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SYNOPSIS

Ionic liquids (ILs) are a fascinating class of materials composed entirely of ions and exhibit
properties reminiscent of molten salts as well as molecular liquids under ambient conditions.
However, one of the unique characteristics that sets ionic liquids apart from both traditional
organic solvents and inorganic salts is their complex micro-heterogeneous nature. Although
their intriguing macroscopic characteristics, such as high viscosity, low vapour pressure, and
exceptional thermal stability, have driven their widespread use in numerous scientific
disciplines, the kinship between the microscopic structure and macroscopic physical
attributes is not well understood. To bridge this knowledge gap, the present thesis focuses
on understanding the intermolecular interactions and structural organization of some
selected mono-cationic and di-cationic ionic liquids by exploiting several spectroscopic
techniques and computer simulation studies. Specifically, steady-state and time-resolved
fluorescence, fluorescence-correlation spectroscopy (FCS), and nuclear magnetic resonance
(NMR) techniques have been employed to carry out the investigations. Moreover, the present
thesis also makes an attempt to comprehend how the microscopic structural feature of ILs

can impact the electrochemical and biological applications.

Organization of thesis: The present thesis has been divided into six chapters. A brief

description of the contents of different chapters of the thesis is provided below.

Chapter 1: Introduction

Chapter 1 provides a comprehensive overview of ionic liquids (ILs) and their significance
in various fields of science and technology. It starts with a broad introduction to ILs and
their unique properties, followed by outlining of a historical perspective on the discovery

and development of ILs. Subsequently, a brief discussion regarding the progress in



realizing the intricate correlation between the structure and physicochemical properties of
various classes or categories of ionic liquids ILs has been provided. Additionally, the
applications of different classes of ILs in the domains of chemistry, biology, and materials
science have also been highlighted in this section. Moreover, this chapter also provides a
thorough discussion on the nano-structural organization of ILs and the intricate solvent
dynamics by highlighting some recent literature reports. This section also discusses
relevant photophysical processes such as excitation wavelength-dependent emission
behavior and rotational relaxation dynamics of some suitable solutes in ILs and
translational diffusion dynamics of ILs etc., which are often used to demonstrate the
existence of nano-structural organization in ILs in detail. Finally, based on the current

challenges in the field of ILs, the objective of this thesis has been outlined

Chapter 2: Instrumentation and Methods

This chapter provides the fundamental principles of various experimental techniques that
have been employed for various measurements both at single molecular and ensemble-
average levels in the current thesis work. Different spectroscopic techniques, such as
absorption spectroscopy, steady-state and time-resolved fluorescence emission
spectroscopy, have been discussed briefly in this chapter. More specifically, the fundamental
working principle of time-correlated single photon counting (TCSPC) and fluorescence
correlation spectroscopic (FCS) technique have been discussed in detail. Additionally,
measurements of the self-diffusion coefficient through pulsed-field-gradient NMR (PFG-
NMR) techniques have also been provided. Apart from this, various methodologies that are
commonly used to obtain the fluorescence decay parameters, rotational relaxation
parameters, and their analysis by employing hydrodynamic and quasi-hydrodynamic
theories and translational diffusion time have been described. The error limits corresponding

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



Chapter 3: Difference in the behavior of Imidazolium-based and Imidazolium-based
Di-cationic Ionic Liquids: Intermolecular Interaction, Structural Organization and

Solute Dynamics

In recent times, dicationic ionic liquids (DILs) have gained considerable interest owing to
their superior physicochemical attributes when compared to monocation-based IL (MIL)
systems. Despite the widespread use of DILs in diverse areas of chemistry, comprehensive
investigations into their microscopic structure and dynamics are still in their preliminary
stage. Notably, much of the research conducted in this area has focused on imidazolium-
based DILs. ! This signifies the need for more comprehensive investigation on other type
of DILs. In this context, both imidazolium and pyrrolidinium cations-based ILs share nearly
similar physicochemical properties such as viscosity, density etc. However, their distinct
structural characteristics, particularly the planar and non-planar nature of imidazolium and
pyrrolidinium cation, may result in subtle variations in the interactions between cations and

anions which may ultimately influence their microstructure and dynamic properties.
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Scheme 1. Chemical structure of the ILs used in this study

In view of this, the current chapter aims to understand the difference in the behavior of

imidazolium and pyrrolidinium-based dicationic ionic liquids (DILs) in terms of



intermolecular interactions, microscopic structure, and dynamics. For this purpose, a set of
imidazolium and pyrrolidinium-based DIL and MIL, as shown in Scheme 1, are
systematically investigated by exploiting combined steady-state and time-resolved
fluorescence (TRFA), electron paramagnetic resonance (EPR) and NMR spectroscopic
techniques. Steady-state fluorescence and EPR studies have provided an idea about the
micro-polarity of selected ILs. TRFA studies involve monitoring the rotational relaxation
dynamics of two suitable-chosen probes, perylene and 8-methoxypyrene-1,3,6-trisulfonate
(MPTS) in the chosen IL systems. The experimentally obtained rotational relaxation data
and analysis of the data through Stoke-Einstein-Deby (SED) hydrodynamic theory have
helped us to understand the differential structural organization of imidazolium and
pyrrolidinium-based DIL. The outcomes of all of these studies have depicted that the
microscopic structural organizations in imidazolium and pyrrolidinium-based DILs are

different from each other and their respective mono-cationic counterparts.
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pyrrolidinium-based DIL. The red (stick) and blue (slip) solid line represents theoretically

predicted (1:) and the solid spheres are the experimental data points.



Chapter 4a: Understanding the Influence of Ethylene Glycol on the Microscopic

Behavior of Imidazolium-based Mono-cationic and Di-cationic Ionic Liquids

Having understood the microscopic structural organization of DILs in Chapter 3, we next
have made an attempt to understand the microscopic behavior and intricate dynamics of

some imidazolium-based DIL and MIL in the presence of a molecular solvent.

Due to the presence of polar and nonpolar domains within the IL structure, ILs play
a significant role in the dissolution of complex molecules and also in ion transport. However,
the high viscosity of ILs always limits their ability to mix and interact properly with the
complex molecule. However, the introduction of a trace amount of co-solvent can facilitate
the dissolution process by reducing the viscosity of the medium.®® However, it is essential
to note here that the addition of molecular solvents can also impact the microscopic structure
within ILs. Hence, acquiring a comprehensive understanding of how the introduction of co-
solvents influences the relevant microscopic properties in ILs represents a worthwhile
objective to pursue. Therefore, with an aim to understand the structural organization and
various intermolecular interactions that prevail in DIL-molecular solvent mixtures, a DIL
1,8-bis(3-methylimidazolium-1-yl) octane bis(trifluoromethanesulfonyl) imide
[Cs(Mim)2][NTfz]> and a MIL 1-methyl-3-octyl-imidazolium bis(trifluoromethanesulfonyl)
imide [Cs(Mim)][NTf2] have been synthesized and are investigated in the absence and
presence of various mole fraction of ethylene glycol (EG). Rotational diffusion of two
selected probes, 9-phenyl anthracene (9-PA) and Rhodhamine R110 (R110) have been
carried out by employing TRFA studies to monitor the apolar and polar domain within the
MIL and DIL separately in the absence and presence of EG. Furthermore, NMR studies have
also been carried out to shed more light on the intermolecular interaction at the molecular
level. Analysis of the data has shown that while the addition of EG induces an appreciable

change in the domain structure of both MIL and DIL, the changes are observed to be



prominent in the case of MIL as compared to that in the DIL. The outcomes of this study
have enhanced our knowledge on understanding the behavior of both MIL and DIL in the

presence of an organic solvent.

Table 1. The rotational relaxation time (1) of probe molecules in MILs and DILs monitored
under iso-viscous condition. The variation in (t;) shows the influence of EG on the domain

structure of ILs.

[C,Mim)][NTf,] T, (9-PA) T (R110)  [Cy(Mim),][NTf], T.(9-PA) T, (R110)

n=34cP n=165cP
X=0 1.5 9.9 X=0 33 18.0
X=0.2 1.7 8.6 X=0.2 3.0 15.7
X=0.4 1.9 7.1 X=0.4 2.8 13.3
X=0.6 23 59 X=0.6 2.5 13.0
—N/\:EW :
MIL _ | ;
X (EG)=0
X (EG)=0.6

Figure 2. '"H NMR spectrum of MIL in absence and presence of EG. The figure shows an
upfield shift of the C (4,5)-proton and C (6,7)-proton after addition of 0.6 EG to the MIL.
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Figure 3. "H NMR spectrum of MIL in absence and presence of EG. The figure shows no

shift in the signal due C (4,5)-proton and C (6,7)-proton after addition of 0.6 EG to the

DIL.

Chapter 4b. Probing Lithium-Ion Driven Micro-Environment Changes

in

Pyrrolidinium-Based Mono-cationic and Di-cationic Ionic Liquid

Lithium salts dissolved in ionic liquids (ILs) are interesting alternatives to the commonly

used electrolytes for Li-ion batteries. Owing to the higher thermal and electrochemical

stability of pyrrolidine-based ILs they are widely used as electrolytic media for Lithium-

ion batteries.'!? However, it is also equally essential to understand how Li* ions influence

the structural organization of ILs in a microscopic scale. Therefore, in this chapter, the

structural organization and diffusion dynamics of pyrrolidinium-based monocatonic ILs

(MIL) and dicationic ILs (DIL) containing the similar alkyl units (8-9 alkyl unit) have been

studied in the absence and presence of lithium salt by employing TRFA, PFG-NMR, and

FCS studies. The findings of these studies have revealed that the coordination of Li* ions

with the anions of both MILs and DILs triggers a change in the structural arrangement of

the nonpolar regions of the concerned media. Interestingly, our results have also indicated

that the introduction of Li" ions induce a significantly more pronounced perturbation in the

nano structural organization of MILs as compared to its impact on DILs.
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Chapter S5a: Assessing the Suitability of a Di-cationic Ionic Liquid as a Stabilising

Material for Storage of c~-DNA in Aqueous Medium

In recent times, the quest for a suitable alternative storage media which can ensure long term
preservation of DNA in its native form has become a worthwhile objective to the scientific
community to pursue. Recently, several researchers have acknowledged the use of ILs and

more specifically, MILs in DNA technology.!'*"!> The unique microenvironment provided by
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adjustable hydrophilic and hydrophobic properties of MILs have been useful in many nucleic
acid-based applications such as extraction, solubilization and stabilization of cz-DNA in
aqueous medium. However, the perspective of DILs, which are shown to be more versatile
than MILs, towards nucleic-acid-based applications have not been explored yet. As DILs
possess a different structural backbone from MILs; the presence of two cationic head groups
is expected to induce extra stabilization due to dication-DNA interaction. For this purpose,
in this chapter, the potential of a pyrrolidinium-based DIL in stabilizing cz-DNA has been
investigated by following DNA-DIL interaction. Additionally, in order to understand the
fundamental aspects of DNA-DIL interaction in a comprehensive manner, studies are also
done by employing structurally similar MILs. The investigations have been carried out both
at ensemble-average and single molecular levels by using various spectroscopic techniques.
The molecular docking study has also been performed to throw more light into our
experimental observations. The combined steady-state and time-resolved fluorescence, FCS,
and circular dichroism (CD) measurements have demonstrated that DILs can effectively be
used as a better storage media for c#~-DNA as compared to MILs. Investigations have also
shown that the extra electrostatic interaction between the cationic head group of DIL as well
as the structural feature of DIL are primarily responsible for providing better stabilization to

ct-DNA, retaining its native structure in aqueous medium.
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Scheme 3. Chemical structure of ILs and probe molecules used in this study.
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in MIL2 in a greater extent than DIL indicating better conformational stability of cz-DNA in

presence of DIL.



Chapter Sb: The Synergistic Impact of Cations and Anions in Ionic Liquids in

Modulating the Structure and Stability of c--DNA in Aqueous Medium

As discussed in Chapter 5a, ILs are utilized as a potential tool in the realm of nucleic-
acid stabilization and preservation in aqueous solution, and in this context, the cationic
components of ILs are always believed to play an important role. The cations in ILs are
shown to preferentially interact with the phosphate backbone of DNA, thereby stabilizing
the double helical structure. Indeed, in the majority of research studies that are focused on
DNA-IL interactions, a significant emphasis has often been placed on understanding the role
of cationic moiety of ILs.!®!® The importance of IL anions in the said event has often been
overlooked. This is possibly due to lower binding affinities of IL anions for the DNA
backbone. However, ILs are known to display structural transitions from ion pairs to distinct
ions based on their hydration characteristics, and these free ions and associated ion pairs are

considered to exhibit different behavior during the interaction event with the biomolecules.

Considering the above fact, the current chapter has tried to investigate and understand
the structure and stability of c-DNA in a series of imidazolium-based ILs comprising of
different anions spanning the Hofmeister series. The ILs that are examined in this work
include 1-ethyl-3-methylimidazolium chloride (EmimCl), 1-ethyl-3-methylimidazolium
bromide (EmimBr), 1-ethyl-3-methylimidazolium nitrate (EmimNOs3), 1-ethyl-3-
methylimidazolium acetate (EmimAc), 1-ethyl-3-methylimidazolium hydrogen sulfate
(EmimHSO4), and 1-ethyl-3-methylimidazolium tetrafluoroborate (EmimBF4). The
selection of IL anions is based on their solubility in buffer solutions and their different
hydration properties. The binding characteristics and thermodynamics of IL-DNA
interaction have been investigated using various spectroscopic techniques such as UV-Vis
absorption spectroscopy, steady-state, and time-resolved fluorescence spectroscopy.

Furthermore, the conformational stability of c-DNA is evaluated using circular dichroism

Xi



(CD) spectroscopy. MD simulation study has also been employed to shed more light on the
experimental observations. Quite interestingly, the findings of this study also underscore the
significance of consideration of both the cation and anion of ILs in understanding the overall
DNA-IL interaction event. Among the selected ILs, Emim Cl and Emim Br are observed to

stabilize the c-DNA structure in a better manner.
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Figure 7. Analysis over a 200 ns simulation reveals the disrupted base stacking and
disorganized Watson-Crick hydrogen bonding, particularly prominent with HSO 4' anions,

causing the collapse of inter-helical hydrogen bonding.
Chapter 6: Insight into the Structure and Transport Properties of Pyrrolidinium-based
Geminal Di-cationic-Organic Ionic Crystals: Unravelling the Role of Alkyl-Chain

Length

In recent times, the majority of the research works on ILs are devoted to the study of
structure, properties and application of ionic liquids in their liquid state. However, studies
on organic ionic crystals (OICs), which are solid-state analogues of RTILs, are rather limited.
Interestingly, these organic ionic crystals have shown great promise to replace liquid-based
electrolytes in energy-related applications such as in dye-sensitized solar cell, Li-ion
batteries etc.!”! OICs are a kind of crystalline compound consisting of anions and cations
whose properties are different from those of conventional crystals. The microstructure with
three-dimensional ionic channels in this kind of ionic crystal are responsible for their
excellent electrochemical properties. Interestingly, these systems also show comparable
conductivity and diffusion efficiency like a usually employed liquid-based electrolyte. More

importantly, these OIC-based electrolytes are exempted from the leakage problem that are
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commonly associated with the liquid-based electrolyte. While some OICs based on MILs as
well as DILs have been synthesized and have been used as electrolyte matrices for various
electrochemical devices, the design and development of OIC-based electrolyte with high

thermal stability and high conductivity has remained as a formidable challenge.

This chapter aims to provide comprehensive information on the correlation between
structure and electrochemical properties of pyrrolidinium-based germinal OICs. To fulfil this
objective, a series of geminal di-cationic Organic lonic Crystals (OICs), based on Cs-, Cs-,
Cs- and Co-alkyl bridged bis-(methylpyrrolidinium)bromide are synthesized, and the
structural features, thermal properties and phase behaviors of as-synthesized OICs have been
investigated. Additionally, a number of electro-analytical techniques have been employed to
assess their suitability as an efficient electrolyte composite (OIC: I: TBAI) for all-solid-
state dye-sensitized solar cells (DSSC). The structural analysis has revealed that along with
excellent thermal stability and well-defined surface morphology, OICs exhibit a well-
ordered three-dimensional network of cations and anions that can serve as a conducting
channel for the diffusion of iodide ions. Electrochemical investigations have shown that
OICs with an intermediate length of alkyl bridge (Cs- and Cs-alkyl bridged) show better
electrolytic performance than that are based on OICs with a relatively shorter (Cs-) or longer
(Co-) alkyl-bridged OICs. A careful analysis of the data has also demonstrated that the length
of the alkyl bridge chain plays a significant role in determining the structural organization,

morphology, and, eventually, the ionic conductivity of OICs.
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Introduction

Abstract

This chapter provides a comprehensive overview of ionic liquids (ILs) and their significance
across various scientific and technological domains. It commences with a broad introduction
to ILs and their distinctive properties, followed by a historical synopsis of the discovery and
evolution of these liquids. The subsequent section briefly delves into advancements in
understanding the intricate relationship between the structure and physicochemical properties
of different categories of ILs. Furthermore, the applications of diverse classes of ILs in
chemistry, biology, and materials science are emphasized. Moreover, this chapter also provides
a thorough discussion of the nano-structural organization of ILs and their intricate dynamics
by highlighting some recent literature reports. This section also discusses relevant
photophysical processes such as excitation wavelength-dependent emission behavior and
rotational relaxation dynamics of some suitable solutes in ILs and translational diffusion
dynamics of ILs, etc., which are often used to demonstrate the existence of nano-structural
organization in ILs in detail. Finally, the chapter outlines the objectives of this thesis in

response to the current challenges within the field of ILs.
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CHAPTER 1
1.1.Introduction to Ionic Liquid

In the dynamic landscape of scientific exploration and industrial advancements, the
prominence of ionic liquids (ILs) has steadily risen over recent decades. This captivating
class of substances has not only become a subject of intense investigations among
researchers but has also found compelling applications across various industries, capturing
the interest of professionals and experts throughout the field '>The unique ability to serve
both as solvents and materials for diverse applications has led to a profound shift in their
relevance within the field of modern chemistry. They represent a category of molten salts
that primarily consist of relatively larger, asymmetrical organic cations paired with smaller
inorganic or organic anions, all of which have melting points below 100°C.>* Within the
realm of ILs, the cations are typically organic groups, including but not limited to
ammonium, imidazolium, pyrrolidinium, and pyridinium, whereas the anions encompass
both organic and inorganic types, such as chloride, bromide, tetrafluoroborate, and
hexafluorophosphate.® The bulky cations in ILs often have relatively low charge densities
due to their extended molecular structures and the delocalization of charge. The low charge
density and diffused charges result in less effective packing of ions, leading to the
formation of viscous liquid materials under ambient conditions.” More interestingly, it has
also been observed that this liquid material exhibits very negligible vapour pressure.® This
attribute has positioned them as potential replacements for traditional organic solvents.’
But in recent times, the utilization of ILs has experienced a notable shift, reaching beyond
their traditional role as solvents.!%!! Researchers have shown their effectiveness as solid-
state electrolytes, as well as gas capture and storage materials.'?!7 These attributes have
made them useful for the development of various energy storage systems. Moreover, ILs
have also found their utility in drug delivery systems and preservation of biomolecules like

protein and nucleic acids demonstrating their potential in developing new pharmaceutical

3|Page



CHAPTER 1

formulations.'®?° Beyond the comprehensive exploration of macroscopic attributes and
pertinent applications discussed earlier, the scientific community has increasingly turned
its focus to another exciting feature of ILs, i.e., the presence of microheterogeneity within
their liquid structure.?!>*Advanced experimental and theoretical techniques have revealed
the existence of distinct regions or domains within these systems. The discovery of
microheterogeneity has introduced a new layer of understanding to the behaviour of ILs in
various applications. These regions, often referred to as microdomains, exhibit varying
compositions and interactions among the constituent ions. Since, the macroscopic
behaviours of ILs are intricately related to their microscopic structures, they play a
profound role in shaping the overall behaviour of ILs.?>"*Therefore, understanding the
behaviour of ILs at a microscopic level and also comprehend how the inter-constituent
interactions and the resulting structural organisations of ILs are related to their microscopic
behaviour has become an essential pursuit in the current-day research. This research
endeavour is expected to unveil novel perspectives by enhancing our understanding of ILs

and pave pathways for potentially ground-breaking applications in the times ahead.

The journey of ionic liquids began in the early 20th century, with their first synthesis of
an ionic salt, ethyl ammonium nitrate (EAN), in 1914, by Paul Walden.?” However, their
potential remained largely unexploited for decades. It was during the latter half of the 20th
century that researchers began to recognize their unique properties and versatile
applications. In fact, Hurley and Wier, in 1959, provided more explicit insights into the
potential advantages of ILs by introducing organic chloroaluminates synthesized from
aluminium compounds and alkyl-pyridinium chloride salts and these chloroaluminates are
considered as the first generation of ILs.?® Notably, both pyridinium and imidazolium-
based chloroaluminates were observed to have a susceptibility to react with water.

Interestingly, in 1990, Mike Zaworotko proposed a method to synthesize ILs that remained
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stable in the presence of water. 2This led to the development of the second generation of
ILs, featuring anions like nitrate (NO3"), tertrafluoroborate (BF4"), hexafluorophosphate
(PFs") and subsequently, the third generation of ILs emerged, incorporating perfluorinated
anions such as bis(trifluoromethylsulfonyl)imide (NTf>), tris(pentafluoroethyl)
trifluorophosphate (FAP), and diverse organic cations such as imidazolium, pyridinium,

pyrrolidinium, ammonium, phosphonium, others as depicted in Scheme 1.1°°.

Cations
~
(@) [\ | o
N R1-’N\¢N\R N
/N ® ™
Ry Rz I!{
1

N,N-dialkylpyrrolidinium o
1.3-dialkylimidazolium  N-alkylpyridinium

- R4 0
9 r!l\ ® L_,R [@j
R, Rs R1/ \R2 /N\

Ra
tetraalkylammonium tetraalkylphosphonium  N,N-dialkylmorpholinium

Anions
bis(trifluoromethanesulfonyl) Acetate trifluoroacetate
imide
Tetrafluoroborate Hexafluorophosphate Nitrate

Scheme 1.1. Molecular structure of some common cation and anions that combine to form

ILs. Here R represents the alkyl group with predominantly halide anions.

These ILs exhibit various interesting properties like high viscosity, low melting points, and
high conductivity. However, some drawbacks were associated with these ILs, including
production costs and a high affinity for binding with metal ions, which in turn could give

rise to potential toxic effects. At the turn of the 21st century witnessed a surge of interest in
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ionic liquids, with a growing understanding of their potential to revolutionize various
industries. Their low volatility, thermal stability, and tuneable properties attracted attention
across fields such as chemistry, materials science, and engineering.®* 3! They found roles in
green chemistry practices, serving as eco-friendly alternatives to traditional solvents that are
often harmful to the environment. Furthermore, the concept of ionic liquids as "green
solvents" extended their potential in sustainable technologies. Researchers also explored
their applications in energy storage, electrochemistry, and even pharmaceutical
formulations. Furthermore, the ability to tailor the properties of ILs by selecting specific
combinations of cations and anions paved the way for the concept of "designer solvents."®
3233 This concept allowed researchers to fine-tune the behaviour of ILs to suit specific tasks,
from catalysis to separation processes and beyond. In more recent times, economically
viable task-specific ILs are being devised for applications in energy materials.> *** Beyond
material applications, ILs based on amino acids were tailored for the utilization of ILs in
pharmaceutics.'®*! Additionally, other categories of ILs, like geminal dicationic ILs (DILs),
were formulated with anticipated applications in the realm of batteries and related
technologies.>**” In this way, this designer material is consistently contributing to cleaner
processes, energy efficiency, and ground-breaking innovations in shaping the future of
various industries. As scientists keep learning about the hidden properties and possibilities

of these substances, the story of ionic liquids will stay ever-evolving and influential. This

journey will keep making big contributions to science and society.
1.2. General characteristics and properties of ionic liquids and applications

As mentioned earlier, ILs possess a range of distinctive characteristics and properties that set
them apart from traditional solvents and materials. However, what makes ILs more
fascinating is that the selection of both cations and anions substantially shapes the overall
behaviour and traits of ionic liquids.**-* This ion-specific tunability opens up a wide range of
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possibilities for designing ILs with desired properties for specific applications. Following are

some ways in which the properties of an IL can be tuned by varying the constituent ions for

specific applications.

1.2.1.

1.2.2.

7|Page

Melting point (m.p). This property is indeed significant, as it determines the
temperature range at which an ionic liquid remain in a liquid state. It can influence
the applicability of an IL in various processes. The structure and chemical
composition of ILs are closely tied to their melting points.** Cations with low
symmetry, well-distributed charges, and weak intermolecular forces tend to
decrease the melting point of ILs. The reduction in cation symmetry, for instance,
has a significant impact on lowering the melting point. For example, the 1-butyl-3-
methylimidazolium cation, which has only one methyl substituent and lower
symmetry, has a lower melting point compared to the 1-butylpyridinium cation with
higher symmetry. Likewise, when ammonium, pyrrolidinium, and phosphonium
cations have symmetrical substituents, the resulting ILs tend to be in a solid state.
Conversely, when asymmetric radicals are introduced as substituents, the melting
point of these ILs is observed to be below room temperature. The choice of anion
also affects the melting point of an ionic liquid. Larger anions tend to result in ILs
with lower melting points. Conversely, anions that can form hydrogen bonds within
the lattice structure of the ILs can lead to higher melting points. Understanding the
relationship between the chemical structure of cations and anions and their impact
on the melting point of ILs is crucial for designing and selecting ionic liquids with
specific properties for various applications.

Glass-transition temperature (Tg). While most of the ILs are known for their low
melting points and typically exist as liquids at or near room temperature, there are

exceptions, and some ILs can exhibit a glassy or solid state under certain conditions,
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particularly at very low temperatures or in specific environments.>®*! Indeed, in the
context of ionic liquids (ILs), the glass transition temperature (Ty) can provide
valuable insights into the cohesive energy within the salt and the interactions
between the constituent ions. By altering the chemical structure of the cations and
anions in an IL, it is indeed possible to influence its cohesive energy. For example,
selecting cations and anions with weaker interactions or introducing steric
hindrance that reduces ion-ion interactions can lower the cohesive energy of the IL.
As a result, this can lead to a lower Ty, making the IL more fluid-like at lower
temperatures

Thermal stability and phase-behaviour. ILs are known for their high thermal
stability, which is one of their key advantages in various applications. Thermal
stability refers to the ability of a substance to withstand high temperatures without
undergoing significant decomposition or chemical reactions. It is important to note
that the thermal stability of an IL can vary depending on its specific composition.>®:
*For example, ILs that incorporate cations such as pyrrolidinium and imidazolium
are generally known for their excellent thermal stability, whereas ILs based on
pyridinium and ammonium cations tend to exhibit comparatively lower thermal
stability. However, the thermal decomposition temperature of ILs is found to be
mainly dependent on the nature of anions instead of the nature of the cation.
Commonly, thermal stability of ILs containing same cation decreases with increase
in the hydrophilicity of the anion. The thermal decomposition temperature of ILs
generally vary from 100°-400°C.* ILs made up of a bis(trifluoromethane
sulfonamide) anion (TFSI) and alkyl-ammonium cations or the imidazolium or
pyrrolidinium cation and a variety of heterocyclic cations are known as the most

stable ILs with decomposition temperatures above 200°C. Interestingly, some ILs
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can also shows various phase transitions before undergoing decomposition. These
phase transitions are often associated with changes in the physical state of ILs and
can include solid-solid transitions, solid-liquid transitions, or liquid-liquid
transitions. While, some ILs undergo phase transitions within the solid state, leading
to the formation of different crystalline structures or polymorphs, some exhibit a
plastic-crystalline phase, which is an intermediate state between a crystalline solid
and a disordered liquid. The thermal stability of an IL is a critical factor in
determining its suitability for heat transfer applications. Selecting an IL with the
appropriate thermal stability ensures safe and efficient heat transfer processes,
helping to avoid equipment damage and maintain system integrity at high
temperatures.

Density (p). The density of ILs is a crucial parameter as it plays a significant role
in determining their flow behaviour and heat transfer characteristics. In general, the
density (p) of ionic liquid is higher than water. Normally, the density of IL is found
to be in the range of 1.04 to 1.50.%° Exceptionally, phosphonium-based ILs are found
to be less dense than water. The magnitude of density of an ionic liquid depends on
the structure of constituent ions. The size of the cation influences the density in the
way that a larger cation gives rise to the low density of IL. For instance, ILs with
pyrrolidinium, pyridinium, and imidazolium cations are usually denser than that of
ILs that contain phosphonium cations. Furthermore, the density of IL decreases as
the length and number of the alkyl substituent attached to the cationic moiety
increases. In some cases, the functional group attached to the cation also becomes
the determinant of the density of ILs. Likewise, the density of ILs is also
significantly influenced by the nature of the anions. For example, comparing the

ILs with the common cation ([C4mim]), the densities of the ILs follow the anion
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order: [NTfz] > [PF¢] > [TFO][Ci1SO4] > [C(CN)3]. Density can affect mass
transport properties, such as diffusion coefficients and solubility, which are
important in applications like extraction and separations.*’ Matching the the density
of IL to specific solutes or target molecules can optimize these processes.

Viscosity. Determining the viscosity of ILs is a critical aspect of their application
because this property has direct implications for various important factors.
Specifically, viscosity affects the energy expended in pumping fluids, the pressure
drops in pipelines, and the rate of convective heat transfer.*’ In most cases, the
viscosity of an IL is primarily influenced by two key factors: the length of the
cationic chain and the size of the IL molecules. Smaller and symmetric cations with
lower molecular weights tend to result in lower viscosities. Additionally, cations
with higher molecular weights but shorter alkyl substituents also exhibit lower
viscosities. For instance, pyrrolidinium-based ILs are more viscous than the
imidazolium-based ILs.>® Moreover, an increase in the chain length of the cation in
an IL is associated with an increase in viscosity. This effect is attributed to strong
van der Waals interactions between the longer alkyl chains, which result in greater
resistance to flow. Longer chains lead to more extensive molecular interactions,
contributing to higher viscosity. “*The ability of the anion in an IL to participate in
hydrogen bonding interactions can significantly impact its viscosity.*’ ILs with
anions capable of forming hydrogen bonds tend to have higher viscosities.
Hydrogen bonding interactions between the anion and surrounding ions contribute
to the overall molecular cohesion and viscosity of the IL. Furthermore, ILs
containing anions like PFs and BFs are found to be more viscous compared to
those with THN™ anions.*® This viscosity difference is attributed to electronic

effects arising from the presence of fluoride atoms in these anions and the dispersion
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of negative charge on the sulfoxide groups of T/:N anions. Moreover, temperature
has a significant impact on the viscosity of ILs. Higher temperatures promote
increased molecular mobility within the IL. As a result, the molecules in the IL have
greater freedom to move, which eventually reduces their ability to aggregate. This
enhanced ion mobility leads to a decrease in shear thinning and, consequently, a
reduction in viscosity. The viscosity of ILs is often compared to that of conventional
oils, but it can exhibit significant variation with changes in temperature. Even a
relatively small temperature increase, such as 5 Kelvin (k), can result in a substantial
decrease in viscosity, potentially up to 20%. The viscosity behaviour of ionic liquids
(ILs) is often described using the Vogel-Tammann-Fulcher (VTF) equation®, as

presented in equation (1.1)

DT¢
T-Tc

In(n) = In(n,) + (1.1)

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

parameter and T is the viscosity diverging temperature.

1.2.6. Conductivity (o). Ionic liquids exhibit reasonably good ionic conductivities,
typically in the order of ~10 mS/cm, which is relatively higher as compared to many
organic solvents. However, their high viscosity can limit their conductivity,
especially at room temperature.** Furthermore, the conductivity of an electrolytic
solution depends on both the mobility and the number of charge carriers within ILs.
Some ILs contain larger ions, which can lead to reduced ion mobility. The size of
ions affects how easily they can move through the medium.*>*> Consequently, the
conductivity of ILs with relatively longer alkyl chains is low.*¢ Similarly, the ionic
conductivity of ILs increases with a less symmetrical cation structure and smaller

molecular weight.*’” The tendency of ions to aggregate or form clusters within the
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IL can also limit ion mobility as aggregated ions have limited freedom to move
independently, decreasing overall conductivity.

Electrochemical potential window. Electrochemical potential is indeed a critical
parameter in battery and electrochemical applications.** The electrochemical
potential window, often referred to as the electrochemical stability window,
represents the range of voltage within which an electrolyte or medium can be used
without significant background current or undesirable chemical reactions. ILs are
known for their exceptional electrochemical stability, making them valuable in
various electrochemical applications. ILs typically exhibit a large electrochemical
window, typically in the range of 4.5 to 5 volts.*° The ability of ILs to maintain their
integrity and conductivity over such a wide electrochemical potential window
makes them attractive candidates for use in advanced energy storage devices, such
as high-voltage batteries and supercapacitors, as well as in various electrochemical
processes where stability at extreme potentials is essential.

Other properties. Besides the above-mentioned properties, ILs exhibit several
other physical properties that can vary depending on the specific cations and anions
used in their composition. For example, the surface tension of ILs is generally
influenced by their molecular structure.*®*° An increase in packing efficiency, often
associated with smaller and more symmetric ions, can lead to a decrease in surface
tension. Conversely, if ILs possess strong ionic or hydrogen bonding interactions,
this can result in an increase in surface tension. Likewise, the refractive index is
another interesting property of ILs that can provide insights into their polarity.*® ILs
are generally considered moderately polar media, similar to acetonitrile. However,
the refractive index can be affected by factors such as the alkyl chain length of the

cationic component.*>-° Longer alkyl chains tend to decrease the refractive index,
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while the addition of functional groups like hydroxyl groups can increase it. The
solubility of an IL is an important parameter that determines the suitability of an IL
to be used as a solvent for a given reaction. The solubility of an IL is primarily
determined by the nature of its anionic species. ILs containing anions like PFs and
NTf, are typically hydrophobic, meaning they are not easily soluble in water. In
contrast, ILs with anions such as BF4 or halides (e.g., Cl ) tend to be hydrophilic,
exhibiting an affinity for water. Therefore, the hydrophobic or hydrophilic nature of
the IL can have significant implications for its compatibility with other substances
and its suitability for various applications.>!
1.3. Microscopic structural organization in ILs and relevant properties
Microstructural and dynamical heterogeneities represent distinctive characteristics
that can contribute to the unique properties exhibited by ILs.?*%° Initially, within the IL
community, these liquids were perceived to fit within the conventional model of molecular
liquids, being coherent, irregular, and essentially homogeneous systems. Bulk ILs were
commonly regarded as similar to high-temperature molten salts, such as NaCl, or highly
concentrated salt solutions. However, more recently, it has been determined that ILs present
diverse ordering structures compared to conventional molecular liquids. These distinctive
mesoscopic organizations include hydrogen bonding networks, combinations of polar and
apolar components with amphiphilic characteristics, and morphologies resembling micelles
within the IL matrix. ILs exhibit structural heterogeneities at multiple length scales. The
segregated structure observed in ILs emerges from a delicate balance of various inter and
intramolecular forces that are operational between constituent ions. These molecular
interactions span a spectrum from weak, isotropic, and nonspecific forces (e.g.
solvophobic, van der Waals (vdW), dispersion forces, etc.) to strong (Coulombic),

anisotropic, and specific forces (e.g., charge, dipole, and multiple interactions as well as
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hydrogen bonding (HB) interactions, etc.).”> These subtle interactions make significant
entropic contributions, providing additional stabilization and leading to ionic cluster
formation. This process sets the stage for the development of intricate, higher-order, self-
assembled liquid structures within ionic liquids, both in bulk liquids and within confined
environments.?* Moreover, not all but a vast number of ILs can be categorized as having
polar and apolar components and, therefore, can be regarded as nano-segregated fluids with
polar (apolar) networks permeated by apolar (polar) domains. For example,
Alkylammonium nitrate-based ILs are the most studied ILs since they are the first ILs ever
synthesized in the laboratory. However, the crystal structure of methylammonium nitrate
determined through DFT calculations by Bodo et al. shows that there is no nanoscale apolar
segregation in methyl-ammonium nitrate (MAN) as methyl groups are too small.>
However, Atkin and War and Umebayashi et al. independently investigated microstructures
of ethyl ammonium nitrate (EAN) using complementary wide-angle X-ray scattering
(WAXS) and small-angle neutron scattering (SANS) techniques, respectively.” Both studies
indicated that nanoscale heterogeneity exists in EAN with polar and apolar domains
throughout the bulk liquid matrix, suggesting a disordered, locally smectic, or
discontinuous liquid structure. The hydrophobic interactions among alkyl units are
essentially responsible for the formation of micro-heterogeneous structures. In addition,
both electrostatic and HB interactions between amine and [NOs] groups play a significant
role in stabilizing microstructures in the EAN matrix. So, the above discussion shows that
lengthening of the alkyl chains attached to cations leads to a more pronounced segregated
liquid structure.>* ILs composed of imidazolium cations paired with varied spherical anions
(F-, CI', Br,, BF4, and PF¢") also present a similar picture of heterogeneous microstructures
in IL matrixes but with a few differences.>® Besides variation in the length of the alkyl

chain, varying symmetry of cation, functionalization of cationic head and alkyl chain, and
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the nature of anions have also resulted in different microscopic features and hence show
different thermophysical properties.*’ For example, both pyrrolidinium and imidazolium
cations are quaternary ammonium salts of symmetry. But, while the imidazolium cation is
planar and aromatic, pyrrolidinium is non-planar. Due to this, pyrrolidinium-based ILs
produce more viscous ionic liquid than imidazolium-cation-based ILs.>¢>® Also, the low-
frequency Kerr spectra indicated lesser microheterogeneity in pyrrolidinium-based IL than
in imidazolium-based ILs.>® These are attributed to the distinct activation of translational
and vibrational motions of different ion species at low-frequency regions. Mutating a
methylene (methyl) group in imidazolium cation with specific atoms, like hydrogen,
oxygen, fluorine, silicon, selenium, and even phenyl group, leads to a distinct structural
arrangement in the heterogeneous IL matrices.*%? For instance, the silicon-substituted
imidazolium cations have advantages in some applications in comparison with carbon-
based imidazolium cations, and thus, they are frequently used as solvent electrolytes and
gas absorbents. Both electronic and size effects make intermolecular correlations in
[SiMIM] ILs weaker than in [C,MIM] ILs, leading to a low viscosity of [SIMIM]-[NTF].
OHD-OKE spectroscopy revealed a generic correlation of low intermolecular vibrational
frequencies for [SIMIM][NTF;] with its decreased liquid viscosity, which is distinct from
that of [CxMIM][NTF:] ILs.?* Similarly, functionalizing imidazolium cations with aromatic
moieties (benzyl groups) leads to significant and systematic changes in the thermophysical
properties of ILs.®> They have increased glass transition and melting temperatures arising
from additional n—= interactions. Functionalization of alkyl chains of an imidazolium-
based IL using ether and hydroxyl groups disturbs a delicate balance of Coulombic, HB,
and dispersion interactions, contributing to enhanced intermolecular interactions between
constituent ions.** Finally, regarding the impact of anions, they may result in different

physical states in ILs. While NTf>-based ILs generally form RTILs, halide anions mostly
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give rise to ILs in the solid state. This is attributed to the differences in HB interactions of
anions, which are reflected in macroscopic physicochemical properties, like melting points,
glass transition temperatures, ion conductivities, and liquid viscosities of alkylammonium
ILs.% #% 65 From all the above discussion, it is clear that microstructural heterogeneity and
the macroscopic behavior of ILs are intricately related. Due to the possibility of countless
combinations of cation—anion moieties, a thorough understanding of their hierarchical
structures and dynamics is highly significant for rational selection and design of ILs with
desired properties and thereafter maximizing their functionalities in applications including
catalysis, gas capture and separation, energy storage and harvesting, and lubrication. Many
state-of-the-art experimental techniques such as spectroscopy (2D IR, dielectric
relaxation,®” FT-IR,®® NMR,*®7° OHD-OKE,”' ultrafast 2D-IR’>, SFG vibrational
spectroscopy,’”>7* neutron diffraction,>* 7> XPS’® and theoretical studies’’”’® based on
computer simulations have been employed to gain insights into the microstructures and
dynamics of ILs. The current thesis work employs steady-state and time-resolved
fluorescence spectroscopy techniques to understand the structural organization in ILs by
investigating several photophysical processes in ILs.

1.4. Various photophysical processes used to understand the nano-structural
organization in ILs
The preceding discussions make it evident that a comprehensive understanding of the
intermolecular interactions, structure, and dynamics of this emerging class of material is
imperative for their effective applications across diverse fields. This understanding not only
offers valuable insights into the fundamental mechanisms governing the behaviour of ILs
but also contributes to the strategic design of ILs with desired properties. A plethora of
studies utilizing sophisticated experimental and computational techniques have been

undertaken to thoroughly examine the interactions, structure, and dynamics of these
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solvents. However, investigation of the microstructural organization and dynamics of these
systems—especially through phoyoyhysical studies, employing meticulously chosen
fluorescent probe molecules dissolved in these media represents an interesting area of
investigation. "-*! This is because the exceptional sensitivity, high selectivity, and simplicity
of the fluorescence spectroscopic method have elevated its value significantly when
compared with other available analytical techniques. This section illustrates a variety of
photophysical phenomena and processes that are frequently employed to understand the
structural organization and solute dynamics in ILs, with a special emphasis on those directly
relevant to the present thesis.

1.4.1. Excitation wavelength-dependent emission study. Understanding and applying
Kasha's rule is fundamental in the field of fluorescence spectroscopy. This rule provides a
reliable framework for identifying the specific electronically excited state responsible for
fluorescence emission.®?**This is crucial for gaining insights into the electronic structure
and dynamics of molecules during fluorescence processes. Kasha's rule ensures that the
emission spectrum of a fluorescent molecule is consistent, regardless of the excitation
wavelength. That means the fluorescence of a molecule arises from the lowest vibrational
energy level of the lowest electronically excited state with identical spin multiplicity,
irrespective of the wavelength at which the molecule is excited. However, under specific
conditions, it has been observed that the emission spectra of certain fluorophores monitored
in a confined media get shifted towards a longer wavelength with an increase in the
excitation wavelength. Interestingly, this phenomenon is found to be more noticeable when
the sample undergoes excitation at the longer-wavelength, red end of the absorption
spectrum.®3-* For this reason, it is commonly referred to as the "red edge excitation shift
(REES)" or the red edge effect (REE). REEs are typically observed in viscous solvents or

glass-forming liquids like RTILs, especially at relatively low temperatures. In viscous
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media like RTILs, where solvation of a solute fluorophore occurs more slowly compared
to common solvents such as water, ethanol, and DMSO, fluorescence may also originate
from various unrelaxed states of the solvent molecules surrounding the fluorophore.®

Particularly, for example when the fluorescence lifetime (7r) of the fluorophore is

considerably shorter than the average solvation time (tg4,,) In a given solvent, the
fluorophores can exist in a condition where they are not completely equilibrated with the
solvent environment. In such a situation, the local environments surrounding the
fluorophores undergo distinct changes. Therefore, excitation at the red edge of the
absorption band selectively triggers fluorophores with lower transition energy. As the
relaxation of the solvent is slower than the fluorescence lifetime, the arrangement of solvent
molecules remains almost unchanged throughout the excited state lifetime, resulting in a
red-shifted emission. So, two conditions can give rise to excitation wavelength-dependent
emission behaviour. Firstly, the ground state must exhibit a variety of energetically distinct
species, contributing to the inhomogeneous broadening of the absorption band, and
secondly, the rates of relaxation of the excited state of these distinct species must be slower
than their respective fluorescence lifetimes. In the context of ILs, the REE was first
revealed by Samanta and coworkers, and they have attributed its occurrence to the spatial
heterogeneity within ILs.*> Subsequently, Margulis and his group, using molecular
dynamics (MD) simulations, have demonstrated that the source of REES can be related to
the intrinsic dynamic heterogeneity of the medium.*® They proposed that the medium
heterogeneity in the ground state, which enables the photo-selection of the fluorophore,
exists in ordinary fluid media as well. Nevertheless, the dependence on excitation
wavelength becomes evident primarily in ILs due to the slow solvation rate and less
effective energy transfer among distinct energetically excited species within the ILs.

However, the dependence on excitation wavelength becomes apparent primarily in ILs
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because of the slower solvation rate and less efficient energy transfer among various
energetically excited species within the ILs. Although this method doesn't provide an exact
prediction of the length scale of heterogeneity within the ILs, it serves as a valuable
qualitative method for evaluating the micro-heterogeneous behaviour in ILs. Sarkar and
colleagues have applied the same method for qualitatively determining the heterogeneity
present in some specific IL medium.?’ In a separate work, Mandal and coworkers also, by
employing this technique, have provided an idea about the size of the nano aggregates that
persist in ILs.®® The pictorial representation of this phenomenon is presented below

(Scheme 1.2).
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Scheme 1.2. Pictorial Representation of Red-Edge-Excitation Phenomena
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1.4.2. Rotational dynamics. Investigation of the rotational dynamics of fluorescent probes
within a given medium is of great significance across biochemistry, biophysics, and
materials science. This approach is pivotal in studying intermolecular and
intramolecular interactions and gaining insights into the properties of complex fluids.
The commonly utilized fluorescence anisotropy technique proves particularly effective

for examining the rotational dynamics of molecules in solution.’*? The anisotropy
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process can be studied using either a combination or individual application of both
steady-state and time-resolved fluorescence anisotropy techniques. However, when it
comes to investigating complex micro-heterogeneous systems like ILs, time-resolved
techniques can be more effective than steady-state measurements. This is attributed to
their ability to reveal dynamic insights into molecular behaviour and interactions within
the system. In contrast, steady-state measurements solely provide information about the
equilibrium state of the system and lack the capability to capture transient behaviour,
which is important for a comprehensive understanding of the dynamic properties of the
systems. Time-resolved fluorescence anisotropy (TRFA) is a technique that involves
measuring the decay of fluorescence anisotropy over time. The principle that forms the
base of time-resolved fluorescence anisotropy is the selective excitation of fluorophores
through photo-selection. According to this principle, when linearly polarized light is
used to excite fluorophores, only those fluorophores whose absorption transition
moments are aligned with the electric field vector of the incident light get preferentially
excited. As a consequence of this selective excitation, an anisotropic orientation of
fluorophores takes place in the excited state. However, such polarization is temporary
and changes over time as a result of the rotational diffusion of fluorophores, which
changes the orientation dipole of the fluorophore. This change in the orientation of the
dipole moment vectors leads to a time-dependent evolution in the degree of anisotropy
of the emitted fluorescence. A schematic diagram of illustrating the complete

phenomena have been provided in scheme 1.3.
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Scheme 1.3. Polarised Excitation light is depolarised due to the diffusional motion of the

excited fluorophores.

Therefore, by measuring the decay of fluorescence anisotropy over time, one can gain

information about the rotational dynamics of fluorophores in a given medium. Scheme 1.4

represents a typical anisotropy decay plot of a probe perylene in an IL medium.
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Scheme 1.4. Anisotropy decay of perylene in an imidazolium-based IL. measured at room

temperature

The anisotropy decay curve provides information about the rotational correlation time of

the molecules. The rate at which the anisotropy decreases is related to the speed of the
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rotational diffusion. This information can also be used to gather information about the size,
and shape of the rotating species as well as factors like viscosity, temperature of the
medium and interactions (electrostatic, hydrophobic or hydrogen-bonding) with
surrounding solvent molecules.

After getting the anisotropy decay curve by means of TRFA techniques, the collected data
can be analysed by means of different hydrodynamic model.”*** This theoretical approach
provides a means to extract dynamic characteristics of both the solute and solvent media,
offering valuable insights into their rotational behaviours and interactions within the
system. One such commonly used model is the Stokes-Einstein-Debye (SED)
hydrodynamic theory.”" ** According to the theoretical framework of SED theory, the
solvent is considered as structureless continuous media where the rotational
relaxation/reorientation/diffusion time for a solute of medium size is solely associated with

to the bulk viscosity () of the medium through the equation provided below:

VfC
o= (1.2)

In the equation presented above, kp represents the Boltzmann constant, 7" denotes the
absolute temperature, V' stands for the molecular volume of the solute molecule,
calculated based on van der Waals radii, and the parameter f accounts for the shape factor
of the solute molecule. The shape factor (f) plays a crucial role in addressing any
departure of a solute molecule from a spherical shape. An f value of one indicates that
the solute is perfectly spherical, whereas a higher f value is associated with an
asymmetrical ellipsoid. Moreover, the SED models operate with two extreme boundary
conditions (C): stick (C=1) and slip (0<C<I) limits. The value of C typically signifies the
extent of solute-solvent coupling for a given solute and solvent. In cases where solute
molecules exceed the size of solvent molecules, C is equal to one, signifying a stick

boundary condition. Conversely, if the solute molecule is smaller or similar in size to the
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solvent molecule, the value of C lies below one, signifying a slip boundary condition.
The SED theory considers that solute molecules adhere to either symmetric or
asymmetric ellipsoidal shapes. The limitation of SED theory is that it assumes that the
hydrodynamic volume of a solute remains unaffected by the solvent continuum, but this
assumption holds true only when the solute significantly surpasses the size of the solvent.
In instances where the SED theory fails, quasi-hydrodynamic theories come into play,
taking into account the sizes of both solvent and solute molecules. Two such theories are
the Gierer-Wirtz (GW) and Dote-Kivelson-Schwartz (DKS), which elucidate the
rotational behaviour of solute molecules, considering the dependence on solvent size.**
%> According to the GW theory, the solvent molecules are present as concentric shells of
spherical particles enveloping the spherical solute molecules.”® The determination of the
boundary parameter (CGW) in the GW theory relies on the use of angular viscosity. This
value decreases with an increase in the number of concentric shells surrounding the solute
molecule. In contrast, the DKS theory takes into account the available space between the
solute and solvent molecules, along with their respective sizes.”* According to this theory,
when comparing the size of the solute molecule relative to the available space in the
solvent, a weak connection between the solute and solvent emerges. Under such
circumstances, the solute encounters reduced friction, resulting in an accelerated rotation
within the solvent environment.

Looking forward to the investigations carried out by various groups on the rotational
dynamics of a suitable solute in RTILs through TRFA measurements, Fayer and
colleagues have explored the rotational dynamics of both polar and non-polar probes in
imidazolium-based ILs.”® Similarly, Dutt and his group have conducted extensive
investigations into the rotational dynamics of various probes across a range of ILs."

ISarkar and co-workers have delved into the rotational dynamics of various solutes in
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both mono-cationic and di-cationic ILs.}”-*® Sarkar and coworkers have also examined
the rotational motion of both charged and neutral solute molecules to probe the structure
of both cationic and anionic IL-based micelle.”” Across these studies, a consistent finding
is that solute rotation is influenced not only by the viscosity of the medium but also by
specific interactions between the solute and the solvent. Particularly, hydrogen bonding
interactions play a significant role in affecting the rotational motion of solutes in ILs.
Additionally, as ILs consist of ions, the electrostatic interactions between charged solutes
and the ionic components of ILs can further impact the rotational behaviour of charged
solute molecules. From the above discussions, it is apparent that monitoring the rotational
dynamics of suitably chosen probe molecules by means of TRFA techniques is quite
informative about the structural organization in microscopic scales and behaviors of this
complex micro heterogeneous system like RTILs. Keeping this fact in mind, the current
thesis work extensively incorporates rotational dynamics studies to understand the
structural organization within ILs in a comprehensive manner.

1.4.3. Solvation dynamics. Understanding solvation dynamics is crucial in fields like
chemistry and biochemistry because the interactions between solute and solvent
molecules play a significant role in various chemical and biochemical processes. The
study of solvation dynamics provides insights into how solvents reorganize and respond
to changes in the environment around solute molecules over time, which can have
implications for reaction mechanisms, molecular stability, and other related

phenomena.”®

Various sophisticated methodologies, such as time-dependent
fluorescence stokes shift measurement (TDFSS), FTIR/2DIR spectroscopy, dielectric
relaxation measurements, optical Kerr effect (OKE) spectroscopy, molecular dynamics

simulations, ab initio calculations, transient absorption spectroscopy have been

employed to scrutinize and comprehend the intricate dynamics of in various solvent
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systems.”"12 Among the array of techniques, time-dependent fluorescence stokes shift
measurement stands out as a pivotal and extensively employed method for monitoring
the solvation dynamics of RTILs.!%-1%° A visual representation of the solvation process
is provided in scheme 1.5. In essence, TDFSS involves the application of a short laser
pulse to excite the probe solute electronically. This excitation induces a change in the
charge distribution of the solute without altering its molecular geometry. In the
immediate aftermath of excitation, the solvent molecules undergo slow rearrangement
among themselves around the solute in order to stabilize the modified charge
distribution. The temporal evolution of this stabilization process, resulting from solvent
reorganization, manifests as a red shift in the emission spectra. By quantifying the shift
in the emission maxima over time, researchers can effectively monitor the intricate
dynamics of solvent relaxation. In essence, TDFSS provides a dynamic and detailed
insight into how the solvent environment adapts to and stabilizes the altered electronic
state of the solute following laser excitation. This detailed understanding contributes

significantly to the broader exploration of solvation phenomena in RTILs.

Scheme 1.5. Pictorial representation of the process of dynamics of solvation through

time-dependent dynamic Stokes shift measurements.
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Solvation dynamics in common dipolar solvents, such as water, have been studied
extensively since the 1980s, offering a comprehensive understanding of temporal
aspects. With the rise of ILs and their diverse applications, researchers turned their
attention to unravelling solvation dynamics in such complex media. Karmakar and
Samanta pioneered the examination of solvation dynamics in imidazolium-based ILs
using TDDSS measurement. Subsequent contributions from groups led by Maroncelli,
Castner, Bhattacharyya, Biswas, and others, through both experimental and theoretical
approaches, have shed light on solvation dynamics in RTILs.!% 1%-111 Collectively,
these studies reveal that solvation in RTILs occurs across multiple time scales and the
slowest component corresponds to the bulk viscosity of the medium. In the same thread,
Kobarak and Znamenskiy have suggested that collective cation-anion motion is
responsible for the fast component.!'? Biswas and coworkers, Shim et.al, have also
observed the ultrafast solvation response of ILs.3% '3 So, this study has demonstrated
that the multiple solvation component for a given probe molecule in ILs is due to the

complex micro-heterogeneous structure of this medium.

1.4.4. Fluorescence correlation spectroscopy (FCS) studies. Fluorescence correlation
spectroscopy is indeed a powerful technique because it can provide information about
individual molecules rather than an ensemble average. Therefore, it becomes important
in the context of investigating heterogeneity and dynamic behaviour of a system that
may not be detected in the bulk measurements. Additionally, FCS can be utilized to
study a range of molecular processes, including molecular diffusion, binding/unbinding
events, and conformational changes.!!*!1® Therefore, it is a widely used tool in fields
such as cell biology, biochemistry, and pharmacology to investigate molecular
interactions in live cells and complex environments.!'!” This spectroscopic technique is

based on measuring the fluctuations in the intensity of fluorescence emitted by the
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fluorophores within a tiny volume (confocal volume) over time. These fluctuations are
indicative of dynamic processes occurring in the sample. This fluctuation measured at
two different times describes the correlation between fluorescence intensities at
different points in time and gives rise to an autocorrelation function. The shape and
decay time of the autocorrelation function provide information about the diffusion
properties and interactions of the fluorescent molecules.!'® Therefore, investigating the
rotational diffusion time of organic fluorophores within IL, for instance, if the
fluorophores exhibit different diffusion behaviours in distinct areas of the ILs, it could
indicate the existence of discrete structural domains within the ILs. Werner et al. were
pioneers in examining the diffusion characteristics of rhodamine 6G and Atto 532
within imidazolium-based RTILs.!" Subsequently, Bhattacharyya and collaborators
delved into the study of the diffusion of two fluorescent probes, rhodamine 6G and
pyrene, within three distinct RTILs featuring different anions. In that study, they
observed more than one diffusion coefficient for a particular probe within a given IL.
This explicitly suggests that the IL media are not homogeneous like common organic
solvents or water; rather, they exhibit micro-heterogeneous domains of polar and non-
polar character within them.!'?* Moreover, Guo et al. and Patra et al. carried out separate
investigations into the diffusion of specific fluorophores in pyrrolidinium and
imidazolium-based ILs using FCS.'?!"1?2 Their analyses of FCS data unveiled a bimodal
diffusion pattern for the fluorophores in RTILs. This observation suggests the presence
of two distinct diffusion rates for the fluorophores, indicating the presence of those
fluorophores in a heterogeneous medium. An especially noteworthy discovery in the
application of FCS to RTILs was made by Kim and his research team.'?* Expanding the
work performed by Samanta and coworkers, who observed characteristic visible

fluorescence in imidazolium-based ILs and ascribed it to the presence of aggregated
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structures, Kim and colleagues have substantiated this assertion through the utilization
of FCS techniques. In summary, all these findings underscore the relevance of the FCS
techniques. Keeping all these facts in mind, this thesis also employs FCS techniques
for understanding the structural organization and related solute dynamics in ILs
1.5. Motivation and objective of the thesis.
The focus of the research in the field of ILs is shifting beyond the mere measurement of
physical properties and identification of trends related to specific structural features. Instead,
scientists are now equally dedicated to exploring the nano-structural organization and
associated complex behaviour of ILs. This represents a more comprehensive and detailed
approach of studying these intriguing substances. This in-depth exploration is crucial for
understanding how these molecular landscapes influence IL properties, particularly when
fine-tuning ILs for specific applications. Despite these substantial advancements, there are
particular challenges that persistently hinder the achievement of a thorough understanding
and implication of this IL system. These challenges, in turn, impede the optimal utilization of
these systems in their intended field. Some of the key issues that served as the motivation to
carry out this thesis work are outlined below.

1. While mono-cationic ionic liquids (MILs) are being studied extensively, dicationic
ionic liquids (DILs) have not been explored to their maximum potential. In this
context, it is noteworthy that DILs are a subgroup of this broad category of ILs that
contains two charge canters. Among them, one consisting of two cationic heads
separated by an alkyl linker chain is the well-studied class of DILs.*® Although
their intriguing macroscopic characteristics, such as high viscosity, low vapour
pressure, and exceptional thermal stability, have driven their widespread use in
numerous scientific disciplines, the kinship between their microscopic structure

and macroscopic physical attribute is not properly understood. Therefore,
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exploring the DILs on a microscopic scale, i.e., their structural organization and
their dynamic aspects can offer an opportunity to expand the understanding of ILs
and discover novel applications for these compounds. Furthermore, we would also
like to note here that the majority of studies on the above aspects have been carried
out by taking imidazolium-based DILs. However, other groups of DILs, like
pyrrolidinium-based DIL and morpholinium-based DILs, have not been explored
yet. So, understanding the structural organization and microscopic properties of
different cation-head-based DIL can help us realize the full potential of certain DIL
systems for specific applications. Taking this fact in mind, the current thesis tries
to investigate the difference in the behaviour of imidazolium and pyrrolidinium-
based DIL. The focal point of this investigation lies in elucidating how the
structural difference between imidazolium and pyrrolidinium cation i.e. planar and
non-planar characteristics associated with each of them, is manifested in their
overall structural arrangements and dynamic behaviour.

Owing to the superior physicochemical properties of DIL, they are being used
across many fields, such as lubricants, high-temperature battery applications,
etc.'”* However, the exploration of the implications originating from their
microscopic structural attribute, i.e., how they behave in the presence of some of
the critical analytes such as Lithium salt, molecular solvents like Ethylene glycol,
and biological molecules like DNA, still presents an unexplored frontier.

For example, due to the presence of polar and non-polar domain in the IL medium,
they are being used to solubilize complex molecules like cellulose.!>>!2¢ However,
high viscosity of IL sometimes hinders their ability to properly interact with solute
molecules. In solution to this issue, some cosolvent like methanol, acetonitrile and

even water can be added in a trace amount to reduce the viscosity of the medium.'?”
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128 However, this addition of co-solvent may also affect the domain structure within
the ILs, again hampering the solubility of the complex molecules. Therefore, it is
also impetrative to understand the microscopic behaviour of ILs in the presence of
molecular solvent. To understand this aspect, the current thesis also tries to
investigate the structural organisation and diffusion dynamics of an imidazolium-
based DIL and a MIL in the presence of an organic solvent, ethylene glycol.
Similarly, owing to their wide thermal and electrochemical windows, low vapour
pressure, low flammability, and high ionic conductivity ILs have gained substantial
attraction as the substitution of volatile organic solvents in the pursuit of
developing advanced electrochemical energy storage devices. These attributes have
positioned ILs as promising candidates for designing safe and leakage-free
electrolytes. This fact can also be visualized from scheme 1.6. In this context, the
conventional approach of electrolytic selection often prioritizes to examine the bulk
properties of ILs such as low viscosity, high electrochemical, and thermal stability
although an optimal balance of these properties within a single IL system is a
complex task. However, as IL represents a heterogeneous medium the simplistic
reliance on only these macroscopic characteristics for selection of suitable
electrolyte, might overlook its potential advantages from other critical aspects of
ILs. For example, while ILs having longer alkyl chain often represents high viscous
medium, at the same time they can exhibit more free-space within their molecular
arrangement.'?13% This intricate molecular arrangement at the microscopic level
can enhance the conductivity of the medium. So, overlooking the potential of a
highly viscous IL system may lead to loss of the benefits arising from this intricate
microscopic feature. Overall, it can be said that, along with macroscopic properties,

evaluating microscopic perspective of an IL system is essential for getting
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optimized electrochemical performance. Furthermore, addition of salt, generally
alkali metal salts have been shown to improve the electrolytic performance of an
IL system. While this addition may help to achieve the desired conductivity, they
also modify the inter-constituent interactions in the system and thus influence the
microscopic structure and dynamics in ILs. In this regard, the robustness of the
molecular arrangement within IL may be a demand to withstand the influences of
such additives. Therefore, to understand the above aspects, an in-depth exploration
of microscopic properties is indispensable for unlocking the full potential of ILs in
enhancing the efficiency, speed, and overall performance of energy storage
systems, such as batteries and other electrochemical devices. Keeping above issues
in mind, the present thesis has made an attempt to investigate the microscopic
structural organisation and lithium salt diffusion dynamics in some highly viscous
pyrrolidinium-based ILs. The said chapter mainly focuses on understanding how
differently a pyrrolidinium-based MIL and DIL consisting of similar alkyl chain

behave in the presence of Lithium-salt.
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Scheme 1.6. This scheme represents the implication of ILs in various electrochemical
applications.
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In a similar manner ILs have profound implications in various biological
applications as presented in scheme 1.7.!° However, to fully leverage the potential
of ILs in biological contexts, a thorough understanding of their microscopic
structural feature in presence of target biomolecule is also essential. For example,
the mode and the extent of interaction such as electrostatic, hydrophobic and
Vander wall interaction of ILs with a biomolecule is a critical factor which may be
influenced by their microscopic structure.!*! Keeping this fact in mind, the current
thesis tries to examine the implications of the microscopic features of some
pyrrolidinium-based MIL and DIL in governing the structure and stability of ct-

DNA in aqueous solution of these ILs.



CHAPTER 1

/ Long term storage \ / Enzymatic activity \

Scheme 1.7. This scheme represents the implication of ILs in various biological
applications.
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While RTILs are being explored, ILs that crystalize at room temperature have not
been explored properly. These ILs are often termed as organic ionic crystals
(OICs).!3133 Similar to traditional ionic compounds, OICs consist of positively
charged cations and negatively charged anions. However, OICs are composed of
bulky organic cations and anions that form a stable crystal lattice at room
temperature. OICs generally exhibit good thermal stability due to their crystalline
structure. This stability is essential for applications in high-temperature
environments, such as in solid-state battery and dye-sensitized solar cell. More
over OICs are also devoid of leakage problem with RTIL-based electrolyte. Similar
to ILs, OICs can also be tailored to attain specific properties, rendering them highly
versatile for a multitude of electrochemical applications. While numerous studies

focusing on the structure-properties relationship of OICs have cantered on
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monocation-based OICs, there exists a notable gap in the investigation of their
dicationic counterparts. Understanding the structure-properties dynamics of
dication-based OICs is crucial for a comprehensive comprehension of their
electrochemical behavior and potential applications. Therefore, the current thesis
also tries to understand the structure and properties of some pyrroldinium-based
geminal OICs and evaluating the suitability of these OICs as an electrolyte
composite in all-solid-state dye-sensitized solar cells.
Keeping above issues in mind, the current thesis has been designed into the following
chapters.
1.6. Organisation of the thesis.
The present thesis has been divided into six chapters. Chapter 1 provides a broad introduction
to ILs from a historical perspective to the discovery and development of ILs. Subsequently, a
brief discussion on the structure, physicochemical properties, and applications of various
classes of ILs has been provided. Moreover, this chapter also provides a thorough discussion
of the nano-structural organization of ILs and the intricate solvent dynamics by highlighting
some recent literature reports. Moreover, photophysical processes such as excitation
wavelength-dependent emission behaviour and rotational relaxation dynamics of some suitable
solutes in ILs and translational diffusion dynamics of ILs, etc., which are often used to
demonstrate the existence of nano-structural organization in ILs have also been described in
detail.
In Chapter 2, fundamental principles of various experimental techniques which are employed
for various measurements both at single molecular and ensemble-average levels in the current
thesis work. Different spectroscopic techniques, such as absorption spectroscopy, steady-state
and time-resolved fluorescence emission spectroscopy, and more specifically, the fundamental

working principle of time-correlated single photon counting (TCSPC) and fluorescence
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correlation spectroscopic (FC) technique, have been discussed in detail. Additionally,
measurements of the self-diffusion coefficient through pulsed-field-gradient NMR (PFG-
NMR) techniques have also been provided. Apart from this, various methodologies that are
commonly used to obtain the fluorescence decay parameters, rotational relaxation parameters,
and their analysis by employing hydrodynamic and quasi-hydrodynamic theories have been
described.

Chapter 3 aims to understand the difference in the behaviour of imidazolium and
pyrrolidinium-based dicationic ionic liquids (DILs) in terms of intermolecular interactions,
microscopic structure, and dynamics by employing TRFA and NMR spectroscopic techniques.
For this study two DILs, one imidazolium-based and another pyrrolidinium-based have been
taken. To draw a comparison between MILs and DILs, MILs consisting of alkyl chain, close to
the length of the alkyl spacer chain in DILs as well as consisting of alkyl chain, close to the
half of the length of the alkyl spacer of DILs have been investigated in this study.

In Chapter 4a, the behaviour of imidazolium-based DILs in the presence of a molecular solvent,
ethylene glycol (EG), is studied by employing TRFA and NMR spectroscopic techniques. To
understand the structural organization and intermolecular interaction that prevails in the
DIL+EG mixture in a better manner, a MIL consisting of a similar alkyl chain has also been
employed. This study has provided an idea about the unique structural feature and response of
DIL over a structurally similar MIL as a solvent system.

In Chapter 4b, the behaviour of a pyrrolidinium-based DIL in the presence lithium salt (LiNTT2)
has been studied by employing TRFA, FCS and NMR spectroscopic techniques as well as MD
simulation studies. To better understand the structural organization and intermolecular
interaction that prevails in Li" ion and DIL mixture, an MIL consisting of a similar alkyl chain

has also been employed. The result of this study has shown that pyrrolidinium-based DIL, due
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to its different structural organisation than MIL, can be used as an effective electrolytic media
for lithium-ion conduction in energy-related applications.

In chapter 5a, the potential of a pyrrolidinium-based DIL in stabilizing ct-DNA has been
investigated by following DNA-DIL interaction. Additionally, in order to understand the
fundamental aspects of DNA-DIL interaction in a comprehensive manner, studies are also done
by employing structurally similar MILs. The investigations have been carried out both at
ensemble-average and single molecular levels by using various spectroscopic techniques. The
molecular docking study has also been performed to throw more light into our experimental
observations. This study has demonstrated that DILs can effectively be used as a better storage
media for ct-DNA as compared to MILs. Investigations have also shown that the extra
electrostatic interaction between the cationic head group of DIL as well as the structural feature
of DIL, are primarily responsible for providing better stabilization to ct-DNA and thereby
retaining its native structure in an aqueous medium.

Chapter 5b, tries to investigate and understand the structure and stability of ct-DNA in a series
of imidazolium-based ILs comprising different anions spanning the Hofmeister series. The
binding characteristics and thermodynamics of IL-DNA interaction have been investigated
using various spectroscopic techniques such as UV-Vis absorption spectroscopy, steady-state,
and time-resolved fluorescence spectroscopy. Furthermore, the conformational stability of ct-
DNA is evaluated using circular dichroism (CD) spectroscopy. MD simulation study has also
been employed to shed more light on the experimental observations. Quite interestingly, the
findings of this study have underscored the significance of consideration of both the cation and
anion of ILs in understanding the overall DNA-IL interaction event.

Chapter 6 investigates the structural features, thermal properties, and phase behaviours of a
series of pyrrolidinium-based OICs. Additionally, their suitability as an efficient electrolyte

composite (OIC: 12: TBAI) for all-solid-state dye-sensitized solar cells (DSSC) has been
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assessed by employing various electro-analytical techniques. The finding of this study has
demonstrated that the length of the alkyl bridge chain plays a significant role in determining

the structural organization, morphology, and, eventually, the ionic conductivity of OICs.
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Abstract

This chapter provides an overview of the general synthetic protocol of ionic liquids, various
experimental techniques, theoretical perspectives, and an array of methodologies that have
been vigorously employed to build up the current thesis. This chapter also delivers knowledge
on the source of various chemicals used and methods followed for sample preparation for
spectroscopic and microscopic investigations throughout the thesis work. The operational
principles of various spectrophotometers such as fluorimeter, time-correlated single photon
counting (TCSPC) setup, and time-resolved confocal fluorescence microscope (FCS) setup
have been elaborated. In addition to this, this chapter also introduces different theories, such as
hydrodynamic theory, quasi-hydrodynamic theories, etc., that have been adopted for
subsequent data analysis. The standard error limits associated with different experimental
measurements, including their calculation and incorporation methods, have been included

towards the end of this chapter.
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2.1. Materials

The majority of the mono-cationic ILs used in the current thesis work were purchased from
Sigma Aldrich, TCI chemicals, and Io-Li-Tech (Germany), depending on availability. These

ILs include;

¢ [-Butyl-3-methylimidazoliumbis(trifluoromethanesulfonyl)imide

e 1-Methyl-3-octylimidazoliumbis(trifluoromethanesulfonylimide)

¢ 1-Butyl-1-methylpyrrolidiniumbis (trifluoromethane sulfonyl imide)
e [-Methyl-1-octylpyrrolidiniumbis(trifuoromethanesulfonyl)imide

e 1-Ethyl-3-methylimidazoilum bromide

e [-Ethyl-3-methylimidazolium chloride

¢ 1-Ethyl-3-methylimidazolium terafluoroborate

e [-Ethyl-3-methylimidazolium acetate

e [-Ethyl-3-methylimidazolium hydrogensulfate

e [-Ethyl-3-methylimidazolium nitrate

The ILs purchased are of the highest purity grade and were used without further purification.
More importantly, the ILs were stored carefully in the vacuum desiccators to avoid any
moisture absorption. However, some MILs namely 1-Butyl-1-methylpyrrolidinium bromide,
1-Methyl-1-octylpyrrolidiniumbromide and the DILs, 1,9-bis-(1-methylpyrrolidinium-1-yl)
nonanebis(trifluoromethanesulfonyl)imide, 1,9-bis-(3-methylimidazolium-1-yl) nonane bis
(trifluoromethanesulfonyl)imide, 1,9-bis-(1-methylpyrrolidinium-1-yl) nonane bromide, 1,8-
bis-(1-methylpyrrolidinium-1-yl)octane bromide, 1,6-bis-(1-methylpyrrolidinium-1-yl)hexane
bromide and 1,3-bis-(1-methylpyrrolidinium-1-yl)propane bromide were synthesized by
simply following the reported synthetic protocols available in literatures.!” For the synthesis
of the aforementioned ILs, the reagents 1-Methylimidazole, 1-methyl pyrrolidine, 1-

Bromobutane, 1-Bromooctane, 1,3-Dibromopropane, 1,6-Dibromohexane, 1,8-
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Dibromooctane, 1,9-Dibromononane and Lithium bis(trifluoromethanesulfonyl)imide were
obtained from TCI chemicals. The solvents Acetonitrile, Diethyl ether, Methanol, Ethyl acetate,
and activated charcoal were purchased from SpectroChem. The solvents were distilled prior to
their use in the synthesis using the standard distillation method. The deuterated solvents
Chloroform-D (CDCI3) and Dimethylsulfoxide-Ds (DMSO-d6) for the characterization of
synthesized ILs were purchased from Sigma Aldrich. All the synthesized ILs were subjected to
vacuum drying prior to the characterization and spectroscopic studies. The cz-DNA employed
in the biological study and tris-HCl buffer with a pH of 7.2 was obtained from Sigma Aldrich.
Moreover, Ethylene Glycol, iodine, and Tetrabutylammonium iodide were also purchased from

Sigma-Aldrich.
2.2. Synthesis procedure of ILs

2.2.1. 1-Butyl-1-methylpyrrolidinium bromide/ [C4(MPyrr)Br] and 1-Methyl-1-

octylpyrrolidinium bromide/[Cs(MPyrr)Br]

1-Methylpyrrolidine and the respective Bromoalkene solution were taken in a 1:1.2 molar ratio
in acetonitrile. The mixture solution was transferred to a two-necked round bottom flask and
stirred at 85°C under reflux conditions in the nitrogen atmosphere. After 72 hours of continuous
reflux, the resultant solvent from the reaction mixtures was evaporated and washed several
times with diethyl ether to get the respective bromide salts. The obtained bromide salts were
then recrystallized from methanol to get the pure white bromide salts. The bromide salts are

dried under a vacuum for 24 hours before the characterization.’

2.2.2. 1, 9-bis-(1-methylpyrrolidinium-1-yl) nonanebis(trifluoromethanesulfonyl)imide/

[Co(Mpyrr):2] [NTH2]2

1,9-Dibromononane and 1-Methylpyrrolidine were mixed in a 1:2.2 molar ratio and gradually

added to a two-necked round bottom flask containing acetonitrile. Then, the flask containing
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the reactant mixtures was left to reflux under a nitrogen atmosphere at 85°C for 72 hours to get
the bromide precursor. The residual solvents were decanted and evaporated using a rotary
evaporator. The bromide salt was repeatedly washed with diethyl ether and ethyl acetate, and
after evaporating the residual solvent, it was subjected to vacuum drying for 24 hours.
Thereafter, the bromide salt was dissolved in water. The aqueous solution of Lithium
bis(trifluoromethane sulfonyl)imide was gradually added to the bromide salt solution in water
for the metathesis of bromide ion by [NTf2] ion. It should be noted here that the molar ratio of
bromide salt to Lithium salt is maintained at 1:2.2. The mixture solution was stirred at room
temperature for one day. An organic layer containing [Co(Mpyrr)2][NTf2]> appeared. The
resultant IL from aqueous solution was then extracted with ethyl acetate and condensed to get
the desired DIL. The DIL was then post-treated with activated charcoal in acetonitrile for
decolorization, and the subsequent evaporation yields the final product. The final product is

dried under vacuum for 24 hours and stored in the desiccators.'

2.2.3. 1,9-bis-(3-methylimidazolium-1-yl) nonanebis(trifluoromethane sulfonyl)imide/
[Co(Mim)2][NTf2]2 and 1,8-bis-(3-methylimidazolium-1-yl) octane bis(trifluoromethane

sulfonyl)imide/[Cs(Mim)2] [NTf2]2

For the synthesis of these two imidazolium-based DIL, the respective dibromoalkane and 1-
Methylimidazole were mixed in a 1:2.2 molar ratio, and the mixture was gradually added to an
appropriate amount of acetonitrile solution present in a two-necked round bottom flask. The
reaction mixture in the flask was equipped with a reflux condenser and allowed to reflux with
continuous stirring in a nitrogen atmosphere at 85°C for 3 days to get the respective bromide
precursor. The solvent layer was then removed by using a rotary evaporator, and bromide salt
was washed repeatedly with diethyl ether and ethyl acetate to get the final bromide precursors.
The bromide salts were kept under high vacuum for proper drying and then used for a
metathesis reaction. For the metathesis reaction, an aqueous solution of the bromide salt and

50| Page



CHAPTER 2

Lithium bis(trifluoromethanesulfonyl)imide salt were mixed in a 1:2.2 molar ratio and stirred
at room temperature for 24 hours. The resultant DILs were extracted with ethyl-acetate and
condensed to get the desired ILs. The DILs were then treated with activated charcoal in
acetonitrile solution to get the pure ILs. After that, the residual solvent was pumped out under

a high vacuum, and the ILs were stored in the desiccator.?

2.2.4. 1,3-bis-(1-methylpyrrolidinium-1-yl) propane bromide/[C3(MPyrr):Brz] 1,6-bis-1-
methylpyrrolidinium-1-yl) hexane bromide/[Ce(MPyrr):Br2] 1,8-bis-(1-ethylpyrrolidin
ium-1-yl) octane bromide/[Cs(MPyrr)2Br:], 1,9-bis-(1-methylpyrrolidinium-1-yl) nonane

bromide//[Co(MPyrr)2Br:]

For the synthesis of these pyrrolidinium-based DILs (organic ionic crystals), briefly, 11 mL
(0.09 mol) of 1-Methylpyrrolidine and 0.01mol of respective dibromo-alkane were added into
100 mL of acetonitrile. The resulting solution was stirred in a two-necked round bottom flask
equipped with a reflux condenser at 90°C for 8 hours under a constant nitrogen atmosphere.
The resulting mixture was filtered to obtain the white precipitant. The crude product was
washed successively with diethyl ether and ethyl acetate. The bromide salts are recrystallized

from methanol. The pure products were obtained after vacuum drying at 40°C for 24 hours."
2.3. Sample Preparation for all spectroscopic measurements

For the steady-state and time-resolved fluorescence measurements, ILs were taken in a micro-
cuvette made up of quartz with 1cm path length. The amount of fluorescence probe dissolved
in the ILs was adjusted by measuring the optical density of the probe. The optical density of
the probe solute was maintained at approximately 0.5 in each case to ensure an accurate result
and minimize potential interference. Thorough precautions were taken during the sample
preparation process to prevent moisture adsorption within the samples. For this purpose, the

cuvettes were tightly sealed using a combination of parafilm and a rubber septum. The
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deuterated solvents are taken in a small, thin capillary tube for NMR diffusion experiments.
The height of the deuterated solvent in the capillary is maintained the same as the height of the
IL in the NMR tube. For the biological study (Chapter 5a and Chapter 5b), all the IL and probe
solutions were prepared in the tris-HCI buffer of pH 7.2 and stored in a refrigerator. The ct-
DNA solutions were also prepared in tris-HCI buffer, and the optical density ratio at 260nm to
280nm was always verified to be less than 1.8.% For scanning electron microscopic analysis,
the samples were prepared by drop casting the methanol to form a uniform layer of salt solution
of OICs on a silicon wafer. The OIC-based electrolytes were prepared by mixing and grinding
the ionic OIC, I" source (TBAI), and iodine (I2) in a molar ratio of 0.1:0.1:0.02.7

2.4. Instrumentation

2.4.1. Instruments used for characterization of ILs

The NMR spectra of synthesized ILs were recorded with a Bruker Avance 400 MHz NMR
spectrometer. A Cone and Plate Viscometer (Brookfield LVDV-III Ultra) was utilized to
measure the viscosity of the IL samples. Additionally, a Julabo water circulator bath was
connected to the viscometer for temperature-dependent viscosity measurements. The X-ray
source used was graphite-monochromatized high-intensity Mo Ka radiation with a wavelength
(M) of 0.71073 A. These measurements were performed at room temperature. Powder X-ray
diffraction data were collected on a Bruker D8 Advance X-ray powder diffractometer with Mo
Ka radiation (A =0.71073) as the X-ray source. The surface morphology of the samples was
examined using a scanning electron microscope (FESEM, Merlin Compact with a GEMINI-I
electron column, manufactured by Zeiss Pvt. Ltd., Germany). Thermal properties of the crystals
were determined using a Mettler Toledo differential scanning calorimeter (DSC) at a scanning
rate of 10°C/minute over the temperature range of 25°c to 250°c under an argon (Ar)
atmosphere. Thermogravimetric analyses (TGA) were also carried out using a Discovery TGA

instrument from TA Instruments-Waters Lab under a flow of nitrogen (N2) gas at a ramp rate
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of 10°C/minute. The ionic conductivity of the as-prepared ionic crystal electrolytes was
ascertained through electrochemical impedance measurements (EIS), while Linear Sweep
Voltammetry (LSV) measurements were conducted using a Swagelok cell comprising Teflon
tubing and two conductive stainless-steel electrodes (each with a 1cm? surface area). These
assessments were carried out using a computer-controlled Biologic Electrochemical
workstation (SP-200) at room temperature, covering frequencies ranging from 1 MHz to 1 Hz.

The samples had a thickness of 1 mm and a cross-sectional area of approximately 64 mm?.
2.4.2. Instrumental techniques for steady-state absorption and fluorescence measurement

2.4.2.1. Steady-state absorption measurement

UV-Visible absorption spectroscopy is an effective tool for characterizing different types of
chromophore systems and their immediate surroundings. Additionally, the absorption spectrum
of a chromophore substance is influenced by several factors such as polarizability, solvent
polarity, and hydrogen bonding interactions within the ground state. In this context, UV-visible
absorption spectroscopy allows researchers to study the changes in absorbance at specific
wavelengths, which can reveal details about the structure, electronic configuration, and local
environment of the chromophore. This technique is beneficial for understanding the
interactions and influences of the micro-environment on the electronic properties of the
chromophore. This is achieved by observing the wavelength at which various absorption bands
appear, along with their molar extinction coefficients. In the current thesis work, the UV-visible
spectroscopy analysis was conducted using a Cary 100 Bio UV-Vis spectrophotometer. This
spectrophotometer utilizes a deuterium lamp (D>O lamp) for generating light in the UV range
and a xenon lamp for producing light in the visible range. The UV-visible absorption
spectroscopy is based on Lambert Beer’s law.®? This law describes the relationship between

the concentration of a solute in a solution and the absorbance of light by that solution. This law

53| Page



CHAPTER 2

is crucial for quantifying the concentration of a substance in a solution based on its absorbance

measurements. Mathematically, the Beer-Lambert law is expressed as

4; = log (%) = el (eq.2.1)
where A is the absorbance of the solution. It is a dimensionless value

I, = Incident light intensity

I = Transmitted light intensity

C=is the concentration of the solute in the solution, typically measured in mol/L or m(molality)
[ = path length of the light through the solution, typically measured in centimetres.

The Beer-Lambert law holds under certain assumptions, such as the absence of significant
scattering of light and the solute not interacting with itself or other solutes in a nonlinear
manner. This law provides most accurate results at relatively low concentrations, as higher
concentrations can lead to deviations due to interactions between solute particles. The law is
widely used in chemistry, biochemistry, and other fields to quantify the concentration of a
solute in a solution using absorbance measurements, and it forms the basis of many quantitative
analytical techniques.

2.4.2.2. Steady-state fluorescence measurement

Fluorescence spectroscopy is an extremely sensitive optical method generally employed to
investigate a wide range of photophysical and photochemical processes occurring in the excited
state of a fluorophore molecule. A slight alternation in the energetic properties or interactions
among fluorophore molecules in their excited state as well as a change in the surrounding
environment, can lead to alterations in the intensity, shape, and peak emission wavelength of
the resulting emission spectra.®!! Therefore, by monitoring the fluorescence emission spectra
of fluorophores in the presence of an analyte of interest, a deeper understanding of the

microenvironment surrounding the emitting species can be achieved.
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In this context, the current thesis work employs an Agilent Technologies (G9800A) Cary
Eclipse fluorescence spectrophotometer for the steady-state fluorescence measurements of the
sample. This instrument consists of a xenon lamp as the light source. Furthermore, for acquiring
fluorescence spectra in a variable temperature range, the Edinburgh spectrofluorometer FS5
was also employed. A North West temperature controller (TC125) was employed to uphold a
consistent temperature through the circulation of water through the cell holder.

2.4.3. Time-resolved fluorescence measurement

Time-resolved fluorescence measurements offer significant insights into the kinetics and
dynamics of diverse photochemical and photophysical processes in the excited state. This
technique involves the use of ultra-short pulsed light to excite fluorescent molecules, leading
to an initial population of molecules in the excited state. Subsequently, the population of
molecules in the excited state diminishes over time through both radiative and non-radiative

pathways with a decay rate (k: + kur), as described by the following relationship.'% 12

— 20 = (ky + knp)n(t) (eq. 2.2)
Where n(t) represents the count of excited molecules at a specific time (t) after the excitation
of the fluorophore molecule using the short-pulsed light. The parameters (k,.) and (k,,,.) signify
the radiative and non-radiative rate constants, respectively. Since emission is regarded as a
random phenomenon, the probability of emission from excited fluorophores remains almost

equal over a given time span. The decay of the excited state population follows an exponential

pattern, as articulated in equation (2.3) below:

n(t) = n,exp (— E) (eq.2.3)
In equation (2.3), it is evident that the fluorescence intensity correlates directly with the count
of excited molecules within the solution. Consequently, equation (2.3) can be reformulated in
terms of the time-dependent intensity /(¢), and the resulting equation (2.4) is presented as
follows:
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1(t) = I,exp (— i) (eq.2.4)
f

Where (I,) represents the intensity at the initial time (time zero), and 7, Signifies the

fluorescence lifetime of the fluorophore. The fluorescence lifetime 7y is interrelated with the

radiative and non-radiative decay rate constants, as indicated by the following equation (2.5):

1
Y = e thonr (eq. 2.5)

The fluorescence lifetime of an excited fluorophore is determined using the time-correlated
single photon counting (TCSPC) technique.® '° It is important to note here that different
molecules spend varying amounts of time in the excited state. Consequently, certain
fluorophores may emit photons over a longer duration while others might undergo rapid
emission. As a result, the time distribution of these emitted photons becomes evident as the
measured fluorescence decay of the investigated sample. The fluorescence lifetime, determined
through the TCSPC setup, signifies a statistical average of how long fluorophores tend to linger
in their excited states. In this context, to carry out the time-resolved fluorescence measurement
for this thesis work, the Edinburgh Life Spec II TCSPC, and OB920 setups instrument was
employed. This device operates on the principles of TCSPC and includes crucial components
that contribute to its functionality. Although TCSPC is a sophisticated tool for determining the
excited lifetimes of fluorophores, it possesses a relatively wide resolution window of about 80
picoseconds. This limitation prevents it from capturing any ultrafast components that might be
present in a fluorophore's behaviour. Therefore, fluorescence up-conversion spectroscopic
(FLUPS) techniques are also certainly employed in some cases to capture ultrafast lifetime
components with a sub-picosecond time resolution of approximately 300 femtoseconds. The
basic operational procedure and the key elements relevant to the TCSPC and FLUPS setup are

outlined below.
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2.4.3.1. Basic principle of TCSPC techniques

The fundamental principle underlying TCSPC involves detecting a single photon when a
fluorophore is subjected to pulsed excitation. In this technique, the time interval between the
excitation pulse and the first detected photon is typically measured. The variations in
fluorescence intensity that takes place over time when a specific fluorophore is excited
correspond to the probability distribution of molecules existing in excited states, which can be
observed through the device. As TCSPC relies on statistical methods, a high repetition rate for
the excitation source is crucial to efficiently detect a significant number of photons within a
short time period, ensuring accurate statistical data. This data is stored in the form of a
histogram, essentially presenting the fluorescence decay profile of the fluorophore.®
Conceptually, TCSPC functions similarly to a stopwatch, with the START pulse originating
from either a photon emitted by the excitation source ("forward mode") or from the sample's
emission ("reverse mode"). 1> Scheme 2.1 provides a diagrammatic representation of the

TCSPC setup operating in the reverse mode.'°

.‘
4
'
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Start Time Stop Results after multiple
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\ Ex. _X— A—(— /

Scheme 2.1. A schematic diagram for the working principle of TCSPC setup

As illustrated in Scheme 2.1, in the initial step, the excitation pulse from diode LASER splits
into two parts. While one part gets used in exciting the sample, the other part moves towards

the electronic components. The optical signal produced by the emitted photon travels through
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a Photomultiplier tube (PMT) and generates an electrical signal there, representing the START
pulse. This START pulse then navigates through the Constant Fraction Discriminator (CFD),
which precisely determines the arrival time of the pulse. Subsequently, this signal enters the
time to amplitude converter (TAC) via the START input, creating a linearly increasing voltage
ramp over time. Meanwhile, the second channel, consisting of excited photons, passes through
an adjustable delay line and the CFD before reaching the TAC unit. These signals function as
STOP pulses and serve as the STOP input for the same TAC unit. The TAC unit halts the voltage
ramp upon detecting the initial STOP pulse. As a result, the TAC unit holds a voltage
proportionate to the time interval (At) between the emission (start) and excitation (stop) pulses.
The TAC output pulse signals are then directed to an Analog-to-Digital Converter (ADC)
through a Pulsed Gain Amplifier (PGA). The ADC produces a numerical value, which is
proportional to the height of the TAC output pulse signal, and this data is ultimately stored in
a multichannel analyser (MCA). The above-mentioned cyclic process is repeated multiple
times, producing histograms of counts in the MCA channels. Primarily, this TCSPC operational
method is referred to as "reverse mode" functioning, and it is commonly employed in modern
TCSPC measurements due to the high repetition rates of contemporary pulsed-light sources.
The rapid succession of start signals necessitates the resetting and zeroing of the TAC before
each start pulse. This precaution prevents the TAC from remaining in reset mode continuously
and losing information. Importantly, the TCSPC conditions are adjusted to ensure that less than
one photon is detected per hundred laser photons used for excitation. Thus, emission pulses
trigger the voltage ramp initiation in the TAC, while subsequent laser pulses are utilized to halt
the TAC. In the context of this thesis work, fluorescence decay data is collected using the Life
Spec II and OB920 TCSPC spectrofluorometers. Analysis software (F980) provided by

Edinburgh Instruments is utilized to fit experimental decay curves and extract fluorescence
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lifetimes from the samples. Detailed procedures regarding the determination of average
fluorescence lifetime from the decay profiles are also described towards the end of this chapter.
2.4.3.2. Basic principle of FLUPS techniques

Fluorescence Up-Conversion stands out as a highly used ultrafast spectroscopic technique that
enables measurements of ultrafast dynamics or initial dynamics of any fluorophore with a
time-resolution resolution range of 300 fs to 2 ns. The name itself conveys that this technique
relies on the generation of a sum frequency signal referred to as an up-converted signal. This
up- converted signal is formed by the combination of the emitted fluorescence and gate pulses.
The pump-probe method forms the basis of this up-conversion process.% 1417 In this method,
a sample isexcited by an ultrafast laser pulse known as the pump pulse, and subsequently, the
fluorescence decay is obtainedby uniting the fluorescence from the sample and another
additional laser pulse known as the probe pulse. A delay line causes the laser pulse to be time-
delayed in relation to the fluorescence of the sample, andthen both pulses are focused
simultaneously on a nonlinear optical crystal (in our example, a BBO) to generate the
unconverted UV signal. A delay line introduces a time lag to the laser pulse in relation to the
sample's fluorescence, after which both pulses are concurrently directed onto a nonlinear
optical crystal (such as a BBO in our scenario) to produce the unconverted UV signal. An

overview of the steps and components involved in the process is outlined below.

59| Page



CHAPTER 2

Nd.YVO, Data readout
Laser with

Ti. Sapphire laser NC Diode Laser

fee—

Nonlinear . n
Variable delay line

Time delay (ps)

NC Aperture

@ | Monochromator |

ample .
chamber

Scheme 2.2. A schematic representation of the up-conversion setup

The primary laser pulse (wp) is directed onto a nonlinear optical crystal (e.g., f-barium borate
or BBO). This crystal generates a second harmonic beam (2wp) with the same repetition rate
as the fundamental pulse. The combined output light passes through a dichroic mirror (BS1)
that separates the fundamental beam (gate/probe pulse) and the second harmonic beam
(excitation/pump pulse). The gate beam is transmitted through BS1, while the excitation pulse
is reflected. The excitation pulse passes through a polarizer and is then focused onto the sample,
inducing fluorescence. The fluorescence emitted by the sample is collected for further analysis.
The collected fluorescence signal is filtered to allow only the fluorescence signal (wy) to pass
through. The filtered fluorescence signal (wy) and the gate beam (wp) pass through a sum
frequency generation (SFG) crystal (e.g., BBO) with precise alignment. The two signals
interact, generating an up-converted signal with a frequency equal to the sum of the
fluorescence and gate pulse frequencies (wwp = wr + wp). The up-converted signal is directed
through an iris to block the fluorescence and gate beams. The up-converted signal is then sent
through a monochromator to isolate specific wavelengths before being detected by a
photomultiplier tube (PMT). The temporal and spatial alignment of the fluorescence and gate

pulses is critical for efficient up-conversion. By varying the delay time for the gate pulse and
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monitoring the intensity of the up-converted signal, the fluorescence decay profile can be
deduced. To prevent photo-degradation, the sample is often contained in a rotating cell with a
specific path length. The present thesis work employs FluoMax from IB Photonics Ltd. For
excitation of the samples, a Ti-sapphire laser(Mai Tai HP, Spectra Physics, 80 MHz, center
wavelength 800nm, 3W @800nm) with an adjustable range from 690 nm to 1040 nm to record
the up-converted signal.

2.4.4. Single-Molecular Fluorescence Measurements
2.4.4.1. Time-resolved confocal fluorescence-microscopy

Optical microscopes play a vital role in magnifying small objects for observation.'® However,
visualization of clear images of micro-objects relies on the overall resolution of the microscope.
The resolution of a microscope depends on several factors, such as the excitation wavelength
and the numerical aperture of the objective lens. Modifying these aspects can effectively fine-
tune the resolution of the microscope. Confocal fluorescence microscopy (CFM) is a
specialized and convenient technique that offers enhanced temporal resolution, potentially
reaching down to the nanosecond range. CFM operates by incorporating multiple pinholes into
the detection pathway.!®?° These pinholes permit only focused light to pass through, facilitating
measurements within a specific, confined region known as the confocal volume. This approach
significantly improves image quality and minimizes background noise. The following scheme
(scheme 2.3) shows the schematic diagram of a time-resolved confocal fluorescence

microscop.

6l|Page



CHAPTER 2

Objective

Dichroic
mirror

Beam Expansion
G Lens

Pin hole

Emission
Filter

-

Hardware
correlator

Detector 1|

Scheme 2.3. Time-resolved confocal fluorescence microscope setup.

In this thesis work, all measurements at a single molecular level were conducted utilizing the
PicoQuant MicroTime 200. A variety of pulsed picosecond diode lasers with distinct
wavelengths (403 nm, 444 nm, 483 nm, and 519 nm) were employed alongside a continuum
laser featuring an excitation wavelength spectrum ranging from 360 nm to 720 nm for
excitation of the sample. To channel the laser output effectively, a polarization-maintaining
single-mode optical fibre was employed. This optical path directed the laser light through a
dichroic mirror, facilitating its subsequent entry into an inverted microscope of the Olympus
IX71 model. A water immersion objective of high numerical aperture (UPlansApo NA 1.2,
60X) was strategically chosen to optimize imaging quality. A sample holder is utilized to place
the sample on a coverslip effectively. Precise positioning of the sample is achieved either
through manual adjustments using micro-meter screws or, alternatively, via an automated
process utilizing a software-controlled piezo-scanner. This setup ensures accurate and
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repeatable scanning along both the XY plane and the Z-position. The focus position on the
sample surface was closely monitored using a charged-coupled device (CCD) detector.
Furthermore, the emitted fluorescence from the sample was efficiently collected, subsequently
passing through another dichroic mirror. The collected fluorescence was then filtered using a
long-pass filter. The emitted fluorescence signal is then focused through a pinhole, measuring
50 um in diameter. This strategic step serves to eliminate any extraneous signals arising from
out-of-focus regions. Subsequently, the focused fluorescence signal is directed towards single-
photon avalanche photodiodes (SPADs), a specialized type of photodetector capable of
detecting individual photons. The acquired data is subjected to thorough analysis with the help
of the SymPhoTime software-controlled PicoHarp 300 TCSPC (Time-Correlated Single
Photon Counting) module. This analysis is conducted in a time-tagged time-resolved (TTTR)
mode, which provides valuable insights into the temporal characteristics of the fluorescence

signals.
2.4.4.2. Fluorescence Correlation Spectroscopy (FCS)

Fluorescence Correlation Spectroscopy (FCS) serves as a non-invasive method based on the
analysis of fluctuations in fluorescence intensity with time within a very tiny volume measuring
approximately 1fl (femtolitre). This technique yields insights into the dynamic processes
underlying these fluctuations. In a solution sample, FCS operates by allowing fluorophores to
move freely within the confines of a confocal volume, generating fluctuations in the signal.
These fluctuations arise from various factors, including diffusion-related events.'> 2! To attain
distinct and well-defined fluctuations, it is essential to limit the number of participating
molecular species. This is generally achieved by working with low concentrations, often in the
nanomolar range. This choice is based on the fact that highly concentrated samples would
exhibit relatively constant average signals over the duration of the measurement. Consequently,
employing diluted solutions enhances the technique's sensitivity to single molecules, a
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sensitivity contingent on the size of the observation volume. The acquired signals are
subsequently subjected to correlation analysis, which involves analysing how the signals relate
to one another over time. The experimental setup for FCS closely resembles the configuration
depicted in Scheme 2.3. For the purpose of improving the Signal-to-Noise Ratio (SNR) and
attaining enhanced temporal resolution, signals are commonly cross-correlated. In essence,
FCS is a powerful tool for studying dynamic processes on the molecular scale, capitalizing on

the inherent fluctuation-based behaviour of fluorescent species within confined volumes.
2.5. Methods

2.5.1. Analysis of the fluorescence decay curve

2.5.1.1. Lifetime analysis from the fluorescence decay curve

The magnitude of fluorescence lifetime is determined through the analysis of decay curves by
using the re-convolution least squares method.!> !> 22> This is because, in the TCSPC
measurement techniques, the determination of true intensity decay can be challenging. This is
due to the fact that the fluorescence decay curve obtained from time-resolved measurements is
a combination or convolution of both the laser pulse and the actual fluorescence emitted by the
sample. This convolution arises because the estimated fluorescence decay time for any
fluorophore tends to be longer than the pulse-width of the excitation source. In this scenario,
several factors may contribute to the fluctuation of the experimental data. These include the
response time of the photomultiplier tube (PMT), the finite decay time of the source pulse, and
the effects of other related electronic components. Consequently, the instrument response
function (IRF) is influenced not only by the decay time of the laser pulse but also by the
response time of the detector and the associated electronic systems. Therefore, for the accurate
determination of the true fluorescence lifetime of a sample, separation of the influence of the

IRF from the measured fluorescence decay curve is essential. This separation is achieved
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through a process known as deconvolution. Deconvolution aims to reverse the convolution
process and isolate the genuine fluorescence decay signal from the combined effect of the laser
pulse and instrumental response. Therefore, the iterative reconvolution least squares method
was employed for the analysis of fluorescence decay profiles. Mathematically, this method can

be described as the expression given below.

In(t) = [ I (¢ — tR(t")dt’ (eq. 2.6)
Here in the above relation 7,(¢) represents the fluorescence intensity at a given time ¢, Iz(¢-t")
denotes the response function of the experimental system under consideration, and the intensity
of the pulse (excitation) at time ¢’ has been written as R(¢'). The IRF was calculated using a
ludox solution, and the iterative reconvolution approach was employed to develop a
deconvolution algorithm.

The fitting fluorescence decay curves with an assumed functional form involves utilizing a
nonlinear least squares (NLLS) data processing technique. This method is chosen to extract
accurate information from the measured data. The least squares approach is effective when
certain conditions are met, including having a sufficient number of independent data points,
Gaussian-distributed uncertainties in the experimental data, and the absence of systematic
errors. In this fitting method, both the intensity decay function I,,,(t) and the response function
R(t") are obtained experimentally from the TCSPC setup. The analysis begins by assuming a
specific decay function G (t) which is characteristic of the sample being studied. The aim is to
deconvolute this assumed function with the observed response function R(t") using equation
2.6. This deconvolution generates a calculated curve Y (t). Subsequently, the calculated curve
Y(t) is compared with the experimentally observed decay curve I,,(t). This comparison
allows for an assessment of how well the assumed function G (t) fits the actual data. To achieve
a good fit between Y (t) and, I,,(t), the variables within the function G(t) are adjusted

iteratively. This iterative adjustment process aims to find the best combination of parameters
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that minimize the discrepancy between the calculated and observed decay curves. The function
G(t) is commonly assumed to be a sum of some exponentials, as provided in equation 2.7.242°
This choice of functional form is based on the common behaviour exhibited by many

fluorescent decay processes.
—t
G(t) = X, B; exp (?) (eq.2.7)

Here B; denotes the pre-exponential factor for the ith component and t; is the lifetime of the
corresponding to the i™ component. The average lifetime (< T >) of the fluorophore is estimated

using equation 2.8,
<t >=)>ibiti (eq.2.8)

In the above expression b; represent the normalized amplitude weighted components and t;

denotes lifetime component corresponding to b;.
2.5.1.2. Reduced chi-square (?) values

To assess the quality of a fit between a model and experimental data, reduced * values are also

evaluated by following the relation given below.

2 _ ZiWily;—I;}?
Xt === (eq.2.9)

In this equation:

Y, corresponds to the count in the i channel of the calculated curve,

o [ represents the count in the ith channel of the curve obtained through experimental

measurement,
o Wi (with W;=1/1;) signifies the weighting factor applied to the counts in the ith channel,

e nsignifies the number of channels used for analyzing the decay, and
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e p stands for the degrees of freedom in the decay function considered for the analysis,

which equates to the number of variables present in the function G (t).
The y? value, when close to unity, indicates a good fit between the model and the data. Typically,
a range of y? values from 1.0 to 1.2 is considered indicative of a well-fitted model for the data

points.
2.5.1.3. Distribution of weighted residuals

Differences between the fitted decay function and the measured decay function are represented
using weighted residuals. These residuals play a significant role in evaluating the quality of an
analysis of Time-Correlated Single Photon Counting (TCSPC) data sets. The calculation of

weighted residuals is based on the following equation (2.10).

=W, (Y; — 1) (eq.2.10)

An adequate fit is indicated by the occurrence of a random distribution of weighted residuals
around the zero line across the entire range of data. In the current study, the F980 software,

developed by Edinburgh Instruments, was employed for two primary purposes:

e Deconvolution of the Instrument Response Function (IRF): The software was
utilized to carry out the deconvolution process, which separates the influence of the IRF
from the measured fluorescence decay curves. This procedure is crucial for obtaining

accurate fluorescence lifetime information.

o Fitting Decay Curves: The software was also employed to fit each decay curve to an
appropriate mathematical function. This fitting process involves adjusting the
parameters of the chosen mathematical function to achieve the best match between the

calculated and experimental decay curves.

2.5.2. Analysis of the time-resolved fluorescence anisotropy data
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Time-resolved fluorescence anisotropy is a technique used to investigate the rotational
dynamics and molecular motion of fluorescent molecules in a sample. Anisotropy refers to the
directional dependence of a physical property. In the context of fluorescence, anisotropy
measures the polarization of emitted light relative to the polarization of the excitation light.!

Scheme 2.4 represents a schematic diagram of the alignment of the polarizer in the TCSPC

setup during the anisotropy measurement and scheme 2.5 represents the step-by-step process
generally involved in the fluorescence anisotropy measurement.

[roireer |
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Scheme 2.4. A schematic view of fluorescence anisotropy measurements

The alignment of the emission polarization is determined by the electric vector of the excitation
pulse. The terms Iyyand Iyy refer to the intensity of parallel polarization and perpendicularly
polarized emission, respectively. In this context, it is worth mentioning that during parallel
polarization, the excitation and emission polarizer are both placed vertically and for
perpendicular polarization, the excitation and emission polarizer are placed vertically and
horizontally, respectively. The concept of an ideal anisotropy r(?) is described through the

following equation (2.11):
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Iyy (£)=Glyy(t)
r®) = Iyy (O)+2GIy () (eq.2.11)

The fluorescence anisotropy is a dimensionless quantity. This is due to the fact that this quantity
is obtained by normalizing the difference between parallel and perpendicular emission by the
total emission intensity. The anisotropy of a given sample does not depend on the concentration

of fluorophore as well as the total emission intensity.

%0008
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Scheme 2.5. A pictorial view of process involved in fluorescence anisotropy measurements

In TCSPC instruments, the accuracy of anisotropy measurements can be influenced by the
sensitivity of the experimental setup and electronics, including components like
monochromators. To eliminate these potential effects, it is important to introduce a correction
factor denoted as G when estimating the anisotropy, r(t). This correction factor compensates
for variations in sensitivity across different orientations of polarizer. The correction factor G
represents the relative sensitivity of the detection system to different polarizations. It indicates
how the detection system responds to parallel (/yx) and perpendicular (/ny) orientation of
polarizations of emitted light. The calculation of G is defined by equation (2.12), which is

provided below!’.
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G =1 (eq.2.12)

Iy
In the above equation, Iy represents the intensity of emission detected when both the
excitation and emission polarizers are in a horizontal position, while Iy, represents the
intensity detected when the excitation polarizer is horizontal, and the emission polarizer is

vertical.

The current thesis work employs the Edinburgh Life Spec Il TCSPC setup for the measurement
of time-resolved fluorescence anisotropy. To perform these measurements fluorescence
intensities were collected with different polarization orientations, namely parallel (]l) and
perpendicular (L), alternately. This process was repeated until a substantial peak difference
between the parallel (]) and perpendicular (1) decay curves reached approximately 5000 (at t
= 0). The same procedure was applied to calculate the G-factor. However, for G-factor
determination, the exciting laser beam was polarized horizontally. This process involved
running five cycles of repetitions. To control the temperature during the temperature-dependent
measurements, a Quantum instrument was used in conjunction with a North West TC 125
temperature controller. This setup maintains the cell temperature by circulating water through
the cell holder. To derive information about the rotational relaxation time, the anisotropy data
underwent fitting. The fitting process was carried out using the equation (2.13), which likely
represents a mathematical expression used to model the relationship between time-resolved

fluorescence anisotropy and other relevant parameters.

r(t) = ryet~W/m™) (eq.2.13)
Here in the above equation, 7o is referred as the initial anisotropy and t, denotes the
reorientation time or rotational relaxation time. It can be noted here that the o values can vary

from 0.20 to 0.40 for a single-photon excitation. The data obtained from the time-resolved

70| Page



CHAPTER 2

anisotropy measurements were subsequently analyzed by using several hydrodynamic and

quasi-hydrodynamic theories.?®?’

2.5.2.1. Stoke Einstein Debye (SED) hydrodynamic theory

The SED theory posits that the rotational motion of a solute molecule in a solvent is influenced
by the viscosity (1) of the fluid at a given temperature (T). The time it takes for the solute
molecule to reorient itself is denoted as t,.. This theory is an integrated approach of the Stokes-
Einstein equation, Debye theory, and hydrodynamics to describe the behaviour of solute
molecules in a fluid medium. The size and shape of the solute molecule are important factors
in governing its rotation in the solvent. These properties are incorporated into the SED theory
using the van der Waals volume (V') and the shape factor (f) to account for the non-spherical
nature of the solute. In this model, the solute molecules are treated as symmetric or asymmetric
ellipsoids, which allows for the consideration of their non-spherical shape in the model.?
Moreover, the interaction between the solute and the solvent, if any (such as electrostatic or H-
bonding, or hydrophobic), is a significant factor affecting the rotational diffusion of the solute
molecule. A coupling parameter denoted as C is incorporated to account for this interaction.
The axial ratio of the solute molecule and two limiting cases, stick and slip hydrodynamic
boundary conditions, are considered to determine the value of C. The parameter C can take
values between 0 (slip) and 1 (stick), with values close to 1 indicating strong coupling between

the solute and solvent and values closer to 0 indicating weaker coupling.3%-3*

o Stick Boundary Condition: Assumes complete alignment between the motion of the
solute and the solvent in the vicinity. This condition is favourable for larger solute

molecules compared to the surrounding fluid molecules.
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e Slip Boundary Condition: Assumes that the solvent does not move along with the
rotating solute. This condition is applicable when the solute size is smaller or

comparable to the fluid molecules.

Taking all the above factors in consideration, the SED equation has been described as follows.

T, = % (eq.2.14)

The above equation involves the Boltzmann constant (k). The combination of V (van der Waals
volume), f (shape factor), and C (boundary condition parameter) is termed the hydrodynamic
volume (Vy), which represents the effective volume experienced by the solute within the
solvent. The limitation of SED theory is that, in the SED framework, the determination of
boundary parameters, the size of the solute molecule is only taken into consideration.?® 343
However, The SED theory proves reasonably effective in explaining the rotational diffusion of
solute molecules of medium size across various solvent types. In the context of the present
study, the SED theory was applied to systems involving the solutes perylene, sodium 8-
methoxypyrene-1,3,6-sulfonate (MPTS), Rhodamine 110 (R110), and 9-phenylantharcene (9-
PA). The van der Waals volumes for these solutes were obtained through Edward’s increment
method. Relevant parameters such as solute dimensions, van der Waals volumes, shape factors,
and boundary condition parameters (Cg;;p) values for perylene and MPTS are computed and
1.37-38

provided in Table 2.

Table 2.1. Van der Waals volumes (V), shape factors (f) and boundary condition parameters

(Cs1ip) for the probe molecules used.

Probe Vi A3 f Cuiip
Pervlene 225 1.76 0.085
9-P4 236 1.73 0.12
MPTS 343 1.33 0.11
R110 275 2.02 0.15
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2.5.2.2. Quasi-hydrodynamic theories

As described in the preceding section, the SED theory operates under the assumption that the
hydrodynamic volume of the solute remains unaffected by the properties of the surrounding
solvent continuum. However, this assumption remains valid primarily in cases where the
solute's size greatly surpasses that of the solvent. The applicability of the SED theory becomes
limited when attempting to analyse the hydrodynamic behaviour in cases where the solute size
is not considerably larger than that of the solvent. In such scenarios, alternative theories like
"quasi-hydrodynamic theories" have been developed, which take into account both the sizes of
the solvent and solute molecules. Here in the present thesis work, such incidences have been
explained by employing Dote-Kivelson-Schwartz (DKS) theories.?® ** DKS theory introduces
an additional aspect by considering the available space between the solute and solvent
molecules, in addition to their respective sizes. According to the DKS theory, when comparing
the solute's size to the available space within the solvent, a condition arises where a relatively
weak connection between the solute and solvent is evident. In this context, the solute
encounters reduced friction, resulting in an accelerated rotational movement of the solute
within the solvent medium. The aspects of DKS theory are described by the following equation

(2.15)

Coxs = (1 + y/Pp)" (eq.2.15)
Here, Cpgs is the boundary condition predicted by the DKS theory.
v/ ¢ gives the ratio of the available free volume of the solvent to the size of the solute molecule

of interest. y is determined by following equations (2.16)

Y= A—V<4 (V—”)Z/3 + 1) (eq.2.16)

Vp Vs
Where, AV is given by the relation given below

AV = Y, -V, (eq.2.17)
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Vs = Volume of the solvent

Vi, = Molar volume of the solvent divided by Avogadro’s number

V,, = Volume of the solute

And¢ = fCqyp (eq.2.18)
Vi 1s the solvent molar volume divided by the Avogadro number.

2.5.4. Pulse-field-gradient NMR measurements.

The pulse field gradient (PFG) NMR technique has been employed to compute the self-
diffusion coefficient of IL samples.’** To achieve this, a stimulated echo bipolar pulse-
gradient pulse (stebpgp) sequence was employed, with a maximum gradient pulse strength of
50 G/cm. The variation in gradient pulse strength from 2% to 95%, at 16 equally spaced
intervals, resulted in different echo heights. Then, the echo heights are fitted to the Stejskal-

Tanner equation, which is given by equation (2.19)*

S(g) = 5(0) exp|[-Dy282g> (A_5/3)] (eq.2.19)
In this equation, (g) represents the echo height at the gradient strength g, while S (0) is the
echo height at 0 gradient strength. The symbols y and § correspond to the gyromagnetic ratio
of the proton and the length of the gradient pulse, respectively. Additionally, 4 and D refer to
the time between the two gradient pulses and the diffusion coefficient, respectively. This
analytical approach allows us to extract the self-diffusion coefficients from the echo heights
measured across different gradient strengths.

2.5.5. FCS data analysis

Fluorescence Correlation Spectroscopy (FCS) techniques represent a highly sensitive and
reliable approach for determining the translational diffusion coefficient (D;) of a probe
molecule within a specific solvent system. In this procedure, a diluted sample (10-20 nM) is
positioned on a coverslip, which is then positioned above the water-immersion objective. The
excitation laser light passes through this setup. The intensity fluctuations of the samples are
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monitored within an extremely minute observation volume (approximately 1 femtoliter) using
a pinhole. The fluctuating fluorescence signals are simultaneously captured by two Single-
Photon Avalanche Diode (SPAD) detectors. Subsequently, these signals are cross-correlated,
resulting in the generation of correlation curves denoted as G (7). By analysing the decay of
these correlation functions with respect to time, valuable insights into the probe molecule's
translational diffusion dynamics can be extracted. This method enables the determination of
diffusion coefficients by exploiting the fine details of the fluorescence intensity fluctuations

within the sample.'> !’
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Scheme 2.6. Diffusion of fluorophores through the confocal volume and fluctuations in the
relative intensities

Scheme 2.6 represents the diffusion of the particle within the illuminated volume of
observation. The autocorrelation function is designated as the average product of the
fluctuation of fluorescence intensities at time ¢, 6F (t), and t + t, §F(t + 7) obtained through
a number of measurements. The autocorrelation function, G (7) after normalization with the
square of average fluorescence intensity (<F(¢)>) is represented by the following equation

(2.20);

__{6F(t)6F(t+1))
G (1) = —For (eq.2.20)

Here, 6F (t) and 6F (t + 1) are given by the relation (2.21):

OF(t) = F(t) —(F(t))and 6F(t+ 1) = F(t + 1) — (F(t)) (eq.2.21)
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For simple diffusion of a molecule in three dimensions, the autocorrelation function can be

fitted to the equation (2.22) provided below:

G(7) = %(1+%)_1 (1+5-) 2 (eq.2.22)

KZTD

In equation 2.22, <N> represents the average number of fluorescent molecules found within
the observation volume. The variable t represents the lag time or delay, and (rp) denotes the
translational diffusion time constant. This constant corresponds to the duration it takes for a
fluorophore molecule to diffuse through the observation volume. Additionally, & stands for the
aspect ratio of the observation volume, calculated as k = z/ (wyy,) where zand (wy,)
represent the longitudinal and combined transverse radii of the observation volume,
respectively. The calibration of the FCS setup excitation volume was conducted using a diluted
solution of Rhodamine 6G (R6G) in water, with a known translational diffusion coefficient
(D;) of 426 pm?/s. The calculated excitation volumes were approximately 0.45 femtoliters for
the 405 nm laser source and around 0.80 femtoliters for the 483 nm laser source. From equation
2.22, the value of 7, and using equation 2.23, the diffusion coefficient of the molecule can be

calculated.

2

2%y (eq.2.23)

47Tp

t

In the current thesis work, the autocorrelation function obtained from the FCS measurement
could be fitted successfully to the function provided below (equation 2.24).%8-° This function
takes into consideration the additional process such as triplet-state formation, photo-

isomerization or protonation.

\B - _
(1) = %(1 + (i)> 1 (1 + — ) 2 (eq.2.24)

(95} K2tp

In the equation provided above, A symbolizes the amplitude of 7,., representing the proportion

of non-fluorescent molecules in a separate state, while B is a stretching component (0 < < 1)
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that signifies a rate distribution. For a well-fitting autocorrelation function to equation 2.24, a
B value of 0.44 was used (Chapter 5a). The fitting process yields (tp), which is then employed
to compute the hydrodynamic radius (ry) using equation 2.25. This equation proves
particularly useful in compensating for alterations in diffusion time (7) due to variations in
the viscosity of the medium. Because Rh6G maintains its structural rigidity, its hydrodynamic
radius (ry) remains unchanged even when the viscosity of the surrounding medium changes.
This unique property of Rh6G makes it ideal to be used as a standard. For this calculation,
the (1) of Rh6G was determined with the aid of the Stokes-Einstein equation (2.26) from the
known value of D, in bulk water, and the diffusion time of free R6G in different solutions (IL

solution of different viscosity) were calculated using equation 2.25.

DNA DNA

T T
r:RhGG = T§Rh66 (eq.2.25)

_ kgT
l— (eq.2.26)

Where 1 denotes the viscosity of the surrounding medium, kp stands for the Boltzmann
constant, and T represents the absolute temperature.

2.6. Standard error limit

The limit of error is a measure of the uncertainty or variability associated with the sample data

Table 2.2. Standard error limit of some experimental parameters

Parameters Experimental Errors
Amax (abs./flu.) +1-2 nm
Viscosity +2
7 (> 1ns) +5%
Rotational Relaxation time +5%
Diffusion coefficient (through NMR) 3+%
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Thermodynamics parameters 3+%
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Abstract

This chapter demonstrates the difference in the behaviour of imidazolium and pyrrolidinium-
based dicationic ionic liquids (DILs) in terms of the intermolecular interactions, microscopic-
structure and dynamics. For this purpose, two DILs, based on imidazolium and pyrrolidinium
cation are synthesized subsequently investigated by exploiting combined steady sate and time
resolved fluorescence, Electron paramagnetic resonance (EPR) and Nuclear magnetic
resonance (NMR) spectroscopic techniques. Data obtained for DILs have also been compared
with their corresponding mono-cationic counterpart (MILs) to evaluate and understand the
distinctive characteristics of the DILs in contrast with the corresponding MILs. Steady state
emission and EPR data has revealed that pyrrolidinium-based DIL is slightly less polar than
that of imidazolium-based DIL. Temperature-dependent fluorescence anisotropy decay of two
probes, perylene and MPTS (8-Methoxypyrene-1,3,6-trisulfonate), have been measured in
DILs as well as in MILs. Solute—solvent coupling constants obtained from the experimentally
measured reorientation times with the aid of Stokes—Einstein—Debye hydrodynamic (SED)
theory have indicated appreciable differences in the dynamics of both the solutes on going from
MILs to DILs. More interestingly, the outcome of the NMR study has suggested that the alkyl
spacer chain in the imidazolium-based DIL exists in the folded form, but pyrrolidinium-based
DIL remains in straight chain conformation. Inherently, the outcomes of all of these studies
have depicted that the microscopic structural organisation in imidazolium and pyrrolidinium-
based DILs are different from each other as well as from their respective mono-cationic

counterparts.
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3. 1. Introduction

In the recent past room temperature ionic liquids (RTILs) have occupied a special place
in the field of modern chemistry owing their importance in chemical, material and
biologicalsciences'?. In this context, one of the main focus of the current day research is to
design and develop ionic liquids based solvent systems having desired physiochemical
properties.®® For this purpose, several pathways have been adopted, such as mixing of ILs,
solvent co-ordination or by incorporation of a functional group to the constituent ions or by
chemical synthesis of a dication.”'® Among them, geminal dicationic ionic liquids which
consists of two singly charged distal cationic head linked through a simple hydrocarbon linker
chain (alkyl spacer) or functional carbon chain and paired with too singly charged anion are
found to have particular importance.!!This is because as compared to monocation-based IL
systems physicochemical properties of germinal dication-based ILs are found to be superior in
terms higher density, higher viscosity, higher melting point, higher surface tension as well as
higher thermal and electrochemical stability.!** Since DILs are also structurally very close to
traditional MILs, DILs can also be used as a good model system to identify the hidden effects
in the IL that come from multiple charge centres rather than their individual identities. Although
DILs have been used extensively in many different areas of chemistry, studies on the
microscopic structure and dynamics of this non-molecular liquids are still at the early stage, '>-
19 and majority of these studies are carried out on imidazolium- based DIL systems.?%%}

Studies which focus on the local structures and inert molecular interactions involving
imidazolium-based DILs have been carried out by exploiting X-ray scattering,?* molecular
dynamics simulation?> and advanced spectroscopic techniques.?®?’These studies have suggested
that DILs possess significantly different nano-structural organization from MILs. A unique
assembly pattern for long linkage chains (folded chain models) in imidazolium-based DILs have

reported by MD simulation by several workers and subsequent evidences have been observed
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experimentally.?>?¢ Interestingly, in all the above studies it has been emphasized that the
planarity of the ring and acidity of C(2)-H of the imidazolium moiety have significant roles in
governing the structural organisation and dynamics in imidazolium-based DILs. Therefore,
studies on structural analysis of the non-aromatic cation based DILs such as pyrrolidinium-based
ILs are expected to be interesting as they are non-planar and do not possess acidic C(2)-
hydrogen. Moreover, pyrrolidinium-based ILs have been recognized as an interesting system
owing to their higher thermal stability, wider electrochemical window as well as lower toxicity
compared to the many of the imidazolium-based analgues.?®* We would like to note here that
both imidazolium and pyrrolidinium cations are quaternary ammonium salt of low symmetry.
However, imidazolium ring is planar and aromatic but pyrrolidinium ring is non-planar. Due to
the difference in the structure of cationic head such as existence of charge delocalisation in
imidazolium ring and steric crowding owing to the alkyl group in the pyrrolidinium ring, a small
change in the cation-anion interaction and their influence on microstructure and dynamic
properties, especially concerning molecular motions, solute diffusion in these media have been
observed. Saito and co-workers®® have reported the lower melting point and enthalpy of fusion
of pyrrolidinium-based MIL than that of imidazolium-based MIL containing same alkyl (butyl)
chain. Tsuzuki and co-workers®!' observed faster diffusion of ions in imidazolium-based MILs
than that of pyrrolidinium-based MILs on account of planar nature of imidazolium cation. In
addition to physio-chemical properties, both these types of ionic liquids also show differences
in the intermolecular vibrational and conformational flexibility.>*** From these discussions one
can readily understand that most of the studies have been performed by focussing on the
imidazolium and pyrrolidinium-based MILs.

It is pertinent to mention in this context that although germinal pyrrolidinium ILs are
not particularly well known, germinal pyrrolidinium salts are well known and particularly

common in their use as templates for the synthesis of porous metal organic framework systems.
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Studies have shown that owing to their unique structural features, these molecules can assemble
into solution, and above critical aggregation concentration, give rise to 3-dimensional networked
structure.** In this context, Li and co-workers®> have demonstrated that geminin surfactants are
particularly superior than their single head partner in terms of surface activity and lower critical
micellar concentration. All the above discussions also highlight that although geminal
pyrrolidinium salt in solution state has been studied, solvent free DILs (neat DILs) based on
germinal-pyrrolidinium dication have not been studied well. It should also be noted here that
neat pyrrolidinium- based DILs may exhibit different properties than they show in their solution
state. Hence, it would be a worthwhile objective to study both imidazolium and pyrrolidinium -
based DILs along with the structurally similar MILs so as to understand the kinship among
intermolecular interaction, structure and dynamics for these systems. Moreover, this study is also
expected to be helpful in unravelling the role of cationic head groups, if any, on the structural
organisation of the said DILs.

Keeping all the above facts in mind, in the present investigation, the structure and
dynamics accompanying DILs composed of pyrrolidinium and imidazolium dications as well as
their respective mono-cationic counterparts have been analysed by combined steady-state and
TRFS, EPR and NMR techniques. For this study the DILs [Co(Mpyrr):][NTf:]> and
[Co(Mim)2][NTf2]2> have been synthesized and characterized. In this study, in all the concerned
ionic liquids (ILs) anion has been fixed as [NTf2] . Moreover, in both the DILs alkyl spacer alkyl
chain is kept constant (9-membered alkyl group) so that the effect of cationic head group on the
overall structural organisation of ILs are understood. The nonyl spacer chain has been chosen
due to the fact that the pyrrolidinium- based DIL consisting of a nonyl linker chain is the only
pyrrolidinium-based DILs which is liquid at room temperature.'!'To draw a comparison between
MILs and DILs, MILs consisting of alkyl chain, close to the length of the alkyl spacer chain in

DILs, such as [CsMim][NTf>] and [CsMPyrr][NTf:] as well as consisting of alkyl chain, close
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to the half of the length of the alkyl spacer of DILs, such as [C4aMim][NTf2] and [C4MPyrr][NTT;]
have been chosen in the study. Outcome of the comparative studies on these MILs and DILs are
expected to be helpful in understanding the role of additional headgroup on the structural
organisation of the concerned DILs. Steady state emission and EPR data have given idea about
the medium polarity. Rotational dynamic of a neutral probe (perylene) and a negatively charged
probe (MPTS) in the above DILs as well as in corresponding MILs have been investigated
through time-resolved fluorescence anisotropy studies to have an in-depth understanding of the
solute—solvent, solvent—solvent interactions and structural organization of the media.
Additionally, NMR studies have also been used in understanding the structural organisation of
DILs. The outcome of the present study has provided interesting insights in terms of
understanding the microscopic behaviour of DILs in general and of pyrrolidinium-based DILs

in particular. Chemical structure of ILs and probe molecules have been provided in scheme 3.1.
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MPTS:8-methoxypyrene-1,3,6-trisulfonate TEMPO:2,2,6,6-tetramethylpiperidine-1-oxyl

[C4sMPyrr] [NT1>]:1-butyl-1-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide.
[CsMim] [NTH;]:1-butyl-3-methyl imidazolium bis(trifluoromethanesulfonyl)imide.
[CsMPyrr] [NTf,]: 1-methyl-1-octyl pyrrolidinium bis(trifluoromethanesulfonyl)imide.

[CsMim] [NTf,]:1-methyl-3-octyl imidazolium bis (trifluoromethanesulfonyl)imide.
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[Co(Mpyrr)2][NTf]2:1,9-bis-(1-methylpyrrolidinium-1-yl)nonanebis(trifluoromethylsulfonyl)amide.
[Co(Mim);][NT1,]2:1,9-bis-(3-methylimidazolium-1-yl)nonanebis(trifluoromethylsulfonyl)amide.

Scheme 3.1. Structures and abbreviations of ionic liquids (ILs) and probe molecules used in the
present study.

3. 2. Experimental techniques and methods

The MILs were purchased from TCI chemicals and IoLi-Tec. DILs have been prepared by
following a standard procedure, as described in chapter 2. The NMR spectra of synthesized ILs
can be found in Appendix 3 (Figures APX3.1, APX3.2 and APX3.3). The sample preparation
methods, and the experimental framework for EPR, TRFS, and NMR studies are elaborated in

Chapter 2.
3.3. Results and Discussion

3.3.1. Steady state emission and EPR data: Solute-solvent interaction, usually depends on
various parameters like polarity, H-bond acidity and basicity, polarizability etc. A little
variation in the structure of cation or anion can alter the solvent parameters of an IL, which in
turn influences their solvation ability, diffusion as well as reaction rates.’**’It has been
suggested in a recent paper that the cationic head of the ionic liquid is largely responsible for
determining the polarity of an ionic liquid.**One of the methods often employed to estimate
the polarity of solvents is based on the analysis of intramolecular charge-transfer (ICT)
fluorescence band of C153 whose position is responsive to the polarity of the medium.>°A shift
in the emission maximum of C153 towards longer wavelength is observed with an increase in
the polarity of the medium. The steady-state normalized emission spectra of C153 in both
pyrrolidinium and imidazolium-based MILs and DILs are shown in Figure 3.1. No remarkable
difference in the emission maxima of C153 in [CsMPyrr] [NTf:] (Aqr=519nm) and
[Co(MPyrr)2[[NTH2]2(A10x=520nm) has been observed from Figure 3.1a. However, a red shift
of about 5nm is observed in the emission maximum of C153 on going from [C4sMim][NTf;]

and [Co(Mim):][NTf:], which consisted with earlier literature report.?® Again, as compared to
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the pyrrolidinium-based ILs the emission maxima in case of C153 has been observed to be at
higher wavelength in imidazolium-based ILs (Figure 3.1b).This indicates that C153
experience slightly less polar enviroment in pyrrolidinium-based ILs in comparison
toimidazolium-based ILs. This may be due to the non-planar nature of pyrrolidinium cation

which is less polarizable than that of planar imidazolium cation.*’
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Figure 3.1. The normalized emission spectra (1., =375nm) of C153 in (a) [C4sMPyrr][NTf]
and [Co(MPyrr):][NTf2]» and (b) in[CsMim][NTf:], [Co(MPyrr);][NTf2]> and
[Co(Mim)2][NTH2]2

However, the minute change in the micro-polarity of a given medium is not always predictable
just by monitoring the steady-state fluorescence spectra of C153.4°So, further attempt has been
made to determine the micro-polarity of concerned ILs by exploiting EPR spectroscopy. We
note here that!*N isotropic hyperfine splitting constant (ay/G), in the EPR spectrum the charge
transfer (CT) structure observed in N—O group determines the stability of the nitroxide free
radicals like TEMPO. The polar solvent stabilises the ground-state CT structure of the N—O
group and this increase in stabilisation is found to be proportional to the increased spin density
around the nitrogen atom. Therefore, by estimating the value of ay/G for TEMPO in the
respective ILs the knowledge on the polarity of the corresponding medium can be obtained.

Similar method has also been used previously by several workers to estimate the E+(30) value
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ILs.*! 2The EPR spectra of TEMPO has been represented in Figure 3.2 along with the
corresponding simulated spectra in the concerned ILs. From Figure 3.2, an appreciable
broadening of the line shape in EPR signals have been observed in DILs in comparison to
MILs. The higher viscosity of DILs in comparison to MILs and the medium inhomogeneity is
the key factor for the observed nature in the EPR signal.?® Therefore, in the present scenario,
the anisotropic nature of the EPR signal in both DILs compared to MILs indicates greater

inhomogeneity in both DILs compared to MILs.
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Figure 3.2. EPR spectra of TEMPO (a)[CsMPyrr][NTt2], (b)[Co(MPyrr)2][NTf2]2,(c)
[CaMim][NTf2] and (d)[Co(Mim)>][NTf>]2.The black lines indicate the simulated spectra.

To estimate the micro-polarity of the ILs quantitatively, E1(30), the ay/G value of each ILs are
determined from their corresponding EPR spectra. The distance between the maxima of two

consecutive hyperfine line usually represents the hyperfine coupling , ay/G. But in the case of
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DILs as spectral broadening has occurred, ay/G values are calculated by taking the distance
between the centres of the relevant adjacent hyperfine lines. After that, a plot of the hyperfine
splitting parameters (ay/G) of TEMPO in a few known organic solvents against the solvent

polarity parameter Et (30) for those solvents has been created.
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Figure 3.3. Plot of ay/G Vs. Et (30) values for TEMPO in MILs and DILs.

Table 3.1 enlists the Et (30) values of the selected solvents. The plot of a,/G versus E (30) for
those solvent systems has been illustrated in Figure 3.3. From this graph the E+ (30) values of the
unknown solvent system are calibrated. Several workers have compared the polarity of ionic
liquids with conventional organic solvents such as alcohol, acetonitrile.?*From Et (30) values in
the Table 3.1, it can be inferred that polarities of the imidazolium-based ILs are close to those of
short chain alcohol and some poly hydroxyl alcohol, whereas polarities of pyrrolidinium-based
ILs are close to long-chain mono-hydroxyl alcohols and benzyl alcohol.*® This, further indicates
that polarities of pyrrolidinium-based ILs are less compared to imidazolium-based ILs. These data
also point out that along with the length of the apolar alkyl chain, ** the charge distribution and
symmetry of cationic head in has a vital role in determining their micro-polarity of the concerned

medium.
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Table 3.1 The ay/G value of TEMPO in ILs and molecular solvents along with Et(30) value

Systems ay/G Et (30) kcal/mol
Water 16.90 63.1?
Ethylene Glycol 16.22 56.3%
Benzene 14.48 34.5%
Chloroform 14.84 39.1¢
Acetone 15.08 42.2%
Benzyl Alcohol 15.78 50.8%
[CsMim] [BF4] 15.99 54.8%
[CsMim] [PFe] 15.90 53.9%
[CaMim] [NT£] 16.05 54.5°
[CsMPyrr|[NTH] 15.62 49.12°
[Co(MPyrr)2][NTE2]2 15.75 50.82°
[Co(Mim)2]2[NTF2]> 15.85 53.21°

2 Taken from reference,’®*'’Estimated from calibration curve.

3.3.2. Time resolved fluorescence anisotropy studies: To further obtain insights into the
microscopic environment of the pyrrolidinium and imidazolium-based DILs the rotational
diffusion dynamic of two fluorescent probes, namely perylene (neutral) and MPTS (negatively
charged) in these DILs and in the corresponding MILs are carried out by means of time resolved
fluorescence anisotropy technique at various temperatures. As the rotational dynamics of a
solute in a given solvent is a measure of the friction experienced by it in that medium, it can
serve as a tool to probe the microenvironment in the vicinity solute. The two probes addressed
here, depending on their different chemical characteristics (neutral or charged) posit themselves
in the distinct micro- regions (polar and nonpolar) of the concerned ILs.****So, such studies
may provide a clearer picture of any difference or similarity of microstructures in the
imidazolium and pyrrolidinium-based DILs. Prior to the above studies the viscosities of the ILs
are measured in the temperature range 293-313k.The viscosity at a particular temperature for
pyrrolidinium-based ILs are found to be slightly higher than that of imidazolium-based ILs

which is consistent with the earlier literature report.!' The measured viscosities have also been
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verified with the reported value in the literature.!" “’The temperature dependence of the

viscosities of all the ILs fits well to the well-established Vogel—Fulcher Tammann (VFT)

equation (equation 3.1).4%4

n= 1 exp| 7] 3.1
Where 71¢(cP), B (k), and T,(k) are fitting parameters.

The VFT plots can be found in Figure APX3.3. The rotational correlation time (7,.) of perylene
and MPTS in the ILs at different temperature along with viscosities at corresponding

temperature are enlisted in Table 3.2 and the detailed about the consequences are discussed

below.

3.3.2.1.MPTS. MPTS being a negatively charged species, prefer to locate itself in the polar
region in the ILs. Along with columbic interaction it can also interact with the solvent
molecules through the formation of hydrogen bond using its SO3”moiety.*’In the present case,
MPTS has been chosen as the probe in time resolved fluorescence anisotropy study so that we
can monitor the difference, if any, in the nature of polar domain formed by imidazolium and

pyrrolidinium cationic head of the respective ILs effectively.
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Figure 3.4. Decay plots for MPTS in(a) [Co(MPyrr)2][NTf2]2 and (b) [Co(Mim)2][NTf2]2
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Table 3. 2. Rotational Relaxation Parameter of Perylene and MPTS in MILs and DILs.

Systems T(k) Viscositiy (cP) Perylene MPTS

Tr(ns) Crot Tr(ns) Crot

[CsMim][NTH] 293 63.6 1.57 0.25 10.30 1.43
298 49.6 1.34 0.28 7.98 1.45

303 40.4 1.15 0.30 6.90 1.56

308 334 0.97 0.31 5.89 1.64

313 27.5 0.83 0.33 4.84 1.67

[CsMPyrr][NTH:] 293 90.3 1.61 0.18 12.90 1.26
298 73.2 1.43 0.20 10.50 1.28

303 58.9 1.23 0.22 9.08 1.41

308 45.2 1.04 0.24 7.45 1.53

313 39.2 0.87 0.25 6.50 1.57

[CsMim][NTf] 293 115.0 1.72 0.15 16.90 1.30
298 90.3 1.45 0.17 13.50 1.34

303 72.1 1.24 0.18 10.90 1.38

308 57.0 1.10 0.20 9.20 1.51

313 45.2 0.95 0.23 7.90 1.66

[CsMPyrr][NTH:] 293 128.2 1.80 0.14 18.30 1.26
298 99.4 1.56 0.16 14.30 1.30

303 81.1 1.35 0.17 12.10 1.36

308 62.8 1.15 0.19 9.55 1.41

313 51.0 0.99 0.21 8.50 1.57

[Co(Mim)2][NTf2]2 293 960.1 5.05 0.05 47.04 0.43
298 655.9 4.30 0.07 37.11 0.51

303 486.6 3.76 0.08 30.06 0.57

308 361.5 3.36 0.10 24.30 0.62

313 272.8 3.14 0.12 19.00 0.66

[Co(MPyrr)2][NTf2]2 293 1024 6.45 0.06 44.60 0.37
298 710.2 5.13 0.07 40.95 0.51

303 535.2 4.36 0.08 35.11 0.60

308 404.6 3.81 0.11 32.86 0.76

313 312.5 3.3 0.115 28.59 0.87

Experimental error = +5%

The decay plot of MPTS at two different temperature in two DILs [Co(MPyrr)2][NTf2]> and
[Co(Mim)2][NTH2]2 are shown in Figure 3.4. The rotational correlation time (7,-) of MPTS at
corresponding temperatures are obtained by fitting the curve with single-exponential function®

and collected in Table 3.2. From the Figure 3.4 and Table 3.2 it has been observed that the
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rotational correlation time (7,,) of MPTS has been decreased with increase in temperature which
are consistent with the lowering of the bulk viscosity of the medium at higher temperature.
Moreover, to get an idea about nature of interaction in imidazolium and pyrrolidinium-based
ILs, the analysis of rotational diffusion data of MPTS have been done by using the Stokes-
Einstein—Debye (SED) hydrodynamic theory.’°The details regarding SED theory and analysis
has been described in Chapter 2 (eq.2.14). The log (z,) vs. log (1/T) plots of MPTS along with
the boundary conditions for the MILs and DILs have been illustrated in Figure 3.5. From Figure
3.5a, it can be seen that the experimentally determined rotational correlation time (z,) of MPTS
fall above the stick boundary condition in both the imidazolium and pyrrolidinium-based MILs.
As per hydrodynamic terminology this behaviour of MPTS in MILs is called super-stick
behaviour. This super-stick behaviour shows that rotation of MPTS in MILs has been hindered
due to strong solute-solvent interaction.* This can also be confirmed when the data were
analysed by estimating the solute-solvent coupling constant (Co) value, which usually indicate

the degree of solute—solvent coupling.
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Figure 3.5 SED plot for MPTS in (a) MILs and (b) DILs. The blue, red and black line indicates

slip, stick and fit. Line respectively.
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The Cro value is determined by Cror = % /z*™, where, 7,7 and 7" are the experimental and
theoretically calculated rotational correlation times, respectively. The average C,: values of
MPTS observed in MILs [C4MPyrr][NTfz] and [C4Mim][NTf>] were found to be 1.41 and 1.55
respectively, whereas the corresponding value in [CsMPyrr][NTf:] and [CsMim][NTf;] are
found to be 0.17 and 0.19 respectively(The average C,.: values have been obtained by averaging
this parameter at five different temperature). This higher C,; value (C>1) indicates
significantly hindered rotation of MPTS in MILs. Previous studies suggest super stick behaviour
of MPTS in imidazolium-based MILs are due to the specific hydrogen bond formation between
the C(2)-H of imidazole moiety (pKa = 23.8) and SO3moiety of MPTS.**However, in case of
pyrrolidinium-based MIL the electrostatic interaction between the pyrrolidinium cation®?and
negatively charged MPTS may have caused the hindered rotation of MPTS . Moreover, the
comparable average C,, value indicates that MPTS perhaps present in a similar micro-
environment in both the MILs. Again, the experimental rotational correlation time (z,) of MPTS
has been observed to lie just below the stick boundary in the DILs (Figure 3.5b). Interestingly,
relatively less hindered rotation of MPTS have been found in DILs as compared to that in MILs
despite of the presence of two cationic heads in the former. The average C value for DILs
[Co(MPyr1)2][NTH2]2 and [Co(Mim)2][NT12]2 is estimated to be 0.62 and 0.55 respectively which
are lower than that of average C,: value of corresponding MILs. Interestingly, from the
comparison of average C,,, values of MPTS for butyl, octyl chain containing MILs and DILs one
can realize that the behaviour of DILs is neither like butyl chain containing MILs nor like octyl
chain containing MILs whose alkyl chain length remains close to the alkyl spacer length of the
DIL. Moreover, Figure 3.5a reveals that (z) of MPTS in [CsMPyrr][NTf:] and [CsMim][NTf]
still lies above the stick line despite the fact that the length of the alkyl chain in MIL is close to
the length of the alkyl spacer in the DILs. The considerable difference in the rotational behaviour

of the MPTS in DIL and in the MIL essentially indicates that structural organisation in MILs and
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DILs are different and thus clearly establishes the role of the cationic head groups of the DILs
for this behaviour. Again, the average rotational coupling constant of MPTS in both the DILs are
also found to be nearly similar. But decrease of rotational correlation (z,) time with temperature
is found not to be same in both the cases. For example, as can be noticed from Table 3.2, that for
both the DILs, on-going from 293-313k the viscosity decreases by a factor of 9-fold, whereas
the (z,) value of MPTS, although decreases by more than two fold in [Co(Mim)2][NTf2]o, it
decreases only less than two fold in [Co(MPyrr)2][NTf2]2.This observation indicates that the
interaction between MPTS and [Co(Mim),][NTf2]> is comparatively stronger than that with
[Co(MPyrr)2][NTH2]. This data also indicates that the structural organisation of pyrrolidinium and
imidazolium-based DILs may be different. In this context we would like to mention that Majhi
et.al have reported that the alkyl spacer chain in the imidazolium-based DIL get folded to
maximize the cation-anion interaction.”’Due to this geometry of cation the bulky MPTS couldn’t
make strong hydrogen bonding interaction with the C (2)-H of imidazolium ring hence inducing
faster rotation of MPTS in imidazolium-based DIL. However, Armstrong and co-workers!! have
shown that in the presence of nonaromatic pyrrolidinium rings along with the spacer propyl chain
exhibit an elongated molecular shape bearing two nitrogen atoms laying on the C-3 plane of
[C3(MPyrr)2]*"in contrary to that observed in dication of [C3(Mim):2]** where the propyl chain
becomes highly twisted. Cummings and co-workers have also suggested that the alkyl linker
chain in the imidazolium- based DILs get folded as the flexibility of the chain increases with
increase in the number of carbon atom.?® So, to obtain more idea about the role of cationic head
group of ILs on the structural organization of apolar domain formed by alkyl group (tail part),
the rotational dynamics of a neutral probe, perylene, has been investigated in all these ILs.
3.3.2.2. Perylene. Perylene is a neutral probe and due to its apolar nature it generally locates
itself in the apolar (alkyl) region of RTILs.*It is important to note here that the nature of the

cationic heads in ILs has profound effect on the overall micro-heterogeneous nano-structure

96 |Page



CHAPTER 3

of ILs, and in particular, on the formation apolar domain formed due to the segregation of
alkyl chain >*-° We have chosen a fixed alkyl chain length in case of DILs and MILs. So, the
analysis of the rotational motion of perylene is expected to give idea about the nature of apolar
domain in pyrrolidinium and imidazolium-based DILs as well as in the MILs. The decay plot
of perylene at two different temperature in two DILs [Co(MPyrr):][NTf2]> and
[Co(Mim)2][NTHt2]2 are shown below in Figure 3.6. The rotational correlation time (t,) of
perylene at all temperatures are obtained by fitting the curve with bi-exponential function®
and collected in Table 3.2. From the Figure 3.6 and Table 3. 2 it is observed that the rotational
correlation time (7,) of perylene has been decreased with increase in temperature which are
consistent with the lowering of viscosity at higher temperature. For a given temperature, the
rotational correlation time (t,.) of [Co(MPyrr)2][NTf2]2 is found to be slightly higher than that
of [Co(Mim)2][NTf>]2 due to the higher viscosity of the former than the later. A similar trend
is also observed when we compare the corresponding MILs. But, interestingly, upon going
from MILs to DILs, although there is around 15-fold increase in bulk viscosity, the (t,) value

has been increased only by two-fold indicating a faster rotation of perylene in DILs than that

of MILs.
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Figure 3.6. Decay plots of perylene (a) in [Co(MPyrr)2][NTf2]2 and (b) [Co(Mim)2][NTT2]>
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To get more insight to the perylene and ILs interaction we have analysed the experimental
results using SED theory. The log (t,) vs. log (#/T) of perylene in the MILs and the DILs are
provided in Figure 3.7. From Figure 3.7a, it is clear that the rotational correlation time (7,.)of
perylene in both of the DILs [Co(MPyrr)2][NTf>s]2 and [Co(Mim)2][NTf2]2 lies close to slip line,
even crosses the slip line while that of corresponding MILs lies in between theoretically
predicted stick and Islip line (Figure 3.7b). The average C,. values of perylene in
[CsMPyrr|[NTf2] and [CsMim][NTf;] are found to be 0.17 and 0.19 respectively whereas the
corresponding values in MILs, [C4MPyrr|[NTfz] and [CsaMim][NTf;],are found to be 0.21 and
0.26 respectively. The lower Cy value in octyl chain containing MIL can be attributed to the
larger size of the solvent molecule which induces lower friction to the rotating solute. The
distinct feature of DILs can again be realized by looking at Figure 3.7b. As can be seen,
the(t, )of perylene still lies in between stick and slip line in [CsMPyrr][NTf;] and
[CsMim][NTf:] even though the length of the alkyl chain for these MILs remains close to that
present in DILs, [Co(MPyrr):][NTf2]> and [Co(Mim)2][NTf>]>. This dependence can be
understood by considering the pertinent of the van der Waals interactions between the neutral

perylene with the alkyl chain of the ILs.
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Figure 3.7. SED plot for perylene in (a) DILs and (b) MILs. The blue, red and black line

indicates slip, stick and fit. line respectively.
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There of course is a strong attractive interaction between perylene and MILs than that of DILs.
It is evident from the Table 3.2 the average C,: values of perylene with [Co(MPyrr)2][NTf2]> and
[Co(Mim)2][NT12]> are 0.088 and 0.084 respectively, which are close to theoretically predicted
Csiip value (0.085) of perylene. But, according to SED theory the rotational dynamics of a solute
follows slip hydrodynamic if the size (van der Waals volume) of the solute and solvent are
similar.*But the van der Waals volume of [Co(MPyrr):][NTf:]> and [Co(Mim):][NTf:]> are
found to be 387cm? and 366cm?(calculated following literature method) respectively, which are
quite bigger than the van der Waals volume of perylene (V;, = 225cm?). Several workers have
explained the faster rotation of non-polar solute in the vicinity of bigger sized solvent molecules
with the help of Dote—Kivelson—Schwartz (DKS) theory.>” The details regarding DKS theory
have been provided in chapter 2. Figure 3.8 illustrates a plot of log(z,) vs. log(#/T) for perylene
with their modified boundary condition obtained from DKS theory. It can be observed from
Figure 3.8 that the (z,) of perylene in DILs fall within the boundary predicted by DKS theory.
The dotted green and yellow lines corresponds to the DKS line for [Co(MPyrr)2][NTf2]2 and
[Co(Mim)2][NTH:]2 respectively. This observation illustrates that the free volume in DILs has
significantly influenced the rotational behaviour of perylene due to the fact that free volume
offers lower friction to the perylene and thereby induces its faster rotation. This behaviour of

perylene in DILs in terms of hydrodynamic theory is termed as the sub-slip behaviour.>®>
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Figure 3.8 log (7;) vs. log (#/T) plot of Perylene with modified boundary condition Cpks.

Further evidences are found when the data are analysed with the help of power law
empiricalrelationship.®® The power law equation,t,, = A(/T)"where 4 and n are constants and
exponent n represents the extent of non-linearity. Table 3.3 represents the parameter obtained by
fitting the (7,.) value at different temperature and viscosity to the power law equation and the
plots can be found in Figure APX.3.4. From Table 3.3 it is clear that the value of the n deviate
from unity for all the ILs and such deviation has clearly informed the disassociation of rotational
diffusion motion of the perylene in ILs from the bulk viscosity of the ILs. It has been previously
shown by several workers that the decoupling of rotational diffusion of solute from bulk
viscosity indicates inhomogeneity in IL media.®!*? Further, from Table 3.3 we can see that the
extent of deviation from unity is more in case of DILs than that of MILs, indicting more
structural heterogeneity in DILs. Such deviation has been seen to be more as the alkyl chain

length in MILs has been increased.
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Table 3.3. Parameters 4 and n obtained from the fitting of the Power law equation t, =

A(n/T)"
Systems A n

[CaMim][NT1] 4.73+0.01 0.71 £0.025
[C4MPyrr][NTH:] 3.57+0.02 0.67 +0.045

[CsMim][NT1] 2.88+0.01 0.58+0.021

[CsMPyrr][NTf:] 2.95+0.01 0.60+0.010
[Co(Mim)2][NT12]2 3.22+0.01 0.31 £0.021
[Co(MPyrr)2][NT12]2 3.27+0.03 0.52+0.015

Again, comparing the n value of DILs deviation from linearity is found to be more in

imidazolium-based DIL. This indicates that the inhomogeneity is more pronounced in

imidazolium-based DIL than that of pyrrolidinium-based DIL. This may be the result of

different structural organisation of alkyl chain in DILs, thereby the micro-viscosity felt by

perylene in both the DILs are also different.

3.3.3. PFG-NMR Studies. We have further exploited PFG-NMR technique to monitor self-

diffusion of cations in all the concerned ILs. The translational diffusion coefficient (Dr)

depends on the nature size, shape as well as geometry of the diffusing species.®*So, the

estimation of self-diffusion coefficients of cationic moieties in all the I[Ls may give us idea

about the nature of diffusing species. The diffusion coefficients of cations in both DILs and

MILs obtained at variable temperature range of 293-313k and collected in Table 3.4.
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Table 3.4. Estimated Translational Diffusion Coefficient of MILs and DILs at various

temperature with slope value obtained by fitting to Stoke Einstein equation

system Temp. Viscosity Diffusion slope= %
(k) (cP) coefficient? Uk'm ™)
(Dx 107" m%/s
[C4Mim][NTH] 298 49.6 2.65 0.3910.02
303 40.4 3.31
308 334 4.05
313 27.5 4.73
[C4MPyrr][NTH;] 298 73.2 1.62 0.38+0.01
303 58.9 2.04
308 45.2 2.55
313 39.2 3.11
[CsMim][NTf] 298 90.3 1.15 0.29+0.05
303 72.1 1.41
308 57.0 1.79
313 45.2 2.22
[CsMPyrr][NTf:] 298 99.4 0.66 0.24+0.01
303 81.1 0.89
308 62.8 1.14
313 51.0 1.44
[Co(Mim)2][NT12]2 298 655.9 0.12 0.35+0.00
303 486.6 0.18
308 361.5 0.26
313 272.8 0.36
[Co(MPyrr)2][NT12]2 298 710.2 0.06 0.19+0.02
303 535.2 0.08
308 404.6 0.12
313 312.5 0.17

2 Experimental error = +5%

The effect of temperature and viscosity on the molecular diffusion is quite noticeable from the
Figure 3.9 and Table 3.4. The diffusion coefficients of DILs are found to be less than that of
corresponding MILs. The higher bulk viscosity of DILs than that of MILs have been assigned
as the cause of such behaviour. Again, the diffusion coefficients of imidazolium-based ILs are
found to be higher than that of pyrrolidinium-based ILs despite of their comparable viscosity

and van der Waals volume. The planarity of aromatic imidazolium cations is responsible for such

102 | Page



CHAPTER 3

enhanced diffusion rate in imidazolium based ILs in comparison to ILs containing bulky
quaternary alkyl pyrrolidinium cations.?! The current finding has asserted that, besides molecular

size, the diffusion in said ILs have also been controlled by the structure and chemistry of cation.
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Figure 3.9 Plot of the diffusion coefficient (D;) vs. (7/4) for MILs and DILs. (The inset

represents enlarged view for DILs).
We further analysed our data using Stokes—Einstein (SE) relation as follows. As per SE theory,
the slope of the plot D; versus (7/7) given byk /cmry,, where & is the Boltzmann constant and 7y,
= hydrodynamic radius, c is a constant whose value is equal to 4.66.*> ®The expression for
slope indicates that, steeper the slope smaller would be the hydrodynamic radius of diffusing
species.®®’From Table 3.4 we can see that the slope value (0.35Jk'm™) obtained for
imidazolium-based DIL is almost close to that obtained for cation in [C4aMim][NTf] (0.39Jk 'm
1. Moreover, the slope for [Co(Mim)2][NTf:]z is found to be relatively larger than that for
[CsMim][NTf2]. This observation indicates the smaller hydrodynamic radii for imidazolium-
based DIL than that for corresponding imidazolium-based MILs However, in case of
pyrrolidinium-based IL systems, the slope (Table 3.4) is found to be steepest for

[CaMPyrr][NTf2], when the same is compared for MILs [CsMPyrr][NTf:] and
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[Co(MPyrr)2][NTf2]2. This suggests larger hydrodynamic radii for [Co(MPyrr)2][NTf2]> when
compared with [C4MPyrr][NTf2] and[CsMPyrr][NTf>] independently. The data in Table 3.4 also
suggests relatively larger hydrodynamic radii for pyrrolidinium-based IL than that for
imidazolium-based DIL. The smaller hydrodynamic radii for imidazolium-based DIL than that
for MIL can be rationalized by considering the folding of alkyl spacer chain.?>?° In this context,
the relatively larger hydrodynamic radii for pyrrolidinium dication than that for corresponding
MILs is an interesting observation. The observation of relatively larger hydrodynamic radii for
[Co(MPyrr)2][NTH:2]2 than that for [Co(Mim)2][NTf]2 clearly suggest that unlike in imidazolium-
based DIL, pyrrolidinium-based DIL in the experimental condition remain in a straight chain
conformation. We note here that when the size of the solvent molecule is relatively larger than
the solute molecule SED relation can break down due to the creation of void space created by
larger solvent molecules.®®® In view of this, the relatively faster rotation of the MPTS in
pyrrolidinium-based DIL as compared to that in MIL can be attributed to the relatively longer

alkyl spacer chain length in that DIL.”

3.3.4. To obtain further insight into the micro-heterogeneous behaviour of the imidazolium and
pyrrolidinium-based ILs, the change of viscosity, rotational diffusion time of perylene and
translational diffusion coefficient of cations in ILs with respect to temperature have been fitted
to Arrhenius equation. The Arrhenius equation provides the value of activation energy for
viscous flow, rotational and translational diffusion, which, in turn, can provide some structural

information regarding the diffusive species.”!
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Figure 3.10. The variation of the (a) viscosity (b) rotational diffusion coefficient and (c)

translational diffusion coefficient as a function of temperature.

The activation energies of the various flow, calculated from the slope of the Arrhenius equation
are presented in Table 3.5. Figures 3.10a, b and ¢ represent the Arrhenius behaviour in terms
of viscosity (7), rotational diffusion of perylene (t,) diffusion coefficients (D;) and
respectively.

Table 3.5 Activation energy for viscous flow (Ej,), rotational diffusive flow (Er) and

translational diffusive flow (E7) of ILs, perylene in ILs and cation of ILs respectively

Systems Viscousflow Translational Rotational
Ev/(kJ/mol) diffusive flow E1/ diffusive flow Er

(kJ/mol) /(kJ/mol)

[CsMim][NT1] 30.40+1.52 30.12+1.50 24.92+1.24

[CaMPyrr][NTH2] 32.10+1.60 33.12+1.69 25.71+1.28

[CsMim][NTf] 35.84+1.79 34.29+1.71 21.53+1.07

[CsMPyrr][NTf2] 35.01£1.75 40.17+£2.00 23.64+1.18

[Co(Mim)2][NTHf2]2 45.434+2.27 57.56+2.87 16.40+0.82

[Co(MPyrr)2][NTE2]2 42.5442.12 53.45+2.67 22.62+1.13

From Table 3.5, it can be seen that, for all ILs, the activation energies for translational diffusive
flow are similar to those for viscous flow. However, the activation energy for rotational
diffusion of solute have not been found to vary reciprocally with viscosity. This evidence

crucially suggests that while translational diffusion is more closely associated with the
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viscosity of the medium but, there is relatively less association of rotational diffusion perylene

with viscosity of ILs.

Here we would like to note that the diffusion motion of ions in ILs can originate from non-
hydrodynamic “jump” like motion,”? where the collective diffusion of cation and anion takes
place. The activation energy accounts for the extent of inter and intra-molecular interaction,
which play an important role in governing their diffusion. Table 3.5 shows that in case of MILs
the activation energies related to viscous flow and diffusive flow have been increased with
increase in the alkyl chain length on the cationic part, whereas activation energies for rotational
diffusion of perylene has been found to decrease. Furthermore, going from MILs to DILs, the
deviation of activation energy of rotational diffusion from the activation energy of bulk
viscosity of the medium has also been found to increase. Again, the difference in the activation
energy required for the viscous flow and rotational diffusive flow of peryleneis observed to be
more in [Co(Mim)2][NTf>]2.This observation further indicates that the imidazolium-based DILs
are more micro-heterogeneous in nature than the pyrrolidinium-based DIL. This analysis also
reveals that the difference in the nature and symmetry of cationic head group of DIL has an
important role in governing the overall structural organisation and micro-heterogeneous

behaviour of DILs.
3.4. Conclusions

This study reports the differences in the microscopic behaviour of imidazolium and
pyrrolidinium-based DILs in terms of structure, dynamic and intermolecular interaction. The
behaviour of the concerned media has been investigated by exploiting combined steady state
and time resolved fluorescence, EPR and NMR studies. Specially the investigation have been
carried out by employing two DILs, namely [Co(MPyrr)2][NTf2]2 and [Co(Mim):][NTT2]o.

Additionally, mono-cationic counterparts (MILs) of the respective DILs have also been used
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for the study so that proper comparison of the microscopic behaviour of DILs with that of MILs
can be obtained. The steady state emission and EPR spectral data have revealed that the
polarities of pyrrolidinium and imidazolium-based DILs reskemble to mono-hydroxyl and
poly-hydroxyl alcohol respectively. The rotational correlation times (t,-) corresponding to two
chemically different probes perylene and MPTS at various temperatures in both MILs and DILs
are found to be different. The analysis of the rotational motion of the solutes with the help of
Stoke-Einstein-Debye (SED) theory has revealed that nature of solute solvent interactions in
these media are different from each other. Additionally, differences in the dynamics of both the
solutes in the DILs as compared to the MILs have also been emerged from the studies.
Interestingly, it has been observed that the rotational diffusion of both charged and neutral
solute have been found to be faster in DILs than that in MILs, despite of the fact that DILs are
relatively bulkier than their MILs counterparts. The observation of relatively larger decoupling
of rotational motion of solute from the medium viscosity for [Co(Mim)>][NTfz]> than that of
[Co(MPyrr)2][NTH2]2 further suggest that the former is dynamically more heterogeneous than
the later. More interestingly, measurements and analysis of temperature dependent translational
self-diffusion coefficient of cationic components of MILs and DILs through PFG-NMR
technique suggested that the alkyl spacer chain in [Co(Mim),][NTf:], exists in folded form but
in [Co(MPyrr)2][NTf2]2 remains in straight chain conformation. The outcome of all these
studies essentially indicates that the structural organisation of both DILs is different from each
other as well as different from theirs mono-cationic counterparts and the local structure of ILs

contribute significantly to the dynamics of the solute.
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3.5. Appendix 3
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DILs with Temperature (k).
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CHAPTER 4a
Abstract
In this chapter, the influence of a molecular co-solvent, ethylene glycol (EG) on the
microscopic behaviour of an imidazolium-based DIL is analyzed by employing TRFA) and
NMR spectroscopic techniques. In order to have a clear understanding of the specific role of
DIL, a MIL containing an alkyl side chain unit, same as the alkyl spacer chain length of DIL,
have also been investigated. The rotational diffusion of two fluorescent probes 9-PA and R110
have been carried out in both neat MIL and DIL and their mixtures with various fraction of EG.
The analysis of the results has demonstrated that, within the studied concentration range, the
microstructure of MIL encompassing both polar and nonpolar domains gets disrupted as the
mole fraction of EG increases. However, a similar investigation in DIL have revealed that the
micro-structure of DIL gets affected slightly when the similar proportions of EG is added to
DIL. This behaviour of DIL is attributed to the enhanced rigidity of the DIL structure due to its
folded structural arrangements. Furthermore, NMR studies have provided additional insights
into the interactions between the components of ILs and the added solvent. It has been observed
that EG can form strong hydrogen-bonding interactions with the imidazolium-ring and alkyl
chain protons of MIL. However, such interaction has not been observed in DIL. Moreover, the
translational diffusion coefficient (D;) value for the cationic moiety of both MIL and DIL,
measured through NMR, have depicted that in presence of EG, the change in D,value is much
higher for MIL than that for DIL. Overall, the outcome of the combined fluorescence and
NMR studies have pointed out that the behaviour of DIL and MIL in presence of a co-solvent
is very different from one another and thus the individual mixture (IL+solvent) can be used for

various targeted industrial applications.
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4a.1. Introduction

In recent times, binary mixtures of ILs and a molecular solvent have emerged as suitable
alternative to pure IL-based system in numerous analytical applications, such as separation,
extraction, and synthesis !>, The idea of combining ionic liquids with molecular solvent has
led to the formation of new solvents systems with improved physicochemical properties .
Moreover, proper choice of co-solvents can allow one to effectively customize the
physicochemical characteristics of a (IL+ co-solvent) mixture which can facilitate their use in
diverse fields %%, In addition to this, the most crucial characteristics that IL possess is the
heterogeneous microstructure in them. Due to presence of polar and nonpolar domain in the
fluid structure, they play significant role in the dissolution of complex molecules and ion-
transport ''"3The microscopic structural organization within ILs can be disturbed with the
addition of molecular solvents. Therefore, it is beneficial in many ways to understand how
added co-solvents affect the relevant microscopic properties in ILs as well. While most of the
research work in this regard has been conducted by employing mono-cation based ILs, such
studies on an alternative class of ILs, for example, DIL, are notably limited'*!®, In fact, it has
been demonstrated that the properties DILs are superior to the MILs in terms of the higher glass
transition temperature, higher surface tension, and larger electrochemical window !°%2,
Therefore, it would be interesting to know the structural organization and various
intermolecular interactions that prevail in DIL-molecular solvent mixtures. This can be
achieved with proper understanding on the structure and dynamics of DILs in the absence and
the presence of co-solvent. Additionally, understanding this aspect of mixture (IL+co-solvent)

may also be helpful in developing suitable solvent system for targeted application.

An extensive amount of experimental and theoretical studies on RTILs have been carried out
in order to investigate the behaviour of IL in its neat condition as well as in presence of water,

alcohol, and other polar or nonpolar organic compounds 3%, Specifically, to understand the
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behaviour and the heterogeneity of IL/ molecular liquid mixtures, nuclear magnetic resonance
(NMR) and neutron/X-ray diffraction, IR, fluorescence-based techniques have been employed
11,2426 These studies have shown that the presence of hydrogen bonding interaction between
ILs and co-solvent molecules can decrease the electrostatic interaction between cation and
anions in an IL and thereby reduce the total binding energy of ILs, which eventually decreases
the viscosity of the given of ILs 2”?°. In this context, investigations carried out by Dutt and co-
workers are note-worthy. They have observed significant change in the micro-viscosity of the
mixture containing of imidazolium-based MIL [Cg(Mim)][BF4] and di-ethylene glycol (DEG)
mixture than that have been observed for the individual neat solvent *°. The new hydrogen
bonding network formed by [Cs(Mim)][BF4] with EG is considered to be the main reason
behind the enhancement of the microviscosity of the concerned medium. In a separate study,
while examining the influence of an organic solvent, tetraethylene glycol dimethyl ether
(TEGDME) on the structure and microscopic behaviour of an imidazolium-based MIL, 1-
butyl-3-methylimidazolium hexafluorophosphate ([C4(Mim)][PF¢]), Guo and co-workers,
have observed the dissipation of the polar regions as well as the nonpolar regions of the
[C4(Mim)][PFs], with an increase in the mole fraction of TEGDME'?. In an another work,
Sarkar and co-workers have observed faster solvation and rotational diffusion time of coumarin
153 in [C4(Mim)][PF¢]-water mixture as compared to neat [C4(Mim)][PFs], due to the
weakening of electrostatic interaction between ions of ILs as a result of the addition of water
to neat ILs. It is evident from the above discussions, most of the studies on this aspect have
been carried out by employing monocation-based ILs !> 3132, However, there have been no
reported studies that investigate how molecular solvents affect the microscopic characteristics
and structural arrangement within the context of DIL. In this scenario, we would like to
mention that DILs are structurally more micro-heterogeneous than MILs 333, Due to the

presence of an extra cationic head, the mode and extent of interaction with a particular
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molecular solvent is expected to be different in DIL than that has been generally observed with
a similar class of MILs *-2°. Therefore, investigating the effect of molecular solvents on both
microscopic and macroscopic behavior in DIL in terms of its structural organization,

intermolecular interaction is expected to be interesting.

With the aforementioned issues in mind, the aim of this chapter is to understand the structural
organization of some MIL and DIL and the intermolecular interaction that prevails in IL-
solvent mixture in the presence of an organic solvent. For this purpose, a DIL, 1,8-bis(3-
methylimidazolium-1-yl) octane bis(trifluoromethanesulfonyl)imide [Cg(Mim)2][NTf;]> and a
MIL 1-methyl-3-octylimidazolium bis(trifluoromethanesulfonyl)imide [Cs(Mim)][NTf:] have
been synthesized and are investigated. EG has been chosen as the molecular solvent in this
study because it is extensively used in many industrial applications and is miscible with all ILs
studied here at ambient conditions . We would like to note here that, the MIL has been chosen
in a way that the alkyl chain length of the MILs matches with the spacer chain length of the
DIL. The choice of system is expected to provide a comparative view of the changes that may
happen during IL-EG interaction events. To probe the structural organization in the apolar and
polar domains of ILs in absence and presence of EG, the rotational diffusion of selected solutes
are carried out using TRFA. For example, two probes, 9-Phenylanthracene (9-PA) and
Rhodamine 110 (R110), are used for TRFA measurements. 9-PA, being apolar, help in probing
solute-solvent interactions in the apolar domain, while R110, being polar, help in monitoring
activities in the polar domain of the ILs **. Furthermore, NMR studies have also been carried
out to shed more light on the intermolecular interaction at the molecular level. The outcomes
of this study are expected to advance our knowledge in understanding the behaviour of both
MIL and DIL in presence of organic solvent and the acquired knowledge may also be helpful
to formulate new solvent mixtures for targeted application. Scheme 4a.l. represents the

chemical structure of ILs and probe molecules used in this chapter.
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[C(Mim),INTf,],

9-Phenylanthracene Rhodhamine R110

Scheme 4a.1. Chemical structure of the ionic liquid and molecular probe used in this study.

4a. 2. Materials, Instruments and Methods.

Rhodamine 110, 9-PA, Ethylene glycol (EG) was purchased from Sigma-Aldrich. Both the
DILs, 1,8-bis(3-methylimidazolium-1-yl)  octane  bis(trifluoromethanesulfonyl)imide
([Cs(Mim)2][NTt2]2) and MIL, I-methyl-3-octyl imidazolium
bis(trifluoromethylsulfonyl)imide ([Cs(Mim)][NTf.]) were synthesized using standard
protocols that were reported in the literatures and has been described in details in chapter 2 '*-
20,35 The NMR spectra of the respective ILs are provided in Figure APX.4a.1 and Figure
APX4a.2. The mixture of ILs with EG were prepared by simply mixing them with proper molar
ratio. Specifically, three compositions with EG fraction 0.2, 0.4, 0.6 were prepared. We want
to note here that the ILs and EG were easily miscible under atmospheric conditions by simply
shaking the mixtures. The solution of fluorophore molecules, 9-PA and R110 of micro-molar
concentration are carefully prepared for the TRFS studies. The sample solution was further
evacuated with nitrogen gas and was then transferred into a micro-cuvette for the
measurements. The methodology for TRFA and PFG-NMR measurement can be found in

chapter 2,338

120| Page



CHAPTER 4a
4a.3. Results and Discussion
4a.3.1. Time-resolved fluorescence anisotropy study. Rotational diffusion study is an
important tool to extract several valuable information about the solute-solvent and solvent-
solvent interactions®®*°. Therefore, in order to understand the influence of increasing
concentration of EG on the structural organization of both MIL and DIL, the rotational
diffusion of two suitably chosen molecule 9-PA and R110 have been monitored in the neat ILs
as well as in the IL+EG mixtures as a function of temperature. As the rotational diffusion time
is directly related to the viscosity of the solvent, at the beginning of this study, viscosity of
(EG+IL) mixtures are measured and collected in Table APX4a.1. The fluorescence anisotropy
decays of 9-PA and R110 in both IL and (IL+EG) mixtures over the temperature range of
298-323k are measured and these decay plots at a particular temperature 298k for both MIL

and DIL in the absence and presence of EG are illustrated in Figure 4a.1.
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Figure 4a.1. Decay plots for 9-PA and R110 in MIL and DIL with increasing fraction (X) of

EG at 298k.
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The estimated reorientation times (7,) of the two solutes along with the viscosities of the
solvent systems are provided in Table APX4a.1. From the table, it is clear that at a particular
temperature the reorientation time (7,) of both 9-PA and R110 in MIL is relatively less as
compared to those observed in the DIL. This is due to the higher viscosity of the DIL as
compared to MIL. Interestingly, one can also find from Table APX4a.1 that with an increase in
the mole fraction of EG, 7, values of both the probes decreases in both MIL and DIL indicating
the faster rotation of solutes with decrease in the viscosity of the medium. However, since it
would be difficult to assess that this lower 7, value of the probe in the concerned media is due
to change in the bulk viscosity of the media or due to the change in micro-viscosity of the
media in presence of EG, we estimated the reorientation time (7)) of probe molecules in pure
ILs and their mixtures with EG under iso-viscous conditions. For this purpose, we have
conducted additional measurements of the (z,) for both the probe molecules in pure ILs as
well as their EG mixtures by carefully controlling the temperature so that the viscosity of the
mixtures match with the viscosity of the pure ILs. This allowed us to eliminate the influence
of viscosity and gain precise insight into the effect of EG on the rotation of solute molecules.
The results of these measurements are summarised in Table 4a.1. We would like to note here
that, the 7,- the MIL systems are measured at a viscosity 34cP and that of for DIL systems at

165cP.

Table 4a.1. The rotational relaxation time of different probes in both the MIL and DIL systems
under iso-viscous conditions

X (EG) T,/ns
[Cs(Mim)][NTf:] [Cs(Mim)2][NTf2]2
9-PA R110 9-PA R110
0 1.5 9.9 33 18.0
0.2 1.7 8.6 3.0 15.7
0.4 1.9 7.1 2.8 13.3
0.6 23 59 2.5 13.0
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Upon analysing the data presented in Table 4a.1, a distinct pattern can be observed regarding
the impact of EG on the rotational behavior of the probe molecules in MIL and DIL. For
example, while examining the rotational behavior of 9-PA, it is evident that the addition of EG
gradually slows down its rotational diffusion in the MIL system. However, intriguingly, in case
of DIL the rotational motion of 9-PA become faster when EG is added to it. Conversely, while
probing the rotation of R110 we find that the rotation of R110 become faster with the
introduction of EG to the MIL. Similarly, when EG is added into the DIL, the rotation of R110
is observed to be increased. The current findings suggest that EG exhibits very different effects
on the behaviour of MIL and DIL systems. Specifically, these observations suggest that EG
influences the micro-environment experienced by the probe molecules differently in MIL and
DIL. This observation can be attributed to various factors such as molecular interactions,
solvation effects, or structural changes induced by EG in the IL systems. In order to declutter
these issues, we have analyzed the data using Stoke-Einstein-Debye (SED) hydrodynamic
theory 3% 340, The details of SED theory have been described in chapter 2 and the SED
equation has been given by eq. 2.14. To analyse the data, the probe parameters such as

V, f and Cq;p are collected from available literature 3%, The log-log plots of reorientation time

(T,-) vs (Il/T) for 9-PA in MILs and DIL in the absence and presence of EG are shown in Figure

4a.2. Figure 4a.2a clearly demonstrates that the rotational relaxation behaviour of 9-PA in neat
MIL, [Cg(Mim)][NTf>] tends to remain within the boundary condition parameters predicted by
SED theory. However, with the gradual addition of EG, the rotational diffusion of 9-PA become
slower and eventually approaches the stick line. This observation is quite interesting in the
sense that rotational motion of 9-PA slows down even when the bulk viscosity of the medium
get reduced due to the addition of EG. This departure of the hydrodynamic behaviour of the
probe solute reflects the important role of the micro-viscosity of the concerned media in driving

the solute rotation.
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Figure 4a.2. Log—log plots of rotational reorientation time of 9-PA in (a) [Cs(Mim)][NTf2] (b)
[Cs(Mim)2][NTf2]> in neat condition as well as with their mixture with EG of various
composition as marked in the legend of the figures. Here, cyan and magenta lines indicate the
slip and stick boundary conditions, respectively. The dashed red line indicates the fit to data

points.

In this context, we would like to note that such viscosity-diffusion decoupling behaviour is
suggestive of the change in the micro heterogeneous behaviour of the relevant media 2% 3% 41-
21t has been well established in the literatures that the micro heterogeneous nature is
intricately related to the change in the structural organization of the medium where the solute
rotation occurs 213, Therefore, in the present case, the change in the rotational behaviour of 9-
PA can be attributed to the alteration in the micro-heterogeneous behaviour and structural
organization of the MIL caused by the introduction of EG to IL media. Quite interestingly, in
case of neat DIL (Figure 4a.2b), one can see that the rotational relaxation behaviour of 9-PA
falls close to slip boundary (faster rotation) condition at lower temperature and even cross the
slip line at higher temperature. Based on the result stated above, the rotation of 9-PA in DIL is
noticeably faster than that in MIL, and according to hydrodynamic terminology, this faster
rotation of 9-PA in DIL is referred as sub-slip behaviour **. Previous literature reports also

demonstrate the sub-slip behaviour of apolar molecules in DIL*?. Please note that 9-PA being
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apolar molecule locate itself in the apolar domain of both MIL and DIL. In this connection, we
would also like to recall that the length of alkyl chain corresponding to the MIL and DIL
investigated here are the same. Despite this, the faster rotation of 9-PA in DIL as compared to
MIL clearly points out that the length of the alkyl chain (side chain in MIL and spacer chain in
DIL) is not the only factor affecting the rotation of the solute in the given medium. Instead, it
demonstrates that the nano-structural organization of MIL and DIL are very distinct; as a result,
the rotating solute experiences substantially different degrees of micro-viscosity in these two
media. Moreover, it has also been observed that with the addition of EG in the DIL medium,
the rotational motion of 9-PA becomes slightly faster only at higher temperature. The results
presented here clearly shows that relaxation behaviour of 9-PA in (MIL + EG) mixtures differs
remarkably from that in (DIL + EG) mixtures. Moreover, the influence of EG on the relaxation

properties of 9-PA is more pronounced in the presence of MIL compared to DIL.
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Figure 4a. 3. Log—log plots of rotational reorientation time of R110 in (a) [Cs(Mim)][NTf:],
(b) [Cs(Mim)2][NTf>]2 in neat condition as well as with their mixture with EG of various
composition as marked in the legend of the figures. Here, cyan and magenta lines indicate the

slip and stick boundary conditions, respectively. The dashed red line indicates the fit to data

points.

Again, in order to probe how the nano-structural organization of the polar domains of ILs is
influenced by the presence of EG, which is expected to make hydrogen bonding interaction
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with the cation and anion of the given IL, a positively charged probe R110 has been used for
the study. Please note that the R110 being polar probe help in monitoring the polar domains of
the concerned ILs. Figure 4a.3 illustrates the log—log plots of average rotational relaxation
time (tr) versus (n/T) for R110 in MIL (Figure 4a.3a) and DIL (Figure 4a.3b) in absence and
presence of EG at various temperatures. As evident from Figure 4a.3a, in the case of MIL, the
rotational relaxation behaviour of R110 is significantly hindered as compared to that has been
observed in the case of 9-PA. As per hydrodynamic terminology, this particular rotational
behavior of R110 can be termed as super-stick behavior (above stick boundary limit) **. The
super-stick behavior of solute (R110) usually indicates a strong solute—solvent specific
interaction’. In this context we would like to mention here that R110 is positively charged, and
it is a hydrogrn bond donating solute.*® Therefore, in neat MIL, the R110 experience a strong
hydrogen bonding as well as electrostatic interaction with the NTf>™ (anion) of ILs and hence
experience hindered rotation. At the same time, EG can also form strong hydrogen bonding
interactions with the imidazolium cation and NTf;™ anion in IL. Therefore, upon introducing
EG into the MIL, the competitive interaction of EG and R110 with the NTf," reduces the extent
of solute-solvent interaction, thereby facilitating the faster rotation of R110. On the contrary,
the rotation of R110 is found to be appreciably faster in DIL than in MIL. The (z,) value of
R110 in DIL fall just below the stick boundary condition (Figure 4a. 3b). The faster rotation of
charged solute like MPTS in DIL as compared to that in MIL despite the fact that both
containing the same alkyl chain has been reported in previous literature**. Quite interestingly,
upon careful look at Figure 4a. 3b, one can also realize that even after the addition of EG, the
rotational behavior of R110 remains almost unaltered; in fact, R110 continues to fall within the
slip and stick boundary limit as predicted by the SED theory. This result suggests that the DIL-
EG interaction is weaker than the MIL-EG interaction. It is essential to note here that a series

of experimental and theoretical studies have provided compelling evidence regarding the

126 | Page



CHAPTER 4a

distinct nano-structural organization found in MILs and DILs, particularly those featuring
longer alkyl chains **3* % In MILs, the alkyl sidechain exhibits a relatively greater degree of
freedom and flexibility. This inherent flexibility leads to a distinct behavior where the alkyl
chains tend to aggregate due to hydrophobic interactions between them, and in such
arrangements, the anion (here NTf,) tends to be present near the head group (imidazolium)
ensuring maximum cation-anion electrostatic interaction. Conversely, when considering DILs,
the situation is remarkably different. In DILs, the alkyl chain is buried between the two head
groups of the molecule. As the length of the alkyl chain in DILs increases (C>6), its flexibility
also increases. This increased flexibility results in an arrangement where the alkyl chains tend
to become folded, and simultaneously, head groups in DILs are compelled to come closer to
each other and in such arrangement, two anions become available for each imidazolium cation.
Keeping this in mind, we can conjecture that the folded structural configuration of DILs
imposes a restriction for EG to strongly interact with the cation and anion in DIL, and perhaps

due to this reason, upon addition of EG, the rotation of R110 remains least affected in DIL.

To have a better realization of this distinct behaviour of MIL and DIL in the presence of EG,

the friction coefficient values(C,,; = Tr/rexp) of 9-PA and R110 estimated utilizing the data

from Table APX4a.1 for both MILs and DIL are plotted individually against the mole fraction
of EG added to the neat ILs (Figure 4a. 4). Friction coefficient is a measure of the extent of
solute-solvent interaction. Figure 4a. 4a and Figure 4a. 4b have collectively shown that the
change in the friction coefficient of 9-PA and R110 with the addition of EG is relatively higher
in MIL than that have been observed for DIL. The outcome of the current analysis has conveyed
that the presence of EG bring about significant perturbation in the structural organization in
MIL. However, the structural organization of the DIL remains intact even after a similar

proportion of EG is added to the DIL.
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Figure 4a.4. Friction coefficient for 9-PA (a) and R110 (b) in MIL and DIL as a function of

EG molefraction.

From SED analysis one can also realize that the rate of change in (1) for both the solute with
respect to the addition of EG to MIL and DIL is not in accordance with the decrease in bulk
viscosity of the medium. This indicates that the rotational motion of the solute is decoupled
with the medium viscosity, which is known as viscosity-diffusion decoupling behaviour. The
literatures suggest that this n-(z7,) decoupling happens due to the micro-heterogeneous
behaviour of the concerned medium.**** Since the introduction of EG into the ILs can influence
the micro-heterogeneous behaviour of the ILs, understanding these aspects of ILs in the
absence and presence of EG is essential. In order to understand how the presence of EG affects
the micro-heterogeneous behaviour in MIL and DIL, the rotational anisotropy data are analyzed
further by employing an empirical relationship, =A(n/T)", where A is the constant and n is the
exponent %424 Previous literature studies have also depicted that by looking at the departure
in ‘n’ value from unity one would be able to get an idea about the micro-heterogeneous
behaviour of the medium. The values of n for 9-PA in MIL and DIL are estimated using the

data presented in Table APX4a.1 and collected in Table 4a.2.
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Table 4a. 2. The n value for 9-PA for in MIL and DIL and their respective mixture with EG

X(EG) n/(9-PA)
[Cs(Mim)][NT£] [Cs(Mim)2][NTH:]2
0.0 0.527 0.476
0.2 0.609 0.466
0.4 0.747 0.455
0.6 0.763 0.446

It can be observed from Table 4a.2 that the value of n is 0.52 and 0.48 for 9-PA in neat MIL
and DIL respectively, suggesting the microheterogeneous stucture of both the media.
Interstingly, one can see from same table that upon gradual addition of EG, in case of MIL, the
n value approachs to unity (n=0.76 at 0.6 molefraction of EG), indicating a partial loss in micro-
hetergeneous structurein MIL. On the other hand, in the case of DIL, even in the presence of
0.6 mole fraction of EG, the estimated n value (0.44) remains much below unity indicating
micro-heterogeneous structure in DIL does not change appericiably in the presence of EG.
Therefore, we can say here that the micro-structure for DIL is more rigid as compared to that

for MIL.
4a. 3.2. NMR Studies.

To ascertain how the electronic environment of different protons in both MILs and DILs
changes in the presence of EG, a molecular level analysis has been carried out by employing
'H NMR spectroscopy. In 1-alkyl-3-methylimidazolium-based ILs, it is commonly observed
that the protons of the cationic head group participate in hydrogen bonding interactions even
with weak hydrogen bond acceptor (HBA) anions, along with other type of interactions such
as ionic and van der Waals interactions.®! The addition of hydrogen bond donors (HBDs), such
as EG, can induce significant changes in the strength of hydrogen bonding interactions between

the constituents of ILs. This can occur through the formation of new hydrogen bonds or by

129 | Page



CHAPTER 4a

breaking/weakening the existing hydrogen bonds present in the pure ILs. Therefore, the
interaction between the constituents of ILs and EG has been further investigated by measuring
the chemical shift (&) of various protons in the binary mixture of ILs with EG. Figure 4a.5a
and a' show the chemical shift of different protons in pure ILs [Cs(Mim)][NTf2] and
[C3(MIM)][NTH:2]2), while Figure 4a. 5b and b' represent the chemical shift of these protons in
their corresponding binary mixtures with 0.6 mole fraction of EG. Upon analyzing Figure 4a.5b
and b', it is evident that after the addition of EG to both ILs, an additional peak appeared in the
range of ~ 3.5 ppm to 3.6 ppm, which is attributed to the resonance peaks originating from
EG.3! Again, a careful inspection of the stacked spectra (Figure 4a. 5c and ¢”) revealed an up-
field shift of the C (4,5)-proton (attached to the imidazolium ring proton) as well as C (6,7)-
proton (alkyl chain proton, Scheme 4a. 2) after addition of EG to the MIL. However, no such
shift has been observed in case of DIL [Cg(Mim)>][NTfz]z. In this context, we would like to
draw attention to the fact that previous literature has provided strong evidence for the
significant impact of EG on both C (4,5) and C(2) proton of the imidazolium rings, as well as
some protons of the alkyl chains.!* This observed up field shift in the ring protons as well as
alkyl chain protons of MIL indicates their strong interactions with ethylene glycol.’! However,
such interactions appear to be absent in the case of DILs, which essentially suggests that the
imidazolium ring proton as well as alkyl chain proton in DIL, due to their folded structure, are
less available for making interaction with ethylene glycol. This fact is further manifested by
monitoring the translational diffusion of the ILs, specifically the cationic part of the ILs, in the

absence and presence of EG utilizing PFG NMR technique.
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Scheme 4a.2. The number assigned to the carbon atoms and the chemical shift of the protons

attached to those carbon atoms.
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Figure 4a.5. Selected 'H NMR spectra, i.e. those collected for pure (a) [Cs(Mim)][NTf] and
(a’) [Cs(MIM)2][NTf2]2 and the respective EG/IL mixture with X = 0.6 (b and b’). The carbon
number and the chemical shifts referenced to tetramethylsilane (TMS) are assigned as per
scheme 4a.2. The stars in the intermediate spectrum (i.e. that of the mixture of ILs with X =
0.6 EG) indicate resonance peaks arising from EG. Figure ¢ and ¢’ indicates the overlapped

NMR spectra of MIL and DIL respectively in absence (Magenta line) and presence of Ethylene

Glycol (green line).
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Table 4a.3. Translational diffusion coefficients of cationic part of IL systems in absence and

presence of ethylene glycol at 298k.

System Diffusion Coefficient

(Dt*10‘11/m2s‘1)

Table 4a. 3 illustrates the estimated D, values of the respective cations of both MIL and DIL in
the absence and presence EG (X=0.6) at room temperature. Table 4a. 3 shows that in the
absence of EG, the value of D, for the DIL is substantially smaller than for the MIL, which is
consistent with their respective masses and medium viscosities. However, with the addition of
EG, the D,value of both the ILs increases, which can be attributed to the decrease in the bulk
viscosities of these media. Interestingly, upon a careful inspection of Table 4a.3 it can be seen
that for the MIL, with addition of 0.6 M.F. of EG the decrease in viscosity is more than 3 times
whereas the increase in the D, value is almost 2 times. This observation essentially suggests a
significant interaction between the constituents of MIL and EG, causing this disproportionate
change in the D, value of the MIL in the presence of EG. Conversely, in the case of the DIL, it
is observed that the changes in viscosity and D, value align more closely with each other when
EG i1s added, indicating minimal interaction between EG and DIL. Overall, analysis of the
NMR data shows that the influence of EG on the nano-structural organization of MILs and
DILs differs significantly, with MIL being more affected upon addition EG. In contrast, the

folded structure of DIL remains unchanged even at higher concentrations of EG. Essentially,
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the outcomes of the NMR measurement highly corroborate the findings obtained from the

rotational dynamic study.

4a.4. Conclusions

In summary, the influence of a molecular co-solvent, ethylene glycol (EG), on the structural
organization of imidazolium-based MIL and DIL have been investigated. For this purpose the
relevant DIL, [Cg(Mim)2][NTf2]2 and a MIL [Cg(Mim)][NTf>], has been synthesized and their
microscopic behaviour have been investigated using time-resolved fluorescence and NMR
spectroscopic techniques both in absence and presence of EG. The rotational anisotropy of
data two selected probes (9-PA and R110) has revealed contrasting behaviour in MIL and DIL
in presence of EG. Specifically, in case of MIL, the rotational relaxation of 9-PA became
progressively slower as the mole fraction of EG increases, suggesting the formation of a more
compact structure in the apolar region (composed of the alkyl chain) in the presence of EG.
Meanwhile, the faster rotation of R110 in MIL in presence of EG indicated the interaction of
EG with the polar domain of the MIL. In contrast to this, the addition of EG to DIL induces
marginal effect on the relaxation behaviour of 9-PA and R110. This observation suggests that
the folded structural arrangement of DIL become an important factor in preventing the direct
interaction between the imidazolium cation and EG. In a similar fashion the rotational motion
of the solute is found to be more decoupled from the medium viscosity in case of (EG+MIL)
mixture. However, the decoupling remained largely unchanged in case of (EG+DIL) mixture,
indicating relatively stronger interaction of EG with MIL as compared to DIL. Interestingly,
the shift in the NMR signals of some specific protons of MIL in presence of EG has indicated
the H-bonding interaction of EG with MIL. However, no such shift was observed for equivalent
protons in DIL when EG was present. More interestingly, the diffusion coefficient of the cation
in MIL, which exhibited significant changes in the presence of EG, showed minimal changes
in the case of DIL. Collectively, these results have led us to conclude that among ILs, having
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the same alkyl chain, DIL retains its nano-structural organization to a greater extent in the
presence of the co-solvent EG compared to MIL. The present study is expected to enrich our
understanding of the underlying principles governing the interactions between ILs and
molecular solvents, which in turn can be helpful in designing a suitable IL+cosolvent mixture

suitable for a specific application.

4a.5.Appendix 4a
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Figure APX4a.1. '"H NMR spectra of MIL ([Cs(Mim)][NTfz]) with reference to CDCls.
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Figure APX4a.2. '"H NMR spectra of MIL ([Cs(Mim)2][NTf2]2) with reference to CDCls.
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Table APX4a.1. The viscosity and rotational reorientation time of 9-PA and R110
in IL systems

Systems T  nP)  9PA RI10

T (ns) Crot T: (ns) Crot

[Cs (Mim)]|[NTfH:] 298 108.8 2.75 0.28 15.9 1.15
303 86.30 2.50 0.30 14.7 1.26

(neat) 308 68.30 2.31 0.35 13.2 1.46

313 55.40 2.00 0.38 12.1 1.67

318 45.20 1.77 0.42 11.2 1.93

323 37.00 1.54 0.46 10.1 2.16

298 79.30 2.72 0.35 13.0 1.19

303 39.20 1.90 0.50 9.70 1.83

(X=0.2EG) 308 32.10 1.65 0.54 8.00 1.88
313 26.10 1.52 0.62 6.70 1.96

318 20.90 1.23 0.63 5.75 2.14

323 18.10 1.12 0.68 4.90 2.14

298 50.20 2.55 0.51 9.05 1.31

303 34.30 1.88 0.56 7.10 1.53

(X=0.4EG) 308 26.20 1.50 0.60 5.70 1.64
313 24.90 1.44 0.63 5.20 1.60

318 19.50 1.19 0.66 4.00 1.59

323 17.50 1.08 0.68 3.50 1.58

298 34.40 2.28 0.67 5.88 1.25

303 27.60 1.85 0.69 5.10 1.37

(X=0.6EG) 308 21.90 1.45 0.69 4.10 1.41
313 18.00 1.39 0.82 3.20 1.36

318 14.91 1.15 0.83 2.64 1.38

323 13.01 1.03 0.86 2.20 1.34

[Cs(Mim)2][NTf2]2 298 609.20 6.20 0.10 30.00 0.37
303 479.02 5.82 0.12 26.50 0.42

(neat) 308 366.07 4.95 0.14 24.10 0.52

313 282.37 4.34 0.16 22.02 0.61

318 195.00 3.60 0.20 19.10 0.77

323 165.00 3.27 0.22 17.99 0.87

298 501.47 5.15 0.10 24.50 0.36

303 386.20 4.50 0.12 21.50 0.42

(X=0.2EG) 308 293.65 3.98 0.14 19.50 0.51
313 22432 3.47 0.16 17.30 0.60

318 174.70 3.10 0.19 16.20 0.67

323 131.77 2.65 0.22 14.20 0.86

298 470.20 4.48 0.10 23.02 0.36
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303 298.00 3.80 0.13 16.85 0.43
(X=0.4EG) 308 210.00 3.20 0.16 14.05 0.51
313 175.15 2.83 0.17 13.60 0.60
318 153.52 2.68 0.19 13.00 0.67
323 104.95 2.24 0.21 11.20 0.86
298 350.15 3.62 0.10 17.85 0.38
303 265.00 3.39 0.13 14.80 0.42
(X=0.6EG) 308 198.00 2.85 0.15 13.50 0.52
313 158.60 2.47 0.17 12.30 0.60
318 137.00 2.31 0.18 11.42 0.66
323 82.97 1.93 0.20 8.90 0.86
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Abstract

In recent times, the mixture of lithium salt and ionic liquid (IL) has emerged as an alternative
electrolyte for lithium-ion batteries demonstrating notable improved conductivity than pure IL-
based electrolyte. However, this promising advancement is not without its complexities, as the
introduction of lithium salt has been identified to influence the structural organization within
ILs. In this chapter, the structural organisation and diffusion dynamics of a pyrrolidinium-based
MIL and DIL containing same alkyl units have been studied in the absence and presence of
lithium salt. The inherent findings of this study have revealed that the coordination of Li* ions
with the anions of both MILs and DILs triggers a change in the structural arrangement of the
nonpolar regions within these respective media. Quite interestingly, our results have also
indicated that the introduction of Li" can ions induce a significantly more pronounced
perturbation in the nano-structural organization of MILs as compared to its impact on DILs.
Analysis of the data have suggested that the robust nano-structural organization in
pyrrolidinium-based DIL remains only slightly affected by the influence of lithium salt. These
findings contribute valuable insights into the intricate interplay between lithium salt, ILs, and
the resulting electrochemical characteristics, offering a promising avenue for the continued

development of high-performance lithium-ion batteries.
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4b.1. Introduction

The continuous quest for safer, more efficient, and environmentally friendly energy-storage
device have driven researchers to explore innovative formulations for lithium-ion batteries
(LIBs).!* Recently, a promising avenue has emerged with the utilization of mixtures
comprising lithium salts and ILs as electrolytes, presenting an intriguing alternative to
traditional organic solvent-based LIB electrolytes.*> ILs being characterized by their low
volatility and flammability has not only mitigated the safety risks but also has contributed to
enhance the overall stability of the electrolyte system.®’ Moreover, addition of lithium salts
has long been recognized for their ability to enhance ionic conductivity. ’However, the synergy
of lithium salt with ILs and the consequent impact on the microscopic structural organizations
within ILs still represents a less explored frontier. In this context, recent studies have shed light
on a noteworthy phenomenon i.e. the aggregation of IL anions in the presence of lithium (Li)
ions.®!3 Therefore, understanding how the introduction of lithium salts alters the intricate
arrangement of ions and molecules within ILs is also crucial for optimization of an electrolyte.
In this context we would like to note here that while most of the studies on the above-mentioned
aspects have been carried out by employing MILs, investigations involving another category
of ILs, specifically DILs, are notably scarce. '*'®As DIL are advantageous as compared to
MILs particularly in terms of high thermal stability and wider electrochemical potential
window, detailed examination of their potential attributed to their microscopic feature is also
crucial to fully realize the potential of a DIL-based electrolytic system for various-energy

related applications.

Focusing on some recent studies carried on the coordination effect of Li ion with the ILs, Varela
and co-workers through combined small angle X-ray scattering (SAXS) experiments and
atomic simulations have shown that the structure of alkyl ammonium nitrate (EAN) IL remains

almost intact upon addition of lithium nitrate (LiNO3) salt.!” The analysis of their data have

143 |Page



CHAPTER 4b

revealed that although coordination of Li" ion take place with the polar nano-domain within
the IL formed by the anions in both monodentate and bidentate fashion, the inter-constituent
interaction in ILs gets only slightly affected. In this context, we would like to mention here that
solvated Li-ion can coordinate with the IL media in distinct ways. '*!°This coordination mode
can be intricately related to the idea of “structure-making” and “‘structure-breaking” where the
solvated inorganic ions induce different local structure of water molecules in the first and even
the second or third solvation shells to accommodate the dissolved species. ! In this context,
Atkin and co-workers have shown “structure-breaking” effect of LiNOs; in EAN, where the
incorporation of LiNO; into the polar domain of EAN, are shown to disrupt in the neat
alignment of ethyl chains in the apolar domain.?! Conversely, in the case ethanolammonium
nitrate (EtAN) IL, “structure-making” effect of LiNOs; have also been observed. This
phenomenon has been attributed to the long-range rearrangement of EtAN in the presence of
Li* ions. 2'Fayer and co-workers while investigating the effect of lithium
bis(trifluoromethylsulfonyl)imide ([LiNTf2]) salt on imidazolium-based MIL through
optically heterodyne-detected optical Kerr effect (OHD-OKE) spectroscopy have observed the
influences of lithium salt addition on the ion mobility and rotational dynamics of ions in IL—Li
solvent system attributed to increase in viscosity of the medium.?? Furthermore, it has also been
demonstrated by Sakai and colleague that the binding of lithium to the polymeric sites of the
gel-based electrolyte helps in enhancing the diffusion of lithium-ion in the medium due to the
segmental motion of the polymer chain.?* Overall, all the above-mentioned studies that are
carried out by employing MILs have demonstrated that the introduction of Li" ion can cause

significant perturbation in the structural organization of the IL medium.

In addition to this, a recent investigation by Sarkar and coworkers on the same aspects by
employing structurally similar MIL and DIL has revealed that structural organisation DIL

remains less affected by introduction of Li salt as compared to MIL.?* This study highlights the
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robust structural integrity of the DIL. It is important to note here that the aforementioned work
has been carried out by imidazolium-based DIL.?* However, similar work by employing other
cation-based DIL has not been carried out yet. Interestingly, pyrrolidinium-based DIL have
been demonstrated to have superior physicochemical properties as well as different structural
organisation than imidazolium-based DIL.?6-*” Therefore, it is imperative to understand the
influence of lithium salt on the structural organisation in pyrrolidinium-based DIL. This
investigation can help one in making proper choice in selecting of DIL-based electrolyte for

targeted applications.

Keening above facts in mind, the present chapter aims to investigate the structural organization
of a pyrrolidinium-based DIL and MIL in the absence and presence of lithium salt. For this
purpose, a DIL, 1,9-bis(1-methylpyrrolidinium-1-yl) nonane
bis(trifluoromethanesulfonyl)imide  [Co(MPyrr);][NTf2]» and a MIL I-methyl-1-
octylpyrrolidinium  bis(trifluoromethanesulfonyl)imide [Cs(MPyrr)][NTf2] have been
synthesized and are investigated. Lithium bis(trifluoromethanesulfonyl) imide has been chosen
as the salt in this study because it possesses anion NTf,” same as that of IL possess. Moreover,
we would like to note here that, the MIL has been chosen in such a way that the alkyl chain
length of the MILs matches with the spacer chain length of the DIL. The choice of system is
expected to provide a comparative view of the changes that may happen during IL-Li"
interaction events. To probe the structural organization in the apolar and polar domains of ILs
in absence and presence of lithium ion, the rotational diffusion of selected solutes are carried
out using TRFA. Two probes, 9-Phenylanthracene (9-PA) and Rhodamine 110 (R110), are also
used here for TRFA measurements. 9-PA, being apolar, help in probing solute-solvent
interactions in the apolar domain, while R110, being polar, help in monitoring activities in the
polar domain of the ILs. Furthermore, NMR studies have also been carried out to shed more

light on the intermolecular interaction at the molecular level. The results of this research are
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anticipated to enhance our understanding of the behaviour exhibited by both MIL and DIL in
the presence of lithium salt. The chemical structures of ILs used in this study has been provided

in Scheme 4b.1.

/N\/\/\N NN
[CMPyrr][NTH,) AN
(@) © .
n=9
@ @ NTE,
AN

- [Col )][NTf,]
\ Co(MPyrr),][NTF,], /

Scheme 4b.1. Chemical structure of the ILs used in this study

4b.2. Materials, Instruments and Methods.

The ionic liquid has been synthesized by following standard protocols as described in the
chapter 1. The methods followed to carry out the experiments in this chapter is same as

described in chapter 4a and chapter 2.
4b.3. Results and Discussion

4b.3.1. Time resolved fluorescence anisotropy studies. To declutter the impact of increasing
concentration of Li" ions on the structural organization of both MIL and DIL, as we did in the
chapter 4a, the rotational diffusion of two meticulously chosen probe molecules, 9-PA and
R110, has been monitored in neat ILs as well as (IL+LiNTf;) mixtures at various temperature
ranging from 303k-353k. Fluorescence anisotropy decays of 9-PA and R110 were measured in
both IL and (IL+LiNTf;) mixtures at corresponding temperatures. A single exponential decay

function satisfactorily fits the data.
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Table 4b.1. The viscosity and rotational reorientation time of 9-PA and R110 in IL

systems
Systems T (k) n(cP) 9PA R110
7 (NS) Crot 7 (NS) Crot
[Cs (MPyrT)][NTf] 303 81.1 2.29 0.29 12.7 1.16
313 51.0 1.55 0.32 7.80 1.17
(X=0) 323 43.0 1.30 0.33 6.60 1.21
333 28.5 0.97 0.38 4.30 1.22
343 21.7 0.82 0.44 3.30 1.27
353 17.5 0.69 0.47 2.55 1.28
303 129.5 2.82 0.22 15.5 0.89
313 84.3 2.03 0.25 10.0 0.90
(X=0.05 Li*) 323 57.0 1.41 0.27 7.10 0.98
333 38.9 1.09 0.31 491 1.03
343 28.1 0.88 0.36 3.55 1.05
353 20.5 0.71 0.41 2.60 1.09
303 153.1 3.01 0.20 16.6 0.80
313 98.5 2.10 0.22 10.8 0.83
(X=0.1Li" 323 66.1 1.44 0.23 7.30 0.87
333 45.1 1.12 0.27 5.10 0.92
343 32.7 0.90 0.31 3.64 0.93
353 23.8 0.73 0.36 2.70 0.97
303 269.1 3.90 0.15 20.2 0.56
313 159.2 2.50 0.17 13.0 0.62
(X=0.2 Li*) 323 92.2 1.60 0.19 8.05 0.69
333 55.5 1.12 0.23 5.16 0.76
343 37.2 1.00 0.31 3.75 0.84
353 27.0 0.75 0.32 2.84 0.90
[Co(MPyrr)2][NTF,]2 303 815.0 9.00 0.11 27.0 0.25
313 485.6 6.10 0.13 20.0 0.31
(X=0) 323 286.1 4.10 0.15 12.8 0.35
333 180.7 2.80 0.17 7.93 0.36
343 121.0 1.90 0.18 5.63 0.39
353 82.6 1.50 0.21 4.00 0.41
303 900.9 9.45 0.10 27.7 0.22
313 526.5 6.45 0.13 20.5 0.29
(X=0.05Li*) 323 310.6 4.27 0.15 13.0 0.33
333 189.7 2.91 0.17 8.33 0.35
343 126.0 1.96 0.18 5.75 0.38
353 90.0 1.54 0.20 4.15 0.39
303 1055.0 10.0 0.09 28.2 0.20
313 581.2 7.00 0.12 20.6 0.27
(X=0.1Li*") 323 349.0 4.74 0.14 13.2 0.30
333 215.0 3.05 0.16 8.72 0.33
343 139.8 2.05 0.17 5.81 0.34
353 96.5 1.60 0.20 4.28 0.38
303 1211.0 10.5 0.08 28.9 0.17
313 704.0 8.30 0.12 21.1 0.23
(X=0.2 Li*) 323 406.0 5.38 0.14 135 0.26
333 287.0 3.96 0.15 9.20 0.27
343 162.0 2.30 0.16 5.89 0.30
353 109.0 1.70 0.18 4.37 0.34
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The decay plots at a specific temperature (323k) for both MIL and DIL in the absence and
presence of LiNTf, are provided in the Appendix 4b (Figure APX.4b.1). The estimated
reorientation times (7,.) of the two solutes along with the viscosities of the solvent systems are
provided in Table 4b.1. However, since it would be difficult to assess that this lower (7,-) value
of the probe in the concerned media is due to change in the bulk viscosity of the media or due
to the change in micro-viscosity of the media in presence of LiNTf,, we also estimated the
reorientation time (7,) of probe molecules in pure ILs and their mixtures with LiNTf> under
iso-viscous condition. For this purpose, we have conducted additional measurements of the
(t,-) for both the probe molecules in pure ILs as well as their LiNTf, mixtures by carefully
controlling the temperature so that the viscosity of the mixtures match with the viscosity of the
pure ILs. This allowed us to eliminate the influence of viscosity and gain precise insight into
the effect of LINT; on the rotation of solute molecules. The results of these measurements are
summarised in Table 4b.2. We would like to note here that, the 7,, the MIL systems are

measured at a viscosity 55¢P and that of for DIL systems at 185cP.

Table 4b.2. Rotational relaxation parameters of different probes in both the MIL and DIL
systems under iso-viscous conditions.

X/ (Li") 7.(ns)
[Co(MPyrr)][NTH, ] [Co(MPyrr), J[NTL ],
9-PA RI110 9-PA R110
0.0 1.75 9.40 2.86 7.93
0.05 1.42 7.20 2.79 7.80
0.1 1.24 6.40 2.55 7.27
0.2 1.13 5.20 2.40 6.45

Upon careful inspection of the data presented in Table 4b.2, it can be revealed that the rotational
diffusion time for both the probe 9-PA and R110 decreases upon the addition of LiNTf; salt
even under iso-viscous conditions. This observation clearly implies that the presence of Li*

ions induce structural perturbation in both MIL and DIL, leading to a change in the rotational
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behaviour of the probe molecules in these media. Moreover, the extent of change of 7,. for both
the probe is found to be different for MIL and DIL. For example, the 7,- of 9-PA, which has
been decreased by 1.5-fold with addition of 0.2 M. F of LiNTf> in case of MIL, decreased only
marginally in case of DIL. Similarly, while 7,, of R110 has been decreased almost by two-fold
in case of MIL, decreased only marginally in case of DIL. Therefore, these observations
partcularly suggest that the micro-environment experienced by the probe in presence of Li" ion

1s not unform in both MIL and DIL.

In order to address, how presence Li" ion influence the strctural organisations in MIL and DIL,
we furthe analysed the data by means of Stoke-Einstein-Debye (SED) hydrodynamic theory
(eq. 2.14.).28 The SED plots for 9-PA and R110 in the presence of MIL and DIL and their
imixture with various molefraction of LiNTf; have been been provided in Figure 4b.1 and

Figure 4b.2 respectively.
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Figure 4b.1. Log—log plots of rotational reorientation time of 9-PA in (a) [Cs(MPyrr)][NTH3]
(b) [Co(MPyrr)2][NTf2]2 in neat condition as well as with their mixture with LiNTT; of various
composition as marked in the legend of the figures. Here, blue and red lines indicate the slip

and stick boundary conditions, respectively. The solid black line indicates the fit to data points.
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Figure 4b.2. Log—log plots of rotational reorientation time of R110 in (a) [Cs(MPyrr)][NTf2],
(b) [Co(MPyrr)2][NTf2]2 in neat condition as well as with their mixture with LiNTf2 of various

composition as marked in the legend of the figures.

Upon careful analysis of SED plots, we found that the presence of lithium salt is perhaps
affecting the structural organisation in DIL to a greater extent. To have a better visualization of

the difference in the behaviour of MIL and DIL in the presence of LiNTf, the average friction
coefficient values(Cyo; = tr /Texp) of 9-PA and R110 are estimated utilizing the data from Table

4b.1 for both MILs and DIL and are plotted individually against the mole fraction of LiNTf>
added to concerned neat ILs (Figure 4b.3). In this context we would like to note here that the
friction coefficient is a measure of the extent of solute-solvent interaction. Figure 4b.3a and
Figure 4b.3b have collectively shown that the change in the friction coefficient of 9-PA and
R110 with the addition of LiNTf is found to be relatively higher in MIL than that in DIL. The
outcome of the current analysis has clearly pointed out that the presence of LiNTf can cause
significant perturbation in the structural organization of MIL, whereas the structural

organization of the DIL remains almost intact even after a similar proportion of LiINTf: is added

to the DIL.
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Figure 4b.3. Friction coefficient for 9-PA (a) and R110 (b) in MIL and DIL as a function of

LiNTf, molefraction.

4b. 3. 2. PFG-NMR studies.

To verify these aspects further, we the temperature dependent self-diffusion coefficient (D) of
the cationic parts of both MIL and DIL in the absence and presence of various mole fraction of

LiNTf; has been determined by using PFG-NMR technique and are collected in Table 4b.3.

Table 4b. 3. Translational diffusion coefficients of cationic part of IL systems in absence and

presence of ethylene glycol at 303-343k.

Systems

[Cs(MPyrr)][NTT,]

[Co(MPyrr)2][NTT2]2
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Diffusion Coefficient (Dt*10-1Y/m?s™)
X(LiNTf) 303k

0
0.05
0.1
0.2
0
0.05
0.1
0.2

1.08
0.76
0.55
0.27
0.09
0.08
0.07
0.06

313k
1.72
1.26
1.10
0.48
0.16
0.16
0.17
0.14

323k
2.34
1.90
1.74
0.81
0.29
0.29
0.28
0.26

333k
3.63
2.92
2.58
1.55
0.5
0.49
0.47
0.39

343k
5.56
4.90
4.03
2.50
0.85
0.83
0.79
0.71
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From Table 4b.3. it can be seen that the diffusion coefficient of both MIL and DIL at a given
temperature decreases with increasing amount of lithium salt. This happens due to the increase
in viscosity of the medium upon addition of lithium salt (Table 4b.1). However, upon a more
careful look, one can find that the rate of decrease of D value with the increase fraction of
lithium salt is relatively larger in presence of MIL as compared that in DIL. This study also
indicated that addition of same fraction of lithium salt to both MIL and DIL brings about more
changes in the structural organisation of MIL than that of DIL. However, we note here that
studies by employing molecular dynamic simulation is expected to throw more light on the
reason behind the distinct influence of lithium ion on the nano-structural organisation in MIL

and DIL in better manner.
4b.4. Conclusions

In this section, we have investigated the structural arrangement and diffusion dynamics of a
pyrrolidinium-based MIL and DIL featuring identical alkyl units, both in the absence and
presence of lithium salt by employing TRFA and NMR spectroscopy techniques. The results
of our study reveal that the coordination of Li" ions with the anions in both MILs and DILs
initiates a shift in the structural organization of the nonpolar regions within these media.
Notably, our findings highlight that the introduction of Li" ions cause a more significant
disruption in the nano-structural organization of MILs compared to its impact on DILs. Our
data analysis suggests that the robust structural organization observed in pyrrolidinium-based
DIL is only minimally affected by the influence of lithium salt. These insights provide valuable
information on the complex interplay between lithium salt and ILs. This is expected to open up
research opens up a promising avenue for advancing the development of high-performance

lithium-ion batteries.
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4b.5. Appendix 4b
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Figure APX.4b.1. Decay profiles of 9-PA and R110 in MIL and DIL at 323k in abascence and
presence of lithium salt.
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CHAPTER 5a

Abstract

In this chapter, the potential of a pyrrolidinium based DIL in stabilizing c-DNA in aqueous
solution has been investigated by following DNA-DIL interaction. Additionally, in order to
understand the fundamental aspects regarding DNA-DIL interaction in a comprehensive
manner, studies are also done by employing structurally similar MILs. The investigations have
been carried out both at ensemble-average and single molecular level by using various
spectroscopic techniques. The molecular docking study has also been performed to throw more
light into our experimental observations. The combined steady-state and time-resolved
fluorescence, FCS and circular dichroism (CD) measurements have demonstrated that DILs
can effectively be used as a better storage media for c~-DNA as compared to MILs.
Investigations have also shown that the extra electrostatic interaction between cationic head
group of DIL and the phosphate backbone of DNA is primarily responsible for providing better

stabilisation to cz~-DNA retaining its native structure in aqueous medium.
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5a.1. Introduction

DNA is a special class of bio-macromolecule, which stores genetic information in living cell.
This special molecule is gaining considerable importance owing to their suitability in several
applications ranging from biosensors, bio-catalysis, nano-medicines to programmable drug
delivery devices.!”* However, the long-term storage of this material possesses a great challenge,
as they get denatured by means of slow hydrolytic reaction when stored in aqueous medium.*
Therefore, the quest for a suitable alternative storage media which can ensure long term
preservation of DNA in its native form has remained a worth-while objective to the scientific
community to pursue. The traditional strategy of using organic solvents systems such as
ethylene glycol, DMSO for storing DNA are not effective as these solvents are toxic that leads
to denaturation or biotransformation of DNA.> Moreover, it has been observed that several
surfactants and multivalent ions like polyamines which are also used to compact and store DNA
in aqueous medium induce structural changes in DNA due to strong electrostatic interaction.®
¥ Recently, several researchers have acknowledged the use of ILs and more specifically MILs
in DNA technology.”!° The adjustable hydrophilic and hydrophobic properties of MILs have
provided a unique microenvironment for many nucleic acid-based application such extraction,
solubilisation and stabilization of DNA in aqueous medium.!''"!” However, the perspective of
DILs which are shown to be more versatile than MILs, towards nucleic-acid based applications
have not been explored yet.'®2! As DILs possess a different structural backbone from MILs;
the presence of two cationic head groups is expected to induce extra stabilisation due to
dication-DNA interaction. Therefore, understanding the fundamental aspects of interaction
behaviour of DILs with DNA is quite essential to include such systems in nucleic-acid based

research.

In recent past enormous studies have been carried out in order to unravel the mechanism of
DNA-IL interactions in aqueous medium. In this context, Ding et al. using both analytical
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techniques and molecular dynamic (MD) simulation study have demonstrated that the binding
between a butyl imidazolium-based IL, [C4Mim][Cl] and DNA involves both electrostatic and
hydrophobic forces.?? Later on, Cui and co-workers conducted study on same imidazolium-
based ILs [CaMIM][CI], with variable alkyl chain (n =4, 6, 8, 10, 12) have observed that the
electrostatic interaction between DNA and imidazolium ion of the ILs is the dominant factor
in the binding event.? In a similar way when the binding mechanism of choline-based ILs with
DNA are investigated, the involvement of H- bonding between the hydroxyl group of choline
cation and DNA have also been established in some literature report.?**> Moreover, along with
structural factor, the geometry of IL cations also found to have a great role in the interaction
behaviour of ILs with DNA.% In this context, Senapati and a co-worker have demonstrated
relatively stronger binding affinity of planar imidazolium-based ILs over choline cation-based
ILs at the minor grove of DNA.?” Furthermore, the effect of length of the alkyl chain in the ILs
during the interaction event with DNA has also been examined in several studies. The results
of those studies have depicted an increased binding affinity of ILs with DNA in presence of
relatively longer alkyl chain.?® It is evidenced from the above discussion that the binding
characteristics and of ILs with DNA depends upon the nature of constituent ions of the ILs.
Apart from this, several reports are there which suggests the stability of DNA in presence of
ILs are also dependent upon the nature of ILs. In this regard, Prasad and co-workers using
choline-based bio-ionic liquids mentioned that significant hydrogen bonding and electrostatic
interactions between DNA and ILs provides stability to DNA.?* MacFarlane and co-workers
studied the structural stability of DNA in presence of choline based ILs and showed that the
native structure of cz~-DNA has been remained unaltered at room temperature for a period of
one year.”> Choline based ILs has been reported to provide better thermal stability to cz-DNA
than imidazolium based ILs.>® Moreover, higher thermal stability of DNA in presence of longer

alkyl chain containing ILs has also been demonstrated in a recent work.?® The above studies
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have provided a lot of valuable information in-terms of understanding the details of DNA-IL
interaction event. Moreover, the above discussions have also conveyed that DNA-ILs
interaction studies have been done exclusively by exploiting only MILs. However, similar
studies by exploiting DILs are elusive. DILs can be a more worth material for storage of DNA
as their physiochemical properties are more tailorable owing to greater variability in their
structure.®!-**Therefore, comparative studies of IL-DNA interaction by employing structurally
similar class of MIL and DIL are expected to provide a significant step forward in our

understanding of the mechanism of DNA—DIL interaction.

Keeping above facts in mind, in this chapter, the potential of a pyrrolidinium based DIL in
maintaining structural integrity of c-DNA in aqueous solution has been investigated. The
pyrrolidinium-based DIL has been specifically chosen for study because, the pyrrolidinium
cation which is devoid of any complex interaction mechanism like n- 7 interaction and H-bond,
unlike imidazolium- based ILs, is expected to provide a simplified picture of the role of extra
cation in DIL during their interaction with DNA.3*3° To understand how DNA-DIL interactions
are different from DNA-MIL interactions, two structurally similar MILs, MIL1 and MIL2 have
also been employed in this study. It is to be noted here that the MIL1 contains an alkyl chain
of length (four -CHz unit) which is exactly half of that the MIL2 and DIL have (eight-CH> unit)
and all of them contain a fixed anion bromide anion (Br"). The chemical structure of the ILs
and the abbreviations used for these ILs are provided in Scheme 5a.1. The presence of similar
alkyl chain in MIL2 and DIL is expected to help us to unravel the role of extra cation head in
DIL in the interaction event with c-DNA. The investigations have been carried out both at
ensemble-averaged and single molecular level by employing various biophysical techniques
such as UV-Visible, steady-state and time-resolved fluorescence spectroscopy, FCS, CD
spectroscopy and UV-melting experiments. In addition to these, the molecular docking studies

have also been performed to rationalise the acquired experimental data. The outcomes of these
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studies have suggested that DIL can be used as a better alternative storage media for DNA as

compared to MILs.
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Scheme 5a.1. Schematic structure of ILs, probe molecules and the abbreviation used for the

investigated ILs and the probe.

5a.2. Materials, Experimental techniques and methods36-*

1-Methylpyrrolidine, 1-Bromobutane, 1-Bromooctane, 1, 8-Dibromooctane, were purchased
from TCI Chemicals India. Calf thymus DNA (c~-DNA) and Ethidium bromide (EB) [3, 8-
diamino-5-ethyl-6-phenylphenanthridium bromide] and tris-HCI buffer (1M) of pH 7.4 were
obtained from Sigma-Aldrich. The ionic liquids (ILs) used in this study i.e. MILs, 1-Butyl-1-
Methylpyrrolidinum bromide (MIL1), 1-methyl-1-Octylpyrrolidinium bromide (MIL2) and a
DIL 1,8-bis (1-methylpyrrolidinium-1-yl) octane bromide were synthesized following the
method described in the chapter 2. The purity of the products was analysed using NMR
spectroscopy. 'H-NMR spectra of these ILs are provided in Appendix 5a. The sample

preparation procedure and the experimental methods has been described in chapter 2.
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5a.3. Results and Discussion

5a.3.1. Characteristics of binding of ILs with c-DNA: UV-Vis. absorption measurements
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Figure 5a.1. Absorption spectra of (a) Free ct-DNA (100 uM), (b) Free EB (100 uM),
Absorption spectra of cz-DNA (40 pM) in presence of increasing concentration of (¢) MILI,
(d) MIL2 and (e) and (f) DNA -EB (5 uM EB and 40 puM DNA) complex in absence and

presence of varying concentration of MILI.

UV-Visible absorption spectroscopy is one of the simplest and most effectual instrumental
technique for studying both the stability and interaction of DNA with small ligand molecules.
Both the binding potency and the mode of DNA-IL interactions can be perceived through Uv—
Visible absorption spectroscopy by monitoring the changes in the absorption properties of the
DNA in the presence of ILs.*’ Figure 5a.1a and Figure 5a.1b represents the absorption spectra
of free ct-DNA and EB in buffer with absorption maxima (Ana) at 260 nm and 480 nm
respectively. As a preliminary investigation, the absorption of c-DNA has been monitored in
presence of all the chosen ILs and the results clearly showed a gradual increase in absorbance
along with a moderate blue shift upon addition of ILs (Figures 5a.lc, 1d and le). These
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observations suggest that there may exist more than one type of interaction between c-DNA
and chosen IL systems.!> Figure 5a.1f shows the absorption spectra of EB-DNA complex
(5uM EtBr and 40 uM DNA) in absence and presence of three different concentrations of MIL1
as marked in the legend of the Figure 5a.1. Similar spectra for other two IL systems, MIL2 and
DIL are provided in Figure APX5a.1 (Appendix 5a). No appreciable changes in the absorption
of EB-DNA complex have been noticed in presence of these ILs. This observation clearly
suggests the preferential interaction of ILs with c£-DNA.%In addition to this, the absorption
spectra of ILs that are employed in this study are also recorded and have been provided in
Appendix 5a (Figure APX5a.l). The negligible absorption of ILs further confirms that the

absorption due to ILs do not interfere with the absorption of EB.
5a.3.2. Steady state and Time resolved Fluorescence measurements

Steady-state fluorescence measurements are routinely used to characterize the nature of
interaction of DNA with small molecules.*! In this experiment, EB has been used to probe the
interactions between c~-DNA and ILs using the fluorescence quenching studies. It may be noted
here that EB is an intercalating probe which shows enhanced fluorescence intensity when the
planar ring of this molecule stacks inside the base pairs of c#-DNA protecting itself from
potential quenchers like oxygen etc.>® Any induced change in the structure of c+-DNA owing
to its interaction with ILs will affect the microenvironment of the EB and hence can lead to a
modulation in its fluorescence behaviour. In the present study for estimating the extent of
interaction of different ILs with cz~-DNA, EB exclusion method has been followed in presence
of selected ILs by employing temperature dependent spectrofluorometric titration experiments.
Figure 5a.2 shows fluorescence spectra of EB-DNA complex in absence and presence of
increasing concentrations of different ILs (10mM to 250mM) at 293k and the equivalent
spectra at other temperatures are presented in the Appendix 5a (Figures APX5a.2, APX5a.3

and APX5a.4).
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Figure 5a.2. The fluorescence emission spectra of EB-DNA complex in absence and presence

of gradual addition of (a) MIL1 (b) MIL2 and (c) DIL at 293k.

As can be seen from above Figures, EB-DNA complex shows an emission maximum at 610 nm
when excited at 480 nm. Moreover, from the Figure 5a.2 it is also evident that the fluorescence
intensity of EB-DNA complex gradually decreases in the presence of all the three ILs and the
emission maxima which remain unchanged at lower concentration, become gradually red-
shifted at higher concentration of ILs. The fluorescence quenching of EB-DNA complex upon
addition of ILs is expected to arise due to the exclusion of EB from the DNA base pair
microenvironment toward the aqueous bulk. The red shift in the emission peak has further
revealed dissociation of EB from the EB-DNA complex.’> However, the extent of quenching is
observed to be different in the presence of different ILs. It can be observed that EB-DNA
complex shows around 30% reduction in fluorescence intensity in the presence of MILI,
whereas the same is estimated to be around 55% to 45% for MIL2 and DIL respectively. These
observations indicate that more EB leaches out from EB-DNA complex in presence of MIL2
than in the presence of either MIL1 or DIL. According to the previous literature reports, the
interaction of ILs with c-DNA can take place by means of electrostatic as well as hydrophobic
interactions. 2> 3°In the present case the continuous decrease in fluorescence intensity with a
gradual red shift of the emission peak also signify that the fluorescence quenching process is

driven by both electrostatic and hydrophobic interaction between ct-DNA and ILs. This
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observation is also consistent with the result obtained from steady state absorption
measurements. The relatively higher fluorescence quenching by MIL2 than that by MIL1 may
have happened due to the presence of longer alkyl chain (eight -CH>) in the former IL system.
The longer alkyl chain containing IL system is expected to induce more hydrophobic
interaction with DNA resulting more exclusion of EB out of the DNA
microenvironment.*!Interestingly, despite the fact that both DIL and MIL2 contain same alkyl
chain, the lower fluorescence quenching in presence DIL than that in presence MIL2 in clearly
indicates the role of extra pyrrolidinium ring head of the DIL in DNA-IL interaction event.
These observations also indicate that the DIL has a different interaction pattern with DNA than

that is usually observed for DNA-MIL interactions.
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Figure 5a.3. The Stern-Volmer plot for quenching of fluorescence of EB-DNA complex by (a)
MIL1 (b) MIL2 and (c) DIL at four different temperatures marked in the legend. (The solid

lines are the fitted line)

Again, in order to ascertain the nature of the quenching process during interaction of ILs with

DNA, the fluorescence quenching data at four different temperatures (283k, 293k, 303k and

310k) were analysed using the Stern-Volmer equation (eq.5a.1).%?

F—FO =1+ K, [IL] (eq.5a.1)
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Here, K, is Stern-Volmer quenching constant, F, and F are the fluorescence intensity of the
EB-DNA complex in the absence and presence of quenchers (ILs). The Stern-Volmer plots for
EB-DNA fluorescence intensity variation in presence of three ILs are shown in Figure 5a.3.
The linearity of the plots for all the three IL systems at the experimental temperatures suggests
that the quenching process is either pure static or pure dynamic. The K, value obtained from
the slope of the plots at 293K are estimated to be 0.00163mM~1, 0.00532mM~! and
0.00257mM ™1 for MIL1, MIL2 and DIL respectively. The K, value of the respective system
at other three temperatures have been provided in the Appendix 5a (Table APX5a.1). The K,
value for the current DNA-IL interaction runs paralleled with the values that have been reported
in previous literatures. 2° Relatively higher K, value for MIL2 than that of DIL, further

indicates a different interaction pattern of DIL with cz-DNA.
5a.3.2.1. Time resolved fluorescence measurement

Further, to confirm whether the quenching follows dynamic or static process we have carried
out fluorescence lifetime measurements of EB-DNA complex with gradual addition of ILs. The
measured fluorescence decay profiles of EB-DNA complex in presence of various ILs are
shown in Figure APX5a.5 (Appendix 5a) and the calculated decay parameters obtained from
exponential fitting according to eq.2.8 is listed in the Table 5a.1. The decay plots of EB-DNA
complex (Figure APX5a.5) indicate that lifetime decreases in the presence of increasing
concentration of ILs. We note here that the fluorescence decay of EB—DNA complex is found
to be biexponential with lifetimes components of 1.63ns (7;) and 21.37ns (7,). These two
lifetime values are typical of the two forms of EB in its free and DNA-bound state respectively.
4344 From the Table 5a.1 it is evident that, with gradual addition of ILs the longer lifetime
component corresponding to EB-DNA complex i.e. () decreases along with increase in the

contribution from the shorter component (7,), which corresponds to lifetime of free EB in
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buffer. Again, the appearance of a short-lived third component (73) at higher concentrations of
ILs is consistent with the release of EB into the aqueous environment from DNA due to the
interaction with ILs. ¢ Further the decrease in the average lifetime (Tavg) calculated using
eq.2.8. with addition of ILs, demonstrates that the quenching processes by ILs are dynamic in
nature.*’ In addition, the increase in K, values obtained from steady-state fluorescence
measurements of a particular system with an increase in temperature further supports the

dynamic nature of the fluorescence quenching processes.

Table 5a.1. Decay parameters of EB-DNA complex in the presence of different ILs.

EB-DNA- MIL1
[ILJmM T1(ns) B, T,(ns) B, T3(ns) B; Tavg(DS)
0 1.63 0.05 21.37 0.95 20.38
20 1.63 0.05 21.35 0.95 20.36
50 1.63 0.09 21.25 0.91 19.48
100 1.63 0.10 21.19 0.90 19.23
150 1.63 0.11 21.14 0.71 0.24 0.18 15.23
200 1.63 0.13 21.10 0.61 0.19 0.27 13.12
EB-DNA- MIL2
[ILJmM T1(ns) B, T,(ns) B, T3(ns) B, Tapg(NS)
20 1.63 0.08 21.32 0.91 19.53
50 1.63 0.12 21.06 0.67 0.19 0.21 14.34
100 1.63 0.13 20.97 0.45 0.09 0.42 9.69
200 1.63 0.25 18.27 0.25 0.15 0.50 5.05
EB-DNA- DIL
[ILJmM 71(ns) B, T,(ns) B, T3(ns) B, Tavg(DS)
20 1.63 0.07 21.34 0.93 19.96
50 1.63 0.24 21.08 0.76 16.41
100 1.63 0.25 21.04 0.65 0.50 0.10 14.13
200 1.63 0.26 21.00 0.49 0.52 0.25 10.84

5a.3.2.2. Thermodynamic parameters and nature of binding forces.

To get more insight into the thermodynamics of binding of ILs to c-DNA the fluorescence
intensity data has been further analysed by using double logarithmic regression curve of log

(Fy — F)/F versus log [Q], which is obtained by using eq.5a.2. This equation can also be used

for determination of the binding constant (Kg) and the number of binding sites. 4>
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Fo—F

log = logKg + nlog [IL] (eq. 5a.2)

Here, in the above equation, Ky denotes the binding constant and n denotes the number of
binding sites per ligand molecules. The double logarithmic curve for all the three systems at all

experimental temperatures are shown in Figure 5a.4.
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Figure 5a.4. Double logarithm plot for (a) MIL1 (b) MIL2 and (c) DIL at four different
temperatures marked in the legend. The slope and intercept of this linear plot give the number
of binding site (n) and the binding constant (Kg) according to eq.5a.2. The solid lines represent

the fitted line to eq.5a.2.

The values of Kg and n estimated from the intercept and slope of the linear plots respectively
are enlisted in Table 5a.2. As can be seen from Table 5a.2, the estimated Kg values for the IL-
DNA binding interaction are found to be substantially lower than the Ky values obtained from
the binding of DNA with several classical intercalator. Here, it is to be noted that K5 values for
classical intercalator are in the order of 10* to 107. This clearly indicates that ILs that are
employed in the current study do not intercalate in the DNA, rather they bind to the minor
groove of DNA.*® This is obvious as the pyrrolidinium moiety being non-planar it does not fit
into the DNA base pairs in order to intercalate.® It is to be noted here that, to explain the lower
Kg value similar arguments have also been provided by several researches. 3° Again, the

number of binding sites for all the three ILs with cz-DNA are found to be nearly equal to 1.
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This also indicates that although the strength of binding is different for DIL and MIL, they
interact only through one class of binding site (minor groove) during the interaction ct-DNA.
This unusual binding behaviour has led us to realize that microenvironment of DILs around

DNA has been modified due to the presence of extra cationic head of the DIL.

The interaction of organic ligands at the minor groove of DNA usually involves several non-
covalent forces such as hydrogen bonding, electrostatic and hydrophobic interaction.?* Several
researches have demonstrated that estimation of the value of thermodynamic parameters
corresponding to the binding event can help to get an idea about the nature of forces that are

operational during the interaction of ligands with cz-DNA.23 4931
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Figure 5a.5. Van’t Hoff plot for the binding events of MIL1, MIL2 and DIL as marked in the

legend. Solid lines represent the fitting to the data points.

Therefore, in order to estimate the relevant thermodynamic parameters such as enthalpy (AH),

entropy (AS) and free energy (AG) of the interaction event of ILs and DNA, we have used the

well-known Van’ t Hoff equation (eq.5a.3), where R is the universal gas constant. °!
—AH AS
logKp = =5kt T 2303% (eq.5a.3)
AG = AH — TAS (eq.5a.4)
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Figure 5a.5 shows the linear relationship between logKg and 1/T' AH and AS are obtained
from the slope and intercept of the plots respectively and using these values in eq.5a.4, the free
energies (AG) of the corresponding binding event have been calculated. The thermodynamic

data thus obtained are collected in Table 5a.2.

Table 5a.2. Binding Constants (Kg), Number of Binding Sites (n), and Other Relative

Thermodynamic Parameters for the Interaction of (a) MIL1 (b) MIL2 and (¢) DIL.

EB-DNA-MIL1
Temp/k Ks/M? AH/kJ molt  AS/Jk*mol?  AG/kJ mol? n
283 1.47+0.03 7.61+£0.15 30.06+0.60 -0.89+0.01 1.00+0.02
293 1.65%0.03 -1.19+0.01 0.9620.009
303 1.86+0.03 -1.49+0.01 0.94+0.009
313 1.99+0.03 -1.79£0.03 0.87£0.008
EB-DNA-MIL2
Temp/K Ks/M? AH/kJ mol*  AS/Jk*mol?  AG/kJ mol? n
283 4.43+£0.08 5.65+£0.11 32.16+0.64 -3.45+0.06 1.08+0.01
293 4.67+0.09 -3.77£0.07 0.9520.009
303 4.89%0.09 -4.09+0.08 0.84+0.008
313 5.75x0.10 -4.41+0.08 0.78x0.007
EB-DNA-DIL
Temp/K Ks/M? AH/kJ molt  AS/Jk*mol?  AG/kJ mol? n
283 2.34+0.05 14.26+0.28 57.24+1.14 -1.94+0.03 0.99+0.009
293 2.88x0.05 -2.51£0.05 0.95%0.009
303 3.54+0.06 -3.09+0.06 0.86+0.008
313 4.46+0.07 -3.36x0.07 0.87£0.008

The negative value of free energy for all the three system confesses the thermodynamic
feasibility of the binding process of ILs with DNA.** Furthermore, the positive value of both
AH and AS can be a symbol of participation the hydrophobic force during the interaction
events.* However, it has also been reported by Subramanian and co-worker that the
electrostatic interaction between biomolecules and ligand is accompanied by no or little change
in enthalpy of either sign. As the ILs contain a pyrrolidinium cation, contribution from

electrostatic interaction between ILs and DNA which is an anionic polyelectrolyte, to the
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positive value of AH cannot be excluded.>? So, from the above discussion it can be said that the
interaction between ILs and DNA has been mediated by both the combination of electrostatic
and hydrophobic interaction. But the large change in enthalpy and entropy with positive sign
indicates that the hydrophobic interaction between base pair of c--DNA and ILs has the major
contribution than to the overall binding energy than the electrostatic interaction between
cationic moiety of ILs and phosphate back bone of DNA.>> We also note here that, the above
results are consistent with the result obtained by Rahman and co-workers.?® They have seen
that although there exists significant electrostatic interaction between cationic head of ILs and
phosphate group of cz~-DNA, the hydrophobic interaction between alkyl chain and the bases of
DNA becomes predominant one as the length of the alkyl chain increases. In this context,
several researchers have also observed that the minor groove binding of ILs with DNA
primarily takes place through hydrophobic interaction although the electrostatic interaction is
essential one.?> ?® With the above discussion it may be noted here that as the hydrophobic
interaction is predominant, on-going from MIL2 to DIL the binding strength should not change
much as both of them contain same hydrophobic (8-CH:) unit. But in the present case Kg value
for DIL is found to be even lower than MIL2. All these observations essentially indicates that
the hydrophobic environment provided by DIL is quite different than that of MIL2. For an in-
depth understanding of these observations, we here resorted to a more microscopic analysis by

employing fluorescence correlation spectroscopy.
5a.3.3 Conformational stability of DNA in presence of ILs: FCS studies

FCS technique is a pivotal technique in molecular biology to understand the dynamics of
biomolecules, molecular diffusion, bimolecular complexion, and binding affinity with single-
molecular sensitivity.*> In principle, single molecular measurements are more precise and
informative since these allow probing individual molecules independently with their immediate

t53

microenvironment.” The primary tool that FCS measurements offer is the autocorrelation
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function which can be greatly utilised to extract parameters such as diffusion time (7p), number
of molecule (V) and diffusion coefficients etc. ** In the current study we have made use of the
autocorrelation function to investigate the effect of both MILs and DIL on the size and
conformational dynamics of DNA that are intricately related to its interaction events with ILs.
It has been shown that the size as well as conformational stability of cz-DNA can be effectively
studied by means of FCS using dyes which are bound non-covalently with c+-DNA.>* EB is an
intercalating probe and it gets located inside the base pair of cz~-DNA in the interior position
through non-covalent interaction. Any changes in the c-DNA structure due to interaction with
the ILs will be reflected in the change in the diffusion properties of EB-DNA complex. For this
purpose, we have monitored the fluorescence of EB—DNA complex, and the experiment is done

by gradually adding different ILs to EB-DNA complex.
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Figure 5a.6. (a) Variation of G(0) value in the presence of increasing concentration of MIL1,

(b) Normalised autocorrelation curve corresponding to Figure 5a.6a, (c¢) The hydrodynamic
radii of c-DNA in absence and presence of ILs at different concentration ILs as shown in the

X-axis in the plot.

Figure 5a.6a displays a series of FCS traces of the EtBr-DNA complex in the presence of
increasing MIL1 concentration (as shown in the caption), and Figure 5a.6b presents its
normalised fitted curve, which was generated by fitting the data to eq.2.24. The analogous

traces for other two ILs are also provided in Appendix 5a (Figure APX5a.6 and Figure
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APX5a.7). It can be clearly seen from Figure 5a.6a and Figure APXS5a.6 that G(0) value
increases with the addition of ILs. This suggests a decrease in the N value which indicates that
EB exposed out to the aqueous environment from its DNA bound state in the presence of ILs.?®
Again, from the normalized fitted traces (Figure 5a.6b, Figure APX5a.7) of respective systems
a minor increase in the diffusion time (7 ) of EB-DNA complex has been noticed with addition
of ILs. The slight increase in the 7, value perhaps observed due to the increase in the viscosity
of the medium with the addition of ILs. So, the hydrodynamic radius (r#) of ct-DNA in absence
and presence of concerned ILs have been determined by applying eq.2.25, which corrects the
overestimated value of 7p due to increased viscosity of the medium. The plots of variation of
hydrodynamic radii (r#) with concentration of three different IL systems have been provided
in Figure 5a.6c¢. The hydrodynamic radius of c-DNA is estimated to be 148 nm in absence of
ILs, which is pretty close to the value that has been reported in literature. **Now, with addition
of MILI1, the (r#) value of cz-DNA is found to remain almost unchanged. However, a slight
decrease in the ru value of c#-DNA has been observed in the presence of MIL2 and DIL,
particularly at higher concentration. For example, the ru values of c-~-DNA reduced to 130 nm
and 137 nm with addition of 250 mM of MIL2 and DIL respectively. This observation suggests
that the structure of c~~-DNA is slightly compacted in the presence of the two above mentioned
IL systems. In this context it is relevant to mention here that several researchers by means of
DLS (Dynamic Light Scattering) as well as FCS measurements have also observed that the
hydrodynamic radius of c-DNA decreases upon addition of ILs.* It's also crucial to note that,
depending on the concentration of ILs, the structure of ct-DNA may undergo compaction,
changing from an extended coil state (ry = 65 nm) to a compact globule state (rz = 320 nm).
2255 But in the present case minimal changes in the hydrodynamic radius also subsequently
confirmed that conformational stability of c-DNA does not change significantly in the

presence of given ILs. However, relatively more decrease in hydrodynamic radii of c-DNA
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upon addition of MIL2 as compared to upon addition of MIL1, essentially suggests more the
hydrophobicity of the alkyl chain more is the compactness in the DNA structure. The partial
compaction of DNA structure due to the hydrophobic association with the alkyl chain of ILs
has been reported earlier.> However, in our case the DIL which also contain same hydrophobic
unit as that of MIL2, is found to be less efficient in bringing compaction in the cz-DNA. In this
context the role of folded structure of DILs comes in to picture. We note here that the alkyl side
chain attached to pyrrolidinium-cation is fully free in the case of MILs, whereas in DIL the
eight-membered alkyl chain forms a bridge between two pyrrolidinium rings. Moreover,
recently, it has been proven both by experimental and theoretical studies that relatively longer
alkyl spacer chain containing DILs tend to exist in the folded form.>%>7 Perhaps due to this
reason, the hydrophobic alkyl spacer in DIL gets less exposed to interact with cz~-DNA which
in turn bring less compaction in the c-DNA structure. Keeping above discussion in mind, it
can be said that structural organisation of ILs play a key role in controlling the DNA-IL
interaction. Furthermore, it has been also commented in some literature that several multivalent
cations such as polyamine can cause rapid cz-DNA compaction due to the strong electrostatic
interaction which may eventually lead to change in c--DNA micro-structure even when they
are added at smaller concentration.” But such effects are perhaps less pronounced in the
presence DIL due to the comparatively weaker electrostatic interactions between DNA and
DILs. Thus, above results clearly suggests that possibly DILs can be considered as a preferred
media over MILs as well as several multivalent cationic species in maintaining the structural
integrity of c--DNA. To verify the result obtained from FCS measurement we step forward for

circular dichroism measurement.

5a.3.4. Circular dichroism studies. Circular dichroism (CD) spectroscopy has been admired
as the most appropriate tool to have both structural and conformational information on ct-

DNA.'"* The CD spectra (230-320 nm) of ct-DNA in buffer as well as in the presence of
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concentration gradient of three IL systems (25mM to 250mM) are displayed in Figure 5a.7. As
can be seen from Figure 5a.7, the CD spectra of native cz-DNA exhibits a positive maximum
at 277 nm and a negative band at 241 nm corresponding to corresponding to ™ — 7 base
packing and helicity of the c~-DNA respectively.'* It may be noted here that these band are the

characteristics peaks for so call native B-form of c~~-DNA.

( 4 f—ci-DNA in buffer e c£-DNA in buffer [ cf-DNA in buffer \

25mM (a) 25mM (b) 25mM (c)
2_—250mM 250mM [—250mM
B
o
g0
3
(%]
2
Py LR . . . MIL 2 DIL
240 260 280 300 320 40 260 280 300 320 240 260 280 300 320

\ Wavelength (nm) Wavelength (nm) Wavelength (nm) )

Figure 5a.7. Near UV-CD spectra of c¢~-DNA in the presence of varying concentration (a)

MIL1, (b) MIL2 and (c¢) DIL.

Comparing the spectral signatures of c-DNA in the presence of three IL systems (Figures
5a.7a, 7b and 7c), a slight alternation in the amplitude of both the positive and negative band
of ct-DNA can be noticed in the presence of both MIL2 as well as DIL. These changes in the
spectral shape with respect to that of native c#~-DNA alone in buffer can be due to minor change
in helicity as well as base stacking due to the interaction with these ILs.®! Furthermore, a small
shift along with a deep decrease in amplitude in the positive band of cz~-DNA has been observed
in the presence of only higher concentration (250mM) of MIL2 (Figure 5a.7b). This could be
due to slight compaction of cz-DNA as a result of hydrophobic association of alkyl chain in
MIL2 with c-DNA.?"3"  Interestingly, such shift has not been observed in the presence of
DIL. This observation essentially suggests the comparatively stronger binding tendency MIL2

with DNA over DIL. We note here that, the observed spectral changes of cz-DNA in presence
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of ILs are not significant and cannot be assigned as the conformational changes in cz-DNA.
This suggests that native B-form of DNA remains more or less unaltered in the presence of all
the three ILs employed in the study. Again, when the above results are also looked at in
conjunction with the FCS data, the DIL is found out to be better in maintaining the native

structure of DNA.

5a.3.5. UV melting study. Along with the conformational stability, the thermal stability of
DNA is an important factor that determine the suitability of a given media for its storage.
Therefore, UV melting experiments on cz-DNA have been performed in the presence of three
IL systems and representative melting profiles are provided in the Appendix 5a (Figure
APX5a.8). Plots of melting temperature (T,,) of cz-DNA as a function of concentration of

different ILs are also provided in Figure 5a.8.
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Figure 5a.8. UV melting temperature T,,of ¢t -DNA in the presence of (a) MIL1, (b) MIL2

and (c) DIL at different concentration of ILs marked in the X-axis of the plots. The label on the
top of each column represents the melting temperature (T,,) of c--DNA at respective ILs

concentration.

From Figure 5a.8 it can be observed that native c-DNA shows a thermal transition temperature
(T,,) around 69°C, which is increased subsequently in presence of all the chosen ILs. Moreover,

upon comparing the (Ty,) of cz-DNA in presence of the concerned ILs, the highest T value
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(83%) of ct-DNA has been achieved in presence of DIL. In this context we would like to
mention here that the stabilisation of double helical structure of cz-DNA in the presence of
longer alkyl chain containing surfactants has been reported and well explained in several
literatures.”® In the present case also the (Ty,) value for ct-DNA is found to be higher in
presence of MIL2 which contain a longer alkyl chain than that of MIL1. In contrast to those
results the current observation which shows higher thermal stabilisation of c-DNA in presence
of DIL over MIL2 despite they contain the similar hydrophobic unit is quite interesting. This
perhaps has happened due to the presence of extra cationic head in DIL which facilitate
comparatively stronger electrostatic interaction with the phosphate backbone of DNA 3%>%-6!
Further a close inspection of Figures 5a.8b and 8c reveal that the stabilisation effect of MIL2
gets saturated quite early at relatively higher concentration of MIL2 and the melting
temperature of c-DNA decreases drastically. Before discussing the above result, it is to be
remembered that the thermal stability of cz-DNA not only depends on the displacement of water
from the spine of hydration, but also depends on the penetration ability of IL cations into the
hydration layer. >’ The current observation shows that the intrusion of DIL into the hydration
layer is perhaps less facile. This might have happened due to the bulkier folded form of DIL
which find less exposure of its hydrophobic alkyl chain to interact with DNA. Moreover, due
to this structural arrangement DIL also not fit into the hydration shell in the minor groove.
However, MIL2 which contain a free alkyl chain may permeate easily into the hydration layer.
Moreover, they may also get settled there due to the hydrophobic association of the alkyl chain
of with sugar residues of the DNA after dislodging a large number of water molecules from
DNA surface.* ?’consequently, further increase in concentration of MIL2 cause partial
compaction in DNA and ultimately resulting decrease in melting T, of DNA. All the above
discussions indicates that among the ILs used, DIL can provide better thermal stability to DNA

over MILs even at higher concentration.
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5a.3.6. Molecular docking studies

In order to rationalize our experimental observations, the DNA binding site of IL cations are
further analysed by employing molecular docking studies. The best docking pose with the
lowest absolute value of energy that are selected for analysis are shown in Figure 5a.9.
Moreover, the 2D molecular diagram presenting the participating nucleic acids and the type of
interaction are also provided in Appendix S5a (Figure APX5a.9). The docking affinities of IL

cations to DNA are found to be in order MIL 2 > DIL > MIL 1.

Figure 5a.9. View of the binding position of ILs with DNA. Picture shown here represents

the lowest energy binding mode of ILs with DNA.

The binding energy (AG») values for the respective systems calculated to be -4.8 kcal, -4.6 kcal,
-4.1 kcal which are somewhat lower than those are found previously for imidazolium and
cholinium based ILs.?>?¢ The weaker binding of chosen ILs is beneficial in terms of
regeneration of DNA for its further utilization. Furthermore, the magnitude of AGy also

supported the preferential binding of pyrrolidinium cations to the minor groove of DNA. 26

178 | Page



CHAPTER 5a

From the 2D molecular interaction diagram (Figure APX5a.9), it can be noticed that the
interaction between all ILs and nucleic acid residues mostly involve hydrophobic interaction.

All these findings nicely corroborate the results that are obtained through experimental studies.

5a.4. Conclusions

In the midst of several studies on both the fundamental and applied aspects of MILs in nucleic-
acid based applications, the present report describes the suitability of a new class solvent
system, DIL, towards structural integrity of c-DNA. With an aim to achieve this goal, the
binding affinity as well as stabilisation effects of a pyrrolidinium based DIL has been compared
with two structurally similar MILs. These ILs are purposefully chosen so that the effect of both
hydrophobicity and structural arrangements of the cationic moiety of ILs, if any, on the
interaction event is understood. Investigations are done both at ensemble-average and single
molecular level by using various spectroscopic techniques. Molecular docking studies have
also been performed to throw more light into the present investigations. The fluorescence
quenching studies of EB-DNA complex in the presence of concerned ILs, have depicted that
the DNA-IL interaction is relatively less for DIL than that for MIL2. Analysis of
thermodynamic parameters have suggested that the interactions between DNA and chosen ILs
are thermodynamically feasible and mainly governed by hydrophobic forces. Similar results
are also obtained from molecular docking studies. Moreover, FCS and CD measurements
combinedly demonstrated that structure of c--DNA remains less perturbed in presence of DIL
than in presence of MIL2 despite of the fact that both of they contain similar hydrophobic unit.
Furthermore, higher thermal stability of cz-DNA has also been observed in presence of DIL
even at higher concentration. These unique response of DIL as compared to MILs have been
explained by folded structural organisation of DILs. The outcomes of the present study may
provide a fundamental understanding in designing various multi-cationic- based ILs, which can
be used in various nucleic acid-based applications.
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5a.5.Appendix Sa
'TH NMR Spectra of MIL1
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Figure APX.5a.1. (a) Represents the absorption spectra of SuM EB (4,4, = 480 nm ) and
it’s complex with c#-DNA. The absorbance of EB gradually decreases with a redshift with the
addition of cz~-DNA as marked in the legend. An isosbestic point at around 510nm indicates the
complexation of EB with cz-DNA. (b) Represents the fluorescence emission spectra of SuM
EB (Ajqx = 610 nmm ) when excited at 480nm and its’ complexes with ct-DNA. The emission
intensity of EB has been increased gradually with the subsequent addition of c--DNA as marked
in the legend. No more increase emission intensity has been observed when the concentration
after the addition of 40uM ct-DNA. This indicates that at this concentration maximum EtBr is
present in the bound form with c~-DNA. (c) Shows the absorption spectra of ILs employed in
the study. No, significant absorption after 400 nm have been found. This indicates the
absorption of ILs will not interfere with the absorption of EB (EB). (d) and (e)represents the
absorption spectra of EB-DNA complex in presence of MIL2 and DIL.
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Figure APXS5a.2. Fluorescence emission spectra of EB-DNA complex (Aex = 480 nm) in the

absence and presence of gradual addition of MIL1 Br at (a) 283k, (b)303k and (C) 313k.
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Figure APX5a.3. Fluorescence emission spectra of EB-DNA complex (Aex = 480 nm) in the

absence and presence of gradual addition of MIL2 at (a) 283k, (b)303k and (C) 313k
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Table APX5a.1. The stern-Volmer quenching constants at indicated temperatures for three IL

systems.
systems Ksv/ (mM™)
283k 303k 313
MIL1 0.00143 0.00196 0.00240
MIL2 0.00372 0.00705 0.00842
DIL 0.00257 0.00401 0.00546
(5- MIL1 54 MIL2 5 DIL\
—_IRF —IRF —IRF
o 4- EB-DNA o 4 EB-DNA S 4- EB-DNA
3 _20mM S —— 20mM 2 —— 20mM
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Figure APXS5a.5. Fluorescence decay traces of EB-DNA complex in the absence and presence

of gradual addition of ILs. The lifetime decreases gradually with the addition of ILs.
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Figure APX5a.6. Fluorescence autocorrelation traces of EB-DNA complex in the absence

and presence of gradual addition of (a)MIL2 and (b)DIL.
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Figure APX5a.7. Normalised Fluorescence autocorrelation traces of EB-DNA complex in the

absence and presence of gradual addition of MIL2 and DIL. The diffusion time has been

increased gradually.
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Figure APX.5a.8. UV melting profiles of c~-DNA in absence (black data points in figure
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Figure APX5a.9. Diagram showing molecular interactions between ILs and DNA in 2-
Dimension.
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CHAPTER 5b
Abstract

While the role of cationic moiety of ILs in the IL-DNA interaction event has been thoroughly
explored in chapter 5a, the importance of anionic moiety in ILs, if any, is rather poorly
understood. Herein, we examine the function of anions of ILs in nucleic acid stabilization by
examining the stability and structure of calf thymus-DNA (ct-DNA) in the presence of various
ILs composed of a common 1-ethyl-3-methylimidazolium cations (Emim") and different
anions, which includes CI~, Br~, NO; , Ac”,HSO, and BF, by employing various
spectroscopic techniques as well as Molecular dynamic (MD) simulation studies. Analysis of
our data suggests that the chemical nature of anions including polarity, basicity and
hydrophilicity become an important factor in the overall DNA-IL interaction event. At lower
concentrations, the interplay of intermolecular interaction between the IL anions with their
respective cations and the solvent molecules becomes a very crucial factor in inducing their
stabilizing effect on ct-DNA. However, at higher concentrations of ILs, the cz-DNA
stabilization is additionally governed by specific-ion effect. MD simulations studies have also
provided valuable insights into molecular-level understanding on DNA-IL interaction event.
Overall, the outcome of this study clearly demonstrated that along with cationic moiety of ILs,
the anions of ILs can play a significant role in deciding the stability of duplex DNA in aqueous

solution.
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5b.1. Introduction

Recently, the utilization of ionic liquids (ILs) has emerged as a potential tool in the realm of
nucleic-acid stabilization and preservation in aqueous solutions.!” In this context, the cationic
components of ILs are always believed to play a fundamental role as they are shown to
preferentially interact with the phosphate backbone of DNA, thereby stabilizing the double
helical structure.*> Indeed, in the majority of research studies focusing on DNA-IL
interactions, a significant emphasis has often been placed on understanding the role of cationic
moiety of ILs. The importance of IL anions in the said event has often been overlooked,
possibly due to their lower binding affinities for the DNA backbone. ® However, ILs are
known to display structural transitions from ion pairs to distinct ions based on their hydration
characteristics, and these free ions and associated ion-pairs are considered to exhibit different
behaviour in the interaction event with the biomolecules.”!* Therefore, IL anions can also
contribute to nucleic acid stabilization not only directly through interactions with DNA bases
but also indirectly by influencing the solvent structure surrounding DNA or by altering some
physio-chemical parameters such as pH, ionic strength, and polarity of the medium.!*>"'” Hence,
understanding these interactions between anions of ILs and DNA, as well as their impact on
the surrounding environment, is crucial for optimizing the composition and conditions of ILs

for specific nucleic acid-based applications.

Till date, a few experimental and theoretical studies have been carried out to explore the
influence of various IL anions on the binding characteristics of ILs with DNA. Notable
contributions include the works by Senapati and co-workers,'® Biswal and co-workers,!® and
Freire and co-workers.!> However, the overall consensus from these studies is that anions of
ILs have a weaker impact as compared to cations on DNA-IL interaction. Furthermore, the
investigation led by Pegram et al. has explored the effects of the complete Hofmeister series of

inorganic salt anions on DNA duplex structure.?’ The results of that study have revealed that
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the majority of these salts cause denaturation of the DNA structure. Similarly, recent work by
Singh and coworkers demonstrated that the hydrophobicity of anions plays a pivotal role in
modulating the formation and stability of G-quadruplex DNA.?! In a separate work, Hohng co-
workers have also noticed that the z-DNA stabilization is mainly governed by the Hofmiester

2 Tt is evident from this discussion that while some information on the

effect of anions.?
influence of anions on the structural integrity of DNA in aqueous solutions is available, the
implications of the chemical structure of anions of ILs is rather poorly understood. It is
important to mention that the Hofmeister series encompasses a diverse range of anions
characterized by variations in charge, shape, size, and hydrophobicity.>***These specific
attributes of the anions can impact the interactions between ILs and DNA molecules.?* 263 For
instance, hydrophobic anions exhibit an inclination to interact with the hydrophobic regions of
DNA bases, thereby establishing significant associations. Conversely, the hydrophilic anions
can facilitate the electrostatic interactions that take place between ILs and DNA. Furthermore,
the hydration characteristics of the anions can reorganize the surrounding solvent structure
enveloping DNA, and this issue can further modify the interaction of ILs with DNA. Therefore,
investigations that focus on all these specific features of IL anions, particularly their charge and

hydration properties towards DNA-IL interaction event, are expected to provide valuable

insight into the more mechanistic aspects of DNA-IL interaction.

Considering the above facts, this chapter aims to investigate the structural stability of ct-DNA
in a series of imidazolium-based ILs comprising different anions spanning the Hofmeister
series. The ILs that are examined in this work include 1-ethyl-3-methylimidazolium chloride
(EmimCl), 1-ethyl-3-methylimidazolium bromide (EmimBr), 1-ethyl-3-methylimidazolium
nitrate  (EmimNO3), 1-ethyl-3-methylimidazolium acetate (EmimAc), 1-ethyl-3-
methylimidazolium hydrogen sulfate (EmimHSO4), and 1-ethyl-3-methylimidazolium

tetrafluoroborate (Emim BF4). The chemical structure of the cation and anions of ILs has
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provided in scheme 5b.1.The selection of IL anions was based on their solubility in buffer
solutions and their different hydration properties. The binding characteristics and
thermodynamics of IL-DNA interaction were investigated using various spectroscopic
techniques such as UV-Vis absorption spectroscopy, steady-state, and time-resolved
fluorescence spectroscopy. Furthermore, the conformational stability of ct-DNA was evaluated
using circular dichroism (CD) spectroscopy. MD simulation study has also been employed to
shed more light into the experimental observations. Unlike previous studies those are primarily
focused on the interactions of cationic component of ILs with ct-DNA, the present work
highlights the influence of IL anions on the structure and stability of c-DNA in aqueous
solutions. Quite interestingly, the findings of this study also underscore the significance of
consideration of both the cation and anion of ILs in understanding the overall DNA-IL
interaction event. Moreover, the fundamental knowledge gained from this study is expected to
enhance our understanding for the judicious selection of appropriate ILs with suitable cation-

anion combinations for various nucleic acid-based applications.
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Scheme Sb.1. Chemical structure of cations and anions of ILs and the dye (DAPI) employed
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5b.2. Materials, Experimental and Methods.

ct-DNA and DAPI (4',6-diamidino-2-phenylindole) and tris-HCI buffer (1M) were obtained
from Sigma-Aldrich. ILs I-ethyl-3-methylimidazolium chloride (EmimCl), 1-ethyl-3-
methylimidazolium bromide (EmimBr), 1-ethyl-3-methylimidazolium nitrate (EmimNO3), 1-
ethyl-3-methylimidazolium acetate (EmimAc), 1-ethyl-3-methylimidazolium hydrogen
sulphate (EmimHSO4), 1-ethyl-3-methylimidazolium tetrafluoroborate (EmimBF4) were
bought from TCI chemicals and have been used immediately after purchase.

5b.2.1. Sample preparation. A tris-HCI buffer solution of concentration SmM and pH 7.2
was prepared by diluting a 1M buffer with Milli-Q water. The stock solutions of ct-DNA
(100uM) and DAPI (200uM) were prepared in a SmM buffer following the documented
procedures.’ The concentration of the ct-DNA solution in the buffer was determined by
monitoring the molal extinction coefficient of ct-DNA at 260 nm, which was found to be 6600
cm™ 3! Each IL solution with a concentration of 2M was prepared in the buffer and kept in
stock. In particular, the response of DAPI-bound ct-DNA complex (referred to as DAPI-DNA
complex) was measured as a function of IL concentrations ranging from 0.05 M to 0.7 M using
a solution containing 3uM DAPI and 60uM DNA in fluorescence measurements. The complete
complexation of DAPI with c#-DNA under these conditions was confirmed through absorbance
and fluorescence measurements. Additional details regarding the complexation of DAPI with
DNA can be found in the Appendix 5b (Figure APX.5a.1). The methodology followed for
various experiment has been described in chapter 2. Additionally, in the present study, the initial
experiments are carried out in order to correct the presence of possible inner filter effect in
fluorescence emission due to a minor absorption some investigated ILs at the DAPI-DNA
complex excitation wavelength. The correction has been done by using a standard method with
the help of equation 1 (eq.5b.1) and the corrected spectra have been used for further data

analysis.>
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AA
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Here FCOT(Ag, Ag) denotes the corrected fluorescence intensity at the excitation wavelength
Ag and emission wavelength Ar, F(Ag,Ar) is the observed fluorescence intensity at Ag and Ar ,
A represents the optical density of the EB-DNA complex, and A, represents the total optical

density of the solution at the excitation wavelength Ag.

5b.2.3. Molecular Dynamics (MD) Simulations: The starting configuration of the DNA
molecule is taken from the RCSB pdb databank (ID-425D) having the nucleotide sequence 5'-
ACCGGTACCGGT-3" (complementary strand 5’-TGGCCATGGCCA-3’). The atomistic
simulations were carried out using GROMACS code (version-2019) with CHARMM-36 force
field for the DNA molecule, charmm general force field (CGenFF) for the ILs components,
and TIP3P for the water molecules.>*3>3¢ Particle Mesh Ewald (PME) was used to treat the
long ranged electrostatics with a cutoff value of 1.2 nm.>” The DNA molecule, ILs with 1-ethyl-
3-methylimidazolium (Emim) cation and one of the anions — chloride (CI"), tetra-fluoroborate
(BFy), acetate (Ac’), hydrogen sulfate (HSO4 ) and TIP3P water molecules were packed in a
cubic box. 200 ion pairs were used in the simulations and nearly 12000 water molecules are
used to pack the DNA molecule in the cubical box. Periodic boundary conditions (PBC) were
employed in all directions. The temperature was kept at 298k with Nose-Hoover temperature
coupling.®® The pressure was maintained at 1 bar with isotropic Parrinello-Rahman pressure
coupling with the coupling constant of 5 ps.>* After the initial energy minimization of the
systems and the subsequent equilibration in the NVT ensemble, the final production run was
carried out for 200 ns in the NPT ensemble with a time step of 2 fs using the LINCS algorithm.*
The simulations are replicated twice to increase the statistics. Simulation snapshots were
rendered using VMD, the analysis scripts were written using the MD Analysis python

library.*'*> Hydrogen bonds are calculated using the geometric criteria of distance and angular
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range between 0.2 — 0.3 nm and 90° — 180°, respectively. Watson-Crick hydrogen bonding

between the opposite strands of nucleotides is calculated in accordance to the earlier reports.*

5b.3. Results and Discussion

5b.3.1. UV-visible absorption spectroscopy. UV-visible absorption spectroscopy is an
effective technique that can be used to gather several valuable information on the fundamental
aspects of DNA-IL interaction. Interaction between ILs and DNA can change the electronic
environment surrounding the DNA bases. !* 3 These changes can lead to shifts in the
absorption maximum or intensity of the absorption spectra of DNA. By monitoring such

changes, the coordination mode between a given IL and DNA can be interpreted.
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Figure 5b.1. Absorption spectra of free c--DNA and DNA-IL system as indicated in the graph

with varying the amount of ILs (0.05M to 0.7M) to a fixed concentration of DNA (60 uM)

Figure 5b.1 depicts the UV—vis absorption spectra of ct-DNA in the absence and presence of
different ILs (in a concentration range of 0.05-0.7M). As can be seen from Figure 5b.1, the

absorption spectrum of ct-DNA in buffer shows the characteristic peak maxima (Amax) at 260
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nm.>! However, the intensity, as well as A5, in the absorption spectrum of ct-DNA are
observed to be altered with the gradual addition of selected ILs, and the spectral changes are
found to be distinct for different ILs. DNA-IL interaction primarily involve covalent and
noncovalent mode of binding.'*** Covalent binding is identified by hyperchromism with a red
shift in absorption maxima. In contrast, noncovalent binding is categorized into intercalative,
electrostatic, and groove binding. Intercalative binding is indicated by hypochromism with a
bathochromic shift, while electrostatic binding is characterized by lower hypochromicity
without a bathochromic shift. Groove binding typically exhibits no or minor changes in UV—
vis spectra. When both hyperchromic and hypochromic effects are observed with a moderate
blue shift in the absorption band, it may suggest the involvement of more than one type of
interaction, leading to the formation of DNA-ligand adducts. Table 5b.1 summarizes the
changes in the spectral characteristics ct-DNA that has been induced by the addition of
different ILs and their possible binding mode, which has been drawn from literature reports.'’
Moreover, from Figure 5b.1, it is clear that the local environment of the ct-DNA which has
changed minimally in the presence of [EmimCl] and [EmimBr], changes considerably in the
presence of [EmimNO3], [EmimAc] and [EmimBF4]. Moreover, prominent changes i.e., the
absence of native-like spectra of ct-DNA in the presence of [Emim HSO4] indicate that this IL
has affected the native structure of the ct-DNA to a greater extent. It is pertinent to remember
here that the cations of ILs are always considered as the dominant species to interact with ct-
DNA via electrostatic attractions and H-bonds, while contributions of anions in the interactions
event were often thought to be much less significant. In the present case, the only characteristic
that separates the selected ILs from one another is the type of anions, and all the ILs share a
common 1-ethyl-3-methyl imidazolium cation. Despite of the above fact, ct-DNA showed
distinguishable spectral behavior in the presence of the individual ILs. This observation

suggests that the interactions of ILs with DNA are not solely determined by the cations present
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in the ILs. Instead, the anions that comprise up ILs also play a significant role in influencing

their interactions with DNA.

Table 5b. 1. The spectral nature and binding mode of cz- DNA in presence of ILs

[EmimX], X denotes the Spectral changes with respect to Suggested mode of binding
anions of ILs ct-DNA in buffer

X= CI",Br™ No or minor hyperchromic or May be electrostatic or
hypochromic shift groove binding.
= NO3;~, CH3C00~, Hypochromic with red shift May be intercalative mode
BF,” of binding.
X=HS0," Hyperchromic and hypochromic ~ More than one type of
effect with red shift interaction may exist.

5b.3.2 Steady-state and time-resolved fluorescence measurement. Based on the preliminary
observations of the significant impact of the IL anions on the interaction process of ILs with
ct-DNA, further investigations have been conducted to examine the binding strength,
associated mechanism, and thermodynamics of interaction of these ILs with ct-DNA by
exploiting the combination of steady-state and time-resolved fluorescence measurement. In
order to do so, a temperature-dependent fluorescence indicator displacement (FID) assay has
been carried out by titrating various ILs to a solution of DAPI-DNA complex, comprising of 3
uM DAPI and 60 pM DNA. It's important to note that the specific conditions required for the
complete complexation of DAPI with ct-DNA may vary depending on the experimental setup
and the specific goals of the study. DAPI is a small fluorescent molecule and is known to show
enhanced fluorescence intensity when bound to the minor groove of DNA.® Any changes in the
ct-DNA structure due to the interaction with ILs affect the DAPI micro-environment, which
consequently hampers the emission of DAPI. The fluorescence emission spectra of the DAPI-
DNA complex that are recorded as a function of IL concentration at 298k are provided in Figure
5b.2. Figure 5b.2 explicitly demonstrates a decrease in the fluorescence intensity of DAPI-
DNA complex with gradual addition of different ILs at 298k. The reduction in fluorescence
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intensity of DAPI-DNA complex indicates the displacement of DAPI from the minor groove

of ct-DNA to the aqueous environment with the gradual addition ILs.
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Figure 5b.2. Emission spectra of DAPI-DNA complex with varying the amount of different

ILs (0.05M to 0. 7M) as indicated in the graph at 298k.

Similar spectra at three additional temperatures are provided in the appendix 5b. (Figures
APX.5b.2, APX.5b.3, APX.5b.4 and APX.5b.5), and they exhibit similar quenching patterns.
Notably, the ILs containing different anions are observed to induce varying degrees of
quenching of the fluorescence of the DAPI-DNA complex. For example, while [Emim CI] and
[EmimBr] showed of approximately 55% reduction in in the fluorescence of DAPI-DNA
complex, [EmimNO3], [EmimAc] exhibited only a 45% reduction. More importantly, the
spectral nature remained mostly unchanged in the presence of the four aforesaid anions-based
ILs. In contrast, the decrease in the fluorescence intensities of the DAPI-DNA complex is
observed to be much higher in presence of [EmimHSO4] and [EmimBF4]. For instance, the
emission intensity has been reduced by almost 80 percent even in the presence of 0.1M of these

ILs. This result suggests that the interaction of these two ILs is stronger with the ct-DNA
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structure as compared to the rest of ILs. Furthermore, after addition of 0.2M of [Emim HSO4],
a red shift of 10nm has been observed in the emission maxima of DAPI-DNA complex.
Conversely, the addition of 0.2M of [EmimBF4] causes a blue shift of 10nm in the DAPI-DNA
fluorescence. In this context, it is important to note here that among the anions considered,
HSO4 is the most hydrophilic, while BF4 is the most hydrophobic.?***?° These two anions
occupy two opposite ends in the Hofmeister series of anions, which describes the relative
effects of different ions on the properties of aqueous solutions.? The presence of these anions
can lead to the creation of different polarities and pH levels in an aqueous solution. While
HSO4 tends to interact with water molecules, potentially increasing the polarity of the media,
BF4 is less likely to interact with water molecules and may lead to a decrease in the overall
polarity of the solution.*’ Additionally, HSO4™ anions being highly acidic may lead to changes
in the pH levels of the solution. Some authors already associated acidic properties, along with
the increase of the IL concentration, to a significant perturbation of the nucleic acids structure. !>
Such pH changes can alter the protonation states of DNA bases, affecting the overall DNA
conformation. So, the shift observed in the emission spectrum of DAPI-DNA complex in the
presence [EmimHSO4] and [EmimBF4] indicates the relocation of DAPI into different
microenvironments in presence of these ILs. This observation further suggests that the IL-DNA

interaction event is also susceptible to the change in polarity, pH of the medium, and in this

regard the anions of ILs play a considerable role.

Quenching of the fluorescence of a fluorophore during its interaction with a
fluorescence quencher can be attributed to various processes such as excited-state energy-
transfer reactions or ground-state complex formation. These processes can be classified into
two categories based on their mechanisms: dynamic fluorescence quenching and static
fluorescence quenching. To understand the mechanistic pathway involved in the present case

1.e., during the interaction of ILs with the DAPI-DNA complex and the resulting quenching of
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fluorescence, we have utilized the classical Stern-Volmer equation (eq.5a.1). The Stern—Volmer
plots (Fy/F vs [IL]) for [EmimCl], [EmimBr], [EmimNO3], [EmimAc’] obtained at four

different temperatures are shown in Figure 5b.3.
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Figure 5b.3. Stern-Volmer plot for [EmimCl], [EmimBr], [EmimAc] and [EmimNOs3] showing

two distinct binding region each following a straight line. The cyan line indicates fit to the data

points.

It is pertinent to mention here that due to the existence of limited number of data points within
the studied concentration range, the quenching due to [EmimHSO4] and [Emim BF4] ILs are
not subjected for stern-Volmer analysis. The SV-analysis have revealed two distinct regions for
each ILs in the Stern-Volmer plot, region I has been observed for lower concentration (0.05-
0.2M) followed by region II which appeared at higher concentration (>0.2M). Each region
exhibits a linear relationship with individual slope values, suggesting the involvement of either
pure static or pure dynamic mechanisms in the quenching process. The K, values are estimated
from the slope of the eq.5a.1 and are listed in Table APX5b.1.The obtained K, value at relevant

temperatures are found to be in the range of 0.5M ~1to 4.92M 1. The K, values obtained here
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are comparable to those obtained in prior experimental studies for imidazolium-based ILs,
where the interaction of imidazolium cation have been demonstrated to occur at the minor
groove of ct-DNA.” Therefore, in the present case, it would be reasonable to assume a similar
type of interaction for these ILs with DNA. Importantly, for each IL, higher (K, ) values have
been obtained at higher concentration regime (region II) than that has been observed for the
lower concentration regime (region I). This observation signifies that at relatively higher
concentration of ILs, there must be some changes either in the cz~-DNA structure or in the micro-
environment surrounding c-DNA, which facilitates stronger interaction between ILs and ct-
DNA. Interestingly, the K, value obtained at lower concentration regime different for different
ILs are found to be in the order [EmimAc]> [EmimCl] >[EmimBr]> [EmimNO3]. However,
at higher concentration regime this sequence changes and falls in an order
[EmimCl] >[EmimBr[>>[EmimNOs]> [EmimAc] (Table APX5b.1). This observation clearly
signifies that although cation binds preferentially with ct-DNA, the extent of interaction is
significantly modified by the specific type of anion present. This might have happened due to
the fact that, the anions of ILs exhibit varying degrees of association with the same [Emim]*
cation. Consequently, they showcase distinct behaviours when introduced into an aqueous
solution and as a result, their interactions with ct-DNA are not uniform. Additionally, the static
or dynamic nature of the quenching mechanism can be distinguished by monitoring the
temperature dependence of theK,.> % It is evident from the Table APX5b.1 that the K, value
increases with the rise in temperatures in the presence of each IL. This observation indicates
that the fluorescence quenching of the DAPI-DNA complex by ILs is dynamic in nature.

5b.3.2.1. Time-resolved fluorescence measurement. To verify further the nature of the
quenching process, fluorescence lifetime measurements of the DAPI-DNA complex were
conducted in the presence of each IL at concentrations similar to those used in the steady-state

fluorescence measurements. The decay profiles of DAPI-DNA complex both in absence and
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presence of concerned ILs can be found in Figure APX.5b.6 in the appendix 5b. It can be
observed from decay the decay profiles that the lifetime of DAPI-DNA complex decreases with
the gradual addition of ILs. The decay plots can be fitted to the exponential relation as described
in the experimental section (eq. 2.8). The relevant decay parameters corresponding to DAPI-
DNA complex with gradual addition of ILs are collected in Table APX5b.2. It has been
observed that DAPI-DNA shows two decay components, the shorter component with a lifetime
of ~1.27 ns, and the longer component of ~3.64 ns.® *’ These two lifetime components are
often associated with free DAPI and DNA bound DAPI respectively. Interestingly, upon a
careful look at the of the longer lifetime components, which is ascribed to the DAPI-DNA
complex, decreases along with its contribution with the gradual addition of ILs. A short-lived
third component also appear in the presence of higher concentration of each ILs indicating
interaction of ILs with ct-DNA.® Moreover, steady decreases in the average lifetime, further

supports the dynamic nature of the quenching process in ILs. °

5b.3.2.2. Thermodynamic parameters and nature of binding forces.
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Figure 5b.4. The double logarithmic plots for DNA-IL systems as mentioned in the Figure.

The solid cyan line indicates fit to the data points
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To gain more insights into the influence of anions on the DNA-IL interaction event, the
florescence quenching data has further been utilized to determine their binding equilibrium
constants Kz and the number of binding site (n) for the DNA-IL interaction by employing the
double logarithmic equation (eq.5a.2). The double logarithmic plot for each IL system at four
different temperatures are displayed in Figure 5b.4. Two distinct binding regions have also been
noticed in the double-logarithmic plots for all the IL systems at investigated temperature, where
each region follows a straight line with separate slope value. The Ky value for each region are
calculated from the intercept of the linear plots and are enlisted in Table 5b. 2. From Table 5b.
2 it can be noticed that the binding constant Ky for the second step is found to be higher than
the first step in each case indicating stronger binding of ILs at higher concentration. This
finding implies the binding strength of ILs with ct-DNA also varies depending on the
concentration of ILs. Furthermore, the magnitude of the binding constant confirms that
irrespective of the nature of anion to which imidazolium-ion is associated with, it interacts at
the minor/major-grove of ct-DNA.> 7 *Interestingly, from Table 5b. 2, it can be revealed that
at lower concentrations the binding strength between investigated ILs and ct-DNA follows an
order [EmimAc]> [EmimCIl]> [EmimBr]> [EmimNOs3]. As it is known that the more basic and
hydrophilic anions in ILs tend to form their own hydration sphere and weakly associate with
the imidazolium cation, these anions are expected to facilitate the interaction between the
imidazolium cation and the DNA..!° The binding trends of the DNA-IL complexes obtained at
lower concentrations i.e. ([EmimAc]> [EmimCI]> [EmimBr]> [EmimNQO3]), convincingly
demonstrate that the strength of interaction in between the cation and anions present in a given
IL influences the extent of interaction between the IL cation and DNA. However, as the IL
concentration increases, the lack of strong association of these hydrated anions with the
imidazolium cation has led to a different behavior and subsequently changes and is observed

to follow the order [EmimCI]> [EmimBr]> [EmimNO3]> [EmimAc]. At higher concentration
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of these ILs, both [Emim]’cations and anions can penetrate the DNA duplex through the minor
groove significantly and would tend to interact directly with nucleobases. Upon entering the
hydration layer of DNA, the extent of interaction changes considerably, depending on the
nature of the anion present in the IL. This can further be understood by looking at the change
in ‘n’ value (Table 5b. 2) which denotes the number of binding sites that DNA offer per ligand

molecule for interaction.

Table 5b. 2. The binding constant and the thermodynamic parameters DNA-IL systems.

temp (k) Ky n AH/ (kJmol™1) AS AG /(kJmol™)
M™1) /(Jmol K1)
Region I (Lower concentration)/Emim CI
298 0.39 0.9 19.6 57.82 2.37
308 0.48 0.8 1.81
318 0.60 0.8 1.21
328 0.68 0.8 0.63
Region II (Higher concentration)
298 2.04 1.5 23.11 83.67 -1.80
308 3.01 1.4 -2.80
318 3.98 1.4 -3.50
328 4.78 1.3 -4.30
Region I (Lower concentration) Emim Br
298 0.37 0.8 15.36 43.27 2.46
308 0.44 0.8 2.03
318 0.56 0.8 1.60
328 0.64 0.7 1.17
Region II (Higher concentration)
298 1.69 1.4 18.30 67.20 -1.19
308 1.99 1.3 -1.86
318 2.57 1.3 -2.53
328 3.38 1.3 -3.21
Region I (Lower concentration)/Emim NO;
298 0.16 0.9 7.90 22.40 1.23
308 0.24 0.9 1.00
318 0.35 0.9 0.78
328 0.42 0.8 0.56
Region II (Higher concentration)
298 1.44 2.4 16.94 59.69 0.46
308 1.69 2.2 -1.05
318 2.29 2.2 -1.63
328 2.63 2.1 -2.22
Region I (Lower concentration) Emim Ac
298 0.69 0.8 9.27 28.33 0.83
308 0.79 0.8 0.54
318 0.91 0.8 0.26
328 1.02 0.7 -0.01
Region II (Higher concentration)
298 1.17 1.6 10.74 38.48 -0.07
308 1.51 1.6 -1.10
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318
328
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It is worth noting that the native conformation of DNA in aqueous solutions is highly influenced
by the nature of the surrounding aqueous environment and the presence of co-solutes or co-
solvents. Various factors associated with a specific ion, including ionic size, shape and the
interaction between polarizable ions and water molecules further may contribute to the
complex interplay between ions, water, and DNA structure.'® '* % Therefore, it can be
mentioned here that behavior and interactions of ILs with DNA are indeed a complex
phenomenon and involve a combination of factors related to the cations, anions, and their
relative concentration. To gain a deeper understanding of the observed binding trends at higher
concentrations in the present study, we further have extended our investigation to explore the

thermodynamics of the interaction using the Van't Hoff equation (eq.5a.3).

Figure 5b.5. Van’t Hoff plot for the binding events of different IL as marked in the legend.
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The Van't Hoff equation relates the equilibrium constant (Kg) of a reaction to the temperature
(T) and the enthalpy change (AH) and entropy change (AS) of the reaction. By plotting the
natural logarithm of the equilibrium constant (logKg) against the reciprocal of temperature
(1/T), we can determine the values of AH and AS from the slope and intercept of the linear fit,
respectively. The AH and AS values provide information about the enthalpic and entropic
contributions to the IL-DNA binding process, shedding light on the driving forces and
molecular interactions involved in the said event.’> The Van’t Hoff plot for each IL systems each
region has been presented Figure 5b.5. The free energy (AG ) associated with the interaction
has been calculated using equation eq.5a.4. The thermodynamic parameters thus estimated are
collected in Table 2. From the Table 5b.2, it can be noticed that the interaction of ILs with ct-
DNA in the lower concentration regime is not favourable. This is because the interaction of ILs
with c-DNA at lower concentration requires breaking this hydration layer, which results in an
unfavourable enthalpy change.® ® !® In other words, energy must be supplied to disrupt
arrangement of water molecules and allow the ILs to approach c~-DNA. The unfavourable
interaction between ILs and ct-DNA at lower concentrations is confirmed by the higher
enthalpy value (Table 5b.2) indicating that breaking the hydration layer requires an input of
energy. Furthermore, the lower entropy value in the first step suggests a limited degree of
disorder, reflecting a relatively ordered arrangement of the system due to the stabilization
provided by the surrounding water molecules in the hydration layer. But as the concentration
of IL increases, the ruptured hydration layer makes the interaction favourably by exposing
buried group of ct-DNA to the ILs thereby increasing the entropy of the system. This is
reflected in the more favourable enthalpy and higher entropy values observed in Table 5b.2 for
the second step of the interaction process at higher concentrations. However, the free energy
value is found to be more negative in presence of [EmimCl] and [EmimBr] as compared to that

for [EmimNO3] and [EmimAc]. The negative values of AG is directly related to the
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rearrangement in the water molecules in the presence of ionic solutes or destabilization of ct-
DNA. To find out the exact reason of the high negative value of free energy for [EmimCl] and
[EmimBr] as compared to [EmimNos] and [EmimAc], the circular dichroism (CD)

measurements have been carried out.

5b.3.3.CD studies. CD spectroscopy is one of the most frequently used techniques to monitor
the stability of the duplex structure of ct-DNA molecules in presence of various solute and
solvent molecules.’® Herein, CD spectroscopy has been utilized to examine the effect of various
IL systems on the duplex structure of ct-DNA. Figure 5b.6 represents the CD spectra of ct-
DNA in buffer as well as presence of individual ILs at different concentration. As can be seen
from the figures, the CD spectra of ct-DNA in buffer (indicated as blue curve in each case)
shows two characteristic peaks at 244nm and 275 nm. The positive maxima at 277 nm
correspond to m—m base packing and the negative band at 244 nm corresponds to helicity for
so-called of the native B-form of DNA.* 8 In the presence [EmimCl] and [EmimBr], no
significant changes in either spectral shape or characteristics band position has been observed
upto the highest concentration (0.6M), whereas in presence [EmimNO3] and [EmimAc], a
slight changes in the amplitude of both positive and negative band has been noticed, up to 0.2M
and the changes become significant at higher concentration (beyond 0.2M) of these ILs.
Furthermore, the absence of any noticeable induced signal in the DNA region of the CD spectra
ensure that [EmimNO3] and [EmimAc] do not intercalate as interpreted from the absorption
measurement. *Therefore, the changes observed in the absorption spectrum in presence of
[EmimNO3] and [EmimAc] indicates some conformational changes in cz-DNA in presence of
these two ILs. Moreover, both positive and negative band of ct-DNA disappeared in the
presence [EmimHSO4] and [EmimBF4] ILs. This result suggests that the structure ct-DNA,
which remains unaltered in the presence of [EmimCl] and [Emim Br] gets partially denatured

in the presence of a higher concentration of [Emim NO3] and [EmimAc]. In contrast, ct-DNA
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gets completely denatured in presence of [EmimHSO4] and [EmimBF4]. Upon analysing the
outcome of the present study investigation in conjunction with the result obtained from steady-
state fluorescence data, it can further be suggested that the anions in ILs play a significant role
in the DNA-IL interaction process. As CD spectra ruled out a change in the structure of ct-
DNA in the presence of [EmimCl] and [EmimBr], the favourable interaction in such situation
must have happened due to rearrangement in the solvent structure in the presence of those
specific anions. The high entropy value (Table 5b.2) in the presence of such ILs further
confirms this mechanism. However, for [EmimNO3] and [EmimAc], the presence of these

nitrate and acetate 1ions has led to the destabilisation of ct-DNA structure.
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Figure 5b.6. CD spectra of c#-DNA in the presence of individual ILs at different concentrations

as indicated in the figures.

5b.3.4. UV-melting studies. UV melting experiments on cz-DNA have been performed in the
presence of all six IL systems, and representative melting profiles are provided in the Figure
APX5b.7. Based on the representative melting profiles provided in Figure APX5b.7, it is

evident that the presence of both [EmimHSO4] and [EmimBF4] drastically reduces the melting
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temperature (Tm) of cz~-DNA. Even at lower concentrations (0.1M) of these ILs, the Tr of ct-
DNA falls below room temperature. However, T of c-DNA has been observed to increase in
presence of rest of the chosen ILs. Plots of melting temperature (T,,,) of ct-DNA as a function
of the concentration of [EmimAc], [Emim Cl], [EmimBr] and [EmimNQO3] are also provided
in Figure 5b.7. From Figure 5b.7, it can be observed that native ct-DNA shows a thermal
transition temperature (T,,) around 65.4°C,% which is increased subsequently in presence of all
the chosen ILs. Among the tested ILs, [EmimCl] and [EmimNOs3] leads to the highest Tm value
of 80°C, followed by [EmimBr]. However, a slight decrease in the T;,, Value has been observed
at a relatively higher concentration of [EmimCl] and, [EmimBr] and, the estimated T,,, values
are still higher than that have been observed for the native DNA. However, one can also observe
from Figure 5b. 7 that in the presence of [EmimNO3] and [EmimAc], high concentration leads

to partial denaturation of the ct-DNA (T less than 65°).
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Figure 5b.7. Melting temperature of c~-DNA in the presence of individual ILs at different

concentrations as indicated in the figure.
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After carefully considering all the results, it can be suggested that the efficiency of ILs to
stabilize the cz~-DNA structure at the higher concentrations of ILs follows the order: [EmimCl]
~[EmimBr]>[EmimNO3 |>[EmimAc]>[EmimBF4]~[EmimHSO4]. Therefore, our
investigations of the effect of the Hofmeister series of imidazolium-based ILs indicate that the
ct-DNA stability does not strictly follow the Hofmeister anion series, as previously observed
in the case of Z-DNA stability with higher salt concentrations.?> The deviation from the
Hofmeister order suggests that the stabilization of cz~-DNA at higher IL concentrations may be
attributed to ion-specific effects, where individual ions present in the ILs play a prominent
role.!% 1428 49,51 Gpecifically, at higher concentrations of [EmimCl], [EmimBr], [EmimAc],
and [EmimNQOs], these individual ions can to penetrate the hydration layer at the groove.
During this process, the Cl" and Br ions exhibit specific interactions that contribute to
stabilizing the cz-DNA structure. In contrast, Ac” and NOs3™ ions appear to have a destabilizing
effect on the ct-DNA structure. The findings from our study suggest that at higher
concentrations of ILs, ion-specific effects play a crucial role in determining the stability of cz-
DNA. During this process, the specific interactions between individual ions and c-DNA
become more pronounced, influencing the overall stability of the c#-DNA structure.
Interestingly, our research reveals that the role of the anion in the [Ls becomes more prominent
at higher concentrations. This means that different anions, such as CI°, Br’, NOs", Ac’, and
others, exhibit varying effects on the stability of c~-DNA depending on their specific
interactions with the c~-DNA molecules.
5b.3.5.MD simulation studies. To shed more light into our experimental observations, the
radial distribution functions (RDF) of the DNA phosphate group with the cations and anions
of the ILs are calculated from the MD simulations. The starting configuration of the simulation
box showing the DNA molecule, water molecules, imidazolium cations and one of the counter

ions (CI) has been provided in Figure APX5b.8 (Appendix 5b). The RDF provides valuable
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insights into the solvation preference of the IL components to the DNA phosphate groups
providing valuable insight on the ion-specific interactions that mediate the DNA stabilization
in the hydrated IL solvents. From the RDF in Figure 5b.8, it can be found that the interaction
of cation with the phosphate group of DNA is nearly invariant with the choice of the counter
anion involved. The RDF shows a peak at nearly 0.72 nm which describes the solvation of the
Emim™ cations within 0.72 nm of the DNA phosphate groups. The anions on the other hand
interact less with the phosphate groups of DNA with the HSO4 anion showing the highest
preference. The BF4™ anion shows least preference of interaction with the phosphate groups of
the DNA. This shows there is an exclusion of the anions within the solvation sphere of the IL
components surrounded by the DNA. This is consistent with the earlier MD results which also

had shown less preference of the counter anions of the IL to interact with the ct-DNA.*
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Figure 5b.8. The radial distribution function of the IL components around the phosphate

groups of DNA (a) is the RDF of cations around the DNA and (b) is the RDF of anions around

the DNA.

Figure 5b.9 shows the snapshots of the IL components interacting with the DNA molecules.
The Emim" cations are seen to occupy the major groove of the DNA molecule. A few Emim*
cations are also found to accumulate at the minor groove as well. The cations interact with the

DNA bases through hydrophobic and electrostatic interactions, especially in the minor groove,
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which is also proven experimentally (section 5b3.3). Previous MD studies have also shown the
preference of the 1-butyl-3-methylimidazolium chloride [Bmim]* cations to accumulate both
at the major and minor grooves of DNA.!® This observation nicely corroborate with our
experimental observation obtained from the fluorescence studies in a sense that irrespective of
the nature of anions imidazolium cation in a given IL primarily interact at the minor groove of
ct-DNA. In this context, we would like to also mention here that both CD spectra (the absence
of any induced signals) as well the current simulation results rule out the possibility of
intercalative binding of [EmimNQO3] and [EmimAc] with c#~-DNA that was interpreted from the

absorption measurements.

»
s bo Major 73
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Figure 5b.9. The snapshots of the DNA interacting with the (a) [EmimHSO4] and (b)

A

[EmimCI]. The DNA is shown in surf representation, the ionic liquid components except
chloride are shown in licorice representation, and chloride ions are shown as VDW spheres.
The HSO4 anions are shown here in (a) illustrates both the major and minor groove binding,

the chloride ions shown in (b) also shows major groove binding.

As the present study is mainly focused on examining the structural stability of ct-DNA in the

aqueous environment of ILs, the root means square deviation (RMSD) values of ct-DNA (all
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heavy atoms) when solvated in pure ILs in comparison to their initial positions in the crystal
structure are further analysed and the results are presented in Figure 5b.10a. The pure water
medium is taken as the control system. The RMSD of the replicate simulations are shown in
the Figure APX5b.9. We have found that the ct-DNA molecule is stabilized within nearly 50
ns of the simulation time. The minimum RMSD of the DNA bases is in the bulk water medium
(mean RMSD = 0.39 nm) as the control simulations and the maximum RMSD is in the presence
of IL-containing HSO4™ anion (mean RMSD = 0.41 nm). It is important to mention here that,
the RMSD values denote the overall stability of the DNA in the IL medium. RMSD values are
averaged over the entire c--DNA and disruption in a small region may not be reflected in the
RMSD values, especially if the disruption does not result in significant unfolding. For the
replicate simulations we find that the RMSD of the systems (as shown Figure APX5b.9)
containing BF4 and Ac™ ion did not converge within the simulation time. The root mean square
fluctuation (RMSF) of the nucleotides determines the relative fluctuations of the nucleotides
with respect to the control system. The RMSF for the ct-DNA in the IL solvents is shown in
Figure 5b.10b. We found out that the relative fluctuations of the nucleobases are lower in the
IL solvents compared to the water medium. The fluctuations are increased near the terminal
bases of the DNA. The terminal nucleobases have fewer neighbouring nucleobases on one side,
which can result in a reduced number of stabilizing interactions, such as hydrogen bonds and
base stacking. These interactions contribute to restraining the movement of nucleobases in the

internal regions of the DNA strand leading to higher fluctuations at the ends.
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Figure 5b.10. (a) RMSD (nm) of ct-DNA (all heavy atoms) solvated by four hydrated ILs and

the control simulation in water, (b) RMSF (nm) of the heavy atoms for the ct-DNA of

nucleobases for the twelve pairs of nucleobases.

To gain more information on the structural stability of DNA in presence of IL containing
different anions, from the MD simulation data, end-to-end distance (Rec) of the DNA has been
calculated. Studying the end-to-end distance of DNA through MD simulations offers valuable
information about the conformational dynamics, flexibility, and interactions of the DNA
molecule. A smaller end-to-end distance indicates a more compact and rigid conformation,
while a larger end-to-end distance suggests increased flexibility and expansion of the DNA.
The distribution of the end-to-end distances of the DNA is shown in Figure 5b.11. It has been
observed that the DNA conformations are conserved, with end-to-end distances ranging
between 3.5 - 4.4 nm. Hence, there is a minimal change in the overall shape of the DNA
molecule in the presence of such IL solvents. The helical structure of DNA is retained in the

hydrated IL solvents even with the change in the counter anions.
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Figure 5b.11: The distribution of the end-to-end distance of the DNA in various IL solvents

used in our study.

Though the globular structure of the DNA is mostly unaltered in the presence of the hydrated
ILs, the base packing and helical structure of DNA are altered to a certain extent. Therefore,
we have analysed the base stacking in various IL-DNA systems in the timescale of our
simulations. The final snapshots of the simulation trajectories of 200 ns are shown in Figure
5b.12. We found that the base stacking is disrupted in the DNA structure for all the systems.
Along with that, the Watson-Crick hydrogen bonding between the complementary pairs is
disorganized. For example, in the IL solvent containing the HSO4 anion, the DNA undergoes
the most disfigurement with the collapse of the inter-helical hydrogen bonding. Overall, the

terminal nucleobases show the most disruption in all the systems as shown by RMSF earlier.
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control chloride

(d)

acetate

Figure 5b.12: The final structures of the c#~-DNA derived from the 200 ns of simulations in

control and the hydrated IL solvents comprising different anions.

To further corroborate the structural changes in the DNA, we have calculated the Watson—Crick
hydrogen bonding distances and the glycosyl dihedral angle which is shown in Figure 5b.13
and Figure APX5b.10. We have considered the G5—C20 in the cz-DNA that shows significant
stability with respect to the relative fluctuations. These hydrogen bonding distances are of
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interest in studying the stability and conformational dynamics of DNA.3*** The distances are
mostly conserved in the base pairs and the glycosylic dihedral shows negligible change. This
shows the stability of the cz-DNA in the IL medium. The inner eight base pairs are mostly
retaining their hydrogen bonding structure, whereas the terminal four base pairs, two from each
end, disrupt their hydrogen bonding. This is illustrative of the MD simulation snapshots at the
end of 200 ns simulations across both the runs (Figure 5b.12 and Figure APX5b.11). Earlier
MD studies concerning the effect of IL on ct-DNA showed similar behavior with the disruption
of the DNA base pairs in the head and the tail region of the DNA.* Even at the smaller
simulation timescales (10 ns) they could find the disruption of the base pairs near the ends of
the c-DNA.* To further characterize the structural deformations in the DNA, we calculated
the Watson-Crick hydrogen bonds for the DNA structure. The Watson-Crick hydrogen bonds
for the systems are shown in Figure APX5b.12. The crystal structure of the DNA has 32
hydrogen bonds between the helices as the Watson-Crick hydrogen bonds.* The DNA structure
with the hydrated IL systems having HSO4 anion has the least number of hydrogen bonds. The
IL solvents with BF4 are found to have a higher number of Watson-Crick hydrogen bonds
compared to the HSO4™ system. Thus, the lowest number of Watson-Crick hydrogen bonds are
observed in the system with HSO4 anion. The BF4 anion helps to maintain the Watson—Crick
hydrogen bonds and prevent the opening of base pairs. The differences observed in the
hydrogen bond interactions of these two ILs with c#~-DNA further illustrate that anions of ILs
also play a crucial role in determining the extent of DNA-IL interactions. Hence MD simulation
results clearly reflects the role of anions in deciding the stability of the c#-DNA in aqueous IL
solutions. The binding modes of the anions with the DNA grove is also observed from the
simulation trajectories. Yet, further studies need to be performed taking longer simulation time
and using different force-fields, or employing advanced sampling methods to obtain the

complete information.’*>°
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Figure 5b.13. Watson—Crick pairing modes of G5:C20 in cz-DNA. The time evolution of the
glycosyl torsion angle [y (04'-C1'-N9-C4), shown in ball-and-stick representation], C1'-C1’
distance (dci—c1’), and hydrogen-bond distances (dni-n3, dno-o4) during the 200 ns unbiased
MD simulations is shown. The distances and the glycosyl torsional angle are shown for the (a)

control, (b) [EmimCl] (¢) [EmimBF4], (d) [EmimAc].
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5b.4.Conclusions

In the midst of several studies that focus on the role of the cationic moiety of ILs in stabilizing
duplex structure of cz~-DNA in an aqueous solution, the present study has been undertaken with
the objective to find out the influence of anionic moieties of IL, if any, in the said event. For
this purpose, the interaction of a series of ILs based on a common 1-ethyl-3-methyl
imidazolium cation and different anions that include C1~, Br~, Ac™, HSO, and BF,™~ with ct-
DNA have been monitored by employing several spectroscopic techniques and MD simulations
studies. These studies have demonstrated that the stability of cz-DNA in aqueous solution of
ILs is significantly influenced by various factors such as pH, polarity, and concentration of ILs,
and since the chemical nature of anions of ILs can influence these parameters in an appreciable
manner, the role of anions become extremely crucial in the said process. The analysis of all the
data obtained from this study has suggested that at lower concentrations of ILs, the extent of
DNA-IL interaction is primarily mediated by the interactions between the cations and anions
within the ILs, and the, structure of c~-DNA remains mostly stable under these conditions.
However, at higher concentrations of ILs, the role of anions becomes prominent as specific
ions (IL)-c~-DNA interaction takes place. Moreover, it has also been observed that depending
on the nature of anions, these interactions can stabilize or destabilize cz-DNA structure. Overall,
the outcome of this study has revealed that the role of the anionic moieties of ILs can play an
extremely crucial role in determining the stability of c-DNA in the aqueous solution of ILs.
Therefore, while considering the stability of cz-DNA in presence of aqueous solution of ILs,
the contribution from anion should be taken seriously along with the effect of cationic moieties
of ILs. Additionally, the knowledge obtained on the DNA-IL interaction through the present
investigation is expected to be helpful in choosing suitable IL systems for various nucleic acid-

based applications.
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Figure APXS5b.1. Represents the variation in fluorescence intensity of 3uM DAPI (A4 =
450nm) when excited at 375nm with gradual addition of c¢#~-DNA. The emission intensity of
DAPI has been increased gradually with the subsequent addition of c-DNA as marked in the x-
axis. No more increase emission intensity has been observed when the concentration after the
addition of 60uM ct-DNA. This indicates that at this concentration maximum DAPI is present
in the bound form with c#-DNA.
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Figure APXS5b.2. Fluorescence emission spectra of DAPI-DNA complex (Aex = 375 nm) in
the absence and presence of gradual addition of [EmimCl] at (a) 308k, (b)318kand (C) 328k.
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Figure APX5b.3. Fluorescence emission spectra of DAPI-DNA complex (Aex =375 nm) in the
absence and presence of gradual addition of [EmimBr] at (a) 308k, (b)318k and (C) 328k.

57318k
44
S [Emim Ac] = [Emim Ac]
S 34 —0 S 34 —0
> —0.05 > e 0.05
D 01 0.1
g 2+ —0.2 2 24 —_—0.2
£ 04 £ 0.4
- —_—05 = 14 — 0.5
——0.6 ——0.6
—0.7 X —0.7
04~ v T T 0L T . T
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
54
328K
44
e [Emim Ac]
8 34 —0
S ——0.05
= 0.1
% 2 —0.2
- ~-0.4
£ 14 —0.5
0.6
R —_0.7
04 T . T
400 500 600 700

Wavelength (nm)

Figure APX5b.4. Fluorescence emission spectra of DAPI-DNA complex (Aex = 375 nm) in
the absence and presence of gradual addition of [EmimNOs3] at (a) 308k, (b)318k and (C) 328k.
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Figure APX5b.5. Fluorescence emission spectra of DAPI-DNA complex (Aex =375 nm) in the
absence and presence of gradual addition of [EmimNOs] at (a) 308k, (b)318k and (C) 328k.

Table APX5b.1. The stern-Volmer quenching constants at indicated temperatures for IL

systems

Temperature (K)
298
308
318
328

Temperature (k)
298
308
318
328

Temperature (k)
298
308
318
328

Temperature (k)
298
308
318
328
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Region |
0.57
0.67
0.96
1.01
Ksv/ [Emim Br]
Region |
0.47
0.57
0.83
0.99
Ksv/Emim Ac
Region |
0.86
0.98
1.19
1.48
st/Emim NO;
Region |
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0.74
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Region 1l
2.35
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Figure APX5b.6. Life time decay-plots of DAPI-DNA complex in presence of ILs

Table APX5b.2. Decay parameters of DAPI-DNA complex with gradual addition of ILs.

[Emim Cl]/M 71 (By) 73 (B>) 73 (B3) Tavg /NS

0 1.27(0.33) 3.64(0.67) 2.86

0.05 1.28(0.37) 3.64(0.63) 2.76

0.1 1.17(0.36) 3.59(0.64) 2.71

0.2 1.13(0.37) 3.57(0.63) 2.67

0.4 1.16(0.26) 3.54(0.56) 0.35(0.18) 2.35

0.6 1.10(0.26) 3.51(0.56) 0.43(0.18) 2.33
[Emim Br]/M 11 (By) T2 (B2) T3 (B3) Tavg /NS

0.05 1.20(0.38) 3.64(0.62) 2.71

0.1 1.09(0.36) 3.61(0.64) 2.7

0.2 1.21(0.38) 3.58(0.62) 2.67

0.4 1.05(0.37) 3.55(0.63) 2.62

0.6 1.24(0.12) 3.50(0.54) 0.5(0.34) 2.20
[Emim Ac]/M 11 (By) T2 (B2) T3 (B3) Tavg /NS

0.05 1.33(0.37) 3.65(0.63) 2.79

0.1 1.26(0.38) 3.64(0.62) 2.73

0.2 1.16(0.37) 3.60(0.58) 0.35(0.15) 2.57

0.4 1.12(0.2) 3.57(0.58) 0.43(0.22) 2.39

0.6 1.25(0.18) 3.55(0.49) 0.46(0.33) 2.12
[Emim NOs]/M 11 (B4) T, (B3) T3 (B3) Tavg /NS

0.05 1.11(0.33) 3.64(0.67) 2.80

0.1 1.12(0.33) 3.62(0.67) 2.79

0.2 1.1(0.33) 3.57(0.67) 2.75

04 1.11(0.25) 3.52(0.59) 0.21(0.16) 2.39

0.6 1.11(0.30) 3.47(0.57) 0.23(0.13) 2.34
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Figure APX5b.7. UV-melting profiles cz~-DNA in the presence of different ILs.

Figure APX5b.8. The starting configuration of the simulation box showing the DNA molecule,

water molecules, ionic liquid cations and chloride counter ions
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Figure APX5b.9. The RMSD of the heavy atoms of the cz-DNA derived from the replicate

simulations.
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Figure APX5b.10. The distance between the nucleotides and the dihedral for the guanine and
cytosine pair in the [EmimHSO4] system. The definitions for the atom types are shown in the
main text.
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Figure APX.5b.11. The final snapshot of the ct-DNA structures derived from the replicate
simulations for 200 ns.
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Figure APX5b.12. Bar plots of the number of Watson-crick hydrogen bonding.
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CHAPTER 6

Abstract

In a recent breakthrough, organic ionic crystals have emerged as exceptionally efficient
candidates for advancing the field of all solid-state electrolytes. This innovative development
holds the promise of addressing leakage-issue inherent to conventional room temperature ionic
liquid-based electrolytes. In this work, a series of geminal di-cationic Organic lonic Crystals
(OICs), based on Cs-, Cs-, Cg- and Co-alkylbridged bis-(methylpyrrolidinium)bromide are
synthesized, and the structural features, thermal properties and phase behaviours of as
synthesized OICs have been investigated. Additionally, a number of electro-analytical
techniques have been employed to assess their suitability as an efficient electrolyte composite
(OIC: I,: TBAI) for all solid-state dye sensitised solar cells (DSSC). The structural analysis has
revealed that along with excellent thermal stability and well- defined surface morphology, OICs
exhibit a well-ordered three-dimensional network of cations and anions that can serve as a
conducting channel for the diffusion of iodide ions. Electrochemical investigations have shown
that OICs with an intermediate length of alkyl bridge (Cs- and Cs-alkyl bridged) show better
electrolytic performance than that are based on OICs with a relatively shorter (Cs-) or longer
(Co-) alkyl-bridged OICs. A careful analysis of the data has essentially demonstrated that the
length of the alkyl bridge chain plays a significant role in determining the structural

organisation, morphology and eventually the ionic conductivity of OICs.
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6.1. Introduction

Ionic liquids (ILs) are typically organic salts with melting point below or near room
temperature.'* They possess structural features reminiscent of molten salts as well as molecular
liquid.>® In recent times, majority of the research works on ILs are devoted to the study of
structure, properties and application of ionic liquids in their liquid state.”'®However, studies
on organic ionic crystal (OICs) which are solid state analogue of RTILs are rather limited.
Interestingly, these organic ionic crystals have shown great promise to replace liquid-based
electrolyte in the energy related applications such as in dye sensitized solar cell, Li-ion battery
etc. "% Interestingly, these systems also show comparable conductivity and diffusion
efficiency like usually employed liquid- based electrolyte.!®**More importantly, these OIC-
based electrolytes are exempted from the leakage problem that are commonly associated with
the liquid-based electrolyte.?!*> While some OICs based on mono-cationic ionic liquids (MILs)
as well as dicationic ionic liquids (DILs) have been synthesized and have been used as
electrolyte matrices for various electrochemical devices, design and development of OIC-based
electrolyte with high thermal stability and high conductivity has remained as a formidable
challenge.'” 2>27 One of the possible ways through which this particular challenge can be
tackled is by tuning the thermal and electrochemical properties of the OICs by introducing
various combination of cation and anion in their structure. However, the judicious selection of
cations and anions for a suitable OIC invariably demands proper understanding of the solid-
state structure and various intermolecular interaction associated with them. In this context, we
also note that OICs, which can be developed based on dications are expected to be more
interesting than those are based on monocations due to the fact that former possess superior
physiochemical properties than that of later.!® 2839 Therefore, proper information on the

structure and inter-constituent interactions of OICs that are based on dications are expected to
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be helpful in designing highly efficient solid-state electrolyte for various energy related

applications.

OICs are a kind of crystalline compound consisting of anions and cations whose properties are
different than those of the conventional crystals.>' The microstructure with three-dimensional
ionic channels in this kind of ionic crystals are responsible for their excellent electrochemical
property. 32 Besides that, few other parameters such as crystallinity, morphology and size of
OICs are shown to significantly influence the electrolytic properties of the OICs.**3*Till date,
majority of the research on OICs is confined to the imidazolium-based compounds, such as 1-
methyl-3-acetylimidazolium iodide (MA-II), ¥ N-propargyl imidazolium carbazole-
imidazolium iodide,*® and ester-functionalized imidazolium iodide salts.?’ It is to be mentioned
in this context that Yan and co-workers have observed improved efficiency of DSSCs by
employing  cyanobiphenyl-functionalized  imidazolium  ionic  crystals.*?Although,
Pyrrolidinium-based OICs possess better electrochemical stability than that of imidazolium-
based OICs due to its non-aromatic character, only a handful of pyrrolidinium-based OICs have
been synthesized and studied. All the above discussions have demonstrated while most of the
studies on OICs are devote to their application in various electrochemical devices, not much
quantitative and comprehensive information which demonstrates the correlation between
structure and electrochemical properties of pyrrolidinium based OICs are available in the
existing literatures. Since the impact of the structure and inter-constituent interaction are
expected to influence the physical, chemical and transport properties of pyrrolidinium-based
geminal OICs, understanding the structure and ion transport behaviour of OICs would be a

worthwhile objective to pursue.

Keeping these in mind, in this work, a series geminal di-cationic OICs based on 1-methyl
pyrrolidinium, 1,3-bis(1-methylpyrrolidinium-1-yl)propane bromide [PMPYBr] 1,6-bis(1-
methylpyrrolidinium-1-yl)hexane bromide [HMPYBr], 1,8-bis(1-methylpyrrolidinium-1-
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yl)octane bromide [OMPYBr]| and 1,9-bis(1-methylpyrrolidinium-1-yl)nonane bromide
[NMPYBr]| has been synthesized and their structure, physiochemical properties and electro-
chemical properties of composite electrolyte OIC: I,: TBAI (Tetra-butyl ammonium iodide),
are analysed by employing various analytical methods such as X-ray diffraction, Differential
Scanning Calorimetry (DSC), Scanning Electron Microscopy (SEM), Electrochemical
Impedance Spectroscopy (EIS) and Cyclic-Voltammetry and Linear-Sweep Voltammetry
(LSV). This study is intended to show how the structural arrangement and subsequently the
electrochemical properties can be influenced by the composition of longer-chained geminal
dicationic OICs. This has been achieved by correlating the single crystal structure and
morphology of these OICs with their observed electrochemical properties. Several interesting
aspects in terms of understanding structural organisation, interionic interaction and ion-

transport behaviour have been extracted from the current study.
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PMPYBr
QN\/\/\/\ O 2(Br]

HMPYBr /
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[PMPYBr]: 1,3-bis(1-methylpyrrolidinium-1-yl) propane bromide

[HMPYBr]:1,6-bis(1-methylpyrrolidinium-1-yl) hexane bromide
[OMPYBTr]: 1,8-bis(1-methylpyrrolidinium-1-yl) octane bromide
[NMPYBr]:1,9-bis(1-methylpyrrolidinium-1-yl) nonane bromide

Scheme 6.1. Chemical structure and Abbreviation of the chemical species used in the study
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6.2. Experimental techniques and methods

6.2.1 Synthesis of Organic Ionic Crystals The organic ionic crystals were prepared according
to the reported procedures as described in chapter 2.3%4° ! H NMR of all the dicationic crystals
thus synthesized are subsequently characterised by NMR spectroscopy and the spectra can be

found in Appendix 6 (Figure APX6.1).
6.2.2. Preparation of Electrolyte

The formation of triiodide/iodide redox couple is an essential for the DSSC operation. The
photovoltaic performance of a DSSC is not only dependent on the concentration of these salts
but also depends on the size and charge density of the cations.*' To the best of our knowledge,
even though a range of Lithium iodides and imidazolium IL- based iodides are known to show
high I" and I3 ~ transport in OICs matrices, the diffusion of tetra-butyl ammonium iodide (TBAI)
in these OICs-doped electrolyte have not been reported till yet. 2> 37 4**The current study
employs electrolytes made up of three parts: ionic crystal matrix or OIC, I" source (TBAI) and
iodine (I2). All components were mixed in the relevant molar proportion and uniformly ground.
We found better conductivity with molar proportion of electrolytic additives in the ratio
0.1:0.1:0.02 (OIC: I" :TBAI) which is found to be similar to the proportion that have been taken
by Zeng and co-workers for similar experiment.**The solid-state electrolytes thus obtained are
subsequently characterised using different electroanalytical methods. All the electrolytes were

dried under vacuum at room temperature for 24 h before the characterization.
6.3. Results and discussion

6.3.1. X-ray Crystal Structure. It has been reported in several literatures that the length of
the alkyl chain has a significant influence on the cation geometry of this type of compound.®
Thus determining the X-ray crystal structure and nature of crystalline packing of as synthesized

OICs consisting of different alkyl bridge can help us to predict the structural organisation of
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the crystalline phase of OICs. Single crystals HMPYBr,OMPYBr and NMPYBr are grown
from slow evaporation of their methanol solution at room temperature and the crystallographic
informations obtained are summarized in Table 6.1.The crystal data of PMPYBr are collected

from previous literature report and can be found in Table APX6.1.%°

S TERNE
(% "-,

Figure 6. 1 Packing diagram of HMPYBr showing molecular arrangement within the crystal

lattice.

As can be seen from Figure 6.1, the crystal structure of HMPYBr consists of zigzag bands of
molecules along the crystallographic-b axes of a triclinic unit cell. Two pyrrolidinium cations
of one molecule are exactly parallel to each other and lie trans to each other and two
pyrrolidinium rings of two different molecules are joined together by electrostatic interactions.
The crystal structure of OMPYBr and NMPYBr also show similar packing pattern and can be

found in Appendix 6 (Figures APX6.2 and Figure APX6.3).
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Table 6. 1. Crystallographic Information

Crystal Data
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A

o/°

pre

V/°
Volume/A®

Z

PcalcQ/ cm?®

p/mm

F(000)
Crystal size/mm?®
Radiation

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

CCDC Crystal deposition
Number

HMPYBr OMPYBr NMPYBr
CgH19BrNO CoH21BrNO C19H29Br2N2
225.15 239.18 445.26

294.6(5) 293(2) 293(2)
triclinic triclinic orthorhombic
P-1 P-1 Pbcn
8.2705(3) 8.7747(6) 15.6157(17)
8.3119(4) 8.8458(6) 13.7323(16)
8.6304(4) 8.9862(5) 10.4556(10)
81.434(4) 94.525(5) 90
78.227(4) 105.831(5) 90
66.545(4) 117.457(7) 90
531.30(4) 578.09(7) 2242.1(4)
2 2 4
1.407 1.374 1.319
3.823 3.518 3.617
234.0 250.0 908.0
0.05 x 0.03 x 0.01 0.5x0.3x0.28 0.6x0.3x0.3

MoKa (A =0.71073) MoKa (A =0.71073) MoKa (A =0.71073)
2191 [Rint = 0.0669, 2438 [Rint = 0.1104, 2472 [Rint = 0.0441,

Rsigma = 00266] Rsigma = 00544] Rsigma = 00364]
2191/0/109 2438/0/118 2472/75/106
1.060 1.029 1.050
2219093 2219098 2219101

Interestingly, the crystal structure of NMPYBr shows a slightly different structure (Figure

APX.3) where the longer alky bridge chain is found to be in bent conformation indicating dense

packing of the molecules with the aids of hydrophobic interaction among the alkyl chains. This

observation indicates that structural organisation of these type of geminal dication also depends

on the length of the alkyl bridge. However, perspective view of the structural organisation
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confirms the presence of ordered three-dimensional ionic channels in all these OICs which is

the basic requirement for using these OICs to serve as electrolyte matrices.

6.3.2. Thermal and Phase Behaviour:
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Figure 6.2 Thermogravimetric analysis curve of as synthesised OICs.
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Figure 6.3. Differential scanning thermograms of as synthesised OICs. The y-axis for each

thermogram has been kept constant for the comparative view of enthalpy of phase transitions.
Determining the thermal stabilities of OICs is essential for application of these as electrolyte
in various optoelectronic devices. The thermal stability of OICs is tested using TGA method.
Figure 6.2 represents thermogram of the OICs ramped from room temperature to 600°C. From
the Figure 6.2 it can be noticed that all the OICs, irrespective of the length of the alkyl-bridge
chain they contain, are thermally stable up to 250°C. This excellent thermal stability of OICs
ensure that, these OICs can be considered as good candidate for high temperature outdoor
applications. Furthermore, the phase behaviour of these OICs is examined using DSC method.
Figure 6.3 represents differential scanning thermogram of OICs in a temperature range 25°C
to 250°C. Interestingly, it can be noticed that all these ionic crystals do exhibit multiple solid-

239 | Page



CHAPTER 6

solid phase transition behaviour before their decomposition. In this context we would like to
mention here that several monocation-based organic ionic plastic crystal such as 1- butyl-1-
methylpyrrolidinium bromide (BMPYBr) as well as several bis-imidazolium salts also show
multiple phase transition before their melting temperature. These phases are called as plastic
crystalline phase and these characteristics feature is highly beneficial for these material as these
allow the redox couple to show high ionic conductivity by facilitating better electrode-
electrolyte interfacial contact.!*° Therefore, in the present case also the good thermal stability
and phase behaviour of the OICs made us to consider them as an ideal electrolytic component
to form all solid-state electrolytes for various electrochemical applications. Furthermore, it can
also be noticed from the DSC curves presented in Figure 6.3, that the enthalpy of phase
transitions is relatively lower for the PMPYBr and NMPYBr than that has been observed for
HMPYB and OMPYBr. This observation can be rationalized by considering the higher

flexibility or disorderness within the crystal lattice of PMPYBr and NMPYBr ."°

3.3. PXRD measurements

Figure 6.4a and Figure 6.4b and show the observed PXRD patterns in an angle (20) range
between 10° and 50° of the pure OICs without any electrolytic additives as well as electrolyte
composite (OIC: Io: TBAI) respectively. In order to avoid the exposure of the samples to air,
the samples were sandwiched in between two thin glass slide and mounted on the X-ray
diffractometer. The major diffraction peaks of the pure OICs are detected within the angle (20)
from 20° to 30°. The present diffraction pattern of OICs is found to match with the diffraction
pattern obtained for a similar compound reported by Zeng and co-workers.*? Of all the OICs
relatively sharper peaks are observed for PMPYBr, HMPYBr and OMPYBr indicating their
higher crystallinity. However, relatively boarder diffraction peaks are observed for NMPYBr
which is consistent with the data obtained from single crystal structure. The position of some

major peaks as marked in the figure (pink numerical) are found to be at similar diffraction angle
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for all the OICs containing different alkyl bridge indicating the presence of similar type crystal
plane these OICs. Interestingly, sharp diffraction peaks at the same angle with relatively lower
intensity are also observed in Figure 6.4b for respective electrolyte composite which indicates
that the crystallinity of OICs remains intact in the electrolyte composite.’* ** Additionally, this
also indicates that the dopant i.e. the (TBAI and Iodine) are compatible with the OICs to form

an electrolytic a mixture. +°

~

s000] (D) :

3003 i — NMPYBr
1000 35 40 45 50 ,760001 15 2(;;%5 30 35 40 45 50
S 83
gsoo: — OMPYBr ésoog Ak g — OMPYBr
2 10 15 20 25 30 35 40 45 50 =10 15 20.25 30 35 40 45 50
< 20000 il & 3 € 2000 §F 2 §
3 b £ — HMPYBr (] — HMPYBr
I e £ o
T 1000010 15 0: § 2; 30 35 40 45 50 60001 15 20 35 30 35 40 45 50

O s —PURYEE 3000 ML, —Pweve:
15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45

50
Angle (20) j

Figure 6.4 (a) X-ray diffraction patterns of pure OICs; (b) electrolyte composite (OIC: I»:

Angle (20)

TBAI)

3.4. Morphological features of OICs.

The detailed morphological features of as synthesized OICs were observed using a Scanning
Electron Microscope (SEM). The surface micrographs of the OICs are displayed in Figures 6.5
(a-d) which show grey/white coloured crystalline structure with highly textured surfaces of the
sample which further conveyed the crystalline nature of these materials. However, it can also
be noticed from the SEM images that PMPYBr, HMPYBr and OMPYBr showed a
homogeneous distribution of particle with void spaces. On contrary to that to that NMPYBr
doesn’t show any well-defined morphology. PMPYB showed rod shaped crystals with sharp
edges. On the other hand, HMPYBr and OMPYBr showed a partially rectangular sheet like
morphology in micrometre range. The micrographs of NMPYBr shows scattered powder like
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morphology that can be attributed to a result of segregation of the particles due to the
hydrophobic interaction among the longer alkyl chain. The broader X-ray diffraction peaks as
well as bent crystal structure highly corroborate the observed morphological feature of
NMPYBr revealing their relatively lower crystallinity. This result essentially suggests that the
length of the alkyl bridge promotes different crystalline structure which also affect the surface

morphology of OICs.

Figure 6.5. SEM micrographs of pure OICs.

3.5. Electrochemical measurements

The efficiency of a DSSC is majorly dependent on the ion conductivity and stable potential
window of electrolyte used in the cell. Therefore, the optimization and analysis of
electrochemical stable potential window of a particular electrolyte is a vital task for the energy
researchers. Here, after successful characterization, the electrochemical stable potential
window of the as prepared electrolytes (OIC: I: TBAI) were optimised using the linear sweep
voltammograms. This was performed by applying an anodic voltage with a scan rate of 10

mV/s to a two electrode Swagelok cell consisting of solid powdered electrolyte sandwiched
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between two stainless steel electrodes. The voltage was swept from OV to higher anodic
potential (up to 3.0V) until a sharp rise in current was observed. As can be seen in Figure 6.6a,
more rise in anodic current was noticed in case of PMPYBr and NMPYBr indicating the
decomposition of the electrolyte. However, in case of HMPYBr and OMPY Br, no such increase
in current was found with applied potential even up to 3V, demonstrating an optimised
operating potential window of 3V. Further in comparison to OMPY Br, the HMPYBr observed
to be more stable resisting the decomposition under similar electrochemical conditions. Figure
6.6b represents the cyclic voltammetry for the conductive HMPYBr electrolyte recorded at 100
mV/s sweep rate. A minimal value of 0.05+£0.001 mA/cm? current density (~5x10 -5 mA/cm?
per cycle) was found to be changed after 1000th cycle demonstrating the excellent stability of

the HMPY Br electrolyte.
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Figure 6.6. Linear sweep voltammograms at 10 mV/s showing the potential window
optimisation of OMPYBr, PMPYBr, NMPYBr and HMPYBr electrolytes and (b) cyclic
stability at a sweep rate of 100 mV/s of HMPYB in a Swagelok type two electrode system.

Further the exchange current density (Jo) has been calculated from the Tafel plot (logarithmic
Current-Voltage Tafel polarization plot) derived from the recorded linear sweep
voltammogram. The Jo value defines the intrinsic rates of electron transfer among the

electrolyte and electrode surface at zero over potential. As presented in Figure 6.7, the Tafel
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curve is divided into three zones as (1) polarization region, (2) Tafel and (3) diffusion zone
respectively. The Jo obtained from the cross point of the extrapolation of the Tafel zones of
cathodic and anodic curves at zero over potential. The values of Jo observed to be increases on
increasing the chain length of the cationic part of the electrolyte. At an optimum condition,
OMPYBr shows highest value of Jo (3.52+0.01 mA/cm?) demonstrating the excellency in the
current and charge transfer capability at minimum over potential among all other electrolytes
studied here. On further increasing the chain length, in case of NMPYBr, the Jo decreased. The
magnitude of exchange current density is -2.2+0.02 mA/cm? for PMPYBr, 2.96+0.012 mA/cm?

for HMPYBr and for NMPYBr it is 2.72+0.015 mA/cm?.
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Figure 6.7. Tafel polarization curve for the electrolyte with different cationic chain length.

The ionic conductivity (o, S/cm) is an important parameter of an electrolyte which need to be
evaluated prior to use in dye sensitize solar cells (DSSCs). Therefore, the electrochemical
impedance spectroscopy (EIS) measurement has been performed to evaluate the conductivity

of the electrolytes containing cationic counter ions with variable chain lengths.
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Figure 6.8. The Nyquist plot for the PMPYBr, HMPYBr, OMPYBr and NMPY Br electrolytes.

The Figure 6.8 shows the plot of imaginary versus real impedance of all the electrolytes with
variable cationic chain length taken in a Swagelok electrode as discussed in the above section.
All the plots show similar pattern with a semi-circular arc in the higher frequency region and a
spike in the lower frequency region. Then the ionic conductivity was calculated using the

following equation,

0=-—= eq 6.1

Here, 1 and S are length and area of cross section of the electrode and R is the recorded

resistance of the material.’!

All the electrolytes show average performance with ionic conductivity in the range of 1x107>
S/cm range. In this context it is worth to mention here that the conductivity and diffusion
coefficient of I ion (where TBAI is the source of iodide ion) is found to be somehow lower
than previously reported values with IL-based iodide additives. '* 3% ** However, the results
obtained above also suggests that the ionic conductivity also depends on the source of iodide

ion. Moreover, the ionic conductivities have also been found to vary depending on the alkyl
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chain lengths i.e., on increasing the chain length from PMPYBr to OMPYBr, the value
increases and decreased on further increasing the carbon chain as in case of NMPYB.
Specifically, the PMPYBr, HMPYBr, OMPYBr and NMPYBr shows the specific
conductivities of 0.73x107> S/cm, 5.08x107° S/cm, 6.68x10> S/cm and 2.50x10™> S/cm
respectively. More concretely the ionic conductivity of electrolyte composite based on Cp-alkyl
bridged OICs are found to be in the order 3<9<6<8. The observed trends of ionic conductivity
can be explained by taking into consideration of the number of ionic conducting channel per
unit length. 34%It is supposed that the increase in conductivity of electrolyte with increase in
the length of the alkyl bridge is due to the formation of well-ordered ion-conductive network
in the electrolytes by longer saturated carbon linkage chains.* However, lower conductivity of
NMPYBr doped electrolyte despite of the presence of longest saturated hydrocarbon linkage
is quite surprising. In this context we would like to note here that Xu et.al have also reported a
sharp decrease in conductivity of 1-alkyl-3-methylimidazolium fluoro-hydrogenate salts
(CxMIm(FH).F, (x=8, 10, 12, 14, 16, and 18) with increasing alkyl chain length due to the
breaking of layered structures.*® Several experimental reports suggest that conductivity of
solid-state electrolyte composite is highly dependent on the structural organization of the
crystalline phase as well as the morphology of the crystal matrix.* In the current study we have
explained the observed trends of conductivity on the basis of the microstructure of the OICs
which forms the conducting matrices. The rod-shaped microstructures of the PMPYBr (Figure
6.5a) with high surface area perhaps provide only few voids that significantly reduces the paths
for iodide ion conduction.*” However, the partially rectangular sheet like structure that
HMPYBr and OMPYBr shows (Figures 6.5b & Figure 6.5¢), provide smaller interfacial
contact with the electro-active active material thereby facilitates ionic conduction.** Moreover,
NMPYBr due to highly dense packing exhibit few voids due to formation of larger aggregates

as a result of hydrophobic interaction among alkyl chains (See the crystal structure of
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NMPYBr, Figure APX6.3). Moreover, these larger sized particles formed result in
disconnected iodide-ion motion pathways which significantly lower the conductivity.***’ The
present study essentially highlights that both the structural organisation and morphology of

OICs have a crucial influence on the rate conductivity of the electrolyte.

6.4. Conclusions

In summary, we have synthesized a series geminal organic ionic crystals (OICs) with increasing
length of the alkyl bridged chain C, (n= 3, 6, 8, 9) and investigated their structure, thermal and
electrochemical behaviours by employing different spectroscopic and analytical methods.
Analysis of the DSC thermogram has indicated that these OICs are thermally stable and show
multiple phase transition prior to their decomposition temperature. Structural analysis studies
have indicated that all of these OICs form matrices like structure that allow conducting
channels for diffusion of iodide ions. However, the surface morphology of these OICs is found
to be a function of length of the alkyl bridge chain. Electrochemical measurements have
collectively revealed that compared to Cs- and Co-alkyl bridged-based OICs, Cs- and Cg -alkyl
bridged OICs exhibit the highest conductivity and widest potential coverage. Analysis of the
above results in conjunction with X-ray crystal structure and morphology of the corresponding
moieties lead us to conclude that the better conductivity of Cs-, Cs -alkyl bridged OICs is
because of the good crystallinity and ordered morphology that offers better conducting channel
for electrochemical transport. However, presence of lesser number of conducting channel, due
to difference in the crystal structure of Cs-, C 9 -alkyl bridged OICs, limits their conductivity.
The results of the current study are exciting and are expected to drive the designing of various

geminal OICs that can be used in various energy related applications.
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NMPY Br
1H

Figure APX6.1d 'HNMR Spectra of NMPYBr

Table APXG6.1. Crystallographic information on PMPYBr.*

Formula
fw ()
T(K)
Lattice cell
space group
a(A)
b (A)
c(A)
o (deg)
B (deg)
Y (deg)
V (A3)
Z
d (calc d) (Mg/m?®)
abs coeff. (mm™)
F(000)
0 range (deg)

Reflections collected

R1,2WR2? [I > 26(1)]
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C13H28BraN2
372.19
193(2)

orthorhombic

Pbca
21.367(6)
19.888(5)
23.787(6)
90
90
90
10108(5)
24
1.467
4.798
4560
1.64-20.82
45036

0.0702, 0.1628
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Figure APX6.2 Crystal packing of OMPYBr along the crystallographic a-axes.

Figure APX6.3 Crystal packing of NMPYBr along the crystallographic a-axes.
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Summary and Future Prospects

The current thesis work provides several new and interesting physical insights about
RTILs, aqueous solutions of ILs and Organic ionic crystals (OICs). Moreover, this thesis
mainly tries to understand the difference in the behavior of dicationic category of ILs than
that of monocationic variant. The knowledgeobtained from the current thesis work is
expected to be useful in understanding the structural organization, intermolecular
interaction and dynamics of RTILs as well as OICs in better fashion. The thesis work also
illustrates the implications of microscopic structural attributes of these material in various
applications. The outcome of the present thesis work is expected to advance ourexisting
understanding of behavior ILs both at fundamental and application level. Understanding
and exploring different cation based polycationic ILs is in the future is expected to open
up new direction for the potential use of these complex material system in various

applications.
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