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SYNOPSIS

lonic Liquids (ILs) are special category of molten salts typically composed of bulky and

asymmetrical organic cations and organic or inorganic anions with their melting points below
100 °C. These materials have great promise in terms of their applications in the fields of
chemistry, biology and also in industry due to its attractive thermophysical properties.’ 2 As
the properties of ILs are tunable in nature, different ILs can be synthesized to meet the
requirements for various applications. While mono cation-based ILs are more widely known,
the other exciting classes of ILs are the geminal dicationic ILs (DILs).>® Due to the presence
of two cations in DILs, DILs have shown high thermal and chemical stability as compared to
monocationic ILs (MILs).>7 To effectively use these DILs in various applications,
understanding the structure-property correlation for these media are very much necessary.
Another important approach to fine tune the properties of ILs can be achieved through the
mixing of ILs. This is also interesting as it may allow a prior prediction of the desired properties
of the specific target mixtures, to be used for a particular application.®*° However, the potential
application of binary mixture of ILs can only be realized when the microscopic behavior of
these mixtures is well understood. The main objective of the present thesis is to understand the
inter-relationship among the intermolecular interaction, structural organization and solute
dynamics in various imidazolium and pyrrolidinium based MILs, DILs and binary mixtures of
MILs mainly through time-resolved fluorescence anisotropy, NMR and fluorescence

correlation spectroscopy (FCS) spectroscopic studies.
Organization of thesis

The present thesis has been divided into six chapters. The contents of the different chapters of

thesis are briefly mentioned below.
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Chapter 1: Introduction

Chapter 1 starts with a brief introduction about ionic liquids (ILs) and their physicochemical
properties. In particular, discussions are made on various imidazolium and pyrrolidinium-based
ILs. Various applications of ILs and their binary mixtures in the fields of chemical, biological
and material sciences have also been highlighted. Next, the study of kinetics using
photochromic probes has been illustrated in this chapter. After this, a detailed discussions on
the excitation wavelength dependent emission behavior, solute rotation, translational diffusion
phenomena in various ILs have been made by illustrating several literature reports. Lastly, the
current challenges in ionic liquids research and objective of the present thesis work have been

outlined at the end of this chapter.

Chapter 2: Instrumentation and Method

Basic principles of different experimental techniques used in the present study, such as
absorption spectroscopy, steady-state and time-resolved emission spectroscopy have been
demonstrated briefly in this chapter. The working principle of time-correlated single photon
counting (TCSPC) technique and single molecule fluorescence spectroscopic technique have
also been discussed. Further, principles of time-resolved fluorescence anisotropy and pulsed-
field-gradient NMR (PFG-NMR) measurements are also described. Methodologies used to
obtain the rotational relaxation time and analysis of time resolved fluorescence anisotropy data
by using several hydrodynamic models have also been demonstrated. The error limits

corresponding to different experimental parameters are provided in the end of this chapter.

Chapter 3. Thermophysical and Spectroscopic Investigations on Imidazolium-based

Monocationic ILs and their Binary Mixtures with Common Cation

This chapter discusses the outcomes of combined thermophysical and photophysical

investigations of several binary mixtures of ILs along with the constituent pure ILs that they
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are composed of. Specifically in this study, the mixtures of ILs are chosen with a common
cation and variation in anion namely 1-Butyl-3-methylimidazolium [BMIM]
bistrifluoromethylsulfonylimide [NTf], hexafluorophoshate [PFs] and tetrafluoroborate [BF4]
as shown in Figure 1. This has been done by monitoring the role of anion, if any, in the
governing the behavior of ILs exclusively. Initially, the systems have been investigated by
studying the thermophysical properties of the concerned mixtures. The synergistic effect
between the pure ILs and their binary mixtures have also been studied through a photochromic
probe Spiropyran (SP). Further, investigations on these mixtures have been carried out through
steady-state and time-resolved fluorescence spectroscopy, nuclear magnetic resonance (NMR),
and fluorescence correlation spectroscopy (FCS). The data obtained from time-resolved
fluorescence experiment have been analyzed with the help of Stokes-Einstein-Debye (SED)
hydrodynamic theory*" 1> which shows that the rotation of probes (perylene and sodium 8-
methoxypyrene 1,3,6-trisulfonate) are different in neat ILs as well as their mixtures (Figure 2
and Figure 3). Interestingly, the extent of interactions observed through the rotation of probes
in ILs as well as their mixtures are found to be different for different mixtures indicating that
the binary mixtures of ILs are not only spatially heterogeneous but also dynamically
heterogeneous. Further, measurements of translational diffusion coefficients of the diffusing
species in ILs as well as their binary mixtures through NMR and FCS studies have
independently provided an idea about the nanostructural organization within these IL mixtures.
The analysis of data essentially reveals that the mixtures of ILs that are used in the current
study do not behave like a non-ideal solution. The behavior of the IL mixtures is observed to

be more like quasi-ideal type.
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Figure 1. Molecular structures of ILs and probes used in the study.
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Figure 3. Log (tr) vs log (0/T) plot of MPTS in (a) mix I, (b) mix II, and (¢) mix III with stick

and slip boundary condition limits. The solid black lines indicate the fit to the data points.

Chapter 4. Thermophysical and Spectroscopic Investigations on Imidazolium and

Pyrrolidinium-based Monocationic ILs and their Binary Mixtures with Common Anion

In this chapter the thermophysical properties as well as the structural organization of different
binary mixtures of ILs have been investigated by understanding the thermodynamics of mixing
ILs. In this work, a systematic study of the IL mixtures has been conducted by taking
imidazolium and pyrrolidinium ILs with bis(trifluoromethylsulfonyl)imide [NTf.] as the
common anion and various cations such as 1-alkyl-3- methylimidazolium with n = 2, 3, 4,
[C2Ciim], [C3Ciim], [C4Ciim], and 1-alkyl-3-methylpyrrolidinium with n = 3, 4, [C3Cipyr]
and [C4Cypyr] (Figure 4). Moreover, imidazolium and pyrrolidinium based ILs are chosen so
that the role of cations, in governing the behavior of the said mixture, if any, is properly
understood. Investigations have been carried out at the macroscopic level by observing the
thermophysical properties, such as molar volume and thermal expansion coefficient, and at the
microscopic level with time-resolved fluorescence measurements and the pulse field gradient
nuclear magnetic resonance (NMR) technique. The results obtained from the thermophysical
study have indicated that excess molar volume for imidazolium-based IL—IL mixtures may be
linked to the free volume created by the alkyl chain of the imidazolium cation whereas for the
mixture of pyrrolidinium ILs, lowering of density can give rise to free volume. Analysis of
time-resolved fluorescence anisotropy data through quasi-hydrodynamic theory (DKS
model)!3 * has provided clear evidence in favor of the presence of free volume in the binary
mixture of ILs (Figure 5, Table 1). Further, NMR studies have also supported the fact that free
volume has been observed in the binary mixtures of ILs. The outcome of the present

investigation reveals that the mixtures show appreciable deviation from ideal behavior and the
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deviation from the ideal behavior is caused due to the generation of free volume in the resultant

mixture, describing these IL mixtures as quasi-ideal.
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Figure 4. Molecular structures of ILs and probes used in the study.
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Table 1. Free volume estimated through DKS theory

System Coks  Cslip Free volume

[C2Ciim]os[CaCiim]os  0.053 0.085 ~ 38%

[C2oCipyr]os[CaCiim]os 0.078 ~ 8%

[C2Cipyrlos[CsCipyrfos 0.073 ~14%

Chapter 5. Understanding the Structural Organization of Monocationic and Dicationic

lonic Liquids through Resonance Energy Transfer Studies

This chapter focusses on understanding the differences in the local structural organization of
imidazolium-based monocationic ILs (MILs) and dicationic ILs (DILs) through resonance
energy transfer studies. The study has been performed with DILs, namely, [Ce(mim)2][NTf2]2
and [Cg(mim)2][NTf2]> with their monocationic counterparts being [Camim][NTf;] and
[Camim][NTf2]. Additionally, we have also taken six-membered imidazolium-based IL
[Cemim][NTf2 ] and eight-membered imidazolium-based IL, [Csmim][NTf2"] so that the effect
of alkyl chain length can be monitored exclusively (Figure 6). In this study, neat IL has been
chosen as donor and a charged species rhodamine 6G (R6G) has been used as an acceptor
because of the fact that they satisfy the spectroscopic criteria that are needed for an RET event
to take place.r® ¢ In this study, specifically, two imidazolium-based geminal DILs and their
monocationic counterparts are used for the present investigations. As stated before,
additionally, the studies have also been carried out in some selected MILs where the lengths of
the alkyl side chains are kept unchanged for MILs and DILs. Interestingly, the data reveals that
the RET interaction is more favorable for DILs than for MILs, even though the DILs are

relatively bulkier than their monocationic counterparts. More interestingly, the RET interaction
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(as seen from the donor acceptor distance, Rpa, shown in Table 2) is also found to be more
favorable for DILs than that for MILs, where the length of the alkyl group is kept fixed for
MILs and DILs. The result of the present study delineates that the alkyl chain length on the
cation is not the sole factor contributing to the RET outcomes for DILs and MILs but the local
structure of DILs also contributes significantly to the same. The current investigation clearly
indicates that DILs have a more compact local structure than that of MILs. Essentially, the
current study highlights that a cost-effective, noninvasive technique such as RET is quite

effective in capturing the differences in the nanostructural organization of MILs and DILs.
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Figure 6. Molecular structures of ILs and probes used in this study.
Table 2. The FRET parameters obtained from the RET study.

System Rps(A) E Kger (108 s
[Csmim][NTF2] 3727  0.65 6.89
[Camim][NTF:] 39.03 052 5.49
[Comim][NTF] 4826  0.39 3.92
[Csmim][NTF:] 5505  0.31 4.02
[Co(mim)z][NTH ]2 46.44  0.45 4.72
[Ce(mim)2][NTF2 ]2 48.61  0.40 4.25
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Chapter 6. The Effect of Lithium lons on the Structural Organisation of Monocationic

and Dicationic lonic Liquids

In recent times, ionic liquid-based (ILs) electrolytic system has emerged as suitable alternative
to the conventional organic solvent-based electrolytic system. However, since, anion of ILs is
known to form aggregates in the presence of lithium-ions (Li*), and this can influence the
transport properties of Li* ion in a significant manner, it is, therefore, important to understand

how lithium-ions influence the structure and dynamics of ILs.!" 18

This chapter describes the intermolecular interaction, structural organization and
dynamics of MILs and DIL in the absence and presence of lithium salt. Specifically, for this
purpose, two MILs, 1-methyl-3-propylimidazolium bis- (trifluoromethylsulfonyl)imide
([C3C1im][NTf2]), 1-hexyl-3-propylimidazolium  bis-  (trifluoromethylsulfonyl)imide
([CeC1im][NTHT2]), and a DIL, 1,6-bis(3-methylimidazolium-1-yl)hexane
bis(trifluoromethylsulfonyl)amide ([Cs(mim)2][NTf.]2) (Figure 7) have been chosen in such a
way that either the alkyl chain of MILs becomes equal or half of the spacer chain length of
DIL. To understand the effect of the addition of lithium-ion on the structural organization of
MILs and DIL, steady-state absorption and fluorescence spectroscopies, time-resolved
fluorescence anisotropy and nuclear magnetic resonance (NMR) techniques have been used.
Structural organization in the apolar and polar domains of ILs has been probed by following
the rotational diffusion of suitably chosen solute in the concerned media through time-resolved
fluorescence anisotropy (TRFA) measurements. TRFA studies have revealed that with the
addition of Li* ion, due to the coordination between the Li* ions and NTf; anions in ILs, the
packing of the alkyl chain present in the apolar region of MILs get reduced which is not

observed in DILs. This has been depicted by the change in the average friction coefficient

XX



upon addition of lithium ions in both MILs and DIL (Figure 8). Further, measurements of the

self-diffusion coefficient through NMR have also supported the observation that Li+ ion also

perturbs the nanostructural organization of the MIL in a significant manner than that it does for

the DIL. The behavior of DIL in the presence of Li* ion, as revealed by the present study, has

been rationalized by considering the folded arrangement of DIL in the fluid-structure.

Essentially, all of these investigations have suggested that the addition of lithium-ion

significantly alters the microscopic behavior of MILs in comparison to that of DIL. The

outcome of this study is expected to be helpful in realizing the potentials of these media as

electrolytes in battery applications.

N-_—N
NN\

IC3C| im|+

Perylene

N'_-N

[C6Cqim]*

Figure 7. Molecular structures of ILs and probes used in this study.
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Figure 8. Average friction coefficient for perylene in all the systems as a function of Li+ ion

concentration.

In conclusion, the present study has demonstrated the structural organization, intermolecular
interactions and solute dynamics in MILs, DILs and the binary mixtures of MILs are very
different. The present work provides valuable information with regards to understanding the

structure-property correlation in various IL-based solvent systems.

The future prospects are also outlined at the end of the thesis.
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Chapter 1

Introduction

This chapter discusses on the room temperature ionic liquids, their thermophysical properties
and their potential applications in the fields of biology and material sciences. This chapter also
highlights the importance of binary mixture of ionic liquids, their thermophysical properties
and their microscopic behaviour in terms of ideality. Further, discussion on the photophysical
processes in ILs such as excitation wavelength dependent emission behaviour, the rotational
dynamics of binary mixture of ILs along with concerned neat ILs using different probe
molecules, resonance energy transfer process, translational diffusion of ions measured through
NMR and fluorescence correlation spectroscopy are provided by illustrating several literature
reports. The objective of the thesis along with the recent challenges involved in research areas

of ionic liquids are presented in the end of this chapter.

1.1. lonic Liquids

lonic Liquids (ILs) are special category of molten salts which typically constitutes of bulky
and asymmetrical organic cations and organic or inorganic anions with their melting points
below 100 °C.! In ILs, organic cations are imidazolium, ammonium, pyridinium, pyrrolidinium
etc. and the inorganic anions are usually bromide, chloride, sulfate, hexafluorophosphate,
tertrafluoroborate etc. In ILs, the charge density of the ions become low due to their diffused
charges which results in inefficient lattice packing eventually leading to disruption in their
crystalline packing structure. The inefficiency in the packing along with the low charge
densities over the constituent ions results in the formation of liquid materials at the ambient

temperature (20-30 °C) and pressure (1 bar).?* ILs were originally believed to be within the



conventional scheme of molecular liquids. However, more recently it has been determined that
the diverse ordering structures present in the ILs in comparison to the conventional molecular
liquids and their structure-ordering are driven by the short-range interactions in combination
with long range interactions associated amongst the constituent ions.>® Interestingly, ILs
possess several interesting properties such as extremely low vapor pressures, high viscosity,
low toxicity, high ionic conductivity, extremely high thermal stability and capability to dissolve
a wide range of inorganic, organic compounds making these unique materials suitable for

several applications such as in the fields of material and biological sciences.* 10-24

Although the history of ILs mostly credits the German chemist Paul Walden as he was
the first to synthesize ionic salt, ethyl-ammonium nitrate (EAN) with a low melting point 12°C
and a low viscosity in 1914 but in 1911, our own Indian Chemist Archarya Prafulla Chandra
Ray?®, synthesized a similar kind of ionic liquid to ethyl ammonium nitrate but was not paid
due attention for some unknown reasons. In fact, 40 years later, Hurley and Wier?’ documented
the potential benefits of ILs more explicitly by synthesizing organic chloroaluminates from
aluminum compounds and alkylpyridinium chloride salts. The product obtained from the
synthesis was organic chloroaluminates, considered as first generation ILs.Y* ¥ In 1980s,
scientific interest on ILs began to spread with the broadening of range of investigations starting
from solvents in organic synthesis to materials. In this period, ILs were synthesized with
different organic cations namely imidazolium, pyridinium, pyrrolidinium, ammonium,
phosphonium etc. and anions mostly consisting of halides.?® It was observed that the
pyridinium as well as imidazolium based chloroaluminates possess a disadvantage of being
reactive with water. Interestingly, in 1990, Mike Zaworotko?® developed methods for
synthesizing water-stable anions. Thus, the second generation of ILs were prepared with anions
such as nitrate (NO3), tertrafluoroborate (BF4), hexafluorophosphate (PFe) etc. illustrated in

Figure 1.1. Next, the third generation 1Ls?® %0 3! were synthesized consisting of perfluorinated



anions such as  bis(trifluoromethylsulfonyl)imide ~ (NTf.), tris(pentafluoroethyl)
trifluorophosphate (FAP) etc (Chart 1). These ILs were hydrophobic in nature possessing low
viscosity, low melting points and low conductivity.3> ** Some of the disadvantages of these ILs
were production cost, high affinity of binding with metal ions resulting in toxicity.?3 303 |n
recent times, cost effective task specific ILs were developed for the use in energy materials.®*
Apart from material applications, amino acid based ILs were designed for the use in ionic liquid
pharmaceutics.® 3¢ Other families of ILs like geminal dicationic ILs were also designed as

these are thought to have applications in the field of battery related applications.*’->
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Figure 1.1. Molecular structure of some cations and anions of RTILs



1.1.1. Characteristic features of ILs

Some of the general properties of ILs as described earlier makes ILs a special solvent system
from the usual conventional organic solvents. ILs are known to possess negligible vapour
pressure, high chemical thermal stability, non-flammability, wide liquidous range, wide
electrical conductivity and the ability to dissolve a wide variety of organic and inorganic
substances.> 1215 18-21,24,51-54. Aq these properties can be tuned by the combination of different
cations and anions chosen for a particular application, the ILs are also termed as “designer
solvents”.>® Molecular diagrams of the common imidazolium based ILs are provided in Figure

1.1. Physical properties of the ILs are collected in Table 1.1.

Table 1.1. Physical properties of some monocationic*® and dicationic I1Ls*

Cations T (K) To (K) Ta (K) p (gcm™)

[NTf2]" [BF4]" [NTf] [BFs [NTf] [BFs [NTf] [BFa]

[CoMIm]? 2699 2878 183.7 1824 664.3 5559 1520 1.279

[CaMIm]* 269.2 - 188.1 186.3 676.2 5659 1.438 1.201
[CoMIm]* 2659 - 190.4 190.0 6354 577.2 1.373 1.155
[Ca(MIm),]?* 3325 3723 - - 706.4 589.2 - -
[Co(MIm)]?* - 4039 2099 - 700.1 639.6 1.546 -

Tm : Melting Point ; Ty : glass transition temp. ; Tq : decomposition temp. ; p : density

e Melting points: The phenomenon of melting occurs when the crystal lattice gets disrupted
and the ions consisting the lattice gets disordered. In case of ILs, sharp melting points are

not observed due to the supercooling nature.® %57



e Glass transition temperature: The strength of cohesive forces present within a salt is
denoted by the glass transition temperature (Tg). With the variation in anion-cation
combination in ILs, the cohesive interactions are found to vary as the cohesive interactions
are found to increase with the attractive Coulomb and van der Waals interactions.*®

o Density: Density of ILs depend on the packing efficiency of ionic consitutents in the ILs.
ILs are found to be denser than water and the range of density lies within 1.0 to 1.7 g cm™,
The density of alkylammonium, alkylimidazolium and alkylpyrrolidinium ILs decreases
with increasing alkyl chain length of cation.®® ° Further, the nature of cation and anion
affect the densities of ILs. The densities and ionic structures of ILs are intricately related
with each other. The molar volume has been observed to increase proportionally with an
increase in the density of alkyl chain length of cations in ILs.%° With the introduction of
fluoroalkyl chain, the density of ILs increases. For eg., in case of 1-ethyl-3-
methylimidazolium cation, density follows the order: CH3SO3 < BF4 and CFsCOO <
CF3S0O3 < (CF3S0O2)2N < (CoF5SO2)2N .

e Viscosity: ILs have considerable high viscosity (typically 10 to 100 times) in comparison to
molecular solvents.5! Viscosity of a medium arises due to the various interactions such as
Coulombic interactions within the ions, van der Waals interaction, hydrogen bonding etc.
within the fluid system.®! As the other physical properties are dependent on the nature of
anions and cations, viscosity is also affected by the choice of cations and anions.
Experimentally, it has been observed that as the chain length of cation increases, the
viscosity also increases due to a strong van der Waals interactions.®* The ability of the anion
to participate in the hydrogen bonding affects the viscosity of 1Ls.5% % |Ls having ions such
as PFs and BFs , are found to be more viscous in comparison to Tf2N ion due to the
electronic effect arising due to the presence of fluoride atom as well as due to the dispersion

of the negative charge on the two sulfoxide groups of Tf2N anion.®* It has been observed



that viscosity of ILs are quite affected by the percentage of water present in them.5* It is to
be noted here that the viscosities of ILs are found to obey Vogel-Tammann-Fulcher®%’

(VFT) equation (1.1) given below:

DT
T-T¢c

In(n) = In(ny) + (1.1)

In the eq. (1.1), n, represents viscosity at infinite temperature, D denotes the fragility

parameter and T is the viscosity diverging temperature.

 Conductivity (o) : ILs have reasonably good ionic conductivities,®® % ~ 10 mS cm™?, in
comparison to organic solvents. However, due to high viscosity, ILs tend to have less
conductivity at room temperature as the conductivity of electrolytic solution depends both
on mobility and the number of charge carriers.”® The reduction in the ion mobility can also
be caused by the larger size of the constituent ions as well as the tendency of aggregation of
these ions. One of the ways to overcome the issue of low conductivity is by mixing co-
solvents with the 1Ls.5% "

e Electrochemical potential window: Electrochemical potential is one of the significant
criteria for battery applications. The electrochemical potential window (without significant
background current) is one of the key factors for any medium to be used in electrochemical
applications. Generally, ILs exhibit a large electrochemical window in the range of 4.5-5
V.2 72 This potential window range is found to be more than the conventional electrolytic
soluitons. We would also like to note here that dication-based ILs exhibit even longer
electrochemical window. "

e Other properties: Many other physical properties of ILs such as surface tension, refractive

index, molar volumes etc. have been observed to vary with the variation of cation and
anions in 1Ls.%8 As the packing efficiency increases, the surface tension decreases whereas

as the ionic or hydrogen bonding interaction increases, an increase in the surface tension is



observed for ILs. By estimating the refractive index (np)values of ILs, these can be
considered as moderately polar media like acetonitrile. However, with an increase in the
alkyl chain length of the cationic moiety of the IL, the refractive index is found to
decrease.” On the other hand, with an addition of hydroxyl group in IL, an increase in the
refractive index has been observed.” Another important parameter of ILs, is its solubility.
The solubility of an IL is mainly governed by the anionic species.®® " 52 In case of PFe,
NTf, anions, the nature of ILs are hydrophobic while for BF4, halide anions the nature of

ILs are hydrophilic.
1.1.2. Binary mixtures of ILs

Binary mixture of ILs are not the simple mixtures of two or more ions of ILs which would have
been analogous to the mixtures of organic solvents rather as ILs when mixed together, the ionic
associations in the individual ILs are lost and it is difficult to predict which cation/anion is from
which ionic liquids.”® To address this issue, majority of literatures are primarily focused in
understanding the ideality and non-ideality of IL mixtures.””° This is usually observed mainly
by focusing on the deviation in some well-known physical properties of the IL mixtures.®! In
some of the IL-IL mixtures, the physical properties like density and viscosity were found to
follow the mixing laws linearly while properties those were dependent on the specific chemical
associations like phase transition were difficult to estimate and often led to non-ideal behaviour
portraying the IL-1L mixture model as simple mixtures.”” 81 % |t is to be noted here that when
two ILs with a different monovalent ions are mixed (for e.g., [A][B] and [C][D]), a scenario
with a combination of four different salts [A][B], [B][C], [A][C] and [A][D] are formed. Since
it often becomes difficult to predict the properties of the resulting complex solutions, it is found

that the concept of double salt might be helpful in elucidating the properties of IL mixtures.’



In this context, it is believed that intermolecular interactions such as hydrogen bonding
is an important factor for governing the physical properties in IL-IL mixtures. However,
hydrogen bonds prevailing in the ions for the IL mixtures have been observed to have negligible
effect on the viscosity.®* Different mixing laws proposed in the literatures such as Katti and
Chaudhri law (based on molar volumes),®? the Grunberg and Nissan law (logarithmic law
involving only the viscosity),® or the Bingham law (developed by analogy to electric resistors
in parallel circuits),* are found to be in good agreement between the experimental viscosity
data of the IL-IL mixtures. In order to understand the aspect of ideality and non-ideality for the
mixtures of ILs, deviation of viscosity in case of IL mixtures from the linear mixing behaviour

is calculated.8t %0 9

It may be noted here that the experimental densities of ILs are also found to be in good
agreement with the mixing laws available in the literatures.8! % When IL mixtures are composed
of three or four ions, a very small deviation in density (~0.01 g cm™3) is observed which indicates
an ideal mixing behaviour. To discuss on the volumetric effect of ions constituting the mixture,
calculation of the excess molar volume (VE) is necessary. By definition, VE is the difference in
the measured molar volume of a mixture from the expected molar volume.® It is usually

expressed by the equation (1.2):

_ XXMy +(1=x) XM
p

VE

— (X X Viay + (1 = ) X Vayay) (1.2)

where  denotes the mole fraction, M denotes the molecular weight, p corresponds to the
density of the mixture, VVm denotes the molar volume (i.e., volume occupied by one mole of a
substance), and A and B denote the two different compounds constituting the binary mixture
of ILs. A positive deviation of VE has been found to be observed as the volume of binary
mixture of IL becomes larger than that expected from mixture of ILs comprising of two -ion

ILs. On the contrary, a negative deviation of VE has can be found when the volume of the



mixture become smaller than that can be expected when the ILs are mixed. In order to highlight
the differences among the ILs and their binary mixtures, an arbitrary line boundary (deviation
of 0.20 cm® mol ™) is usually fixed.2! Many of the physical properties of these binary mixtures
of ILs are still at its infancy. Therefore, under the mechanism of preferential solvation is
expected to bring interesting outcomes with respect to properties such as solubility,
conductivity, ideal, non-ideal behavior etc. for some specific solutes, solvents, gases and even

drugs.

1.1.3. Information on structural and dynamic heterogeneity in ILs and their binary

mixtures

Initially, ILs were believed to be homogeneous in nature.®® But several recent theoretical as well
as experimental observations have suggested that ILs are not homogenous in nature rather they
form cluster assemblies consisting of ion pairs that shows a mesoscopic pattern (micelle type,
H-bonded network structures).®’-1°* The inhomogeneity in ILs is referred as micro-heterogenous

nature of these media.

Crystal structures of ILs offer clues for the local intermolecular interactions
prevailing in the liquid structures.®® 10210 |t has been observed that in ethanolammonium
nitrate (EtAN), two lamellar like layers composed of EtA cations takes vertical configuration
while half of the [NOz] anions are situated between adjacent ammonium moieties creating a
polar region, while the other [NOs] anions are found to be intercalated between ethyl chains.%’
In contrast to the alkylammonium ILs, crystal structure of imidazolium ILs are found to be
different depending on the structure of anion and the chain length of cations.'%> 97 Structural
features revealed by the NMR studies on the imidazolium-based ILs, Comim[X] where X
denotes the halides, have shown the formation of contact-ion pairs.'% % Indirect evidence of

the formation of contact-ion pairs has also been revealed by studying the transport properties of
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dialkylimidazolium ILs.1° Even though the concept of ion pairs is quite helpful to some extent
to visualize the liquid structures in electrolytic solutions, it has not been feasible to define the
bulk IL structures based on these concepts. It is also believed that in the overall liquid structure,
transient ion pairs might also exist in IL matrixes possessing shorter lifetime less than
picosecond time scale.!” 1! This hypothesis though help in addressing the overall bulk structure
of liquid but are found to be more complicated in comparison to the concept of a continuum of

ion pairs or ion couples present in solutions.®

The microstructures of EAN were investigated by Atkin,> Warr® and Umebayashi
et al.® independently using complementary wide-angle X-ray scattering (WAXS) and small-
angle neutron scattering (SANS) techniques. All these work have demonstrated the existence
of heterogeneity at the length-scale for EAN constituting apolar and polar domains in the bulk
liquid matrix. This signifies a disordered, locally smectic bi-continuous liquid structure form of
ILs. The nanostructural heterogeneity are thought to be formed due to the solvophobic
interactions prevailing among the alkyl units.® Several fluorescence studies on ILs have
demonstrated the micro-heterogenous nature of ILs.}1212° Among these, the investigations
carried out by Samanta and coworkers!?!: 122 are noteworthy in understanding the micro-
heterogeneous behavior of several ILs through excitation wavelength dependent fluorescence
experiments. Both the experimental!# 115 117, 120-124 anq theoretical studies!® 118 119.125-129 gpy
ILs have shown that ILs are structurally and dynamically heterogeneous in nature. Excitation
wavelength dependent solvation dynamics on ILs carried out by Bhattacharyya'!* ** and
Maroncelli*!® 120 independently have shown that ILs are not just structurally heterogenous but
also dynamically heterogeneous in nature. Later on, investigations with IR spectroscopy have
revealed the dynamic heterogeneity of ammonium-based ILs.*3® MD simulation studies carried
out by Hu and Margulis*® have also shown the micro heterogenous behaviour of ILs. Moreover,

the evidence of heterogeneity in ILs have also been shown with optical heterodyne-detected
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Raman induced Kerr effect (OHD-RIKES).1?8 As ILs are complex media, further experimental
and theoretical studies are necessary to understand the structure-property relationship in these

media.

One of the significant observation in a wide variety of IL mixtures is that the
structure of these mixtures is highly dominated by coulombic interactions.’’: 78 84 85 89, 117,131
As the coulombic interactions are present within the cations and anions in IL, the distribution
of these ions is random in nature. It is noteworthy to mention here that although coulombic
interactions are isotropic in nature but the charge densities will be different of each ion in a
polyatomic system and this difference in the charge densities will result in electrostatic
interactions purely governed by the shape, size and individual charge density of ions rather than
the averaged charge of the whole system.'®2 We would also note here that the weaker
interactions in IL, like m — m*interactions and hydrogen bonding have been accounted for the
formation of ideal and non-ideal 1L mixtures.®% 1113 The IL mixtures consisting of anions with
different basicities have shown positive excess molar volumes suggesting a greater free volume
present in the mixture than that anticipated from the linear interpolation of 1Ls.**? Techniques
such as small angle X-ray scattering (SAXS), positron annihilation lifetime spectroscopy
(PALS) and *?°Xe-NMR techniques have helped in exploring the relationship between the free
volume and the thermodynamics of 1L mixtures.!3? As this domain of IL mixture has not been
explored to its full potential, comprehensive studies focusing the structural organization of IL

are very much needed.
1.1.4. Application of ILs and their binary mixtures

ILs, having several unique properties, have shown great potential in replacing organic solvents
in chemical reactions and catalysis.****¢ As medium polarity of ILs make them a suitable

solvent of dissolving wide range of compounds, they are used in several synthesis and catalytic
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reactions. They are also used in the crystallization of protein.t3” 13 A major wide-scale
applications of ILs in catalysis is that they can be used to immobilize the homogeneous catalysts
by forming biphasic systems, where one of the phases in the biphasic system is made up of a
catalyst dissolved in IL while the other phase is made with reagents.3® 13 Interestingly, the
electrochemical properties of ILs such as high conductivity, low reactivity, and wide

electrochemical window make these material suitable for battery applications.>* 140-142

The third generation ILs consisting of task specific ILs (TSIL) have been used in
industrial applications such as lubricants,}*® 4 rocket propellants,'** synthesis of
nanomaterials,**® scavenging of SO, CO- etc.14¢148 Another class of ILs, dicationic ILs (DILs)
are known to exhibit superior thermophysical properties than the traditional MILs in terms of
higher shear viscosity, higher thermal stability, larger liquid density and higher surface
tensions.®® Due to the fact that a large number of cation—anion combinations are possible in
DILs, these are expected to show greater structural variability in comparison to MILs making
them more tunable and versatile.®® ¢ As DILs have high thermal stability and large
electrochemical window than MILs, potential applications of DILs are in the high temperature

battery and electrolytic applications 3" 73 149-153

The approach of forming the IL mixtures can effectively reduce the viscosities of the IL
mixtures which is expected to show improved transport properties in iodide based binary
mixture of ILs to be used in battery aplications.®*% Lei and coworkers'®® have demonstrated
that mixtures of short and long chain imidazolium cations with [BF]; and [NT f]3anions show
better CO> absorption capacity in comparison to their parent ILs. Even though effective
extraction of metal ions can be carried out by the neat ILs, the high viscosities and their
manufacturing cost can be problematic. To overcome this, the task-specific ILs in combinations
with ‘standard’ hydrophobic IL, [C4C1im][PFs], decreases the viscosity and thus can effectively

be used for the extraction of metals.’®! In the field of biomass processing 100% catalytic
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conversion cellulose has been investigated with mixture of ILs. Zhu et al.*®? have shown an
effective method of stabilizing Pd (0) nanoparticles using a mixture of IL,

[C4C1im][MeSO4]x[PFs](1-x)-

Focusing on the usage of ILs as electrolytes in lithium-ion batteries, studies have been
carried out by emphasizing the coordination effect of Li ions with the ILs. 831 |n this regard,
Varela and co-workers!® have demonstrated the structural changes of LiNO;s in
alkylammonium nitrate (EAN) IL through SAXS (small-angle X-ray scattering) experiments
and atomistic simulations. They have observed that Li* ions coordinate with [NO3]™ in a
monodentate or bidentate fashion leading to solid-like short-range pseudo lattice ordering in the
structure.®® In this context, it is noteworthy to mention that solvated Li-ions are found to have
distinct abilities to coordinate with the IL media which can be successfully connected to the
idea of “structure-making” and “structure-breaking”.1%"1%® In a separate study carried out by
Atkin and co-workers®” have noted that LiNOs has “structure-breaking” effect in EAN due to
the incorporation of LiNOs into the polar domain of EAN, causing disruption in the neat
alignment of ethyl chains in the apolar domain. Conversely, “structure-making” has been found
in the case of ethanolammonium nitrate (EtAN) when LiNOs is dissolved in the medium. This
phenomenon has been attributed to the long-range rearrangement of EtAN in the presence of Li
ions.1®” Fayer and coworkers'’® have also investigated the effect of lithium on ILs through
optically heterodyne-detected optical Kerr effect (OHD-OKE) spectroscopy and have observed
that medium viscosity increases upon addition of lithium salt to the media which in turn
influences the ion mobility and rotational dynamics of ions in IL—Li solvent system. Overall,
all the above studies that are carried out on MILs have demonstrated that the Li* ion can cause

significant changes in the structural organization of the medium.
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1.1.5. Photophysical processes in ILs

An in-dept understanding of structure and dynamics of ILs at the molecular level is necessary
for their effective utilization for various applications. Several theoretical'l®: 118 125127 gng
experimentaltt4 117, 120. 122,128 jnyestigations around the globe have been carried out to
understand the structure-property relationship in ILs. Several photophysical studies have
suggested that unlike conventional organic solvents, ILs are micro-heterogenous in nature.®
127,1711-119 This thesis discusses some of the photophysical studies in ILs and their binary mixtures

in the subsequent sections given below.

. Photochromism and kinetics: Photochromism is the process that involves color
changes in a system through electromagnetic irradiation.*®® 81 Although several compounds
are known to show photochromic behavior,*8-18 the family of spiropyrans is considered as
one of the most frequently used compounds in research field. Spiropyrans such as 1',3’-dihydro-
1',3',3'-trimethyl-6-nitrospiro(2H-1-benzopyran-2,2'-2H-indole) (referred to as 6-NO2- BIPS)
are known to exist in two isomeric forms, spiropyran form, SP, and merocyanine form, MC.

These forms exist in thermal equilibrium with each other, as shown in Scheme 1. 1.

Spiropyran (SP)

Merocyanine (MC)

Scheme 1.1. Schematic representation of interconversion of spiropyran and merocyanine with
UV light irradiation.
6-NO2- BIPS, referred to as the normal form, N is considered as thermodynamically

more stable isomer with a closed-ring structure.'® The absorption band lies near UV region,

15



around 350 nm.*® The MC form also absorbs in the UV, but unlike N, has a characteristic
strong absorption band between 500 and 600 nm.* In the absence of UV radiation, the isomer
that is most abundant is the N isomer although the presence of MC cannot be neglected as it is
in thermal chemical equilibrium with N. Upon UV irradiation, the absorption band of N gets
displaced due to the thermal equilibrium between N and MC which results in the increase in
the concentration of MC, thereby increasing the intensity of the color. Due to this reason MC
is generally considered as the photo isomer. After irradiation formation of N takes place from
MC via thermal process which can be measured easily by monitoring the absorbance of MC
with time. By this method, Kkinetics of decolorization can be determined. These Kinetic
parameters include relaxation time, activation energy, etc. can be correlated with the medium
polarity and thus can help in understanding the thermophysical relationships of a given
medium.

o Excitation wavelength dependence fluorescence study: The origin of fluorescence
emission is from the lowest vibrational energy level of the lowest excited state having the same
multiplicity.?®® According to Kasha’s rule, the emission spectrum of a fluorescent molecule is
excepted to be independent of excitation wavelength.®*1% However, at times, under certain
conditions the emission spectrum of a fluorophore molecule has been observed to be shifted
towards longer wavelength as the molecule is excited towards the red end of the absorption
spectrum. This phenomenon of excitation dependent emission is called “red edge effect”
(REE).1® 1% To observed REE effect, an ensemble of different energetically associated
species must be a distributed in the ground state which leads to the inhomogeneous broadening
of the absorption spectrum and the excited state relaxation of fluorescent probe showing the
REE effect must be slower or comparable to the excited state lifetime of the molecule. Since a
molecule in the heterogenous medium experience different microenvironment (the cybotactic

environment near the vicinity of probe molecule) one can expect a variation of interaction
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energies between the solute and the solvent leading to a broadening of the absorption spectrum.
REEs have been observed for some organic fluorescent dipolar molecules in ILs.X™* The
presence of REE effect in a solvent system gives qualitative idea about the micro heterogeneous

nature of the medium. A pictorial representation of REE effect has been shown in Scheme 1.2
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Scheme 1.2. Schematic representation of excitation wavelength dependent fluorescence
emission phenomenon.

. Rotational relaxation dynamics through time-resolved fluorescence anisotropy
measurements: Investigation on the rotational dynamics of a fluorescent probe in a given
medium has been experimentally carried out using the time-resolved fluorescence anisotropy
measurements. Anisotropy is the extent of emission depolarization of a fluorescent probe that
has been generated by the absorption of polarized light.1%® These fluorophores are preferentially
excited by the polarized light which creates an anisotropy in the excited electronic state. The
average angular displacement of a fluorophore that occurs with an absorption and subsequent
emission is measured by the anisotropy. The observed angular displacement depends on the
extent and the rate of the rotational diffusion of the excited state fluorophore. Further, the
rotational diffusion is found to be dependent on the shape, viscosity or rigidity of the local

environment (microenvironment), etc. Moreover, the rotational diffusion of a molecule is very
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much related to the solute-solvent interactions (H-bonding, electrostatic interactions etc.).
Therefore, studies which focusses on the rotational motion of a solute in a given media is
expected to provide valuable information on the local environment of that media which
otherwise becomes difficult to obtain.6% 171178179, 19 Thjs jn turn is expected to be helpful in
picturizing the structural organization of the IL media. Detailed discussions on rotational
dynamics and its analysis have been made in chapter 2.

o Forster resonance energy transfer studies (FRET): The phenomenon where the
excitation energy of the donor is non-radiatively transferred to the acceptor mole present in the
ground state is called FRET.1%® FRET is a distance dependent phenomenon where the distance
between the donor and the acceptor typically falls within 10 to 100 A 198 200.201 A FRET is a
distance dependent phenomena, it has been used as a “spectroscopic ruler” in molecular
biology.% 200 201 One of important condition for FRET to happen is the overlap between the
absorption spectrum of the acceptor and the emission spectrum of the donor. One of the greatest
advantages of FRET is to monitor events non-invasively in a heterogenous environment such
as cells, protein assemblies, polymer matrices etc.!®® 2% As FRET is a distance dependent
phenomenon, a small change in the donor acceptor distance can cause significant effect in the
efficiency of FRET process. FRET studies on ILs have provided useful information on the
micro-structural organization of ILs.1% Bhattacharya and co-workers have demonstrated that
excitation wavelength dependent FRET study can provide information about the different
regions of an ionic liquid-based micellar system.1’3 202 Further, the aggregation behavior of ILs
have been explored by Stricolli and co-workers through the FRET studies.”> However, more
studies concerning the FRET process in ILs are essential as these can provide an idea on the

structural organization of MILs and DILs.
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1.1.6. NMR investigations on ILs

'H and 3C NMR is primarily used to characterize organic molecules. However, NMR can also
be used to understand the behavior of ILs. For eg., the solute-solvent hydrogen bonding
interactions in ILs can be probed through this technique.?>2% Further, multinuclear NMR
techniques are also used for measuring the translational diffusion coefficient, spin-lattice and
spin-spin relaxation time in 1Ls.2% In this context, it is noteworthy to mention that the pulsed
field gradient NMR (PFG-NMR) method can effectively determine the diffusion coefficient of
ions in 1Ls.2%4 26 As measuring the diffusion coefficient can directly be related to the transport
properties of the medium, by estimating the diffusion coefficient one can also easily get an idea
about the transport properties of ions in 1Ls.?%® By measuring the diffusion data of H, the self-
diffusion of the cationic moieties can be monitored in ILs.?% On the other hand, *°F relaxation
data can provide the diffusion of the anionic moieties in ILs.?%” Moreover, the nuclear
overhauser effect (NOE) can be employed to understand the anion-cation interactions in ILs.2°"
213 These interactions can help in obtaining idea on the structure and interactions between ions
in ILs. Also, the inter or intra molecular interactions in ILs have been studied by employing
NMR.207_213

1.1.7. Fluorescence Correlation Spectroscopy (FCS) studies in ILs

Investigations of molecular diffusion, binding studies, protein dynamics etc. at single molecule
level can be carried out with the help of FCS. FCS is a technique based on the fluctuations of
the fluorescence intensity of a fluorescent sample (in nanomolar range of concentration) in a
small confocal volume.!® The confocal volume ranges from 1.0 to 1.2 femtolitre in the
conventional FCS setup.'®® 24 Diffusion of fluorophores through FCS eventually helps in
understanding the structural organization of ILs. Kim and coworkers?'> 26 investigated the neat
ILs through FCS. They have shown that the fluorescence of neat RTILs is originating from

different anion-cation associated species.?'® Baker and coworkers?'’ used FCS to investigate
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the translational diffusion of charged and neutral fluorophores in ILs. Also, self-aggregation of
the alkyl chains of the cationic ring have also been monitored through FCS.?'” Bhattacharya
and coworkers?® have studied the diffusion of neutral and anionic dyes in two imidazolium-
based ILs and it has been observed that diffusion coefficients of neutral dye is similar in water
and ILs whereas the diffusion coefficient for the anionic dye is found to be ~1.7 times lesser
than the same for neutral dye in ILs. This is observed due to the presence of electrostatic
interactions between ILs and charged solutes.?*® The results obtained from FCS are often
coupled with the fluorescence lifetime data in order to explain the existence of polar and non-
polar regions of the ILs and thus micro-heterogeneous behavior.*’# 219220 Therefore, FCS study
in ILs is essential to obtain useful information on the structural organization of ILs at single
molecular level.

1.2. Objective of the thesis

Although extensive theoretical and experimental studies have been undertaken on ILs during
the last decade. Many challenges with regard to ionic liquid research has still not been resolved

completely. Some of the important issues regarding this are:

. Proper understanding of the solute-solvent interactions in micro-heterogeneous
media.

. Understanding the inter-relationship among the intermolecular interaction, structural
organization and solute dynamics in various imidazolium and pyrrolidinium based
monocation, dicationic ionic liquids and binary mixtures of monocationic ionic
liquids.

e  Whether important photophysical process like resonance energy transfer can be
exploited in understanding the structural organization of ILs. These processes are

important to understand the potential of ILs in energy related applications.
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o Understanding what lithium ion does to the nano-structural organization of different

ILs when the former is added to the later.

The current thesis addresses all the issues raised above in different chapters systematically.

Brief introduction about ionic liquids (ILs) and their physicochemical properties have
been made in Chapter 1. In particular, discussions are made on various imidazolium and
pyrrolidinium-based ILs. Various applications of ILs and their binary mixtures in the fields of
chemical, biological and material sciences have also been highlighted. Next, the study of
kinetics using photochromic probes has been illustrated in this chapter. After this, a detailed
discussions on the excitation wavelength dependent emission behavior, solute rotation,
translational diffusion phenomena in various ILs have been made by illustrating several
literature reports. Lastly, the current challenges in ionic liquids research and objective of the

present thesis work have been outlined at the end of this chapter.

Basic principles of different experimental techniques used in the present study, such
as absorption spectroscopy, steady-state and time-resolved emission spectroscopy have been
demonstrated briefly in this chapter. The working principle of time-correlated single photon
counting (TCSPC) technique and single molecule fluorescence spectroscopic technique have
also been discussed. Further, principles of time-resolved fluorescence anisotropy and pulsed-
field-gradient NMR (PFG-NMR) measurements are also described. Methodologies used to
obtain the rotational relaxation time and analysis of time resolved fluorescence anisotropy data
by using several hydrodynamic models have also been demonstrated. The error limits

corresponding to different experimental parameters are provided in the end of this chapter.

This chapter discusses the outcomes of combined thermophysical and photophysical
investigations of several binary mixtures of ILs along with the constituent pure neat ILs that

they are composed of. Specifically in this study, the mixtures of ILs are chosen with a common
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cation, 1-Butyl-3-methylimidazolium [BMIM] with variation in anion namely
bistrifluoromethylsulfonylimide [NTf], hexafluorophoshate [PFs] and tetrafluoroborate [BF4]
as shown in Figure 1.1. This has been done to monitor the role of anion, if any, in governing
the overall behavior of ILs exclusively. The investigations are also carried out by taking
individual pure ILs so that the difference in the behavior of pure IL and (IL + IL) mixtures is
understood. Microscopic behavior in terms of solute-solvent interactions have been studied
using the steady-state and time-resolved fluorescence spectroscopy, nuclear magnetic

resonance (NMR), and fluorescence correlation spectroscopy (FCS). (Chapter 3)

In this chapter the thermophysical properties as well as the structural organization
of different binary mixtures of ILs have been investigated by understanding the
thermodynamics of mixing ILs. In this work, a systematic study of the IL mixtures has been
conducted by taking imidazolium and pyrrolidinium ILs with
bis(trifluoromethylsulfonyl)imide [NTf.] as the common anion and various cations such as 1-
alkyl-3- methylimidazolium with n = 2, 3, 4, [C2C1im], [C3C1im], [C4C1im], and 1-alkyl-3-
methylpyrrolidinium with n = 3, 4, [C3C1pyr] and [C4C1pyr] (Chart 2). Moreover, imidazolium
and pyrrolidinium based ILs are chosen so that the role of cations, in governing the behavior
of the said mixture, if any, is properly understood. Investigations have been carried out at the
macroscopic level by observing the thermophysical properties, such as molar volume and
thermal expansion coefficient, and at the microscopic level with time-resolved fluorescence
measurements and the pulse field gradient nuclear magnetic resonance (NMR) technique.

(Chapter 4)

The resonance energy transfer (RET) studies have been investigated from neat ionic
liquids (donor) to rhodamine 6G (R6G) (acceptor) to understand the local structural
organization of different imidazolium based ILs. For this study, we have taken imidazolium

based monocationic ILs (MILs) and dicationic ILs (DILs). R6G, being a charged species, is
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expected to facilitate the electrostatic interactions with the ILs which are also charged. The
RET studies are carried out in such as way that the length of the alkyl side chains is kept
unchanged for MILs and DILs. In this work, RET a cost-effective and non-invasive technique
is quite effective in capturing the differences in the nanostructural organization of MILs and

DILs. (Chapter 5)

In recent times, ionic liquid-based (ILs) electrolytic system has emerged as
suitable alternative to the conventional organic solvent-based electrolytic system. Since anion
of ILs is known to form aggregates in the presence of lithium-ions (Li*), the aggregation can
significantly influence the transport properties of Li* ion, therefore, it is extremely important
to understand how lithium-ions influence the structure and dynamics of ILs. With this
objective, in the present study, intermolecular interaction, structural organization, and
dynamics of monocationic ILs (MILs) and dicationic IL (DIL) have been studied in the absence
and presence of lithium salt. Specifically, for this purpose, two MILs, 1-methyl-3-
propylimidazolium  bis-  (trifluoromethylsulfonyl)imide ([C3Ciim][NTf2]), 1-hexyl-3-
propylimidazolium bis- (trifluoromethylsulfonyl)imide ([CéC1im][NTf2]), and a DIL, 1,6-
bis(3-methylimidazolium-1-yl)hexane bis(trifluoromethylsulfonyl)amide ([Ce(mim)2][NTT2]2)
have been chosen in such a way that either the alkyl chain of MILs becomes equal or half of
the spacer chain length of DIL. To understand the effect of the addition of lithium-ion on the
structural organization of MILs and DIL, steady-state absorption and fluorescence
spectroscopies, time-resolved fluorescence anisotropy and nuclear magnetic resonance (NMR)
techniques have been used. The outcome of this study is expected to be helpful in realizing the

potentials of these media as electrolytes in battery applications. (Chapter 6)
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Chapter 2

Materials, Instrumentations and Methods

This chapter mainly presents various methodologies and different experimental techniques
used in the present thesis work. Briefly, sources of chemicals used, methods of sample
preparation and experimental techniques involving spectral measurements are described. The
instrumentation details, especially, time-correlated single photon counting setup and time-
resolved confocal fluorescence microscope setup have been discussed in detail. This chapter

also describes the methodologies adopted to analyze the experimental data.

2.1. Materials

The monocationic ILs used in the present thesis work were obtained from Sigma Aldrich, TCI
Chemicals (Japan) and lo-Li-Tech (Germany). The purification of ILs were carried out by
using the active charcoal and its purity were verified through conventional analytical
techniques such as NMR and Mass Spectrometry. For the synthesis of dicationic ILs, 1,6-Bis(3-
methylimidazolium-1-yl)hexane bis(trifluoromethylsulfonyl)amide, [Cs(Mim)2][NTf]. and
1,8-Bis(3-methylimidazolium-1-yl)octane bis(trifluoromethylsulfonyl)amide,
[Ce(Mim)2][NTTf2]2, the materials used of synthesis are 1, 6-Dibromohexane (TCI Chemicals),
1, 8-Dibromooctane (Sigma Aldrich), Acetonitrile (Spectrochem), 1-Methylimidazole (TCI
Chemicals), Lithium bis(trifluoromethylsulfonyl)amide (TCI Chemicals), Diethyl ether
(Spectrochem), NaxSOs (99.0% anhydrous, Sigma Aldrich) and activated charcoal
(Spectrochem). Synthesis of the dicationic ILs were carried out by following a literature
procedure.*® Thermophysical properties such as viscosity and density were measured and
compared with the literature values. All the ILs were dried under high vacuum overnight prior

to the spectroscopic studies.
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2.2 Synthesis procedure of dicationic ionic liquids (DILS)

2.2.1. 1,6-Bis(3-methylimidazolium-1-yl)hexane bromide, [Ce(Mim)2][Br]2 (precursor for
target six membered DIL)

1, 6-Dibromohexane (25 gm, 102.5 mmol) was gradually added to an acetonitrile solution (50
mL) of 1-methylimidazole (22 gm, 267.9 mmol) in a round-bottom flask equipped with a reflux
condenser and a magnetic stirrer under nitrogen atmosphere, and the solution was stirred at 343
K for 3 days. The solution was then condensed by evaporation, and was washed by diethyl
ether. The salt was precipitated as a brown powder. Then the salt was recrystallized from
diethyl ether for several times and the purified product was finally obtained as a white solid
after it was dried under vacuum at 308 K. The yield was 89%. *H- NMR (DMSO-ds, 400 MHz):
8 (ppm) = 9.27 (s, 2H), 7.82 (s, 2H), 7.76 (s, 2H), 4.21 (t, 4H), 3.85 (s, 6H), 1.81 (m, 4H) 1.26
(m, 4H).

2.2.2.  1,6-Bis(3-methylimidazolium-1-yl)hexane  bis(trifluoromethylsulfonyl)amide,
[Ce(Mim)2][NTf2]2

1, 6-Dibromohexane (15.5 gm, 63 mmol) was gradually added to an acetonitrile solution (30
mL) of 1-methylimidazole (11.7 gm, 143 mmol) in a double neck round-bottom flask equipped
with a reflux condenser and a magnetic stirrer under nitrogen atmosphere. The solution was
stirred at 343 K for 3 days under nitrogen atmosphere. Condensation by evaporation method
was used to obtain the resulting product which was then washed with diethyl ether till a clear
residue was obtained. The salt was then recrystallized from diethyl ether and the purified
product was obtained as a white solid after it was dried under vacuum at 308 K. The yield
obtained was 88%. H- NMR (DMSO-ds, 400 MHz): & (ppm) = 9.06 (s, 2H), 7.72 (s, 2H), 7.67
(s, 2H), 4.17 (t, 4H), 3.85 (s, 6H), 1.77 (m, 4H) 1.25 (m, 4H). ESI-MS (+ve): 528.13 m/z

[Co(mim).]*
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2.2.3. 1,8-Bis(3-methylimidazolium-1-yl)octane bromide, [Cs(Mim)2][Br]2 (precursor for
target eight membered DIL)

1, 8-Dibromooctane (25 gm, 102.5 mmol) was gradually added to an acetonitrile solution (50
mL) of 1-methylimidazole (22 gm, 267.9 mmol) in a round-bottom flask equipped with a reflux
condenser and a magnetic stirrer under nitrogen atmosphere, and the solution was stirred at 343
K for 3 days. The solution was then condensed by evaporation, and was washed by diethyl
ether. The salt was precipitated as a brown powder. Then the salt was recrystallized from
diethyl ether for several times and the purified product was finally obtained as a white solid
after it was dried under vacuum at 308 K. The yield was 86%. *H- NMR (DMSO-ds, 400 MHz):
8 (ppm) = 9.23 (s, 2H), 7.80 (s, 2H), 7.72 (s, 2H), 4.16 (t, 4H), 3.83 (s, 6H), 1.81 (m, 4H) 1.23
(m, 8H, b).

2.2.4.  1,8-Bis(3-methylimidazolium-1-yl)octane  bis(trifluoromethylsulfonyl)amide,
[Cs(Mim)2][NTf2]2

[Ce(Mim)2][Br]2 (7.1 gm, 28.5 mmol) was dissolved in water (30 mL), and aqueous lithium
bis(trifluoromethylsulfonyl)amide solution (10.6 gm, 37.1 mmol in 20 mL water) was
gradually added to the solution. The resultant mixture was stirred at room temperature for 1
day and the aqueous solution was decanted. The organic layer consisting of ionic liquid was
dissolved in ethyl acetate (30 mL) and was washed with water (30 mL x 5). Anhydrous Na;SO4
was used for drying the organic layer and was filtered to remove the drying agent. Next the
solvent was evaporated and the residue was mixed with activated charcoal in acetonitrile.
Removal of the activated charcoal was done by filtration and the solvent was evaporated. The
above decolorization with charcoal step was repeated twice. Then, the ionic liquid was dried
under vacuum at 308 K for 3 days. The product obtained was a colourless liquid. The yield was
85%.'H- NMR (DMSO-ds, 400 MHz): & (ppm) = 9.08 (s, 2H), 7.72 (s, 2H), 7.67 (s, 2H), 4.11

(t, 4H), 3.81 (s, 6H), 1.75 (m, 4H) 1.23 (m, 8H, b). ESI-MS (+ve): 556.15 m/z [Cs(mim)2]*
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2.3. Sample preparation for spectroscopic measurements

For the steady state and time-resolved fluorescence measurements, ILs were taken in quartz
cuvette bearing a long-necked having with path length of 1cm. The long neck allowed proper
dissolution of probe molecules. Amount of fluorescence probe dissolved in the ILs was
adjusted by measuring the optical density of the probe. The optical density was maintained
below 0.4. To avoid moisture adsorption in the samples, proper precautions were maintained
during the sample preparation by sealing the cuvettes using the parafilm and rubber septum.
2.4. Instrumentations

2.4.1. Instrumentations used for characterization of samples

Bruker Avance 400 MHz NMR spectrometer was used to record the NMR spectra. The ESI-
MS (Electrospray ionization mass spectrometry) spectra were collected by using Bruker
micrOTOF-QII mass spectrometer. Viscosity of ILs was recorded by using a Cone and Plate
Viscometer (Brookfield LVDV-III Ultra). Additionally, temperature dependent viscosity
measurements were also performed by using a Julabo water circulator bath attached to the
viscometer. Additionally, the densities (p) of the samples were measured by an automated
temperature-controlled density analyzer (Anton Paar, model DSA 5000) at variable
temperatures.

2.4.2. Instrumental techniques for absorption and steady state emission measurements
2.4.2.1. Absorption measurements

The UV-Visible spectroscopy measurements of all the samples were investigated by using a
Cary 100 Bio UV-VIS spectrophotometer with a wavelength resolution of 0.15 nm. A xenon
lamp has been used as the lamp source. Absorption spectroscopy mainly offers an idea on the
ground electronic states of systems. Absorption measurements can help in obtaining
information on the nature of electronic transitions possible in the ground state of the

chromophore in the concerned samples by visualizing the wavelength of different absorption
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bands and molar extinction coefficient. Thus, UV-VIS absorption spectroscopy helps to
characterize the various types of chromophoric systems and their neighboring micro-
environments. 1% 221222 Moreover, UV-VIS absorption spectrum of a chromophoric species is
also influenced by polarizability, solvent polarity or hydrogen bonding interaction in the
ground state. Hence, UV-Visible absorption spectroscopy is capable of providing useful
insights into the interactions existing between the chromophoric species and its surrounding
micro-environment present in the ground electronic state.

The UV-Visible absorption spectroscopy follows the Lambert Beer’s law, according to
which the absorbance (A;) of an absorbing species in a solution at a wavelength 4, is directly
proportional to the concentration (C) of the species in the solution and its molar extinction
coefficient (e2) at that particular wavelength. It can be expressed by the following

relationshiplgo' 198, 221, 222

4; = log (%) = el @2.1)
where lo = Incident light intensity and | = Transmitted light intensity. | = path length of the
sample in cuvette.
2.4.2.2. Steady state fluorescence measurements
All the steady-state fluorescence measurements in the present work were performed with a
Cary Eclipse fluorescence spectrophotometer of Agilent Technologies (G9800A) where a
xenon lamp is used as the lamp source. Additionally, Edinburgh spectrofluorometer FS5 was
used to collected temperature dependent fluorescence spectra. A North West (TC 125)
temperature controller was used to maintain the temperature by circulating water through the
cell holder.

Fluorescence spectroscopy is a widely used and sensitive tool to investigate various
types of photochemical and photophysical processes in the excited state of a fluorophore

molecule. Slight changes in the environment or interactions of the fluorophore molecules in
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the excited state can cause change in the emission maxima, intensity and shape of the emission
spectra of the respective species.%0 198.221.222 Therefore, with the help of this technique a better
understanding on the micro-environment of the emitting species can be observed.

2.4.3. Instrumental techniques for time-resolved studies

2.4.3.1. Fluorescence lifetime measurements

Time-resolved fluorescence measurements are very beneficial in providing valuable
information on the kinetics and dynamics of various photochemical and photophysical process.
Very short pulsed light is used to excite the fluorescent molecule that results an initial
population (no) of fluorescent molecule in the excited state. The excited state population decays

with a rate (kr + knr) according to the following relation® 198. 221227 (3 9.

— B = (ky + kr)(8) (22)

where n(t) = number of excited molecules at time t following the excitation of fluorophore
molecule with the very short pulse light. The kr and knr denotes the radiative and nonradiative
rate constant respectively. As emission is considered as a random event, the probability of
emission of excited state is fluorophores are same over a given period of time. And the excited
state population decays with an exponential manner with the following equation (2.3) is

provided below:

n(t) = n,exp (— E) (2.3)

From the equation 2.3, as it can be seen that the fluorescence intensity is directly proportional
to the number of excited molecules present in the solution. Subsequently, the equation 2.3 can
be rewritten in terms of the time dependent intensity I(t) and the integration of the final equation

(2.4) has been provided in the equation below:

1(t) = I,exp (— é) (2.4)
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where lo = intensity at time (zero), 7r = fluorescence lifetime of the sample that is related to the

radiative and non-radiative decay rate constants as per the following equation (2.5):

1
T =
I ™ ki

(2.5)

The excited state fluorescence lifetime of a fluorophore is estimated through time-correlated
single photon counting (TCSPC) technique. In this context, it should be noted here that the
time spent by the different molecules in the excited state are different. Therefore, in the excited
state, some molecules may emit at a longer time whereas others may emit in a very short time
span. Therefore, the time distribution of these emitted photons appears as the measured
fluorescence decay of the sample under examination. Henceforth, the estimated lifetime
obtained from the TCSPC setup denotes the statistical average of the times that the fluorophore
molecules spend in the excited state. All the time-resolved measurements in the present thesis
have been carried out by using Edinburgh Life Spec Il TCSPC instrument. The fundamental
working principles and the important components pertaining to the TCSPC setup are described
below.

2.4.3.2. Basic principle of TCSPC setup

The working principle of TCSPC technique is based on the single photon detection from a
sample following a pulsed excitation.??>??" The TCSPC technique is based on the time
dependent probability distribution of the single photon emission from an excited fluorophore.
The time dependent probability distribution obtained from the TCSPC technique is equivalent
to the time dependent changes in the fluorescence intensity of the sample after its excitation
through a short light pulse.??2-??” The working principle of TCSPC setup (in reverse mode) is

provided by a schematic diagramed in Scheme 2.1.
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Scheme 2.1. A schematic diagram for the working principle of TCSPC setup.

Ex:

As describe in Scheme 2.1, an excitation pulse is divided into two parts, the first
part is used to excite the sample and the second part of the pulse excitation is directed towards
the electronics. The optical signal from the emitted photon at the start PMT generates an
electrical signal that corresponds to START pulse. The START pulse that passes through the
Constant Fraction Discriminator (CFD) helps in measuring the exact arrival time of the pulse.
Then the signal arrives through START input to the Time to Amplitude Converter (TAC),
which generates a voltage ramp which increases linearly with time. In second channel,
consisting of the excited photons passes through the CFD unit and reaches the TAC unit. These
signals are basically the STOP pulses which are also passed through the CFD and variable
delay line to the STOP the input of the same TAC unit. The TAC unit stops to generate the
voltage ramp once it detects the first STOP pulse. Essentially, the TAC unit now contains a
voltage that is proportional to the time delay (At) between the excitation and emission pulse.
The TAC output pulse signals are then passed through PGA (Pulsed Gain Amplifier) to an
ADC (Analog-to-Digital Converter). The ADC generates a numerical value, which is
proportional to the height of the TAC output pulse signal. Finally, the data is stored in the

multichannel analyser (MCA).
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The above cyclic process is repeated again and again for a large number of times
resulting in a collection of histogram of counts in the MCA channels. Scheme 2.1 is provided
for a TCSPC technique in a “reverse mode”. In present times, almost all TCSPC measurements
are done in the "reverse mode".**® Reverse mode is used because of the high repetition rate of
modern pulsed-light-based sources. The TAC has to be reset and set to zero before each start
pulse, which takes a finite amount of time. To avoid the loss of information, the TAC can be
constantly in reset mode if the start signals arrive too rapidly. It has been observed that the
emission signals occur about 1 per 100 excitation pulses, and hence much less frequently than
the excitation pulses. These emission pulses are used to start the TAC, and the next subsequent
laser pulse is used to stop the TAC. Present electronics for TCSPC setup only allow the
detection of the first arrival photon. Analysis procedure for estimation of fluorescence lifetime
and anisotropy from the measured fluorescence decay curves is also discussed in the later part
of this chapter.

2.4.4. Experimental technique for single-molecule studies
2.4.4.1. Time-resolved confocal fluorescence microscope

Optical microscopes are used as a tool to magnify the images of the micro-objects. The
overall resolution of microscopes is determined by the excitation wavelength and the numerical
aperture of the objective lens. Depending on the excitation source and the configuration of a
microscope, it is possible to modulate the resolution of microscope. The generation of confocal
fluorescence microscopy (CFM) is important when higher temporal resolution (upto few ns) is
required. This has been made possible by employing multiple pinholes in the detection path
that allows only the tightly focused light resulting in abbreviation free images. A schematic

diagram of the confocal microscope is shown in Scheme 2.2.
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Scheme 2.2. Basic configuration of confocal fluorescence microscope.

All the measurements in the present thesis were carried out using MicroTime 200
(PicoQuant) model of time-resolved confocal microscope. As the excitation source, different
pulsed picosecond diode lasers (excitation wavelength of 403 nm, 444 nm, 483 nm and 519
nm) was used in the setup. The output of the laser beam was guided to the sample which was
placed on a movable stage of an inverted microscope. To control the sample position, a piezo
scanning stage is mounted in the microscope body. For manual positioning, micro-meter
screws were used along with the software controlled piezo-scanner for precise and repeatable
XY scanning and Z —positioning of the sample. Optical fibers, dichroic mirrors, beam splitters
and water immersion objective were the main optical components. A charged coupled device
(CCD) detector was used to monitor the position of the focal point on the sample. Depending
on the measurement techniques different single or multiple photon avalanche photodiodes

(SPAD) were used.
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2.4.4.2. Fluorescence correlation spectroscopy

FCS is a noninvasive fluorescence intensity fluctuations-based technique used to
obtain information on the dynamic processes responsible for the fluctuation.??2% |t is a
solution-based technique, where fluorophores diffuse freely through the confocal volume and
generate signal fluctuations due to diffusion and other processes. To generate sharp
fluctuations, the number of species has to be small. To do this effectively few nanomolar
solutions are used as concentrated sample produces nearly constant average signal throughout
the measurement time. This gives rise to single molecule sensitivity depending on the size of
the observation volume. Signals obtained are then correlated to obtain the correlation curves.
Since, FCS is a diffusion-based technique which is a random event, the occupancy of the
fluorescent species in the observation volume is described by Poisson statistics. Experimental
setup for this technigue is same as shown in Scheme 2.2. To increase Signal to Noise ratio

(SNR) and achieve better temporal resolution signals are generally cross-correlated.

Scheme 2.3. Diffusion of fluorophores through the confocal volume and fluctuations in the
relative intensities.

Scheme 2.3 denotes the diffusion of the fluorophore through the ellipsoidal observation
volume. The autocorrelation function is defined as the product of the fluctuation of

fluorescence intensities at time t, dF(z) and t+z, dF(t+t) and averaged over a large number of
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measurements. The autocorrelation function, G(z) normalized by the square of average

fluorescence intensity (<F(t)>) is given by the following equation (2.6):

_ (BF()8F(t+1))
Here, 0F(t) and 0F (t+1) are defined as equation (2.7):
6F(t) =F(t) —(F(t))and 6F(t + 1) = F(t + 1) — (F(t)) 2.7)

Autocorrelation function for pure diffusion in three dimensions can be written as in equation

(2.8):

1

G(7) = %(1+%)_1 (1+—=) * (2.8)

KZTD

where <N> is the average number of the fluorophore in the observed volume, T, is the

diffusion time, K is the structure parameter of the observed volume. From the equation 2.8,

diffusion coefficient of the fluorescent species can be derived as in equation (2.9):

2

D=2 (2.9)
4Tp
2.5. Methods

2.5.1. Analysis of the fluorescence decay curves

2.5.1.1. Data analysis

Fluorescence lifetime values obtained from the decay curves were determined using the
reconvolution least squares method.?*! The excitation pulse can be expressed as a 5-function
when the estimated decay time is higher than the pulse-width of the excitation source. Even
though, as the excited state lifetime is small, several factors (such as the finite decay time of
the source pulse, response time of the photomultiplier tube (PMT) and related electronics) can
distort the experimental data. Therefore, the instrument response function (IRF) depends not
only on the decay time of the laser pulse but also depends on the response time of the detector
(PMT) and associated electronics. As the measured decay function is convolution of the

accurate fluorescence decay and IRF. Therefore, it is essential to deconvolute the IRF from the
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experimental decay to obtain the fluorescence lifetime. The method can be mathematically

expressed as??l 222 232,233 jn equation (2.10):

In(t) = [ I (t — tDR(t")dt’ (2.10)

where In(t) is the fluorescence intensity at time t, Ir(t-t") is the response function of the
experimental system and R(t') is the intensity of the exciting pulse at time t'. IRF was estimated
using a dilute Ludox solution and deconvolution algorithm was made through iterative
reconvolution method.

Then, a nonlinear least squares (NLLS) data processing method is used to fit the
ideal decay with some assumed functional form. The least square analysis is only useful if the
data points fulfill certain assumptions. The main assumptions involved are there should be
sufficient independent data points. The uncertainties in the experimental data points are
Gaussian distributed and there should not be any systematic error in the experimental data
points. Both Im(t) and R(z’) can be obtained experimentally from the TCSPC setup. During the
analysis, a decay function G(t) is first assumed for the sample and this function is deconvoluted
with the observed R(t’) according to equation 2.10 to get a calculated curve Y(t). The Y(t) is
then compared with the experimentally observed decay curve In(t).1% 221222232 The variables
in the function G(t) are changed iteratively until a good comparison (known as the best fit)
between the Y(t) and Im(t) is obtained. The function G(t) is typically assumed to be a sum of

exponentials in such a way represented in equation (2.11):
G(t) =);B;exp (;—lt) (2.11)
where B is the pre-exponential factor for the i component and = is the corresponding

fluorescence lifetime. The success of an analysis of a fit to the observed decay curve are

determined from the judicial judgments of the following statistical parameters.
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2.5.1.2. Reduced chi-square () values
To judge the goodness of a fit, reduced »? values are monitored and its value approaches unity
if the model does fit the data. The reduced »? is denoted as shown in equation (2.12):

i wilY— 1}
x% = B (2.12)

where Yi is the count of i channel of the calculated curve, | is the count at the i channel of
the curve measured experimentally. Wi [Wi=I/1i], is the weighting factor of the counts in the i"
channel, n is the number of channels used for the decay to be analyzed and p is the number of
degrees of freedom in the decay function considered for the analysis which is equal to the
number of variables in the function G(t). For a good fit, the »* values must be close to unity.
Generally, values of »? ranging between 1.0 to 1.2 is considered to be a good fit to the data
points.

2.5.1.3. Distribution of weighted residuals

The differences between the measured decay function and the fitted function are denoted by
the weighted residuals. The weighted residuals are considered as one of the important
parameters for the judgments of the achievement of an analysis of TCSPC data set and are
defined by the following equation (2.13):

r = JW; (Y — 1)) (2.13)
where Wi, Yiand I; are defined as previously. For a good fit, random distribution of the weighted
residuals about the zero line for the complete data range of the data channels used in the
analysis are expected to be obtained.

2.5.2. Time-resolved fluorescence anisotropy measurements

The fluorescence anisotropy is defined as the extent of the average angular displacement of a
fluorophore that occurs between absorption and subsequent emission of a photon.!® A
diagrammatic representation of fluorescence anisotropy measurement is provided in Scheme

2.4.1% The orientation of the emission polarization is defined by the electric vector of the
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excitation pulse. Ivv designates the emission intensity observed with parallel polarization
(excitation and emission polarizer are in vertical position) and lvy denotes the intensity of
perpendicularly polarized emission (excitation and emission polarizer are in vertical and

horizontal position respectively). The ideal anisotropy r(t) is defined as in equation (2.14):

Iyy(©)+2Iyp(t)
The anisotropy is considered as a dimensionless quantity as the difference between parallel and
perpendicular emission is normalized by the total emission intensity. Moreover, anisotropy is

also independent of the fluorophore concentration as well as the total emission intensity.
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Scheme 2.4. A diagrammatic representation of fluorescence anisotropy measurements.

Detector

Since, in TCSPC instrument, sensitivity of experimental setup and electronics (such as
monochromator) may influence, the actual anisotropy measurements, therefore, it is necessary
to incorporate correction factor (G) while estimating the anisotropy, r(t). This value of G
represents the relative sensitivity of the detection system to the different polarization. G varies
with the emission wavelength and the band pass filter of the monochromator. It is expressed as
in equation (2.15):

G =1 (2.15)

Iyy
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where Inv and InH are the emission intensities when the excitation and emission polarizers are
in horizontal-vertical and horizontal-horizontal position respectively. The G factor is calculated
based on the intensity ratio between Iy and IhH. The measured anisotropy is then estimated by

using the following relation in (2.16):

T Glyy(O+2Iyy(t)
In the present work, Edinburgh, Life Spec Il TCSPC set-up was used to measure time-resolved
fluorescence anisotropy. For time-resolved fluorescence anisotropy measurements,
fluorescence intensities at different positions parallel (II) and perpendicular (L) polarization
were collected alternatively until a peak difference between parallel (II) and perpendicular (L)
decay is ~5000 (at t = 0) was observed. The same procedure was applied for G-factor
calculation but with horizontal polarization of the exciting laser beam and five cycles of
repetitions. The temperature of the cell was monitored by circulating water through the cell
holder by a Quantum along with a North West (TC 125) temperature controller. To calculate
the rotational relaxation time, fitting of the anisotropy data was performed using the following
equation (2.17):
r(t) = ryel~/m™) (2.17)
where, ro is the initial anisotropy and z is the rotational relaxation time or reorientation time.
It can be mentioned here that the ro values ranges from 0.20 to 0.40 for any single-photon
excitation.!® The data corresponding to time-resolved anisotropy decay measurements were
analyzed through hydrodynamic and quasi-hydrodynamic theories.
2.5.3. Hydrodynamic and Quasihydrodynamic theories
The rotational reorientation times of different probe molecules in IL-based solvent system have
been interpreted using SED hydrodynamic theory.?** 2% Additional to the SED hydrodynamic
theory, different quasihydrodynamic theories?*® 2% are also presented in the subsequent

section.
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2.5.3.1. The Stokes-Einstein-Debye (SED) theory

According to SED theory, as the solute molecule rotates in the solvent continuum
its reorientation time 7, is governed by the viscosity # of a given fluid at a temperature T.2%
The solute properties that dictate the rotation of solute in the solvent are the size and shape of
the solute molecule. These factors are incorporated in the SED theory in form of van der Waals
volume, V and shape factor, f accounting the non-spherical nature of the solute.?*® The solute
molecules in this model are treated as either symmetric or asymmetric ellipsoids.?%
Additionally, the coupling between the solute and the solvent plays an important role in
controlling the rotational diffusion of a solute molecule. To account this solute-solvent
coupling parameter in SED model, usually denoted by C, the axial ratio of the solute molecule
and the two limiting cases are the hydrodynamic boundaries stick and slip are considered.?
The stick boundary conditions assumes a perfect coherence between the motion of the solute
and the neighboring solvent.?*° On the other hand, the slip boundary condition assumes that the
solvent can exert no tangential stress on the rotating solute.?*® Stick boundary condition is
found to be appropriate for rotating bodies that are considerably larger than the surrounding
fluid molecules. On the other hand, the validity of slip boundary condition begins as the rotating
body is smaller of comparable size than the fluid molecules. The two limiting values for C are
the hydrodynamic slip (Csiip), which satisfies the inequality 0 < Csiip < 1and hydrodynamic stick
with C =1. Thus, the expression for the rotational reorientation time t,. is given by equation

(2.18):

T, = ¢ (2.18)

r kT
where Kk is the Boltzmann constant. The product VfC is known as the hydrodynamic volume,
Vh, which is the volume experienced by the solute molecule in the solvent medium. In case of
SED, while calculating the boundary parameter condition, the size of the solute molecule only

is taken into consideration. Despite this limitation, the SED theory is reasonably successful in
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describing the rotational diffusion of medium-sized solute molecules in different kinds of
solvents.?*! To apply SED theory for the systems described in this thesis, van der Waals volume
of the solute molecules perylene and sodium 8-methoxypyrene-1,3,6- sulfonate (MPTS) were
obtained using Edward’s increment method.?® Solute dimensions, van der Waals volumes,
shape factors and boundary condition parameters (Csiip) for the solutes perylene and MPTS
have been calculated and listed in Table 2.1.

Table 2.1. Solute dimensions, van der Waals volumes, shape factors and boundary condition

parameters (Csiip) for the solutes.

Solute V/ A3 f Cslip
Perylene 225 1.76 0.085
MPTS 343 1.33 0.11

2.5.3.2. Quasi-hydrodynamic theories

As mentioned in the previous section, the SED theory takes into the hydrodynamic volume of
the solute is independent of the solvent continuum. However, this assumption is valid only
when the size of the solute is considerably larger compared to the size of the solvent. However,
when SED theory fails in analyzing the hydrodynamic behaviour, different theories such as
“quasi-hydrodynamic theories?% 23" are formulated after considering both the sizes of solvent

7242 or “Nee Zwanzig”?*® are also

and solute molecules. Other models such as the “Solventberg
sometime used to explain the rotational dynamics of a solute molecule.

The quasi-hydrodynamic theories that are successful in explaining the solvent
size dependent rotational behavior of solute molecules are the Gierer-Wirtz (GW)?3® and Dote-
Kivelson-Schwartz (DKS)?3’ theories. GW theory states that the solvent molecule is made up
of concentric shells of spherical particles surrounding the spherical solute molecules and the
boundary parameter (Cew) in this condition is estimated by the angular viscosity that decreases

as successive concentric shells around the solute molecule increases. On the other hand, DKS

42



theory takes into consideration of the free space between the solute and the solvent molecule
along with the size of the solute and solvent molecule.?*” According the DKS theory, when the
size of the solute is compared to the free space of the solvent, a weak coupling between the
solute and solvent is observed. In this scenario, the solute experiences less friction leading to a
faster rotation of the rotating solute in the solvent continuum.

The boundary condition parameter, Cew in accordance to the GW

quasihydrodynamic theory is given by the following equation (2.19):

The parameter o and C,, are given by the following equations (2.20) and (2.21):

o= [1+605/V)C] " (2.20)
-1
_ [ _swsm)'/s 1 ]
Co= [1+2(v5/V)3/3]" * [1+4(vy/v)2/3]° (2.21)

In these equations, Vs and V are the volume of the solvent and solute respectively.

The boundary conditions in case of DKS theory are given by the following equation  (2.22):
Cpks = (1 + y/¢)7" (2.22)
v/ ¢ is a measure of the ratio of the free volume of the solvent to the effective size of the solute

molecule. It is represented as in equations (2.23), (2.24) and (2.25):

y = A_V(4 (ﬁ)m + 1) (2.23)

Vp Vs
AV is the smallest volume of free space per solvent molecule, which is empirically related to
the viscosity.

AV =V, =V, (2.24)
¢ = fCoip (2.25)

V. 1S the solvent molar volume divided by the Avogadro number.

43



The solute-solvent interactions in ILs in presence of different solutes can
prove information which are crucial for their potential applications. It has been established that
rotational motion gets affected significantly due to solute-solvent interaction and the studies on
rotational motion of the fluorescent probes in ILs through time-resolved anisotropic techniques
can provide information on the solute-solvent interactions and hence the solvent properties of
the medium. With this objective in mind, various research groups have done this type of
investigation. 169 179 244-246 These investigations have revealed that the solute rotation not only
depends on the medium viscosity but also depends on the specific solute-solvent interactions.
The specific solute-solvent interactions in terms of hydrogen bonding can significantly affect
the rotational motion of solute in ILs.'% 2% Moreover as ILs are made up of ions, the
electrostatic interactions among the charged solutes and ions of ILs also influence the rotational
dynamics of charged probe molecules. However, the extent of electrostatic as well as hydrogen
bonding interactions is still a debatable topic. We note here that studies have shown that
rotational dynamics of charged probe in ILs depends solely on the viscosity of the medium.
Even though some studies on rotational dynamic are available for neat ILs,16% 179 244,246 g ;ch
studies on binary mixtures of ILs are very limited.

2.6. NMR measurements

NMR studies have been carried out by using a 9.4 Tesla Bruker Avance NMR spectrometer at
Larmor frequencies of 400.1MHz for *H measurement. For measuring translational diffusion
coefficients (D), stimulated echo bipolar pulse-gradient pulse (stebpgp) sequence has been used
at different temperatures (298 K to 328 K). By varying the gradient strength from 2 to 95% of
the maximum gradient pulse strength (50 G/cm) measurements of echo heights were made with

16 identical intervals. The echo heights were then fit to the relation (2.26):

S(g) = S(0) exp [—Dy252g2 (AT_S)] (2.26)
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where S(g) and S(0) denote the echo height at the gradient strength g and O respectively. y =
gyromagnetic ratio of the proton, & denotes the gradient pulse length. A = duration between the
two gradient pulses.

2.7. Quantum yield calculations

The (anthracence in ethanol 0.27),%4" is have been used as a standard to assess the quantum

yields (&s) of neat ILs by using the following equation (2.27):

By =5 x @, (2.27)

I, ny

where Is and Ir are the integrated fluorescence emission of the sample and the reference,
respectively. @r is the quantum yields of the reference (anthracence, @r = 0.27). The nsand nr
are the refractive indices of the sample and the reference respectively. The values of Is and I,
are determined by integrating the emission intensity over the spectral range. The sample and
reference are excited at optically method condition.

2.8. Standard error limits

Standard error limits involved in the experimental results were

Viscosity (1) +2%
Density +2%
Amax (abs./flu.) +1-2 nm
Tf (> 1ns) 5%
Rotational relaxation time +5-10%
The energy transfer rate +5%
Diffusion coefficient (through NMR) +5%
Diffusion coefficient (through FCS) +5-10%
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Chapter 3

Thermophysical and Spectroscopic Investigations on Imidazolium-based Monocationic

ILs and their Binary Mixtures with Common Cation

Recently, mixing of ionic liquids with suitable chemical composition have been proposed in
order to develop a useful new solvent system. However, current knowledge about the
microscopic behavior of these systems is rather limited. The present study is undertaken with
an objective to understand the microscopic behavior in terms of intermolecular interaction,
structure and dynamics of these solvent systems. In the present study, few IL-IL mixtures are
chosen with a common cation 1-butyl-3-methyl imidazolium, [C4C1im] and with a variation of
anion namely, bis(trifluoromethylsulfonyl)amide [NTf.], hexafluorophosphate [PFs] and
tetrafluoroborate [BF4]. Initially, investigations are done by studying the thermophysical
properties of the concerned mixtures. Synergistic effect existing between the mixtures and the
neat ILs are also studied through photochromism. Further, investigations on these mixtures are
performed through steady state and time resolved fluorescence spectroscopy, nuclear magnetic
resonance (NMR) and fluorescence correlation spectroscopy (FCS). The analysis of data
essentially reveals that the mixtures of ILs that are used in the current study do not behave like

a non-ideal solution. The behavior of the IL mixtures is observed to be more like quasi-ideal

type.

3. 1. Introduction

lonic Liquids (ILs) are now considered as one of the most important classes of material due to
their unique physiochemical properties such as large electrochemical window, negligible vapor

pressure, high viscosity, high thermal stability etc.* 1751 248-250 Another interesting aspect of
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ILs is that the physiochemical properties of ILs can be tuned by an appropriate selection of
cation and anion. Because of this reason, they are also known as “designer solvents.”*> One of
the ways through which the properties of ILs can be tuned is to combine two or more ILs
through simple mixing.82 Tuning of ILs by simple mixing is economical and less cumbersome
than altering the molecular structure of the concerned ILs by chemical synthesis. It is
interesting to note that an increase conductivity is observed for the mixture of ILs in
comparison to individual ILs.2”1® 2% The IL-IL mixtures are interesting solvent systems but
the usefulness of these system as a fluid material for several applications can only be realized
when the solute-solvent interactions as well as the solvent-solvent interactions within the
constitute of this material is completely understood. However, very limited numbers of studies

have been carried out on these systems.

Welton’s group have discussed the ideal and non-ideal behavior of ionic liquid
mixtures mainly focusing on their properties and applications.®® A major finding consistent
with the range of IL mixtures predicts the structure of IL mixtures dominated by the random
distribution of ions driven by Columbic interaction.’” 78 84858991 |n the context of ideal and
non-ideal behavior of IL mixture, the work by Marrucho and co-workers® is noteworthy. With
the help of estimated the densities, viscosities and the molar volume of many IL mixtures, they
have concluded that mixtures of ILs that are used in that study do not deviate in a significant
extent from the ideal behavior.®* A few studies on IL mixtures have also looked at the effect of
H-bonding interactions with the IL mixtures.8® 252 253 Recently, Ludwig and coworkers®®
through molecular dynamics (MD) simulation studies have demonstrated that the behaviors of
the protic ionic mixtures yield to a simple statistical analysis based upon the number of
hydrogen bonding sites of the constituent ions. From the above discussions it is evident that
though some studies on IL- IL mixtures are carried out but studies which aim to understand

kinship among the interactions, structure and dynamics of the IL-IL mixtures are rather limited.
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In this context, we would like to note that time-resolved fluorescence anisotropy, NMR, and
fluorescence correlation spectroscopy (FCS) techniques have proven to be quite effective in
providing molecular-level understanding on the microscopic behavior of the ILs?** 2% and
therefore these techniques are also expected to be quite helpful in understanding the

intermolecular interactions, dynamics, and nanostructural organization of the IL-IL mixtures.

Keeping the above facts in mind, this chapter deals with different
spectroscopic investigations on IL-1L mixtures (Figure 3.1). The IL-IL mixtures are constituted
by mixing the concerned ILs in a definite mole fraction varying from 0.2 to 0.8. Prior to
spectroscopic studies, thermophysical properties of IL mixtures have also been investigated.
Synergistic behavior between the combining ILs have also been investigated through the
photochromism studies. Solute-solvent and solvent-solvent interactions in the IL mixtures are
carried out using the time-resolved fluorescence anisotropy studies. The data on mixtures of
ILs have also been compared with the constituent pure IL so that the synergism that exists
between the individual ILs are also understood. Additionally, all the relevant systems have
been investigated through NMR and FCS so that a comprehensive understanding on the
microscopic behavior in terms of intermolecular interaction, structure and dynamics of IL

mixtures are obtained.
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Figure 3.1. Molecular structures of ILs and probes used in the present study (Chapter 3).
3.2. Experimental techniques and methods
The ionic liquids [C4C1][BF4] and [C4C1][NTf.] were purchased from TCI Chemicals (>98%

purity), and [C4C1][PFs] was obtained from Sigma-Aldrich (>99% purity). The halide ions and
water content in these ILs are < 100 ppm. Spiropyran (SP), Perylene and MPTS were purchased
from Sigma-Aldrich and used as received. The sample preparation procedures and
experimental methods for thermophysical study, photochromism study, steady-state and time-
resolved fluorescence studies, translational diffusion studies through NMR and fluorescence
correlation study through FCS are described in detail in Chapter 2.

3.3. Results and discussion
3.3.1. Thermophysical properties of ILs and IL-IL mixtures
Since many applications of a given solvent system depend on its physio-chemical

properties,3% 256-25% e have tried to understand the thermophysical properties®’ of IL mixtures
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along with their constituent ILs. In this study, variation in viscosities and densities of the IL
mixtures and that of individual ILs at different temperatures are illustrated in Table 3.1.

Table 3.1. Experimental viscosity (n,cP) and density (p,g/cm®) of individual ILs and mixtures

Neat ILs

[C.CA][BF4] [CaCa][PFe] [CaC1][NTT2]
TK) »? p° ik p° 7 p°
293 1133 1.129 223.7 1.370 63.6 1.436
298 84.2 1.126 164.8 1.368 49.6 1.431
303 643 1.121 126.9 1.365 40.4 1.428
308 509 1.116 100.7 1.362 33.4 1.424
313 40.8 1.112 81.1 1.358 27.5 1.420
318 33.1 1.108 65.4 1.352 23.3 1.417
323 274 1.102 53.6 1.349 19.8 1.413
328 232 0.998 45.8 1.345 16.9 1.408

Mix |

Mix 1 (A)¥ Mix I (B)Y Mix | (CY?
T(K) » p° n p° n p°
293 1426 1.236 184.4 1.274 2025  1.315
298 1226 1.228 136.1 1.271 1436  1.308
303 1107 1.221 113.4 1.265 105.7  1.298
308 915 1.214 86.3 1.261 79.5 1.291
313 805 1.206 71.9 1.256 59.5 1.282
318 716 1.201 53.6 1.250 44.2 1.274
323 624 1.192 44.5 1.244 32.4 1.268
328 483 1.180 36.7 1.239 24.6 1.256

Mix 11

Mix 11 (A)™ Mix 11 (B)" Mix 11 (C)°

TK) p° n p° N p°
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293 95.5 1.362 100.6 1.387 153.4 1.408

298 813 1.358 88.6 1.379 1146 1401
303 733 1.353 76.5 1.371 89.6 1.397
308 604 1.342 65.4 1.365 71.3 1.301
313 49.4 1.334 51.3 1.353 57.4 1.388
318 36.2 1.327 44.2 1.349 47.1 1.382
323 224 1.321 36.4 1.341 38.9 1.377
328 182 1.313 29.5 1.335 32.5 1.373
Mix 111
Mix 111 (A)P Mix 111 (B)" Mix 111 (C)f

T(K) » p° " p° N p°

293 705 1.318 83.4 1.339 88.4 1.367
298 52.4 1.313 64.5 1.333 69.5 1.361
303 455 1.305 51.9 1.328 58.8 1.354
308 396 1.294 42.4 1.324 46.3 1.346
313 303 1.282 34.8 1.317 38.4 1.338
318 243 1.271 29.1 1.310 31.5 1.329
323 195 1.267 24.6 1.303 26.4 1.321
328 14.6 1.261 21.0 1.300 21.2 1.316

*Mix | (A): [C4C1][BF4Jos[PFelos ; YMix | (B): [C4C1][BFa]os[PFslo.s ; *Mix I (C):
[C4C4][BF4]os[PFs]o.2

MMix I (A): [C4aC1][PFe]o.s[NTf2]os; "Mix 11 (B) : [CaC1][PFe]os[NTf2]o.4;
°Mix 1l (C): [C4C1][PFe]os[NTF2]o.2

PMix 11 (A) : [CaC1l[BFaJoa[NTFJos ; "Mix 111 (B) : [CC1][BFalos[NTf]os :
"™MIx 11 (C) : [C4C1][BFa]o.s[NTf2]o.2

aError limit; + 7% ; °Error limit; + 0.6%

Interestingly, the data in Table 3.1 depicts the viscosities and densities of IL mixtures
fall in between the individual ILs that they are composed of. This observation indicates that the

viscosity and density of mixture of ILs is not a simple average of the viscosity and density of
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individual ILs which constitute the mixture. To throw more light on the nature of these IL
mixtures calculation of excess molar volume is necessary. The corresponding data of excess
molar volume are collected in Table 3.2.

Table 3.2: The excess molar volumes calculated for IL-IL mixtures.

Systems Excess molar volume (Vi)
Mix | (A) 0.09+0.012
Mix | (B) 0.11 + 0.014
Mix I (C) 0.07 £0.015
Mix 11 (A) 0.13 +0.011
Mix 11 (B) 0.15 + 0.013
Mix 11(C) 0.17 +£0.014
Mix I11(A) 0.08 £ 0.015
Mix I11(B) 0.12 +0.012
Mix 111 (C) 0.06 + 0.013

Further, it has also been observed that the estimated values for excess molar volumes
of IL-IL mixtures in the present study (Table 3.2) and the study carried out by Seddon and co-
workers® are very similar. It has been found that the excess molar volume for these IL mixtures
are lower than 0.5% of the molar volume of the concerned mixtures. These data essentially
indicate that the mixture is not behaving like a non-ideal mixture rather the behaviour of the
mixture is quasi-ideal type. Again, the temperature dependent viscosities of Mix | along with
the concerned ILs are further analyzed by fitting the data using Vogel-Fulcher-Tammann
(VFT) relationship®® (Figure 3.2). From the Figure 3.2, it can be understood that the viscosity

of IL-IL mixtures lies within the broad limits of viscosity values of the individual ILs.
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Figure 3.2. Variation of the bulk viscosity of [C4C1][BFa4], [C4C1][PFs], Mix I (A), Mix | (B)
and Mix I (C) with temperature and its fitting with VFT equation.

We have also estimated the thermal expansion coefficients () of the individual ILs and

their mixtures in Table 3.3. Please note that the thermal expansion coefficient describes the

tendency of a material to change in shape, size, area and volume in a response to a change in

temperature.?®® Therefore, the thermal expansion coefficient (ap) is also known as volume

expansivity.?®! As seen from the Table 3.3 that with increase in temperature the change in o

corresponding to IL mixtures is different to that of corresponding individual ILs. It can be also

noted that the thermal expansion coefficient of Mix | and Mix Il falls within the limits of the

ap of the individual ILs. However, in case of Mix Ill, ap goes beyond the limits of neat ILs.
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Perhaps this data points out that the structural organization and intermolecular interactions
within the IL mixtures are quite different to that of the individual ILs.

Table 3.3. Thermal expansion coefficient values of ILs and IL mixtures as a function of
temperature.

Temperature (K)

Systems 293 298 303 308 313 318

[Ci«Ci][BFs] 804  8.07 8.10 8.14 8.17 8.20
[C4C1][PFe] 661  6.64 6.68 6.70 6.73 6.75
[CiC1][NTF2] 527 528 5.30 5.32 5.34 5.37

~ Mix | (A) 780  7.83 7.86 7.89 7.92 7.95
:;% Mix | (B) 755 758 7.61 7.64 7.67 7.70
E Mix I (C) 736  7.39 7.42 7.45 7.47 7.50
s Mix I1 (A) 699 7.1 7.04 7.06 7.09 7.11
Mix 11 (B) 673  6.76 6.78 6.80 6.83 6.85
Mix 11 (C) 650  6.52 6.54 6.56 6.58 6.61

Mix 11 (A) 7.10 7.13 7.15 7.18 7.20 7.23
Mix 111 (B) 6.97 6.99 7.02 7.05 7.07 7.10
Mix 111 (C) 6.79 6.82 6.85 6.87 6.89 6.92

# Error limit: £ 0.5%

3.3.2. Photochromic behavior of spiropyran in ILs and IL-IL mixtures

In this study, we have chosen different combinations of ILs along with parent ILs and have
investigated the synergism existing between them through photochromic study. In this study,
spiropyrans are known to exists in two isomeric forms, spiropyran form, SP and merocyanine
form, MC exist in thermal equilibrium with each other and are represented in Figure 3.3. We
would also like to note here that an idea about synergism between the two solvents can be
obtained by following the dependence of relaxation rate of one isomer with the mole fraction

of the solvent.1®
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Spiropyran (SP)

Merocyanine (MC)

Figure 3.3. Schematic representation of interconversion of spiropyran and merocyanine with

UV light irradiation.
The spiropyrans give rise to pale violet to violet colors when being dissolved in the IL

mixtures. Please note that under UV light irradiation, the thermal equilibrium between SP and
MC is disturbed and a change in color is seen due to the formation of MC.2® It is also important
to mention that after UV light irradiation, MC can thermally relaxes back to SP which can be
easily monitored by following the decrease in absorption of MC.1® Additionally it has been
observed that the solution when stored in the dark lead to a gradual decay of the absorption
band comprising of colored MC form, suggesting a conversion of the merocyanine form to the
spiropyran form (MC — SP). We have estimated the thermal relaxation rate constants of
spiropyran derivative, 6-NO-BIPS, in the IL mixtures where mole fractions of the concerned

ILs are varied.
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Figure 3.4. Overlay spectra illustrating the thermal decay of a solution of SP in Mix Il after

exposure to UV irradiation.
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The representative time evolution of the absorbance band (1%25,) of MC in Mix
1(B) for 0.6 mole fraction of [C4C1][BF4] at 25 °C is given in Figure 3.4. After this, the decay
rates of thermal relaxation from MC to SP have been estimated. The decay rate constants for
the thermal relaxation of MC in ILs are obtained by monitoring absorption changes in regular
interval for a MC-rich solution kept in the dark at constant temperatures (T) using the following
equations 3.1 and 3.2:
A(t) = (4p — A)e T + 4, (3.1)
log{A(t) — A;/Ay — A;} = —kt (3.2)
A(t) = absorbance at time t
Ao = absorbance just when irradiation is stopped
A = absorbance before irradiation/ at after long time after UV irradiation/ absorbance of MC
at equilibrium time

k = thermal decay rate constant

0.6 [C,Cil[BF,J:[C,C ][NTE]
(0.6:0.4)

0.5F

04F

03 F

- log{(A(t)-A{)/(AQ-A}
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Figure 3.5. First-order kinetic plot of the thermal relaxation of the SP isomer in Mix 11 after
5 min UV irradiation.
The process of relaxation of the MC isomer to the Spiro form (SP) follows first
order kinetics.®® Here, we would like to mention that the average solvation time in ILs fall in
ps-ns time scale.'?% 262 Figure 3.5 depicts the linear time evolution of the kinetics for thermal

back isomerization process, MC —SP for Mix IlI.
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Table 3.4. Thermal relaxation rate constants of spiropyran derivatives in IL-IL mixtures.

Mix | Mix Il Mix 11

Xemmsr N K Xm0 K Xiemimer, 0 K
Mix | x10°  Mix Il x10°  Mix I x10°
0 588 0 4.78 0 4.89
0.2 15.48 0.2 21.38 0.2 15.13
0.4 28.84 04 30.90 0.4 24.54
0.6 53.70 0.6 33.11 0.6 48.97
0.8 19.05 0.8 22.38 0.8 15.84
1 10.01 1 575 1 12.58

The thermal relaxation rate constant values of spiropyran derivative in different IL mixtures
are collected in Table 3.4. From Table 3.4 it can be observed that relaxation rate for all the
different IL-IL mixtures having different constituent ILs are different indicating that the
microscopic behavior of these solvent systems is quite different from each other. One can also
see from Table 3.4 that for a particular IL mixtures relaxation rate constant, k, changes with a
change in mole fraction of the constituent ILs. Additionally, one can note there exist synergistic
effect in this photochromism study with respect to the mole fraction. This synergism is found
in IL-IL mixtures with comparison to the neat ILs as the relaxation rate of IL-IL mixtures is

very much composition dependent.

3.3.3. Time-resolved fluorescence study

In the present work through time resolved fluorescence anisotropy study, rotational
motion of two structurally similar but chemically different organic solutes perylene and MPTS
are investigated in IL-IL mixtures along with their constituent ILs at different temperatures.
Structurally similar but chemically distinguishable solutes are chosen so that the solute solvent

interactions prevailing in the particular medium are exclusively monitored. Analysis of the time
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resolved fluorescence anisotropy data through hydrodynamic theory (explained in chapter 2)
has proven to be quite useful in unraveling microscopic behavior of a given solvent system.
3.3.3.1. Perylene

A representative time resolved anisotropy decay of perylene and MPTS in IL mixtures
(Mix I B) along with the constituent ILs are shown in Figure 3.6(a) and Figure 3.6(b)
respectively. The rotational relaxation time for perylene in different ILs and (IL+IL) mixtures
are listed in Table 3.5. From the Table 3.5, it can be mentioned that z decreases with the
increase in temperature for all the systems due to the decrease in the bulk viscosity of the

concerned medium upon increasing the temperature.

a) — 293K
03{
— 333K 0

¥ 0= S 0.1
~ ~

D1 0.0

0.0l : : : . o

Time (ns) Time (ns)

Figure 3.6. Representative time resolved florescence anisotropy decay profile of (a) perylene
and (b) MPTS in Mix | (B) at two different temperatures. The black line denotes the fit to data
points.

Table 3.5. The reorientation time (tr) of perylene and MPTS in [C4C1][BF4], [C4C1][PFes],
[C4C1][NTF2], Mix I, Mix 11 and Mix I11.

Perylene MPTS
Temp. tw°(ns) Cre<avg>  t°(ns) Crot <avg>
(K)
[C.CiJ[BFs] 293 123 013+002 1251 1.08 £ 0.011
298 1.03 10.14
303 0.83 7.80
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[C4C4][PFe]

[C4C1][NTH]

Mix | (A)

Mix | (B)

Mix I (C)

Mix I1 (A)

308
313
293
298
303
308
313
293
298
303
308
313
293
298
303
308
313
293
298
303
308
313
293
298
303
308
313
293
298

0.65
0.55
2.16
1.71
1.34
1.08
0.84
1.27
1.02
0.84
0.68
0.58
1.57
1.41
1.23
1.02
0.95
1.61
1.32
1.11
0.89
0.72
1.76
1.58
1.46
1.34
1.18
1.23
1.11

0.11 +0.013

0.21£0.015

0.12 +0.016

0.11+0.018

0.11+0.011

0.13 +0.019
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6.21
5.31
20.00
16.83
14.66
12.56
11.10
10.47
8.63
7.85
6.89
6.04
16.71
14.44
12.13
9.79
8.87
15.54
12.11
9.91
7.56
6.40
21.67
18.81
16.13
14.92
12.82
13.41
11.86

1.04 +0.017

1.39 +0.016

1.01 +0.017

0.80 £ 0.018

0.98 +0.016

1.28 £0.012



Mix 11 (B)

Mix II (C)

Mix I11 (A)

Mix 111 (B)

Mix 111 (C)

303
308
313
293
298
303
308
313
293
298
303
308
313
293
298
303
308
313
293
298
303
308
313
293
298
303
308
313

0.95
0.82
0.68
0.97
0.81
0.74
0.67
0.58
151
1.27
1.00
0.85
0.66
0.94
0.75
0.65
0.57
0.44
1.15
0.91
0.76
0.62
0.46
1.25
0.98
0.85
0.69
0.62

0.13 +0.016

0.12 +0.015

0.15+0.012

0.16 £ 0.019

0.16 +0.02

10.43
9.28
7.98

10.74
9.62
8.67
7.83
6.92

14.84

11.67
9.98
7.21
6.56
7.46
6.37
5.32
4.86
4.12
8.86
7.17
6.34
5.14
4.71
9.21
7.83
6.92
5.54
5.02

1.22 +£0.018

1.24 +0.011

1.09 +0.014

1.10 +0.018

1.07 £ 0.017

b Experimental error = +5%
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The data has been analysed further through Stokes-Einstein-Debye (SED)

hydrodynamic model?* 2*° so as to get a comprehensive understanding of the solute dynamics

in a given medium.
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Figure 3.7. Log(tr) vs. log(n/T) plot of perylene in (a) Mix I (b) Mix II and (c) Mix Il with
stick and slip boundary condition limits. The solid black lines indicate the fit to the data points.
The red and blue lines represent the stick and slip boundary conditions. The composition of IL-

IL mixtures are Mix | (B):[C4C1][BFa4]o.s[PFe]o.4; Mix Il (C) : [C4C1]PFe]o.s[NTF2]o2 and Mix
11 (B) : [C4C1][BF4]o6[NTT2]o.4.

The SED plots pertaining to perylene motion in a particular composition of IL mixtures

along with neat ILs are illustrated in Figure 3.7. However, upon a careful look at the plot one



can also see that in all the cases the behavior of perylene in IL mixtures are quite different than
that of constituent ILs. We have further analyzed z by fitting zr to an empirical relationship
7, = A(n/T)™ where A and n are constants.*?:17® The exponent n represent the non-linearity
in zr vs /T plot. Usually, rotational relaxation time is expected to linearly depend on the bulk
viscosity of the solvent. The departure of the n value from unity can therefore be attributed to
the decoupling of the rotational diffusion motion of the solute from the bulk viscosity of the
medium. 2% 178263, 264 |t has peen shown earlier by our group and others that the viscosity-
diffusion decoupling behavior in ILs can be caused due to the micro-heterogeneous nature of
the medium.121' 178, 263, 264

Following relations are obtained for perylene:

Perylene in [C4C1][BFs]: 7 = (2.61 + 0.02)(s/T)%67 £0.03 (N =5,R=0.99)
Perylene in [C4C1][PFe]: 7+ = (2.75 + 0.03)(7/T)061 003 (N=5,R=0.98)
Perylene in [C4C1][NTF2]: 7 = (4.89 + 0.06)(/T)0% 72+ 002 (N=5,R=0.98)

Perylene in Mix | (A): 7r = (1.63 £ 0.04)(y/T)0-68 £ 003 (N =5,R=0.99)
Perylene in Mix | (B): 7 = (2.34 + 0.07)(5/T)065* 0.04 (N=5,R=0.98)
Perylene in Mix | (C): 7r = (1.46 + 0.05)(5/T)062+0.04 (N=5,R=0.98)
Perylene in Mix 11 (A): 7 = (1.93 + 0.04)(y/T)*-"1 £003 (N=5.R=0.99)
Perylene in Mix 11 (B): 7 = (1.53 + 0.03)(/T)0-74 £ 0.04 (N=5.R=0.98)
Perylene in Mix 11 (C): 7 = (2.57 + 0.02)(/T)068 +0.04 (N=5.R=0.99)
Perylene in Mix 111 (A):  7r = (2.13 + 0.05)(/T)%-78 £ 0.04 (N =5,R=0.99)
Perylene in Mix 111 (B): o = (1.77 £ 0.02)(5/T)°-71 £0.06 (N=5,R=0.98)
Perylene in Mix 111 (C): 7 = (2.28 + 0.03)(/T)*81 £0.05 (N=5,R=0.99)

The deviation of n from unity indicates the micro-heterogeneity of the medium. This data in
general illustrates that the microenvironment experienced by perylene in IL mixtures which

again is found to be different in comparison to the neat ILs. More importantly, this data
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categorically demonstrates that IL mixtures are not only spatially heterogeneous but they are
also dynamically heterogeneous.

3.3.3.2 MPTS

Investigation has also been carried out by taking MPTS (negatively charged anion) solute and
the rotational relaxation parameters are collected in Table 3.5. Interestingly, it can be seen that
unlike perylene, the rotation of MPTS is much hindered in all the ILs and their mixtures. The
data also suggests a stronger solute-solvent interaction in case of MPTS than that of perylene
in the concerned media. Figure 3.8 represent the log-log plot of zr vs /T of MPTS for few

compositions of IL mixtures along with the slip and stick boundary lines.
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Figure 3.8. Log(t) vs. log(n/T) plot of MPTS in (a) Mix I (b) Mix Il and (c) Mix Il with stick
and slip boundary condition limits. The solid black lines indicate the fit to the data points. The
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red and blue lines indicate the stick and slip boundary conditions. The composition of IL-IL
mixtures are Mix | (B): [C4C1][BF4]os[PFs]o.4; Mix 1l (C): [C4C1]PFe]os[NTf2]o2 and Mix 11l
(B): [C4C1][BF4Jos[NTf2]o.4.

From Figure 3.8, it can be observed that for all the systems the experimental
rotational time lie above the stick line. In the hydrodynamic terminology this situation of
rotation of MPTS is known as super-stick situation. This hindered rotation of MPTS essentially
indicates strong solute-solvent interaction. The stronger solute-solvent interaction for MPTS
has also been realized by estimating the rotational coupling constant (Crot), Where C,,; =

Troxp /Tr - Croressentially indicates the extent of specific solute-solvent interaction. We note

here that this super stick behavior arises due to the specific solute-solvent interaction prevailing
in the medium.178: 199215, 265-267 |y this context, we would like to mention that the super stick
behavior of monocationic ILs is also observed independently by many groups like Fayer?®,
Dutt?®” and by us.!"® The super stick behavior of MPTS in ILs can be attributed to the formation
of strong hydrogen bonding interaction between the acidic C(2) hydrogen of imidazole and the
sulphate groups of MPTS.?%8 It has been shown that the highly acidic nature (pKa~ 28.3)?8 of
C(2) hydrogen of imidazole is capable of forming hydrogen bonds with the negatively charged
MPTS moiety. In the present study, SED plots (Figure 3.8) and Crot values (Table 3.5)

demonstrate the structural organization of IL-IL mixtures along with the neat ILs.

3.3.4. NMR and FCS studies
3.3.4.1. NMR studies

Recently the PFG-NMR technique has proven to be quite useful in providing
information about the translational diffusion of cations and anions of 1Ls.?9?2 The outcome
of PFG-NMR study can provide an idea about the size and the diffusivity of the diffusing
species which in turn helps us in viewing the microscopic structural organization of ILs. The
translational diffusion coefficient for the mixtures of ILs along with the constituent neat ILs at

room temperature are enlisted in Table 3.6. The diffusion data illustrates the diffusion of the
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“cationic moiety” in case of all the systems. In case of IL-IL mixtures, the diffusion coefficient
data is an averaged-out effect of the cations arising from the neat ILs.

Table 3.6. Diffusion coefficients of the concerned ILs and IL mixtures at 298 K.

Systems Diffusion coefficient (m?/s)
[C4Ci1][BF4] 1.203 x 10
[C4C1][PFe] 0.952 x 10
[C4C1][NTH2] 2.751 x 10*

Mix | 0.825 x 10!
Mix I 1.086 x 10!
Mix 111 1.768 x 10!

From the Table 3.6, it is observed that the diffusion coefficient for Mix | is lower than
the diffusion coefficients of concerned ILs, whereas in case of Mix Il the diffusion coefficient
is found to be slightly higher than the diffusion coefficients of the individual ILs involved. It
is quite interesting to note that in case of Mix I, diffusion coefficient of the averaged cationic
radii is estimated to be in between the values estimated for concerned pure ILs. This data
indicates that the structural organization of these IL-IL mixtures are different in comparison to
individual ILs.

3.3.4.2. FCS studies

To understand the various intermolecular interactions involving fluorescent molecules,
measuring the diffusion coefficient of fluorescent species through FCS is quite helpful as the
diffusion coefficient depends on the molecular mass, size and the shape of the diffusing
fluorescent species. 1’ 177215, 220, 273-276 Thg representative diffusion curve of Mix | has been
illustrated in Figure 3.9 and the data corresponding to the translation diffusion coefficient of
the IL-IL mixtures and constituent ILs estimated from the FCS study are collected in Table.

3.7.
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Figure 3.9. The representative FCS plot for Mix I.

Table 3.7. Parameters obtained through FCS for IL mixtures and constituent ILs at 298 K.

Systems Conc.(nM) D(um?st) Viscosity(cP) R(A)
[C4C1][BF4] 1141 £ 11 6.55 £ 0.72 84.2+ 0.65 3.9
[C4C1][PFe] 706 + 16 2.16 +0.26 164.8+ 0.61 6.1
[C4C1][NTH] 1842 + 14 10.02 £0.78 49.6+ 0.69 4.4

Mix | 1267 + 36 3.98 £ 0.42 136.1+ 0.68 4.0
Mix 1l 1075+ 44 4.09 £0.28 114.6+ 0.61 4.6
Mix I 1770 £ 14 8.03 £0.68 64.5+ 0.66 4.2

The hydrodynamic radii of Mix I, [C4C1] [BF4] and [C4C1] [PFe] are estimated to be 4.0
A, 3.9 A and 6.1 A respectively. Further, hydrodynamic radii of Mix I, Mix Il and Mix 111 are
estimated to be 4.0 A, 46 A and 4.2 A respectively. This observation shows that the
hydrodynamic radii of IL-IL mixtures are different from each other. In general, both diffusion
coefficients that are estimated from NMR and FCS studies demonstrate that the nano structural
organizations of these IL mixtures are quasi-ideal in nature with respect to the concerned pure
constituent ILs. All these data essentially signify that the microscopic behavior of these IL
mixtures depicts a new picture of these mixtures in comparison to its bulk nature.
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3.4. Conclusion

This chapter delineates the outcome of a combined steady state, time-resolved fluorescence,
NMR and FCS investigations of several binary mixtures of ILs along with the constituent pure
ILs that they are composed of. The microscopic behavior in terms of intermolecular interaction,
structure and dynamics of the binary mixtures of ILs and pure ILs have been carried so that the
differences in behavior between pure ILs and IL mixtures are understood. Viscosity, density
and thermal expansion coefficient values of ILs and IL-IL mixtures that are obtained from
thermophysical studies have revealed that the thermophysical parameters for IL-IL mixtures
are within the broad limits of the concerned parameter of neat ILs constituting the mixture.
Studies on excess molar volume calculations do not reveal any non-ideal behavior of the
mixtures. Again, the time resolved fluorescence anisotropy studies have also revealed that IL-
IL mixtures are not only spatially heterogeneous but they are dynamically heterogeneous too.
Measurements of both rotational diffusion through TRFA studies and measurements of
translational diffusion coefficients of the diffusing species through NMR and FCS studies have
provided idea about the nano-structural organization within these binary mixtures of ILs. The
analysis of the data essentially reveals that the mixtures of ILs that are used in the current study
do not behave like a non-ideal solution. The behavior of the IL mixtures is observed to be more
like quasi-ideal type. The outcome of the present study is expected to be useful in understanding

the microscopic behavior of IL-IL mixtures and their use towards various applications.
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CHAPTER 4

Thermophysical and Spectroscopic
Investigations on Imidazolium and
Pyrrolidinium-based Monocationic ILs and
their Binary Mixtures with Common Anion

Chakraborty, M.; Barik, S.; Mahapatra, A.; Sarkar, M. J. Chem. Phys. 2021, 154, 224507.
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Chapter 4

Thermophysical and Spectroscopic Investigations on Imidazolium and Pyrrolidinium-

based Monocationic ILs and their Binary Mixtures with Common Anion

The mixing of ILs provide an opportunity to fine tune the physicochemical properties of ILs
such that these resultant mixtures can be used in various targeted applications. However, a
suitable mixture having desired properties can only be designed when the physiochemical
properties of the mixtures of ILs along with their spectroscopic properties are well understood.
With an aim to achieve this objective three different mixtures with a common anion namely
[CoCeim][CaCaim][NTH2], [C3Cipyr][CsCipyr][NTf2] and [C3Ciim][C3Cipyr][NTF.] are
investigated in the current study. Investigations are carried out at the macroscopic level by
observing the thermophysical properties like molar volume, thermal expansion coefficient etc.
and at microscopic level with the time-resolved fluorescence measurements and pulse field
gradient NMR technique. The present investigation reveals that the mixtures show appreciable
deviation from ideal behaviour and the departure from the ideal behaviour is caused due to the

generation of free volume in the resultant mixture.

4. 1. Introduction

Mixing of two or more ILs with known properties may allow one to finely tune these
properties to obtain an interesting solvent system with desired properties.®” As ILs are mixed
together, unique interactions within the IL mixtures may arise.”® Recently, Knorr et al.?’” have
also found the existence of hydrogen bonding not only between anions and cations but also
among cations themselves. They have also observed spectroscopic evidence of jumping and

pecking (intermolecular attractions) of the cholinium cation on anions in ILs as well as the H-
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bond enhanced cation—cation interaction in the same ILs.?’” These observations essentially
indicate that the properties of IL mixtures are quite complex in nature. However, knowledge
on the mixture of ILs is rather limited in terms of understanding the kinship among structure—
property relationships. Therefore, an understanding of the structure and physicochemical
properties of ILs is very much needed so that the mixing approach can be successfully
employed to develop suitable solvent systems for targeted applications. In recent times,
keeping in mind the potential applications of the binary mixture of ILs, some investigations
have been carried out by employing both experimental and theoretical methods.’®: 278-280
Moreover, recent works on IL mixtures have demonstrated that intermolecular hydrogen
bonding within the IL mixture may lead to the formation of ideal and non-ideal mixtures.% 1
281-283 For example, a set of binary mixtures of imidazolium ILs shows a significant positive
excess molar volume, depicting a non-ideal mixture, whereas in another set of binary mixture
of IL, it has been found that the mixture does not deviate significantly from the ideal behavior.
These variations in the behavior of IL mixtures are expected to arise from their structural
organization.® 82 132284 Some studies on ILs have pointed out that intermolecular interactions
such as hydrogen bonding interaction within a particular mixture can play an important role in
the formation of ideal and non-ideal mixtures. The recent work by Brooks et al.**? on this aspect
is found to be extremely significant. They have shown a linkage between the spatial
arrangement and the free volume of IL mixtures containing a common [C4C1im]* cation and
different anions through different experimental techniques. The obtained results pertaining to
the free volume are found to strongly correlate with each other despite the vast difference in
their experimental timescale.'®? Moreover, it has been shown that fluxional processes such as
hydrogen bonding do not significantly contribute to the free volumes of the IL-IL mixtures as
compared to the spatial arrangement of ions arising from the size, shape, and electrostatic

interaction.3 The above-mentioned discussion clearly shows that the arena of the binary
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mixture of ILs still remains hazy. Consequently, assigning a particular IL mixture an ideal,
non-ideal, or some other behavior different from that mentioned in these concepts is still a
matter of challenge. To overcome this issue, comprehensive studies focusing on the structure—
property relationship in the IL mixture are needed. Although some studies have been carried
out on the IL-IL mixture with variation in anions, studies aimed at understanding the
interactions and the role of ions in the structure—property relationship in a binary mixture of

ILs with variation in cations are rather limited.

Keeping the above-mentioned facts in mind, the work in this chapter have been carried
out to understand the behavior of the binary mixture of ILs (Figure 4.1), which are formed by
taking imidazolium and pyrrolidinium ILs with bis(trifluoromethylsulfonyl)imide [NTf] as the
common anion and various cations such as 1-alkyl-3- methylimidazolium with n = 2, 3, 4,
[C2Ciim], [C3Ciim], [C4Ciim], and 1-alkyl-3-methylpyrrolidinium with n = 3, 4, [C3Cipyr]
and [C4C1pyr]. Moreover, imidazolium and pyrrolidinium based ILs are purposefully chosen
so that the role of cations (imidazolium and pyrrolidinium ILs) in governing the
thermodynamic properties of the said mixtures, if any, is understood. The binary mixtures of
ILs are constituted by mixing the concerned ILs in a definite mole fraction. Variation in the
mole fraction has been set from 0.2 to 0.8. Our first set of the binary IL—IL mixture constitutes
of pure imidazolium moieties, [C2C1im][C4C1im][NTf2], the second set of the IL-IL mixture
constitutes of pure pyrrolidinium moieties, [C3C1pyr][C4Cipyr][NTT.], and the third set of the
binary IL mixture is formed with the combination of imidazolium and pyrrolidinium ILs,
[C3C1im][C3Cy1pyr][NTf2]. Investigations are carried out using TRFA and PFG-NMR
techniques. Analysis of the present study depicts that the structural organization in the case of
the binary mixture of imidazolium ILs is very different from that of pyrrolidinium ILs. The

present work demonstrates some interesting correlation between free volume and structural
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organization of ILs and their mixture. The study shows that the behavior of the binary mixture

of ILs is found to be neither ideal nor non-ideal; rather, it is quasi-ideal in nature.
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Figure 4.1. Molecular structures of ILs and probes used in the present study (chapter 4).

4.2. Experimental techniques and methods

The ionic liquids [C2C1im][NTf2], [C4aC1im][NTf2], [C3Ciim] [NTF2], [C3Cipyr][NTF.], and
[C4C1pyr][NTF2] were purchased from TCI Chemicals (>98% purity). Perylene and MPTS
were purchased from Sigma-Aldrich and used as received. Prior to the usage, the ILs were kept
in high vacuum to avoid moisture. Instrumental techniques for time-resolved fluorescence as
well as NMR experiments have been described in Chapter 2. Details of procedures for data

analysis have also been discussed in Chapter 2.
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4.3. Results and discussions

4.3.1. Thermophysical properties of ILs and their binary mixtures

Densities of the neat ILs and their binary mixtures have been estimated at various temperatures,

which are listed in Table 4.1. To minimize the error in the estimated parameters, all the

measurements have been carried out multiple times. During the investigations, it has been

observed that with an increase in temperature, densities of the neat ILs as well as their binary

mixtures decreases. Moreover, the analysis of the data also reveals that the density in the case

of IL-IL binary mixtures is not a simple averaged-out effect arising out of individual ILs that

constitute the mixture.

Table 4.1. The experimental density (p) of neat ILs and their binary mixtures.

Systems 293 K 298 K 303K 308 K 313K
p" (glem®)

[C2C1im] [NTF2] 1521 1516 1512 1.506 1.502
[C4Ciim] [NTF2] 1.436 1.431 1.428 1.424 1.42
[CsCipyr] [NTF2] 1.454 1.449 1.444 1.439 1.433
[CsCaim] [NTF2] 1.479 1.474 1.469 1.464 1.459
[C4Cipyr] [NTF] 1.399 1.394 1.389 1.384 1.379
[C2C1im]o2 [CsCrimJos  1.183 1.176 1171 1.165 1.161
[CoCiim]os [CaCrim]os  1.263 1.259 1.251 1.244 1.239
[C2Ciim]os [CaCrim]os  1.305 1.297 1.291 1.284 1.278
[C2Cim]os [CaCrim]o>  1.373 1.368 1.361 1.353 1.349
[CsCipyrlo: 1.471 1.466 1.461 1.456 1.45
[C3Ciim]os
[CsCipyrlo 1.472 1.461 1.454 1.45 1.445
[C3Ciim]os
[C3Cipyros 1.461 1.456 1.451 1.446 1.44
[C3Ciim]o.4

74



[C3Cipyrlos 1.456 1.451 1.446 1.441 1.435
[C3C1im]o_2

[C3Cipyr]o2 1.407 1.402 1.397 1.392 1.387
[C4Cipyros
[CsCipyroa 1.418 1.413 1.408 1.403 1.397
[C4Cipyrlos
[CsCapyrlos 1.429 1.424 1.419 1.414 1.408
[C4C1pyro.a
[CsCipyrlos 1.44 1.435 1.43 1.425 1.419
[C4Cipyro2

Experimental error: + 0.001

To have a proper understanding of the nature of the IL—IL binary mixture, calculation
of excess molar volume is necessary. The excess molar volume (V) of all the mixtures have

been calculated by the following eq. (4.1):

E 3 -1 _ (x1M1+x2M2)_ 21 M1\ (%M
VM/Cm mol B P12 ( P1 ) ( P2 ) (41)

where p12 denotes densities of the mixture and x1, M1, p1 and x2, M2, p2 are mole fractions,
molecular weights and densities of pure components 1 and 2 respectively. The excess molar
volume is found to be less than 0.5% of the mixture volume, showing a near ideal condition in
the mixture. Additionally, to gain more insight on the ideal behviour of mixture, the excess
molar volume for the mixture of ILs have been fitted by reduced Redlich-Kister (R-K)?%
equation shown in Figure 4.2. The reduced R-K function is more sensitive as it accounts for
the various hidden interactions within the ionic liquids.?® The reduced R-K equation at fixed

temperature T is given as below eq. (4.2):
VP = x;(1 = x0) Zp2 Anpr (2% — 1)P (4.2)

where YEdenotes V£ and n is the optimal number of parameters (n = 3 or 4). The coefficients

Appr In equation 2 are regressed by applying the least-square fit method. The values of

VE obtained for different mixtures of ILs are not smaller than the experimental uncertainty
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(uncertainty of the density measurement is found to be more than 0.1 cm® mol™) indicating that

these values are significant.
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Figure 4.2. Plot of excess molar volumes (VE /cm®mol?) of binary mixtures of ILs for T = 293
K, 298 K, 303 K, 308 K and 318 K. The solid boxes are for pure imidazolium IL-IL mixture.
The open boxes are for pure pyrrolidinium IL-IL mixtures. The solid stars are for mixture of
pyrrolidinium IL and imidazolium IL.

In the present study, as can be seen from the Figure 4.2, a positive deviation in the
excess molar volume have been observed for [C2C1im][C4C1im]. This increase in the excess
molar volume can be due to the free volume (vide infra) generated by the alkyl chain.?® In this
context, we would like to mention that a very small positive deviation in the excess molar
volumes in imidazolium-based IL-IL mixtures composed of similar cations but different
anions had also been observed by us earlier.?'° Further, from the Figure 4.2, it can be seen that
the pyrrolidinium based IL-IL mixture show a small negative deviation that perhaps has arisen
due to the fact that the density of pyrrolidinium based ILs is lower than that of imidazolium IL
causing an increase in the free volume. Such negative deviations have also been observed by
other researchers in mixtures containing BFa (tetrafluoroborate) and NTf, based ILs.?’
Furthermore, as can be seen from Figure 4.2, in case of a mixture of imidazolium and

pyrrolidinium IL, the excess deviation in the molar volume is found to be somewhat negative
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and suggests the presence of free volume in the said mixture. In addition, to get more insight
into the behavior of the IL-IL mixture, the isobaric thermal expansivity has been determined
from the density of neat ILs as well as their mixture. Thermal expansion coefficient (o) has

been obtained by using the following eq. (4.3):

1(68 A
A = _;(é)p - _A2+,343T (43)
where A, As are the fitting parameters, o and T are the thermal expansion coefficient and
absolute temperature respectively. To evaluate the deviation of IL-IL mixture from the ideal
condition, Benson and Kiyohara criterion?®® have been used to define the ideal thermal

expansivity. The experimental values of thermal expansivity in the binary mixture of ILs have

been depicted in Figure 4.3.
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Figure 4.3. Thermal expansion coefficients of binary mixture of ILs: (i) mole frac. of [C2C1im]
in the [C2C1im][C4C1im] mix., (ii) mole frac. of [C3Cipyr] in the [C3C1lpyr][CsCiim]mix. and
(iii) mole frac. of [C3Cipyr] in the [C3Clpyr][CsCipyr] mix. The black solid rectangle
represents the thermal expansion coefficient calculated with Benson Kriyohara criterion.

From the Figure 4.3, one can vividly see that the IL-IL mixtures used in the present
study do not fit into the ideal model. It is important to mention here that with regards to
composition dependence, the experimental values are distributed with a positive deviation from
the ideal condition in case of imidazolium-based IL mixtures, while a negative deviation for
both pyrrolidium based IL mixtures as well as a combination of imidazolium and pyrrolidinium

based IL mixture. These deviations are not within the limit of experimental uncertainty
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indicating a quasi-ideal behaviour of IL-IL mixtures. To have further understanding on the
behavior of the IL mixtures, viscosities of all the ILs and their binary mixtures have been
measured and plotted in Figure 4.4. A decrease in viscosity of ILs as well as their mixture has
been observed with an increase in temperature. Unlike densities, viscosities do not show linear
dependence with the mole fraction of the components of mixture.®? To understand the
behaviour of IL mixtures in terms of ideal and non-ideal conditions, several mixing rules
available in the literature.?® In this work, we have used the mixing rule proposed by Grunberg
and Nissan to note the extent of non-ideality in mixtures.®® In order to measure the extent of
non-ideality in a mixture, Grunberg and Nissan mixing laws are proposed. The eq. (4.4) below
denotes the mixing law. The mixing laws accounts for additional term ‘G’ indicating the extent

of non-ideality.

logn = xlogn, + (1 —x)logn, + x(1 — x)Gy; (4.4)

where n; and n, represent the viscosities of neat IL 1 and neat IL 2 respectively, » represents
the viscosity of IL mixture, y represents the mole fractions of neat ILs present in the mixture
and G, is the additional term indicating the extent of non-ideality which depends on the
strength of interaction between the two components of the mixture. The expression of G, is
shown below in eq. (4.5):

Gro = In (=) oz e = minf? 45)

calc

Figure 4.3. show that log n(x) of the IL-IL mixture is not a strict linear function of the
composition of the IL, one can find a very small deviation indicating the IL mixtures are not

completely ideal rather the behaviour of IL mixture is more of quasi-ideal in nature.
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Figure 4.4. Viscosity of binary mixture of ILs: (i) mole frac. of [C.Ciim] in the
[C2C1im][C4Caim] mix., (ii) mole frac. of [C3Cipyr] in the [C3C1pyr][CsCiim] mix. and (iii)
mole frac. of [C3Cipyr] in the [C3C1pyr][C4Cipyr] mix.

4.3.2. Time-resolved fluorescence anisotropy

The microscopic behavior of a medium is intricately related to the solute solvent
interaction and free volume of the concerned medium which in turn is closely related to
macroscopic properties of the medium.’®? It is, therefore, also important to know the
microscopic behavior of the systems that are used in the present study. TRFA is a powerful
tool for exploring the solute—solvent and solvent-solvent interactions, which play an important
role in determining physicochemical properties of liquid and solution.®2% The time-resolved
fluorescence anisotropy data and the analysis of the data through hydrodynamic theories
(details of the different hydrodynamic theories have been explained in chapter 2) are found to
be helpful in providing ideas about the free volume of the given solvent system. Investigations
have been carried out on two structurally similar but chemically distinguishable probes, such
as perylene and MPTS, in the binary mixtures of ILs along with the constituent ILs comprising
the mixture at different temperatures through time-resolved fluorescence anisotropy. These
probes are purposefully chosen to exclusively monitor the solute-solvent interactions in the
medium. The representative decay plot of perylene and MPTS in the mixture

[C2C1im][C4C1im] have been shown in Figure 4.5.
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Figure 4.5. Representative decay of (i) Perylene in [C2C1im]o.2[C4C1im]os[NTF2] (ii) MPTS in

[C2C1im]o2[CaCaim]og[NTH2].

Table 4.2. The reorientation time (tr) of perylene and MPTS in [C2Ciim] [NTF2], [C4C1im]
[NTF2], [C3C1im] [NTF2], [C3Cipyr] [NTF2], [C4Cipyr] [NTF2] and their corresponding binary
mixtures.

Perylene MPTS
Systems Temp. (K) t°(ns) Crr<avg>  1(ns) Crot <avg>
[C2Ciim] [NTF2] 293 087 027+0011 485  1.13+0.013
298 0.75 4.15
303 0.71 3.58
308 0.66 2.87
313 0.62 2.37
[C4Caim] [NTF] 293 117 02540012 105  1.78+0.017
298 1.02 8.63
303 0.94 7.85
308 0.85 6.89
313 0.79 6.04
[CsCipyr] [NTF2] 293 114 018+0013 858  1.13+0.014
298 0.98 7.3
303 0.76 5.63
308 0.65 4.61
313 0.48 3.73
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[C3Ciim] [NTF]

[C4Cipyr] [NTF]

[C2Ciim]o2[CsCiim]os

[C2Ciim]o.4[C4Ciim]os

[C2Ciim]o6[CsCirim]oa

[C2C1im]os[CaCiim]o2

293
298
303
308
313
293
298
303
308
313
293
298
303
308
313
293
298
303
308
313
293
298
303
308
313
293
298
303
308

1.28
1.15
0.97
0.87
0.8

1.56
1.33
1.02
0.85
0.75
0.71
0.62
0.53
0.47
0.42
0.93
0.82
0.76
0.71
0.64
0.72
0.61
0.54
0.48
0.42
0.95
0.86
0.81
0.74

81

0.36 £ 0.02

0.23+0.011

0.14 +0.015

0.23+0.013

0.17+£0.012

0.21+0.013

12.06
10.12
8.3
7.52
5.84
14.6
12.5
10.43
8.31
7.46
6.70
5.71
4.93
441
3.82
6.03
5.62
5.03
4.68
3.96
5.83
5.07
4.36
3.87
3.32
6.92
5.70
4.93
3.84

2.71+0.015

1.92 +0.012

1.18 + 0.017

1.33+0.015

1.22 +0.013

1.46 +0.012
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293
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308
313
293
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303
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313
293
298
303
308
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N

93
298
303
308
313
293
298
303

0.68
1.02
0.93
0.87
0.78
0.66
1.08
0.96
0.9

0.83
0.75
1.16
1.01
0.84
0.78
0.71
1.25
1.11
0.94
0.81
0.67
1.18
1.03
0.83
0.71
0.56
1.3

1.15
0.87
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5.17
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308 0.75 6.01

313 0.61 5.12
[C3Cipyrlos[CaCipyrlos 293 138  022+0015 11.62 1.67+0.017

298 1.23 9.93

303 0.95 8.08

308 0.75 6.46

313 0.62 5.67
[C3Cipyr]os[CaCipyrloz 293 145 022+0015 13.35 1.86+0.011

298 1.26 12.37

303 0.98 9.43

308 0.8 7.47

313 0.68 6.51
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Figure 4.6 log-log plots of the average rotational relaxation time of perylene in (i) [C2C1im]
and [C4C1im] mix. (ii) [CaCipyr] and [C3Ciim] mix. (iii) [C3Caipyr] and [C4Cipyr] mix. with
blue colour stick and red colour slip boundary condition limits. The solid black lines indicate
the fit to the data points.
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Figure 4.7. log-log plots of the average rotational relaxation time of MPTS in (i) [C2C1im] and
[C4C1im] mix. (ii) [C3Cypyr] and [C3Ciim] mix. (iii) [C3Cipyr] and [C4Cipyr] mix. with blue
colour stick and red colour slip boundary condition limits. The solid black lines indicate the fit
to the data points.
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The Stokes—Einstein-Debye (SED) hydrodynamic model?** 23 has been used for
obtaining a comprehensive understanding of the solute dynamics in a given medium. Details
of the SED theory has been explained in chapter 2. The rotational relaxation time for perylene
and MPTS in different ILs and their corresponding binary mixtures is listed in Table 4.2,
Figures 4.6 and 4.7 illustrate the SED plots pertaining to the rotational motion of perylene and
MPTS, respectively, in the neat ILs and their corresponding binary mixtures of ILs. From Fig.
4.6, one can say that perylene rotates within the limits predicted by SED theory. Interestingly,
it can be observed that unlike perylene, MPTS shows a hindered rotation in all ILs and their
corresponding binary mixtures [Figure 4.7]. The hindered rotation of MPTS clearly indicates
a stronger solute—solvent interaction in the concerned media.?*® 2% In the present study, the
electrostatic interaction along with hydrogen bonding ability, highly acidic C(2) hydrogen (pKa
~ 28.3),%%8 is the main reason behind the retardation motion of MPTS in the IL medium. On
the contrary, in the case of pyrrolidinium based ILs, the rotational dynamics of MPTS are also

hindered due to strong electrostatic interaction.?®

Table 4.3. Boundary conditions obtained from DKS model.

System Cbks
[C2Caim] [NTF,] 0.068 + 0.002
[C4Caim] [NTF,] 0.052 + 0.003
[CsCipyr] [NTF] 0.087 + 0.001
[C3Ciim] [NTF] 0.053 + 0.002
[C4Capyr] [NTF] 0.088 + 0.001

[C2C1im]o2[CsCiim]os 0.047 + 0.002
[C2C1im]o.4[C4Ciim]os 0.053 + 0.001
[C2C1im]o.6[CsC1im]oa4 0.057 £+ 0.003
[C2C1im]o.s[C4Cirim]oz2 0.064 +0.002

[C5Cipyr]o2[CsCiim]os 0.060 + 0.001
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[C3Cipyr]o4[CsCiim]os 0.068 + 0.002

[C3Cipyr]os[C3Ciim]o4 0.078 + 0.002
[C3Cyipyr]os[C3Ciim]o.2 0.090 + 0.001
[C3Cipyr]o2[CaCipyr]os 0.091 + 0.001
[C3C1pyroa[C4Cipyrlos 0.078 + 0.003
[C3Cipyr]os[CaCipyrlo.a 0.073 +0.002
[C3Cipyr]os[CsCipyro.2 0.075 + 0.002

To account for the extent of free volume present in ILs and their binary mixture, the
Dote—Kivelson—-Schwartz?®" 2% model has been considered, which not only considers the
solvent size but also incorporates the cavities or free spaces created by the solvent around the
probe molecule while calculating the boundary condition. This theory has been discussed in
detail in chapter 2. Table 4.3 lists the average rotational relaxation time of perylene in different
solvent systems with boundary condition parameters obtained from the DKS model. The
boundary condition obtained from the DKS model is supposed to be different from the same
for the SED model as it takes the free volume into consideration. From Table 4.3, one can say
that in the case of a mixture composed of [C2C1im] and [C4C1im], there is a decrease of 3% in
the Cpks (C refers to the solute—solvent coupling constant) value compared with the Csiip
boundary condition of SED. The decrease in Cpks illustrates a decrease in the solute—solvent
coupling constant, which is indicative of an increase in the free volume of the system
considered. In the present study, the free volume in the mixture [C2C1im][C4C1im] is more than
that in either [C3C1pyr][C4Cipyr] or [C3Cipyr][CsCiim]. The increase in the free volume for
the mixture of [C2C1im] and [C4C1im] has resulted in faster rotation of perylene. The slight
hindrance in the rotation of perylene in both [C3Cipyr][CsCipyr] and [C3Cipyr][C3Ciim] in
comparison to that in [C2Ciim][C4Ciim] indicates a decrease in the free volume for

[C3Cipyr][C4Cupyr] and [C3C1pyr][CsCiim]. The results obtained from rotational diffusion of
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perylene are in sync with the excess free volume observed in the thermophysical study. The
observation demonstrates that the extent of free volume in the binary mixture of ILs play an
important role in the structural organization of the mixture of ILs. The variation in the extent

of free volume indicates that the structural organization of the binary mixture of ILs is different.
4.3.3. NMR studies

The PFG-NMR?® 271-273, 275 technique provides information on translational diffusion of
cations and anions in the ILs by estimating the size and the diffusivity of the diffusing
species.?®® The translational diffusion coefficient (D) of the diffusing species in a given
medium is influenced not only by factors such as mass, shape, and size of ions in the ILs but
also by the effect of free volume in ILs along with cation—anion interaction.’® Since free
volume of a given media is intricately related to the structural organization of the medium, D
is expected to vary with variation in the free volume of that concerned medium.'® The
implications of these effects change the structural organization of ILs.2"> 2> In the present
work, D tabulated in Table 4.4 and estimated through PFG-NMR shows the diffusive nature of
the “cationic moiety” in all cases. D measured for the binary mixture of ILs is an averaged-out

effect of the cations arising from the constituent neat ILs.
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Figure 4.8. The excess diffusion coefficient (DF) of neat ILs and their corresponding binary
mixtures (i) [C2Ciim] and [C4Ciim] ILs (ii) [C3Cipyr] and [C3Ciim] ILs(iii) [C3Caipyr] and
[C4Cipyr] ILs.
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From Figure 4.8, one can observe that in the case of the binary mixture of
[C2C1im][C4C1im], a small positive deviation is observed for D from respective neat ILs while
in the case of the binary mixture of [C3Cipyr][C4Cipyr] and [C3Cipyr][C3Ciim], there is a
small negative deviation. As discussed earlier, the deviation in D in the case of binary mixtures
of ILs might have arisen due to an excess molar volume linked with the generation of free
volume by the alkyl chain of imidazolium and pyrrolidinium moiety, causing a faster diffusion
in [C2C1im][C4C1im] than in [C4C1pyr][C3Cipyr] and [C3C1pyr][C3sCiim]. Keeping the above-
mentioned facts in mind, the present study shows that the binary mixture of ILs is not obviously
non-ideal or ideal; rather, these IL—IL mixtures have a slight deviation from a completely ideal

behavior. Henceforth, the behavior of these IL-IL mixtures is more quasi-ideal in nature.

4.4. Conclusion

Even though the mixing of ILs in designing and developing a new solvent system having
desired properties is an interesting approach, the success of this approach is entirely dependent
on our understanding of the concerned media at both macroscopic and microscopic level. With
an aim to fulfill this objective, in this chapter, we have studied the thermophysical properties
as well as the structural organization of different binary mixtures comprising of imidazolium
and pyrrolidinium based ILs such as [C2C1im][C4C1im][NTf2], [C3Cipyr][C4Cipyr][NTT,], and
[C3C1im][C3C1pyr][NTT.]. Moreover, imidazolium and pyrrolidinium based ILs are chosen so
that the role of cations, in governing the behavior of the said mixture, if any, is understood.
Thermophysical studies on these mixtures have shown a small but non-negligible increase in
the excess molar volume of the binary mixture of ILs. These studies and some recent literature
findings have also indicated that in the case of the binary mixture of imidazolium ILs, the
generation of excess molar volume may be linked to the free volume created by the alkyl chain
whereas in the case of the binary mixture of pyrrolidinium ILs, lowering of density can give

rise to free volume. In order to understand the microscopic behavior of the medium in terms of
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free volume and solute-solvent interactions through TRFA as well as the PFG-NMR
techniques have been employed for investigation purposes. Analysis of TRFA data has
provided clear evidence in favor of the presence of free volume in the binary mixture of ILs.
Thus, the results have pointed out that the deviation from the ideal behavior in the binary
mixture of ILs is intricately related to its free volume. The outcome of the present study has
essentially shown that the mixtures show appreciable but not large deviation from the ideal
behavior and the change in the free volume of the mixture from its constituent ILs is caused
due to change in the structural organization of the resultant mixture during the mixing process.
The outcome of the current investigations has led us to conclude that the binary mixtures of

ILs used in this study can be best described as quasi-ideal rather than ideal or non-ideal.
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Chapter 5

Understanding the Structural Organization of Monocationic and Dicationic Room

Temperature lonic Liquids through Resonance Energy Transfer (RET) Studies

This chapter aims to understand the differences in the local structural organization of the
imidazolium-based monocationic ionic liquids (MILs) and dicationic ionic liquids (DILs)
through resonance energy transfer (RET) studies. In this study, neat IL is used as donor and a
charged species rhodamine 6G (R6G) is used as the acceptor unit due to the fact that they
satisfy the spectroscopic criteria that are needed for RET event to take place. Interestingly, the
present data reveal that the RET interaction is more favorable for DILs than for MILs even
though the DILs are relatively bulkier than their monocatioinic counterparts. More
interestingly, RET interaction is also found to be more favorable for DILs than that for those
MILs where the length of alkyl group is kept fixed for MILs and DILs. The result of the present
study delineates that the length of the alkyl chain length on the cation is not the sole factor
contributing to the RET outcomes for DILs and MILs but the local structure of DILs also
contribute significantly to the same. The current investigation clearly indicates DILs have a

more compact local structure than that of MILs.

5. 1. Introduction

In recent times, the room-temperature ionic liquids (ILs) have emerged as special solvent
systems because of their applications in the field of catalysis, batteries, fuel cell photovoltaics,
super capacitors, and so forth.® 14 22 51, 292-2% The jnnumerable applications of ILs have been
possible because of their fascinating physicochemical properties such as low melting point,
low vapor pressure, high thermal stability etc.'* 1249 Because ILs are composed of cations and

anions, different combinations of these cations and anions are feasible, which in turn can offer
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high tunability in their chemical properties.’® 2° However, several studies have revealed that
the structural organizations of ILs are quite complex and the current understanding on this issue
still remains hazy. In the past decade, extensive research efforts have been put forward by
focusing on the structure—property relationship of monocationic ionic liquids (MILs).*® 119123
124,129, 219, 254, 2%6, 262, 297-302 Egsentially, the outcome of the studies aimed to understand the
structure—property relationship have indicated ILs to be microheterogeneous in nature and the
length of micro-heterogeneity spans over a few nanometers 48 118. 129, 219, 2%, 300-305 Tpg
segregation of the alkyl chain leads to the formation of polar and nonpolar domains, which is
thought to be the main cause of the microheterogeneous behavior of [Ls. 11 116. 126, 306 \/epy
recently, dicationic ionic liquids (DILs) have been designed and developed.3”*° These include
imidazolium** 4" and ammonium?3 3% 46 _hased DILs. DILs are expected to be more attractive
solvent systems than MILs because of the fact that a large number of cation—anion
combinations are possible in the former than in the latter.*® This would eventually make the
physicochemical properties of DILs more favorable than those of MILs. Some initial works on
DILs have also revealed that DILs are more advantageous than MILs in terms of viscosity,
surface tension, thermal stability, and so forth.*® In this regard, Anderson et al.>” have
investigated the physiochemical properties of imidazolium- and pyrrolidinium-based DILs and
illustrated that DILs possess a higher thermal stability than MILs. Sahu and Sarkar*"® 3%7 have
also observed that a six-membered alkyl spacer (linker) chain bearing imidazolium-based DIL
has a different dynamical behavior than a hexyl chain-bearing imidazolium-based MIL.
Cummings and co-workers*? 43 308 ysing a molecular dynamics (MD) simulation study have
shown the difference in the structural organization of DILs and MILs, which depends on the
alkyl linker and tail chain length of the former and latter systems, respectively. Again in a study
done by Moosavi and co-workers,® the spatial structures of germinal dicationic liquids have

been explained using the heterogeneity order parameter (HOP) values HOP. They have also
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shown that the DILs can exist in a folded form.2% In the case of imidazolium-based DILs,
Bhargava®'® 3! and Palchowdhury®'! through MD simulations have shown the aggregation
behavior. The above discussions pertaining to DILs have explained that even though some
work has been carried out on them, experimental studies that focus on the understanding of
microscopic structural organization of DILs are rather limited. Apart from the studies discussed
above, few studies based on steady-state and time-resolved fluorescence?® and nuclear
magnetic resonance (NMR)?%% 29 have also been carried out to shed light on the
structure—property relationship in DIL systems. Recently, studies conducted by Mandal and
co-workers!’® 312 are noteworthy in which the impact of cationic and anionic moieties on the
nanostructural organization of MILs has been successfully demonstrated by exploiting
resonance energy-transfer (RET) studies. The efficiency of RET process is highly dependent
on the distance between the donor, and as a consequence, it has been found to be one of the
most sensitive tools in monitoring events in various types of heterogeneous assemblies.!’® 313
In a separate work, Sarkar and co-workers?* have also demonstrated that RET studies can
differentiate the microscopic structural organization of planar and nonplanar cation-based ILs.
It is very exciting to note the use of a simple cost-effective method such as RET in comparison
to neutron diffraction studies in understanding the fluid structure of ILs. However, we would
like to note here that all the above-mentioned studies are done only on MILs, and no attempts

have so far been made to understand the nanostructure organization of DILs by exploiting RET.

Keeping the above facts in mind, the RET process between several neat ILs (donor)
and rhodamine (acceptor) has been studied in an organized manner. In this study, we have
chosen six-membered and eight-membered alkyl imidazolium DILs, namely,
[Co(MIm)2][NTF2]2 and [Cs(MIm)2][NTf2]2, respectively, along with their monocationic
counterparts, the three-membered and four-membered alkyl imidazolium IL systems, namely,

[Camim][NTf2] and [Csmim][NTf. ], respectively. Additionally, we have also taken six-
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membered and eight-membered alkyl imidazolium MILs, namely, [Cemim][NTf;] and
[Csmim][NTf2] so that the effect of alkyl chain length can be monitored exclusively. A
systematic variation of cation is maintained while the anions are kept constants. The choice of
rhodamine 6G (R6G) dye as the acceptor molecule lies in the fact that a significant overlap
between the absorption spectrum of R6G with the emission spectrum of the concerned IL could
be observed. Additionally, R6G being the charged species is also expected to facilitate the
electrostatic interaction with ILs which are also charged. An electrostatic interaction is
expected to facilitate the closer approach of acceptor molecules to the donor ILs and thus helps
to facilitate sufficient RET communication between them. In the RET studies, the steady-state
measurements and time-resolved fluorescence measurements of ILs (donor) and R6G
(acceptor) have been carried out. Molecular diagrams of the systems used in the present study

are depicted in Figure 5.1.
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Rhodamine 6G (R6G)

Figure 5.1. Molecular structures of ILs and probes used in the present study (chapter 5).

94



5.2. Experimental techniques and methods

The monocationic ionic liquids [C3C1][NTf2], [C4C1][NTf] and [CeC1][NTf2] were purchased
from Sigma and TCI Chemicals (>98% purity). The halide ions and water content in these ILs
are < 100 ppm. The dicationic ILs, [Cs(mim)2] [NTf2]2 and [Cg(mim)2] [NTf.]. were
synthesized. The synthesis procedure of dicationic ILs were explained in detailed in chapter 2.
Anhydrous DMSO and Rhodamine 6G (R6G) was purchased from Sigma-Aldrich and used as
received. The sample preparation procedures and experimental methods for steady-state and
time-resolved fluorescence studies and fluorescence correlation study through FCS are

described in detail in Chapter 2.

5.3. Results and discussions
5.3.1. Thermophysical properties of neat ILs

The thermophysical properties of ILs depend on its constituent cation and anions. Table 5.1,
illustrates the densities of both the moncationic ionic liquids along with the dicationic ionic

liquids.

Table 5.1. The densities of both MILs and DILs.

p/gm.cm®

Temp. [Camim] [Csmim] [Csmim] [Cemim] [Ce(mim)2] [Cg(mim)z]

(K)  [NTF] [NTF.] [NTF.] [NTH.] INTR].  [NTR];
203 1472 1.436 1.354 1.286 1.557 1517
208 1465 1431 1.348 1.279 1.546 1.508
303 1460 1428 1.341 1.273 1.539 1.496
308 1453 1424 1.336 1.268 1.531 1.490
313 1446 1420 1.329 1.261 1.526 1.483
318 1439 1417 1.322 1.255 1.520 1.476
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323 1.431 1.413 1.317 1.248 1.514 1.469

Instrumental error: 0.5%

From the Table 5.1, the densities of DILs are always found to be higher than the
corresponding MILs. For e.g. the densities of Cs for a dicationic IL is ~ 5 % higher than that of
Cz monocationic IL. Additionally, to have a deeper insight on this issue, the free volume
difference existing between the MILs and DILs have been calculated. Initially we calculated
the van der Waals volumes (Vyvwo) of the ILs using van der Waals increment method?® and
the ratios between the van der Waals volume and the molar volume (V), Vvow/V have been
calculated. The molar volume of an IL has been estimated from the density and its formula
weight (V = FW/d). The ratio, Vvow/V estimates the extent of space (unit space) occupied by
a molecule or a pair of ions.*® The values of Vypw/V for the ILs are listed in the in Table 5.2.

Table 5.2. Formula Weight (FW), Molar Volumes (V) (cm®. mol?), Van der Waals volume
(Vvwp) and the ratio (Vvow/V) for all the ILs.

Cation Formula Weight  Molar Volumes Van der Vvwp/V
(FW) (V) (cm®. mol’Y)  Waals volume
(Vvwp)
[Camim][NTf] 405 2765 171.2 0.623
[Camim][NTf2] 419 292.8 181.4 0.622
[Cemim][NTf2] 447 3316 201.9 0.619
[Cemim][NTf.] 489 382.3 243.1 0.617
[Cs(mim)2] [NTT2]2 808.7 523.1 3355 0.642
[Cs(mim)2] [NTT. ]2 836.7 554.8 356 0.637

From the Table 5.2, it can be said that the value for Vvwo/ Vis more in DILs are larger
than that in monocationic ILs having same anions and cations with equivalent alkyl groups.

These data essentially indicates that the compactness in case of DILs is more than that of MILs.
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5.3.2. Fluorescent property in neat ILs

Before the spectroscopic investigation, all the ILs are carefully purified. A thorough
examination of the absorption and fluorescence behavior for all the neat ILs has been done
before RET studies. Figure 5.2 depicts the representative absorption and emission spectra of
neat IL, [Camim][NTf."]. The absorption profile of neat ILs shows a significant absorption
observed for all the ILs in the UV region. Moreover, in the case of all the other ILs, a long tail
(beyond 400 nm) has been observed. This long tail of absorption indicates the different
energetically associated species present in the ground state.'?! 122 175 Essentially, the nature of
absorption spectra in these ILs is quite similar to other imidazolium-based ILs.1?% 122 124,175,254,

262 The emission spectra of all the neat ILs show a broad band with a maximum at ~ 450 nm

(Figure 5.2Db).
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Figure 5.2. (a) Absorption spectrum of neat [Camim][NTf.] and (b) Normalized absorption
and emission spectra of R6G and [Camim][NTf> ]Jrespectively. The IL (JCamim][NTf2]) has
been excited at 375nm. The overlap region in Figure 5.1(b) is highlighted.

Prior to the RET studies, the fluorescence behavior of neat MILs and DILs has been
investigated by steady-state fluorescence and FCS. It has been suggested for some MILs
previously that the associated species of ILs, not the monomeric forms of ILs, are responsible

for their fluorescence behavior.'?l 24 In this context, it is relevant to mention that
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Weingértner!” has shown that imidazolium-based MILs can exist as ion pair and ion clusters.
In the present work, steady-state fluorescence measurements have been performed in neat ILs
along with gradual addition of DMSO to MILs and DILs separately. In order to verify whether
the fluorescence of the IL is due to the associated structures rather than the monomeric form
of ILs, in the present study, we have used DMSO as a solvent system because of the fact that
DMSO is nicely soluble in the IL with no biphasic separation. The effect of other solvents on
the neat IL emission has already been shown by Kim and co-workers.?*®> They have also
observed the breaking down of associated structures with aqueous and organic solvents. A

representative figure which shows the effect of DMSO in neat ILs is shown in Figure 5.3.
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Figure 5.3. Decrease in the fluorescence intensity upon gradual addition of DMSO (a)
[Ce(mim)2][NTF2]2(b) [Camim][NTF].

As can be seen from Figure 5.3, the fluorescence intensity decreases gradually for both
MILs and DILs upon addition of DMSO to the respective neat ILs. The fluorescence intensity
of the concerned ILs is almost diminished after 10 folds of dilution. The present study suggests
that the molecular association within the ILs breaks down, which ultimately causes a drop in
the fluorescence intensity. The reduction in the fluorescence intensity of neat ILs upon addition
of DMSO is not due to the effect of concentration but rather due to the breaking of IL

aggregates. This indicates the dissociation of the associated structure of 1Ls.?'® For an in-depth
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understanding on this aspect, we have further performed FCS study on neat ILs in the absence
and presence of DMSO. Kim and co-workers?'® have shown the breaking of aggregates with
other organic solvents. FCS allows a precise measurement of the number of fluorescent species
in the confocal volume.’ 177 1% 216 The relevant data obtained from the FCS measurements
for the concerned ILs are collected in Table 3. The data obtained from FCS measurements has
been fitted to a single diffusion model. Please note that the single diffusion model is found to
be appropriate in determining the diffusion constant of a fluorescing species in IL media.l™
215,216,254 |t can be observed from Figure 5.4 that upon dilution of ILs with DMSO, there is a
decrease in the number of fluorescent species. Please note that G(0) is inversely proportional
to the quantity of fluorophore in a given sample. The diffusion time 7, of the concerned
fluorescing species is also found to decrease as the DMSO content is increased. These
observations indicate that the fluorescence of neat ILs originates from its molecular aggregates.
Therefore, the present steady-state fluorescence measurements and FCS study on MILs and
DILs clearly demonstrate that the associated structures of ILs are primary responsible for their

emission behavior.
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Figure 5.4. Fluorescence correlation plots of neat [Camim][NTf2] and [Ce(mim)2][NTf.]2 upon

gradual addition of different concentrations of DMSO.
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Table 5.3. The relevant parameters obtained from FCS for [Ce(mim)][NTf2].and

[Camim][NTf,] at 298 K.

Systems Concentration D ¢ (MS)
(nM) (um?s™)
[Ce(mim)2][NTf2]2(neat) 548 + 15 1.25+041  104+0.36
[Ce(mim)2][NTT,]2: 537 +21 2.11+£0.36 6.1+0.23
DMSO (1: 0.05)
[Ce(mim)2][NTT2]2: 330+ 26 10.5+0.45 1.25+0.71
DMSO (1: 0.4)
[Ce(mim)2][NTT2]2: 34+10 39.8+0.31 0.33+0.24
DMSO (1:1)
[Camim][NTf,] (neat) 9587 + 115 10+ 0.68 1.3+0.26
[Camim][NTf2] : DMSO 6589 + 109 255+ 0.51 0.51+£0.18
(1:0.5)
[Camim][NTf2] : DMSO 3098 + 143 53+0.74 0.25+0.12
(1:1)
[Camim][NTf2] : DMSO 2162 + 120 59.3+0.48 0.22£0.15
(1:1.5)

5.3.3. Resonance energy transfer (RET) study

As stated earlier, the ionic dye R6G is purposefully chosen for the current investigation,
anticipating that the negative charge of the dye will facilitate the dye (acceptor) to have an
electrostatic interaction with positive charge of the imidazolium moiety (donor) and thereby
allow the close approach between donor and acceptor to undergo an efficient electrostatic

interaction, which is required for RET process.
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5.3.3.1. Probing the RET process using steady state measurements

Initially, the steady-state fluorescence measurements have been carried out to investigate the
interactions between the donor (IL) and the acceptor (R6G) unit. For performing the
fluorescence measurements, the concerned systems are excited at 375 nm, where a maximum
absorption of the donor is found with a minimum absorption of the acceptor. The emission
spectra of the donor (neat [Camim][NTf.]) with and without successive addition of the

acceptor (R6G) are also provided in Figure 5.5. Similar plot has also been obtained for other

ILs.
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Figure 5.5. Variation in the emission intensity of [Camim][NTf2] (Aexc = 375 nm) with gradual
addition of R6G. The inset indicates that the emission intensity of [Camim][NTf,7] decreases
as the acceptor concentration is increased (from OuM to 231uM).

From Figure 5.5, we can clearly observe that with an increase in the concentration of the
acceptor, there is a gradual decrease in the emission of the donor with a simultaneous increase
in the emission of the acceptor (Figure 5.5). The decrease in the intensity of donor emission
with respect to the acceptor indicates that the donor (IL) and the acceptor (R6G) are in RET
communication. Also, a change in the emission maxima of the donor toward high energy (blue

end) is observed (Figure 5.5). Interestingly, in the presence of the acceptor molecule, a red shift
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in the emission of the acceptor has also been observed. The shift in the emission spectra for
both donor and acceptor perhaps arise because of the change in the electronic environment of

the donor and acceptor molecule upon association of acceptor to donor.?4

5.3.3.2. RET process through time-resolved measurements

To confirm whether the quenching of donor emission by acceptor is mediated via a static or
dynamic quenching process, time-resolved fluorescence measurements have been performed.
Figure 5.6 represents the decay profile of [Camim][NTf.] in the absence and presence of R6G
and the corresponding decay parameters are listed in Table 5.4. Figure 5.7 represents the decay
profile of the acceptor (R6G) in presence of the donor [Camim][NTf>] and the corresponding

time constants of the fluorescence decay of the acceptor (R6G) are listed in Table 5.5.
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Figure 5.6. Fluorescence decay curves of [Camim][NTf.] in absence and presence of the

acceptor (Aex= 375 nm and Aem = 450 nm). The solid black line represents fit to the data points.

Table 5.4. Time constants of the fluorescence decay of the donor (ILs) in the presence of the
acceptor (R6G) at different concentrations (where Aexc= 375 nm and Aem= 450 nm).

System Concentration B3 11 (ns) B2 2 (ns) Bs 13 <>?
(HM)
[Camim][NTH] 0 0.10 0.39 0.07 2093 035 857 2.65

102



[Camim][NTf,]

[Cemim][NTf,]

[Csmim][NTf,]

[Ce(Mim)2][NTF2 ]2

33
66
99
132
165

33
66
99
132
165

33
66
99
132
165

33
66
99
132
165

o

33
66
99
132
165

0.05
0.05
0.6

0.06
0.07
0.55
0.62
0.41
0.43
0.43
0.48
0.22
0.23
0.24
0.25
0.27
0.25
0.17
0.2

0.21
0.22
0.23
0.29
0.48
0.51
0.42
0.54
0.50
0.51

0.34
0.33
0.31
0.30
0.29
0.97
0.93
0.55
0.50
0.42
0.41
0.33
0.34
0.30
0.29
0.25
0.2

0.46
0.42
0.38
0.34
0.26
0.20
1.09
1.03
0.89
0.83
0.75
0.70

0.04
0.05
0.04
0.04
0.05
0.23
0.21
0.25
0.25
0.25
0.26
0.11
0.12
012

0.12
0.13
0.13
0.12
0.13
0.13
0.14
0.15
0.13
0.16
0.18
0.21
0.26
0.26
0.26

2.81
2.78
2.72
2.59
2.55
3.41
3.47
2.74
2.65
2.62
2.61
2.43
2.39
2.26
2.21
2.07
1.77
2.27
2.21
2.17
2.08
1.88
1.71
2.73
2.70
2.35
2.16
2.03
2.01

0.30
0.25
0.2

0.2

0.19
0.03
0.02
0.03
0.03
0.04
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.03
0.02
0.03
0.03
0.03
0.04
0.02
0.02
0.02
0.03
0.04
0.04

8.34
8.24
8.11
7.91
7.85
1132
11.53
9.76
9.62
8.54
8.42
8.27
8.04
7.93
7.53
7.43
6.92
7.58
7.46
7.33
7.09
6.65
6.26
8.58
8.70
7.64
7.33
6.99
6.32

2.51
2.47
2.40
2.34
2.18
2.00
1.85
1.78
1.67
1.58
1.50
1.68
1.59
1.54
1.46
1.34
1.27
1.72
1.65
1.52
1.43
1.34
1.23
1.73
1.64
1.55
1.50
1.46
1.42
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[Cs(mim)2][NTf2]2 O 0.23 0.76 012 241 0.02 887 1.57
33 0.22 0.59 0.15 1.96 0.02 7.34 1.48
66 0.24 0.60 0.14 208 0.01 8.8 1.42
99 0.23 045 0.16 1.90 0.02 763 1.36
132 0.60 0.21 029 159 0.11 596 1.24
165 0.60 0.20 029 150 012 551 1.21

& Experimental error: + 5%
5000 -
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2] ]
<
S 3000+
8 ]
2000 -
1000 -

Time (ns)

Figure 5.7. Fluorescence decay profile of the acceptor (R6G) (Aex = 375 nm and Aem = 580 nm;
concentration of the acceptor = 231uM) in presence of the donor [Camim][NTf2]. A clear rise
time can be seen in the inset. The solid green line symbolizes fit to the data points.

Table 5.5. Time constants of the fluorescence decay of the acceptor (R6G)at different

concentrations.

System Concentration (uUM)

Rise time (ns)?

Lifetime (ns)

[Camim][NTf.]

[Camim][NTF]

[Cemim][NTf.]

165
198
165
198

165

1.45
1.45
1.83
1.84

2.51

7.15
7.26
5.88
5.92

8.12
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198 2.55 8.24

[Csmim][NTf.] 165 2.48 8.26
198 2.50 8.33
[Ce(Mim)2][NTF2 ]2 165 2.11 7.25
198 212 7.30
[Ca(mim)2][NTF. ] 165 2.35 7.31
198 2.37 7.35

8Experimental error: + 5%

From both Figure 5.7 and Table 5.5, one can clearly see that with an increase in the
concentration of the acceptor, the lifetime of the donor (ILs) decreases. For example, by
varying the concentration of the acceptor from 0 to 264 pm, the average lifetime of the donor
decreases by 25%. The decrease in the fluorescence lifetime of the donor with an increase in
the concentration of the acceptor alone cannot completely prove the RET process between the
donor (IL) and the acceptor (R6G) moiety.!%* 1% In this context, it is important to note that
there are numerous reasons other than RET which can cause quenching.!®* 1% Hence, it is
essential to evaluate the process diligently. By monitoring the fluorescence lifetime of the
acceptor, one can verify the occurrence of RET process.!% 1% 201 For example, if the RET
process actually takes place for the current donor— acceptor system, a clear rise time at the time
of monitoring the decay of acceptor is expected to be seen. Please note that the rise time also
indicates the time constant for the RET process.1’® 312 The rise time (t = 1/Kger) is the growth
observed in the fluorescence decay profile of the acceptor resulting from the energetically
coupled donor and acceptor. In the present scenario, because of the energy transfer from donor
to acceptor, the acceptor goes to the excited state after receiving the transferred energy from
the donor. Therefore, when fluorescent decay is measured by monitoring the acceptor
fluorescence, a growth/rise time (formation) is also observed along with the usual decay of the

acceptor moiety. In the current study, Figure 5.7 depicts the acceptor’s (R6G) decay profile in
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the presence of donor, and the relevant parameters pertaining to the decay behavior of the
concerned systems are listed in Table 5.4. From Table 5.5, a clear rise time can be observed
for all the IL-R6G pairs. The rise time (inset of Figure 5.7) along with the decay of the acceptor
conclusively proves the RET communication between the donor (IL) and the acceptor (R6G).
To realize whether there are any differences in the outcomes of the RET process involving
MILs and DILs, RET studies have been carried out by taking two DILs [Ce(mim)2]-[NTf. ]2
and [Cs(mim)2][NTf, ]2 and their monocationic counterparts [Csmim][NTf;"] and
[Camim][NTf2], respectively, as the chemical structure of MILs is considered half of the
DILs.17®220.307 1n yview of this, one can anticipate that the estimated time constant for the RET
process for MILs and DILs would also follow the same order. However, from Table 5.5, it has
been observed that the rise times for [Cs(mim)2][NTf2 ]2 and [Cs(mim)2][NTf, ]2 are 2.12 and
2.37 ns, respectively, while those for [Camim]-[NTf,] and [Camim][NTf.] are 1.45 and 1.84
ns, respectively. From this observation, it is quite clear that although MILs by the virtue of its
chemical formula may represent half of DILs, structural organization of the MILs is different
in comparison to DILs. To shed more light on this aspect, studies are further extended by
employing new MILs where the length of the alkyl side chain is kept the same as that of the
spacer length of the DILs. These sets of ILs are judiciously chosen so that comparison of the
experimental data corresponding to ILs having the same alkyl chain length in MILs and the
same alkyl spacer in DILs can categorically reveal whether the length of alkyl groups or the
local structure of DILs has any influence on the RET process. If one assumes that the
hydrophobic alkyl chain of the MILs and DILs used in this study is solely responsible for the
FRET event, then one can anticipate a similar value of rise time for the acceptor moiety for the
ILs. However, the rise times of [Cs(mim)2][NTf2 ]2 and [Ce(mim)][NTf.] are estimated to be
2.12 and 2.55 ns, respectively. Similar responses in the rise time have also been observed

(Table 5.5) in the case of [Cg(mim)2]-[NTf2 ]2 and [Ce(mim)][NTf2]. This observation reveals
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that the length of the hydrophobic alkyl chain is not the only factor which is controlling the
RET process from IL to R6G, but the local structural organization of ILs can also play a
significant role for the same. Keeping the above facts and the present observation together in
mind, one can say that the structural organization of DILs and MILs used in the current study

is different.

To have a deep understanding of the microscopic environment of the ILs, data that are
collected during the RET study are analyzed further with the help of Forster theory, 19 198,201
Forster theory has been explained in detailed manner in Chapter 2. Already it has been shown
that the fluorescence of the neat ILs originates from the associated structures of the monomeric
form of ILs. This fluorescing unit acts as the donor. In the present study, the distance between
this fluorescing unit and the acceptor moiety (R6G) is described as the donor—acceptor
distance. The parameters relating to the RET process are estimated with the help of Forster

theory and are collected in Table 5.6.

Table 5.6. The magnitude of RET parameters.

System $p J(A)(10%°) T Trise  Ro Rpa E Krer

(Miemtnm®)  (ns) (ns) A  (A) (108 sy
[Camim][NTfz]  0.03 1.72 265 145 4122 3727 065 6.89
[Comim][NTf]  0.02 1.82 200 192 3992 3903 052 549
[Comim][NTf,] 0.04 1.96 168 255 4464 48.26 0.39 3.92
[Cemim][NTf.] 0.06 1.88 172 250 46.21 5505 031 4.02
[Co(mim)2][NTF ]2 0.05 1.67 173 212 4490 46.44 045 472
[Co(mim)2][NTf].  0.07 1.56 157 235 4545 4861 040 4.25

From Table 5.6, it is interesting to note that the donor—acceptor distance for

[Ce(mim)2][NTf, ]z is found to be 46.44 A and its monocationic counterpart [Camim][NTf,]
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is found to be 37.27 A. Also, in the case of [Cs(mim)2][NTf2 ]2, the donor—acceptor distance
is estimated to be 48.61 A, while the donor—acceptor distance for [Camim][NTf2 ] is 39.03 A.
Because, from the view of chemical formula, the above MILs can be considered as half of their
DIL counterparts, the donor—acceptor distance for the DILs is expected to be half of the
corresponding MILs. However, the estimated donor—acceptor distance obtained from the RET
parameters has indicated clearly that the local structure of DILs is different from that of MILs.
The data have essentially indicated that DILs have a more compact structural organization than
MILs. To shed more light on this effect, in particular, to investigate the influence of the length
of apolar alkyl group (side-chain MILs and spacer chain length in DILS) in the ensuing RET
event, we have also estimated the donor—acceptor distance by introducing MILs whose alkyl
chain length is the same as that of the spacer chain length in DILs and the relevant data are
mentioned in Table 5.6. Interestingly, the data in Table 5.6 reveals that even though the length
of nonpolar alkyl chain is found to be the same for both the sets of ILs, the donor—acceptor
distances for [Cemim][NTf2 ] and [Csmim][NTf2] donors are found to be 48.26 and 55.05 A,
respectively, while the donor—acceptor distances for [Ce(mim)2][NTf. ] and
[Cs(mim)2][NTf, ]2 are found to be 46.44 and 48.61 A, respectively. This result clearly depicts
that the RET does not only depend on the alkyl chain length but also depend on the local
structure of the cationic moiety of the concerned ILs. The data are further analyzed by looking
at other relevant parameters such as energy-transfer efficiency (E) and rate of energy transfer
(KreT). From Table 5.6, it can be observed that the rate of energy transfer (Kret) as well as the
energy-transfer efficiency (E) in [Camim][NTf2] and [Csmim][NTf.] are found to be higher
than that of [Cs(mim)2][NTf2 ]2 and [Cs(mim)2][NTf2 ]2 but is not as high as expected from
their chemical formula. However, E and Kgrer are found to be greater in DILs

[Ce(mim)2][NTF2 ]2 and [Cg(mim)2][NTF2 ]2 than in [Cemim][NTf. ] and [Csmim]-[NTf2]. All
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these parameters illustrate that the microscopic structures of DILs and MILs are different from

each other.

Now, if we consider all the important RET parameters (trise, E, KreT and Rpa) that
have been obtained from the current investigation (Table 5.6) together for all the ILs, the
following observations could be made. Among the MILs, it has been observed that the time
constant of RET process for short-chain MILs [Camim][NTf.] and [Camim][NTf.] is
significantly less than that for long-chain MILs [Cemim][NTf,] and [Csmim][NTf2"]. While
E and Krer are found to be higher in short-chain MILs in comparison to long-chain MILS, Rpa
is also found to be less for the former in comparison to the latter. These observations clearly
demonstrates that the RET between ILs and R6G is more favorable in shorter alkyl chain
containing ILs as compared to relatively longer ILs. These observations indicate that the alkyl
chain length in ILs plays an important role in controlling the donor—acceptor interaction during
the FRET event. In this regard, it is noteworthy to mention that Leal and co-workers,*!* through
both theory and experiments, have illustrated that the fluid structure of small alkyl chain
containing ILs are dominated by the polar domains whereas for the long alkyl chain containing
ILs, the apolar domains formed by the alkyl chain dominate the fluid structure.®* Also, the
nanostructural organization of DILs is found to have a mixture of unfolded and highly folded
DILs. As a result of this, in the current study, the RET process involving the donor and the
acceptor has been observed favorable for shorter alkyl chain containing ILs in comparison to
the longer alkyl chain containing ILs. Again, if we compare all the RET data (Tables 5.6)
obtained during the present study for MILs and DILs, one can observe that the RET process in
DILs is very different from their monocationic imidazolium counterparts. More interestingly,
the present data also reveal that the RET interaction is more favorable in DILs than in MILs,
even though in a scenario where the length of the alkyl group is kept the same for both the ILs.

The observation of a relatively more favorable RET process in DILs than in MILs despite the
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facts that (a) DILs have the same alkyl group in their cationic part and (b) DILs are relatively
bulkier because of the presence of an extra unit of imidazolium moiety in their dication
indicates that the local structures of DILs are very different from that of MILs in a sense that
DILs have a more compact structure than MILs. The observation also indicates that the length
of the alkyl group (chain) is not the sole factor which can contribute to the RET outcomes for
DILs and MILs, but the local structure of DILs and MILs can also play a key role for the same
event. In the present study, the RET process involved a small alkyl chain containing MIL (e.g.,
CsCy1and C4Cy) different from a long alkyl chain MIL (e.g., CeC1 and CgCy). This illustrates
that the alkyl chain length plays a crucial role in governing RET events pertaining to ILs.
Essentially, the RET data for our own system indicates the compactness in the structure of
DILs. To get more evidence in favor of the compact structure of DILs as compared to MILs,
we have also estimated the densities of DILs and MILs. The data on the density measurements
for both MILs and DILs have shown that the DILs have a larger density in comparison to MILs.
These data clearly suggest that DILs are more compact than the corresponding MILs.
Therefore, this observation is suggestive of the fact that the local structures of DILs and MILs
are different. Also, it is quite evident from the recent studies based on simulations?+ 3! and
NMR diffusion experiments®®® that DILs having a medium/longer alkyl chain containing
flexible spacer can have a folded structure. In view of these, we can say that the difference in
the outcomes of an RET event for DILs and MILs can be attributed to the difference in the

microscopic structural arrangements of the concerned media.
5.4. Conclusion

The objective of the present work is to understand the differences in the microscopic structural
organization of imidazolium-based MILs and DILs by exploiting RET studies. The use of RET
study in achieving the objective of this work stems from the fact that RET is a distance-sensitive

technique, and therefore, the outcome of the FRET events will be directly related to the change
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in the donor—acceptor distance, which in turn may arise because of the change in the local
structural arrangements of the concerned ILs. In the current work, prior to the RET studies, the
fluorescence behavior of neat ILs is investigated. Both steady-state fluorescence study and FCS
have shown that the associated structure of imidazolium moiety is primarily responsible for the
emission in neat ILs. The occurrence of RET process from the donor to the acceptor units has
been clearly established by the observation of a rise time during the estimation of the
fluorescence intensity decay of the acceptor. The analysis of the data based on Forster theory
has demonstrated that the RET interaction is more favorable for DILs than for MILs. The
present data also illustrate that the donor—acceptor distance in DILs is found to be less than in
MILs even though DILs are relatively bulkier because of the presence of an extra imidazolium
unit in their dication. More interestingly, the data also reveal that the RET interaction is found
to be more favorable for DILs than for MILs even in a scenario where the alkyl chain length is
kept constant in both DILs and MILs. This suggests that the alkyl chain length on the
imidazolium cation is not the only contributing factor in the ensuing RET process between
DILs and MILs, but the local structure of imidazole dication also plays a significant role in the
RET process. The current results clearly indicate more compactness in the local structural
organization of DILs as compared to the MILs. When the outcome of the current study is
visualized along with the outcomes of recent simulation and NMR diffusion studies which
suggested the folded structure of DILs with a medium/ longer alkyl chain containing flexible
spacer, one can perhaps also reasonably assume that the compact structural organization in
DILs is caused due to their folded structure. The current study is also interesting because it
highlights the usefulness of a simple and noninvasive technique, RET, in capturing the different

nanostructural organizations of structurally similar MILs and DILs.
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Chapter 6

The Effect of Lithium lons on the Structural Organisation of Monocationic and

Dicationic lonic Liquids

In recent times, ionic liquid-based (ILs) electrolytic system has emerged as suitable alternative
to the conventional organic solvent-based electrolytic system. However, since, anion of ILs is
known to form aggregates in the presence of lithium ions (Li*), and this can influence the
transport properties of Li* ion in a significant manner, it is, therefore, important to understand
how lithium-ions influence the structure and dynamics of ILs. With this objective, the studies
that are done in the present chapter focuses on intermolecular interaction, structural
organization, and dynamics of monocationic ILs (MILs) and dicationic IL (DIL) in the absence
and presence of lithium salt. Specifically, for this purpose, two MILs, [C3Ciim][NTf],
[C6C1im][NTf,], and a DIL, [Cs(mim)2][NTf2]2 are chosen in such a way that either the alkyl
chain of MILs becomes equal or half of the spacer chain length of DIL. To understand the
effect of the addition of lithium-ion on the structural organization of MILs and DIL, steady-
state fluorescence spectroscopy, time-resolved fluorescence anisotropy and nuclear magnetic
resonance (NMR) techniques are used. Essentially, all of these investigations suggest that the
addition of lithium-ion significantly alters the microscopic behavior of MILs in comparison to

that of DIL.

6. 1. Introduction

Room temperature ionic liquids (RTILs) have attracted considerable interest for their
unique physicochemical properties such as a broad electrochemical window, negligible vapor
pressure, and non-flammability.* 1751 248-250 Dye to these properties, ILs are also perceived to

be promising materials to be used as electrolytes in lithium-ion and lithium metal batteries.3%
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In other words, the use of RTILs-based electrolytic systems in comparison to organic solvent-
based electrolytic systems will be advantageous in avoiding hazards (fire and explosion) that
are usually associated with conventional organic solvents. Apart from the safety issues, IL-
based electrolytic systems are found to exhibit good electrochemical performance®¢-318and are
also cost-effective. While the majority of the research work in this regard is carried out by
employing monocationic-based ILs, such studies on another type of ILs, for example, geminal
dicationic ILs (GDILs), are very limited.>" 246 319325 Moreover, since recent studies have
demonstrated that anions of ILs aggregates in the presence of lithium-ion leading to an increase
in viscosity of the medium, proper understanding on the structure and dynamics of ILs in the

absence and the presence of lithium-ion becomes a worthwhile objective.

Focusing on the usage of ILs as electrolytes in lithium-ion batteries, studies have
been carried out by emphasizing the coordination effect of Li ions with the 1Ls.322 326 |n this
context, it is noteworthy to mention that solvated Li-ions are found to have distinct abilities to
coordinate with the IL media.t®"3?" This coordination can be successfully connected to the idea
of “structure-making” and “structure-breaking”.’®”1% This idea can be extended to the
solvation of inorganic ions, which induce a different local structure of water molecules in the
first and even the second or third solvation shells to accommodate the dissolved species.®?’ In
a separate study carried out by Atkin and co-workers!® have noted LiNOs has “structure-
breaking” effect in EAN due to the incorporation of LiNO3z into the polar domain of EAN,
causing disruption in the neat alignment of ethyl chains in the apolar domain. Conversely,
“structure-making” has been found in the case of ethanolammonium nitrate (EtAN) when
LiNOz is dissolved in the medium. While investigating the effect of lithium
bis(trifluoromethylsulfonyl)imide ([LiNTf]) on the IL 1- butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([CsC1im][NTf,]) by Fayer and co-workers®?® through

optically heterodyne-detected optical Kerr effect (OHD-OKE) spectroscopy have observed that
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medium viscosity increases upon addition of lithium salt to the media which in turn influences
the ion mobility and rotational dynamics of ions in IL—Li solvent system. Overall, all the above
studies that are carried out on MILs have demonstrated that the Li* ion can cause significant

changes in the structural organization of the medium.

As discussed above, several studies in search of an efficient electrolytic medium with
various MIL-based systems have been studied. However, recent investigation has also
highlighted that despite the decent stability of MILs, many of these systems are susceptible to
chemical and thermal degradation which can cause serious problems in the functioning of
lithium-ion batteries.3? To overcome this challenge, new types of ILs having higher chemical
and thermal stabilities are desirable. In this context, geminal dicationic ionic liquids (GDILs)
are thought to be a good candidate due to their higher thermal and chemical stability than many
MILs.3" 73149153 |y fact, it has also been shown that the properties of GDILs are superior than
the MILs in terms of the higher glass transition temperature, higher surface tension, and larger
electrochemical window.” We note that, due to the large electrochemical window of the
GDILs, an electrolytic system comprising of GDILs and lithium-ion is expected to be
beneficial in improving the electrochemical stability of the electrolytic medium at higher
voltages. 0152 All these properties make GDILs as an attractive electrolytic medium for high
temperature batteries and dye sensitized solar cells despite the fact that they have high
density.1® Since the above discussions depict many of the previous works that have been
carried in understanding the behavior of MILs in the absence and presence of lithium-ion,
studies on this aspect by employing GDILs are expected to be interesting. Moreover, as
reported earlier introduction of lithium-ion to the IL medium can cause significant changes in
the structure and dynamics of the concerned media and all these matters are all intricately

related to the performance of a suitable electrolytic medium in the lithium-ion battery. Proper
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knowledge of the intermolecular interactions, structure, and dynamics of the concerned

medium (MILs and GDILS) is necessary.

Keeping the above facts in mind, the work done in this chapter has been carried out
with an aim to understand the influence of lithium-ion in both monocationic and dicationic
ionic liquids. For the study we have chosen two monocationic ionic liquid (MIL), namely
[C3Ciim][NTF,] and [CeCiim][NTf2], along with a dicationic ionic liquid (DIL),
[Ce(mim)2][NTf2]. (Figure 6.1). Investigations have been carried out using steady-state
fluorescence, time-resolved fluorescence anisotropy, and NMR diffusion techniques. To
understand the difference in the structural organization between MILs and DIL in the absence
and presence of lithium-ion, the MILs are chosen in a way that either the alkyl chain of MILs
becomes equal or half of the spacer chain length of DIL. The microheterogeneity in these
systems has been estimated with the help of excitation wavelength-dependent studies.
Structural organization in the apolar and polar domains of ILs have been probed by following
the rotational diffusion of suitably chosen solute in the concerned media through time-resolved
fluorescence anisotropy (TRFA) measurements. Furthermore, NMR diffusion also throws light
on the translational diffusion of cations of ILs in the absence and presence of lithium-ion.
Outcomes of these investigations will have serious implications in formulating electrolytic

systems for lithium-ion battery applications.
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Figure 6.1. Molecular structures of ILs and probes used in the present study (chapter 6).
6.2. Experimental techniques and methods

The ionic liquids [C3C1][NTf.] and [CsC1][NTf.] were purchased from Sigma Aldrich(>99%
purity) and TCl Chemicals (>98% purity). The dicationic IL, [Ce(mim)2][NTf]. was
synthesized by following a literature procedure explained in chapter 2. Perylene and MPTS
were purchased from Sigma-Aldrich and used as received. ANF was received from Biosynth
Carbosynth. The sample preparation procedures and experimental methods for steady-state and
time-resolved fluorescence studies, and translational diffusion studies through NMR are

described in detail in Chapter 2.
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6.3. Results and discussions
6.3.1. Steady-state fluorescence studies

Unlike the conventional solvents, ILs are made of ions which gives rise to the complex
microheterogeneity character to these media. As the microheterogeneity of a given media is
known to be intricately related to the physiochemical properties of the media,!2* 171 173, 262, 330-
333 jt is therefore essential to understand the microheterogeneous behavior of different solvent
systems chosen for the study. Specifically, one needs to estimate the extent of
microheterogeneity caused by the addition of LiINTf, for both the MILs and DIL.
Experimentally, to determine the extent of microheterogeneity in a given media, excitation
wavelength-dependent fluorescence measurements are beneficial. It is well documented that
excitation wavelength-dependent fluorescence studies can qualitatively demonstrate the extent
of spatial heterogeneity in a given liquid system.®*? In the present study, the extent of
microheterogeneity in the case of MILs and DIL and the effect of Li* ions on the
microheterogeneity of the medium can be estimated by the A.,. dependent fluorescence
behavior of 2-amino-7-nitrofluorene (ANF) having a relatively shorter excited state lifetime
(~100ps).3** The ANF has been chosen for the study due to the fact that the relatively shorter
excited state lifetime, fluorescence signature of ANF in IL media is expected to be more
responsive to the short-lived ‘‘transient’”” domains, created upon the nanostructural

organization of 1Ls.?®2 Figure 6.2 illustrates the plot of A7%* versus A,,. of ANF at 298 K for

MILs and DIL in the absence and presence of LiNTfo..
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Figure 6.2. The excitation wavelength dependent behaviour of ANF in (a) [C3C1im][NTf],
[LINTf2]02[C3Ciim][NTf] (b) [CeCiim][NTf2], [LiNTf2]o2[CsCiim][NTf], and (c)
[Cs(mim)2][NTF2]2 and [LiNTf2]o2[Cs(mim)2][NTf]2.

As observed from Figure 6.2, upon increasing the 4., gradually, an increase in
the A7~ is observed for all the solvents systems; however, the total shift in all the cases is
found to be different. For example, in the case of MILs in the absence of [LiNTf],
[C3C1im][NTT,], and [CeC1im][NTHf], the total shift in the emission maxima has been observed
to be 5 nm and 7 nm, respectively. While in the presence of 0.2 mole fraction of [LiNTf2], the
total shift in the emission maxima for the same is 5 nm and 9 nm, respectively. On the other
hand, in the case of DIL, [Cs(mim)2][NTf2]. in the absence and presence of 0.2 mole fraction
of [LiNTf,], the total shift in emission maxima has been found to be 12 nm and 7 nm

respectively. These observations indicate that neat ILs (MILs and DIL) and IL + Li salt mixture,
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used in the current study, are spatially heterogeneous. It further demonstrates that while the
micro-heterogeneous behavior of neat MILs does not change much in the presence of Li salts,
the same is reduced appreciably for neat DILs in the presence of Li* ions. The observation of
the total shift of Jem with a change in the Jexc is estimated to be more in DIL as compared to

that of MIL (Figure 6.2), indicating that DIL is more heterogeneous than MIL.

6.3.2. Time-resolved fluorescence anisotropy studies

In the present study, investigations have been carried out using two probes found to be
structurally similar but chemically distinguishable in nature, perylene, and MPTS. Perylene
being apolar and MPTS being polar and negatively charged, expected to help monitor solute-
solvent interactions at the apolar and polar domain of the given medium, such as ILs where
polar and non-polar domains are the part of their nanostructural organization. Specifically, to
understand the temperature dependence of viscosity of the medium more clearly, viscosities of

MILs and DIL with increasing concentrations of Li* ion are plotted at various temperatures.
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Figure 6.3. Temperature-dependent viscosities of a) [C3C1im][NTf,] (MIL) b) [CeC1im][NTf2]
(MIL) c) [Cs(mim)2][NTf.]2 (DIL) solutions with different mole fractions of Li* ions. The data
points are fitted by single exponential fit. The black lines are the fitted lines.

From the temperature-dependent viscosities plots that are shown in Figure 6.3,
one can also see that the viscosity of IL media increases with the adding of Li* ion
concentration. From the data plotted in Figure 6.3, one can also see that the increase in viscosity
of DIL with the addition of Li* ion is about two folds higher than that has been found in both
the MILs. This observation suggests that the alkyl spacer chain of DIL may have a considerable

influence on the bulk viscosity of ionic liquid-based electrolyte systems.

8 1.2
(a) - [C,C,im][NTT,]
(b)

6 .
. 3 081
3—4 . w = £

e [m] [ 3]
g
2 i .09 m C [ 0-4' /
0 50 100 150 200 4 6 8 10
n/kT (ns/nm?) n/kT (ns/nm?®)

121



29 [C4C,im][NT#,] 5- @ [C(mim),][NTF,],
(c)

. ,./{f

0-4 T T T L 0 T T T L] T
8 12 16 20 30 60 20 31 20 150
n/kT (ns/inm?) n/kT (ns/nm°)

Figure 6.4. (a) Representation of average experimental rotational relaxation time for perylene
plotted against dynamic viscosity n over kT in case of both MIL (solid symbols) and DIL (open
symbols) for y[LiNTf,] = 0 (colour code: navy blue), 0.05 (colour code: yellow), 0.1 (colour
code: green) and 0.2 (colour code: orange). The plots in (b), (c), and (d) are rescaled and shifted
for better visualization. Plot (b) is for the MIL, [C3Ciim][NTf2], plot (c) is for MIL,
[CeC1im][NTT,] and plot (d) is for DIL,[Cs(mim)2][NTf2]2. The data points are the least square
fitted and show the hydrodynamic diffusion.

In Figure 6.4, the experimental values of rotational time (z,.) taken over a temperature
range in the case of perylene for each lithium added (in mole fraction) in IL solution have been
plotted against n/kT. As can be seen from Figure 6.4, in case of MILs and DIL, as the mole
fraction of Li* ion increases, the 7, value also increases. However, it is also essential to realize
whether the increase in the t,- value for perylene upon increasing Li* ion concentration is solely
dependent on the bulk viscosity of the medium or the micro-viscosity, which is caused due by

the change in the structural organization of the IL medium in the presence of lithium salt.

To have a better realization of the solute dynamics, in particular how the solute
dynamics are affected by the micro-viscosity of a media that have been used in the present
study, the TRFA data has further been analyzed in the light of Stokes-Einstein-Debye (SED)

hydrodynamic model.?%® Details of hydrodynamic theories are explained in chapter 2.
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Figure 6.5. Log-log plots of average rotational time of perylene in (a) [C3C1im][NTf] (b)
[C6C1im][NTf,] and (c) [Ce(mim)2][NTf.]> with red and blue boundary condition indicating
the stick and slip boundary conditions respectively. The solid black line indicates the fit to data
points.

Figure 6.5 represents the log-log plots of average rotational relaxation time
(t,) versus n/T for perylene in MILs and DIL with the gradual addition of Li* ions at various
temperatures. As can be seen from Figure 6.5, in the case of [C3Ciim][NTf] and
[CeC1im][NTT,], the rotational relaxation behavior of perylene remains within the boundary
conditions imposed by SED theory. However, with an increase in the Li* ion concentration, a
departure in the hydrodynamic behavior of the solute in the same medium is noted in a sense

that the rotational relaxation behavior of perylene in both the MILs gradually becomes faster
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(approaches to the slip boundary) with the gradual increase in the Li* ion concentration.
Essentially, this observation indicates a faster rotation relaxation of perylene in the said media.
It is an interesting observation in the sense that rotational motion of perylene becomes faster
despite the fact bulk viscosity of the concerned medium increases as the concentration of Li*
ion increases. This non-obeyance of hydrodynamic behavior of the probe solute or in other
words, the departure of the rotational diffusion of the solute with the bulk viscosity of the
medium (IL + Li salt) indicates that the role of micro-viscosity of the concerned media is more
important than the bulk viscosity in terms of governing the solute rotation. It may also be noted
here that such type of viscosity-diffusion decoupling behavior has also been observed by other
researchers, and they have rationalized this behaviour by considering the change in the micro
heterogeneous behavior of the concerned media.l®® 24 333 335 Therefore, the present
observation also indicates that the structural organization of neat ILs changes considerably in
the presence of Li*ion and thereby causing a change in the micro-heterogenous behavior of the
medium. More interestingly, in the case of DIL, one can see that the rotational relaxation
behavior of perylene at a lower temperature is significantly faster than that in MIL (Figure 6.5).
This observation, as per hydrodynamic terminology, can be interpreted as the sub-slip behavior
of the solute. The present sub-slip behavior of perylene in DILs indicates that it is located in
the apolar region of the medium. However, upon a careful look at Figure 6.5 (b) and (c), one
can also observe that the rotation of DIL is significantly faster even though the length of the
alkyl chain corresponding to [Ce mim][NTf2] (MIL) and the [Ce(mim)2][NTf.]> (DIL) remains
same. This indicates that the length of the alkyl chain (side chain in MIL and spacer chain in
DIL) are not solely responsible for the observed behavior in the respective medium; rather, it
indicates that the nanostructural organization of MILs and DILs are very different and due to
that the micro-viscosity felt by the rotating solute is very different in these two media.

Moreover, with the addition of Li* ion in the DIL medium, the rotational motion of perylene
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becomes slower (hindered). Also, in this case too, the non-obeyance of hydrodynamic behavior
can be easily seen (Figure 6.5). Overall, one can quickly note that the hydrodynamic behavior
in the case of MILs and DIL are very different, in a sense that with the gradual addition of Li*
ion, the solute rotation becomes faster in MIL. In contrast, not much change in the rotation of
solute has been observed in the case of DIL. The observation of the faster rotation of perylene
in MILs upon addition of Li* ion indicates that Li* and NTf," binding reduces the packing of
the alkyl chain present in the apolar region of MILs. These observations show that the behavior

of (MIL + Li) mixtures is significantly different from that of (DIL + Li) mixtures.
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Figure 6.6. The average friction coefficient for perylene in all the systems as a function of Li*
ion concentration.

Another useful approach to understand the consequence of increasing viscosity
upon addition of Li* ion in the respective media on the rotational relaxation behavior of
perylene is obtained by calculating the friction coefficient C,,., where C,,; is expressed as
Crot = Ttneory/Texp- This unitless friction coefficient C,.,, is considered a helpful parameter
as it represents the coupling between the solute and solvent to be independent of the
temperature and viscosity of the medium. Figure 6.6 is a plot of friction coefficients of both
MILs and DIL as a function of Li* ion concentration. As can be seen from Figure 6.6, there is

a gradual change in the friction coefficient upon the addition of Li*ion. However, from Figure
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6.6, it can be observed that the effect of Li* ion concentration in both MILs and DIL is not the
same. While a significant decrease in the C,,; value has been observed in the case of MILs, the
change in DIL is not large. These findings indicate that the addition of Li*ion induces a change
in the apolar domain in MILs, whereas the nanostructural organization of DILs remains more

or less unperturbed with Li* ion addition.
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Figure 6.7. Log-log plots of average rotational time of MPTS in (a) [C3Ci1im][NTf2] (b)
[CeC1im][NTF.] and (c) [Ce(mim)2][NTF2]2> with red and blue boundary condition indicating
the stick and slip boundary conditions. The solid black line indicates the fit to data points.

To order to probe how the nanostructural organization of the polar domains of ILs is
influenced by the presence of Li* ion, a negatively charged solute MPTS has been used for the
study. Specifically, the influence of Li" ion on the MILs and DIL have been studied by
monitoring the rotational diffusion of MPTS in the respective media in the absence and
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presence of Li" ion. Figure 6.7 illustrates the log-log plots of average rotational relaxation time
(t,-) versus n/T for MPTS in [C3C1im][NTf2], [CeC1im][NTf2] and [Ce(mim)2][NTf2] with
gradual addition of Li* ions at various temperature. As seen from Figure 6.7, in the case of
MILs, the rotational relaxation behavior of MPTS is significantly hindered as compared to that
has been observed in the case of perylene. The hindered rotation is due to the strong solute-
solvent-specific interaction caused by the specific hydrogen bonding interaction can occur
between the highly acidic C (2) hydrogen (pKa ~ 28.3)?%8 of imidazolium moiety and the sulfate
anions of the solute MPTS. The hindered rotation of MPTS in the MILs also suggests that
unlike perylene MPTS is located in the polar region of ILs. Now, when the Li* ions are
gradually added to both the MILs independently, the rotational relaxation behavior of MPTS
gets more hindered in the concerned media (Figure 6.7). This hindrance of solute rotation with
an increase in the Li* ion concentration is suggestive of the fact that the polar domains of MILs
gradually become more compact with an increase in the concentration of Li* ions. On the
contrary, in the case of DILs, the MPTS rotation is found not to be as hindered as is observed
in MILs as seen from the SED theory. This observation indicates relatively weaker solute-
solvent interaction in the DIL medium. The relatively weaker solute-solvent interaction in DIL
despite the fact that DIL consists of two imidazolium moiety with two acidic C(2) hydrogen,
indicates that the structural organization of DILs are different from that of MILs, which
eventually facilitate relatively less hindered motion of MPTS in the solvent continuum. In this
context, recent literature has depicted that DIL having a six-member alkyl spacer can remain
in a folded form where anions are arranged between two imidazolium moieties alternatively.’®:
220,308-311,336 perhaps because of this folded structural arrangement of DILs, it becomes difficult
for bulkier MPTS to make stronger interaction with the C(2) hydrogen of imidazolium moiety.
Interestingly with Li* ion addition to DILs, the rotation of MPTS is observed to be slightly

hindered in (DIL + Li) mixture. We note here that the change in the rotational diffusion of
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MPTS is observed to be much higher when Li* ion is added to MILs than that of a situation
when Li* ion is added to DILs (Figure 6.7). These observations indicate that polar domains of
DIL remain relatively unperturbed than that of MILs with the addition of Li* ions in the
respective media. This behavior can also be realized clearly when the friction coefficient values
(Cro¢ ) estimated for both MILs and DIL are plotted against the mole fraction of lithium salt
added to the neat ILs (Figure 6.8). As can be seen from Figure 6.8, the change in the friction
coefficient for MPTS in the case of MILs is observed to be relatively higher than that of DIL.
This indicates that the introduction of Li*ion in MILs and DIL are not the same because, in the
presence of Li* ion, the nanostructural organization of MILs gets more perturbed than that of
DIL. This observation again demonstrates that due to the difference in the fluid structure of
MILs and DIL, the effect of Li* ion on the structurally similar MILs and DIL are quite different

from each other.
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Figure 6.8. The friction coefficient for MPTS in all the systems as a function of Li* ion
concentration at 298 K.

Overall, the above TRFA studies on MILs and DIL in the absence and presence of Li* ion have
demonstrated that interaction between Li*ion and NTf, of MILs is relatively stronger than that
of Li*ion and NTf, of DIL. The difference in the Li" ion-anion interaction for the MILs and
DIL happens due to the fact that the structural organization of MILs and DIL are very different
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in the sense that while DIL remains in folded form, MILs stay in the straight chain
conformation in their respective fluid structure. Because of this relatively stronger lithium-ion
anion interaction in the polar domains of MILs, the structural organization at the apolar region
of MILs also changes significantly compared to the changes that happen in the apolar region
of DIL. Therefore, the outcome of the above investigation demonstrates that the addition of Li*

ion can cause structure-breaking of ILs where the effect is more pronounced in MILs than DIL.

6.3.3. NMR studies

Pulse field gradient NMR (PFG-NMR) technique used for measuring the
translational diffusion of ions in a given media is expected to be helpful in understanding the
microscopic structural organization of the fluid system.26® 323.333. 337 |n view of this, we have
investigated the translational diffusion of the ILs, specifically the cationic part of the ILs, in
the absence and presence of lithium salt by monitoring the *H NMR. Table 6.1 and Figure 6.9
illustrates the D value of both MILs and DIL in the absence and presence of lithium salt in a
temperature range of 298-318 K.

Table 6.1. Estimated translational diffusion coefficient of MILs with varying mole fractions

of Li" ions.
D2x 1071 (m?s?)

Systems x[LiNTf,] 298K 303K 308 K 313K

[CsCiim] [NTf] O 3.11 4.01 5.2 6.91
0.05 2.82 3.7 5.01 6.32
0.1 2.49 3.21 3.9 5.1
0.2 2.3 2.79 3.31 3.9

[CéCiim] [NTf] O 1.34 1.63 1.94 2.42
0.05 1.20 1.53 1.77 2.24
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0.1 1.16 1.37 1.54 1.73

0.2 1.04 1.20 1.33 1.46
[Ce(mim)2] [NTf2]2 0 0.21 0.29 0.4 0.51
0.05 0.18 0.26 0.35 0.46
0.1 0.15 0.23 0.31 0.41

4Experimental error: £5%
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Figure 6.9. Temperature dependent variation of self-diffusion coefficient of neat ILs as well
as with the addition of Li*ion. The square solid shapes (brown) and square open shapes
(brown) represent the value of D for [CsCiim] [NTf2] and [LiNTf2Jox [C3Ciim] [NTF2]
respectively. The circle solid shapes (pink) and circle open shapes (pink) represent the value
of D for [CeC1im] [NTf2] and [LiNTf2]Jo.r [CeCiim] [NTF2] respectively. The pentagon solid
shapes (green) and pentagon open shapes (green) represent the value of D for [Ce(mim)z]
[NTf2]2 and [LiNTf2]o.1 [Ce(mim)2] [NTF2]2 respectively.

From Table 6.1, we can see that at any particular temperature, the value of D is found
to be smallest for [Ce(mim)2] [NTT2]2. In contrast, for MIL, [C3C1im][NTf2], it is found to be
the largest according to their relative masses. Further, the D value increases with an increase
in the temperature, attributed to the decrease in the medium viscosity. Moreover, upon the
addition of Li salt in ILs, the value of D has been found to decrease in both the MILs and DIL

which is also consistent with an increase in medium viscosity. However, upon a careful
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inspection it can be noted that the decrease in diffusion coefficient with an increase in viscosity
on the addition of lithium salt does not follow a linear relationship. For example, negligible
change in the value of D (0.21 to 0.15 with the addition of 0.1 mole fraction of Li salt) upon
addition of lithium salt has been observed in the case of DIL even though the change in
viscosity is significant for the same. However, an appreciable change in the value of D is noted
in the case of [C3C1im][NTf.] with the addition of lithium salt (Figure 6.9). This clearly
indicates that the extent of influence of lithium salt on the structural organization of MILs and
DILs is different. To support this above observation, we have analyzed the diffusion data

through the Stokes-Einstein equation.®
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Figure 6.10. Self-diffusion coefficient plotted against T /n in neat ILs as well as with the
addition of Li* ion. The dotted lines are the fit to the data points. The square solid shapes (blue)
and square open shapes (blue) represent the value of D for [CsCiim] [NTf.] and
[LiINTf2]o.1[C3Ciim] [NTT2] respectively. The circle solid shapes (red) and circle open shapes
(red) represent the value of D for [CeCiim] [NTf2] and [LiNTf2]Jo1r [CeCiim] [NTH:]
respectively. The pentagon solid shapes (green) and pentagon open shapes (green) represent
the value of D for [Cs(mim)z] [NTf2]2 and [LiNTf2]o.1 [Ce(mim)2] [NTf2]2 respectively.

Figure 6.10 shows the plot of D versus T /n and as expected from the Stokes-Einstein
equation,® a linear relationship is obtained for all the systems. The slope obtained from the
plot of D versus T /n is stated as k/(6ma), where ‘@’ indicates the hydrodynamic radius. It is
interesting to note here that the slope of DIL is found to be 0.3 while that of MIL,
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[CeC1im][NTF2] and [CsCiim][NTf,] are found to be 0.26 and 0.48 respectively. This
observation indicates that the structural arrangement of DIL is neither same as that of
[CeC1im][NTT2] nor it's same as [C3C1im][NTf]; rather, DIL remains in the folded form in the
fluid structure. Further, upon the addition of Li* ion to both MILs and DIL, the slope increases
for both the (MIL+ Li) mixture and the (DIL + Li) mixture. In case of [C3C1im][NTf;] and
[CeC1im][NTT2], the slope increases from 0.46 to 0.6 and from 0.26 to 0.4 upon addition of
0.2 mole fraction of Li" ion in the respective media while in case of [Cs(mim)2] [NTf2]2 the
slope increases from 0.3 to 0.4 upon addition of 0.1 mole fraction of Li* ion. These data show
that the effect of perturbation by Li* ion is greater in the case of MILs than that of DILs. This
also indicates that the folded structure of DIL remains intact even upon the addition of Li* ions.
Moreover, the measurements of the translational diffusion coefficients of these systems
corroborate with the findings obtained from the rotational dynamic study.

6.4. Conclusion

The present study reports the investigation on the intermolecular interaction, structure,
and dynamics of MILs and DIL in the absence and presence of lithium salt. The excitation
wavelength-dependent  fluorescence emission study has demonstrated that the
microheterogeneity of the respective MILs and DIL increases upon the addition of lithium salt.
How Li" ion induces the change in the structural organization of apolar and polar domains of
ILs is monitored by following the rotation of apolar solute perylene and a polar ionic solute
MPTS through TRFA measurements. TRFA measurements have revealed that upon addition
of Liion, the rotational behavior of the probe solutes changes in both MILs and DIL. However,
the difference in the rotational behavior of the solute rotors (in comparison to MILs without
Li* ion) is found to be significant in MILs than that observed in DIL, indicating the influence
of Li"ion on MILs is relatively greater than that on DIL. Since LiNTf; is known to coordinate

with anions of ILs, the outcome of the rotational behavior of solute suggests that interaction
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between Li* ions and NTf," ions in the case of MILs is relatively stronger than that in DIL.
Interestingly, faster rotation of perylene in ILs upon addition of Li* ion also indicates that due
to the Li* and NTf," binding in the ionic regions of ILs, the packing of alkyl chain present in
the apolar region of MILs get reduced. On the other hand, when Li* ion is added to the DIL,
not much change in the structural organization of the apolar region of the DIL has been
observed. Moreover, measurements from the diffusion coefficient of a cationic moiety of ILs
through NMR studies have also supported the observation that Li* ion can perturb the
nanostructural organization of MIL in relatively more significant manner than it does for DIL.
The differences in the behavior of DIL (as compared to MILS) in the presence of Li" ion has
been rationalized by considering the folded arrangement of DIL in its fluid structure. Overall,
both fluorescence and NMR studies have clearly demonstrated that the addition of lithium-ion
can cause significant structure breaking for MILs compared to that for DIL. The outcome of
the present investigation is expected to be helpful in formulating a suitable IL-based electrolytic
system for lithium-ion battery applications. Moreover, the results obtained from this study also
suggest that the influence of lithium-ion on MILs could be helpful in tuning the organic
reactions that are dependent on the change in the behavior of the apolar region of the given

medium.
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Summary and Future Prospects

Thermophysical and photophysical studies are carried out on some monocationic ILs,
dicationic ILs and binary mixtures of monocationic ILs in order to understand the
intermolecular interactions, structure and dynamical behavior of these solvent systems. For this
purpose, several neat imidazolium and pyrrolidinium based ILs and their binary mixtures along
with some imidazolium-based dicationic ILs have been investigated by using several methods.
Specifically, the density, viscosity, thermal expansion coefficient, time-resolved fluorescence
anisotropy, NMR, fluorescence correlation spectroscopy (FCS) studies have been carried out
to understand the behavior of these solvent systems. Several interesting results in relation to
understanding the basics of solute-solvent and solvent-solvent interaction and its relationship
with the structural organization of the media have emerged from the present work. The key

findings of the present thesis are summarized as follows:

(1) The intermolecular interactions observed through the rotation of probes in ILs as well as
the mixtures of imidazolium ILs are found to be different for different mixtures indicating

that the binary mixtures of ILs are micro-heterogeneous in nature.

(2) The outcome of combined steady state and time-resolved studies have demonstrated that
ILs and their mixtures are not only spatially heterogeneous but also, they are dynamically
heterogeneous. The study eventually reveals that the binary mixtures of imidazolium and
pyrrolidinium-based ILs show appreciable deviation from ideal behavior and the deviation
from the ideal behavior is caused due to the generation of free volume in the resultant

mixture.

(3) The outcomes of the RET studies have indicated that the alkyl chain length on the cation

is not the sole factor contributing to the RET process in DILs and MILs but the local
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structure of DILs play an important role. The results of the RET studies have also indicated

that DILs have a more compact local structure than that of MILs.

(4) The outcome of the investigation on the intermolecular interaction, structure, and
dynamics of MILs and DIL in the absence and presence of lithium salt reveals that with
an addition of Li* ion cause significant structure breaking for MILs in comparison to DIL.
Since LINTf2 is known to coordinate with anions of ILs, the relatively stronger lithium-
ion anion interaction in the polar domains of MILs can cause a significant change in the

structural organization at the apolar region of MILs than the apolar domain of the DIL.

The present work provides valuable new information in understanding the structure-
property correlation in terms of intermolecular interaction, structural organization and solute
dynamics in various imidazolium and pyrrolidinium based MILs, DILs and binary mixtures of
MILs. Since, neat ILs are fluorescent in nature, they can be used for energy related applications.
The outcome of the studies reveals that ILs-based electrolytes can be used in high temperature

battery related applications.
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