(ASC) method, Born approximation method and so on. One of the widely used
methods is the ASC method. In this method the reactive potential due to the contin-
uum solvent is calculated by considering surface charge density on the boundary of
the solute. The boundaries enclose the cavities which in turn are formed by the
superposition of nucleus centered spheres [74] with Van der Waal radius. The reac-
tion potential is given by Eq. (1)

VRP(7) - L U(?) d% 1)

|7 =5

where o-(?) is the surface charge density and Vgp (7) is the reaction potential due

to the polarized dielectric medium. The ASC method can be further classified mainly
into Polarizable Continuum Model (PCM), Integral Equation Function (IEF)-PCM
and Solvent Model based on Density (SMD). In a PCM based ASC model, the surface
charges are calculated by the Eq. (2)

- —10(Vym — Vgp);
6(5) :8 ( M — RP)m ()
4re on
where, ¢ is the dielectric constant of the solvent, V) is the potential due to the
charge within the cavity [75] and 7 is the normal vector to the surface. Another method
in the ASC is IEF PCM in which the potentials are redefined using green function from
which the surface charges are calculated using a unique solution to the Eq. (3)

Ac=—¢g 3)

where, A and g are the integral operators [76]. The computation used in all the
above ASC methods uses boundary element method in which the surface is discretized
and each discrete surface element is provided with discrete charges thus modifying
the reaction potential given in Eq. (1)-(4)

ve(1) =35 q—ym @

where, g, is the discrete charges present at the center of the surface elements and y

is the number of discrete surface elements on the boundary of the solute [77].

In the PCM and IEF-PCM models, the bulk electrostatic interaction between the
charge in the cavity and the dielectric continuum medium is considered in calculating
the free energy change of solvation. Considerable improvement can be achieved in
SMD, which considers additional interaction parameters accounting for the free
energy change associated with the solvent cavitation (creating void space in the
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continuum media to accommodate the solute), changes in dispersion energy, and local
solvent structure changes. The equation governing this interaction is given by Eq. (5)

AGeps = Y 70As(R) + 7Y _As(R) (5)

The SMD uses an IEF-PCM model for electrostatic interaction along with the free
energy change described in Eq. (5). For AG¢ps (free energy corresponding to cavita-
tion, dispersion and solvent structure) the boundary of the solute is taken at the
Solvent Accessible Surface (SAS) which differs from the actual Van der Waal radii
used in finding the reaction potential as shown in Figure 9.

5.2 First principle calculations: Density functional theory (DFT)

DFT is based on the foundational assumption that uses electron density as the main
variable instead of the many-body wave function of the electrons thereby significantly
reducing the computational complexity of the problem. The basis set is a set of one-
particle functions generally used to build molecular orbitals in DFT to convert the
complex partial differential equations into a simple form of a linear algebraic equa-
tion. Determining the properties of ILs as electrolyte in battery applications can be
done based on experimental as well as computational method, but obtaining valuable
molecular level insights of these properties through first principle methods allow us to
make suitable decisions on the cations and anions to be used and tailor their molecular
structures. These methods are widely used to study the effect of cation and anion, and
their impact on its ESW, Lithium oxidation/reduction rate at the anode/cathode,
Lithium ion conductivity, viscosity, solvation shell constituents etc.

The ESW of an ionic liquid can be calculated by finding the values of HOMO and
LUMO energies or by using the thermodynamic cycle method. This is of great signif-
icance, e.g. for high voltage batteries the main limitation is the narrow ESW of the
conventional electrolytes. In a study performed by Kazebiamnavi et al., both the
thermodynamic cycle and HUMO/LUMO method was used for finding ESW of
methylimidazolium-based cations with different anions, particularly the effect of
alkyl chain length of cation and different anions [78]. Thermodynamic cycle method

» Surface Accessible Surface

Solvent =
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Figure 9.
Different cavity boundary surfaces used in SMD method.
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splits the charge transfer reaction of the solvated species into three reactions that
involve conversion from solvated species to gaseous form, charge transfer reaction of
the gaseous form and solvation of the ionized gas [78-80]. The total free energy for
oxidation/reduction of a species in a solvent medium is calculated using Figure 10.

From the free energy values, the oxidation and reduction potential can be obtained
by Egs. (6) and (7)

By = —(~AGE + AGE; ) [nF (6)

Epy = — (—AGW + AGZ%‘Z) /nF @)

sol

where, AGy.s is the Li/Li + oxidation and reduction Gibbs Free energy and # is the
valency for redox couple (for Li/Li+; n = 1).

In order to include the effect of the polarizable solvent, a PCM model is used and an
iterative self-consistent reaction field (SCRF) is used to calculate the actual charge
distribution in the solute cavity. As a first step, the SCRF involves calculation of charge
density in a solute molecule with vacuum as its surroundings. The same is then used to
calculate the surface charge density that induces the formation of the reaction potential.
This reaction potential is then added to the Hamiltonian and the cycle is repeated until
the difference in total free energy becomes lesser than the tolerance value [81].

The anions, [PF¢]™ and [BF4] ™ have a lower HOMO and higher LUMO energy
when compared to the [OTf]™ and [TFSI] ™ ions. This is mainly due to the fact that in
[PFe] ™ and [BF,]” HOMO and LUMO orbitals are contributed mainly by electroneg-
ative Fluorine atoms, while for the latter two it is distributed all over the molecule.
The ESW was also calculated using the energy gap between HOMO and LUMO energy
levels. It was found that error for thermodynamic cycles peaked up to a value of 15%
but for HOMO/LUMO method it peaked around 50% [78].

Another important factor that affects the properties of the IL is the type of solva-
tion shell formed around the Lithium cation. This solvation shell formed around the
Lithium determines properties such as viscosity and ionic conductivity. A study done
by Angenendt ez al. [82] uses binding energy of the Lithium salt [LiAn1] and Ionic
Liquid anions [An2] "~ as means to determine the stable triplets ([Li (An1) (An2)] ")
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Figure 10.
Thermodynamic cycle method for calculating free energy of oxidation and reduction.
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formed in the solvation shell (An is used as an acronym for anion). The above method
which ignores IL cation interaction is compared with an alternative method which
includes interaction of IL cation, which is implemented by Egs. (8) and (9)

Li — Anl+2Ca — An2 — [Li(An2),]” + Ca* + Ca — Anl (8)
Li — Anl+ Ca — An2 — [Li(An1)(An2)]” + Ca™ 9)

where, An, Ca represents IL anion and cation, respectively. The reaction with
lower free energy determines the stable triplet in a ternary system. Even though BF,~
ions containing triplets were found to be prominent while considering binding ener-
gies with the Lithium salt, the cation interaction makes the BF,~ ion containing
triplets less favorable. Kiratidis et al. [83] have studied the effect of confined ionic
liquids between two surfaces using DFT and found that the surface forces depend on
the bulk density of the ionic liquids as well as on the adsorption potential. They have
also observed a qualitative similarity in the trend of surface forces for neutral and
similarly charged surfaces. Venkataraman et al. [84] have studied the interaction
between Estrone and Imidazolium-Hydrophobic Ionic liquids using B3LYP/6-31G(d)
level of theory. The affinity of Estrone towards the IL with PF¢™ anion is the highest
among all other ILs and the interaction is found to have a non-covalent nature. Chen
et al. [85] have developed an ab initio method to predict the melting point of ionic
liquids. SMD-generic-IL solvation model along with the Born-Fajans-Haber cycle is
used and found to be in good agreement in comparison to the experimental results
with a mean absolute error of 30.5 K and a mean relative error of 8.5%.

5.3 Molecular dynamics studies

Unlike the first-principle methods, MD simulations consider atoms of IL as
charged hard spheres. The partial charges are obtained from the Restrained Electro-
static Potential (RESP) algorithm which involves fitting DFT derived Electrostatic
Potential (ESP) values calculated at different distances from the molecule’s Van der
Waal surface. The fitting is an optimization protocol generally based on the least
square method which minimizes the sum of mean square error between the actual and
fitted potential and a weighted harmonic or hyperbolic function which captures the
difference between target and the fitted charge on each atom in a molecule [86].
These partial charges obtained from first principle calculations can only cover the
coulombic force acting between charged atoms and ignores the change in the charge
distribution within the atoms. Thus, potentials that incorporate the phenomenon of
polarization have been developed for MD simulations of ILs. These potentials can be
classified broadly into non-polarizable and polarizable potentials. In non-polarizable
potential, the partial charge on each atom of the molecule is kept constant throughout
the MD simulation. To incorporate the effect of polarization the partial charge
obtained from the first principle calculations are scaled by a factor less than unity as a
mean field approximation. This model predicted slower dynamics for IL in compari-
son with experimental results [87]. As the scaling factor is determined for a specific
ionic liquid, it lacks transferability between different ILs and it fails to produce good
results in case of IL mixtures [88, 89]. To overcome the above limitations, polarizable
force fields have been developed for MD simulations of ILs. The polarizable force
fields commonly used are Fluctuating Charge method, Drude oscillator method and
Induced point dipole method.
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5.3.1 Induced point dipole method (IPD)

In the IPD method, a point dipole is considered at the center of each atom in a
molecule. For the i™ atom in a molecule the induced dipole moment is given by Eq. (10)

Hi = aET (10)

where, E7 is the total electric field. The total electric field acting on the atom in an
induced dipole method is given by Eq. (11)

N
Er=E - Y Ty (11)
=L

where, E; corresponds to the electric field acting on atom i due to permanent partial
charges and the second term corresponds to the dipole interaction with T;; corresponds to
the dipole- dipole tensor and y; corresponds to the dipole moment of atom . The main

assumption in this model is that the dipole moment is considered isotropic and the model

fails when the distance between two atoms approach 4 (a;a;) "% in case of a two-atom
system. Thus, a Thole damping factor is combined with the standard induced point dipole
model to overcome the problem and this combined model is widely used in MD simulations
for explicitly using polarizable force fields [90]. Bedrov et al. have used APPLE&P [91]
force field to study the effect of the induced point dipole method on the thermodynamic
properties of several ILs. When the induced point dipole interaction is turned off, the
density and the average molecular dipole values are underestimated while the enthalpy of
vaporization increases by 20-30%. This was explained by the larger difference in energy
for the gas phase between polarized and non-polarized force fields in comparison to the
liquid phase. The dynamic properties such as the diffusion coefficient was calculated by the
mean square displacement and fitting it with a linear relation. The diffusion coefficient
calculated using a non-polarizable field was found to have a lower value when compared to
the polarizable fields [92]. The effect of polarizability on the simulation is also observed by
considering the site-site partial radial density function. Due to the screening effect pro-
vided by the polarizable field no oscillations or small peaks were seen at larger distances in
the partial radial density function when compared to the non-polarizable field. In another
study by Zhao et al. [93], a MD simulation with AMBER potential force field (induced point
dipole method) was used to find the effect of pressure on the ionic liquid [C4ymim] [PFs]
and a phase change was observed when pressure increased from 5000 bar to 6000 bar. A
sudden increase in density was observed, which was in agreement with the Raman spec-
troscopy results. Further analysis on the possible conformal change of both cation and
anion have been performed to correlate with the phase change. The anion had the least
effect but the dihedrals of the alkyl chain in the cation changed in such a way that it bends
towards the cationic ring causing an increase in density. The radial distribution function
showed that the atom near to the ring had no change in dihedral angles but the carbon atom
in the farthest of the alkyl chain was displaced a lot towards the ring, thus making ILs with
large cationic alkyl chain easily compressible.

5.3.2 Drude oscillator model (DOM)

In DOM, the polarizability of a given atom with partial charge q is modeled by

—
considering two particles, a mobile drude particle at a distance d;,, carrying a charge
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qa connected by a harmonic spring of spring constant k and a fixed charge of -q,
placed at the center of the atom. The Total electric field E; sr acting on the atom S of
molecule v is given by Eq. (12)

—
IVv,Ii - (m + dw,y)l

—\ |3 (12)
Pod — (o + duy )

vﬁT v/)‘"‘qdzzlrvﬂ_rwyl

v (T — wa’

where, E, 4is the electric field acting on the atom f due to the partial charges of the
atoms y in different molecules w and the second term corresponds to the electric field
acting on the atom f due to the drude pairs. The force acting on the drude particle can
be represented by Eq. (13) [94].

4 Evpr = kd,p (13)

When this electric field acts on the drude particle, it oscillates about a point at a

distance EU,[; from the center of the atom from which the average induced dipole
moment can be obtained. The average isotropic dipole moment on atom f is given by
Eq. (14)

oy = 14°E A olt (14)

Taylor’s expansion with an assumption of negligible distance between the atom
and drude particle, reduces Egs. (12) to (11). As the deflection of the spring can be
resolved into its three cartesian coordinates, it incorporates anisotropy in the polari-
zation of the atom which offers an advantage over the previous method [95]. Schroder
et al. [96] have studied the effect of DOM polarization and compared it with non-
polarizable and charge-scaled model on 1-ethyl-3-methylimidazolium trifluorometha-
nesulfonate. The study revealed that charge-scale method could be used to determine
collective dynamics of ILs such as diffusion coefficient of ions in IL. But the local
dynamics such as the atomic and molecular dipole values and anion positioning
around the cation in first solvation shell were well represented by the DOM.
Schmollngruber et al. [95] compared the effect of IPD and DOM polarization methods
on IL with EMIM" cation and CF3SO; ™ anion. In cases of smaller values of polariz-
ability, both the model predicts similar trends for properties such as ion-pair polariz-
abilities, mean squared displacement values and the coordination of anions around the
cation. At high polarizable levels the models tend to deviate and the IPD model have
higher impact on the properties of the simulated ionic liquid.

5.3.3 Fluctuating charge model (FCM)

In all the above cases the dipoles are induced using drude particles or atoms that
have induced dipole moment while the actual charge on the atom remains fixed
throughout the simulation. In the FCM the charge on each atom in the molecule is
changed every timestep in such a way that the potential energy is minimized. The
Lagrangian multiplier method is used to find the minimal combination of partial
charges on the atom based on the constraint that the sum of charges on the atoms in a
molecule is constant. This indirectly specifies that in this model the electronegativity
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of every atom in the molecule is considered as constant, thus also referred as charge
equilibration or chemical potential equilibration model [97]. Cavalcante et al. [98]
have studied the effect of FCM polarization in the structural rearrangement of anions
(PFs™ and Cl7) around the cations (1-ethyl-3-methyimadazolium, 1-butyl-3-
methyimadazolium). The cations were simulated as non-polarizable molecules while
the polarizability model was applied to the cations. The parameters such as electro-
negativity and hardness used in FCM was calibrated using Mulliken charges obtained
by quantum chemical calculations at the MP2 level, with the basis function 6-311G*.
The fixed charge model placed the anions around the C2 carbon atom in imidazolium
ring. After introducing polarizability in the cations, the high probability region for the
position of the anions shifts off-plane (away from the plane of the ring) and is further
placed above and below the ring center. This position of PF¢  ions are in accordance
with the experimental results. Apart from structural aspects it could also reproduce
the natural trend of diffusion coefficients with increase in their melting point.

5.4 Monte Carlo (MC) simulations

The main difference between the MD and MC simulation is that the former
method tries to trace the exact trajectory of the atoms while the latter deals with only
the equilibrium states and the simulation proceeds by sampling microstates following
different functions depending upon different ensembles being used. MC simulation
involves performing the metropolis algorithm. A lattice is chosen for defining the
sites, on which the events of the process to be simulated, are performed. The events
are chosen in such a way that the probability of acceptance of any event P, is given
by Eq. (15)

Puoe = min {1, x} (15)

where, x is the ratio of probabilities of the new and the old state. The function used
to calculate x depends mainly on the type of ensemble being used.

Phase equilibrium of the electrolytes is one of the factors that decides the operating
range of the electrolyte in terms of operating temperature [99]. For phase equilibrium
calculations using MC, NPT, Grand Canonical (GC) and Gibbs ensemble MC simula-
tions are found to be suitable ensembles rather than canonical ensembles. In the grand
canonical model, a generalized form of canonical ensemble is developed by keeping
the system in an ideal gas reservoir in such a way that the system volume is kept
constant while the number of particles within the system is allowed to change by
accepting or donating particles to the ideal-gas reservoir. The events in this ensemble
involve all the events in the canonical ensemble (particle displacements within the
system) along with insertion and rejection of particles from the system.

In a study by Rane et al. [100] the standard GCMC method is extended for ionic
liquids by considering separate ideal gas reservoirs for cations and anions and to
maintain neutrality the insertion of ion-pair took place simultaneously. In order to
eliminate low acceptance probability, instead of choosing the insertion sites randomly,
it is based on distance biasing insertion/deletion methods. In this method, the first ion
insertion site is randomly chosen while the site for the counter ion is chosen with a
probability which decreases exponentially with increasing interionic distance.
Restrictive Primitive Model (RPM), a simple model, which assumes ions as small
spheres was used to simulate the liquid-vapor phase change of the ILs and the above
GCMC method was found to be efficient for this study.
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The temperature at which the phase transformation in RPM occurs does not
provide enough driving force for the single ions to move from one lattice site to the
other, making the equilibration of the system a time-consuming process. Orkoulas
et al. [101] added new MC multi-particle movements for canonical ensemble steps,
where a low density induces a ion-pair movement in contrast to the cluster movement
at high density regime along with the distance biased insertion and destruction of the
ion pairs for GCMC Simulations. The dipole and cluster movement led to equilibration
of the system within 5x10°> MC steps with smaller total energy compared to the normal
simulation with single ion movements which could not converge.

In the NPT model, the system to be simulated is kept isolated but in thermal and
mechanical contact with an ideal gas reservoir. A study was done by Shah [102] on
1-n-butyl-3-methylimidazolium hexafluorophosphate using NPT ensemble. Apart
from the combined displacement of ion pair movement described in the Canonical
ensemble a volume change Monte Carlo move was also carried out for every two
cycles. The molar volume calculated was within 5% of the experimental values. The
method also shows good agreement for values such as isothermal compressibility and
cubic expansion coefficient with experimental results.

One of the widely used MC methods for phase equilibrium calculation is the Gibbs
Ensemble Monte Carlo (GEMC) simulation. Here a constant volume is divided into
two regions with each region allowing particle transfer interaction, volume change
and particle movement within each other thus having events belonging to both NPT
and GCMC simulations. However, the method used for ionic liquids involves transfer
of single ions with a background charge to maintain neutrality [103]. Orkoulas et al.
[101] extended the distance biased ion-pair insertion method to GEMC and found that
the results produced were in agreement with the conventional GEMC for RPM with
increased efficiency.

6. Future perspectives

Rechargeable LIBs are the suitable systems to store energy for powering electric or
hybrid vehicles. They have very high energy density, capacity and efficiency among
all commercially available electrochemical storage systems. The technologies of LIBs
have reached a very advanced stage [104]. The safety concerns towards the flammable
nature of conventional electrolytes may be tackled to a great extent by using ILs as
additive to them. There is a great future scope and a dream to use ILs as a sole
electrolyte (ILs-based gels or polymer electrolytes) containing lithium salts in combi-
nation with the advanced electrode materials to provide high thermal stability. In
order to fulfill this dream, one needs to exploit the underlying thermodynamic and
kinetic stabilities of these ILs with respect to electrode materials. Some task specific
ILs may be designed which will facilitate the formation of SEI layer to protect the
electrodes during the charge discharge cycle of the battery cell. Customizing the
cations and anions of the ILs used in LIBs, one may fine tune the SEI formation during
charge -discharge cycle. Also, there is a need for the development of an alternative to
the aluminum as current collectors because it has tendency to corrode at high operat-
ing voltage of LIBs. Although the typical ILs used in LIBs are hydrophobic, the
dissolved lithium salt makes them very water sensitive. To tackle this problem, new
salts may be designed as an alternative to the presently used lithium salts. ILs presents
plausible future solutions to the problems encountered during the high-power
demand at the start-up and acceleration in electric or hybrid vehicle technology.
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7. Conclusion

ILs are very attractive candidates for electrolyte and electrolyte-additive owing to
their highly customizable configurations leading to unique electrochemical properties
that are of great importance for high performance LIBs. ILs have many desirable
properties such as (i) very negligible vapor pressure, (ii) high thermal stability, (iii)
wide electrochemical window, (iv) tunability, (v) non flammability, and (vi) envi-
ronment friendly. Some of the representative ILs used as electrolytes in rechargeable
batteries with corresponding electrochemical systems have been tabulated. Schematic
open-circuit-diagram of an electrolyte and SEI formation in a thermodynamically
stable cell has been discussed from the viewpoint of electronic energy levels. Simula-
tions of the ILs to understand and exploit the solvation effect is of paramount impor-
tance in imparting performance enhancement in LIBs and their properties. The first
principle methods have been widely used to study the effect of cation and anion used,
on its ESW, Lithium oxidation/reduction rate at the anode/cathode, Lithium ion
conductivity, viscosity, solvation shell constituents. An iterative SCRF can be used to
calculate the actual charge distribution in the solute cavity. Typical error in ESW
estimation by thermodynamic cycles method is ~15% while that for HOMO/LUMO is
~50%. Non-polarizable model predicts slower dynamics for IL in comparison to the
experimental results. A scaling factor, accounting for partial charge, is determined for
a specific IL therefore, it lacks transferability between different ILs and it fails to
produce good results in case of IL mixtures. The Drude oscillator model incorporates
anisotropy in the polarization of the atom, which is advantageous over the IPD
method. Phase equilibrium calculations using NPT, Grand Canonical and Gibbs
ensemble MC simulations are found to be suitable rather than canonical ensembles.
The ion-pair and cluster movement leads to equilibration of the system within rea-
sonable (5x10°) MC steps with smaller total energy compared to the normal simula-
tion. GCMC and GEMC simulation can also be modified with the ion-pair and cluster
movement and are more efficient for phase transformation simulation.
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Chapter 4

Perspective Chapter: Applications
of Novel Ionic Liquids as Catalyst

Ganesan Kilivelu

Abstract

Ionic liquids have much interesting attention in the area of biomedical and it’s an
alternative to traditional organic solvents owing to their unique chemical, physical
properties and environmentally eco-friendly catalytic responses. Ionic liquids have
distinct properties like tunability that allows their physical and chemical behaviors to
be changed as desired by changing the organic cations with inorganic anions or
inorganic cations with organic anions or both cation and anion from organic moieties.
Most of the organic reactions are carried out with assistance of catalyst, usually
commercially available catalyst are very expensive, more hydroscopic in nature, ther-
mally unstable and very difficult to recycle them but ionic liquids are acted as poten-
tial Lewis acidic behaviors, thermally stable, easily recycle inexpensive compared to
commercial catalyst and easy to prepare electrically neutral organic cation which are
loosely bind with inorganic anions, and organic (pyridinium/imidazolium/
piperidinium) cation could be easily accelerate (or) activate the functional group for
most of the organic reactions. Hence, ionic liquids plays a vital role in modern organic
synthetic field and may be inevitable in future research.

Keywords: substituted dimeric imidazolium cation, trimeric imidazolium salt,
catalyst regenerations, pyrimidine derivative, one pot preparation

1. Introduction

Ionic liquids have attracted increasing interest from chemist in the last few decades
because of their distinguishable properties including chemical stability, non-
flammability, non-volatility and high thermal stability. Commercially available cata-
lysts are very expensive, more hydroscopic in nature, thermally unstable and very
difficult to recycle, whereas ionic liquids are thermally stable, easily recyclable, inex-
pensive compared to commercial catalyst, easy to prepare and have potential Lewis
acidic behavior and so, nowadays it plays a vital role in catalysis. Ionic liquids are
electrically neutral molecule consist of organic cations which are loosely bind with
inorganic anions, hence organic pyridinium/imidazolium/piperidinium cation can
easily accelerate (or) activate the functional group in most of the organic reactions.
Most of the organic reactions are carried out with the assistance of catalyst [1, 2]. for
example, in one pot preparation of 3,4-dihydro-3-substituted oxazine derivatives at
room temperature, 1-ethylimidazolium sulphonate is used as a catalyst [3]. Acid based
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bifunctional pyridinium salt used as a catalyst in Knoevenagal condensation reaction
with and without solvent [4]. N-Methyl pyridinium bromide acted as highly efficient
reagent for aliphatic nucleophilic substitution reaction of sulphate aryl substituted
aliphatic ether [5]. 1,4-Diazobicyclo[2.2.2]octane based quarternary ammonium bro-
mide which is recyclable, cheaper and environmentally friendly are used in the prep-
aration of bisnapththolmethane [6]. Chiral biaryl aluminate anion with imidazolium
salt showed excellent catalytic response for asymmetric Baeyer-villiger oxidation with
higher percentage of conversion [7]. Preparation of hydroxyl methyl substituted fur-
fural in higher yield with shorter reaction time is achieved in the presence of chiral
dimeric ionic liquids [8]. Bronsted acidic ionic liquid is used as a catalyst in the
preparation of pyridylimidazopyridine [9].

Lewis acid accepts the pair of electrons to attain the octet electronic configuration.
Acid is the electron deficient positive charged species that accepts the electrons to
form a covalent bond. Base is the electron rich negative charged species that donates
to electron deficient ions to form a covalent bond. Organic molecule containing
electro positive nitrogen are acted as second-generation Lewis acid. Lewis acid such as
ZnCl,, BF3, SnCl;, AlCl; and CH3AICI, catalyze the reaction between electron rich
diene and electron deficient dienophile and also catalyze the inverse electron demand
Diels Alder reaction. In most of the organic reactions like Aldol condensation reaction,
Friedel craft alkylation and acylation, carbon- carbon (or) carbon-nitrogen/carbon-
sulfur/carbon-oxygen bond formation can be catalyzed by Lewis acid. Most of the
organic reactions are carried out with polar/non-polar organic solvents rather than
water, because the reactants are insoluble/sparingly soluble or unstable/decompose in
water. Now a days, despite few disadvantages, water plays a crucial role as a solvent
for organic reactions due to its more polar nature, environment friendly, non-toxic,
moderate boiling solvent, easily available and more abundant solvent in the earth. In
recent years, lonic liquids became a very interesting area of research in catalysis, drug
delivery system and electro chemical aspects. ionic liquids are excellent alternate for
the toxic organic solvents because of its low volatile nature, thermally stable and non-
toxic nature. In this book chapter, we will discuss about the catalytic importance and
plausible organic reaction mechanism of novel mono, di and trimeric imidazolium and
pyridinium salts (ionic liquid) as a catalyst in Aldol condensation, Biginelli reaction,
Erlenmeyer reaction, Mannich reaction and Pechmann reaction.

2. Novel 6,6’-(butane-1,4-diylbis(oxy) )bis(methylene)bis
(2,4-dimethyl-3-nitro-1-(4-nitrobenzyl) pyridinium) bromide used as a
catalyst in Aldol condensation reaction

In Aldol condensation reaction, B-hydroxy derivatives are formed from a-hydro-
gen containing aldehyde (or) ketone in the presence of strong alkali. In this reaction,
strong alkali abstracts the proton from a-hydrogen containing carbonyl compound
and carbanion will attack another carbonyl group to form p-keto derivatives. There
are two types of Aldol condensation reaction (simple and mixed Aldol condensation
reactions). If both the reacting substrate are similar, then it is called simple Aldol
reaction and if two different a-hydrogen containing carbon compounds are involved,
then it is called mixed Aldol condensation reaction (Figure 1). a-Hydrogen containing
aliphatic aldehydes are more reactive than the a—hydrogen containing ketones. In
mixed Aldol condensation reaction, one a-hydrogen containing aliphatic aldehyde can
react with or without a-hydrogen containing carbonyl compounds. The presence of
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Figure 1.

Mixed Aldol Condensation reaction.

Lewis acid enhances the carbanion attack with (or) without a-hydrogen carbonyl
compound in Aldol condensation reaction.

In the above reaction, a very expensive chiral catalysts are used to prepare a-
hydroxy derivatives. Simple Aldol condensation reaction is more advantageous than
the mixed Aldol condensation [10, 11].

Lewis acid facilitates the carbonyl compound to attack enolate nucleophile.
Hongxin Liu and co-workers used very expensive catalyst which consumes longer
reaction time and lesser B-hydroxy derivates [12]. The literature shows that catalyst
such as TiCl,, AlCls, BF3, AICl; or ZnCl, are used in Aldol condensation reaction.
These catalysts activate only one carbonyl compound to facilitate the enolate attack
(Figure 2) whereas, dimeric pyridinium salt in a very low concentration i.e. one
equivalence of pyridinium salt activates two equivalence of carbonyl compounds
(Figure 3). After completion of inter (or) intra-molecular Aldol condensation reac-
tion, the catalyst is easily recovered, recycled and used upto four cycles [13].

H 0, H
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- \\
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Figure 2.

Feasibility of nucleophilic attack.
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Figure 3.

Aldol condensation catalyzed by dimeric ionic liquid 1.
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Plausible mechanism for benzoxazole formation with trimeric imidazolium salt 2.
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2.1 Novel 3,3'-(2,4,6-trimethyl-5-((2-methyl-5-nitro-1H-imidazol-1-ium-3-yl)methyl)-
1,3-phenylene)bis(methylene)bis(1,2-dimethyl-5-nitro-1H-imidazol-3-ium)
bromide as a catalyst in the preparation of benzoxazole

Synthesis of dimeric and trimeric substituted imidazolium cation with different
anion is carried out using easily available starting materials under conventional as well
as solvent free solid supported method [14]. Benzoxazole and its derivatives are pre-
pared using very low concentration of catalyst (dimeric/trimeric substituted
imidazolium salts). Trimeric imidazolium salt showed excellent catalytic response than
the dimeric substituted imidazolium salts. 0.33 equivalent of trimeric substituted
imidazolium salt is sufficient to accelerate the benzoxazole formation where as other
catalyst requires equal molar ratio. Benzoxazole and its derivatives are prepared by
reaction between substituted aryl aldehyde and 0-amino phenol (or) 0-amino thiol in
the presence/absence of solvents. With the required equivalence of starting materials, in
the absence of catalyst for 10 hours gives only 48% of yield whereas addition of catalyst
{trimeric imidazolium salt (2.2458 x 10~* mmol)} in CH5CN solvent under refluxing
condition for 30 min. gives 89% of benzoxazole derivatives. From the above reaction,
trimeric substituted imidazolium salts activate three equivalence of substituted aryl
aldehyde and then o-phenol is more facile for cyclization (Figure 4). Same benzoxazole
and its derivatives are prepared using trimeric substituted imidazolium salts in the
absence of solvent and reaction is completed in shorter reaction time with the higher
yield and with the easy purification process. It is environment friendly due to the
absence of solvent. Benzoxazole is prepared with optimum concentration of trimeric
substituted imidazolium salts in the presence of polar and moderately polar solvents
such as CHCl;, THF, Acetone, C;HsOH and DMSO. Among these solvents, DMSO
showed higher percentage of benzoxazole formation in shorter reaction time [15].

2.2 Biginelli reaction catalyzed by novel 2,2’-(butane-1,4-diylbis(oxy))bis
(1-(4-nitrobenzyl) pyridinium) bromide

Preparation of pyrimidone derivatives from one pot multi component reaction
using ethyl acetoacetate, diamide and simple/substituted aryl aldehyde with the assis-
tance of Lewis acid. The literature shows that, the Biginelli reaction required longer
reaction time, expensive catalyst and gives very low percentage of yield [16-19].

Preparation of pyrimidine derivatives from conventional method [6] takes
24 hours to complete the reaction, whereas flexible dimeric pyridinium cation as
catalyst showed excellent catalytic activity even at very low concentration by
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Pyrimidone formation under Biginelli reaction.
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activating the substituted benzaldehyde even in half the equivalence of dimeric
pyridinium salts (Figure 5). In this reaction (Figure 6), various counter anions such
as Br, BF, ", PF¢~ and CF3SO; ™ are used. Among these, bromide counter anion
containing flexible dimeric pyridinium cation showed effective catalysis. Here, the
size of the counter anion plays a crucial role in catalytic response. Bromide counter
anion containing dimeric pyridinium cations are freely available, which in turn easily
activate the simple/substituted aryl aldehyde when compared with other counter
anions [20].

2.3 Novel 1,1',1"-(2,4,6-trimethylbenzene-1,3,5-triyl)tris(methylene) tris
(4-(4-nitrophenyl)pyridinium) bromide as a catalyst Erlenmeyer reaction

Preparation of benzylidene oxazolone by Erlenmeyer reaction is carried out
between aryl aldehyde and hippuric acid in the presence of anhydrous K,CO3 and
acetic acid without any catalyst at room temperature for 5 hours. There is no interest-
ing findings are observed. Some of the recent report states that, benzylidene
oxazolone derivatives are also prepared using special reaction setup with higher con-
centration of ionic liquids (20%) at high temperature using expensive catalyst [21-23].
Hence, 4-Nitro benzyl substituted monomeric, dimeric and trimeric pyridinium bro-
mides are tried as a catalyst for Erlenmeyer reaction. 4-Nitro benzyl substituted
pyridinium salts showed excellent catalytic response and suitable for Erlenmeyer
reaction when compared with other literature catalyst due to inexpensive starting
material and stability. 5.7 x 10> mmol. concentration of 4-nitro benzyl substituted
pyridinium salt is sufficient to complete Erlenmeyer reaction in short time at room
temperature with higher yield. 4-Nitro benzyl substituted trimeric pyridinium cation
showed excellent catalytic activity than the 4-nitro benzyl substituted dimeric
pyridinium salt. Dimeric pyridinium salt showed good catalytic response than the
monomeric substituted pyridinium salt. One equivalence of 4 nitro benzyl substituted
pyridinium cation will activate three equivalence of carbonyl compounds (Figure 7),
hence 0.33 equivalence of 4-nitro substituted trimeric pyridinium cation is sufficient
for Erlenmeyer reaction [24].

2.4 Novel 1-benzyl-2-methoxypyridinium bromide and 1-benzyl-
2,6-dimethoxypyridinium bromide as a catalyst in Mannich reaction

Aliphatic triaryl amine is one of the most important functional groups in the active
pharmaceutical ingredients because of its interaction via H-bond donor/acceptor with
the target binding site. Hence, f-amino carbonyl compound containing triaryl amine
plays a crucial role in medicinal chemistry. One pot preparation of oxirane derivatives
from easily available aryl amine, phenol and paraformaldehyde (Figure 8).

2-Methoxy benzyl substituted pyridinium salts showed excellent catalytic proper-
ties than the 2, 6-dimethoxy benzyl substituted pyridinium salts. In the catalyst,
methoxy group acted as an electron donating group. If electron withdrawing group is
more in the Lewis acid, then the activation of carbonyl group may be less or inactive.
So, 2, 6-dimethoxy benzyl substituted pyridinium salts catalytic activity is lesser than
the 2-methoxy benzyl substituted pyridinium salts. Different inorganic counter
anions such as Br~, BF,, PFs~ and CF3;S0;" containing 2-methoxy benzyl
substituted pyridinium salts plays a crucial role in the activation of carbonyl group
because of its bulkier (or) less electro negative nature. The pyridinium carbon is freely
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Figure 8.
Mannich reaction catalyzed by monomeric pyridinium ionic liquid 4.

available and its easily bind and activate the carbonyl compounds. The Mannich
reaction is tried with 2-methoxy benzyl substituted pyridinium cation with Br~, BF, ",
PFs~ and CF3SO; . Among the catalyst, bromide counter anion containing catalyst
showed excellent catalytic response than the BF,, PFs~ and CF3SO3 ™. The catalytic
efficiency depends on electron deficient and freely available pyridinium cation [25].
One pot multi component Mannich reaction is carried out with the assistance of
flexible longer alkyl chain containing substituted dimeric imidazolium cation with
various counter anions (Br~, BF,~, PFs~ and CF3SO; 7). Flexible dimeric substituted
imidazolium cation acted as a potential catalyst when compared with 2-methoxy
benzyl substituted pyridinium cation. One equivalence of flexible dimeric substituted
imidazolium cation catalyst activates two equivalences of carbonyl compound. The
catalytic efficiency of flexible dimeric substituted imidazolium cation with bromide
anion showed excellent catalytic response than the others. 1.66 x 10~* mmol. (opti-
mum concentration) of catalyst is sufficient to form Mannich product with shorter
reaction time. Reuse of flexible dimeric substituted imidazolium salts showed same
efficiency even after fourth cycle [26]. Substituted oxazine derivatives are acted as an
important candidate in the area of medicinal industries [27, 28]. One pot multi com-
ponent preparation of oxazine derivative of naphtho hetrocyclic substituted com-
pounds using various Lewis acids and Ionic liquids showed poor yield and longer
reaction time [29-31]. 1,2-Dimethyl benzyl substituted imidazolium salt is used as a
third generation Lewis catalyst for the preparation of naphtho heterocyclic substituted
oxazine derivatives instead of expensive/inexpensive catalyst which gives poor yield
with longer reaction time. 1,2-Dimethyl benzyl substituted imidazolium cation
showed shorter reaction time and higher yield due to its effective activation of car-
bonyl compound (Figure 9). The efficiency of the recycled catalyst is also the same
even after the fourth cycle [32].

2.5 Novel 5-methyl-2-nitro-3-(4-nitrobenzyl)-1H-imidazol-3-ium bromide as a
catalyst in Pechmann reaction

2-Methyl-5-nitro substituted imidazolium salts are prepared by conventional and
solid supported muffle furnace method. Quartinization of 2-methyl-5-nitro imidazole
with benzyl bromide/4-nitro benzyl bromide under reflexing condition requires
13 hours for completion, whereas solvent free Muffle furnace method requires only
1/4th of reaction period. Electron Donating/electron withdrawing substituent
containing phenol (Figure 10) is treated with ethyl acetoacetate in the presence of
optimum concentration of 2.0128x10* mmol. afforded substituted chromenone deriv-
atives. 4-chloro phenol is treated with ethyl acetate along with 2.0128 x 10~ * mmol. of
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2-methyl-5-nitro substituted imidazolium type of ionic liquids as a catalyst and gives 6-
chloro-4-methylchromenone derivative in 80% of yield in 30 minutes. Whereas, same
optimized concentration of 2-methyl-5-nitro substituted imidazolium type of ionic liq-
uid is used in the reaction between 4-nitro phenol and ethyl acetoacetate and afforded
75% of Pechmann product (Figure 11) in longer reaction time [33].

Pechmann reaction is tried with various concentrations such as 8.385 x 10> mmol.
1.3418 x 10~ * mmol., 2.012 x 10~ * mmol. and 2.683 x 10~ * mmol. Among these
concentrations, 2.012 x 10~ * mmol. of catalyst showed higher percentage of conver-
sion with shorter reaction time. There is no appreciable progress in both reaction time
and percentage of yield, when increasing the concentration of the catalyst to
2.683 x 10~* mmol. so the optimum concentration of the catalyst is 2.012 x 10~ *
mmol. for Pechmann reaction. Preparation of 6-chloro-4-methyl chromonone deriva-
tive from required equivalence of starting materials in various solvents such as THF,
acetone, ethanol, methanol and DMSO. Among these solvents, DMSO showed higher
yield with shorter reaction time compared with other solvents.

2.6 Preparation of Xanthene and its derivatives using novel 3,3',3"-(2,4,
6-trimethylbenzene-1,3,5-triyl)tris(methylene)tris(1,2-dimethyl-
1H-imidazol-3-ium) as a catalyst

Xanthene and its derivatives play a crucial role in pharmaceutical applications as
analgesic, antiviral, antibacterial and anti-inflammatory drugs [34-36]. One pot prep-
aration of benzoxanthene and its derivatives in the presence of various expensive and
nano-particle supported catalyst [37-41]; and it has some limitations such as very high
toxic halogenated solvents, high reaction temperature, tedious purification procedure
and very low percentage of conversion. 2:1 ratio of p-naphthol and simple/substituted
benzaldehyde with or without catalyst in the presence or absence of solvent afforded
aryl substituted benzoxanthene and its derivatives [34-36]. The reaction is tried with
electron donating/electron withdrawing substituted containing aryl aldehyde with
two equivalence of p-naphthol. In these reactions, the electron withdrawing substitu-
ent containing aryl aldehyde reacts faster than the electron donating substituent
because of the carbanion in f-naphthol which easily attack more electro positive
carbonyl carbon of aryl aldehyde. The $-naphthol carbanion is much more facile to
attack, if the catalyst is trimeric substituted imidazolium salts. In benzoxanthene and
its derivates preparation, various polar and non-polar solvents are tried under con-
ventional method. Dimethyl sulphoxide (DMSO) solvent showed excellent response,
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such as higher yield in shorter reaction time when compared with other solvents such
as THF, ethyl alcohol, chloroform and acetone [32]. In f-naphthol, hydroxy group is
an electron donating group, hence, it is acted as 0 and p-directing group for aromatic
electrophilic substitution reaction. In this regard, para position is already substituted,
only two possible positions are available to make C-C bond formation with aryl
aldehyde. The C-C bond formation is mostly at the first position of f-naphthol
(Figures 12 and 13).

3. Conclusions

Mono, di and trimeric imidazolium and pyridinium salts are more useful in catal-
ysis to prepare biologically important intermediate and target molecules from novel
synthetic methodology. We have synthesized novel mono, di and trimeric
imidazolium and pyridinium salts (ionic liquids) and used these ionic liquids as a
catalyst in the following reactions. Oxazolone derivatives which has antibacterial,
anti-inflammatory, anti-fungal and immunomodulatory properties are prepared by
Erlenmeyer reaction with the assistance of trimeric nitro substituted pyridinium salts
as catalyst with higher yields. Inexpensive flexible dimeric nitro substituted dimeric
pyridinium salts are used in the preparation of biologically active p-hydroxy
substituted alkanal in excellent yield. In one pot multi component reaction, oxirane
and its derivatives are prepared by Mannich reaction in the presence of very low
concentration of recyclable 2-methoxy benzyl substituted pyridinium salts under
normal reaction condition. In general, Biginelli reaction requires longer reaction time
and gives moderate yield even in the presence of expensive catalyst. Whereas, inex-
pensive, recyclable flexible longer alkyl chain linked dimeric pyridinium bromide
gives excellent response. Flexible longer alkyl chain linked methyl substituted
imidazolium bromide acted as an excellent Lewis catalyst for Mannich reaction in the
formation of xanthene and its derivatives. 1/3rd of 2.245 x 10~ *mmol. concentration
of trimeric mesityl core connected imidazolium bromide is sufficient to prepare
benzoxazole and its derivatives. In Pechmann reaction, minimum concentration of
monomeric, dimeric and trimeric substituted imidazolium/pyridinium salts showed
excellent catalytic response.
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Chapter 5

Iron-Based Ionic Liquids for
Magnetic Resonance Imaging
Application

Praveen Singh Gehlot and Arvind Kumar

Abstract

In the biomedical treatment, identification of diseases and their diagnosis are
running with help of many biomedical techniques including imaging such as magnetic
resonance imaging (MRI). MRI technique requires an identification of targeted cell or
lesion area which can be achieved by contrast agent. For clinical use, T; positive MRI
contrast agents and T, negative MRI contrast agents are being used. However, these
contrast agents have several drawbacks such as toxic effect of metal centre, poor
resolution, weak contrast, low intensity image and short signal for long-term in vivo
measurement. Therefore, development of new contrast agents is imperative. lonic
liquids with their unique properties have been tried as novel contrasting materials.
Particularly, iron-containing amino-acid-based ionic liquids or amino-acid-based
paramagnetic ionic liquids (PMILs) have been reported and demonstrated as MRI
contrast agents. These PMILs have shown superior features over reported contrast
agents such as dual-mode contrast, biofriendly nature, involvement of non-toxic
magnetic centre (Fe), stable aqueous solution, better image intensity at low concen-
tration level and easy to synthesis. PMILs have been characterized well and studied
with animal DNA using various techniques. The result revealed that animal DNA is
remain safe and stable structurally up to 5 mmol.l *. These cost-effective PMILs
opened the greater opportunity in the field of contrast-based biomedical applications.

Keywords: ionic liquids, paramagnetic, contrast agents, magnetic resonance imaging,
MRI, relaxitivity, DNA

1. Introduction

It is well known that, among various biomedical imaging modalities, magnetic
resonance imaging (MRI) is one of the most powerful, ionizing-radiation-free and
non-invasive imaging technique, and principally it resembles NMR (Nuclear Magnetic
Resonance) technique. Image is formed by spatially encoding NMR signals received
from the proton relaxation of the molecules under applied magnetic field [1, 2].
During imaging, the identification of targeted cell or lesion can be visualized by using
some of tracking or sensing agent. In the X-ray techniques, BaSO, will be used to
enhance the contrasting level and make difference in brightness of background to
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target or lesions area. Similarly, in the magnetic resonance imaging (MRI) technique,
MRI contrasting agents are widely used to boost up the image sensitivity and achieve
anatomical differentiation or detection accuracy by enhancing the contrast of the
image. According to the nature of generating contrast, MRI contrast agents used
clinically are T; MRI contrast agents and T, MRI contrast agents. T; contrast (positive
contrast) enhances brightness in T;-weighted images; however, T, contrast (negative
contrast) enhances darkness in T,-weighted images [2]. Clinically used contrast agent
is mostly composed of gadolinium metal ion. These contrast agents are metal-ligand
structure. Gadolinium-based contrast agents (GBCAs) show T positive contrast dur-
ing imaging process [3]. Most commonly, a contrast agent exhibits either T; or T,
contrasting nature in domination, but recently dual-contrasting nature in single agent
with significant T, and T, relaxivity values has been reported. Most of these dual-
contrasting agents are either multi-layered core-shell nanoparticle or nanoparticle-
Gd-chelate complexes which need a highly precise multistep and sophisticated syn-
thesis procedure [4, 5]. But at present, none of the dual (T; and T,) contrasting agents
are commercially available for MRI diagnosis. For GBCAs, it is reported that a sever
nephrogenic systemic fibrosis (NSF) complication is recently recognized. Deposited
Gd metal ion can induce critical clinical problems such as chronic kidney disease
(CKD) and acute kidney injury, etc. to the patient [6]. Thus, in short, there are
adverse effects of such contrast agents which are dominant and need to remove or
overcome these obstacles either in performance or heath issues. For sake of knowl-
edge, the contrast agents can be grouped broadly into three categories depending
upon their function and nature of contrast. T; contrast agent: gadolinium
(Gd)-chelate-based contrast agents (GBCAs) such as Magnevist®, Dotarem® and
Omniscan™ are commonly used in daily present clinical practice for T, contrast in
most of clinical aspects [5]. The Magnevist is ionic contrast agent and has N-
methylglucamine counter positive ion. It is used for the visualization of abnormal
vascularity. However, these GBCAs have higher osmolality values [7]. Theoretically,
the origin of T, response is related to the longitudinal relaxivity (r;) of aqueous
solutions metal-ligand-bearing contrast agent. The main parameters such as the num-
ber of water molecules in the first coordination sphere of the metal ion(q), their
residence time in the first coordination sphere (ty) and the molecular tumbling time
(tr) are optimized to determine the value of rl. These parameters are related to water
exchanging process between the first coordination sphere of paramagnetic metal ions-
ligand moiety and the surrounding water [8]. Most of GBCAs for which q value falls in
the range of 1-3 have sufficient thermodynamic and kinetic stability [9, 10]. T,
contrast agents: superparamagnetic iron oxide nanoparticles (SPIONs)-based contrast
agents such as Resovist®, Feridex® and Gastromark™ are commercially available and
clinically approved T, contrasting agents. They have higher relaxivity value and
considered as negative contrast agent due to enhancement of darkness in T, images
[11, 12]. To prevent agglomeration, either each of these particles is covered with a
core-shell or magnetic crystallite embedded in a coating. For example, ferumoxide is
made from dextran, whereas ferumoxsil is made of siloxanes. Size of the core deter-
mines the relaxivity property of particle. Here also, parameters such as to r; are
governed transverse relaxivity (r,), which is further related to T, contrast. The relax-
ation induced by superparamagnetic particles can be explained by the classic outer-
sphere relaxation theory [13]. According to this theory, the relaxation rates of water
protons diffusing nearby the unpaired electrons present in paramagnetic ions are
responsible for the particle’s magnetization [14]. Enhancement in T, relaxation
increases with the particle size [15, 16]. Therefore, SPIOs were firstly developed as T,
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contrast agents due to their larger size [17]. According to the overall size of the
particles, superparamagnetic iron oxides are classified [7]. Ultra-small superpara-
magnetic iron oxide (USPIO) nanoparticles [18] have a diameter less than 50 nm,
whereas small superparamagnetic iron oxide (SSPIO) nanoparticles have size between
1 mm and 50 nm. Micron-sized particles of iron oxide (MPIO) nanoparticles are large
particles with a diameter of several microns. Since T;- and T,-weighted contrast
agents exhibit great response and possess unique qualities, but there are some reports
which have described their limitations. Therefore, synergic integration of these two
functions (T; and T,) for MRI is expected to get more comprehensive and cooperative
diagnostic information over the single T, or T, contrast agent [19-21]. The develop-
ment of dual-mode contrast agent of MRI in a single instrumental system could
proficiently eliminate certain difficulties. It could also improve the diagnostic accu-
racy for most of diseases. It is reported that some functionalized or mixed
nanomaterials exhibit intrinsic dual-contrast effects in magnetic resonance imaging.
The FeCo nanoparticles (NPs) reported by H. Dai show high T;/T, contrast effects,
but there is a lack of understanding of the dual-mode contrast mechanism [22]. Many
researchers have reported the Gd3+—containing magnetite (Fe30,4) NPs, MnO-
containing nanoparticles and SPIONs as dual-MRI contrast agents [4, 5, 23-29]. A
recent patent shows pH-sensitive nano-formulates (PMNs) contrast agent comprising
extremely small iron oxide nanoparticles (ESIONs) [30]. Songjun Zeng and Jianhua
Hao have been used a hybrid lanthanide nanoparticle as a dual-mode contrast agent
for imaging-directed tumor diagnosis [31]. The iron oxide nanoparticles coated with
Gd-DTPA and fibrin-binding peptides have also been reported by Xu et al. for the
detection and localization of thrombosis [32]. Similarly, the cyclic RGD functionalized
liposomes (cCRGD@MLP-Gd) encapsulated with gadolinium diethylenetriamine
penta-acetic acid (Gd-DTPA) and superparamagnetic iron oxide (SPIO) are prepared
by Fang Yang and Chun-Jian Li and used for thrombus-targeted imaging activity [33].
Each and every researcher is familiar with Ionic Liquids (ILs) and its functionality.
Due to its tuneable nature, ionic liquids have gained special attention. Ionic liquids are
compounds comprising entirely of ions where at least one ion should be asymmetric
organic ion and melts below the 100°C [34]. It is already reported that the physicochem-
ical properties of ILs depend on the nature of cation, anion and alkyl substitutions [35],
and properties can be altered by varying the nature of ions, thus making them task-
specific [36]. Task-specific ionic liquids with characteristic physicochemical properties
produced many advantages and have been used in various applications widely [37-40].
Researchers have introduced the inherent magnetic properties by using transition metal
at molecular level. First time paramagnetic magnetic ionic liquid (PMIL) has been
reported by Hayashi Satoshi et al. and their magnetic property explained. These ionic
liquids are composed of iron metal halide (FeCl,~ ion) [41]. Due to inherent paramag-
netic character, these ionic liquids were termed as paramagnetic ionic liquids (PMILs).
PMILs are made up of a distinct group with versatile properties such as magnetic
character and widely used in a various applied fields. For example, the PMILs have been
used in desulfurizations [42], organic synthesis [43], microextraction [44, 45], electro-
catalysis [46], probe for vesicles [47], self-assembling media for surfactants [48], acidic
catalysis [49, 50], density measurements [51], paramagnetic polymer synthesis [52, 53],
microemulsion formulation [54], synthesis of chitosan supported magnetic ionic liquid
based catalysis [55], CO, separation [56], application in analytical science [57] and other
various applications [58]. Kumar et al. have reported paramagnetic surface-active ionic
liquids (PMSAILs), another class of PMILs. Paramagnetic surface-active ionic liquids
(PMSALILS) are long chain bearing those ionic liquids which have amphiphilic nature and
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Type Name of amino acid Abbreviation Chemical Structure
Without esterification Proline Pro[FeCl,] 4
w [FeCLT
Glutamic Acid Glu[FeCl,] J_
With methyl esterification Proline ProC,[FeCl,]
Glutamic Acid GluC4[FeCly]
Valine ValC,[FeCl,]
Alanine AlC;[FeCl,]

Reproduced from Ref. [63] with permission from Royal Society of Chemistry vespectively.

Table 1.
Name of amino acid and chemical structures of used in the study as contrast agents.

have ability to form nano-aggregates such as micelle and vesicles in their solution. The
PMSAILs are demonstrated as contrast agent in aqueous solution for MRI application and
also studied with animal DNA to check its structural stability [59]. Many ionic liquids
have been prepared using amino acid, and their biocompatible and biofriendly nature
[60, 61] have been checked. Since L-amino acid is biological monomer that is the
building block of proteins. L-amino-acid-based chiral PMILs have been synthesized and
studied by Isiah M. Warner et al. [62]. Here, the iron-containing amino-acid-based
PMILs are studied and first time explored the application as contrast agents which more
promisingly interact with essential biological molecules and surprisingly enhance the
contrast intensity with retention time. These PMILs-based contrast agents were made of
biofriendly amino acid and iron halide. Authors have studied broadly and investigated its
interaction with DNA through various techniques including CD, fluorescence, ITC, zeta
and gel electrophoresis. MRI property of these PMILs is also investigated and claimed
their superior contrast activity. Since these are made of amino acid and iron moiety,
therefore, they are non-hazardous, toxic-metal-free and biofriendly contrast agent
(Table 1) [63]. This work is patented in Indian patent office [64].

2. Paramagnetic ionic liquids as contrast agents

As it has been already mentioned in introduction, ionic liquids (ILs) have gained
special attention due their flexibility and versality. Thus, ionic liquids have been used
in various applications, and ionic liquid is still being used. In the continuation of the
applications, Carla I. Daniel et al. have mentioned the possibility of low-toxic mag-
netic ionic liquid as contrast agent at end of conclusion. They have conducted a proton
nuclear magnetic relaxation dispersion "H NMRD study of the molecular dynamics in
mixtures of phosphonium-based magnetic ionic liquid[Pggs14] [FeCly] with [Peee14]
[C]] ionic liquid and mixtures of [Pgge14] [FeCly] with dimethyl sulfoxide (DMSO).
The enhancement in r; relaxation rate of MIL in mixture of ILs + [Pggs14] [FeCl,]) with
DMSO solvent [65]. The relaxation enhancement is directly linked with contrast
property as we know. The proton spin-lattice relaxation dispersion rate (r;), was
measured for both these systems, and the rate indicates a much larger paramagnetic
relaxation enhancement for [Pggg14] [FeCly] with [Pggg14] [Cl], in comparison with that
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Figure 1.
Representative UV and Raman spectrum of PMIL (ProC,[FeCl,]). Reproduced from Ref. [63] with permission
from Royal Society of Chemistry respectively.

observed for the mixtures of [Pgge14] [FeCly] with DMSO. This difference has reflected
that in this mixture, the proton spin-lattice relaxation does not depend on the con-
centration of paramagnetic ions [FeCly]  linearly. The paramagnetic ions [FeCl,] ™
seem to disturb the local molecular organization, molecular order, dynamics and
packing in the [Pgge14] [Cl] ionic medium as compared with non-ionic organic solvent
DMSO. Thus, here, aqueous solution of iron-containing PMILs is examined for imag-
ing, and their relaxivity rate at various concentrations is studied.

Kumar et al. have synthesized amino-acid-based PMILs [63]. These amino acids are
used in two forms—esterified and without esterified. Esterified amino acids are pre-
pared as reported earlier in the literature [61, 66]. Chloro halide salt of amino acid is
simply mixed with ferric chloride in equimolar ratio in the ethanol solvent. Dark brown
PMILs are obtained at end of process after solvent evaporation. So, these PMILs are easy
to synthesize and can be cost-effective. These PMILs are characterized well, and struc-
tural verification of [FeCly]™ ion is done by UV and Raman shift using Shimadzu UV-
2700 UV-VIS spectrophotometer, Japan, and LabRAM HR Evolution Horiba Jobin
Yvon Raman spectrometer, Japan, at 298.15 K (Figure 1). The Raman shift value for
[FeCl,]™ ion should be near 334 cm ! [67, 68]. The paramagnetic nature of PMILs is
confirmed by the EPR spectrum using mt-MiniScope MS5000 ESRStudio by Freiberg
instrument at 298.15 K. The EPR spectrum of PMILs in solution phase indicates a single
isotropic EPR line which appeared due to mixed °S; state. EPR spectrum of magnetic
centre, here Fe** ion, strongly depends on its tetrahedral environment [69]. The
amount of Fe in each PMILs is measured and calculated using Perkin Elmer ICP optima
2000 DV ICP-OES (Inductively Coupled Plasma—Optical Emission Spectroscopy) ana-
lyzer. In the terms of Fe, aqueous solutions from 0.1 to 5 mmol.l " are prepared for
further experiments including interaction with DNA and magnetic resonance imaging.

3. Physiochemical properties of PMILs

Degradation and glass transition temperature of PMILs was investigated using
NETZSCH TG 209 F1 Libra TGA and NETZCH DSC 204 F1 Phoenix DSC, respec-
tively. A presentative differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) thermograms are given in Figure 2. Combinedly, these are thermal
analyses, and it is the technique in which physical properties of a substance or a
mixture of substances are measured against either of temperature or time, wherein the
substances are subjected to a controlled temperature programme system. If the
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Figure 2.
Representative DSC and TGA thermogram (ProC,[FeCl,]). Reproduced from Ref. [63] with permission from
Royal Society of Chemistry respectively.

physical property is weight, then it is termed as a TGA. In thermogravimetric analysis
(TGA), weight changes or % of the mass loss of PMILs is measured as a function of
temperature. Thermogravimetric curves (graph between % mass loss versus temper-
ature) allow an evaluation of thermal stabilities. Degradation temperature (Tg) was
marked where maximum mass changes occur [70-73]. In the figure, initial loss in
mass is due to moisture or water elimination at near 120-200°C. After that maximum
loss in mass was observed at 200-300°C. For the TGA thermogram, onset tempera-
ture (Tonset) is the intersection of the baseline of weight (after the loss of the water)
and the tangent of the weight versus temperature curve or simply, a temperature at
which the sample loses weight with fastest rate. The start temperature (Tgay) is
beginning of decomposition [72]. For ionic liquid, glass transition temperature is
measured due to its amorphous nature. Glass transition temperature does not have
sharp changes like melting point. Glass transition temperatures (Tg) for PMILs are
found below 100°C. There is assumption that lowering the melting point of ionic
liquids is achieved due to distortion in the lattice of crystal, and these disturbances
generate low lattice enthalpy and weak ionic attraction between asymmetric ions.
However, like branching or enlargement of substituent is majorly responsible of
disruption in crystal packing [74]. In DSC, the sample and reference are kept at the
same temperature, and the energy d(Aq)/dt required to preserve zero temperature
differential (AT = 0) between the sample and the reference is measured on the
function of temperature during a thermal event in the sample. As a result, the endo-
thermic peak indicates absorption of heat, and the exothermic peak will rise when
heat is released. Depending on the nature of peaks, glass transition temperature (Ty),
melting point (T,,), crystallization transition (T.) and heat capacity can be calculated
[71, 75-77]. Since, T, values are less than 100°C and fulfilled the criteria of an IL [78],
therefore our product will be called as paramagnetic ionic liquids (PMILs).

4, Interaction of PMILs with animal DNA

To explore the biofriendly nature and structural stability of animal DNA, the
physical interaction of this PMILs has been investigated. For this whole investigation,
90-92 ng ul "' concentration of DNA was prepared in buffer solution using
NanoDrop® Spectrophotometer ND-1000. After that, PMILs are studied with animal
(salmon fish) double-stranded f-DNA (ds-f-DNA) and studied the conformational
and structural stability of DNA in aqueous medium. For this, PMILs were examined
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with DNA using various techniques including circular dichroism (CD), fluorescence,

isothermal thermal calorimetry (ITC), zeta potential and Agarose gel-electrophoresis,
and the concentration regime where DNA remains safe in native form is identified. It
is found that long-chain-bearing PMILs undergo complex formation (DNA-PMILs) in
the form of precipitate at higher concentration [59].

4.1 Circular dichroism (CD) and fluorescence

To investigate the structural and conformational stability, CD (Jasco J-815 CD
spectrometer under the N, environment at temperature 298.15 K) and fluorescence
spectra of DNA are recorded in the presence of aqueous solution of PMILs, and
the spectra are shown in Figure 3. It is well known that the presence of a positive
band at about 276 nm and a negative band near 245 nm with crossover point at
nearby 258 nm collectively indicates the existence of native pure DNA in buffer
solution. These values indicate that used pure DNA is the fully hydrated double-
helix p form and dextrorotatory in nature [79]. The secondary structure of DNA
remained same as native DNA within the concentration range (0.1-5 mmol.l™*
Fe); after that, at higher concentrations (above 3 mmol.l" ! Fe), PMIL underwent
interaction process with negative sites of DNA, and consequently, bands are
distorted. Thus, at low concentration of PMILs, CD bands of DNA unchanged and
are likely to superimpose on native bands representing the structural and confor-
mational stability of DNA in these concentration ranges. For tertiary structure
confirmation, interaction of PMILs with DNA was observed by Ethidium Bromide
(EB) exclusion assay using a Fluorolog horiba Jobin Yvon fluorescence spectropho-
tometer. Fluorescence intensity of intercalating dye EB abruptly enhanced when
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Figure 3.

Representative CD spectra, fluorescence spectra of ED-DNA complex, ITC binding enthalpogram and zeta
potential at various concentrations (ProC,[FeCl,]). Reproduced from Ref. [63] with permission from Royal
Society of Chemistry respectively.
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dye intercalate at minor grooves of DNA with order of 20-25 times with respect to
alone EB in buffer medium. Here, water is responsible which acts as a strong
quencher [80-83]. From Figure 3, it can observed that intensity peak height is
similar to EB-Native DNA complex at low concentration (0.1-3 mmol.l ") that
means PMILs did not bind to the EB-DNA complex efficiently. But at higher
concentration, intensity peak height reduces due to involvement of cationic coun-
terpart to the EB-DNA complex. Positive counter ion of PMILs started to interact
with the minor negative groove of DNA via strong electrostatic interaction after
complete removal of the spine of hydration, and consequently, EB dislocates effec-
tively from its hydrophobic environment [84, 85]. It is assumed that more
hydrated small cation-containing PMILs are incompetent to dislocate the EB effi-
ciently due to weak electrostatic interactions, but these interactions become domi-
nant when concentration is increased. In the case of long-chain-containing PMILs,
DNA showed compaction phenomenon at higher concentration [59]. DNA com-
paction is confirmed by distortion in intensity and shifting in band position due to
formation of cationic surfactant complex (lipoplex) [86]. So, from figure it can be
judged that CD spectra and fluorescence spectra confirmed conformational and
structural stability of DAN, which remains similar to native DNA at low concen-
tration of PMILs.

4.2 Isothermal titration calorimeter and zeta potential

To investigate the interaction of PMILs with DNA thermodynamically, binding
isothermal enthalpogram is measured from Isothermal Titration Calorimetry (ITC)
experiments using MicroCal ITC200 microcalorimeter instrument with controlled
Hamiltonian syringe. Measured enthalpy in the ITC experiment is a combination of
overall heat produced from various phenomena involving the binding of PMILs on
DNA through the electrostatic and hydrophobic interactions, hydration of PMILs and
the change in the conformation of hydrated DNA [87]. From Figure 3, it is observed
that variation in enthalpy (AH) of DNA-PMILs interaction process is less at low
concentration and shows negligible DNA-PMILs binding. But, at higher concentra-
tion, a characteristic large enthalpic peak appeared which revealed significant DNA-
PMILs interactions or can say complex formation [59, 88], which means PMILs have a
significant impact on DNA after certain critical concentration. In the continuation, the
effect of PMILs on DNA negative surface is observed by measuring zeta potential ()
using a Zetasizer Nano ZS light scattering apparatus (Malvern Instruments, U.K.)
with a He-Ne laser (633 nm, 100 mW) at 298.15 K. The trend of changes in zeta
potential with respect to concentration of PMILs is negative to positive. Initially it is
negative due to surface charge of DNA alone or less binding of PMILs at low concen-
tration. After that, it is passed through neutral point to positive value at higher
concentration. It can be understood like, initially a few molecules of PMILs interact
with DNA surface and at this time, some hidden negative charges of core area of the
DNA chains become exposed outside; consequently, zeta value initially decreases
[89]. After that, more positive counter ions of PMILs started to bind with exposed
negative surface of DNA when overall exposed negative surface of DNA was neutral-
ized, and then, subsequently, zeta value shifted to its positive values and then finally
reached its maximum positive value. The neutralized negative surface of DNA makes
PMIL-DNA complex formation, and such a complex occurs when all negative phos-
phate groups bind with available positive cations [90-93]. This observation also con-
cedes with ITC enthalpogram.
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Figure 4.

Representative agarose gel-electrophoresis electrophoresis pattern of DNA in the presence of PMILs at various
concentrations (ProC,[FeCl,]). Reproduced from Ref. [63] with permission from Royal Society of Chemistry
respectively.

4.3 Agarose gel electrophoresis

Whether DNA breaks down or not in the presence of PMILs, with this objective,
the agarose gel electrophoresis experiment was performed using Electrophoresis
Power supply BGPS 300/400. In Figure 4, initial bright bands are similar to pure
DNA at low concentration (up to 5 mM Fe) which indicates the presence of unbound
DNA molecules. It was ensured that DNA degradation does not happen in lower
concentration regimes after that the band becomes remarkably vague at higher con-
centration; further these illuminated vague bands disappear when concentration
increases. Disappearance of band tells that all DNA molecules have been bound with
PMILs, and there are no free DNA molecules available. Moreover, the absence of
multiple bands like a ladder confirmed that DNA did not degrade or break in the
presence of PMILs molecules [94].

Therefore, collectively it can be summed that these PMILs are safer in terms of
biofriendly nature, structural stability and degradation of DNA at certain range of
concentration. These PMILs are safe and free from any adverse effect on animal DNA.
This concentration range is selected for magnetic resonance imaging experiment.

5. Relaxation study of PMILs and its outcomes

Magnetic resonance imaging and relaxation study has been carried to demonstrate
the utility and effectiveness of PMILs as an MRI contrast agent (CA). MR imaging
experiment and relaxivity measurement were carried out using 11.7 Tesla MRI instru-
ment (Briicker Advance 500 MHz proton NMR) using a micro-imaging probe and
Paravision imaging software at CSIR CSMCRI, India. T;- and T,-weighted MRI images
of aqueous phantoms of each PMIL at different concentration (0.3, 0.5, 0.7 and 1.0-
mM Fe) are measured using the spin-echo pulse sequences (RAREVTR and MSME)
with acquisition parameters FOV = 0.4 cm, TR = 350 ms, TE = 8 ms, 128 x 128 matrix
and FOV = 0.4 cm, TR = 2000 ms, TE = 36, 128 x 128 matrix respectively for
PMSAILs. T; and T, relaxation times of aqueous phantoms are measured using Bruker
RAREVTR (FOV = 0.4 or 0.5 cm, TE = 8 ms, TR = 250 to 2850 ms and 128 x 128
matrix) and MSME (FOV = 0.4 or 0.5 cm, TE = 12 to 72 ms, TR = 2000 ms and
128 x 128 matrix) MRI pulse sequences respectively. T; and T, relaxivity values were
calculated through Eq. (1) by linear curve fitting of relaxation rate (1/T; and 1/T5)
versus Fe concentration using Paravision software.
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The study has explored its utility and estimated the effectiveness of the PMILs as
MRI contrast agents and can be used for diagnosis. Generally, the intensity of MRI
image depends on the population of 'H nuclei of water molecules present in the
biological tissue or cell or solvent, relaxation time and their relaxation rate also.
Relaxation rate belongs to spin—spin relaxation and spin-lattice relaxation. Relaxation
rate greatly influenced by environment of water molecules that are going to exchange
process between magnetic centre or surrounding. Thus, relaxation rate (r) can vary
with the variation of the local magnetic field and magnetic field inhomogeneity
around the 'H nuclei of the sample. Incorporation of a magnetic entity such as gado-
linium chelates and superparamagnetic nanoparticles of Gd, Fe, Mn, into the samples
will bring changes in relaxation rate via generating a variation in the local magnetic
field and magnetic field inhomogeneity around the 'H nuclei of the concerned sample.

The relaxation rate of PMILs obeys a linear relationship with Fe concentration and
can be represented mathematically by the following expression [95].

1
Tic i,0

+r;C 1)

Tj,c and Ti,o (i = 1 or 2) are relaxation time of sample at C concentration and
absence of contrast reagent respectively, and r; is the relaxivity of the contrast agent.
T1- and T,-weighted images are recorded via using spin echo (SE) MRI pulse
sequence, and the signal intensity for SE pulse sequence can be expressed as [2].

I=1I, (1 — e*TR/Tl) (e*TE/TZ) (2)

Intensity of Tq- and T,-weighted image is totally T;- and T,-dependent; T; and T,
weighting can be achieved by eliminating one term in the presence of other. For T;-
weighted image, T, term should be eliminated and the same for T,-weighted image, T,
term should be eliminated with the selection of the appropriate combination of TE
(time of echo) and TR (time of repetition) values. Further, it can be seen from Eqs (1)
and (2) that the intensity increases in T;-weighted image but decreases in T,-weighted
images with the increase of Fe concentration and vice versa too. Local magnetic field
inhomogeneity generated by Fe constituent also affects the transverse relaxation time
(T,), and due to this involvement of local field inhomogeneity, T, converts into T,*.
T,* relaxation time is a combination of true T, relaxation time with relaxation rate
generated due to local magnetic field inhomogeneity, and its value is always larger
than T, relaxation time and can be mathematically expressed as [96].

1 1
— =+ yAB 3)
Tic Toc |

where v is the gyromagnetic ratio, AB is magnetic field inhomogeneity across the
voxel and 1/T,, is the relaxation rate contribution of magnetic field inhomogeneity.
T,*-weighted MRI images are obtained with gradient echo pulse sequence by
choosing appropriate values of TE, TR and flip angle (a) of the excitation pulse to
minimize the T, effect in the images. Signal intensity under this pulse sequence can be
illustrated as

1 _ ~TR/Ti) ¢ )
(1—e ) sin @t @

I=1I (1— e TR/T1) cos
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In order to investigate the contrast property of PMILs, five different concentra-
tions (0.0, 0.3, 0.5, 0.7 and 1.0 mM Fe) were prepared, and Ty, T, and T,*-weighted
MRI images of aqueous phantoms were obtained. Their relaxation times were deter-
mined by using Eq. (2) for Ty, T, and Eq. (4) for T,*. T; and T,-weighted MRI images
of PMILs are shown in Figure 2. An intensity reduction in T, and T,*-weighted images
and simultaneously an intensity enhancement in T;-weighted image were observed
along with Fe concentration. This intensity variation found in MRI images with
respect to Fe concentration reveals contrast property of aqueous PMILs qualitatively
and further suggests that these PMILs have negative as well as positive contrast
behavior or can say PMLs can be used as T; and T, contrast agents.

Figure 5 represent a linear relationship of relaxation rate (r) with Fe concentration
of PMILs which is found similar as reported in the literature available for various
contrast agents [97]. This contrast property of PMILs is determined quantitatively for
PMILs; 1y, 1 and 1,* relaxivity measured by a linear curve fitting of their
corresponding curves (Eq. (1)). The measured r; and r; values are given in Table 2.

It is also found that these PMILs are able to generate dual contrast with interme-
diate r,/r; value like metal nanoparticles. Low value of r,/r; represents the positive
contrast, whereas high value indicates negative, but intermediate value of this repre-
sents dual nature of contrast agent.

Tegafaw et al. reported that the r,/r; value for Gd-Dy oxide made hybrid
nanoparticles is near 6 and claimed its dual nature [5]. Fe;,O3 + Fe304 nanoparticles
(Resovist) also have r,/r; value near 5.9 [3]. Similarly, r,/r; value for these PMILs is
also observed near 5.2 and which is greater than Gd-BOPTA (r,/r; = 1.1). Therefore, it
can be summarized that the synthesized nanoparticle-free and biofriendly PMILs are
potential T, and T; dual-mode contrast agents. These PMILs can take position in the
list of newly discovered or clinically used contrast agents.
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Figure 5.
T,- and T,-weighted MR images and relaxivity pattern of amino-acid-based PMILs at various Fe concentrations.
Reproduced from Ref. [63] with permission from Royal Society of Chemistry respectively.
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PMILs Osmolality® 71 72 ro/1s
Osmol.Kg’1 (mM s (mM 1s™)
Pro[FeCl,] 27 11.04 58.32 5.28
ProCy[FeCly] 31 8.29 44.93 5.42
Glu[FeCly] 2.8 11.06 55.15 4.99
GluC,[FeCly] 3.3 10.98 63.16 5.75
AlaC,[FeCl,] 3.2 6.64 37.27 5.61
ValC;[FeCly] 3.2 6.81 38.43 5.64
Gd-BOPTA 1.9 4.31 4.95 1.20

Data veproduced from Ref. [63] with permission from Royal Society of Chemistry respectively.

Table 2.
Osmolality, relaxivity values (v, and r,) and ratio of v, and r, (r,/r,) for PMILs and Gd-BOPTA.

6. Conclusion and future prospect

PMILs has been explored as a dual-responsive (T; and T,) contrast agents for
magnetic resonance imaging, and such dual-behavior contrast agents are reported by
rare researchers [4, 5]. PMILs have green nature (use of biofriendly amino acid moiety)
and magnetic property (use of biocompatible non-toxic Fe (III) ion). Use of Fe elimi-
nated the adverse effect of toxic metal ion like Gd(III) on cell functionality [98] or any
Gd metal concerned diseases [99]. However, it is also reported that metallic
nanoparticles used for single as well as dual contrast agents have also showed the
harmful effect on cell and its physiology [100-102]. For the sake of knowledge,
Maureen R. Gwinn and Val Vallyathan have reviewed and reported the toxic effect of
nanoparticles (NPs)-based contrast agents which similarly act as air-borne UFPs (Ultra-
Fine Particles) and cause diseases with long latency [102]. Similarly, Meng Tang et al.
have also reviewed the various adverse effects of NPs on cell organelles and reported
that NPs create mitochondrial dysfunction, endoplasmic reticulum stress and lysosomal
rupture [103]. Even clinically used Gd-based contrast agents (GBCAs) are also under
the question mark with their health-related issues and lengthy synthesis. The report
from FDA drug safety newsletter also has criticized the GBCAs and explained the
drastic effect of Gd on kidney-related issues such as fibrosing disease, NSF
(Nephrogenic Systemic Fibrosis) with acute or chronic severe renal (kidney) insuffi-
ciency and renal dysfunction. Some other reports are also available where researchers
have reported the accumulation of gadolinium in the renal tissue of patients suffering
from NSF [98]. In this study, PMILs have been studied, and their possible use in
imaging techniques such as MRI contrast agent with some better advantage has been
revealed. Most frequently used Gd metal has been replaced with Fe as a magnetic source
in PMILs for imaging due to kidney-related issues. The efficacy of these PMILs is also
compared with clinically approved ongoing Gd-based contrast agent. If we compare,
PMILs neither contain any metallic nanoparticles nor metal with bulky ligand complex.
These PMILs are found to be free from the issue of metal leaching, and any adverse or
side effect which is common for nanomaterials when they are used as contrast agents.
These PMILs are easy to synthesize and cost-effective, and at certain concentration,
they are safe in reference to animal DNA. However, for real effect on cell or health,
there is research still ongoing. So, targeted and specific uses of these PMILs need further
deep investigations with living cells or organisms.
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The comparative study of PMILs with commercially available and FDA-approved
Gd-based contrast agents is also completed to examine the comparative performance.
Gadobentae Diglumine (Gd-BOPTA) is used as a model contrast agent for this stud-
ied. All the experiments were carried out under the similar conditions, and it was
found that PMILs-based contrast agents have remarkable properties with significant
imaging responses and relaxivity values. The relaxivity values (r; and r) for Gd-
BOPTA are much less compared with PMILs and wherein the ratio of 7,/r; is found
around 1.2 for Gd-BOPTA which makes it positive contrast agent (T; mode) only. The
relaxivity values (r; and ry), ratio of 7,/7; and osmolality value of PMILs with Gd-
BOPTA are given in Table 2. The measured osmolarity values are found in range of 3
Osmol.Kg " for PMILs which is comparable to Gd-BOTA contrast agent. Low osmo-
lality helps to reduce the pain and other contrary effect during injection [104]. From
the results discussed above, it can be concluded that PMILs have several advantages
over existing contrast agents (NPs and GBCAs). The PMILs have following advan-
tages:

1. The synthesis of PMILs is easy, less tedious, green and cost-effective.

2.There is no need of a long and lengthy pre-synthesis of ligands moiety, costly
precursors, reactants, toxic reagents and volatile organic solvents for synthesis
like other MRI contrast agents.

3.The problems related to thermodynamic instability and metal leaching problem
can be avoided in PMILs.

4.The use of Fe metal in PMILs eliminates the severe health problems which occur
due to toxic metals such as Gd.

It can be said that any biological moiety including proteins, vitamin, nitrogen
contain sugar moiety, nitrogen-containing heterocycles or drug molecules or any
molecule which can be turned into positive ions may be used to synthesize the PMILs
via given synthetic procedure in the literature [63]. This study opens other new
potential applications of PMILs in the fields of medical, pharma and analytical science.
Moreover, such study also triggered further investigations into cytotoxicity, effect on
biological process, cancer cell growth, tracking of drug molecules in body and its other
uses in physical constant verification and measurement. In the field of imaging, PMILs
may b