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Chapter 3

3.1 Introduction

The concept of Green Chemistry has become quintessential for encouraging sustainable
practices in laboratories and industries. From this perspective, the ionic liquids (ILS)
have emerged as a promising environmental friendly alternative to the volatile organic
solvents. The ILs have over the years gained prominence in numerous fields like
catalysis [1,2], energy conversion devices and fuel cells [3], biomass conversion [4,5],
polymer chemistry [6], nanotechnology [7, 8], analytical chemistry [9], sensors [10] etc.
Functionalization of these ILs with acidic —SO3H group has led to development of task-
specific ILs (TSILs) which can act as a dual solvent cum catalyst in several organic
syntheses [1, 11-13]. Exploration of the unique physicochemical properties of these
TSILs has been considered as one of the relevant fields of research in material sciences.
The ability to mix and match the cationic and anionic constituents of ILs and
functionalize their side chains allows amazing tunability of their physicochemical
properties like ionic conductivity, viscosity, thermal stability, moisture sensitivity,
electrochemical  stability, solubility —of diverse solutes in them, and
miscibility/immiscibility with a wide range of solvents [14]. Thus, an appropriate
combination of the cation-anion pair can generate TSILs with desired characteristics.
Over the years, several research articles devoted to the synthesis, physicochemical
properties and applications of TSILs have been published [15-21] including —SO3H

functionalized ionic liquids.

The initial studies on the —SO3H functionalized ionic liquids were carried out by Zolfigol
and his group [22-24]. They first synthesized imidazolium-based direct N-SOzH
functionalized ILs and investigated their applications in catalysis. Akbari et al. and Kore
et al. also investigated the catalytic activities of —SOsH functionalized ILs [25, 26]. Then
onwards, these investigations of N-SOsH functionalized ionic liquid materials have been
extended to the ammonium, pyridinium and phosphonium cations [27-30]. Later on,
Sarma et al. in 2017 reviewed the catalytic uses of all the classes of sulfonic acid tethered

Bransted acidic ILs in organic reactions [31].

The study of physicochemical properties of TSILs is important to identify their proper
applications in specific fields including electrochemistry, catalysis, fuel cells and battery,
separation medium, biomass conversion etc. For example, the electrochemical uses of

the ILs are mostly dependent on their electrochemical windows (EWS), viscosity,
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conductivity, melting point, density and thermal stability. The presence of large number
of charge-carriers in ionic liquids provides a broad scope to explore them as potential
electrolytes for energy conversion devices like batteries and fuel cells. Nonetheless, the
higher viscosities and moderate conductivities of the ILs limit such applications.
Designing of less-viscous ILs with high ESWs and conductivities is still a challenge. To
overcome these challenges and expand the electrochemical uses of the ILs, they are often
mixed with various molecular solvents, which can significantly affect their above-
mentioned physicochemical properties including viscosities, conductivities, and self-

aggregation tendencies through different solvent-ion interactions [32-36].

A significant number of research articles have been published on the physicochemical
properties of the existing imidazolium room temperature ionic liquids (RTILS) in their
pure state and also their mixtures with co-solvents [32-38]. To enable the practical uses
of binary mixtures of IL-molecular solvent in electrochemistry, the study of their ionicity
is considered to be indispensable. Borun et al. measured the conductance of agqueous
solutions of 1-alkyl-3-methyl imidazolium tetrafluoroborates as a function of
temperature (283.15 to 318.15 K) and observed the complete dissociation of these ILs in
water [21]. Thawarkar et al. investigated the effect of molecular solvents on the molar
conductivity of protic ionic liquids (PILs). The molar conductivities were measured for
binary mixtures of three PILs i.e. [HmIm][HCOO], [HmIm][CH3COQ], and
[HmIm][CH3CH,COO] in six molecular solvents such as water, methanol, ethanol,
dimethyl sulfoxide, nitrobenzene and acetonitrile at 298.15 K [39]. The Kamlet-Taft
solvatochromic parameters (E'y, o, and ) of the solvents were used as their polarity
indicators. The conductivity values for all PILs increases with increasing polarity of the
molecular solvent [39]. The same group later employed conductometry and NMR studies
to observe the ionicities of the binary mixtures of nine protic and aprotic ionic liquids in
three molecular solvents namely water, dimethyl sulfoxide and ethylene glycol within
the temperature range of 293.15-323.15 K [32]. They observed greater ionicities of the
aprotic imidazolium ILs compared to those of the protic imidazolium ILs [32]. In these
solvents, the conductivity of ILs expressed a typical temperature dependent Arrhenius
behaviour. Pereiro et al. investigated ways to generate high ionicity by adding inorganic
salts to pure ionic liquids [40]. Rupp et al. studied the ionicities of imidazolium and

ammonium based ionic liquids as function of their sizes [41].
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Buchner and co-workers investigated the ion associative behaviour of 1-butyl-3-
methylimidazolium chloride [bmin][CI] in acetonitrile and water by employing dielectric
spectroscopy technique [42]. Dorbritz et al. utilized mass spectrometry to evaluate the
aggregate forming tendencies of the aprotic imidazolium ionic liquids in different
molecular solvents [20]. The sizes of the aggregates were found to decrease with the

increasing solvent polarity and decreasing ionic liquid concentration.

The presence of solvents is known to affect the electrochemical stability of ionic liquids.
O’Mahony et al. showed that the electrochemical stability windows (ESWs) of a large
number of 1-alkyl-3-methyl-imidazolium based RTILs containing [BF4] and [PFg]”
anions were narrowed due to the presence of water as an impurity [43]. This was
accounted for undesirable evolution of HF via hydrolysis of these anions. Further, the
nature of constituent ions also affects the electrochemical stability of the ILs. In general,
the ammonium based ILs are known to express larger electrochemical stability windows
(ESWs) compared to imidazolium based ILs [14]. Zhou et al. examined the
electrochemical stability and ionic conductivities of the imidazolium-based mono-ether
functional ionic liquids and correlated the results with the cation and anion structures
[44].

Thus, over the years several studies on the imidazolium based ionic liquids were
conducted. However, a detailed investigation of the physicochemical properties of N-
SO3H functionalized ionic liquids was not conducted before. In our present work, we
carried out a detailed investigation on the effects of C-2 alkyl substituent of 2-alkyl (or
H)-1, 3-disulfoimidazolium trifluorocetate [RSIM][TFA] ionic liquids (where R = H,
CHjs, CoHs and n-C4Hg) (Scheme 3.1) on the values of their ionic conductivity and
electrochemical stability window (ESW) in the two molecular solvents MeOH and
MeCN. Further, the effects of the C-2 alkyl substituent of these ILs on their density,
thermal stability and Bregnsted acidity were also evaluated. The Kamlet-Taft
solvatochromic parameters of the molecular solvents were used as their polarity
indicators and were used to justify the variation of the conductivity values of the ILs in
them. The influence of +I inductive effect of the C-2 alkyl groups and the interactions
between molecular solvents with the constituent ion-pairs of the ILs, on their ESWs was

studied using the cyclic voltammetry (CV) technique.
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3.2 Results and Discussion

3.2.1 Characterization of the N-SO3;H functionalized Brgnsted acidic ionic liquids

(BAILS)

The four N-SO3H functionalized BAILs were synthesized according to the standard
procedure (Scheme 3.1) [1]. The BAILs (Fig.3.1) characterized by using analytical
techniques like FT-IR, NMR (*H and **C) and CHN elemental analysis.

D

R=H,CH3,CzH5 and C4H9

R
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Scheme 3.1: Synthesis of the N-SO3H functionalized BAILSs.
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Fig. 3.1: Structures of the N-SO3H functionalized BAILSs.

3.2.1.1 FT-IR analysis

FT-IR spectra of the four N-SO3H functionalized BAILs are displayed in Fig.3.2 against

their respective possible vibrations of different functional groups or bonds in the 500—

2000 cm*

region. The FT-IR band assignments of the BAILs are listed in Table 3.1.
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Fig. 3.2: FT-IR spectra of the BAILSs.

Table 3.1: FT-IR band assignments of the BAILSs.

Peaks (cm™)
572-587

750-760 out of pla

Assignments
-SO3H (bending)
ne ring bending of -CH bond
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870-885 N-S stretching
1040-1060 S-O symmetric stretching
1178-1192 S-O asymmetric stretching
1441-1468 C-H bending of -CHs; group
1640-1620 -C=C- stretching
1730-1790 C=0 stretching
2910-2929 C-H stretching
3450-3400 -OH stretching due to intermolecular H-

bonding among IL molecules

3.2.1.2 NMR analysis

Two single proton peaks in the *H NMR spectra of the ILs around 14.3-11.9 ppm
confirmed the attachment of two -SOzH groups through nitrogen atom of the
imidazolium cation. Other characteristic signals of the imidazolium protons and C-2
alkyl groups were observed in the aromatic and aliphatic regions respectively. Each of
the *C NMR spectrum of the ILs displayed characteristic C=0 signal in the range of
155-170 ppm proving the existence of CF;COQO™ anion in the ILs. Section 3.4.3 shows
the NMR spectra (*H & **C) of the ILs [EDSIM][TFA] and [BDSIM][TFA].

3.2.2 Investigation of the physicochemical properties of the BAILs
3.2.2.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis of the four 1,3-disulfoimidazolium ionic liquids
[DSIM][TFA], [MDSIM][TFA], [EDSIM][TFA] and [BDSIM][TFA] revealed their
three-step degradation pattern (Fig.3.3). The first step of the plots showed an
approximate 5-25% release of physisorbed water around 100 °C. The maximum
physisorbed water was released in case of [BDSIM][TFA], whereas it was minimum in
case of [DSIM][TFA]. This study provides us information about the unusual increase in
the hydrophilic properties of these ILs with the increasing carbon chain length of the C-2
alkyl groups of the imidazolium cation. This can be attributed to the combination of two
factors. Firstly, the increasing +I inductive effect of the alkyl groups may reduce the
positive charge density on the imidazolium cation, for which, we can expect the
following descending order of ionic strength among the constituent ion-pairs of the four
ILs: [DSIM][TFA] >[MDSIM][TFA] >[EDSIM][TFA] >[BDSIM][TFA].

3.6



Chapter 3

As a result, there is a strong probability for the maximum water molecules to take part in
H-bonding interactions with the CF3;COO anion of the weakly bound ion-pair of
[BDSIM][TFA] ionic liquid [45]. Secondly, the acidic C-2 position of imidazolium
cation will increase the number of H-bonded water molecules for the [MDSIM][TFA]
ionic liquid containing three acidic protons of the C-2 methyl group compared to the
single C-2 proton of the [DSIM][TFA] ionic liquid [46]. The TGA plots also expressed
maximum thermal stabilities of the four ILs up to 250-260 °C with a slight variation

based on the sizes of alkyl groups, followed by an another weight loss in the range of
320-350 °C.
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Fig. 3.3: TGA plots of the BAILSs.

3.2.2.2 Hammett acidity

The relative Brensted acidity of the parent chloride based ILs, 2-alkyl-1, 3-
disulfoimidazolium chloride [RSIM][CI] (where R=H, Me, Et & n-Bu) and also counter
anion exchanged 2-alkyl-1,3-disulfoimidazolium trifluoroacetate [RSIM][TFA], were
determined by comparing the values of Hammett acidity function H° (Table 3.2)
obtained from their UV-Vis Hammett plots according to the standard method (Fig.3.4 A
& B) in ethanol solution [1, 18] using the Equation 1.4 from chapter 1:
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H° = pK(IH") (aq) + log[I]/[TH] (Equation 1.4)

Here pK(l)ag. expresses pKa value of the basic indicator in aqueous solution. The acidity
of each series of the IL decreases slowly with the increasing +1 effect of the C-2 alkyl
substituent of the imidazolium cation. This may be expected as an outcome of the
reduction of electron deficient character of the imidazolium cation with the increasing +I
effect of the C-2 substituent.

Table 3.2: Hammett acidity functions H° of the ionic liquids.

Entry IL Anmax [11% [H1]% H°
1 4-nitroaniline 1.35 100 - -
2 [BDSIM][CI] 0.71 52.49 47.51 1.03
3 [EDSIM][CI] 0.67 49.51 50.49 0.98
4 [MDSIM][CI] 0.62 45.72 54.27 0.92
5 [DSIM][CI] 0.52 38.36 61.64 0.78
6 [BDSIM][TFA] 0.59 44.08 55.91 0.89
7 [EDSIM][ TFA] 0.48 35.31 64.68 0.73
8 [MDSIM][TFA] 0.45 33.38 66.61 0.69
9 [DSIM][TFA] 0.35 26.02 73.97 0.54
(A)
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Fig. 3.4: Hammett acidity plots of the (A) Cl based ILs (B) TFA based ILs.

3.2.2.3 Density of the BAILs

Densities of the four N-SO3zH [RSIM][TFA] ILs were measured using a pychometer at
298.15 K. The density values are presented in Table 3.3. The plot of density vs number
of carbon atoms of the C-2 alkyl groups of the ILs is shown in Fig. 3.5. The plot
expressed a lowering of the density values of the ILs with the increasing size of the C-2
alkyl groups. This is because, the addition of -CH, group to the imidazolium ring
increases the free space between two IL molecules and thus reduces the compactness of

the ILs.

Table 3.3: Density of lonic Liquids at 298.15 K.

lonic Liquids Density (g/mL)

[DSIM][TFA] 1.62
[MDSIM][TFA] 1.59
[EDSIM][TFA] 1.56
[BDSIM][TFA] 1.49
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Fig. 3.5: Density of the ILs vs number of carbons in the alkyl side chain.
3.2.2.4 Conductivity study of BAILs in molecular solvents

The conductivity (o) of the four 1, 3-disulfoimidazolium trifluoroacetate ILs
[RSIM][TFA] were measured in two molecular solvents methanol (MeOH) and

acetonitrile (MeCN) by varying the temperature and concentration of the ILs.

Effect of ionic liquid concentration

The binary mixture of ionic liquid and molecular solvent is supposed to exhibit
substantially higher electrical conductivity than pure ionic liquids due to the presence of
large number of charge carriers in the mixtures and decreased viscosity. The typical N-
SO3H functionalized imidazolium ILs have the potential to possess surface active
properties similar to the surfactants and would therefore allow them to form aggregates
or micelles in solutions [20]. Each of the ion-pair of these acidic ILs could form two
types of domain: the first one consisting of positively charged cations and negatively
charged anions arranging in three-dimensional polar networks supported by strong
electrostatic interactions, and the second one comprising of hydrophobic alkyl groups
aggregating to form non-polar domains where short-range van der Waals interactions are
predominant tail domain as shown in Fig. 3.6. So, they have a tendency to organize

themselves into aggregates differently in molecular solvents depending on the length of
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the hydrophobic tail. It was seen that at a given temperature, the conductivity of ILs in
molecular solvent rises slowly with the increasing mole fraction of the IL up to a certain
concentration due to the increase in the number of charge carriers (free ions). Above that
concentration, the conductivity of IL decreases gradually till it gets a minimum value

with its neat condition.

§O3H Hydophobic Tail
N /
O
N

Polar head
olar head group \SO3H

©
[CF,COO0]

Where, R= H, 'CH3, 'C2H5, 'C4H9

Fig. 3.6: Hydrophilic head group and hydrophobic domain of 2-alkylsubstituted

imidazolium IL.

This variation in the conductivity of the imidazolium IL-molecular solvent binary
mixtures can be explained by considering two factors: (1) aggregation tendency of the IL
molecules above the “Critical Aggregate Concentration (CAC)” and (2) the increasing
viscosity of the IL solution. Several other factors such as bulkiness of the alkyl
substituent and its branching, polar or non-polar nature of the molecular solvents,
solution temperature etc. may also function together to control the sizes of the aggregates
of ILs in molecular solvents. In this study, we can expect the sizes of the aggregates of
IL molecules in the molecular solvents to be smaller compared to the surfactants due to
shorter chain length of the alkyl groups. Further, polar solvents are favorable for the
formation of smaller sized aggregates of ILs as compared to non-polar solvents [47],
hence the conductivity of each of the —SOsH functionalized ILs at a particular
concentration and temperature in its solution in MeOH is more than that in its solution in
MeCN. The conductivity (o) of the binary mixture of the ionic liquids [DSIM][TFA],
[MDSIM][TFA], [EDSIM][TFA] and [BDSIM][TFA] in MeCN and MeOH were
measured at room temperature by varying the mole fraction of the ILs within X;_= 0.005
to X, = 0.2 (Table 3.4).The corresponding graphical expression of conductivity vs mole
fraction of the ILs is included in Fig. 3.7. These graphs also displayed an increase in the
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conductivity values of the binary mixtures with the increasing mole fraction of the ILs at

a particular temperature (298.15 K) below their “CAC” values.

The existence of CAC values of these binary mixtures of IL-molecular solvents were
further evidenced with a representative study of the [MDSIM][TFA] ionic liquid in
MeOH by measuring the conductivity of this IL-MeOH binary mixture up to the mole
fraction of X; =0.2 at room temperature (Fig. 3.7(D)). As expected the conductivity of
[MDSIM] [TFA] mixture in MeOH increased with the increasing concentration of the IL
from X;.=0.0052 to X,L=0.05. However, the increase in conductivity values in between
X;1=0.05 to X; =0.1wasnt much steeper. Above the mole fraction of 0.1, the
conductivity values showed a sharp decrease at X;_= 0.15. This can be attributed to the
reduction in the number of free charge carriers at high concentration of the ILs due to
aggregate formation and thus, decreasing the conductivity of the binary mixtures of IL-

molecular solvent [48].

Table 3.4: Conductivity of the ILs in MeOH and MeCN with their varying mole fraction (X;.)
at 298.15 K.

Mole [DSIM][TFA] [MDSIM][ TFA] [EDSIM][ TFA] [BDSIM][ TFA]
fraction o(mScm™) o(mScm™) o(mScm™) o(mScm™)
of IL

MeOH MeCN MeOH MeCN MeOH MeCN MeOH MeCN

0.0052  18.53 3.05 13.83 3.51 15.12 3.23 14.10 3.59

0.0104  22.30 5.20 15.18 5.28 16.38 5.17 15.89 4.25
0.0155 28.50 9.49 20.03 6.98 19.27 7.36 17.56 5.54
0.0205 3560 1147 24.06 10.38 22.70 9.89 21.57 6.32
0.0255 4130 1540 3290 12.59 30.80  11.09 26.50 8.99
0.0500 54.50 20.20 44.40

0.0800 44.90
0.1000 45.20
0.1200 40.29
0.1500 32.80
0.1800 24.24
0.2000 17.06
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Fig. 3.7: Plot of conductivity vs concentration of ionic liquids: (A) [DSIM][TFA] in
MeCN, (B) [DSIM][ TFA] in MeOH, (C) [MDSIM][ TFA] in MeCN, (D) [MDSIM][
TFA] in MeOH,(E) [EDSIM][ TFA] in MeCN, (F) [EDSIM][ TFA] in MeOH (G)
[BDSIM][ TFA] in MeCN, (H) [BDSIM][ TFA] in MeOH.

Effect of temperature

The effect of temperature on the conductivity (o) of each of the four BAILs at a
particular mole fraction X;_ = 0.0255 was investigated in the temperature range 278.15 K
to 333.15 K, in both methanol and acetonitrile as shown in Table 3.5 and Fig. 3.8. The
conductivity values of the ILs were found to decrease with increasing temperature. This
indicates the existence of some type of dynamic equilibrium of the smaller sized
aggregates of ILs with the bulkier ones under thermodynamic condition in methanol and
acetonitrile [20, 48]. As the temperature increases, the smaller aggregates gain more
energy and tend to come closer to form stable aggregates of bigger sizes. This reduces
the number of free charge carriers and hence the conductivity (o) of ionic liquid mixtures

with molecular solvent decreases with increasing temperature.

Effect of the cation size

The o values (Table 3.4) of binary mixtures of these four ILs in both the molecular
solvents decreased in the following order:
[DSIM][TFA]>[MDSIM][TFA]>[EDSIM][TFA] >[BDSIM][TFA]. This was in opposite
order to the increasing sizes of C-2 alkyl group of the imidazolium cation i.e.:
H<Me<Et<n-Bu. Since, the increasing bulkiness of C-2 alkyl substituent decreases the

mobility of the imidazolium cation in both the solvents studied, so the conductivity of IL
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solutions is lowered in both the cases [20]. Fig. 3.9 shows the plot of conductivity of the
ILs (X;. = 0.2551, 298.15 K) vs the number of carbons in the alkyl chain length of the
cations in MeOH and MeCN.

Table 3.5: Conductivity of the ILs in MeOH and MeCN (X,. =0.0255) in the
temperature range 278.15-333.15 K.

Temperature [DSIM][ TFA] [MDSIM][ [EDSIM][ TFA] [BDSIM]
(K) o(mScm™) TFA] o(mScm™) [ TFA]
o(mScm™) o(mScm™)

MeOH CH3;CN MeOH CH3;CN MeOH CH3;CN MeOH CH3;CN
278.15 51.90  18.30 42.9 1387 3750 1216 31.81 12.36

283.15 49.00 1779 40.00 1365 3570 12.09 30.10 11.90
288.15 46.40 1620 3640 13.01 3440 1201 2893 10.72
293.15 4260 1590 3550 1289 3280 1114  27.17 9.44
298.15 4130 1540 3290 1259 30.80 11.09 26.52 8.99
303.15 4046 1267 3010 1201  30.30 8.23 24.50 6.65
308.15 38.90 1252 2980 1149  29.50 8.24 22.80 6.46
313.15 3760 1249 28.60 11.04 27.00 8.16 20.76 5.45
318.15 3520 1247 2840 1093  25.10 7.67 19.11 5.21
323.15 34.60 8.03 27.30 10.77  23.60 7.55 17.30 4.68
328.15 33.70 4.86 26.30 7.06 21.90 6.89 16.92 4.57
333.15 32.50 4.01 23.20 6.16 19.60 6.52 15.74 4.23

Effect of solvatochromic parameters

Physicochemical properties of pure ILs like viscosity, density, electrical conductivity,
solubility, solvation as well as its reactivity are directly influenced on addition of any co-
solvent. Additionally, intermolecular H-bond formation ability of the protic co-solvents
with the constituent ion-pair of IL enhances the electrical conductivity of the binary
mixtures of IL-molecular solvents by stabilizing the free charged species. The
conductivities of the ionic liquid-molecular solvent binary mixtures are often affected by
the nature of the solvent. The variation of conductivity of ionic liquids in molecular
solvents can be expressed as a function of the Kamlet-Taft solvatochromic relationship

which describes the contribution of hydrogen bond donor(a), hydrogen bond acceptor ()
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properties of solvents and Dimroth-Richardt's E'(30) values to the overall solvent
polarity of solution [20,32, 39].
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Fig. 3.8: Plot of Conductivity of lonic liquid-molecular solvent binary mixture vs
temperature of (A) [DSIM][TFA] in MeCN, (B) [DSIM][TFA] in MeOH, (C)
[MDSIM][TFA] in MeCN,(D) [MDSIM][TFA] in MeOH, (E) [EDSIM][TFA] in MeCN,
(F) [EDSIM][TFA] in MeOH (G) [BDSIM][TFA] in MeCN, (H) [BDSIM][TFA] in

MeOH.

To predict the polarity of solvents based on solvent-solute interactions the empirical

Kamlet-Taft empirical polarity scale was developed involving three fundamental

physical properties: (a) cavity formation that takes into account of dispersive forces, (b)

dipolar interactions (n*) such as dipole-dipole and dipole-induced dipole forces and (c)

H-bond donor (a) / acceptor ability (j3).
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Fig. 3.9: A plot of o vs the alkyl chain length of the cations of ILs in MeOH and MeCN.
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The partial contribution of each parameter is expressed in Equation 3.1.

P=Pg+A (61)°Vo+ Bmm o+ Casp 2+ D a2y (Equation 3.1)

Here the subscript 1 and 2 refers to the solvent and solute components. This equation
utilizes the Hildebrand’s solubility parameter (0) and molar volume of the solute (Vm)

for determination of the cavity term.

The polarity parameters of solvents are obtained from UV-Vis spectroscopy of selected
probe molecules in terms of “solvatochromic effects’’. This term is used to describe the
change in the position of UV-Vis maximum (Amax) absorption band of the probe on the
basis of their differences in solvation free-energy of ground and excited states. It is
observed that the polarity of solvents also affects the intensity and shape of the
absorption band. The absorption peak shifts to shorter wavelength (hypsochromic shift)
as the polarity of solvent increases, thus lowering of the solvation free energy. A
bathochromic shift (shift to longer wavelength) is observed as the polarity of solvent
reduces. The betaine dye Er (30) is used as a polarity indicator and it acts as a strong
solvatochromic probe for the UV-Vis experiment. The empirical Dimroth-Reichardt
polarity scale E+ (30), of various solvents is simply defined as the molar transition and is
expressed according to Equation 3.2.

Er (30)/ kcal mol™ = h¢ Bmax Na = (2.8591 *10°%) #max /om™ =28591 /(Amax/nmy

(Equation3.2)

E'n-(ET(30) - 30.7)/ 32.4
(Equation 3.3)

Similarly, the E"y scale express solvent polarity arising from overall interactions
between a solvent and the dye. The normalized Ey polarity is obtained by measuring the
wavelength corresponding to maximum absorption in a solvent and is related to the E+
(30) values of the solvent according to Equation 3.3. Here Et (30) in kcal mol™ is

28591/ (Amax /nm); where, Amax IS the wavelength corresponding to maximum absorption.
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In this case, the known solvatochromic parameter values (Table 3.6) of MeOH and
MeCN were utilized for analyzing the variation in conductivity (Table 3.7) of the four
ILs in the molecular solvents (Fig. 3.10) at the mole fraction of x, =0.0255 at 298.15 K
[32, 39].The conductivity (o) of ionic liquid solutions increases with increasing polarity
of the molecular solvent represented with the values of E'y in increasing order of
MeCN<MeOH in Fig. 3.10(A).The possible H-bonding interactions of the —-SOzH groups
of these ILs with the molecules of protic solvent (MeOH) are mostly responsible for
greater stability of the constituent ion-pairs of the ILs in the MeOH compared to the
aprotic polar solvent like MeCN. Thus, the solvation of cations and anions of the ILs in
these solvents are mainly controlled by the hydrogen-bond donor ability (o) of the
solvent which plays a crucial role in their conductivity [34]. The high H-bond donor
ability of MeOH increased the conductivity values of the binary mixtures of the IL
solution in Fig. 3.10(B). Similarly, the H-bond acceptor properties (B) of the medium
also affect the conduction behavior of the ILs solution. The ¢ values decreases with the

decrease of H-bond acceptor values () of the solvents (Fig. 3.10(C)).

Table 3.6: Solvatochromic parameters of MeOH and MeCN at 298.15 K.

Solvent E'n o B
MeOH 0.762 1.05 0.61
MeCN 0.460 0.38 0.39

Table 3.7: Conductivity of IL solutions with mole fraction x; = 0.0255 at 298.15 K.

lonic liquids Conductivity (mS cm™)
MeOH MeCN
[DSIM][TFA] 41.30 15.40
[MDSIM][TFA] 32.90 12.59
[EDSIM][TFA] 30.80 11.09
[BDSIM][TFA] 26.52 8.99
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3.2.2.5 Electrochemical stability of ionic liquids in molecular solvents

The cyclic volatmmograms (CVs) of 0.1 M solution of the ionic liquids in MeOH (or
MeCN) were recorded at room temperature using glassy carbon as the working electrode
and Ag/AgCI as the reference electrode. The electrochemical windows of the ionic
liquids were calculated using Equation 1.3 from chapter 1. The calculated
electrochemical stability windows of the binary mixtures of ILs are included in Table

3.8 corresponding to their CV plots in Fig.3.11.
ESW = Eanodic‘ Ecathodic (Equation 1.3)

It was found that the electrochemical stability of the ion-pairs of four ionic liquids in
molecular solvents is affected by the variation of solvent-solute interactions. The
electrochemical windows of all the four BAILs were narrowed on both cathodic and
anodic sites for their solution in methanol. This can be accounted for the possible
electrochemical oxidation of the CF3COO  anion to radical intermediate, followed by
abstraction of hydrogen radical from the protic MeOH solvent to produce CF;COOH
molecule. In case of acetonitrile, the lack of acidic proton in the solvent was found
favourable for increasing the anodic potential limits of CF3COO ™ anion to 1.755-1.862 VV
from the range of 1.493-1.499 V in methanol. The +1 effect of the C-2 alkyl substituents
doesn't influence the cathodic limits which is supported by the similar cathodic potential
of the 2-alkyl 1,3-disulfoimidazolium cations around 0.285-0.298 V in methanol. The
oxidative decomposition of the trifluoroacetate anion primarily determines almost the
identical ESWs of the ILs in methanol solution. The lowering of cathodic limit of the
[DSIM][TFA] in acetonitrile is related to the acidity of C-2 proton of the imidazolium
ring for reduction of thel,3-disulfoimdazolium cation through radical and carbene
formation [3]. Dimerization of the radical species leads to formation of dimers or
disproportionation with other imidazolium species to form a compound containing
saturated C2 carbon [49].For the [MDSIM][TFA] ionic liquid, the presence of three
acidic protons in the C-2 methyl group may accelerate the initial reductive elimination of
side chain from the imidazolium cation and thus, minimize the cathodic potential in
acetonitrile. Replacing the methyl substituent by ethyl substituent in the [EDSIM][TFA]
and n-butyl substituent in the [BDSIM][TFA] increases the reductive stability of the
corresponding imidazolium cations by electron donating inductive effect [15, 16, 31]. As

an outcome of this effect, we got slight variation of the cathodic limit values at —0.850 V
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and —0.862 V for the [EDSIM] [TFA] and [BDSIM][TFA] respectively in acetonitrile
leading to higher ESWs of these ILs. Thus, it can be concluded that the ESWs of these
ILs in acetonitrile are mostly controlled by the reductive potential of the imidazolium
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Fig. 3.11: Cyclic Voltammograms of the ionic liquids: (A) [DSIM][TFA] in MeOH, (B)
[DSIM][TFA] in MeCN, (C) [MDSIM][TFA] in MeOH, (D) [MDSIM][TFA] in MeCN,
(E)[EDSIM][TFA] in MeOH, (F) [EDSIM][TFA] in MeCN (G) [BDSIM][TFA] in
MeOH, (H) [BDSIM][TFA] in MeCN.

Table 3.8: ESW of the ILs calculated from the observed cathodic and anodic potentials.

Solvent (MeOH) Solvent (MeCN)
lonic liquids Anodic | Cathodic | Electrochemical | Anodic | Cathodic | Electrochemical
potential | Potential window potential | Potential window
(Eanodic) | (Ecathodic) (ESW) (Eanodic) | (Ecathodic) (ESW)
[DSIM] 1.493 0.298 1.195 1755 | 0.328 1.427
[TFA]
[MDSIM] 1.499 0.285 1.198 1.862 0.306 1.556
[TFA]
[EDSIM] 1.497 0.291 1.206 1.755 -0.850 2.605
[TFA]
[BDSIM] 1.499 0.298 1.208 1.842 -0.862 2.704
[TFA]
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3.3 Summary

In this work, four members of N-SOsH functionalized Brgnsted acidic 2-alkyl-1,3-
disulfoimidazolium trifluoroacetate ILs were synthesized and were subjected to the
analysis of their physical and electrochemical properties after their characterization by
'H NMR, *C NMR, FT-IR and elemental analysis techniques. It was found that their
densities and Hammett acidities reduced on increasing the chain length of the C-2 alkyl
substituent. All the four BAILs were found to be thermally stable up to 250-260 °C.
Their hydrophilic nature was dependent on the C-2 substituent of the imidazolium cation.
Self-aggregation tendency of the ILs molecules in presence of the molecular solvents
(MeOH & MeCN) was responsible for the reduction of the conductivity values of the IL
solutions at a particular mole fraction with the rise in temperature. The measurement of
the conductivities of [MDSIM][TFA] in MeOH by varying the concentration of the (X,_
= 0.0052 to 0.2) at room temperature indicated the existence of “Critical aggregation
concentration” around X;. = 0.1 (Fig. 3.7D). Additionally, the BAILs showed higher
conductivities in MeOH compared to MeCN at a constant temperature (298.15 K) and
concentration (X;_ = 0.0255) due to the H-bonding stabilizing effects of the free charged
species in MeOH. Cyclic Voltammetry study revealed wider ESWs of the BAILs in
MeCN compared to MeOH at the same temperature. The wider ESWs C-2 ethyl and n-
butyl substituted 1,3-disulfoimidazolium trifluoroacetate ILs in MeCN were found to be
the result of the enhancement of electron donating inductive effects of the alkyl groups.
This study reveals the possible extension of this work with other types of the N-SOsH
functionalized organic cations containing ILs with high conductivity, thermal, chemical,
acidity and electrochemical stability, making them suitable candidates as catalysts,
electrolyte material in various electrochemical devices in their pure state or as a binary

mixture with molecular solvents.
3.4 Experimental Section

3.4.1 Synthesis of the N-SO3H functionalized Brgnsted acidic ionic liquids (BAILS)

The N-SOzH functionalized ionic liquids [RSIM][TFA], where R = H, CH3, C,Hs and n-
C4Hg were prepared following the standard procedure in a two-step method (Scheme
3.1) [1]. The first step involves dissolving 20 mmol of imidazole or substituted imidazole
in 10 mL of dry DCM (CH,Cl,) in a two neck 100 mL round bottomed flask. It was then
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stirred for few minutes. Then chlorosulfonic acid (40 mmol) was added drop wise to the

stirred solution of imidazole or substituted imidazole in DCM over a period of 3 min at

ice-cold conditions to prepare the initial ionic liquid [RSIM][CI]. It was then stirred at

room temperature for 30 minutes. The DCM was evaporated in rotary evaporator to

isolate the viscous chloride based [RSIM][CI] IL. In the second step, 20 mmol of
CF3COOH was added to the parent ionic liquid [RSIM][CI] (20 mmol) at 80 °C and was
stirred for 2 hours to produce the corresponding anion exchanged trifluoroacetate ionic

liquids [RSIM][ TFA]. The HCI gas outlet was connected to a vacuum system through

water and an alkali trap. The crude IL was washed with dry DCM (3 x 5 mL) in which it

is immiscible and then decanted to get the analytically pure ionic liquid.

3.4.2 Spectral data of the N-SO3H functionalized BAILS

Sl

No.

lonic liquid

Spectral data

1

SO;H

N
'©

HO,S’

1,3-disulfoimidazolium chloride
[DSIM][CI]

Yellow viscous liquid; FT-IR (KBr) v
cm™: 3433, 3351,1591, 1523, 1436,
1045, 875.4, 757, 617, 585, 455 and
437; 'H NMR (DMSO-dg, 400 MHz):
§ 14.35 (s, 1H), 13.23-13.04 (m, 1H),
9.00 (s, 1H), 7.72-7.57 (m, 2H); *C
NMR (DMSO-ds, 100 MHz) : § 135.2,
120.5 and 119.9; CHN analysis(%):
Cal. C 13.46, H 3.01, N 10.47; Found
C 13.43, H 3.05, N 10.42.

SO;H

N
)

HO,S"

cnco%
I |

1,3-disulfoimidazolium trifluoroacetate
[DSIM][TFA]

Brown viscous liquid; FT-IR (KBr) v
cm™: 3420, 3376, 1709, 1641, 1178,
1054,875 and 587; *H NMR (DMSO-
ds, 400 MHz): & 14.15 (s, 1H), 13.42
(s, 1H), 9.05-8.88 (m, 1H), 7.60-7.48
(m, 2H);*C NMR (DMSO-ds, 100
MHz): § 158.5, 136.7, 134.6, 119.6 and
62.37; CHN analysis(%): Cal. C 17.40,
H 2.34, N 8.11; Found C 17.46, H
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2.39, N 8.08.

P [P

HsC. N
©

HO,S’

2-methyl-1,3-disulfoimidazolium
chloride [MDSIM][CI]

Yellow viscous liquid; FT-IR (KBr) v
cm?: 3425, 3067, 2917, 1627,
1445,1191,1050, 873, 753 and 580; ‘H
NMR (DMSO-ds, 400 MHz): & 13.91
(s, 1H), 11.93 (s, 1H), 7.43 (s, 2H),
2.51 (s, 3H); **C NMR (DMSO-dg, 100
MHz) : & 144.9, 119.1 and 11.3; CHN
analysis(%) :Cal. C 17.05, H 3.58, N
9.94; Found C 17.11, H 3.54, N 9.90.

SO;H

3CT@’>

HO,S"

H Q
| cFsco0 |

2-methyl-1,3-disulfoimidazolium
trifluoroacetate
[MDSIM][ TFA]

Brown viscous liquid; FT-IR (KBr) v
cm™: 3445, 3016, 2910,1748, 1627,
1445, 1198, 1054, 881, 756 and 585;
'H NMR (DMSO-ds, 400 MHz): &
13.91 (s, 1H), 12.96 (s, 1H), 7.47-7.41
(m, 2H), 251 (s, 3H); *C NMR
(DMSO-dg, 100 MHz) : & 159, 144.9,
118.3 and 11.7; CHN analysis(%) :Cal.

C 20.06, H 2.81, N 7.80; Found C
20.10,H 2.74, N 7.93.

SO,H

B |

HO,S’

H;CH,C |e|

2-ethyl-1,3- disulfoimidazolium
chloride [EDSIM][CI]

Yellow viscous liquid; FT-IR (KBr) v
cm™ : 3437,2929, 2860, 1629, 1453,
1176, 1054, 872, 750, 581; *H NMR
(DMSO-dg, 400 MHz): & 13.94 (s, 1H)
13.0 (s, 1H), 7.47-7.42 (m,2H), 2.88-
2.84 (m, 2H), 1.24-1.17 (m, 3H); *C
NMR (DMSO-dg, 100 MHz): 6 149.1,
119.1, 19.2 and 11.7; CHN analysis(%)
: Cal. C 20.31, H 4.09, N 9.47; Found
C 20.25, H 4.11, N 9.60.

Brown viscous liquid; FT-IR (KBr) v
cm™: 3448, 2923, 2853,1760, 1626,
1451, 1184, 1060, 884, 758 and 585;
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SOzH
A [ CF,C0D |

%

HO,S’

H3CH,C

2-ethyl-1, 3- disulfoimidazolium
trifluoroacetate
[EDSIM][ TFA]

'H NMR (DMSO-ds, 400 MHz): § 13.8
(s, 2H), 7.47 (s, 2H), 2.88 (g, J = 8 Hz,
2H), 1.22 (t, J = 8.0 Hz, 3H); °C NMR
( DMSO-ds, 100 MHz) : & 1592,
148.4, 119.1, 19.2 and 11.7; CHN
analysis(%) :Cal. C 22.52, H 3.24, N
7.50; Found C 22.47, H 3.36, N 7.62.

YN'SOSH ()
©)

N
HO,S

2-butyl-1, 3-disulfoimidazolium
chloride [BDSIM][CI]

Yellow viscous liquid; FT-IR (KBr) v
cm™: 3419, 3154, 2961, 2936, 2839,
2376, 1725, 1625, 1460, 1301, 1243,
1165, 1037, 876, 753, 573 and 444; H
NMR (400 MHz, DMSO-dg): & 13.17
(s, 1H), 7.40 (s, 2H), 2.84 (t,J=8.0
Hz, 2H), 1.63-1.59 (m 2H), 1.21-1.16
(m, 2H), 0.79 (t, J = 8.0 Hz, 3H); ©*C
NMR(100 MHz, DMSO-d): & 148.2,
119.2, 29.3, 25.0, 21.4 and 13.6; CHN
analysis(%) : Cal. C 25.97, H 4.98, N
8.65; Found C 25.91, H 4.83, N 8.60.

SO;H

©

HO,S’

CaHy [ CF,CO0 |

2-butyl, 1-3 disulfoimidazolium
trifluoroacetate
[BDSIM][TFA]

Brown viscous liquid; FT-IR (KBr) v
cm™: 3438,3154, 3012, 2969, 2929,
2865, 2729,1751, 1629, 1500, 1462,
1191, 1049, 876, 850, 760, 680, 580
and 451;'H NMR (400MHz, DMSO-
ds) : & 12.89 (s, 2H), 7.41 (s, 2H),
2.83 (t, J =8.0Hz, 2H), 1.62-1.55 (m,
2H), 1.19-1.13 (m, 2H), 0.76 (t, J=
8.Hz, 3H) ; ®C NMR (100 MHz,
DMSO-dg): & 158.6, 147.8, 119.1,
29.1, 250, 21.6 and 13.6; CHN
analysis(%) :Cal. C 26.93, H 4.02, N
6.98; Found C 26.81, H 4.04, N 6.90.
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3.4.3 NMR spectra of the [EDSIM][TFA] & [BDSIM][TFA] ionic liquids

1. H NMR spectra of [EDSIM][TFA]
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3. 'H NMR spectra of [BDSIM][TFA]
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