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ABSTRACT

In the present thesis we have focused our investigation on the NMR self-diffusion
coefficients, NMR relaxation and viscosity study of different green mixtures. Green
mixtures were prepared by taking water, salts, surfactant and ionic liquids (ILs).
Basically we have concentrated on the two types of green mixtures; one is the aqueous
salt solutions of IL mixtures and the other one is the aqueous IL microemulsions. Both of
these mixtures were chosen because of their variety of applications in electrochemical,
biological and synthetic processes. The viscosity of the mixtures plays a significant role
for their potential applications. It is inversely related with the self-diffusion coefficients
of the individual particles present inside the mixtures. However both are completely
different in their molecular level due to the presence of microheterogeneity in the
mixtures. Here we have investigated how the different types of microscopic molecular
phenomenon are related with their macroscopic bulk property like viscosity of the
mixtures. The high viscosity of these green mixtures is one of the important drawbacks
for their uses in different synthetic and electrochemical applications. Salts are used to
decrease the viscosity of these mixtures and studied the mechanism of salt effects. In
addition to that we have studied the physicochemical properties of confined water
molecules inside the reverse miceller media with the help of NMR relaxation approach.
These water molecules resemble to that of confined water present inside the mitochondria
and chloroplast of cellular system and can be used as a model system for the in-vitro
study. In addition to that these aqueous confined media are used in the synthesis of
nanoparticles, used as a solvent media for different organic and bioorganic reactions, and
are also used in the separation processes. The physical properties of these aqueous
confined media play a prominent role for their potential use in all of the above
applications. We have confined the water molecules inside the reverse micelles by taking
hydrophobic ionic liquid as the dispersion medium and studied the physicochemical

properties like microviscosity, micropolarity and pH of these aqueous confined media.



The total research work is divided into the three main working chapters and a brief

description of each chapter is given below.
Chapter 1

This chapter includes a detailed literature survey on ILs and green solvents. The
industrial importance of ILs as a green component and the role of viscosity and self-
diffusion coefficients on it have been discussed. The origin of the microscopic properties
like self-diffusion coefficients, translational and rotational motion of particles and their
relation to the macroscopic bulk properties have been discussed. The importance of
Stokes-Einstein and Stokes-Einstein-Debye equation on the viscosity and self-diffusion
coefficients has been discussed. The concept of activation energy for the flow of a fluid
and the theory of hole formation has been discussed. Also a brief literature survey has
been carried out on the salt effects especially focused on the effects of salts on the
structure and properties of water. In addition to that a detailed literature survey has been
carried out on the confined water molecules especially the water molecules confined
inside the reverse micelles and microemulsions media. Emphasis has been given to the
construction and morphology of the microemulsions. More importantly the physical
properties like microviscosity, pH and micropolarity of the water molecules confined

inside the reverse miceller media has been discussed.
Chapter 2

This chapter includes the important objectives of the present research work and the
motivation behind choosing each section of the work has been discussed.

Chapter 3

This chapter deals with the different types of techniques used in the current research
programme in order to complete the experiment. The techniques used are Diffusion Order
Nuclear Magnetic Resonance Spectrometer (DOSY), Cyclic Voltammetric (CV)
technique, Dynamic Light Scattering (DLS) technique, UV-Vis spectrophotometer,
Viscometer, pH meter. A detailed description of the basic principles of each technique

and the purpose for using it has been presented.
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Chapter 4

This chapter is divided into two sections. The first section deals with the temperature
dependent viscosity, self-diffusion coefficients, translational and rotational motions of
individual particle present inside the aqueous salt solutions of ILs mixtures. Activation
energy of viscous and diffusive flow has been calculated and discussed. Much
importance has been given to the different types of molecular motion like translational
and rotational motions of individual particles and correlated with the viscosity and self-
diffusion coefficients. As the molecular structure and physical properties of water is
substantially different from that of the ILs, it is expected that the self-diffusion
coefficients and the translational and rotational motions of both of the species are
different from each other. Also the average jump distance of both the IL and water

molecules are calculated and discussed.

In the second section of the chapter we have discussed about the validity of Stokes-
Einstein equation by taking the measured temperature dependent self-diffusion
coefficients and viscosity data. As the self-diffusion coefficients of both the IL and water
molecules are substantially different from each other, therefore in both the cases the
Stokes-Einstein equation is valid up to different extent. Also the concept of hole
formation, the boundary condition for the Stokes-Einstein equation and the concept of
microviscosity experienced by the individual moving particles are calculated and

discussed.
Chapter 5

This chapter deals with the study of water molecules present inside the confined media
by especially focusing on the reverse micelles or microemulsions media. For this purpose
the microemulsions are constructed and the different microheterogeneous regions are
detected with the help of viscosity and cyclic voltammetric study. The morphology of the
microemulsions are studied through the help of DLS measurements. NMR relaxation
measurements have been carried out to understand the behavior of water molecules
present inside the confined reverse miceller media. Also the micropolarity of the confined

water media are measured through the UV-Vis spectrophotometer and discussed.

Wl



Chapter 6

This chapter is divided into two sections. The first section deals with the effects of salts
on the viscosity of IL solutions. The effects of salts on the structure of water are a topic
of considerable discussion. As the salt alters the structure of water, therefore it might
effects the viscosity of its aqueous solutions of ILs and we have achieved what we
thought. The effects of salts in its aqueous solutions of ILs are becomes prominent with
the increase in the hydrophobicity of alkyl chain length attached to the cation of ILs. On
the basis of salt effects we have given a possible mechanism of salting-in/salting-out
effects of salts in its aqueous solutions of ILs. In the category of salting-in salts, different
salt shows different mechanism of salt effects in the IL solutions. However the

mechanism of salting-out salts is same in all the studied IL solution.

In the second section of the chapter we have focused on the effects of polar non-
electrolyte, urea on the viscosity of its aqueous solutions of ILs. The motivation behind
choosing this work is due to the controversial role of urea on the structure of water. As it
affects the structure of water, it certainly affects the viscosity of its aqueous solutions of
ILs. The role of urea in its aqueous solutions of ILs is changes with the change in the
alkyl chain length of ILs. With the lower alkyl chain length based ILs the urea behaves as
a mild salting-out species, however with the increase in the alkyl chain length of ILs the
behavior of urea changes to salting-in.

Chapter 7

This chapter includes the important outcomes of the above research work and is

summarized in the following points.

1. The translational and rotational motions of water molecules in its salt solutions of
ILs are substantially different from the IL cations.

2. The validity of Stokes-Einstein equation is up to different extent for both the
water molecules and IL cations.

3. The frictional coefficients obtained from the Stokes-Einstein equation is a

measure of microviscosity experienced by individual particle inside the solution.
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4. The NMR relaxation time is an alternative parameter for the measurement of
microviscosity and pH of aqueous IL confined media.

5. The salting-out and salting-in effects of urea is being reversed with the change in
the alkyl chain length of ILs.

6. The hydrophobicity of alkyl chain length of IL is one of the prominent factors in

deciding the salting-in and salting-out effects of salts and the mechanism of

salting effects are different for different salts.
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CHAPTER 1

Introduction



The transport phenomena [(ike diffusion, viscosity and
microviscosity of ionic liquid (IL) mixtures plays a significant vole
for its potential applications. This chapter presents a
comprehensive [iterature survey on these transport processes in
the IL mixtures. The diffusion processes has been studied in
correlation with the translational and rotational motions of 'H
NMR active nuclei. The discussion has been extended to the Stokes-
Finstein and Stokes-Einstein-Debye equation. In order to
undevstand these transport phenomena in biological system,
water/IL microemulsion has been taken as a model system for the
discussion. Finally, the potential role of salt effects has been studied

in the IL mixtures in correlation with the Hofmeister phenomena.



1.1. GREEN CHEMISTRY:

To date, volatile organic solvents (VOC) have been extensively used in industrial
scale in most of the chemical manufacturing processes.' It causes environmental
pollutions and is hazardous to mankind. A detailed survey has been done by the European
and American environmental agencies to estimate the release of different organic
compounds to the environment by different chemical processes. According to the toxicity
release index, (TRI) the estimated release of organic compounds from chemical industries
are surprisingly highest as compared to other industries. The environmental accessibility
of different chemical processes can be measured by the two processes that are the E-
factor and the atom efficiency.?* The E factor can be defined as the mass ratio of waste to
desired products and the atom efficiency is the ratio of the molecular weight of all the
desired products to the sum of the molecular weight of all the substances. The higher is
the E-factor for a chemical process, higher is the production of waste materials and
consequently has a greater negative environmental effect. The E-factor with respect to the
product tonnage of various industry segments of the chemical industry is given in Table
1. The higher magnitude of E-factor from the pharmaceuticals and fine chemicals
segments indicates that the pharmaceuticals and chemical manufacturing companies have

greater negative environmental effect.

Table 1. The E-factor of Various Industrial Segments.”

Industry Segment Product Tonnage E-factor
Oil refining 10°-10° <0.1
Bulk chemicals 10*-10° <15
Fine chemicals 10%-10* 5- > 50
Pharmaceuticals 10-10° 25->100

Therefore, in recent time, increasing demand of environmentally acceptable processes
has been developed in chemical industry and is widely acknowledged by the scientific
community. The chemistry practicising it, emerges a new branch of chemistry known as

‘Green Chemistry’ or ‘Sustainable Technology’.”’ It generates a new paradigm shift



from process efficiency to focus on chemical yield of higher economic value by reducing
the wastes and avoiding the use of hazardous and/or toxic materials. Green Chemistry is
defined as the design and efficiently utilizes of chemical products and processes in the
manufacture and potential applications of chemical products by avoiding the use of toxic
and/or hazardous materials. For the better practice of Green Chemistry by different
chemical and industrial processes, they have to follow its 12 principles which can be
phrased as: 1) waste prevention instead of remediation, 2) follow atom economy
processes, 3) less hazardous chemical synthetic procedures, 4) safer products by design,
5) used of safer solvents and auxiliaries, 6) design for energy efficiency, 7) use of
renewable raw materials, 8) follow shorter synthetic procedure to avoid derivatives, 9)
use of catalytic reagents as compared to the stoichiometric reagents, 10) design products
for degradation, 11) follow analytical methodologies for lesser environmental pollution
and 12) practice safer chemistry for the prevention of any accidents. Among all, there is
an urgent need to practice chemistry in less hazardous media for reducing the
environmental pollutions. A growing interest has been developed for that reason among
the scientific community for the use of less hazardous media like water, supercritical

fluids, deep eutectic mixtures, polyethylene glycols, ionic liquids (ILs) etc.

50,000 |-

40,000

30,000 |-

20,000

Number of publications

10,000 |-

1999 2001 2003 2005 2007 2009 2011 2013

Year

Figure 1. Bar diagram representing the increasing number of publications for ILs with

respect to increasing year.?



Among all the unusual media, an increasing interest has been developed recently,
among the scientific community for the use of ionic liquids. A bar diagram showing the
increasing number of publications with respect to different years is presented in Figure 1
indicates that the potential use of ILs are increasing in recent times.® However, to make
the best use of ILs, a much detailed knowledge of its physicochemical properties is
necessary and in recent years it has been quite extensively studied by different research
groups. However, lesser facts are known about the physicochemical properties of
mixtures of ILs with different additives (like salts, surfactants, cosolvents etc.) as these
mixtures are significantly used in different energy devices, a component in the
microemulsion systems and used as a green media to carryout different organic,

bioorganic and enzymatic reactions.

Among the physicochemical properties of IL mixtures, transport properties like
viscosity, microviscosity and diffusion phenomenon are of much importantance for their
wider applications in different fields of science and technology. Therefore, the present
thesis is primarily emphasized on the detailed molecular level investigation of the above
mentioned transport processes inside the IL mixtures. Before discussing about the
transport phenomenon, a brief introduction to ILs has been discussed in the following
paragraph.

Several definitions of ILs are available in the literature.® However, the most widely
accepted definition of ILs is; “salts constitute of organic cation in combination with an
inorganic and/or organic anion, having melting points below 100 °C”. The first IL
synthesized by Paul Walden to be ethyl ammonium nitrate (EAN) [EtNH3][NOg3] in 1914
having melting point of 12 °C. However, much less progress has been made in this filed
for another two decades. In the late 1950s the growing interest of chloroalumino-based
ILs has been developed and is known as the first generation ILs. However, they were
very difficult to prepare because of their hygroscopic nature and therefore, limits their
applications. Then the growing interest of easy prepared 1-alkyl-3-methylimidazolium
cations ([RMIM]", R-alkyl, aryl groups) with tetrafluoroborate ([BF]") and
hexafluorophophate ([PFs]") anions-based ILs has been developed in late 1990s and are

called as the second generation ILs. It fulfills most of the requirements which the former



generation ILs could not. However, anions of the second generation ILs are unstable
towards moisture and hydrolyzed to form HF, which gives incorrect information about
most of their physicochemical properties. For that reason, water stable
trifluoromethanesulfonate [CF3SO3]™ and bis((trifluoromethyl)sulfonyl)amide [NTf,]™
anion-based ILs (hydrophobic ILs) has been received considerable attentions in recent
years and are known to be the third generation ILs. Nowadays researchers have focused
on the task specific ILs designed for their specific application purposes. ILS possess
special physicochemical properties for which these are potentially used in a variety of
scientific and industrial purposes. It possess broad liquidus range up to 400 °C which are
below the high temperature molten salts and above the boiling points of common

molecular solvents.

Nanomaterials )
Lubricants

heat
transfer

Solar
energy
conversion

lonic

Liquids

Industrial
Biocatalysis solvents

Microemulsions

Figure 2. Schematic representation of applications of ionic liquids.

Therefore, it has been used as a medium to carry out different high temperature reactions.
It also possess insignificant vapor pressure and have high thermal stability causing
negligible environmental pollution which can be used as an alternative replaceable media
to the volatile organic solvents. ILs are also known to be the designer solvents as it
possesses tunable solvent properties. The physicochemical properties of ILs like self-

diffusion coefficient, conductivity, viscosity, polarity can be tuned in order to apply it for



the specific application purpose. Another most important physical property of ILs is of its
large electrochemical windows. It is defined as the difference between the anodic and
cathodic potential limits at which the oxidation and reduction of the material takes place,
respectively. ILs possesses a large electrochemical window of 2.5-8 V, because of which
it can be used as an electrolyte in the Li-ion battery and supercapacitors.'® Because of the
above mentioned special physicochemical properties, ILs are used in a wide variety of

application purposes which can be schematically represented in the Figure 2.

Among the discussed physicochemical properties of ILs and IL mixtures, the transport
phenomenon like diffusion, viscosity and conductivity are the most important to
understand for the better applications of ILs and its mixtures in different industrial
processes. Among all the transport processes, we have mainly focused on the self-
diffusion coefficients, viscosity and microviscosity of the IL mixtures in the present
thesis. In addition to this, we have also advanced the knowledge of our discussion on
these transport processes inside the aqueous hydrophobic microemulsion systems. The
concept of salt effects and its relation to the transport processes also has been discussed.
Therefore, in the present chapter of the thesis, an introduction to the above mentioned

phenomenon and a detailed literature survey regarding it has been discussed.
1.2. DIFFUSION PHENOMENON IN ILS AND IL MIXTURES

The diffusion phenomenon is defined as the random Brownian motion of substances
(atom, ion or molecule) from a higher concentration region towards the lower
concentration region inside a system. Fundamentally, it is the net transfer of mass
through a concentration gradient. However, the diffusion processes can still occur
without any concentration gradient. Mathematically, the concept of diffusion
phenomenon was first introduced by Joseph Fourier in 1822 and Adolf Fick in 1855.
Later on it was Albert Einstein elaborated it in 1905. Adolf Fick proposed two laws for
the diffusion phenomenon popularly known as Fick’s first law and second law given in

equation 1 and 2, respectively as:
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where, J (mol/cm?/sec) is the diffusive flux , is the concentration of the diffusing particle.
X is the position of the particle and D is the diffusion coefficient of the particle,
respectively. Fick’s first law applies to the steady state system where the concentration of
the system remains constant. However, if the concentration of the diffusing particle
changes with time then the Fick’s second law is used to calculate the diffusion coefficient

of the diffusing particle.
1.2.1. Types of Diffusion Phenomenon

After the discovery of diffusion phenomenon in early 1880s, later on many other types of

diffusion processes were defined which are given below as:

a) Atomic Diffusion: It is the net transport of atoms in a solid material due to their

random motion by thermal energy.

b) Momentum Diffusion: It is the diffusion of momentum between the particles in liquid

state and also called as the viscosity.

c) Photonic Diffusion: It is the diffusion of photons in a material without being

absorbed.

d) Surface Diffusion: It is the diffusive motion of adatoms (atom lies on a crystal
surface) or molecules present at the surface of a solid material.

e) Reverse Diffusion: It is the diffusion of atoms of molecule from a region of lower

concentration towards the high concentration region.

f) Chemical Diffusion: It is the process in which the diffusion of a chemical compound
occurs inside a system due to the existence of chemical potential gradient. It is a non-
equilibrium process, and approaches towards the equilibrium by increasing the entropy of

the system.



g) Tracer Diffusion (Self-Diffusion): It is the random motion of the particle in the
absence of any chemical potential gradient and always takes place under the equilibrium

condition.

In the present thesis, we have focused our discussions primarily on the tracer or self-
diffusion phenomenon obtained from the self-diffusion coefficient measurements through
the pulsed-gradient-spin-echo NMR spectrometer (PGSE-NMR). This technique is
widely used to measure the self-diffusion coefficients of ILs.**"** Besides this, other
experimental techniques like cyclic Voltammetry, dynamic light scattering and
fluorescence techniques also has been used to measure the diffusion coefficients in ILs
media.**'® Many theoretical reports are also available in the literature in order to
understand the diffusion phenomenon in different ILs media."*® The introduction to the
self-diffusion phenomenon in ILs media has been discussed in the present chapter in two
separate sections; 1) Diffusion studies in ILs which only includes the literature survey
regarding the self-diffusion coefficients in neat ILs and 2) Diffusion studies in IL
mixtures which include the literatures regarding binary mixtures of ILs with salts and/or

solvents.
1.2.2. Diffusional Behavior of ILs

The diffusional motion or translational motion of ILs is one of the vital phenomena to
understand in order to apply the ILs in different application purposes like; as a fuel in
solar cell devices and Li* ion battery, as a lubricants etc. Recently, Tokuda et al. reported
that the summation of the self-diffusion coefficients of cation and anions for a series of
ILs with [BMIM]" as the cation and with a series of anions; the order of their self
diffusion coefficients follows the order as [BMIM][(CF3SO;).N] > [BMIM][CF3CO;] >
[BMIM][CF3S03] > [BMIM][BF4] > [BMIM][(C2F5S0.),N] > [BMIM][PF¢] at 30 °C.*
They have shown that in spite of the higher van der Waals radii of [BMIM]" as compared
to the studied anions, its self-diffusion coefficient values are more as compared to the
anions. The variation of alkyl group substitution in the cation of ILs and its effect on the
self-diffusion coefficients also has been studied.?’ The summation of the self-diffusion
coefficients of cations and anions of ILs constitutes of different imidazolium cations with
the [(CF3SO,);N] anion follows the order as [EMIM][(CF3SO2),N] >
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[MMIM][(CF3SO,);N] > [BMIM][(CF3:SO2);N] > [HMIM][(CF3SO,):N] >
[OMIM][(CF3S0,):N] and the order is strictly showing the contrasting behavior as
compared to the bulk dynamic viscosity of these I1Ls.?° The self-diffusion coefficient for a
series of imidazolium-based ILs with the variation in their alkyl chain length from ethyl
(n = 2) to hexadodecyl (n = 12) with bis(trifluoromethanesulfonyl)imide (TFSI) as anion
has been shown that their ionic diffusion coefficients are strongly depends upon the alkyl
group attached to the imidazolium cations.?* The self-diffusion coefficients of cations are
faster as compared to the anion in shorter alkyl group substitution ILs with a crossover in
octyl (n = 8) group substitution and anion diffuses faster as compared to the cations.”*
The higher self-diffusion coefficient values for imidazolium cations as compared to the
anion in its TFSI anion-based ILs are showing the contrasting behavior to the ionic sizes.
This variation in the self-diffusion coefficient values of ions is due to the presence of
their nanoscale segregation into the polar and non-polar regions.”* Noda et al. reported
that the summation of the cationic and anionic self-diffusion coefficients of non-
chloroaluminate-based room temperature ILs follows the order as [EMIM][(CF3S0O,).N]
> [EMIM][BF4] > [BP][(CF3S0,),N] > [BP][BF4]; also in contrast with the viscosities of
these 1Ls.?? The temperature dependent self-diffusion coefficients studies of these ILs
follow the VFT equation rather than Arrhenius behavior.?? The summation of self-
diffusion coefficients of cations and anions of a series of ILs constitutes of [(CF3SO,),N]
anion with different cationic structure are in the order of [BMIM][(CF3SO,).N] >
[BPY][(CF3SO,):N] > [BMPRO][(CF3SO,);N] > [(n-C4Ho)-(CH3)sN][(CF3S0,),N].%
This order of the self-diffusion coefficient values is in inverse order to that of their bulk
viscosity values.?® Their study reveals that in addition to the ionic size of individual ions
their geometrical shapes also effect significantly on the ionic self-diffusion coefficients of
the 1Ls.” Beside this, PGSE NMR technique is used to study the self-diffusion
coefficients of task specific 1Ls.** Recently, Filippov et al. reported the temperature
dependent self-diffusion coefficients study of halogen free
trihexyltetradecylphosphonium bis(mandelato)borate [P 614][BMB] IL.2* Two phases
coexist in the low temperature regions of the IL and the self-diffusion coefficients of
[Pes66,14] 1s 20 times slower as compared to the [BMB]. It is because of the existence of

aggregated structural domains of cation in the IL which makes the cation hard to
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diffuse.* However, both the ions diffuse as ion-pairs and have same diffusion coefficient

values with the increase in the temperature above 60 °C.%*

Generally, *H, "Li, °F, and P nuclei are the best NMR probe to measure and
understand the diffusional behavior of a material having these nuclei. However, it limits
and handicaps the analysis of samples without these nuclei. Recently, Herriot et al.
therefore demonstrated the use of **C-PGSE NMR method to measure and analyze the
self-diffusion coefficients of nonfluorinated 4,5-dicarbonitrile-1,2,3-triazole (DCTA")
anion-based ILs with imidazolium and pyrrolidinium as the cation.”® It indicates that the
3C nucleus which is a readily available nucleus in a diverse range of materials can also

be used for the self-diffusion coefficient studies.

In addition to the PGSE-NMR technique, cyclic Voltammetry technigque also has been
used for the diffusion studies.**?® Theoretical studies are also available in the literature in
order to understand the diffusional behavior of ILs.**?” Molecular dynamics simulation
studies have been performed to understand the diffusional behavior of hydrophobic
imidazolium and pyrrolidinium-based 1Ls.?® The self-diffusion coefficients of
[EMIM][FSI] and [PYRy3][TFSI] obtained from the MD simulation study shows an

excellent agreement with the experimentally measured self-diffusion coefficients.?®
1.2.3. Diffusional Behavior in IL Mixtures

In addition to the study of neat ILs, a growing demand for IL mixtures has been
observed in recent years. The IL mixtures constitute of binary mixtures of ILs in
molecular solvents, ILs in salt mixtures, ILs in IL mixtures etc. Among the IL mixtures,
ILs in salt mixtures (especially Li" salts) have been explored in much detailed recently,
due to its applications in Li-ion battery and fuel cells. In this 21st century, the demand of
batteries increases a lot due to the growing use of cellular phones, laptops, computers,
cameras and automobiles. The ideal battery should be economical, lightweight,
ecofreindly and stable in storage. Among different batteries, Li-battery has been chosen a
lot because of its special properties. In the case of Li*-ion battery the Li metal is used as
an anode because of its two most important properties. First, Li* has the lowest tendency

to reduce to its metallic state because of its higher negative reduction potential (-3.04 V
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for Li*/Li). Secondly, it produces the greatest quantity of charge per unit weight because
of its exceptionally low atomic weight and possesses greatest electrochemical capacity
(3.86 A h g™). As the battery is an electrochemical cell, therefore it must contain an
electrolytic solution of the same materials to that of anode. In case of Li" ion battery with
Li-metal as anode, the electrolyte must contain a solution of Li* salts and a schematic

representation of a Li* ion battery is shown in Figure 3.

Aqueous solutions of Li* salts cannot be used for this purpose because the water
molecules may reacts with the Li" salts to produce hydrogen gas. This is one of the most
fundamental limitations of using aqueous solutions of salts as electrolytes in Li*-ion
battery. However, Li" salt solutions of hydrophobic ILs can be a better replacement for
the above limitation. For that reason, it is important to understand the self-diffusion
coefficients of Li* salt solutions of ILs. Recently, Hayamizu et al. studied the temperature
dependent diffusional motion of mixtures containing ’Li* salts doped of [PYR13][TFSA]
and [PYR43][FSA] with Li-TFSA and Li-FSA.*

Cathode

FeS, + 4Li* + de-

Li* + e

+ 2Li
Lithium metal e £

Iron disulfide

Figure 3. Li" ion battery with a solid cathode of iron disulfide.

In their study, the self-diffusion coefficient of different ions follows the order as Dipyria)+
> Drresaj- > Duis in [PYR13]-TFSA-Li mixture and Dyrsaj- > Dipyrigi+ > Diis in its

[PYR13]-FSA-Li mixtures, respectively.? In an another report by the same research
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group, the self-diffusion coefficient study of Li* salts doped in [EMIM][TFSA] and
[EMIM][FSA] has been reported.’® The relative self-diffusion coefficients are in the
order of [EMIM][FSA] > [EMIM]-FSA-Li > [EMIM][TFSA] > [EMIM]-TFSA-Li for
[EMIM]", anions and Li* ions. However, within the same IL the self-diffusion

coefficients is in the order of Diemimy+ > Danion > Dpjs. ™

The room-temperature ionic liquid (RTIL) of a quaternary ammonium cation with an
ether chain length, N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl)amide (DEME-TFSA), is used as an electrolyte in Li*-ion
batteries.”® The self-diffusion coefficients of different ions of Li-TFSA salt doped
DEME-TFSA with the increasing compositions of Li* salts follows the order as Dy; <
Dresa < Dpeme.2? The MD simulation studies of Borodin et al. show that the mechanism
of diffusional motion of Li* ion primarily occurred through the structural-diffusion
mechanism.* However, a small contribution comes out from the vehicular mechanism

where the diffusion of Li* ions takes place along with its whole coordination shell.*
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Figure 4. The ratios of the in-plane and out-of-pane frictional coefficients as a function

of LiNTf,.1°

Generally, the self-diffusion coefficients of Li* ions in its LiX-IL mixtures depends
mainly on the charge and size of the solvated Li* ions.®® Recently, heteronuclear NOE
experiments of [PYRu14]-TFSI-Li mixtures reveal that the molecular environment of Li*
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and TFSI™ anions are similar in its 0.1 LiTFSI-0.9 [PYR14][TFSI] system indicating the
existence of [Li-(TFSI),]" ™ structure.®® The relaxation dynamics of a fluorescent
hydrophobic probe, perylene has been studied in the LINTf, salt mixtures of
[BMIM][NTf,].*® Both the in-plane and out-of-plane orientational relaxation dynamics of
perylene becomes slower with the increase in the composition of LINTf; in the system
due to the increase in the viscosity of the mixtures. On the other hand, the frictional
coefficient of the perylene molecule is decreased. The frictional coefficient coming out
from the in-plane mode is decrease to a greater extent than the out-of-plane mode as

illustrated in the Figure 4. It

indicates that solution viscosity is not only the solely factor
responsible for the decrease in the orientational diffusion constant of the perylene probe.
The reduction in the frictional coefficients also indicates the reduction in the packing of
the alkyl chain length of [BMIM]" around the perylene molecule and the effect is more

pronounced for the in-plane mode as compared to the out-of-plane mode.*®

MD simulation studies of LiTFSI doped [MPPY][TFSI] and [MMPY][TFSI] ILs has
been studied in the temperature range of 303-500 K.*! The self-diffusion coefficients of
different ions follows the order as Li* < TFSI” < [MMPY]" or [MPPY]".*

e 0

Figure 5. Solvation of Li" ions representing the bidentate (a) and monodentate (b)

coordination of NTf,” ions in its [PYRy3]-Li-[NTf,] system.

The Li* coordination number and its aggregation behavior also have been studied through
the MD simulation approach. Li* ions are mainly coordinated by the TFSI™ anions with a
coordination number of around < 4 and a fraction of Li* cations are adjacent to other Li"
ions forming aggregated structures of Li*+-O=S=0---Li*.* In another study of Li* salt

doped mixtures in [PYR13]-Li-[NTf,] system, the coordination number of Li* ion is found
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to be around 4.1.* In this system both the monodentate and bidentate coordinated Li*

ions with the [NTf,]™ anions are observed as represented in Figure 5.%

1.3. STOKES-EINSTEIN (SE) AND STOKES-EINSTEIN-DEBYE (SED)
EQUATIONS

The relationship between the viscosity with the self-diffusion coefficient of the
symmetrically spherical molecule can be obtained from the Stokes-Einstein (SE) equation
3 as:

kpT
crnr

D= 3)

where, kg is the Boltzmann constant, T is the absolute temperature, r is the hydrodynamic
radius (Stokes radius) of the diffusing molecule, D is the diffusion coefficient of the
molecule, 7 is the viscosity of the medium and c is the coupling factor and theoretically
its values ranges from 4 to 6 for ‘slip’ and ‘stick’ boundary conditions.?* The
denominator of the equation 3 (= czznr) gives the information regarding the ‘frictional
coefficient’ experienced by the diffusing molecule in the system. For the “perfect
sticking” condition, the diffusing molecule experience a force due to the existence of
pressure in front of it (= 4zzr) and a frictional force acting parallel to the surface of the
diffusing molecule (= 27z77r).% Both the forces add up under the perfect sticking condition
to give the value of coupling factor ¢ = 6. However, there is no frictional force under the
perfect sliding condition which gives the value of ¢ = 4 and is known as Sutherland

coefficient.®

Many reports are available in the literature to test the validity of this SE equation in
ILs and IL mixtures. Recently, the diffusional behavior of FcMeOH has been studied in
RTILs through the help of cyclic voltammetric measurements and observed that neither
the SE (c = 6) nor the Sutherland coefficient (c = 4) holds good in the RTIL systems
indicates that the coefficients lies in between the two limiting values.*® The violation to
SE equation in ILs is might be due to the existence of a balance between different
attractive and repulsive forces in addition with the existence of equilibrium between the

various associated and dissociated species present inside the 1Ls.?* The ionic diffusivity
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of ions in the imidazolium and pyridinium cation-based ILs follows the equation 3.% The
coupling factor, ¢ for the [BMIM]" based ILs are obtained as 3.3, 3.4, 3.4, 3.0, 3.8, and
3.3 for [(CoFsSO2):N1", [(CF3SO2):N]", [CF3SOs] , [PFe], [CFsCO,]°, and [BF.],
respectively. On the other hand, for the anionic diffusivity with [(C,FsSO,)N],
[(CF3S0,),N] 7, [CF3SO3] 7, [PFe], and [BF4] ™ the coupling factor are obtained as 4.1, 4.3,
5.0, 4.6, and 4.6, respectively.™® In another report of imidazolium-based ILs, the coupling
factor of cation in [RMIM][(CF3SO,),N] (R = alkyl groups) are 3.0, 2.9, 3.4, 3.4, and 3.6
for [MMIM]*, [EMIM]", [BMIM]*, [HMIM]", and [OMIM]", respectively.?’ On the other
hand, the anionic diffusivity in same ILs for [MMIM]", [EMIM]", [BMIM]", [HMIM]",
and [OMIM]" cations are 4.4, 4.3, 4.3, 4.1, and 4.2, respectively.?

The interaction between the diffusing molecule with the solvent molecules is
negligible in the case of slip boundary condition (c = 4). However, it is strong in the case
of stick boundary condition with SE coupling factor, ¢ = 6. The plot of the self-
diffusion coefficients with the kT/zn for different ions in the [PYR3]-TFSA-Li and
[PYR13]-FSA-Li mixtures gives a straight line; and the coupling factor for individual

diffusing ions obtained from the gradient of each line are given in the Table 2.

Table 2. SE Coupling Factor for each lon in Different Mixtures.?

lon cxal/nm c Sample
[PYR43]" 0.98,40.02; 2.9g [PYR13]-TFSA
1.04,+0.006 3.1s [PYR13]-FSA
0.985+0.014 2.9 [PYR13]-TFSA-Li
1.15,+0.007 3.5, [PYRy3]-FSA-Li
TFSA™ 1.229+0.02¢ 3.73 [PYR3]-TFSA
1.37;40.015 3.9, [PYR13]-TFSA-Li
FSA™ 0.87,£0.01s 3.0¢ [PYRq3]-FSA
1.044+0.007 3.6 [PYRq3]-FSA-LI
Li* 1.866+0.020 4.5, [PYR13]-TFSA-Li
1.524+0.02, 3.75 [PYR3]-FSA-Li
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The validity of SE equation also has been studied for the diffusional motion of ions
present inside the [EMIM]-TFSA-Li and [EMIM-FSA-Li] mixtures.”> The value of
coupling factor for [EMIM]" is higher in its Li-doped mixtures as compared to the neat IL
system. The ¢ value for [EMIM]" (c = 2.5) is smaller as compared to that of the TFSA™ (c
=3.3)and FSA™ (c = 3.5) anions.*®

Beside the translational diffusion coefficients, the diffusing molecule also possesses
the rotational diffusion coefficient values which can be obtained from the Stokes-
Einstein-Debye (SED) equation 4 as:

ksT
8znr3

D, = (4)

where, Dy is the rotational diffusion coefficient of the diffusing molecule and rest of the

symbols have their usual meaning.

In addition to the SE equation, the use and validity of SED equation also has been
tested in various ILs and IL mixtures. Recently, MD simulation studies has been
performed in order to test the validity of SED equation in [EMIM][NTf,] and its binary
mixtures in chloroform (50 wt% IL).}" It was observed that the equation is not valid in
the studied system due to the presence of dynamical heterogeneity in the IL and its
mixtures with chloroform.’” The SED equation is also deviates for the rotation of a
spinning molecular probe (TEMPOL) in ILs media, when its alkyl chain length exceeds

six carbon atom (hexyl).*
1.4. TRANSLATIONAL AND ROTATIONAL MOTIONS

Translations motion is defined as the motion of a molecule from one position to
another with a change in their center of mass. However, in the case of rotational motion
the molecule has to move along its axis of rotation and the center of mass of the molecule
remains unchanged during its motion. The information regarding the translational motion
of a molecule can be obtained from their translational correlation time values (#) and
similarly the rotational correlation time values () gives the information regarding the

rotational motion of the diffusing molecule inside the system. This # andz values of
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molecules are obtained from the experimentally measured self-diffusion coefficients and

viscosity of the system, respectively which can be obtained from equation 5 and 6 as:

2r?
Tt = o (5)
and, T, = Z—; (6)

where, V is the effective molecular volume of the diffusing molecule and rest of the

symbols have their usual meaning as described in the above text.*®

The molecular motions of [PYR3]" has been calculated in its Li-doped salts and
compared with the reorientational time obtained from the NMR-T; measurements and the
molecular motions follows the order as z (self-diffusion) > z (viscosity) > z (T1).** The
same trend in the molecular motions are observed for the [EMIM]" in its Li-doped salt
systems in between the temperature range of 283-353 K.*® The temperature dependent
translational and rotational motions of cations of [RMIM][BF4]-based ILs (R = CHs,
C,Hs) also has been studied and compared with the ¢ values obtained from the NMR-T;
measurements.® The same order has been observed in both the ILs, however, the
correlation time of [EMIM]" is shorter as compared to that of [BMIM]".* Beside the
experimental studies, theoretical reports are also available in order to understand the
translational and rotational dynamics of IL and its mixtures. The MD simulation studies
of translational motion of terminal carbon atom of alkyl side chain of imidazolium ILs is
substantially faster than compared to the atoms present in the imidazolium ring and
anions of 1Ls.%® It indicates that the translational dynamics of atoms present in the polar

domains of ILs is substantially different as compared to the nonpolar domains.*®
1.5. ACTIVATION ENERGY

It was Arrhenius in 1889 first introduced the term activation energy in chemical
kinetics. It is the minimum energy required for the reactant molecules to react among

themselves to give the product and have the general form represented in equation 7 as:

Eq
k = Ae rr (7
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where, k is the rate constant of a chemical reaction, R is the universal gas constant, T is
the absolute temperature, E, is the activation energy and A is the preexponential factor.
Temperature dependent of a physical property can be fitted with an exponential equation
proposed by Arrhenius in order to obtain the information regarding the activation energy
of a physical property. A minimum amount of energy is also required for the molecules
present inside a fluid mixture in order to diffuse and the amount of energy is known as
the activation energy for diffusive flow and can be obtained from the Arrhenius type

equation 8 as:

Ep

Dy = Dyerr 8
where, D+ is the translational diffusion coefficient, Dy is the preexponential factor for the
diffusive flow, Ep is the activation energy of the diffusive flow and rest of the symbols
have their usual meaning.*” In similar way the activation energy of viscous flow can be
obtained from the temperature dependent viscosity study of fluids and can be obtained
from equation 9 as:

Eq

1= 1€ ©
where, 7 is the viscosity of the system, 7y is the preexponential factor for the viscous
flow, E,, is the activation energy of viscous flow and rest of the symbols have their usual
meaning.*®3 Recently, NMR spectroscopic studies has been performed to measured the
T, relaxation time of different protons present in the Li-salt doped imidazolium-based ILs
and calculated the reorientational correlation time of each proton.*® The activation energy
of the reorientational motion of individual protons has been obtained from the
temperature dependent reorientational correlation time values and higher values are
observed in case of Li-salt doped systems as compared to the neat ILs.*® Similarly, the
activation energy for rotational motion of the pyrrolidinium-based ILs also has been

studied from its temperature dependent rotational motions.*°

Beside the study of transport phenomena like diffusion, viscosity and microviscosity
in IL mixtures, we have also studied these phenomenons in microheterogeneous regions

of ILs called as the microemulsions. Different types of microheterogeneous regions are
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water in IL microemulsions (W/IL), IL in water microemulsions (IL/W) and bicontinuous
microemulsions. Our study is mainly concentrated on the W/IL microemulsion systems.
A brief introduction to it with the literature work has been presented in the following

sections.
1.6. AQUEOUS IL CONFINED MEDIA: MICROEMULSIONS

The confined media are the small nanometer volume of space present in a large
continuous medium. These confined spaces contain different kind of solvents in a small
phase depending upon their thermodynamic stability. It is called as the aqueous confined
media when water is present in the smaller phase. Because of the presence of the water
phase, it forms different geometries of confined media due to the interplay between the
hydrophilic and hydrophobic interactions as shown in the Figure 6.* These confined
media are the center of attraction in many nanometer sized electronic devices,** drug

delivery system,** and molecular recognition.**
1.6.1. Microemulsions

Microemulsions are thermodynamically stable, optically transparent and isotropic
mixtures of oil, water and surfactants frequently in combination with a cosurfactants.* In
small scale it is called as a emulsion. However, there exists a significant difference
between both of them. The size of emulsions increases continuously with time and after a
certain period of time, phase separation occurs due to its thermodynamic instability.
However, microemulsions can be stored over years and are thermodynamically stable in
nature. The formation of microemulsions depends upon the types and structure of the
surfactants used. For ionic and single chain surfactants (e.g., sodium dodecylsulphate,
SDS) the formation of microemulsions are only possible when a cosurfactant is added
into the system. However, there is no need of any cosurfactants in the preparation of
microemulsions for double chain ionic (e.g., Aerosol-OT) and non-ionic surfactants (e.g.,
Triton X-100). The prime role of the surfactant is to reduce the interfacial tension
between the oil and water phase, yomw. This results in the increase in the surface area
between the two phases by lowering its energy which leads to the spontaneous dispersion

of oil/water droplets and the system becomes thermodynamically stable. The observation

20



of spontaneous emulsion of oil and water by the addition of a surface active agent into the
system was first introduced by Schulman in 1943,* who named it microemulsion later in
1959.%

©) (d)

Figure 6. Different geometries of confined water are cyclodextrin (a), micelles (b),
microemulsions (c), and lipid vesicles (d). The structure of micelle is given in order to

distinguish it from the structure of microemulsions and vesicles.*

In the late 1970’s and early 1980’s, the demand of microemulsions are really stepped up
due to its use in oil recovery processes.*® In addition to this, nowadays it has been used in
a variety of processes such as, solar energy conversion, catalysis, liquid-liquid extraction

(proteins, minerals, etc.) and many more.
1.6.2. Types of Microemulsions

It was Winsor in 1948, who classified four general types of microemulsions and are

known as Winsor 1, I1, 111, and IV type microemulsions.*
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a) Type I: It is known as the oil in water (O/W) microemulsion and here the surfactant is
preferentially soluble in the water phase (Winsor I). Both the surfactant rich water phase

coexist with the oil phase with small concentration of surfactants.

b) Type 11: The surfactant is preferentially soluble in the oil phase forming water in oil
(W/O) microemulsions (Winsor I1). Both the surfactant rich oil phase and surfactant-poor

water phase are coexisting with each other.

c) Type I11: A surfactant rich middle phase that coexist with both the surfactant-poor oil

and water phase (Winsor I11).

d) Type IV: An isotropic, single phase miceller solutions forms by the addition of

sufficient quantity of surfactants (Winsor 1V).
1.6.3. Terminology
1.6.3.1. Bancroft’s Rule

In 1913 the first concept of Bancroft as Bancroft’s rule came which state that the O/W
emulsion forms if the surfactant is preferentially soluble in the water phase, however, the

W/O emulsion forms when the surfactant is preferentially soluble in the oil rich phase.>

1.6.3.2. Packing Parameter

Israelachivili et al.>*

in 1976 proposed a quantitative relationship popularly known as
the critical packing parameter (CPP) in order to know about the preferred curvature of the
interface of an emulsion and is governed by the area of the head group (ap) of surfactants
and the effective area of the tail (v/I;) of surfactants; where v is the volume and I is the
effective area of the hydrocarbon chain of the surfactants. The CPP is described by the
equation 10 as:

CPP = —— (10)

leag

where the symbols have their usual meaning as described in the text. The equation 10 is
very informative to predict the type of microemulsions.
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e O/W microemulsion forms if ag > v/l

e W/O microemulsion forms, if ag < /I,

e Middle phase microemulsion forms if ag ~ v/l.
The value of CPP is also used in order to know the information regarding the morphology
of the micelles. Theoretically, CPP value of between 1/2 and 1 corresponds to the planar
structure, between 4/3 and 1/2 corresponds to rod like micelles, and values less than 1/3

corresponds to the spherical micelles, respectively.

1.6.3.3. Hydrophilic-Lipophilic Balance (HLB)
It is an empirical equation based on the relative percentage of lipophilic and
hydrophilic groups present in a surfactant molecule. It was first introduced by Griffin>?

for non-ionic alkyl polyglycols ethers and later on Davis et al.>®

extended it and proposed
an empirical equation given in equation 11 as:

HLB = [(ny x H) — (n_ x L)] + 7 (11)
where L and H are the constants assigned to hydrophobic and hydrophilic groups,
respectively and, n_ and ny are the numbers of these groups per surfactant molecule. The
HLB value for bicontinuous structure is ~ 10 with zero curvature. O/W and W/O

microemulsion forms when HLB > 10 and HLB < 10, respectively.

These microemulsions are of great importance in a wide variety of processes such as

54-59 61-65 66,67

material synthesis,®® enzymatic reactions. electron-transfer and

61-65

in catalysis.

biochemical reactions® ™. In the late 1970’s and early 1980’s there is an increasing

interest in the field of aqueous microemulsions because of the above mentioned reasons.
Therefore, many research groups around the globe have done extensive work in order to

understand the water confined inside the microemulsions. Recently, a series of paper

68-70

published from the group of Levinger and Crans to study the properties of water

confined inside the reverse micelles. Beside this, different spectroscopic studies like

41,67

fluorescence  spectroscopy, NMR spectroscopy,” IR spectroscopy,” UV-vis

spectroscopic studies’*"

also have been performed in order to understand the physical
properties of aqueous miceller core. These aqueous microemulsions are thermally

unstable and therefore it is necessary to prepare new type of microemulsions with the
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increased range of their thermal stability. In order to increase the thermal stability of
microemulsions, ILs are the suitable materials for it. ILs are selected for this purpose
because of their special physicochemical properties like negligible vapor pressure, high
thermal stability and having wide electrochemical range as discussed in the initial section
of the chapter. The IL microemulsions came into its use because of two reasons: 1) the
increase demand of high thermal stability microemulsions and, 2) it can be used as an
alternative better replacement for the volatile organic solvents because of their special
physicochemical properties. Therefore, the IL microemulsions are of two types; one is the
microemulsion where the IL is replaced the water phase and in the other case the volatile
organic components are replaced by the ILs. A brief literature survey regarding this has

been presented in the following sections.

1.6.4. IL Microemulsions
1.6.4.1. Non-Aqueous IL Microemulsions

As discussed above, when one component of the microemulsion is IL, it is called as
the IL microemulsion. Extensive research has been carried out in order to prepare high
thermal stability microemulsions. Gao et al. reported the formation and stability of
[BMIM][BF,4]/TX-100/cyclohexane microemulsions for their potential applications in
chemical, biological and enzymatic reactions; organic, inorganic and material synthesis.”*
The study of IL in oil (IL/O) microemulsion also has been explored by Eastoe et al. with
the cyclohexane as the oil phase.” The IL/O microemulsions are also formed with the
[BMIM][BF4] as the polar phase by taking p-xylene as the oil phase.”® Herein the
interactions between the oxyethylene units of nonionic TX-100 surfactants with the polar
imidazolium ring of [BMIM]" are the driving force for the formation of microemulsions.
The nonionic TX-100 surfactant is also used for the formation of [BMIM][BF4]-in-
toluene microemulsions.”” Here, the initial reverse micelles are swollen with the increase

in the compositions of [BMIM][BF,] confirmed from the DLS measurements.’’

Beside its structure and formation, other physicochemical properties like
micropolarity, microviscosities etc. also have been studied for these nonaqueous IL

microemulsions because of their wider applications in different field of science and
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technology. The micropolarity of the polar IL core of the [BMIM][BF,]/TX-100/toluene
has been studied by the help of methyl orange (MO) and methylene blue (MB) as the
UV-vis spectroscopic probe.” The polarity of the polar core of IL is increases with the
initial addition of [BMIM][BF,] into the system. However, it remains constant when the
IL pool begins to form in the microemulsion system.”® Different metal salts and
biological molecule like riboflavin is also solubilized inside the polar [BMIM][BF4] core
of [BMIM][BF4]/TX-100/toluene microemulsion systems indicating its potential use as a
media in the preparation of nanomaterials, semiconductor and different enzymatic
reactions.”® The microviscosity of the polar core ([Ns111][NTF.]) of the [Na11][NTE,]/TX-
100/cyclohexane microemulsion system has been studied by the help of steady state and
time resolved fluorescence spectroscopic study of coumarin 480 (C-480) as a
fluorescence molecular probe.”® The rotational relaxation time of C-480 increases with
the increase in the [N3111][NTf;] into the microemulsion systems indicating the increase
in the microviscosity of the polar IL core of the microemulsion system.”® In an another
report, the rotational relaxation time of the coumarin-153 (C-153) inside the polar core of
the [PY][NTf,)/[BMIM][AOT]/benzene microemulsion system increases from 0.32 to
0.39 ns with the increase in the R ([PY][NTf,]J/[BMIM][AOT] molar ratio) value from
0.14 to 0.20 indicating an increase in the microviscosity of the polar IL region of

microemulsion.®

1.6.4.1.1. Effect of Solubilized Water on Non-Aqueous IL Microemulsions

The non-aqueous IL microemulsions can solubilize a significant amount of water. It
affects the properties of these non-aqueous IL microemulsions to greater extent.
Recently, the effect of solubilized water on the properties of [BMIM][BF4]/TX-
100/benzene microemulsions has been studied by the help of FTIR and 'H-NMR
spectroscopy.® Here the polarity of the IL pool of the microemulsions remains constant
after the addition of water into the system indicating the absence of water molecules
inside the IL pool. However, the water molecules are present in the interstitial sites of the
polar part of the TX-100 molecules through the strong H-bonding interactions with the
oxyethylene (EO) units of surfactant molecules. The stability of [BMIM][BF4]/TX-

100/benzene microemulsions has been increased with the addition of small amount of
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water into the system and the water molecules are mainly present as in the state of
trapped and bound state.> However, the droplet size and its morphology have been
changed with the addition of water into the [BMIM][BF,]/TX-100/cyclohexane
microemulsion systems.®® Increase in the water content decreases the droplet size and
consequently increases the number of microemulsion droplets of the [BMIM][BF4]/TX-
100/cyclohexane system and the schematic representation of the change in its

morphology is presented in the Figure 7.
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Figure 7. Schematic representation of the change in the morphology of the
[BMIM][BF,]/TX-100/cyclohexane microemulsion system from elliptical to spherical
with the addition of water.®

The steady state and time resolved fluorescence spectroscopic study of C-480 in the
[BMIM][BF,]/TX-100/cyclohexane microemulsion system indicates an increase in the
solvent relaxation time which confirms the decrease in the size of the microemulsion
droplets.2* The rotational relaxation time of the C-480 of the IL pool is unchanged,
indicating that the microviscosity of the pool remains unaltered with the addition of water

into the microemulsion system.®

1.6.4.2. Aqueous IL Microemulsions

The microemulsion in which its one component is water and the other component is
the IL is known as the aqueous IL microemulsion. The IL must be hydrophobic in nature
in order to form the biphasic system with water without the addition of any surface active
agents. There is a growing interest in its use in past decade as the IL can be used as a
better alternative replaceable media to the volatile organic solvents for the preparation of

microemulsions. Recently, the [BMIM][PFs] is used to prepare the aqueous
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microemulsion with water, and TX-100 as the surfactant.”” Time resolved fluorescence
spectroscopy has been used to study the interaction between the water and IL molecules
inside the [BMIM][PFe]/TX-100/H,O microemulsion systems.®> The solvent and
rotational relaxation of coumarin 153 (C-153) and coumarin 490 (C-490) has been
studied in the above mentioned microemulsion system.®® It was observed that the probe
molecules experienced a bulk water like environment with the increase in the

composition of water.®

One of the most important applications of these aqueous IL microemulsions is its use
as a medium to carryout different organic and enzymatic reactions. Recently,
Moniruzzaman et al. reported about the formation of aqueous microemulsion by taking
hydrophobic [OMIM][NTf,] with AOT and 1-hexanol as the surfactant and cosurfactant,
respectively.®” The catalytic activity of the lipase PS on the hydrolysis reaction of p-
nitophenyl butyrate (p-PNB) has been studied in this microemulsion system and a higher
activity has been observed in this system as compared to AOT in isooctane

microemulsion system.®®
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Figure 8. Schematic representation of the effect of lower alkyl chain length imidazolium

bromide-based IL on the activity of trypsin.**
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In an another report, the catalytic activity of horseradish peroxidase (HRP) on the
oxidation of pyrogallol has been studied in this microemulsion system.®® A significant
enhancement in its activity has been observed in the aqueous IL microemulsion system as
compared to the traditional water/oil microemulsions. Therefore, the aqueous IL
microemulsions can be selected over the water/oil microemulsions for the catalytic
oxidation of different organic compounds like phenols, anilines, biphenols, and many
heteroaromatic compounds.?® In an another type of aqueous IL microemulsion, the 1-
tetradecyl-3-methylimidazolium bromide [C14MIM]Br has been used as a surfactant with
p-xylene as the oil phase and the microemulsion formed with water can be used as a
reaction media for the photocyclization reaction of substituted anthracene derivatives.*
Other reports suggests the enhanced activity of enzymes by the addition of ILs into the
aqueous microemulsions. The lower alkyl chain length imidazolium bromide-based IL
increases the enzyme activity of trypsin in the case of CTAB aqueous microemulsions

system as represented in the Figure 8.%

As discussed in the previous sections, the aqueous IL microemulsion plays a
significant role in different industrial applications especially in the improved enzyme
activity of various enzymes. Therefore, it is of great interest to understand the
fundamental physical properties like microviscosity, micropolarity and pH of these
aqueous pools confined in the IL dispersion medium for its better industrial application

purposes which has been discussed in the chapter V of the thesis.

These aqueous confined media are ubiquitous in biological systems like in
mitochondria and chloroplast of cellular organelles. In addition to water, other salts and
minerals are also present inside these confined biological systems which greatly affect
most of its physiological functions. In addition to this, salts also effects the stability of
proteins, amphiphiles, and other hydrophobic molecules present inside the system. As it
affects the stability of the amphiphilic molecules, therefore its properties are significantly

altered in their agueous solutions containing various salts.
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There are ILs which contain hydrophobic alkyl groups attached to its cation and
because of which they shows amphiphilic character in their aqueous solutions.” The
addition of salts, therefore, effects most of its physical properties in their aqueous
solutions and the following sections of the chapter present a brief introduction to the

effects of salts on the ILs in its aqueous solutions.

1.7. SALT EFFECTS

The salt effects were noted after the observation of Hofmeister on the precipitation of
some proteins and colloids in the 1870°s.”® He observed that the precipitation of proteins
and colloids depends upon the charge density of ions. On the basis of his observations he
arranged the ions in a series popularly known as the Hofmeister series as given below.*
COs” > SO/ > S04 > H,PO, > F > ClI > Br *NO; > I” > Clo, >
SCN”™

Zn*? > Mg*™ > Ca™ > Li* > Na* > K* > NH," > Rb* > Cs*

The ions present in the left side of the series precipitate the proteins and hydrophobic
molecules in their aqueous solutions and are known as “water structure-makers” or
salting-out agents and the ions on the right sides of the series destabilizes the proteins and
are called as “water structure-breakers” or salting-in agents.*® The salting-in and salting-
out salts are also popularly known as the chaotropic and kosmotropic agents,

respectively.

In addition to the spectroscopic tools, bulk physical properties of solutions can be also
used in order to explain about the salting phenomenon in solutions. Solubility of a
solution can be used to estimate the salting phenomena of a salt. It was Setschenow
proposed an equation based on the solubility phenomena log (Se/s) = kcs, in which s and
Sp are the solubility of nonelectrolyte in the aqueous electrolytes and in aqueous solutions,
respectively. cs is the composition of salts used and k is the salting constant which tells
about the salting nature of the salt in the solutions.*® If the value of salting coefficient is
positive, then the salt is characterized as the salting-out salt, however, negative value of

salting coefficient tells about the salting-in nature of salts.®® Similarly, the surface tension
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measurements of solutions and the cavitation phenomena can be also used to define the

salting-out/salting-in nature of salts.%’

The measurement of bulk viscosity of solutions is also used by many workers in order
to classify the nature of salt as salting-in/salting-out.”® Generally, the viscosity B-
coefficients, also known as the Jones-Dole B-coefficient obtained from the viscosity
measurements can be used to characterize the salting-in/salting-out nature of salts.*
Positive and negative values of B-coefficient show the salting-out and salting-in nature of

salts, respectively.

To the best of our knowledge a few reports are available in the literature to understand
the salting-in/salting-out phenomenon of salts in its aqueous solutions of ILs. Recently,
the mechanism of salting effect has been analyzed on the solubility of [BMIM][NTf,] in
its aqueous solutions.”® The mechanism of salting-out effect of salts is mainly cause by
the entropic effect with the formation of ion-water complexes leading to the dehydration
of the [BMIM][NTf,]. However, the mechanism of salting-in effect is mainly caused by
the low charge density ions by the direct binding of ions to the hydrophobic groups of
IL.99

Considering the above development in the field of IL and its mixtures, it is of great
interest to extend the study especially in the bulk and microscopic transport processes for

their potential applications.
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CHAPTER 2

Aims and Objectives
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This Chapter presents a brief outlines of the aims and objectives of the research work
carried out during the PhD programme. Our prime objective is to understand the
microscopic transport processes such as translational and rotational diffusion,
microviscosity, and viscosity in the ionic liquid (IL) mixtures. The aim of the research
work carried out in the present thesis is three fold; however, our objectives are
interconnected with each other. Our first aim is to understand the diffusional motion in
the agueous Li* containing mixtures of ILs as these mixtures are of wider applications in
different energy devices, as a solvent medium for different organic and enzymatic
reactions. Secondly, these microscopic transport processes are studied in the model
biological confined water by taking microemulsion as an example. Our third aim is to
study the effects of different denaturating agents on the hydrophobic alkyl group
substitution in ILs.

In view of the aforementioned aims and to give broad overview of our research work,

different objectives are presented below as:

» The first objective of our research work is to understand the diffusional behavior
of 'H NMR active nuclei in the aqueous Li* containing mixtures of ILs.
Translational and rotational motions of molecules present inside the mixtures give
more insight into the transport phenomenon. As these Li* containing mixtures are
applied in different energy devices, therefore understanding of the diffusional
behavior and their translational and rotational motions helps the researchers in
selecting a better Li* containing IL mixtures. The understanding of other physical
phenomenon like activation energy of diffusional motion, translational and
rotational motions add more insight into the existing knowledge in the field of Li*

containing mixtures of ILs.

> In addition to this, the validity of Stokes-Einstein equation has been discussed in
order to understand the microviscosity phenomenon. The concept of hole
formation and the average jump distance of *H NMR active nuclei significantly

improve the understanding of these Li* containing mixtures of ILs.
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» The second objective of our research work is to understand the behavior of
biological water present in a confined state inside the microemulsion system. For
this purpose we have selected the water in hydrophobic IL confined media as an
example. As these confined media are used as a medium for the preparation of
nanomaterials and as a solvent media for different enzymatic reactions, therefore
understanding of its physicochemical properties helps the researcher working in
these area. Understanding of microviscosity, micropolarity, pH and the state of
water present inside the aqueous IL microemulsion system has been studied.

» The third objective is to understand the effect of various denaturants on the
hydrophobic alkyl group substitution on the cationic part of imidazolium-based
ILs. As these denaturants are hydrophobic bond breaker and also known as water
structure breakers, their effects must therefore, be reflected in the aqueous
solutions of ILs with hydrophobic alkyl group substitution. By considering this
assumption we have studied the effect of different denaturants on the behavior of
ILs in their aqueous solutions and showed that the denaturants have substantial

effects on the IL solutions containing higher alkyl group.
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CHAPTER 8

Instrumentation Techniques

In the present chapter are discussed the working principles of
different experimental techniques used in order to obtain the
experimental data for the successful completion of the research
work. The principles of NMR spectroscopy, NMR relaxations and
diffusion order N'MR spectroscopy have been discussed. In addition
to this, the basic principles of UV-vis spectrophotometer, dynamic

light scattering, viscometer and cyclic voltammetric technique

have been described.
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3.1. INTRODUCTION

This chapter deals with the discussion regarding the basic principles of the
experimental techniques used in successful completion of all the experimental work.
Diffusion order NMR spectroscopy has been used to measure the self-diffusion
coefficients of the 'H NMR active nuclei in the aqueous Li* containing mixtures of ionic
liquids (ILs). The spin-lattice relaxation time (T1) and spin-spin relaxation time (T,) data
has been obtained from the inversion recovery method and Carr-Purcell-Meiboom-Gill
(CPMG) method, respectively. Viscosity of the system has been measured by the help of
viscometer. In order to obtain the particle size of the microemulsion droplets, dynamic
light scattering (DLS) has been used. The electrochemical behavior of the electro-active
probe inside the microemulsion system has been analyzed through the help of cyclic
voltammetric technique. UV-vis spectrophotometer is used to study the micropolarity by

the absorption of methyl orange.
3.2. NMR Spectroscopy

It is the interaction of electromagnetic radiation in the radio-wave regions with the
matter. This spectroscopy mainly deals with the nuclear transition in the radio frequency

regions and a schematic representation of NMR spectrometer is given in Figure 1.*
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Figure 1. Schematic representation of the NMR spectrometer.*



The material must contain a NMR active nucleus in order to get a signal in the NMR

spectrometer.

A nucleus is NMR active, if its total spins quantum number (1) has an integral or half-
integral value. It means nuclei with spin quantum number value of I # 0 can only
absorb/emit electromagnetic radiations in the radio frequency regions. Hydrogen atom
has the | value of 1/2 and the NMR spectroscopy deals with it is popularly known as the
'H NMR spectroscopy. It means the magnitude of their magnetic moments (= y1 h/2z,
where yis the gyromagnetic radius of the nuclei) has only two possibility that is +1/2 («
spin state) and -1/2 (S spin state) which are same in magnitude but opposite in their

directions in presence of external magnetic field B, as represented in Figure 2.2
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n
m=-1/2
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Figure 2. Splitting of a nuclear spin with a spin 1/2 in a magnetic field of B,.?

In the presence of an external magnetic field of By the nuclear spin is split into two
energy levels as represented in the Figure 2. The lower energy with « spin state where the
nucleus is spinning in the direction of external magnetic field and the higher energy g
spin state where the nucleus is spinning in an opposite direction to that of the applied
field as shown in the right side of the Figure 2. To observe a signal in the NMR spectrum,
we have to provide energy that is equal to the difference between the energy of the two
nuclear spin states. It can be achieved either by varying the radiofrequency (v = AE/h) or

by varying the external magnetic field. Generally, in modern NMR spectrometer the
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spectra are recorded by varying the external magnetic field, keeping the frequency of the
electromagnetic radiation constant. Once the magnitude of the external magnetic field is
matched with the energy difference between the two spinning state, resonance occurs
giving a signal in the detector. For multinuclear system where each nucleus has different
precessional frequency, then in that condition Fourier transformation of the signal is
necessary to convert the frequency domain signal into the time domain. However, as the
NMR spectra is in the PPM scale therefore, the time domain signal is again converted
into the frequency domain by the inverse Fourier equation and the chemical shift is

calculated from the observed resonating frequency as represented in equation 1.3

vo (H)—vy (reference )

1)

- Spectrometer frequency in MHz

where, v (H) and v (TMS) are the resonating frequency of the observed proton and the

reference compound, respectively.
3.2.1. NMR Relaxation

It is the phenomenon in which the magnetically excited nuclei return to the
equilibrium. In the equilibrium state (a) the population of the magnetic nuclei in both the
sates (« and f) are in accordance with the Boltzmann distribution and (b) there is zero

transverse magnetization.

Figure 3. The net bulk magnetization My along the z-axis in presence of applied magnetic
field By.
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Let us assume that a system consist of many smaller nuclear magnets and has a net bulk
magnetic moment of M. In the presence of an external magnetic field By, applied in the z-
direction, the net magnetic moment has only z-component with a magnetic moment of M,
(Mg) whereas the transverse xy-component has zero magnetization (My, = 0) and is the
condition of equilibrium as represented in the Figure 3.° This equilibrium is perturbed by
the presence of radio frequency pulse and the time it takes to again coming back into the

equilibrium condition is known as the relaxation time.

Two types of relaxation phenomenon are observed in NMR spectroscopy. The first
one is the relaxation of the transverse magnetization (Myy) and is known as the transverse
relaxation or spin-spin relaxation and the time required for it is known as the transverse
relaxation time, T,.° The second one is the relaxation of the z-component of the
magnetization (M;) and is known as the longitudinal relaxation or spin-lattice relaxation
and the time it takes to coming back to the equilibrium condition is known as the
longitudinal relaxation time, T1.> Though there are several methods are available for the
determination of relaxation phenomenon, we have applied the inverse recovery method®
for the determination of T; relaxation time and Car-Purcell-Meiboom-Gill (CPMG)

method for the measurement of T, relaxation time.®
3.2.1.1. Longitudinal Relaxation Time (T1)

The longitudinal relaxation is the relaxation of the z-component of the magnetization
into the equilibrium and the time required for it is known as the longitudinal relaxation
time or spin-lattice relaxation time T;. We have used the inversion recovery method to
measure the T, relaxation time of the 'H NMR active nuclei present in our samples and
the pulse sequence for the method is represented in the Figure 4.° Initially a recycle delay
time (t1q) has to be given to the sample which is sufficiently long enough to attain a net z-
magnetization followed by an 180° pulse (pl) to invert the magnetization into the —z
direction. Then a recovery delay time (vd) has been given in order to relax the
magnetization. Finally a 90° pulse is given to convert the z-magnetization vector into the
Xy-magnetic coordinate and is detected in the acquisition period. Therefore, the pulse

sequence of the inversion recovery experiment can be represented as
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t,;—180°—vd—90°-acq. If the recovery delay time (vd) is very short then the pulse

sequence is equivalent to t,«—270°—vd—acq which gives the signals of negative intensity.

T /2
tq H vd
d1 | p2 '

Figure 4. The pulse sequence for the measurement of T, relaxation time of *H NMR

active nuclei through the inversion recovery method.’

However, the signal has positive intensity if the delay time applied is very long and in
that case the pulse sequence is equivalent to t—180°-vd—90%-acq. The spin-lattice
relaxation time (T;) can be obtained by collecting the data of varying delay time (vd).
Finally the plot of the peak intensity with respect to the recovery delay time gives the

curve of an exponential nature with rate 1/T; as given in equation 2 as:
M, (£)ocI(t) = Ip(1-2e /™) 2)

where, lo and I(t) are the equilibrium peak intensity and intensity at time t, respectively.’
M,(t) is the z-magnetization vector at time t. t and T, are the delay time and spin-lattice

relaxation time relaxation time, respectively.
3.2.1.2. Transverse Relaxation Time (T,)

The spin-spin relaxation time (T,) is the time required for the decaying of the
transverse magnetization vector and is also known as the transverse relaxation time. It
can be measured through the Car-Purcell-Meiboom-Gill (CPMG) method and the pulse
sequence for it is represented in the Figure 5.° Both the T, and T, relaxation occurs
simultaneously for a *H NMR active proton, however, the pulse sequence used for their
determinations are completely different as represented in the Figure 4 and 5 for the T,

and T, relaxation time, respectively. In non-viscous fluids both the relaxation times are
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nearly equal to each other, however the T, << T; in case of viscous and solid materials

due to the presence of strong local magnetic field inhomogeneity.

mx)  wly) ()

acq

Figure 5. The pulse sequence used for the measurement of T, relaxation time through the
CPMG method.’

Therefore, a spin-echo pulse sequence is used as represented in the Figure 5 in order to
eliminate the magnetic field inhomogeneity for the determination of true relaxation time.

And, the equation 3 is used for the determination of T, relaxation time which is given by:
M, ocl, = Iye ™™ ®3)

where, the symbols have their usual meanings.® The T relaxation time can be found out
from the exponential plot of the I versus z This transverse relaxation time is also related
with the line width of the NMR signal according to the equation 4 as:

T 1

2 Av1/2

(4)

in which Awy; is the line width at half height.
3.2.2. Diffusion Order NMR Spectroscopy (DOSY)

Diffusion order NMR spectroscopy is used to measure the self-diffusion coefficient of
the NMR active nuclei present in the sample.”® Here in case of DOSY experiment, pulse
field gradient (PFG) is produced by putting a small three dimensional coil around the
NMR probe to generate the PFG in addition to the large super conducting magnet (SCM)
to produce the static magnetic field. In the case of anisotropic condition it is possible to
measure the self-diffusion coefficients along the x, y, and z-directions. We have applied

the modified spin echo pulse sequence in order to measure the self-diffusion coefficient
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of the molecule and its pulse sequence is given in the Figure 6. The Stejskal-Tanner
equation given in equation 5 is used in order to get the self-diffusion coefficient of

molecule.®

E = exp(—#&' g? D(A-9)) (5)

where, y is the gyromagnetic ratio of the *H nucleus, § and g are the signal width and

strength, respectively. A, is the time interval between the two applied pulse.

< > < >
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Figure 6. The modified Hahn echo pulse sequence for the measurement of self-diffusion

coefficient of 'H NMR active nuclei.'!
3.3. UV-vis Spectroscopy

This spectroscopy is deals with the electronic transition between the highest occupied
molecular orbital (HOMO) of a molecule or compound into the lowest unoccupied
molecular orbital (LUMO) and can be observed in between the 200-800 nm range in the
electromagnetic spectrum.’? As it absorbs the UV-vis light to excite the electron
therefore, this branch of spectroscopy is also known as the absorption spectroscopy or
electronic spectroscopy. A molecule is said to be active in the UV-vis region, if it
contains a pair of non-bonding electrons or have an unsaturated group. There are six

possibilities of transitions in the UV-vis spectroscopy and are describe below.™
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a) n— 7*: Electronic transition from the non-bonding orbital to the anti-bonding 7 orbital.
b) 7— 7*: Electronic transition from the bonding 7 orbital to the anti-bonding #* orbital.

€) n—o*: Electronic transition from the non-bonding orbital to the anti-bonding o*

orbital.

d) 7 o*: Transition from the bonding 7 orbital to the anti-bonding o* orbital.
e) o—7*: Transition from the bonding o orbital to the anti-bonding z* orbital.
f) o—o*: Transition from the bonding o orbital to the anti-bonding o* orbital.

From the above six types of electronic transitions only the first two that are the n—z*
and 7— 7* transitions can be seen in the UV-vis region. When a sample having an UV-
vis active compound is placed in the spectrophotometer, then it absorbs the light in the
UV-vis region and the spectrometer records the wavelength at which absorption of the
sample occurs. And, the UV-vis spectrum is a plot of this absorbance with the

wavelength.
3.4. Viscometer

The viscosity of the samples is measured with the help of a Brookfield cone-plate
viscometer.***® Basically it is a torque measuring system. It consist of a beryllium-copper
spring connecting to the rotating cone which senses the frictional force experienced by
the rotating cone inside the stationary plate containing the fluid. This frictional force or
resistance experienced by the rotating cone produces torque inside the system which is
proportional to the shear stress experienced by the fluid. The viscometer displays this
torque and shear stress produced experienced by the fluid which is converted into the

absolute centipoises (mPa.s) unit from the known geometric constants of the viscometer.
3.5. Dynamic Light Scattering (DLS)

The dynamic light scattering gives us the information regarding the hydrodynamic
radii of the diffusing particle by measuring its Brownian motion.'”*° It is also known as

the quasi-elastic light scattering or photon correlation spectroscopy and measures the size
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of particles in the sub-micron regions. The Brownian motion is the random motion of the
particles by the collision with the solvent molecules suspended in a solution. The
translational diffusion coefficient (D) of the particles gives the information regarding the
velocity of the Brownian motion which helps in estimating the size of the particle from
the Stokes-Einstein equation as D = kT/czna, in which a is the hydrodynamic radii of the
particle, D and 7 are the translational diffusion coefficient and viscosity of the medium; k
is the Boltzmann constant and T is the absolute temperature of the medium,

respectively.™

The dynamic light scattering measures the velocity of the diffusing particle by
measuring the rate of the intensity of the scattered light by an optical arrangement. The
rate of fluctuation in the intensity with respect to time is more for smaller particle as
compared to the larger particle and therefore, smaller particle diffuse faster as compared
to larger particle. The DLS instrument convert this scattering intensity into the correlation
function G(z) in which the 7 is the correlator time delay. For a large monodispersed
particle this correlation function follows a single exponential form as given in equation
6.18

G(r)=A+ (1+Be?M) (6)

Here, A and B are the baseline and intercept of the correlation function, 7-= Dg? in which
q = (47n/ Ap) sin(@/2), where, n is the refractive index of the medium, Ay is the wavelength

of the laser light used and @is the scattering angle.

A typical plot of the correlation coefficient as a function of time obtained from

our experimental results is given in the Figure 7 for 70 wt% of H,O.
3.6. Cyclic Voltammetry (CV)

This technique gives us information regarding the qualitative and quantitative
information of an electrochemically active species present in an electrolytic solution.??
We have used a three electrode system with glassy carbon as the working electrode and
platinum as both the reference and counter electrode, respectively. The current produced

is measured between the counter and the working electrode and the reference Pt electrode
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maintain the potential constant between the working electrode and itself. The potential of
the working electrode has to be scanned from an initial value to a limiting value and a
voltammogram is obtained by plotting the current produced in the working electrode
during the total potential scan. A typical voltammogram from our experimental data for
70 wt% of water inside the H,O/[BBIM][NTf,]/TX-100 microemulsion system is
presented in the Figure 8.
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Figure 8. A typical voltammogram of the Fe*¥/Fe*® redox system present inside the 70
wt% H,0 of H,0 in [BBIM][NTf;] microemulsion system.
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CHAPTER 4

'H NMR, Self-diffusion Coefficients, Translational
and Rotational Motions of lonic Liquids and
Water Molecules in the Aqueous Li* Containing

Mixtures of lonic Liquids
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Diffusion-order NMR spectroscopy (DOSY-NMR) has been used to
study the temperature dependent self-diffusion coefficients of ionic
liquids and water molecules in the aqueous Li* mixtures of ionic
liquids. The self-diffusion coefficients of individual protons of ionic
liquid molecules has been measured and discussed. Temperature
and compositions dependent 'H NMR spectra of proton signals
shows interesting behavior. Translational and rotational motions
of ionic liquids and water molecules obtained from their
correlation time values has been calculated and discussed. The
activation energy of viscous and diffusive flow, activation energy
of translational and rotational motions is discussed. The validity of
Stokes-Finstein equation and the concept of hole formation are
analyzed for the diffusional motion of both the ionic liquids and
water molecules. Finally, qualitative information regarding the
microviscosity is obtained from the frictional coefficient, f factor

calculated from the Stokes-Einstein equation.
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4.1. INTRODUCTION

Recently, imidazolium-based ILs has been studied extensively because of their
spatial heterogeneity as these ILs possesses both the non-polar alkyl chain length and
polar imidazolium ring.**® Molecular dynamics simulation studies of pure 1-alkyl-3-
methylimidazolium-based ILs shows the presence of nanostructural organization of ILs in
the system."? Strong electrostatic interactions between the polar imidazolium ring with
the anions forms the polar domains and short-range Van der Waals interactions between
the non-polar alkyl groups forms the non-polar domains in the pure 1-alkyl -3-methyl
imidazolium-based ILs and also in their aqueous solutions. In addition to this, in the case
of IL/vacuum interface, the non-polar alkyl groups point towards the vacuum with polar

groups attracted more towards the bulk phase.”*" %

It has been reported that these ILs are hygroscopic in nature and absorb significant
amount of water from the environment and therefore, the original ionic networks present
in the ILs are broken by the interactions of ILs with the water molecules.®?*? In dilute
aqueous solutions, the imidazolium based ILs with alkyl chain length > 4 shows
significant aggregation behavior and are therefore considered to be surfactant like in
nature.’® Because of the presence of the nanostructural organization of polar/non-polar
part of imidazolium-based ILs in their aqueous solutions, it has a potential application in
the field of catalysis and synthetic chemistry’ and therefore, attracts many researchers to

understand the behavior of ILs in water, %'

The addition of salts into the aqueous solutions of ILs have interesting effect as it can
lead to the precipitation of proteins and different organic compounds in its aqueous
solutions.”®* Depending upon the precipitation of organic compounds and proteins in
their aqueous salt solutions, two types of salt are defined, salting-out salts increase the
precipitation of proteins and hydrophobic compounds and are also known as kosmotropic
salts. The other type increases the solubility of proteins and hydrophobic compounds in
their aqueous salt solutions and is known as salting-in or chaotropic salts. The salting-out
salts are also known as water structure-makers whereas the salting-in salts are known as

water structure-breaker.?* To make the potential use of these aqueous salt solutions of
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ILs in different industrial and biomedical applications, it is important to understand the
behavior of ILs and water molecules in presence of different salts. A very few reports are
available in the literature regarding the effects of salts on the aqueous solutions of ILs.
Recently Freire et al. reported the presence of unexpected interactions between the
polarizable salting-in salts with the hydrophobic alkyl chain length of ILs through the *H
NMR study.®* However, to the best of our knowledge there has not been a single report is
available in the literature regarding the dynamical behavior of ILs and water molecules in
the aqueous salt solutions of ILs. Therefore, in this Chapter we have focused on the

dynamics of the aqueous salt solutions of ILs.

In the current chapter two alkylimidazolium bromide-based ILs with the variation in
their alkyl chain length have been selected and the name of the ILs are 1-Butyl-3-
methylimidazolium bromide ([BMIM]Br) and 1-Octyl-3-methylimidazolium bromide
([OMIM]Br). The purpose of choosing these ILs is due to their formation of
nanostructure or micellization behavior in their aqueous solutions because of possessing
the hydrophobic alkyl groups in the IL cation. Two salts have been selected that are LiCl
and LiCIO, with their opposite effects on the hydrophobic interactions and miceller

behavior.

This chapter is divided into two sections. The first section deals with the temperature
dependent self-diffusion coefficients and viscosity study of aqueous salt solutions of IL
mixtures. The individual self-diffusion coefficients of each of the protons present on the
cation of IL are also discussed. Activation energy of diffusive flow (Ep) and viscous flow
(E.) has been calculated and discussed. Translational (z) and rotational motion (z,) of
ILs and water molecules are calculated from the experimentally measured self-diffusion
coefficients and viscosity of the mixtures and discussed. Finally, the average one jump

distance (<R>) for both the IL and water molecules are estimated and analyzed.

In the second section of the chapter the validity of Stokes-Einstein equation has been
discussed. For the diffusion of individual particle inside the IL mixtures the fluid must

contains hole inside it and therefore, the formation of hole and its sizes were calculated
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and has been analyzed. In the final section of the chapter the frictional coefficients
experienced by the individual diffusing particles inside the fluid mixtures has been
discussed and correlated with the microviscosity phenomenon.

4.2. EXPERIMENTAL PROCEDURE

4.2.1. Materials

1-Methylimidazole (purity, > 99%), 1-Bromobutane (purity, > 98%) and 1-Bromooctane
(purity, > 99%) were obtained from Sigma Aldrich and used after distillation. Both the
LiCl (purity, > 99%) and LiCIO4 (purity, > 99.99%) were obtained from Fluka
Analytical. Before its use for the experimental purpose, these salts were dried overnight
at 140 °C to remove any absorbed moisture. Deuterium oxide, D,O used for the internal
standard in the NMR experiments was obtained from the Sigma Aldrich with 99.9 atom
% D.

4.2.2. Synthesis of lonic Liquids

Both the ILs that are the 1-Butyl-3-methylimidazolium bromide ([BMIM]Br) and 1-
Octyl-3-methylimidazolium bromide (J[OMIM]Br) were synthesized according to the
reported procedure and their structures and numbering scheme of protons are given in
Figure 1.32%
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Figure 1. Structure and numbering scheme of protons of [BMIM]" (left) and [OMIM]*
(right) for the [BMIM]Br and [OMIM]Br, respectively.

After the synthesis of ILs, it were dried under high vacuum for 10-12 h with a constant
heating of 60 °C. The Karl-Fischer titrator was used to check the amount of absorbed
water from the atmosphere and was found to be > 150 ppm in each of the ILs. The H

NMR spectra of these ILs are in good agreement with that reported in the literature.®**®
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The aqueous salt solutions were prepared in deionized water (specific conductance < 0.55
x 10° S cm™) on the basis of molality with an accuracy of + 0.0002 mol kg™ and all the
ternary mixtures were prepared by adding the ILs (w/w) into the aqueous salt solutions

(w/w).

4.2.3. NMR Measurements

All the PGSE-NMR experiments were performed on a Bruker-400 spectrometer with a
9.4 T superconducting magnet (Larmor frequencies v, = 400 MHz).3" Neat samples were
used in this study and were placed in a 5 mm (outside diameter) NMR tube and D,0 in a
capillary tube was used as external lock. All the measurements were carried out at four
different temperatures ranging from 300-315 K with an increment of 5+0.1 K. The
temperature of the experiment was controlled by a Bruker BVT-3200 temperature
controller unit. The samples were thermally equilibrated for 15 min before the start of
each experiment. Self-diffusion coefficient of ionic liquid cations and H,O molecules
were measured for each of the studied composition of ILs and salts by using a standard
Bruker pulse field gradient spin echo (PFGSE) experiment with longitudinal eddy current
delay.38 The spectral data were acquired with 70 ms diffusion delay (A) and 3.5 ms
bipolar gradient pulse (8) by varying the gradient strength (g). The diffusion coefficients
were calculated from the experimental data using an online Bruker T1/T, utility program

by fitting the signal intensity (area) to the following equation.*
I =1oexp [- #9°5D (A - 53)] (1)

where | and Iy are the echo intensities measured with and without the field gradient g,
respectively. o is the duration of the magnetic field gradient g, y is the gyromagnetic ratio
of the nuclei, A is the diffusion time that is the interval between the two gradient pulses

and D is the self-diffusion coefficient.

4.2.4. Viscosity Measurements
Brookfield-ultra rheometer with a cone plate arrangement was used for the measurement

of viscosity of IL solutions. The sample required for each measurements are 0.5 ml. All
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the experiments were carried out with a temperature range from 300-315 K within an
interval of 5+0.1 K. The temperature of the experimental set up was monitored by using a
julabo temperature thermostat bath. The viscosity () values of the solutions were
obtained through the equation as:

7 = (100/RPM) (TK) (Torque) (SMC) )

where RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque constant
and spindle multiplier constant, respectively. The calibration of the instrument was
performed by taking the reported viscosity data of aqueous solutions of CaCl,, MgCl, and
[BMIM][BF4] in different concentration.”*" The accuracy of the instrument was
obtained as +1%. The reported experimental viscosity data are the average of triplicate

measurements with a precision of 0.25%.

4.3. Self-Diffusion Coefficients, Translational and Rotational Motion of

lonic Liquids and Water Molecules: A Temperature Dependent Study
4.3.1. RESULTS AND DISCUSSION
4.3.1.1 Diffusional Behavior of [IL]" and H,O Molecules

This section primarily deals with the temperature dependent self-diffusion
coefficients, translational and rotational motion of the individual *H NMR active particles
present inside the aqueous salt solutions of ILs. The study has been carried out in the
temperature range of 300-315 K with an increment of 5+0.1 K. In this study we have
come across an unusual diffusion behavior of [OMIM]* and H,O molecules in the
aqueous LiCIO, solutions of [OMIM]Br. Figure 2(a) and (b) represent the variation of
temperature dependent self-diffusion coefficients of [OMIM]* and H,O molecules with
the increase in the compositions of LiCIO,. It can be seen from Figure 2 that the diffusion
coefficients of H,O molecules are much higher as compared to that of [OMIM]*. The
relative diffusion coefficients (D20 / Diomimy+) OF diffusing particles with the increase in
the composition of LiCIO, are also represented in Table 1. An increase in the temperature

increases the diffusion coefficients of each of the diffusing particles present in the

59



mixtures. However, the relative values decrease with the increase in the temperature. It
indicates that the magnitude of diffusion coefficients of [OMIM]" is approaching towards
the H,O molecules with the increase in the temperature of the mixtures.

14

@

o:o 0:5 1:0 1:5 0.0 0.5 1.0 1.15
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Figure 2. The variation of NMR self-diffusion coefficients with the micios for [OMIM]”
(@) and H,O (b) molecules at 300 K (), 305 K (O), 310 K (A) and 315 K (V),

respectively. The composition of [OMIM]Br in all the cases is fixed as 50% (w/w).

In Figure 2(b), it has been shown that the diffusion coefficient of the H,O molecules
decreases with the increase in the compositions of LiClO4. This might be due to the high
charge density of Li* ion which orients the water molecules strongly around itself
through the electrostatic interactions, resulting into the decrease in the diffusive motion
of the water molecules. However, the diffusion coefficients of [OMIM]* shows a
maximum value with the increase in the composition of LiCIO, as cleared from the
values given in the Table 1. It was reported that the [OMIM]" cation-based ILs forms 3-D
nanostructural aggregates in their aqueous solutions.” The imidazolium ring of the ILs
forms a 3-D polar network facing towards the bulk water molecules whereas the —CgHs7
group of the [OMIM]Br forms the inner core of the 3-D structures through the nonpolar
van der Waals interaction between them.” As the imidazolium ring of the [OMIM]*
cation have different H-bonding sites, therefore these protons are engaged in the H-

bonding interactions with the Br~ and water molecules surrounding them. Due to the
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presence of the 3-D nanostructured organization of [OMIM]Br in its aqueous solutions of
LiClO,, its diffusion coefficients values are < 10 order of in magnitude as compared to

that of H,O molecules.

Table 1. Translational Diffusion Coefficients, D of [OMIM]" and H,O Molecules in
both the Aqueous LiClO, Solutions of [OMIM]Br with their Relative Values at
Different Temperatures. (The Composition of [OMIM]Br in all the Mixtures is
Fixed as = 50% (w/w))

Miicioa / Diomimp+ X 10° /m?s? Dhoo x 10° / m? st Dti20 / Diomimy+
mol kg™ (300 K) (300 K) (300 K)

0 0.727 12.980 17.854
0.50 0.728 12.000 16.484
1.00 0.729 11.490 15.761
1.50 0.699 10.610 15.179
1.75 0.530 7.724 14,574

Diomimgs X 10° /m?* st Dypo x 101/ m? s Dt20 / Diomimy+
(305 K) (305 K) (305 K)

0 0.861 14.610 16.969
0.50 0.867 13.780 15.894
1.00 0.905 13.270 14.663
1.50 0.837 12.290 14.683
1.75 0.656 8.854 13.497

Diomimgs X 10/ m?* st Dypo x 10"/ m* s Dtz20 / Diomimy+
(310 K) (310 K) (310 K)

0 1.134 16.590 14.630
0.50 1.073 15.820 14.744
1.00 1.076 15.080 14.015
1.50 0.997 13.960 14.002
1.75 0.795 9.692 12.191

Diomimy+ X 10/ m? st Dhoo x 101/ m? st Dri20 / Diomimy+
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(315 K) (315 K) (315 K)

0 1.267 18.080 14.270
0.50 1.344 18.090 13.460
1.00 1.320 16.290 12.341
1.50 1.222 15.440 12.635
1.75 1.007 8.582 8.522

However, the self-diffusion coefficients of [OMIM]" is show a maximum value with
the increase in the compositions of LiClIO, and the maxima is retained at higher
temperature of 315 K. On the other hand, such behavior is not observed in the case of
H>0 molecules.
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Figure 3. The plots of self-diffusion coefficients of H,0, D20 (O, (a)) and [OMIM]",
Diomimy+ (O, (b)), respectively with the increasing composition of LiClIO4 in comparison

with the bulk viscosity, » (L) of the mixtures at 315 K. The composition of [OMIM]Br

in all the cases is fixed as 50% (w/w).

It indicates that there might be the possibility of weakening of the nanostructure of
[OMIM]Br with the addition of LiClO, into the system. To confirm this observation we
have also measured the bulk viscosity, n of the mixtures and compared with the

experimentally observed NMR self-diffusion coefficient values. Figure 3(a) and (b)
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represents the comparative plot for the diffusion coefficients of the H,O and [OMIM]",
respectively with the 7 of the 50 % (w/w) composition of [OMIM]Br with the increasing
compositions of LiClO4 at 315 K. The 7 of the mixtures is showing a minimum value
with the increase in the compositions of LiClO,. It indicates that the maximum observed
in the diffusion coefficient values of [OMIM]" is due to the lower viscosity values of the
mixtures. It was reported that the high polarizable anions interact with the hydrophobic
alkyl chain length of ILs through the weak ion-induced dipole interactions.®* Therefore,
with the initial addition of LiCIO, into the mixtures, the high polarizable CIO, ions
interact with the hydrophobic —CgH17 group of [OMIM]". In addition to this the ClO,
ions are involved in the H-bonding interactions with the ring protons of imidazolium ring.
Here both the electrostatic and H-bonding interactions between the [OMIM]" and Br™ are
broken by the water molecules due to the strong hydration of Br™ ions. Therefore, the Br’
ions present around the polar 3-D surface of imidazolium ring comes into the bulk water
and forms solvated LiBr. To maintain the electro-neutrality of the 3-D charged polar
surface of [OMIM]", the ClO4 ions comes from the bulk and starts interacting with the
imidazolium ring of [OMIM]" forming the [OMIM][CIO,] kind of species. Thus the
positive electronic charge cloud of [OMIM]® is now more concentrated on the
imidazolium ring as it was before with Br™ as the counter anion. This increase the
repulsion between the imidazolium ring of [OMIM]" of 3-D nanostructure. In addition to
this the CIO,4 ions forms strong ion-water complexes around the hydrophobic —CgHi7
group of [OMIM]" near to the imidazolium ring.** Consequently, it increases the
repulsion between the nonpolar —CgHy7 group of [OMIM]* and weakens the van der
Waals interactions between the —CgHi; group of [OMIM]. As a result of which, the
initial 3-D nanostructure is being weakens with the increase in the compositions of
LiClO4 resulting into the increase in the self-diffusion coefficient values of [OMIM]" and
is reflected in the decrease in the bulk viscosity values of the mixtures. After the maxima
has reached, the self-diffusion coefficient of the [OMIM]" again decrease with the rise in
the composition of LiClO4, possibly due to the increase in the number of particles in the
mixtures causing hindrance in the diffusivity of [OMIM]* and is reflected from the
increased viscosity of the mixtures. The same trend is also observed at 300 K indicates

that the 3-D nanostructure of [OMIM]" also exists at lower temperature and thermal
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energy is not sufficient enough to break it. On the other hand, the self-diffusion

coefficients of H,O molecules are decrease with the increase in the composition of
LiClOg.

However, no such kind of trends in the self-diffusion coefficients of [OMIM]" are
observed in the case of aqueous LiCl mixtures of [OMIM]Br as is represented in the
Figure 4. The self-diffusion coefficients of H,O molecules and [OMIM]" cations with the
increasing compositions of LiCl are represented in Figure 4(a) and (b), respectively in
comparison with the bulk viscosity, 7 of the mixtures. The mixtures were prepared in a
50% (w/w) composition of [OMIM]Br in aqueous solutions of LiCl at 315 K. Both the

Diomimy+ and Duoo molecules are decrease with the increase in the viscosity of the

mixtures.
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Figure 4. The plots of self-diffusion coefficients of H,O, Do (O, a) and [OMIM]",
Diomimy+ (O, b), respectively with the increasing composition of LiCl in comparison with

the bulk viscosity, 7 ([J) of the mixtures at 315 K. In all the cases the composition of
[OMIM]Br is fixed as 50% (w/w).

We have also measured the self-diffusion coefficients of *H NMR active nuclei in the
aqueous Li" mixtures of [BMIM]Br. Here both the Demim+ and Duao molecules are
increases with the increase in the thermal energy of the system. On the other hand,

increase in the compositions of Li* salts decrease the diffusivity of each of the *H NMR
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active nuclei that are [BMIM]" and H,O. However, the relative diffusion coefficient
values for the [IL]" and H,O molecules presented in Table 2 shows interesting behavior.

Table 2. Temperature Dependent Relative Diffusivity of [IL]" and H,O Molecules in
the Aqueous Li* Salt Solutions ILs. (The Dp. is the Diffusion Coefficients of
[OMIM]" and [BMIM]* in 1.75 mol kg™ and 2.0 mol kg™ of Aqueous Li* Salts,
Respectively. D%+ and D%y are the Diffusion Coefficients of [IL]* and H,O
Molecules in the Aqueous Solutions of ILs, Respectively. Duyo is the Diffusion
Coefficients of H,O Molecules in the 1.75 mol kg™ (JOMIM]Br) and 2.0 mol kg™
([BMIM]BT) of Li* Salts, Respectively.)

System T/K D[||_]+ / D0[||_]+ Dh2o / DOHZO

[OMIM]Br (50%
w/w)+ Ag. LiClO4

300 0.729 0.595
305 0.762 0.606
310 0.701 0.584
315 0.795 0.475
[OMIM]Br (50%
w/w)+ Ag. LiCl
300 0.601 0.741
305 0.655 0.757
310 0.624 0.781
315 0.673 0.813
[BMIM]Br (50%
w/w)+ Ag. LiCIO,4
300 0.731 0.792
305 0.670 0.785
310 0.728 0.780
315 0.785 0.880

[BMIM]Br (50%
w/w)+ Ag. LiCl
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300 0.752 0.778

305 0.750 0.775
310 0.725 0.782
315 0.777 0.786

Table 2 represents the temperature dependent relative diffusion coefficients of [IL]" and
H,O molecules. The Li* salt compositions are 1.75 mol kg™ and 2.0 mol kg™ for the
[OMIM]Br and [BMIM]Br mixtures, respectively. In the case of aqueous Li* mixtures of
[BMIM]Br, the addition of 2.0 mol kg™ of Li* salts decrease the diffusivity of both the
[BMIM]" and H,O molecules compared to that in the system without any Li* salts at each
temperature. However, with the rise in the temperature by 15 K from 300-315 K, the
relative diffusivity of both the *H active nuclei increases. It means that the effect of Li*
salts are more in lower temperature and at higher temperature the compensating effect of
thermal energy decrease the effects of salts on the diffusional dynamics of 'H NMR
active nuclei. The relative diffusivity of [BMIM]" is less as compared to that of H,O
molecules at each temperature in both the Li* salt mixtures. It suggests Li* salts decrease
the dynamics of [BMIM]® more as compared to that of H,O molecules at each

temperature.

On the other hand, in case of aqueous Li* salt solutions of [OMIM]Br, LiCl decreases
the diffusivity of [OMIM]" significantly as compared to that of LiClO, at each
temperature. However, the diffusional motion of H,O molecules shows interesting
behavior in the aqueous Li* solutions of [OMIM]Br. The diffusional motion of H,0
molecules are significantly faster in the case of agqueous LiCl solutions of [OMIM]Br as
compared to that of LiClO, mixtures. This behavior of H,O molecules is completely
opposite to that of the diffusivity of [OMIM]" in the Li" salt mixtures. The LiClO,4 slower
the diffusivity of H,O molecules more as compared to that of [OMIM]", whereas the
diffusional motion of H,O molecules are faster than that of [OMIM]" in its aqueous LiCl
solutions of [OMIM]Br. It is well known that LiCl is a salting-out (S-O) or structure-
making salt whereas LiClO, is a salting-in (S-1) or structure-breaking salt.?*** Therefore,

according to the classical concept of S-O/S-1 phenomenon, LiClO,4 should accelerate the
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dynamics of the water molecules more as compared to that of LiCl. However, by
considering the diffusional motion of water molecules, the LiCIO4 is more S-O as
compared to that of LiCl whereas, in view of the diffusivity of [OMIM]" the opposite is
true in its aqueous Li* salt solutions of [OMIM]Br.

Temperature of the medium has also shows significant effect on the diffusional
behavior of each of the *H NMR active nuclei in its aqueous Li* solutions of [OMIM]Br.
The relative diffusivity of [OMIM]" in each of the Li* mixtures is more at higher
temperature. It means both the Li* salts decrease the diffusional motion of [OMIM]*
more at lower temperature and with the rise in temperature, the effect of thermal energy
reduce the effect of Li* salt and the diffusional motion of [OMIM]" are faster. On the
other hand, rise in temperature shows opposing behavior in the diffusional motion of H,O
molecules in case of Li* salt solutions of [OMIM]Br. The diffusional motion of H,0
molecules in 1.75 mol kg™ of LiCl mixtures are 0.813 times faster as compared to the
system without any LiCl (aqueous [OMIM]Br) at higher temperature of 315 K. However,
decrease in temperature to 300 K, the diffusional motion of H,O molecules decrease and
is 0.741 times faster in aqueous LiCl mixture of [OMIM]Br as compared to that of
aqueous solutions of [OMIM]BTr. On the other hand, at higher temperature of 315 K the
diffusional motion of H,O molecules are 0.475 times faster in 1.75 mol kg™ of aqueous
LiClO,4 solution of [OMIM]Br than compare to the aqueous solution of [OMIM]Br.
However, decrease in temperature to 300 K, the diffusivity of H,O molecules increase
and is 0.595 times faster in its ternary mixture of LiClIO4 in [OMIM]Br as compare to the
aqueous solution of [OMIM]Br. It means the addition of 1.75 mol kg™ of Li* salts shows
faster mobility of water molecules at lower temperature in the aqueous LiClO,4 solutions
of [OMIM]Br, whereas higher temperature shows faster mobility of water molecules in
its aqueous LiCl solutions of [OMIM]Br.

4.3.1.2. Diffusional Motion of Individual Proton of ILs

Both the alkyl group substituted imidazolium-based ILs has different types of protons
as represented in the Figure 1. The environment experienced by each of the protons is
different from each other and therefore, has its own diffusivity as represented in Table 3.

In the case of aqueous solutions of [OMIM]Br the diffusional motion of —N-CH,- proton
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is more as compared to that of the —N-CHj proton. However, the addition of Li* salts into
the system shows interesting effect in the diffusivity of the protons adjacent to the N-
atom. In the case of aqueous LiClO, solutions of [OMIM]Br, the diffusional motion of —
N-CH,- protons are more as compared to that of —N-CHs protons showing similar in
behavior to that of its aqueous solutions of [OMIM]Br. However, the addition of LiCl
alters the trend in the diffusivity of the above mentioned protons and diffusional motion
of —N-CHs; protons are faster than compared to the —N-CH,- protons. On the other hand,
the diffusional motion of the protons present on the —CgHs7 side chain of the [OMIM]Br
increases on moving towards the end of the alkyl chain and the diffusivity of the
individual protons are of the order of Ds < Dg < Dy,. Similar behavior in the diffusivity are
observed with the increase in the temperature and composition of Li" salts.

Table 3. Temperature Dependent Self-Diffusion Coefficient (Dx10'%/m? s?) of
Individual Proton of ILs in its Aqueous Li* Salt Mixtures. The Numbering of the
Protons is in Accordance with the Numbering Scheme of Protons given in Figure 1.
(SC - Alkyl Side Chain)

IL System (50% (w/w)) e b f g h

(N-CHs-) (-N-CHs) (SC) (SC) (SC)
[OMIM]Br
(50% wiw)

H,0 (300K) 0.759 0.718 0.707 0.716 0.727

H,0 (315K) 1.523 1.243  1.212 1.247 1.267

0.5 mol kg™ LiCl (300K) 0.381 0.530 0.577 0.614 0.617

0.5 mol kg™ LiCl (315 K) 1.790 1.318 1.860 1.201 1.237

1.5mol kg™ LiCI (300K) 0.436 0.476  0.481 0.499 0.490

1.5 mol kg™ LiCl (315K) 0.598 0.762  0.825 0.906 0.879

0.5mol kg™ LiClO, (300K) 0.718 0.716  0.720 0.720 0.728

0.5mol kg™ LiClO, (315K) 2.872 1517 1.290 1.289 1.344

1.5mol kg™ LiClO4 (300K) 0.766 0.707  0.685 0.693 0.699

1.5mol kg™ LiClO,4 (315K) 1.443 1.215 1.182 1.204 1.222
[BMIM]Br
(50% wiw)

H,0 (300K) 3.693 3.557 3599 3,573 3.535
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H>0O (315K) 6.372 5.696 5.211 5.431 5.273

0.5 mol kg™ LiCI (300K) 2.047 2.987 3.167 3.229 3.327
0.5 mol kg™ LiCl (315K)  4.756 4968 5.083 5.165 5.181
1.5 mol kg™ LiCl (300K) 3.105 2920 2.867 2912 2872
1.5 mol kg LiCl (315K) 5.035 4549  4.480 4552 4.561
0.5mol kg™ LiClO, (300K)  2.678 3.056 3.311 3.289 3.268
0.5mol kg™ LiClO, (315K)  6.091 5418 5093 5241 5.128
1.5mol kg™ LiCIO4 (300K)  2.613 2724 2841 2.822 2847
1.5mol kg™ LiCIO, (315K)  6.019 4876  4.483 4597 4.430

However, both the temperature and composition of Li* salts shows unusual behavior
on the diffusional motion of individual proton of lower alkyl group substituted
[BMIM]Br. The diffusional motion of —N-CH,- protons are more as compared to that of
—N-CHjs protons in its aqueous solutions of [BMIM]Br showing similar in behavior to
that of the higher alkyl group substituted [OMIM]Br. On comparing with the diffusional
motion of the terminal —CHj; proton (h proton) of the —C4Hg group of [BMIM]Br, the
order of their diffusivity follows the trend as Dy, < D.n-chs < Don-chz-. It means in the case
of aqueous solutions of [BMIM]Br, the —~N-CHj; and —N-CH,- protons which are closer to
the imidazolium ring are moving faster than compared to the terminal —~CHj; proton of —
C4Ho group. This might be due to the weak 77 interactions between the imidazolium
rings due to the stronger H-bonding interactions with the water molecules. The addition
of 0.5 mol kg™ of aqueous solutions of LiCl into the [BMIM]Br resulting into the faster
diffusivity of terminal —CHj3 proton as compared to that of the -N-CH,- and —N-CHj3
proton and the order of their diffusivity follows the trend as Dy > D.n.chs > D-n-cH2-.
However, increase in the composition of LiCl to 1.5 mol kg™, the trend is being reversed
as Dy, < Don-chs < Donecrz-. The initial addition of LiCl (0.5 mol kg™) withdraws the water
molecules surrounding the imidazolium ring due to the strong electrostatic influence of
high charge density Li* ion. This increase the 77 interactions between the imidazolium
rings resulting in the decreased diffusivity of its -NCH= protons compared to the

terminal —CHj3 protons of —C4Hg group. However, increase in the composition of LiCl to
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1.5 mol kg™ decreases the diffusivity of terminal —CH3 group of alkyl group as compared
to the neighboring —-NCH= protons of the imidazolium ring due to the stronger van der
Waals interactions between the —C4Hg groups. Here in the case of LiCl mixtures, the
trend in the diffusivity of individual protons of [BMIM]® are same at both the
temperature. On the other hand, temperature has a significant effect on the diffusional
motion of individual proton of [BMIM]" in the case of aqueous LiClO, solutions of
[BMIM]Br. At lower temperature of 300 K the diffusivity follows the trend as Dy, > D.y-
cHs > Don-chz- and at higher temperature of 315 K the trend in the diffusional motion of
individual proton of [BMIM]" is being reversed as Dy < D.n.chz < D.n-cHo- At lower
temperature of 300 K, the thermal energy is sufficient enough to break the weak
attractive component of the van der Waals interactions present between the —C4Hg group
of the [BMIM]". This makes the side chain of the [BMIM]" far apart from each other
causing the faster diffusional motion of the terminal —CHs; protons of the alkyl side chain
as compared to the neighboring -NCH= protons of the imidazolium ring. However, the
H-bonding interactions between the water molecules with the ring protons are broken at
higher temperature of 315 K. Therefore, the 7~ interactions between the imidazolium
rings increase resulting in the slower diffusional motion of the neighboring -NCH=
protons of the imidazolium ring as compared to the terminal —CHj3 protons of the alkyl

side chain.
4.3.1.3. 'H NMR Chemical Shifts

The 'H NMR data of IL molecules show interesting behavior in its aqueous Li* salt
solutions. Figure 5 represents the deviation in the *H NMR chemical shift for the C2
proton of imidazolium ring with the increase in the composition of Li* salts. The

deviation in the *H NMR chemical shift is defined by the equation 3 as
AdH = SH(L+Aq. salt) - OH(Aq. IL) (3)

where SqL+aq, saly and Shag, 1Ly represents the *H NMR chemical shift of the C2 proton of
imidazolium ring in its aqueous Li" salt solutions of ILs and in aqueous ILs, respectively.
The purpose of selecting the C2 proton is because of its highest deviation observed in the

'H NMR chemical shift values among all the imidazolium protons. The C2 proton of

70



imidazolium ring of ILs is concentration dependent and is more acidic in nature
compared to other imidazolium protons.® It has been observed that the C2 proton is
capable of forming H-bond with the water molecules and the counter anion of ILs in its
aqueous solutions.** The deviation observed in the chemical shift values for the LiCl is
positive whereas LiCIO, shows negative deviation as illustrated in the Figure 5. The
positive values of chemical shift deviation indicates that dHL+aq. sait) > SH(ag. ). 1t means
the C2 proton experience a more deshielding environment in its aqueous LiCl solutions
of ILs as compared to the aqueous solutions of ILs and is therefore considered to be as
more acidic in nature in the LiCl system. This can be explained on the basis of H-bonding

and -7 interactions.
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Figure 5. The plot of 'H NMR chemical shift deviation (A&) for C2 proton of
imidazolium ring of ILs (50 wt%) as a function of salt compositions at 300 K. The

symbols are representing for the [BMIM]Br in LiCl (V) and LiCIO,; (A), and
[OMIM]Br in LiCl (O) and LiCIO, (1), respectively.

The addition of LiCl withdraws the water molecules surrounding the imidazolium ring
leading to the enhancement in the 7z~ interactions between the imidazolium ring of ILs.
Consequently, each z-electron cloud is sandwich between the two other z-electron cloud
of imidazolium ring system. It increase the strength of the induced magnetic field caused
by the circulating z-electronic systems and therefore, the C2 proton experience a higher
magnetic field leading to the deshielded NMR signal with higher value of chemical shift.
The higher positive values for [OMIM]Br as compared to that of [BMIM]Br in their
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aqueous solutions of LICl are because of its stronger 7z~ interactions between the
imidazolium ring in case of former IL as compared to the later one. However, LiCIO,4
shows the negative deviation in the chemical shift of their C2 proton. It means SL+Aq.
saly < OH(Ag. 1L), Which indicates that the imidazolium C2 proton experience a shielding
environment in the aqueous LiClO4 solutions as compared to the aqueous solutions of ILs
and are therefore, considered to be less acidic in nature. It is because of the decreased 7-7
interactions between the imidazolium ring of ILs. LiClO4 is known to be a well known
structure-breaker and are considered as a salting-out agent.? It breaks the H-bonding
network of water with the addition of aqueous solutions of LiClO,4 into the IL systems.
Therefore, more number of free water molecules is available for the solvation of polar
imidazolium ring of ILs. This minimizes the z-7 interactions between the imidazolium
rings and is therefore, the induced magnetic field experienced by the C2 proton is less in
the aqueous LiCIO, solutions of ILs as compared to the aqueous solutions of ILs.
Therefore, the C2 proton experienced a shielded environment with lower chemical shift
value in their aqueous LiClO,4 solutions of ILs as compared to that of the aqueous
solutions of ILs. The effect being more pronounced with the increase in the compositions
of LiClO4. However, the more negative deviation in the chemical shift values of the C2
proton for [OMIM]Br as compared to that of the [BMIM]Br suggests the more
weakening of the 7~ interactions in the case of former IL as compared to the later one.
This statement is in support of the weakening of the nanostructural organization of
[OMIM]Br in aqueous LiClO4 solutions as compared to the [BMIM]Br. Thus, the C2
proton is more acidic in case of [BMIM]Br as compared to that of [OMIM]Br in their
aqueous solutions of LiCl. In general the order of acidity of C2 proton of alkyl group
substituted imidazolium bromide based ILs in their aqueous Li* salt solutions is
C2iomimier + Aq. Lict > C2BmimMer + Aq. Licl > C2BmiIMIBr + Ag. Licios > C2iomimier + Aq. Licios. It
means the addition of LiCl increases the acidic nature of C2 proton more as compared to
the LiClO,.

The chemical shifts of C2 proton (a) and —CH3 protons (h) shows interesting behavior
with the increase in the wt% of ILs as represented in the Figure 6a and 6b, respectively.

Increase in the composition of ILs increase the chemical shift of the C2 proton and
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experiencing a deshielding effect whereas it decrease the chemical shift values for the ‘h’
protons with a shielding environment. It means the electronic environment around the C2
proton decrease with the increase in the wt% of IL and therefore the acidity of C2 proton
IS increase. This is because of the increased 7-r interactions between the imidazolium
rings as explained previously. The higher chemical shift value of C2 proton for
[OMIM]Br as compared to that of [BMIM]Br indicates the more acidic nature of C2
proton for [OMIM]Br as compared to that of the [BMIM]Br at each compositions of ILs.
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Figure 6. The chemical shift for C2 (a) proton (a) and —CHj3 (h) protons (b) with the
increase in the wt% of water at 300 K. The symbols are representing for the ag.
[BMIM]Br (), [BMIM]Br in 0.5 mol kg™ of ag. LiCIO, (O), [BMIM]Br in 0.5 mol kg
! of ag. LiCl (A), agq. [OMIM]Br (V), [OMIM]Br in 0.5 mol kg™ ag. LiClO4 (<) and
[OMIM]Br in 0.5 mol kg™ of ag. LiCl (5), respectively.

This is because of the more 7z~ interactions in the case of [OMIM]Br due to the presence
of the long —CgH37 group as compared to the short —C4Hg group of [BMIM]Br. It was
reported that, increase in the compositions of alkylimidazolium bromide-based ILs leads
to the micelle formation in their aqueous solutions.’® A continuous decrease in the
chemical shift values of the H12 proton of the [OMIM]Br is observed with the increase in
the composition of IL.*> Here in our studies, the chemical shift value of ‘h’ proton of ILs
is decrease with the increase in the wt% of ILs suggesting the more favorable interactions
between the alkyl groups of ILs. The ‘h’ protons of ILs are experiencing a less electronic

environment in lower compositions of ILs due to the presence of icebergs of water
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molecules. However, water molecules are expelled from the surface of alkyl groups with
the increase in the compositions of ILs due to the increase in the van der Waals
interactions between the alkyl groups of ILs. Consequently, it increases the electron
density around the ‘h’ protons and therefore, experiences a shielding effect.

Increase in the temperature of the medium shows significant behavior on the chemical
shift of the C2 proton as illustrated in the Figure 7a. The acidity of C2 proton for both the
alkyl group substituted ILs increase with the increase in the temperature of the medium.
Here the H-bonding plays the prominent role on the deviation observed in the case of C2

proton.
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Figure 7. The chemical shift for C2 (a) proton (a) and —CHj3 (h) protons (b) with the

increase in the temperature of the system at 50% (w/w) of ILs. The symbols represents
the ag. [BMIM]Br (), [BMIM]Br in 1.0 mol kg™ of ag. LiClO4 (O), [BMIM]Br in 1.0
mol kg™ of ag. LiCl (A\), ag. [OMIM]Br (V), [OMIM]Br in 1.0 mol kg™ ag. LiCIO, (<)
and [OMIM]Br in 1.0 mol kg™ of ag. LiCl (%), respectively.

An increase in the temperature decreases the chemical shift of the =N-H proton of the
1,8-diazabicyclo-[5,4,0]-undec-7-ene (DBU) indicating the shortening of the =N-H bond
due to the decreased strength of the H-bonding between the protonated 1,8-diazabicyclo-
[5,4,0]-undec-7-ene (DBU) with different anions through the =N-H bond.*® The increase
in the chemical shift values of the C2 proton of alkyl group substituted imidazolium
bromide based ILs as represented in Figure 7a indicates the weakening of the =N-H bond

and consequently, it increase the acidic nature of C2 proton. Increase in the thermal
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energy of the medium breaks the intermolecular H-bonding interactions between the
water molecules as confirm from its (H,O) increased NMR self-diffusion coefficient
values discussed above. Also, the increased self-diffusion coefficient values of the [IL]"
indicates the weakening of the aggregated structures of ILs in its solutions. However,
increase in the C2 proton chemical shift of the =N-H proton indicates the increase in its
bond length and therefore, experiencing a deshielding effect with a less electronic
environment. It is due to the increase in the strength of the H-bonding interaction
between the C2 proton with the water molecules. The higher chemical shift values of the
C2 proton for [OMIM]Br as compared to that of the [BMIM]Br indicates that the strength
of H-bonding interactions between the C2 proton with the water molecules is more in the
case of former IL as compared to the later. The higher hydration number of [OMIM]Br as
compared to that of the [BMIM]Br is one of the important finding in support of the above
statement.*” In each of the ILs the chemical shift of the C2 proton in their agueous
solutions of LiCl is more as compared to that of the LiCIO4. This might be due to the
change in the H-bonded nature of the water molecules. As LiCl enhance the H-bonded
structure of water and LiClO,4 disrupt it therefore, LiCl strengthen the H-bonding
interactions between the water molecules with the C2 proton of ILs more as compared to
the LiClO4.*® As a result of which the =N-H bond length is more in the case of aqueous
LiCl solutions of ILs as compared to the LiClO4 system and is reflected from the higher
chemical shift value in the case of former system as compared to the later. Therefore, the
acidic nature of C2 proton is more in case of aqueous LiCl solutions of ILs as compared
to the LiClO,.

The acidic nature of ‘h’ protons of ILs is also increase with the increase in the
temperature of the medium; indicated from the increase in the chemical shift values
shown in Figure 7b. It can be explained on the basis of the model proposed by N. S.

Golubev et al.*

According to them the dipole moment of a H-bonded H-X (X,
heteroatom) bond is increase with the rise in the temperature of the medium. The ‘h’
protons attached to the C-atom possess a small dipole moment, directed CH*. The
electric dipoles of water molecules create an effective electric field around this C'H™ bond
as illustrated in the Figure 8. The water dipoles around the C'H™ bond are highly ordered

in lower temperature creating a higher electric field and at higher temperature the
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ordering of the water dipoles decrease creating a lesser electric field. Therefore, due to
the enthalpy-entropy compensation phenomenon of electric dipoles of water molecules
around the CH" bond of ‘h’ protons, the electric field around it decrease with the
increase in the temperature. For that reason, the partial electron cloud experienced by
both the atom of C'H" bond are less at lower temperature as compared to the higher
temperature. As a consequence, the dipole moment of the C'H" bond increase with the
increase in the temperature in its aqueous Li* salt solutions of imidazolium bromide-
based ILs. Therefore, the ‘h’ protons are experiencing a less electronic environment at

higher temperature with a higher chemical shift value.
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Figure 8. The arrangement of electric dipoles of water molecules around the C'H™ bond
at higher (top) and lower (bottom) temperatures. The negative and positive circle

represents the C and H atom, respectively.
4.3.1.4. Translational and Rotational Motion of *H NMR Active Nuclei

An attempt has been made to study the translational and rotational motion of *H NMR
active nuclei in its aqueous Li* salt solutions of ILs. The translational motion is defined

as the motion of a molecule from one position to another in a fluid. However, in
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rotational motion the molecular motion is only through its axis of rotation and during its
motion there is no change in the position of the molecule. The time required for the
translational and rotational motions are known as translational and rotational correlation
time, respectively. There is a possibility that the molecule may exhibit both the motion
simultaneously. These two kinds of molecular motions are schematically represented in
the Figure 9. The translational and rotational correlation time of the diffusing particle
inside its solution can be calculated from their translational and rotational diffusion
coefficients, D; and D, respectively, which are obtained from the Stokes-Einstein (SE)
and Stokes-Einstein-Debye relationships as represented in equation 4 and 5, respectively.

=%

Figure 9. Schematic representation of the translational (z) and rotational (z;) motion of a

moving particle from position A to B.

According to the Stokes-Einstein (SE) relationship the translational diffusion coefficient,
D, is related with the viscosity of the medium as®***
_ kgT
- 6rna

(4)

D,

and the relationship between the rotational diffusion coefficient, D, with the viscosity of

the medium can be obtained from the Stokes-Einstein-Debye equation as>°

kg T
DT - 87zna3
na

(5)

where T is the absolute temperature, 7 is the bulk viscosity of the medium, kg is the

Boltzmann constant and a is the radius of the diffusing particle inside the IL mixtures.

The translational correlation time (#) of the diffusing molecule inside the aqueous Li*

salt solutions of IL mixtures can be obtained from the equation 4 as
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2a?

o (6)

Tt =

and the rotational correlation time (z;) can be obtained from the equation 5 as

1%
T = ]Z?_T (7)

where V is the molecular volume of the diffusing particle. In the current research work,
we have taken a and V as the van der Waals radius and volume of the diffusing molecule,
respectively.

The translational and rotational correlation time =z and 7, of [IL]" in the aqueous 1.0
mol kg™ of Li* salt solutions of ILs are represented in the Figure 10(a) and (b),
respectively. The z and =, values are obtained from the experimentally measured self-
diffusion coefficients and the viscosity of the mixtures as explained in the equation 6 and
7, respectively.
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Figure 10. The plots of translational correlation time, # (a) and rotational correlation
time, n (b) of [IL]" with the increasing wt% of ILs. The symbols are representing as the
[BMIM]Br in 1.0 mol kg™ of aqueous LiCl (CJ) and LiClO4 (O), and [OMIM]Br in 1.0
mol kg™ of aqueous LiCl (A) and LiClO4 (V), respectively. The temperature of the

medium in all the cases is kept constant as 300 K.
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Therand z, values of [IL]" are increase with the increase in the wt% of ILs as illustrated
in the Figure 10. It indicates that the cationic motion of ILs is being slowed down with
the increase in its compositions. The [BMIM]" cation move faster as compared to the
[OMIM]" in its aqueous Li* salt solutions indicated from their higher correlation time
values for [OMIM]" as compared to the [BMIM]". This might be due to the possibility of
higher van der Waals radii of [OMIM]" as compared to the [BMIM]". The 5 values of
[IL]" in its aqueous Li* salt solutions (1.0 mol kg™) are nearly three order of magnitude
more as compared to the z, values. This indicates that the rotational motion of [IL]" are
faster as compared to the translational motion. It is because of the fact that the translating
[IL]" has to come across more number of bond breaking/making phenomenon as
compared to that of the rotating [IL]"; as the former requires a change in the position of
the molecule from one position to other while in the later case the position of the

molecule remains as fixed, however, it has to rotate around its axis of rotation.

It is well established that both the LiCl and LiCIO, have significant effect on the
structure of water.? The former makes the H-bonded network of water whereas the later
breaks it and are therefore known as water structure-maker and breaker, respectively. The
former one increase the hydrophobic bonding between the hydrophobic molecules and
are called as pro-hydrophobic agents whereas the later one decrease the hydrophobic
bonding and are known as anti-hydrophobic agents.® It is also known that the LiCl
enhance the rate of organic reactions more in its aqgueous solutions as compared to that of
the LiClO4.>* However, in this study the addition of Li* salts shows insignificant effect on
both the % and 7, values of [BMIM]" in its aqueous Li" salts. It means the # values of
[BMIM]" are same for both the Li* salts like that of 7 values. However, a substantial
change in the behavior of z and 7, values for [OMIM]" are observed with the addition of
Li* salts into the system. At each compositions of [OMIM]Br the # and 7 values of
[OMIM]" are higher in its aqueous LiCl solution as compared to that of the LiCIO,4
mixtures. It indicates that, both the translational and rotational motion of [OMIM]" is
faster in its aqueous LiClO, solutions as compared to the LiCl. It is due to the fact that
LiCl strengthen the hydrophobic interactions between the long alkyl chain length —CgHj7
group of [OMIM]Br causing the slower mobility for [OMIM]*. However, LiClO4
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weakens the hydrophobic interactions between the —CgH17 group of [OMIM]Br and leads
to the faster mobility of its [OMIM]" group.

An attempt has been made to study the translational and rotational motion of water
molecules in its aqueous Li* salt mixtures of ILs. The information regarding the
translational and rotational motion of water molecules can be obtained from their
translational and rotational correlation time, % and z values, respectively. These 7 and
values of water molecules are obtained from the measured NMR self-diffusion
coefficient values of water molecules and the measured bulk viscosity of the system,
respectively. Figure 11a and b represents the # and 7 values of water molecules with the

increase in the wt% of ILs in its aqueous Li" salt solutions of ILs, respectively.
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Figure 11. The plot of translational correlation time, = (a) and rotational correlation time,
7, (b) of water molecules with the increasing wt% of IL. The symbols represents the
[BMIM]Br in 1.0 mol kg™ of aqueous LiCl (V) and LiClO4 (A), and [OMIM]Br in 1.0
mol kg™ of aqueous LiCl () and LiClO4 (O), respectively. The temperature of the

medium in all the systems is kept constant as 300 K.

Increase in the wt% of ILs increase the % and 7, values of water molecules indicating the
slower translational and rotational motions. The magnitude of # values of water
molecules in both the ILs mixtures is nearly same with the increase in its wt%. It
indicates that the magnitude of translational motion of water molecules is invariant with

the increase in the wt% of ILs. It confirms that the size of IL cations have insignificant
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effect on the translational motion of water molecules. At a fixed wt% of ILs, the addition
of Li" salts also shows invariant effect on the translational motion of water molecules. It
means the time required for the water molecules to change its position from one point to
another is same in both the Li* salts mixtures of ILs.

On the other hand, the rotational motion of water molecules shows interesting
behavior in the aqueous Li* salt solutions of ILs as represented in the Figure 11b. It
decrease with the increase in the wt% of [BMIM]Br in the aqueous Li" salt solutions of
[BMIM]Br. However, its magnitude is less than that of # in the [BMIM]Br mixtures.
This indicates that the rotational motion of water molecules is faster than that of the
translational motion in the [BMIM]Br mixtures of Li* salts. On the other hand, the
magnitude of rotational correlation time of water molecules is substantially higher than
that of the translational correlation time in the aqueous Li* salt solutions of [OMIM]Br
indicates the faster translational motion of water molecules as compared to that of the
rotational motion. The magnitude of z» of water molecules in the LiCl solutions of
[OMIM]Br is higher as compared to that of the LiClIO,4 systems. It means the rotational
motion of water molecules is faster in the LiCIO4 mixtures of [OMIM]Br as compared to
that of the LiCl which is according to the classical salting phenomenon. This leads to one
of the most important finding that the rotational behavior of water molecules in the
aqueous Li* salt solutions of [OMIM]Br is in accordance with the classical salting
phenomenon of structure-maker/breaker. However, no such kind of behavior is observed
in the case of [BMIM]Br mixtures.

4.3.1.5. Activation Energy of Viscosity, Self-Diffusion, Translational and Rotational

Motions

The activation energy of viscous flow (E,) can be calculated from the temperature

dependent variation of the viscosity by applying the Arrhenius equation as:

n = nyexp"/* (®)

where 7 is the bulk viscosity of the medium, R is the gas constant, T is the absolute

temperature in Kelvin, and ry is the preexponential factor.
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Similarly, the activation energy of diffusive flow of [IL]" (Ep,.) and water molecules
(Epn20) are calculated from the temperature dependent measurement of self-diffusion
coefficients of [IL]" and water molecules, respectively by applying the Arrhenius

equation as:
Dyry+ = Do+ exp®oLi+/RT 9)

and Dy20 = Do 0 expEoiszo/RT (10)

where Dy« and Dyoo are the measured self-diffusion coefficients of [IL]" and water
molecules; Dopy+ and Do 2o are the preexponential factors; and Ep i+ and Ep oo are
the activation energy of diffusive flow for [IL]" and water molecules, respectively. The

calculated values of E,,, Ep i+ and Ep n2o are given in the Table 4.

Table 4. Temperature Dependent (300-315 K) Activation Energy of Viscous Flow
(E.), Diffusive Flow of [IL]" (Eppj+) and Water Molecules (Ep 20) in the Aqueous
Li* Salt Solutions of ILs. The Values of Correlation Coefficient, r* are given in the

Parenthesis.

IL System E /kImol™ ()  Eppu+/kImol™  Eppaolkd mol™
() ()
[BMIM]Br Aqueous
(50% wiw)  Salt(mol kg™)
(50% wiw)
H,0 10.8+1.0 (0.993) 20.2+3.1 (0.942) 15.9+2.7 (0.926)
1.0 (LiCl) 21.0+0.9 (0.996) 23.7+£1.2(0.993) 21.0+0.6 (0.998)
1.5 (LiCl) 20.0+0.4 (0.999) 23.7+£1.8(0.985) 21.3+1.8 (0.982)
1.0 (LiCIOy) 19.4+1.3 (0.988) 24.1+3.2 (0.958) 20.6+0.2 (0.999)
1.5 (LiCIOy) 20.1+0.7 (0.996) 22.3+1.9(0.981) 19.1+0.8 (0.995)
[BMIM]Br Aqueous
(80% wiw)  Salt(mol kg™)
(20% wiw)
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H-,0
1.0 (LiCl)
1.5 (LiCl)
1.0 (LiCIO,)
1.5 (LiCIO,)
Agueous
Salt(mol kg™)
(50% wiw)
H,0
1.0 (LiCl)
1.5 (LiCl)
1.0 (LiCIOy)
1.5 (LiCIO,)

[OMIM]Br
(50% wiw)

[OMIM]Br
(80% wiw)

Agueous
Salt(mol kg™)
(20% wiw)
H,0O
1.0 (LicClI)
1.5 (LiClI)
1.0 (LiClOJ)
1.5 (LiClOJ)

28.820.9 (0.998)
28.5:0.8 (0.998)
27.310.8 (0.998)
29.7+0.5 (0.999)
29.6:0.8 (0.998)

19.442.1 (0.969)
23.0+1.6 (0.987)
25.5+0.9 (0.997)
20.4+2.3 (0.965)
21.5+1.6 (0.986)

38.2+1.2 (0.998)
40.5+0.8 (0.999)
37.0+1.0 (0.998)
37.9+1.0 (0.998)
35.1+1.6 (0.995)

29.4+1.0 (0.997)
35.0+2.6 (0.987)
34.8+1.9 (0.993)
26.4+1.9 (0.987)
32.3+2.6 (0.985)

29.8+3.9 (0.960)
32.1+2.8 (0.981)
29.5+3.3 (0.970)
30.7+0.9 (0.998)
29.5+1.1 (0.996)

32.740.7 (0.999)
35.5+0.6 (0.999)
36.3:0.6 (0.999)
33.3+1.3 (0.996)
33.2+1.2 (0.997)

24.410.5 (0.999)
25.3+0.5 (0.999)
30.5+0.9 (0.998)
30.3+2.7 (0.981)
33.1+1.4 (0.996)

17.520.9 (0.992)
20.7+0.5 (0.999)
18.8+2.3 (0.962)
18.1+1.7 (0.978)
19.4+1.0 (0.993)

24.9+0.8 (0.997)
29.3+1.3 (0.995)
29.0+0.2 (0.999)
30.7+1.8 (0.991)
23.0+0.8 (0.997)

The addition of Li* salts bears negligible effect on both the activation energy of

viscous and diffusive flow and is within the error limits. However, a significant change in

the activation energy of viscous and diffusive flow has been observed with the change in

the composition of ILs. The E, values increase about 1.5 order of magnitude with the

increase in the composition of [BMIM]Br from 50 to 80 wt% in its aqueous solutions. On

the other hand, there is a two fold increase in the E,, values are observed with the increase

in the composition of [OMIM]Br from 50 to 80 wt% in its aqueous solutions. The
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magnitude of activation energy of viscous flow, E,, for [BMIM]Br is nearly similar to that
of [OMIM]Br in its 50 wt% composition. However, in the 80 wt% composition of IL, the
magnitude of E, value for [OMIM]Br is nearly 1.3 order of magnitude higher as
compared to that of the [BMIM]Br.

The activation energy of diffusive flow for ILs, Ep i3+ are higher as compared to that
of the Ep n20. This signifies that the [IL]" requires more energy to flow from one position
to other as compared to that of the water molecules. The magnitude of both the Ep i+
and Ep m20 are increase with the increase in the composition of ILs. However, at a fixed
composition of IL, there is an insignificant change in the magnitude of activation energy
for diffusive flow of water molecules, Ep 120 are observed. This indicates that increase in
the alkyl group substitution in ILs does not alter the activation energy of diffusive flow of
water molecules. On the other hand, there is a significant increase in the activation energy
of diffusive flow of ILs (50 wt%) is observed with the increase in the alkyl chain length
of ILs. However, a mild enhancement in the Ep i+ is observed with the increase in the
composition of ILs to 80 wt% possibly due to the increased aggregation at higher

composition.

We have also made an attempt to calculate and understand the activation energy of
rotational motion of [IL]" (E.2p+) and water molecules (E.2n20); and activation energy
of translational motion of [IL]* (E.py+) and water molecules (E.n20) in the aqueous Li*

salt solutions of ILs by applying the Arrhenius equation as:
T+ = 20+ exp i/ R (11)

TelL)+ = Teo i)+ expEalnie/RT (12)

_ —E RT
Tyl20 = Ta0120 €Xp L2H20/ (13)

_ —E RT
T20 = Te0,H20 €Xp~EmHz0/ (14)

where i+, 22hH20, p+ and oo are the rotational correlation time of [IL]", rotational
correlation time of water molecules, translational correlation time of [IL]" and

translational correlation time of water molecules; and E 2 fiLj+, Ex2H20, E,ig+ and Egn20
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are their activation energy, respectively. mop+ mo0H20, wopu+ and zowHz2o are their
preexponential factors. The calculated values of Exij+, Ennzo, E4pg+ and Eqnzo are

represented in the Table 5.

Table 5. Temperature Dependent (300-315 K) Activation Energy of Translational
(ExpLy+ and Exp20) and Rotational Motion (E i+ and Ep20) of [IL]" and Water
Molecules in the Aqueous Li* Salt Solutions of ILs. (The Correlation Coefficient, r?
Values are given in the Parenthesis.)

IL System Eﬁ'[||_]+ /kJ E 4 H20 /kJ E,2,[||_]+/k\] ErZ,HZO/ kJ

mol™ (r?) mol™ (r?) mol™ (r?) mol™ (r?)

[BMIM]Br Aqueous
(50% wiw) Salt(mol
kg™) (50%

w/w)
H,O 22.1+2.9 17.242.4 22.6+1.1 22.1+0.8
(0.954) (0.949) (0.993) (0.998)
1.0 (LiCl)  23.9+1.1 21.1+0.4 23.841.0 23.6+1.2
(0.994) (0.999) (0.995) (0.993)
1.5 (LIiCl)  24.9+1.7 22.7+1.7 22.310.5 22.610.2
(0.988) (0.986) (0.999) (0.999)
1.0 (LIiCIOs) 26.6+3.4 20.940.2 22.3+11.1 22.0+£0.9
(0.958) (0.999) (0.993) (0.996)
1.5 (LiClOs) 23.7+2.1 19.441.0 22.940.9 22.940.8
(0.980) (0.992) (0.996) (0.997)
[BMIM]Br Aqueous
(80% wiw) Salt(mol
kg™) (20%
wiw)
H.0 30.0+0.7 24.840.5 30.7+£0.9 30.9+0.8
(0.998) (0.999) (0.998) (0.998)
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[OMIM]Br
(50% wiw)

[OMIM]Br
(80% wiw)

1.0 (LiCI)
1.5 (LiCl)
1.0 (LiClO4)
1.5 (LiClOy)
Agueous
Salt(mol
kg™) (50%
w/w)
H,O
1.0 (LiCl)
1.5 (LiCl)
1.0 (LiClOy)
1.5 (LiClOy)
Agueous
Salt(mol
kg™) (20%
wiw)

H.O

1.0 (LiCl)

33.0£1.9
(0.992)
33315
(0.995)
27.441.5
(0.992)
33.7+1.9
(0.992)

30.843.2
(0.974)
29.5+2.8
(0.977)
32.342.9
(0.980)
30.8+0.9
(0.998)
28.7+0.9
(0.997)

33.440.6
(0.999)
36.140.6
(0.999)

25.80.5
(0.999)
30.040.7
(0.999)
22.146.7
(0.783)
32.1+1.1
(0.997)

18.0+0.9
(0.993)
20.9+0.5
(0.999)
19.742.2
(0.968)
19.0+1.4
(0.986)
20.0+1.1
(0.992)

25.1+0.7
(0.999)
28.6+1.0
(0.997)

31.3+0.8
(0.998)
29.9+0.8
(0.998)
32.2+0.5
(0.999)
32.1+0.9
(0.998)

22.142.1
(0.975)
25.6+1.6
(0.990)
28.1+0.9
(0.997)
23.0+2.4
(0.972)
24.1+1.5
(0.989)

40.8+1.2
(0.998)
43.1+0.8
(0.999)

31.0+0.8
(0.998)
29.9+0.7
(0.999)
32.2+0.4
(0.999)
32.10.8
(0.999)

22.142.2
(0.975)
25.4+1.6
(0.990)
28.1+0.9
(0.997)
23.0+2.2
(0.976)
24.2+15
(0.990)

40.8+1.2
(0.998)
43.1+0.8
(0.999)
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1.5 (LiCl)  36.4+0.5 28.9+0.2 39.6x1.0 39.843.1

(0.999) (0.999) (0.998) (0.986)
1.0 (LICIOs) 34.1£1.0 292416  40.5t1.0 40.4+1.0

(0.998) (0.993) (0.999) (0.999)
1.5 (LiCIOs) 34.140.9 23.3+0.8  37.7+16 37.7+1.6

(0.998) (0.997) (0.996) (0.996)

An insignificant change in the activation energy of translational and rotational
motions is observed with the increase in the composition of Li* salts. However, there is a
considerable increase in the activation energy of both the translational and rotational
motions are observed with the increase in the composition of ILs. This is due to the
increase in the viscosity of the medium. The activation energy of translational motion of
[OMIM]" is more in each compositions of Li* salts as compared to that of the water
molecules. However, there is an insignificant change in the rotational activation energy is
observed for the above mentioned molecules. The compositions of [OMIM]Br shows
interesting behavior on the activation energy of translational and rotational motions. The
activation energy of translational motion of [OMIM]" is more as compared to that of its
rotational activation energy in its 50 wt% mixtures; and the reverse order is observed in
higher 80 wt% of [OMIM]Br. On the other hand, in each compositions of [OMIM]Br, the
translational activation energy of water molecules are lower as compared to that of the
rotational activation energy. However, the magnitude of enhancement in the rotational
activation energy of water molecules is more as compared to the translational activation
energy in the 80 wt% composition of [OMIM]Br as compared to the lower 50 wt%
composition. The higher rotational activation energy of [OMIM]" as compared to the
translational activation energy in its 80 wt% composition of [OMIM]Br is possibly due to
the stronger - interactions between the imidazolium ring of [OMIM]* which makes the

rotation of the cation difficult.
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4.3.1.6. Average Flip Distance

The average flip distance of 'H NMR active nuclei is the translational distance
travelled by the nuclei during its one flip and is obtained from the equation 15 as

<R>=./6D1, (15)

where, D and 7, are the self-diffusion coefficient and the rotational correlation time of the
molecules, respectively.” Figure 12a and b represents the average flip distance of
[BMIM]* and [OMIM]" in their aqueous Li" salt solutions, respectively. Increase in the
temperature of the medium increase the translational distance travelled by the [IL]". It is
due to the fact that, the local environment of the [IL]" is more free with the rise in the
temperature resulting in the increased [IL]" jump distance. The reported van der Waals
radius from the MM2 and ab initio molecular orbital calculations for [BMIM]* and
[OMIM]* are 0.330 and 0.373 nm, respectively.>**° It means the average translational
distance travelled by each of the ILs cation is greater than their van der Waals radii
indicates that the translational and rotational motion of [IL]" are not coupled with each

other in the studied temperature range.
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Figure 12. The variation of average flip distance, <R> of [IL]" with the increase in the

temperature for [BMIM]Br (a) and [OMIM]Br (b) in its aqueous solutions (1), 0.5 mol
kg™ of aqueous LiCl (O) and 0.5 mol kg™ of aqueous LiClO4 (A). The compositions of

ILs in each case are fixed as 40% (w/w).
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4.3.2. CONCLUSIONS

1) The 3-D nanostructural organization of [OMIM]Br is weakens by the LiClO4 in its
aqueous mixtures of [OMIM]Br.

2) The diffusional motion of water molecules are faster as compared to the [IL]" and the
relative diffusional motion (Dw2o/Dpuy+) decreases with the increase in both the
temperature and composition of Li* salts.

3) The Li* salts decreases the dynamics of [BMIM]" more as compared to that of the
water molecules in the aqueous Li* salt solutions of [BMIM]Br.

4) On the other hand, the Li" salts decreases the dynamical behavior of [OMIM]" in its
aqueous Li* salt solutions of [OMIM]Br as compared to the pure system (without Li*
salts). However, the dynamics of [OMIM]" is faster in LiClO4 mixtures as compared to
the LiCl. Contrary to this, the water molecule shows opposite behavior.

5) The diffusional motion of the —CgH;; side chain of [OMIM]Br increases in the order
of Dt < Dg < Dy in the aqueous Li* salt solutions of [OMIM]Br and the trend is not

altered with the rise in the temperature of the medium.

6) The acidic nature of C2 proton of imidazolium ring increases by LiCl whereas LiCIO,4
decrease it in its aqueous Li* salt solutions of ILs as compared to the pure system

(without any Li* salts).

7) An increase in the temperature of the medium increases the bond length of both the C2
proton and terminal alkyl group protons (h) of ILs suggesting the increased acidic nature

of protons.

8) Increase in the compositions of ILs increase the acidic nature of the C2 proton whereas

it decreases the acidic nature of terminal alkyl group protons (h) of ILs.

9) The rotational motion of [IL]" is faster as compared to the translational motion and
increase in the compositions of ILs increase their correlation time values suggesting the

slower in their translational and rotational motion.
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10) The addition of Li" salts has insignificant effect in both the translational and
rotational motion of [BMIM]"; however, LiClO, increase both the motion of [OMIM]"
more as compared to the LiCl.

11) The deviation in the magnitude of translational motion of water molecules is
insignificant with the change in both the ILs and compositions of Li* salts. However,
rotational motion of water molecules shows substantial change with the change in both
the ILs and Li" salts.

12) Increase in the compositions of ILs increase both the activation energy of viscous, E,

and diffusive flow (ED’[||_]+ and ED,HZO)-

13) The activation energy of translational motion of [OMIM]" is more as compared to the
rotational activation energy in its 50 wt% composition and the trend is being reversed
with the increase in the compositions to 80 wt% possibly due to the stronger m-n
interactions between the imidazolium ring. On the other hand, the rotational activation
energy of water molecules is more as compared to the translational activation energy in
both the compositions of [OMIM]Br.

14) The average flip distance travelled by each of the ILs is greater than their van der

Waals radii suggesting that the zp 3+ and 3+ are not coupled with each other.

4.4, On the Validity of Stokes-Einstein Equation in the Aqueous Li"

Mixtures of ILs

4.4.1. RESULTS AND DISCUSSION
4.4.1.1 Stokes-Einstein Relationship

The relationship between the self-diffusion of a ‘stokes’ (hydrodynamic) particle with
the bulk viscosity of the medium can be explained by the help of Stokes-Einstein

equation 16 as

p =LK (16)

ca nn
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and is generally valid for classical hydrodynamic systems.”® In the Stokes-Einstein
equation D, #, a, k and T are the self-diffusion coefficient, bulk viscosity, van der Waals
radii of diffusing particle, Boltzmann constant and absolute temperature of the medium,
respectively. c, the coupling factor is theoretically ranges between 4 and 6 for slip and

stick boundary conditions, respectively.>"*®

Moving plate

V= Vmax  Slip

v=Vy Sticky

Stationary plate

Figure 13. Schematic representation of a fluid showing the ‘slip’ and ‘sticky’ boundary

condition.
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w
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Figure 14. Stokes-Einstein (SE) plot for the Dgmim;+ in the aqueous solutions of

[BMIM]Br (40 wt%). The line is of the linear fit with the correlation coefficient (%) value
of 0.999.
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The physical meaning of the boundary condition can be well understood from the Figure
13. Consider the flow of a fluid which is placed in between the two plates as represented
in the Figure 13. The bottom plate is the stationary plate and the fluid attached to it has
the zero velocity (Vo) and is considered as ‘sticky’ in nature. On the other hand, the top
plate is moving and the fluid attached to it has the maximum velocity (Vmax) and is
considered to be ‘slipy’ in nature. The boundary condition of a diffusing particle can be
obtained by the plot of the D with the kT/zn by fixing the intercept value to zero. The
slope represents the 1/ca from which the value of c can be calculated. In the Figure 14, a
sample Stokes-Einstein (SE) plot is represented for the Digmimy+ in its 40 wt% aqueous
solutions of [BMIM]Br. The SE coupling factor (c) for the [IL]" and water molecules are
given in the Table 6 and 7, respectively. The values of ¢ for the [IL]" are in the range of
3.8-4.4 and are closer to the ‘slip’ boundary conditions. On the other hand, the ¢ values
for the water molecules are in between the range of 0.4-1.7 and are deviating from the
Stokes-Einstein boundary conditions. It means the classical hydrodynamic conditions are
strictly invalid when the diffusing particle is the water molecules in the aqueous Li* salt
solutions of ILs. It was reported that the value of SE coupling factor, c is 6 for the ideal
hydrodynamic systems and is nearly 4 for ionic liquids.>® The value of ¢ closer to 4 for
the [IL]" in the aqueous Li* salt solutions of ILs is in accordance with the reported

literature values.*®

Table 6. The SE Coefficient Values for the [IL]" in the Aqueous Li* Salt Solutions of
ILs.

IL System m (L/ca)/m™ canm  c ([IL])
[BMIM]Br Aqueous salt (mol kg™),
(40 Wt%) 60 Wt%
H.0 7.85 x 10° 1.27 3.86
0.5 mol kg™ LiCl 7.07 x 108 1.41 4.28
0.5 mol kg™ LiCIO, 8.04 x 10° 1.24 3.77
[OMIM]Br Aqueous salt (mol kg™),
(50 Wt%) 50 Wt%
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H-0 6.68 x 10° 1.50 4.01
0.5 mol kg™ LiCl 6.28 x 10° 1.59 4.27
0.5 mol kg™ LiClO, 6.10 x 10° 1.64 4.39

Table 7. The SE Coefficient Values for the H,O Molecules in the Aqueous Li* Salt
Solutions of ILs.

IL System m (1/ca)/m™ ca/nm ¢ (H20)
[BMIM]Br  Aqueous salt (mol kg™),
(40 Wt%) 60 Wt%
H-0 2.40 x 10° 0.42 1.48
0.5 mol kg™ LiCl 2.07 x 10° 0.48 1.71
0.5 mol kg™ LiClO, 2.50 x 10° 0.41 1.45
[OMIM]Br  Aqueous salt (mol kg™),
(50 wt%) 50 wt%
H-0 1.03 x 10%° 0.10 0.35
0.5 mol kg™ LiCl 1.01 x 10%° 0.10 0.35
0.5 mol kg™ LiClO, 8.98 x 10° 0.11 0.39

4.4.1.2 Frictional Coefficient (f) and Microviscosity

According to Stokes the value of frictional coefficient, f = 6zna for a particle of
spherical nature of radius a moving with a uniform velocity in a continuous fluid of
viscosity, 7.°° The principle of classical hydrodynamics states that, the movement of a
spherical particle is obstructed by a force due to the pressure built in front of it (= 4 zna)
and a frictional force parallel to its surface (= 2zna). Therefore, the cost of energy
required for the flow of a particle inside a fluid is equal to the frictional coefficient, f.
Therefore, for a ‘perfectly sticking’ condition both the forces add up to give the value of f

= 6zna. On the other hand, for the ‘perfectly sliding” condition no frictional forces are
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acting parallel to the flow of the particle and in that condition the frictional coefficient is
reduced to f = 4zna. Similarly, the [IL]" and water molecules also have to overcome
certain amount of frictional force (f) in order to flow inside its fluid mixtures. Thus, by
applying this concept, we have calculated the values of frictional coefficient, f for the
[OMIM]" inside the aqueous Li* salt solutions of [OMIM]Br and the values are given in
the Table 8. The dimension of the frictional coefficient, f is similar to that of the
dimension of force per unit displacement of the particle. It means the frictional
coefficient of the particles is a measure of the frictional force experienced by the particle
inside its fluid mixtures per unit displacement. As microviscosity of a particle or
molecule is the frictional force experienced by it per its unit motion. Therefore, this
frictional coefficient factor, f can be used as an alternative qualitative measurement for
the microviscosity experienced by the diffusing particle inside the fluid mixtures. It is
illustrated in the Table 8 that the increase in the temperature of the medium decreases the
frictional coefficient, f experienced by the [OMIM]®. It means the microviscosity
experienced by the [OMIM]* decreases with the increase in the temperature of the

medium.

Table 8. The Frictional Coefficients (f) Experienced by the [OMIM]" Inside its

Aqueous Solutions.

System T/IK n/mPa.s f (cna) /
kg.s™
[OMIM]Br 300 11.10 5.22 x 101
50 % (w/w) in H,O
305 9.33 4.38 x 10
310 8.48 3.98 x 10
315 7.68 3.61x10™"

4.4.1.3 Hole Formation

The diffusional motion of charged species inside the solutions can also be explained

by the help of Hole theory. It was Furth® who first introduced the Hole theory in order to
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explain the liquid state of a material and later on developed by Bockris et al. for the use
of molten salts.®* The Hole formation theory can also be successfully applied to Deep
Eutectic Solvents (DES) in which the diffusional motion of different species present in it
can be correlated with the availability of appropriate dimension of hole to accommodate
the diffusing particles.’ Many reports are also available in the literature in order to
explain the diffusional motion of ionic liquids through the help of Hole formation
theory.”®2%3 Recently, Abbott and co-workers proposed a hole-hopping mechanism in
order to explain the diffusional motion of ILs.®*% They have explained that there is a
successive destruction and creation of holes are taking place inside the IL fluids due to its
random fluctuations and the diffusional motion of IL molecules takes place through a
series of ‘jumps’ between these ‘holes’. To the best of our knowledge there has not been
a single report is available in the literature to describe the Hole formation in the aqueous

salt solutions of ILs.

Table 9. The Calculated Size of Hole of [IL]" in the Aqueous Li* Salt Solutions of
ILs.

System TIK Dpiy+x10%%/m? st n/mPa.s &pm
50%[BMIM]Br 300 3.535 2.97 209
(w/w) (in H,0)

305 4.271 2.57 203

310 4,934 2.26 203

315 5.273 2.05 213
50%[OMIM]Br 300 0.727 11.10 271
(w/w) (in H,0)

305 0.861 9.33 277

310 1.134 8.48 235

315 1.267 7.68 236

Here, we have applied this Hole formation theory in order to explain the diffusional
motion of ILs in its aqueous Li* salt solutions of ILs. According to the hole formation
theory, the correlation length, & is a measure of the size of the hole into which the

diffusing particle can jump. This correlation length of the diffusing particle is physically
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related to the hydrodynamic radii and can be obtained from the Stokes-Einstein equation
17 as

kgT

é: - 67nD (17)

where, the symbols have their usual meaning.*® The calculated values of the hole-radii for
the [IL]" in its aqueous Li* salt solutions of ILs are shown in the Table 9. The hole-radii
for the [OMIM]" is greater than that of [BMIM]" and also is smaller than their van der
Waals radii of 330 and 373 pm for [BMIM]* and [OMIM]*, respectively.>*** The
temperature dependent deviation in the values of the hole-radii for [IL]" is may be due to
the inaccuracy in their estimation. Therefore, more accurate estimation of the hole-radii is
necessary to test and understand the applicability of hole formation theory in the

diffusion-based studies of aqueous salt solutions of ILs.

4.4.2. CONCLUSIONS
In short, we conclude:

1) The frictional coefficient, f of a diffusing particle can qualitatively gives the
information regarding the microviscosity experienced by the diffusing particles in the

aqueous Li" salt solutions of ILs,

2) The classical Stokes-Einstein equation is not valid for the diffusional motion of water

molecules, and

3) The calculated size of the hole for [BMIM]" is less as compared to that of the

[OMIM]" and are less than their van der Waals radii.
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CHAPTER 5

An Insight into the Microviscosity and
Microporsity in the lonic Liquid-based
Microemulsion
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The physical properties [ike microviscosity, micropolarity,
diffusion coefficients and pJH of the aqueous ionic liquid (IL)
confined media has been discussed in this chapter. NMR relaxation
technique has been used to estimate the microviscosity and pH of
the aqueous IL confined media. A comparative discussion between
the bulk viscosity, n, . and microviscosity, n _ has been presented.
A model is proposed to estimate the mole fraction of bound and
free water molecules present inside the miceller core. The rate of
proton transfer phenomenon has been discussed by the approach of
NMR spin-spin relaxation time, T, and correlated with the pH of

the aqueous IL confined media.
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5.1. INTRODUCTION

This chapter is devoted to the measurement and understanding of transport properties
of aqueous ionic liquid confined media. The confined water is ubiquitous in nature like in
cellular organelle of biological species,’ water inside the reverse micelles,>” and
microemulsions.®™* Reverse micelles or microemulsions are thermodynamically stable,
an isotropic mixture of oil and water with a surfactant or a mixture of surfactants and
frequently in combination with a cosurfactant.® Structurally, there are three different
kinds of microemulsions are present; water in oil (W/O) where water is the dispersed
phase and oil is the dispersion medium, oil in water (O/W) where oil is the dispersed
phase and water is the dispersion medium, and the bicontinuous structure where both the
oil and water is present as the continuous phase.”>*" Many reports are available in the

814 and non-aqueous'® microemulsions with oil

literature regarding the study of aqueous
as a dispersion medium. However, the use of volatile organic solvents for the preparation
of microemulsions or reverse micelles is not an environmental benign process. These
hazardous volatile organic solvents are therefore replaced by ionic liquids (ILs). There
are reports are available in the literature for the preparation and characterization of IL-
based microemulsions by using a variety of techniques.’*'®" ILs are either used as

hydrophobic solvents by the replacement of oil phase'®*®"

or used as the hydrophilic
phase'®?* by replacing the aqueous phase in IL-based microemulsions. The most studied
hydrophobic IL in the case of aqueous hydrophobic IL-based microemulsions is
[BMIM][PFs].23'%*" However, the hydrolysis of [PFe] of ILs yields HF molecules and
makes the system acidic.?>? This is a severe limitation of using [PFg] as anion in ILs for
the preparation of microemulsions. For that reason incorrect information about the
physicochemical properties of aqueous confined media may be obtained. Therefore we
have replaced the use of [PFs]” by a [NTf,]" based IL and the cation of the IL is
dibutylimidazolium ([BBIM]") which are stable towards the hydrolysis. There are reports
in the literature regarding the determination of physicochemical properties of water in IL
microemulsions by taking hydrophobic IL as the dispersion medium.*®?" However to the
best of our knowledge there has not been a single report is available in the literature
regarding the determination of physicochemical properties of aqueous microemulsions

containing hydrophobic [NTf,] based ionic liquids. In this report for the first time we
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have studied the physicochemical properties of [BBIM][NTf,]/H,O/TX-100

microemulsions and are discussed below.

5.2. EXPERIMENTAL SECTION
5.2.1. Materials.

Materials required for the synthesis of ionic liquid like 1-butyl imidazole (99.9%
purity), butyl bromide (99.9% purity) and LiNTf, (99.98% purity) were purchased from
Sigma Aldrich. Non-ionic surfactant, Triton X-100 (98.5% purity) was purchased from
Fluka Analyticals. K4Fe(CN)g (99.95% purity), used as an electrochemically active probe
for the cyclic voltammetric study was purchased from Sigma Aldrich. Methyl orange
(MO) (99% purity) used for the UV-vis spectrophotometric study was purchased from
Sigma Aldrich. Distilled deionized water having electrical resistivity of 18.2 M cm was
obtained from a Millipore MilliQ unit for the preparation of microemulsions.

5.2.2. Synthesis of lonic Liquid.

The hydrophobic dibutylimidazolium bis(trifluoromethanesulfonyl)imide
([BBIM][NTH,]) ionic liquid was synthesized according to the reported procedure.?® First
the quaternization reaction between the butylimidazole and butyl bromide yields the
dibutylimidazolium bromide [BBIM]Br. In the next step the exchange of anion between
the Br™ of [BBIM]Br and NTf, of LINTf, (metathesis reaction) takes place in water as the
solvent medium. Then the prepared IL was separated through a separating funnel with
dichloromethane (DCM). High vacuum was used to remove the excess amount of solvent
(both the water and DCM) from the IL. It was ensured that the water content in each IL
sample was less than 50 ppm. *H NMR spectra was taken for the synthesized ionic liquid
which did not show any trace amount of impurity in the sample. The IL was also checked
for any halide impurities which was less than 50 ppm.?

5.2.3. Preparation of Microemulsions.

[BBIM][NTf,]/H,O/TX-100 microemulsions were prepared by fixing 1 = 0.05 and 0.1
with the varying wt% of water. Then the solutions were stirred in a vortex mixer up to the
formation of clear, homogeneous and optically transparent solutions. Those solutions
were kept over months and no phase separation was observed which indicates the

stability of the prepared microemulsions.
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5.3. APPARATUS AND PROCEDURE
5.3.1. Phase Equilibria.

Solubility measurements were performed to construct the ternary phase diagram for
[BBIM][NTf,]/H,0/TX-100. The samples were placed in a glass jacket with an inlet-
outlet water circulating system connected externally to a Julabo thermostat to regulate the
temperature of the system. All the measurements were performed at a temperature of
298.15+0.01 K. The ternary phase diagram for the [BBIM][NTf,]/H,O/TX-100 system
was constructed through the visual detection of solution with a transition from a clear to a
turbid solution.

5.3.2. Cyclic Voltammetry.

Electrochemical properties were investigated by cyclic voltammetric (CV) technique®’
using a BioLogic Science Instrument in a conventional three-electrode cell, where Pt foil
was used as the counter electrode, Ag/AgCl as the reference electrode and glassy carbon
as the working electrode (WE). Before its use (WE) in the electrochemical study it was
polished with a 0.3um aluminum oxide slurries and was sonicated several times
alternately with deionized water and ethanol and dried under lamp. The area of the WE
was determined using cyclic voltammetric experiment by taking a reversible system of 4
mM KsFe(CN)s in 1 M KCI solution with the diffusion coefficient D = 6.36 X 10™° m*s”
1 ¥ The calculated surface area of the working electrode was found to be 1.53 X 102 m?.
The potential was scanned between +0.5 to -0.5 V and the sweep rate were changed from
25-100 mV s™. Potassium ferrocyanide K4Fe(CN)s was used as the electrochemically
active probe in all the microemulsion systems and the temperature used throughout the
study was kept constant as 298.15+0.1 K.

5.3.3. Dynamic Light Scattering.

The hydrodynamic diameters of aqueous ionic liquid microemulsions were determined
by dynamic light scattering technique (BIC 90 Plus Particle Size Analyser, Brookhaven
Instruments Corporation, USA). All the microemulsion samples were filtered through the
0.22um PTFE membrane filters procured from RanDisc. The samples were prepared
under the condition of inert atmosphere and were taken in a cuvette. Precautions were

made to avoid any kind of bubbles formed inside the microemulsion samples. All the
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measurements were made with a scattering angle of 90° at a temperature of 298.15+0.1
K.
5.3.4. UV-vis Spectroscopy.

The stock solutions of the methyl orange (UV-vis spectroscopic probe) were prepared
in the methanol prior to their use. The stock solution was added dropwise into the
microemulsion samples and the methanol (solvent) was evaporated under vacuum. The
sample containing the probe was transferred to a quartz cuvette under a nitrogen
atmosphere and sealed with a septum. The Amax Values were measured at 298.15 K by
using a UV-visible spectrophotometer and the temperature of the cell was monitored
using a single cell accessory with an accuracy of £0.01 K.

5.3.5. pH Measurements.

Different pH solutions were prepared by titrating 0.1 M NaOH (98.5% purity, Fluka)
with 0.5 M H,SO, (98.5% purity, Fluka). A digital pH meter was used (Global Digital pH
Meter, Model No0-504) to measure the pH of the agueous core (pH of the aqueous
solutions were measured externally prior to the formation of microemulsions) in the
range of 2.0-9.5.

5.3.6. Viscosity Measurement.

The viscosity of aqueous ionic liquid microemulsion systems were measured using
Brookfield-ultra rheometer with cone plate arrangement. Temperature of the samples was
monitored by a Julabo constant temperature thermostat bath with an accuracy of +0.01 K.

The viscosity () values of the solutions were obtained through the equation as:
n = (100/RPM) (TK) (Torque) (SMC) Q)

Where RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque constant
and spindle multiplier constant respectively. The calibration of the instrument was
performed by taking the reported viscosity data of aqueous solutions of CaCl,, MgCl, and
[BMIM][BF4] with different concentration.®**' The accuracy of the instrument was

obtained as +1%.
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5.3.7. NMR Study.

All NMR experiments were performed on a Bruker-400 NMR spectrometer operating
at a *H resonance frequency of 400MHz, at 298.15+0.1 K. Analysis of neat samples was
performed in a 5 mm (outside diameter) NMR tube using D,O in a capillary tube as
external lock. All the spectra were collected by using a one pulse sequence, [30°-flip
angle] with 32k complex data points. A spectral width of 20 ppm and a repetition time of
2s were used with the averaging of eight signals. Heteronuclear single quantum
coherence (HSQC) experiment was performed to differentiate the water signal from other
signals present in the microemulsion system. Spin-lattice relaxation times (T;) were
measured by inversion recovery method, [180°%-t-90%-acq], performing 34 experiments
with delay time (7) ranging from 2 ms to 5 s. Spin-spin relaxation times (T,) were
measured by using CPMG method, [90°X-(r-180°y-r)m-acq], performing 34 experiments

with varying the numbers of echoes.

5.4. RESULTS AND DISCUSSION
5.4.1. The Ternary Phase Diagram.

In the following we describe the results of our investigation. The construction of phase
diagram is essential for the study of microemulsions because the hydrophilic part of the
non-ionic TX-100 surfactant molecule is greater than that of the hydrophobic part and for

that reason the phase behavior might be very sensitive to the nature of solvent used.*?

Herein, we have taken a hydrophobic IL i.e. [BBIM][NTf;], which acts as the oil
phase and one of the most common non-ionic surfactant, TX-100 for constructing the
ternary phase diagram with water. The phase diagram of the ternary system containing
H,O, [BBIM][NTf;] and TX-100 was constructed through the solubility measurements
and is depicted in Figure 1. The ternary phase diagram constitutes of one multiphase zone
and one single phase zone. Our study was mainly focused on the single phase zone. The
single phase-zone constitutes of three microheterogeneous regions.*® The W/IL system, in
which water is the dispersed phase and IL as the dispersion medium, IL/W where IL is
the dispersed phase and water is the dispersion medium, and the bicontinuous zone*,

where both water and IL are present as the continuous phase. These microheterogeneous
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regions have been detected through the measurement of bulk viscosity®® and the
measurements of diffusion coefficients of an electrochemically active probe with the help

of cyclic voltammetric technique.®

lo
Bicontinuous Zone

Figure 1. The ternary phase diagram of the [BBIM][NTf,]/H,O/TX-100 system showing
change in the microheterogeneous regions from H,O/IL to bicontinuous to IL/H,O at
298.15 K. The dashed lines are chosen for studying the apparent diffusion coefficient
with initial [IL]/[TX-100] weight fractions are 0.05 and 0.1.

5.4.2. Viscosity.

To detect the microheterogeneous regions we measured the viscosity by taking | =
0.05 (I = [BBIM][NTf,]-to-TX-100 weight ratio). The plot of viscosity of the mixtures
with the increase in wt% of water is shown in Figure 2. The plot shows an initial shoot in
the viscosity at about 40 wt% reaching to a maximum value at about 45 wt% before
falling further in higher wt% of water. There is a change in the shape of the plot at about
65-70 wt%. The initial increase in the viscosity with the addition of water suggests the
formation of microstructure inside the single phase zone of the ternary phase diagram.**
If there are no microheterogeneous regions inside the single phase zone, the initial
addition of water should lower the viscosity of the ternary mixture. The zone up to about
40 wt% of water indicates the structural transition from W/IL microemulsions to

bicontinuous structural zone supported by the reports about the structural transition from
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droplet W/O to bicontinuous microemulsions.* The deviation from the linearity observed
at around 70 wt% of water indicates the structural transition from bicontinuous to IL/W
microemulsion zone.* Inside the bicontinuous microemulsions regions, the change in the
viscosity behavior is may be due to the possibility of formation of some kind of structural
changes at around 45 wt% of water.*® The continuous decrease in viscosity observed in
the case of bicontinuous microemulsions zones may be due to the dynamic nature of the

region.
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Figure 2. Dynamic viscosity, » of the [BBIM][NTf,]/H,O/TX-100 microemulsions with

increasing wt % of water (I = 0.05).

In this region, the discrete particle nature of W/IL microemulsion droplets vanishes
and both the water and ionic liquid phases are in a state of continuous dynamics with
each other. Therefore the viscosity of the bicontinuous microstructure decreases
continuously with the increase in the wt% of water. Again, as viscosity is a bulk property,
therefore it does not give us the correct information regarding the determination of
structural transition points inside the single phase zone of microemulsions. For this
reason, we carried out the diffusion coefficients measurements of an electrochemically
active probe inside the microemulsion system with the help of cyclic voltammetric

technique. This is discussed below:
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5.4.3. Diffusion Behavior of Electrochemically Active K;Fe(CN)g Probe Inside the

Microemulsion.

Several techniques like pulsed-gradient spin echo NMR,**° dynamic light

4041 and cyclic voltammetry*+

scattering are used for the study of microstructural
transition of the miceller systems. In this investigation, we used the cyclic voltammetric
technique for the detection of microheterogeneous regions inside the ternary phase
diagram. The apparent diffusion coefficient measurements were performed through the
cyclic voltammetric technique by taking the potassium ferrocyanide [K4Fe(CN)g] as the
electrochemically active probe®’ inside the [BBIM][NTf,]/H2O/TX-100 ternary system
and is represented in Table 1. The peak currents of the redox reversible systems
(Fe*?/Fe*™) are measured with different scan rate and the apparent diffusion coefficients
are calculated by applying the Randles-Sevick equation given by:

0.447F3/2 4n3/2p1/2cyy1/2
= R1/271/2 @

where n is the number of electrons involved in the redox reaction, A is the working area
of the electrode, D is the diffusion coefficient of the electrochemically active probe in the
solution, C is the concentration of the electroactive probe in the solution, v is the sweep
rate or scan rate used, F is the Faraday constant, R is the universal gas constant, and T is
the absolute temperature. For the study of microstructural transition, it is essential that the
electrochemical charge transfer must be diffusion controlled in nature.** The plots of

Y2 shown in Figure 3 are straight line passing through the origin

peak current i, versus v
indicating that the electron transport reaction for the redox system inside the
microemulsions are diffusion controlled in nature.**** The change in the apparent
diffusion coefficient values with an increase in the wt% of water gives us the indication
about the microstructural transition points inside the single phase zone of the ternary
phase diagram. For the detection of microheterogeneous regions the two 1 values (I =
[BBIM][NTf,]-to-TX-100 weight ratio) are chosen as 0.05 and 0.10, as shown in Figure
1. Figure 4(a) and (b) represents the plot of the apparent diffusion coefficients, Dqyp Of the
electrochemically active probe, K4;Fe(CN)g with the increasing wt% of water at 1 = 0.05
and 0.1, respectively. It has been clearly shown in the above drawings that with the

increase in the weight percentage of water the diffusion coefficients of the
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electrochemically active probe goes on increases. The probe being ionic in nature is only

soluble in the water phase.
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Figure 3. The plot of the peak current (i) versus square root of scan rate (v'?) for 25
wt% H,O (), 30 wt% H,0 (O) and 40 wt% H,0 with IL-to-TX-100 weight fraction as
0.1. The lines are obtained by the linear fit.

Initially, a mild increment in the diffusion coefficients values are observed in low wt%
of water that is below 34% for I = 0.05 and below 31% for I = 0.1. This is due to the
reason that the ionic electrochemically active probe remains inside the water pool
possessing high viscosity. With the increase in the wt% of water the microviscosity of the
confined water droplets decreases.* The Dg,, values of the probe inside the pool
increases with an increase in the fluidity of droplets. A mild enhancement in the Dayp
values of the probe is due to an increase in the content of water and not due to any change
in the microstructure of the microemulsions. The microemulsions formed in these regions
are of the kind of W/IL type.™

Table 1. The Values of the Apparent Diffusion Coefficients (Dapp) with the
Increasing Wt% of H,O for I = 0.05 and 0.1, Respectively.

1 =0.05 1=0.1

Wt% (H,0) Dapp X 10/ m*S™ W1% (H,0) Dapp X 107 / m*S™
22.5 7.1 20.0 6.6
25.0 9.8 22.5 8.0
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27.5 14.8 25.0 11.9

30.0 18.6 27.5 15.6
325 21.0 30.0 17.2
35.0 29.2 32.5 26.9
37.5 35.3 35.0 32.1
40.0 42.1 37.5 42.1
42.5 554 40.0 64.0
45.0 76.6 42.5 60.2
47.5 82.9 45.0 68.0
50.0 102.1 47.5 91.7
52.5 108.5 50.0 102.1
55.0 116.4 52.5 104.5
57.5 140.4 55.0 122.0
60.0 148.7 57.5 146.4
62.5 155.2 60.0 150.5
65.0 167.7 62.5 157.6
67.5 177.2 65.0 161.2
70.0 179.5 67.5 166.7
72.5 182.0 70.0 171.6
75.0 186.7 72.5 173.8
77.5 183.0 75.0 172.3
80.0 184.3 77.5 175.2

80.0 177.8

Standard uncertainties in the measurements, u (Dapp) = £ 2.0%

The increase in the D, values of the probe are again slow down in the water-rich
phase zone and a mild enhancement in the D,p, Values are observed with the higher wt%
of water i.e. above 60% for | = 0.05 and 57.5% for | = 0.10, respectively. In these regions
the microemulsions are of the kind of IL/W type.’® In this region the IL molecules are
trapped by the hydrophobic core of the surfactant molecules and remain as in the pool
form and forms the IL/W microemulsion.'® The IL molecules act as the dispersed phase
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with water as the dispersion medium. The electrochemically active K4;Fe(CN)g probe
molecules are now in the dispersion water medium, present in the bulk quantity and the

Dapp Values of probe molecules are higher and resembles to that of diffusion in the neat

water.®
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Figure 4. Apparent diffusion coefficient, Dayp 0f KsFe(CN)g in [BBIM][NTf,]/H.O/TX-
100 microemulsion system showing the structural transition from W/IL to bicontinuous
to IL/W as a function of water content at a temperature of 298.15 K. ([BBIM][NTf,]/TX-
100 weight ratio = 0.05 (a) and 0.1 (b)).

Thus, an increase in the amount of water has a very minimal effect on the diffusion
coefficient of K4;Fe(CN)g and the structure of the microemulsions is insensitive to the
compositions of water in this region. However, a dramatic change in the Dgy, values is
observed in the intermediate water compositions. This indicates that the environment of
the microemulsions is different from that of the droplet structure.*> Our results infer that
when the water compositions are between 34-60% (I = 0.05) and 31-57.5% (1 = 0.1), a
bicontinuous microstructure is formed, in which both the water and hydrophobic
[BBIM][NTf,] are present as the continuous phase.”® The diffusion of molecules in the
continuous medium is faster as compared to the molecules confined in the closed
domains® and thus the probe inside the bicontinuous structure has higher diffusion
coefficient value as compared to that of W/IL droplet microemulsion. The increment in

the diffusion coefficient values with an increase in wt% of water follows the sigmoidal
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trend and the three different kinds of microheterogeneous regions can be detected by the

transition points obtained from the Figure 4 are given in the Table 2.

Table 2. Microstructural transition points for [BBIM][NTf,]/H,O/TX-100
microemulsions system at different | values. The values are given in wt% of water.
(1 = [BBIM][NTf,]-to-TX-100 weight ratio)

I W/IL-to-Bicontinuous Bicontinuous-to-IL/W
transition point transition point

0.05 36 63.5

0.1 35 60.0

Thus from all of the above investigations, we can deduce that three different
microheterogeneous regions are present inside the single phase zone and those are W/IL,

bicontinuous and IL/W microemulsions and are represented in the Figure 1.

The interfacial reactions occurring on the electrode surface of both the W/IL and IL/W
microemulsions are different from that of the pure water system. It has been reported that
the organic species like TX-100 and [BMIM][PFg] are active towards the surface of the
electrode.*® Being organic in nature both [BBIM][NTf,] and TX-100 are active towards
the surface and adsorb on the electrode surface. In the case of W/IL microemulsions, the
K4Fe(CN)s molecules remain inside the water pool. Due to thermal motion, there is an
exchange of masses between the nano-droplets of W/IL microemulsions containing
K4Fe(CN)g. Because of this thermal motion the electrochemically active probe molecules
passes through the organic surfactant layer and come in contact with the electrode surface
leading to the electrochemical reaction occurs.*® On the other hand the electrochemical
reaction for IL/W microemulsions is very similar to that of the pure water as the probe

molecules reside in the water bulk phase.
5.4.4. Dynamic Light Scattering (DLS) Measurements.

With the phase diagram and cyclic voltammetric studies yielding information on the

presence of three different regions of microemulsions, we now move to investigate the
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systems by using DLS studies to know whether the water molecules are entrapped by the
surfactant molecules to form W/IL microemulsions or the IL molecules confined inside
the surfactant layer to form the IL/W microemulsions. The hydrodynamic radii (Dy) of
IL/W microemulsions because of their low viscosity values are given in Table 3. The Dy
of different IL/W microemulsions are measured by varying | values. With the increase in
the | values, the Dy values of the microemulsion increase for a fixed wt % of water
(Figure 5). The drawing represents the change in the Dy values of the IL/W
microemulsion droplets with the increase in the | values for two different fixed
compositions of water (67.5% and 72% of water). This is due to the reason that with the
increase in | values, the content of IL in the system increases causing the swelling of the

microemulsions and thereby increasing the sizes of microemulsion droplets.

Table 3. Measured hydrodynamic radii (D) of microemulsions obtained through
the dynamic light scattering measurements. (I and R represents the [BBIM][NTT,]-

to-TX-100 weight and molar ratio, respectively)

H,O/Wt%  IL/Wt% TX- I R Dn/nm
100/Wt%
67.5 1.55 30.96 0.05 0.07 4.6
72.5 1.31 26.20 0.05 0.07 5.0
77.5 1.07 21.42 0.05 0.07 5.5
67.5 241 30.08 0.08 0.11 5.2
72.5 2.04 25.46 0.08 0.11 5.4
77.5 1.67 20.83 0.08 0.11 5.7
67.5 2.95 29.54 0.1 0.14 5.6
72.5 2.50 25.00 0.1 0.14 5.6
77.5 2.04 20.45 0.1 0.14 5.7

Our findings are supported by the work of Falcone et al.*” who observed that with the
increase in the IL content, an increase in the droplet size of the non-aqueous
microemulsions was observed. This swelling behavior of confined media is reported for

aqueous microemulsion systems.*® This suggests that the IL molecules are entrapped by
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the surfactant molecules in order to form IL/W microemulsions. The increase in the
droplet size of the microemulsions can also be explained with the help of packing
parameter (P) and can be represented as P = v/al, where v, a and | signify the volume of
the hydrocarbon chain, effective head group area of the surfactant and the length of the

hydrocarbon chain, respectively.*’

5.7
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Figure 5. Hydrodynamic radii (Dy,) of the IL/W microemulsion droplets with | values for
[BBIM][NTf,]/H,O/TX-100 system with a fixed wt% of water (67.5%, [J and 72.5% O)

showing the swelling of the microemulsion droplets.

It has been reported that the size of the confined media depends upon the effective
packing parameter of the surfactants used.”” Decreasing the packing parameter of
surfactant molecules increases the size of confined media and vice versa.** With the
increase in the content of IL into the system by increasing the | values, the IL molecules
penetrate into the surfactant layer and interact with the headgroup of the TX-100
surfactant molecules. This interaction results into an increase in the effective headgroup
area, a of the surfactant molecules. The interactions between the cationic part of
[BMIM][PF¢] with the polar headgroup of non-ionic TX-100 surfactant in the case of
[BMIM][PF6]/H,O/TX-100 microemulsion system also supports the above statement.*
Thus, the value of a increases which in turn decreases the packing parameter, P of the
surfactant molecules. Consequently, the droplet size of the IL/W microemulsions

increases. It is suggested in the literature that a linear dependence of the Dy, values on |
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points to spherical droplets of microemulsions.®® However, a slightly non-linear
dependence in our case seems to be with the increase in the wt % of water to 72.5%.

However we currently are not aware of any reasons behind it.

5.4.5. 'H NMR and NMR Relaxation Study.

Many workers have studied the properties of this water present inside the reverse
micelles through the help of different experimental techniques like DLS,***" IR
spectroscopy,® UV-vis spectroscopy,”>®® fluorescence spectroscopy®>** and NMR

spectroscopy.>* In most of these reports different spectroscopic probe molecules are used
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Figure 6. Stacking of “H NMR spectra showing the types of H,O molecules present
inside the W/IL microemulsions with different wt% of water: 5.0 wt% (a), 7.5 wt% (b),
10.0 wt% (c), 15.0 wt% (d), 17.5 wt% (e), 20.0 wt% (f), 22.5 wt% (g), 25.0 wt% (h), 27.5
wt% (i). (Top: weight ratio of IL/TX-100 = 0.1, bottom: IL/TX-100 = 0.05)

for the determination of physicochemical properties of different confined media. The

location of probe molecules inside the reverse micelles however creates problems in
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finding the true physical properties of these confined media. In our work, we have carried
out the NMR spectroscopic measurements of water inside the W/IL confined media,
which gives the information related to the physical properties of these confined media
without the help of any spectroscopic probe.>*** Figure 6 represents the stacking of *H
NMR spectra of different W/IL microemulsions with an increase in the wt% of water.
The upper and lower parts of the figure illustrate about the IL-to-TX-100 weight ratio (1)
as 0.1 and 0.05, respectively.
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Figure 7. NMR *H-"*C heteronuclear single quantum coherence (HSQC) spectra of W/IL
microemulsion containing 22.5 wt% of water showing the confirmation of H,O signal at
4.27 ppm. (1 =0.05)

It has been shown in Figure 6 that with the increase in the water content from 5.0 wt%
to 27.5 wt%, the peak at around 4.0 ppm (5.0 wt% of water) is nearly shifted to 0.4 ppm
towards the deshielded region leaving rest of the peaks unchanged. It signifies that the
peak is the indication of the proton of water molecules present inside the reverse

micelles. To confirm the water signal emerging out from the microemulsion samples, we
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also carried out the two-dimensional *H-*3C heteronuclear single quantum coherence
spectroscopy (HSQC) and the results are shown in Figure 7. The drawing represents the
HSQC spectra for 22.5 wt% of water with IL-to-TX-100 wt. ratio, | = 0.05. As we have
recorded the *H-**C HSQC spectra the water signal must not have the contour plot due to
the absence of carbon atom in the molecule. The enlarged bottom view of the graph
shows the absence of such contour plot at 4.27 ppm on the *H-NMR spectra axis, which
confirms the signal emerging from the water molecule. With the lower wt% of water, the
peak coming out from the water molecules are mixed up with the proton of the TX-100
molecules.® H-bonding interaction between the —OH group of TX-100 molecules with
the water molecules inside the [BMIM][PF¢]/H,O/TX-100 microemulsions supports the
above statement.™* This suggests that the interfacial water present around the surface of
headgroups of TX-100 molecules experiencing a different interacting environment as

compared to that of the core water molecules.

It was reported that there are three types of miceller water are present namely trapped
water, bound water and free water.*® The dissolved water molecules present in the non-
polar solvents are known as trapped water molecules. The water molecules, which are H-
bonded with the head group of surfactant molecules, are called as the bound water
molecules and the core water molecules of the reverse micelles are termed as the free
water molecules. The initial addition of water to the [BBIM][NTf,]/H.O/TX-100
microemulsions system binds with the head group of surfactant molecules through the
help of hydrogen bonding interaction between the H-atom of water with the oxygen atom
of oxyethylene unit of TX-100 and experience a shielding effect.>” With the increase in
the wt% of water, the water molecules form a pool inside the surfactant layer and behave
like that of the bulk water molecules. These water molecules are not interacted with the
head group of surfactant molecules and are termed as free water molecules with a slightly
deshielding effect as compared to that of the bound water molecules. It means protons of
bound water molecules are experiencing a higher electron density as compared to that of
the protons of free water molecules. The lower IR stretching frequency of —OH bond of
free water molecules (3220 + 20 cm™) as compared to that of bound water molecules
(3400 + 20 cm™) also supports the above statement.>” 'H-NMR spin-lattice relaxation

time (T,) study of water molecules was carried out to understand the dynamics of the
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water molecules present inside the [BBIM][NTf,]/H,O/TX-100 microemulsions. By
applying the Bloembergen, Purcell, and Pound (BPP) theory®® the reorientational
correlation time (z) of water molecules can be calculated from the measured T;
relaxation time of water molecules and are illustrated in the Figure 8. According to BPP
theory both the spin-lattice relaxation time T, and reorientational correlation time z. are

inversely related to each other as represented in the following equation 2,

1 37/4hz[ T 47, ]

- 1+a? 7 + 1+4 02 72

T, ~ 10 b6 )

where T, is the NMR spin-lattice relaxation time, y the gyromagnetic ratio of the proton,
h the Planck’s constant, b the intra-proton distance of water molecule, 7z the

reorientational correlation time and o the resonance frequency.
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Figure 8. Variation of NMR spin lattice relaxation time Ti, (a) and their calculated

reorientational correlation time z, (b) with the increase in the wt% of water.

Figure 8(a) and (b) represent the variation of T; and z values, respectively with the
increase in the wt% of water. It is seen from the plots given in Figure 8 that with the

increase in the wt% of water the T, values increase where as the z; values decrease.

It is reported that the relaxation time observed in the case of H,O/hexanol/TX-

100/cyclohexane was the weighted average of the signals coming out from the protons of
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the H,O molecules, -OH group of hexanol and the -OH group of the TX-100 molecules.*®
As in the case of [BBIM][NTf,]/H,O/TX-100 microemulsions system, the TX-100
molecule contain a hydroxyl proton, therefore there is the possibility of fast exchange of
proton takes place between this proton with the proton of water molecules which must be
faster than our observed relaxation time. Therefore the observed T; values are the
weighted average of these two signals. The increase in the T, values with the increase in
the wt% of water indicates that the mobility of proton inside the miceller core increases
as confirmed by the decreased reorientational correlation time, z shown in Figure 8(b).
The 7. values of water molecules present inside the miceller core of the
[BBIM][NT,]/H,O/TX-100 microemulsions are in the range of 0.25 x 10™° to 0.46 x 10
195, 1t is reported that the overall tumbling motion of W/O microemulsions are of the
order of 10 5.> If we consider the tumbling motion of these W/IL microemulsions in the
range to that of the W/O microemulsions, we can then signify that the motion of water
molecules is not coupled with the overall tumbling motion of these W/IL microemulsions
and is different from them.

Therefore, the bulk transport property like viscosity of these WI/IL
microemulsions is different from that of the microscopic transport properties like
microviscosity of the confined water. Reports are available in the literature regarding the
determination of microviscosity of the reverse micelles or microemulsions by the use
different spectroscopic probe molecules.?** The location of probe molecules inside the
miceller core is however questioned by many workers leading to a problem in the
determination of exact microviscosity of miceller core.®>* In our study, we attempted to
estimate the #mico Of the miceller core of the [BBIM][NTf,]/H,O/TX-100
microemulsions system with  the help of NMR spin-lattice relaxation (Ty)
measurements.®® Assuming the Debye-Stokes equation to be valid in these
microemulsion systems the microviscosity of the miceller core is estimated from the

reorientational correlation time as:

. = 47rna3
C ™ 3kT

(4)
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where a is the radius of the molecule, k is the Boltzmann constant, T is the absolute
temperature and 7 is the microviscosity experienced by the molecule inside the miceller

system.

From the Figure 9 it is seen that the 7micro €Xperienced by the water molecules inside
the water pool of W/IL microemulsion decreases with increasing wt% of water. The

physicochemical properties of aqueous confined media of small reverse micelles are

4% \whereas with the increase in the size

53,54

significantly different from that of the bulk water,
of the aqueous miceller phase, its properties approach to that of bulk liquid water.
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Figure 9. Variation of the microviscosity of the water present inside the miceller core of
the [BBIM][NTf,]/H,O/TX-100 system with the increase in the wt% of water for IL-to-
TX-100 weight fraction, I as 0.05.

With the lower content of water, it interacts with the non-ionic headgroups of TX-100
molecules.** Due to this the water molecules present near to the surfactant head groups
experienced higher viscosity and these water molecules are termed as the bound water
molecules.®® The higher correlation time value for the lower wt% of water also supports
the above statement. With the higher water content the water molecules lose their
connectivity with the headgroups of surfactant molecules and form pool of water
molecules inside the miceller core.®*>* Therefore, these water molecules experience a

higher fluidity and in turn a decrease in their microviscosity values.>*** These water
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molecules are termed as free water molecules and their NMR rotational correlation time
remains invariant with the addition of water.>® We have however observed a continuous
decrease in the correlation time of the water molecules and their microviscosity values
with the increase in the wt% of water. This contradictory observation may be due to the
reason that the so called free water molecules present inside the miceller core of the
microemulsions are not actually free from the interacting influence of the headgroups of
TX-100 surfactant molecules. Another interesting observation in the case of these W/IL
microemulsions is there that exist an inverse relationship between the microviscosity and

the bulk viscosity as illustrated in the Table 4.

Table 4. A comparison between the microviscosity (7micro) With the bulk viscosity
(moui) and the spin-lattice relaxation time (T;) with the relaxation rates (R) of the

microemulsions samples with the increase in the wt% of water (I = 0.05)

SI. No. Wt.% of Tmicrol CP Toulk/CP Ti/ms R=(L/Ty)/s™
H,0
1 175 13.36 394.20 2.54
2 20.0 10.86 484.99 2.06
3 225 10.29 248.90 512.06 1.95
4 275 9.26 269.10 569.08 1.76
5 30.0 7.81 290.80 674.50 1.48

It means within the studied W/IL microemulsion zones the increase in the amount of
water decreases the micorviscosity of the water nano-droplets on the other hand it
increases the bulk viscosity of the microemulsion mixtures. The decrease water-
surfactant interaction is the primary cause for the decreased #micro, hOwever the
increasing droplet-droplet interactions with the increase in the wt% of water are
responsible for the enhancement in the 7,k Of the W/IL microemulsion system. Also the
relaxation rate of the water molecules in the W/IL microemulsion zones decreases with
the increasing composition of water. It means that the rate of relaxation of water

molecules is directly related to the microviscosity of the nano-droplets. Higher is the
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microviscosity of the medium, higher is the time required for the protons of water

molecule to be relaxed.
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Figure 10. Variation of mole fraction of bound water molecules fg, (O) and free water

molecules fr, (LJ) which are present inside the aqueous nano-droplets of
[BBIM][NTf,]/H,O/TX-100 microemulsion systems with the wt% of water.

As both the free and bound water molecules are present inside the WI/IL
microemulsion systems therefore it is of interest to know the fraction of each water
molecules. For this purpose, we used the model of Hansen>* for W/O microemulsions
system. According to him

Tyl =fe Tipt + e Toet (5)

where T;, T1g and Ty are the experimentally observed relaxation time, relaxation time of
bound water molecules and relaxation time of free water molecules present inside the
miceller core, respectively. fg and fr are the mole fraction of bound and free water

molecules, respectively and fg + fr = 1.

By replacing the relaxation rate, R in place of relaxation time, T, equation 4 can be

rewritten as:

R=fB RB+f|:R|: (6)
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where R, Rg and Rg are the observed relaxation rate, relaxation rate of bound water
molecules and relaxation rate of free water molecules, respectively. Rearranging equation
5, the fraction of bound water molecules can be calculated by applying the following

equation 6.
R=fgRg + (1-fB) Re
fs=(R-Rr)/(Re - RF) (7)

Assuming the relaxation rate of free water molecules is similar to that of the bulk
water molecules as 0.278 5% and that of bound water molecules as 14.08 s™ which is
obtained from the intercept of the linear fitting of relaxation time with the wt% of water.
Figure 10 represents the calculated mole fraction of bound and free water molecules with
the increasing composition of water. The mole fraction of bound water molecules
decreases where as the mole fraction of free water molecules are increases with the
increase in the composition of water. This suggests that the probability of interactions
between the water molecules with the surfactant molecules are increases with the
decreasing composition of water where as increasing water content strengthen the water-

water interactions.

Table 5. The Mole Fraction of Bound Water Molecules (fg) with the Increase in the
Wt% of Water.

Wit% (H-0) g
175 0.16
20.0 0.13
225 0.12
275 0.11
30.0 0.09

It also infers that the reverse micelles contain more amounts of free water molecules
as compared to that of the bound water molecules within the studied WI/IL

microemulsions zone. Reports are available in the literature that the mole fraction of
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bound water gets saturated beyond a particular composition of water.>* However in the
case of W/IL microemulsions zone of [BBIM][NTf,]/H,O/TX-100 microemulsions we
have observed a continuous decrease in the value of mole fraction of bound water
molecules as illustrated in the Table 5 and is confirms from the observed spin-lattice
relaxation time T;. Reports are available in the literature regarding the determination of
pH of the aqueous miceller media by the use of different spectroscopic molecular

3,61

probe.

Table 6. Influence of pH on the spin-spin relaxation time, T, of water molecules
present inside the miceller core of [BBIM][NTf,]/H,O/TX-100 microemulsions with
IL-to-TX-100 weight fraction as 0.1. The line widths of the spectra are calculated

from the measured T, values.

pH To/ms Awyp (U AT5)l ms™
2.00 21.336 0.015
3.00 1.060 0.300
4.00 4.950 0.064
5.10 6.302 0.051
6.14 6.408 0.050
7.03 6.403 0.050
9.08 6.474 0.049
9.50 6.546 0.049

However as stated above, the use of probe molecules creates problem in finding out
the exact physical properties of different miceller media because of its difficulty in find
out the exact location of it inside the reverse miceller media.>* To avoid this problem we

have used the NMR spin-spin relaxation time, T, of water molecules as a probe to
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measure the pH of the aqueous reverse miceller core of the [BBIM][NTf,]/H,O/TX-100
microemulsion systems, as T, relaxation time is sensitive to the pH of the agueous
miceller medium.* Figure 11 represents the variation of NMR spin-spin relaxation time,
T, of water molecules present inside the reverse miceller core of the
[BBIM][NTf,]/H,O/TX-100 microemulsion systems with the pH of the medium.
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Figure 11. Variation of NMR spin-spin relaxation time, T, of water molecules (signal at
4.27 ppm) with the pH of the miceller core for the [BBIM][NTf;]/H,O/TX-100
microemulsion system with a fixed wt% of water as 22.5 wt%. The pH of the aqueous
miceller systems are externally measured before the use of it for the experimental

purposes. (1 =0.1)

At higher proton concentrations, the NMR spin-spin relaxation time, T, of water
molecules shows its maximum value as 21.336 ms. However with the increase in the pH
of the aqueous miceller medium this value sharply drops to a minimum at 1.06 ms as
represented in Table 6. Afterwards a continuous increase in the T, relaxation time values
was observed with the increase in the pH of the aqueous reverse micelles. The reason for
this variation in T, relaxation time values are due to the possibility of variation in the rate
of proton exchange between the water molecules and the hydroxyl proton of TX-100
molecules.>® At the high proton concentration, the rate of proton exchange between the
water and TX-100 molecules are faster. Here the magnetically excited protons switch

their precessional frequency faster causing slower dephasing of their transverse
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magnetization vector and consequently, we obtain a higher value of T, relaxation time.*
The calculated line width from the measured T, relaxation time given in Table 6 also
supports the above statement. At the higher proton concentration and with the maximum
value of T, relaxation time the calculated line width of the signal is minimum as 0.015
ms™ which indicates the sharpening of the signal that emerges out from the protons of
both the water and TX-100 (alcoholic proton) molecules due to the faster rate of
exchange between them.®® At the minimum value of T, relaxation time (1.06 ms at pH =
3) the rate of proton exchange is in between the fast and slow intermediate regimes.®
Here the calculated line width of the signal is highest as 0.3 ms™ which indicates the
broadening of the peak due to the fusion of the two peaks coming out from the water and
TX-100 molecules. The peak coalesces also occurs at the minimum value of T, relaxation
time between the protons of water and —OH group of hexanol molecules inside the CTAB
microemulsioins.™ However with the increasing the pH of the aqueous reverse miceller
media of [BBIM][NTf,]/H,O/TX-100 microemulsion systems from 3.0 to onwards the
concentration of proton inside the aqueous confined nano-droplets are decreases and

consequently the rate of proton exchange decreases.

Table 7. Micropolarity of aqueous confined media of [BBIM][NTf,]/H,O/TX-100
microemulsions with the increasing wt% of water (IL-to-TX-100 weight ratios as

0.05 and 0.1, respectively)

IL/TX-100 = IL/TX-100 = 0.1
0.05 A Wit% H,0 Amax
Wit% H,0
10.0 426.0 75 427.9
15.0 428.0 125 429.0
22.5 429.0 20.0 429.9
27.5 430.1 25.0 431.0

The decrease in the proton concentration creates a heterogeneous environment in the
local magnetic field inside the aqueous IL microemulsion systems causing the faster

dephasing of the transverse magnetization vector.®? This results in the decrease in the
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values of the T, relaxation time with the increase in the pH of the aqueous IL miceller
core. The calculated line width of the water signal is around 0.05 ms™ and remains
invariant with the further increase in the pH of the aqueous IL microemulsions. This may
be due to the splitting of the two proton signal coming out both from the water and TX-

100 molecule (alcoholic proton).

We also investigates the micropolarity of the aqueous nano-droplets of
[BBIM][NTf,]/H,O/TX-100 microemulsions by the use of methyl orange (MO) as the
UV-vis spectroscopic molecular probe. Due to the hydrophilic nature of MO, it is soluble
in the aqueous miceller core and insoluble in the hydrophobic ionic liquid phase.
Therefore MO is considered to be a very good polarity probe for the determination of
micropolarity of the microheterogeneous medium. The electronic transition energy
coming out from the measured Amax values of MO is sensitive to the polarity of the

microenvironment.

The measured Amax Values of aqueous confined media of [BBIM][NTf,] H,O/TX-
100 microemulsions are given in Table 7 for the IL-to-TX-100 wt. ratio I, as 0.05 and

0.1, respectively.

432
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Figure 12. Variation of Anax values of MO as the UV-vis spectroscopic absorption probe

as a function of wt% of water for I = 0.05 (1) and 0.1 (O), respectively.
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From the above Table 7 it is very clear that the Amax values of MO increase with an
increase in the wt% of water. This indicates that the micropolarity of the aqueous
confined media increases with an increase in the Amax values of MO.* The variation of
Amax Values of MO with the wt% of water is illustrated in Figure 12. We have observed
nearly a linear dependence of Amax Values with the change in the composition of water
agreeing with the published reports.%® This may be due the possibility of the change in the
state of water present inside the miceller core. Thus the linear dependency of Ayax values
of MO in case of [BBIM][NTf,]/H,O/TX-100 microemulsion systems indicates that the
water molecules present inside the miceller core are not completely free from the
interacting influence of the polar hydrophilic part of the non-ionic TX-100 surfactant

molecules as discussed above from the NMR relaxation studies.
5.5. CONCLUSIONS

In conclusion, we show that the NMR T; relaxation time of water molecules can be
used as an alternative parameter to indicate the microviscosity of the aqueous IL confined
media. Both the microviscosity and the bulk viscosity values of aqueous IL
microemulsions are inversely related to each other. The NMR T, relaxation time of water
molecules varies with pH of the aqueous IL confined media and gives an indication of the
pH of the aqueous miceller core. Two kinds of water molecules (the bound water and free
water molecules) are present inside the aqueous IL confined media. The fraction of bound
water molecules decreases whereas the fraction of free water molecules increases with an
increase in the composition of water. However, at each composition of water the fraction
of free water molecules are higher than as compared to that of fraction of bound water
molecules. High proton concentration inside the aqueous IL confined media leads to
faster exchange of protons and a decrease in the proton concentration lowers the rate of

proton exchange.
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CHAPTER 6

An Insight into the Kosmotropic/Chaotropic

Behavior of Solutes in the lonic Liquid Mixtures
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The present chapter deals with the understanding of the behavior
of added chaotropic/kosmotropic solute in the ionic liquid
mixtures. This chapter is divided into two sections. In the first
section 6.1, the unusual behavior of urea in its aqueous solutions of
ionic liquids has been discussed. In the consequent section 6.2, the
behavior of different kosmotropic and chaotropic solutes in the
ionic  liquid systems arve presented. The magnitude of
kosmotropic/chaotropic behavior of salts is altering with the
variation in the hydrophobic alkyl group substitution in ionic
liquid cations. A plausible explanation for the behavior of each of
the kosmotropic/chaotropic solutes in the ionic liquid mixtures has

been presented in this section of the chapter.
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6.1. INTRODUCTION

On the basis of effect of salt on the structure of water, the salts can be classified into two
categories; water structure-breaker/salting-in  (S-1) salts and water structure-
maker/salting-out (S-0) salts." It was Hofmeister who proposed a series for anions and
cations of salt on their ability to precipitate proteins and macromolecules in their aqueous

salt solutions.®®
COz% > S0,% > S,037 > H,PO, > F > CI' > Br =NOs > |I' > CIO, > SCN°
Zn*? > Mg*™ > Ca** > Li* > Na" > K* > NH," > Rb* > Cs*

The ions on the left hand side of the series are called as S-O or kosmotropes or water
structure-maker while on the right hand side of the series are known as S-1 or chaotropes
or water structure-breaker.” There is an increasing interest in this subject to understand
the molecular mechanism by which ions operate in its aqueous solutions containing
hydrophobes and macromolecules.® Zhang et al. proposed a model to describe the S-1/S-
O phenomenon by measuring the low critical solution temperature of [poly(N-
isopropylacrylamide)] in aqueous solutions of different electrolytes.® The model is based
on the three different types of interactions to explain the S-1/S-O effects: (i) the
destabilization of the hydrated polar groups of the solute by the polarization effect of
ions; (ii) increased surface tension of solvent by salts; (iii) direct binding of ions to the
polar groups of solute molecules. The interactions denoted as (i) and (ii) lead to the S-O
phenomenon, whereas the interaction denoted by (iii) is responsible for the S-I
phenomena. The MD simulation study shows that the strength of hydrophobic
interactions is induced by high charge density ions by making hydration complexes with
water away from the hydrophobic surfaces.’ This effect is purely entropic in origin,
similar to the S-O phenomenon. On the other hand, the reduction of hydrophobic
interaction, similar to the S-1 phenomenon are induced by the binding of low charge
density ions to the hydrophobic surface and the effect being either entropic or enthalpic in
origin.” Research on ionic liquids has received considerable attention because of its
special physicochemical properties like very low vapor pressure, high thermal stability,

recyclability, wide liquidus range and wide electrochemical window.®** ILs have been

137



used in a variety of application purposes such as in electrochemistry, biological and
chemical processes, energy and food processing.'?™ In the literature exists a few reports
describing the effect of salt on the properties of ILs.**® For example, the mechanism of
S-1/S-O phenomenon of salts in their aqueous solutions containing ILs is not fully

explored. Freire et al.*

proposed a mechanism of S-1/S-O phenomenon in the aqueous
salt solutions of ionic liquids and found out the direct interactions of polarizable S-I ions

with the hydrophobic alkyl group of ionic liquids.

All the ionic liquids used in this chapter of the thesis are of alkyl imidazolium cation
based with a wvariation in their alkyl group substitution. These are 1-octyl-3-
methylimidazolium bromide ([OMIM]Br), 1-octyl-3-methylimidazolium
tetrafluoroborate (JOMIM][BF4]), 1-hexyl-3-methylimidazolium bromide ([HMIM]Br),
1-hexyl-3-methylimidazolium tetrafluoroborate ([HMIM][BF4]), 1-butyl-3-
methylimidazolium  bromide  ([BMIM]Br) and  1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIM][BF,4]) and their structures are given in Figure 1.

This chapter is divided into two sections. The first section of the chapter 6, deals with
all the six selected ILs presented above and describes about the interesting chaotropic or
S-1 behavior of urea on the viscosity of the IL mixtures. It has been reported that, non-
electrolyte like urea, which does not alter the arrangement of water molecules to an
appreciable extent has attracted several investigations to ascertain the nature of urea in
several systems.?>?! Urea decreases the hydrophobic bonding between hydrophobic

22-26 and

particles and increases the solubility of hydrocarbons and organic compounds
hence considered as the “water structure-breaker”. Considering the importance of urea
and ionic liquids in biological-related problems, it is essential to understand how the
solution viscosity is altered in such systems and has been discussed in this section of the

chapter 6.

In the second section of the chapter 6, we have focused our research about the S-1/S-O
behavior of salts in its aqueous solution containing ILs through the viscosity
measurements. Here all the selected ILs is of the alkyl group substituted imidazolium
bromide based with the variation in their hydrophobic alkyl group substitution. The
selected salts are LiCl, LiClO4, NaClO4, GnCl and Gn,SO,4 with their wide nature of
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effects on the structure of water. The concepts of hard and soft nature of ions, Hofmeister
effects and the concept of surface viscosity are used to explain the results.

6.2. EXPERIMENTAL SECTION
6.2.1. Materials

1-Methylimidazole (Sigma Aldrich with 99.5% w/w purity), 1-Bromobutane (Sigma
Aldrich with 99.5% w/w purity), 1-Bromohexane (Sigma Aldrich with 99.8% w/w purity)
and 1-Bromoocatne (Sigma Aldrich with 99.9% w/w purity) were procured and used after
distillation. NaBF, (Fluka, purity > 98%), LiCl (Fluka with 99.8% w/w purity), LIiClO4
(Fluka with 99.5% w/w purity), NaClO, (Fluka with 99.5% w/w purity), guanidinium
chloride (GnCl) (Sigma Aldrich with 99.9% w/w purity), Gn,SO, (Sigma Aldrich with
99.9% w/w purity) and urea (Sigma Aldrich with 99.8% w/w purity) were purchased and

heated in an oven at 120 °C for 5 h before their use.

N N N N N N Br, BF,
He” N7 DCHe  H” N DCH HeT N caHy

[BMIM] [HMIM] [OMIM]

Figure 1. Cationic and anionic structure of imidazolium based ILs employed in the study.

The aqueous salt solutions were prepared in deionized water (specific conductance of <
0.055 x 10° S cm™) on the basis of molality with an accuracy of + 0.0002 mol kg™. All
the alkylimidazolium bromide based ILs employed in the present study were synthesized
according to the reported procedure.’”° The freshly synthesized ILs were dried and
purified under high vacuum with a constant heating at 323.15 K for 12 h. The water
content was measured using a Karl-Fischer titrator and was observed to be < 100 ppm.
The imidazolium tetrafluoroborate-based ILs was also checked for any halide impurities
by Vollahard’s titration and was obtained to be > 50 ppm. Note that the standard Volhard

titration has been validated using a chloride-selective electrode.**? The *H NMR spectra
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of the synthesized ILs did not show any traces of impurities and are in good agreement
with the reported values.””*

6.2.2. Experimental procedure

Brookfield-ultra rheometer with a cone plate arrangement was used for the measurement
of viscosity of IL solutions and the sample required for each measurement was 0.5 ml.
The viscosity (») values of the solutions were obtained through the equation as:

7 = (L00/RPM) (TK) (Torque) (SMC) (1)

where RPM, TK (0.09373) and SMC (0.327) are the speed, viscometer torque constant
and spindle multiplier constant, respectively. The calibration of the instrument was
performed by taking the reported viscosity data of aqueous solutions of CaCl,, MgCl, and
[BMIM][BF.] in different concentration. The accuracy of the instrument was obtained as
+1%.%33* The reported experimental viscosity data are the average of triplicate
measurement with a precision of 0.25%. All the experiments were carried out at
298.15+0.01 K and the temperature of the experimental set up was monitored by using a

julabo temperature thermostat bath.

Now the results and discussion of each section of the chapter 6 are discussed as below.

6.3. UNUSUAL BEHAVIOR OF UREA IN THE AQUEOUS UREA-
IONIC LIQUID SYSTEM

6.3.1. RESULTS AND DISCUSSION

In this study we have reported the effect of urea on the aqueous solutions of ionic liquids
using the viscometric technique. Figure 2 shows the concentration dependence of the
viscosity, n data for aqueous urea in ionic liquid mixtures. From the drawing, it is seen
that urea does not exhibit any pronounced effect on the # in the presence of [BMIM]Br
and [HMIM]Br when compared against the » values of aqueous urea alone. The
interactions between the water and urea molecules in turn reduce the strength of
hydrophobic bonding prevailing between the ionic liquid cations. It may be noted that the
nonpolar solutes like hydrocarbons and hydrocarbon moieties, dissolve interstitially in

water and in aqueous urea solutions. Urea actively participates in the formation of

140



clusters. The increased cluster formation is directly related to the weakening of

hydrophobic bonding upon addition of urea as evidenced by many solution properties.*

Weakening of the hydrophobic bonding results into loosening of the ionic liquid structure
and hence the viscosity is reduced. Also, the presence of urea in water increases the

36-39

relative permittivity of water, which helps in further weakening of the coulomb

interactions prevailing between [OMIM]" and Br".
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Figure 2. The comparative plots of 7 vs. concentration of aqueous urea solution for
urea+water  mixture (), [BMIM]Br (O), [HMIM]Br (<), [OMIM]Br (A) at

XismimisrHMivieromivier= (&) 0.05 and (b) 0.1.

Hence, the favourable interactions between the urea molecules and the "iceberg"” region
of the cation lead to the weakening of the ionic liquid structure and the mixture
containing [OMIM]Br ionic liquid shows the lowering of the viscosity as shown in
Figure 2. Alternatively, the micelle formation in [OMIM]" type of ionic liquids and its
impact on the viscosity cannot be discounted.® This behaviour is seen both at x;. = 0.05
and 0.1. The magnitude of the viscosity of the mixture however increases due to increase
in the concentration of the ionic liquid in the mixture. The observed enhancement is not
abnormal for the lower alkylated ionic liquids possessing -C4Hg and -CgHiz groups.
Conversely, in the case of -CgHj; containing imidazolium based ionic liquid, the
enhancement in the viscosity is nearly 4 times (at x;. = 0.1) as compared to the viscosities

noted in the lower composition range of ionic liquid at x;. = 0.05.
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In Figure 3, we show the effect of change in the counter anion of the ionic liquids. It
is noted that for the ionic liquids containing -C4Hg and -CgHi3 groups, the magnitude of
the viscosity is the nearly same for both the tetrafluoroborate-based and for bromide
based aqueous ionic liquids with urea mixtures. With the alkyl substitution of -CgH;7, the
magnitude of the viscosity for the mixture containing tetrafluoroborate based ionic liquid
is lower as compared to the mixture containing bromide based ionic liquid (see Figures.
2(a) and 3).
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Figure 3. A comparative plot of r vs. molality of aqueous solutions of urea for

X[BMIM][BF4] (O), X[HMIM][BF4] (<>), X[OMIM][BF4] (A) all at 0.05; and aqueous solution of urea
().

Upon increasing the concentration of urea the viscosity of the mixture containing
tetrafluoroborate based ionic liquid is further reduced, a trend also followed by the
bromide based ionic liquid. This suggests that the anion replacement in the mixture does
not have any effect for the smaller alkyl group substituted ionic liquids however, for —
CgHi7 based ionic liquid and the substitution aids to the further suppression of the
viscosity. The reason for this effect can be correlated to the increased relative
permittivity, ¢ of agueous urea mixture as compared to that of pure water.**° The
increased ¢ value of aqueous urea mixture is expected to reduce the coulombic interaction

between the -CgHi7-based imidazolium cation and tetrafluoroborate anion. The
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coulombic interactions are weaker in the tetrafluoroborate ionic liquid as compared to the
bromide based ionic liquid because of the low charge density of the tetrafluoroborate
anion. Hence, it would be easier for the urea + water mixture to dissociate the
tetrafluoroborate based ionic liquid into its counter -CgH;7 substituted imidazolium cation
and tetrafluoroborate anion. The dissociated cation and anion are then solvated by the
water molecules. The dissolved -CgHj7 substituted imidazolium cation would form -CgH7
imidazolium-water-urea complexes, whereas the anion would also be hydrated in the
aqueous solution. In order to discern the effect of the salting agents, in Figure 4 is shown
a comparison of the structure-breaking behaviour of urea and the structure-making

behaviour of LiCl in aqueous ionic liquid solutions.
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Figure 4. The » values as a function of salt concentration for [OMIM]Br in aqueous

solutions of urea (V) and LiCl (A), and [BMIM]Br in aqueous solutions of urea (L)) and

LiCl (O), at xjomimer/emivyer = 0.05

LiCl shows an expected structure-making behaviour in aqueous solution of both -C4;Hg
and -CgH17 substituted ionic liquids. Li* cation owing to its small size and strong electric
field reorient the water molecules very strongly around itself and form rigid hydration
shells. This results into the availability of less water molecules for the ionic liquid

constituents resulting into the ions to come at closer proximity with each other thus they
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form larger aggregates with very small amount of the water molecules. The presence of
these aggregates leads to the enhancement in the viscosity of the system. However, in the
case of urea, for lower alkylated ionic liquids there is a mild increment observed in the
viscosity of the mixture upon changing the concentration of urea. The reason for this mild
increment may be due to the fact that the coulombic interactions between the cations
substituted with lower alkyl chains and the anions are reasonably strong. These
interactions are not affected due to the presence of urea. Therefore, this mild
enhancement in the viscosity of such systems is directly a function of concentration alone
i.e. the increase in the number of particles.

For higher alkylated ionic liquids, the behaviour of urea in the mixture reverses
ensuring a considerable decrease in the viscosity. It is known that in the presence of
water, ionic liquids dissociate into its counter cations and anions. The water molecules
are enforced to reorient around the long hydrophobic tails of the cations due to
hydrophobic hydration phenomenon.? As discussed earlier, urea molecules form stable
complexes with these water patches around the non polar part of the ionic liquids
cations.® This results into the decrease in the hydrophobic interaction between the alkyl
tails and also suppresses the coulombic interaction between the ionic liquid cations and
anions. This leads to a reduction in the viscosity of the mixture containing the higher
alkyl group substituted ionic liquid. Hence in the presence of higher alkyl group
substituted ionic liquids, urea behaves as a structure-breaker in its aqueous solution.

In Figure 5, we show 1) the effect of increase in the carbon content in the ionic liquid
cations on altering the viscosity of the mixture and 2) the effect of increasing
concentration of urea on the mixture viscosity. An increase in the carbon content in the
alkyl tails substituted on ionic liquid cations gradually increases the viscosity of the
mixture. As a general trend the viscosities of pure ionic liquids increases with increasing
the cationic size, particularly with increase in the alkyl chain length. The mixture of
aqueous ionic liquid mixtures with urea follows the same trend of increasing viscosities
as observed for the pure ionic liquids. Interestingly, the increasing concentration of urea
has a nullifying effect on the mixture viscosity. As seen from Figure 5, for the lower
alkylated ionic liquids the increasing concentration of urea in the mixture does not

produce any noteworthy effect on the mixture viscosity. However, as the number of

144



carbon atoms in the alkyl chain increases to -Cg, a distinct increase in the mixture
viscosity on all the concentrations of urea is observed. The aqueous solution of -CgH;
substituted ionic liquids exhibits the maximum viscosity suggesting the maximum
structuredness of ionic liquid in its binary mixtures. In the ternary mixtures of aqueous
ionic liquid with urea, where urea concentration is 0.05 mol-kg™, the mixture viscosity
reduces as compared to the viscosity of ionic liquid in its aqueous solution. Upon
increasing the concentration of urea from 0.05 to 2.5 mol-kg™, the viscosity of the ternary

mixture is further decreased.
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Figure 5. The » values as a function of number of carbon atom of [C,mim]Br based ionic

liquids (where, nc = 4, 6, 8 and “0” stands for the absence of ionic liquid ); aqueous

solutions of ionic liquid (), 0.5 urea (O) and 2.5 mol-kg™ m urea ().

This observation suggests that urea shows the chaotropic behaviour in a mixture of higher

alkylated ionic liquid and water, resulting into a decrease in the viscosity of mixtures.

6.3.2. CONCLUSIONS

In summary, we conclude that urea exhibits mild kosmotropic behaviour in aqueous
mixtures of ionic liquid, in which the ionic liquid component is substituted with lower
alkyl group. However, this behaviour of urea is reversed into the chaotropic, when the
ionic liquid is substituted with -CgH;7 group on the imidazolium ring. In addition to this

increase in the urea concentration, the chaotropic behaviour becomes more pronounced.
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Therefore, this aqueous mixture of the ionic liquid with urea in higher composition of
urea is far less viscous as compared to the aqueous solution of ionic liquid. These
observations can prove to be very important in the industrial applications as urea can

prove to be a potential viscosity reducer for ionic liquids.

6.4. DO SALTING EFFECT IS A FUNCTION OF HYDROPHOBIC
ALKYL GROUP SUBSTITUTION IN IONIC LIQUID CATION?

6.4.1. RESULTS AND DISCUSSION
6.4.1.1. Effect of S-1 and S-O Salts on the Alkyl Chain of ILs

In this section we discuss about the effect of S-1/S-O salts in their aqueous solutions
containing ILs. All the ILs is of the alkyl group substituted imidazolium bromide based

and their structures are given in Figure 1.
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Figure 6. The 7 versus ms,it plots for (a) [OMIM]Br in aqueous solutions of LiClO,4 (LJ),
NaClO, (V), [HMIM]Br in LiClOs (O), NaClO; (<), [BMIM]Br in LiCIOs (A),
NaClO; (¥¢), (b) [OMIM]Br in Gn,SO4 (), LiCl (V), [HMIM]Br in Gn,SO4 (O), LiCl
(<), [BMIM]BFr in Gn,SO4 (A), LiCl (¥¢).The composition of ILs in all the systems are

fixed as x;. = 0.1.

Figure 6. (a) represent the variation in viscosity (77) with the increase composition of S-I
salts viz. LiCIO4 and NaCIlO, for [C,mim]Br (n = 4, 6, 8). The composition of ILs for the
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experiment was taken as x;. = 0.1. The addition of LiClO4 and NaClO, salt increase the
magnitude of 7 of the mixtures containing the lower alkyl chain length substituted ILs
viz. [BMIM]Br and [HMIM]Br. From the Figure 6 (a) it has been observed that the
magnitude of enhancement in the 7 is higher for LiClO4 as compared to that of NaClO,.
This effect can be described on the basis of the high charge density of Li* ion as
compared to that of Na* ion; as the contribution towards the 7z from the CIO, ion is
common in both the electrolytes. The kosmotropicity of Li* ion is higher as compared to
that of Na* ion and for that reason the high charge density kosmotropic Li* ion orients the
water molecules around them more strongly as compared to that of Na* ion.” Therefore,
the local ordering of water molecules around the Li* ion is stronger as compared to that
of the Na* ion. Consequently, the local viscosity (or microviscosity, 7mico) experienced
by the water molecules surrounding the high charge density Li* ion is more as compared
to that of the Na* ion. Therefore, the enhancement in the bulk viscosity, 7puk for LiCIO,
is higher as compared to that of the NaClO,4 in [BMIM]Br and [HMIM]Br mixtures. The
enhancement in viscosity by the ClIO,4 salts are also in accordance with the Hofmeister
series.® Li* comes before the Na* ion in the Hofmeister series® and are more S-O in nature
as compared to Na* ion. Therefore the effect of Li" salt on the viscosity is more as
compared to the Na' salt as represented in the Figure 6 (a). Interestingly, with the
increase in the alkyl chain length of IL to —CgH;7 as in the case of [OMIM]Br, these S-I
salts (LiClO4 and NaClO,4) shows an anomalous decrease in their bulk viscosity, 7pux and

has been discussed later on in a separate section of the manuscript.

We have also studied the effects of S-O salts like LiCl and Gn,SO,*** on the
viscosity of IL mixtures. Figure 6 (b) illustrates the effect of these S-O salts on the
viscosity of the IL mixtures by keeping the composition of IL fixed as x;. = 0.1. Both the
S-O salts increase the viscosity of the ternary mixture of imidazolium-based ILs. The S-O
nature of LiCl is due to the strong dominating kosmotropic effect of the Li* ion** over the
mild chaotropic CI” ion.** On the other hand, in case of Gn,SO, the strong S-O nature of
S04* anion dominates over the S-1 nature of Gn* ion and the salt is overall behaves as a
S-0 salt.?? As the SO,* ion is placed much above to that of Li* ion in the Hofmeister
series therefore, the overall S-O effect of Gn,SO, is higher than that of LiCl. Also, as the
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Gn,SO, is a combination of S-1 Gn* cation and S-O SO, anion therefore, its effect on
the viscosity is different than that of other S-O LiCl salt.

Interestingly, we have observed a change in the S-O nature of these salts with the
increase in the alkyl chain length of ILs as shown in Figure 7. The enhancement in
viscosity by Gn,SO, is more as compared to that of LiCl for lower alkyl group
substituted ILs viz. [BMIM]Br and [HMIM]Br. However with the increase in the alkyl
chain length to —CgHi7 as in the case of [OMIM]Br the trend in viscosity is being
reversed and LiCl shows more enhancement in viscosity as compared to Gn,SO, as
represented in Figure 7(a) and (b) for x;. = 0.05 and 0.1, respectively. This suggests that
the S-O behavior of Gn,SO, is higher as compared to that of LiCl in case of lower alkyl
chain length [BMIM]Br and [OMIM]Br mixtures. On the other hand, in case of higher
alkyl chain length [OMIM]Br mixtures, the S-O behavior of LiCl is more as compared to
that of Gn,SQO,. By taking the two extreme parts of alkyl chain length of ILs viz. -C4Hg
and -CgHs7, the order of S-O behavior of LiCl and Gn,SQO, are represented as in the Chart
1.

It was reported that Gn* of Gn,SO, decreases the S-O effect of SO,* in the system as
the former is a S-1 cation.”®  If the S-O effect of salts is only due to the ion-water
interactions between the salt and water, then we should observed the same trend of S-O
behavior for both the salts in all the imidazolium bromide-based ILs. However, as we
observe a change in the S-O behavior of these salts with the change in the hydrophobic
alkyl chain length of ILs; therefore, it indicates that the hydrophobic alkyl groups
attached to the imidazolium ring of IL plays a significant role in the salting phenomenon.
And, besides salt ion-water interactions other interactions are also plays important role in
the S-O phenomenon for Gn,SO4 which become prominent with the increase in the alkyl
chain length of ILs. It was reported that the hydration number of higher alkyl chain length
substituted ILs are higher as compared to that of its lower alkyl chain length
counterpart.** Thus, more numbers of hydrophobic hydrated water molecules (icebergs)
are present around the —CgH;; chain as compared to that of —C4Hg chain.”> The high
negative surface charge density SO,* ion strongly attracts the dipole of water molecules

towards itself by the addition of S-O Gn,SO, into the IL system. As a result of which less
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number of water molecules are available for the hydration of ILs. To gain the cost of their
hydration energy, the van der Waals interactions between the alkyl chain length of IL

increase***

resulting into the formation of aggregated species inside the mixtures. Strong
and definite aggregates are formed in case of [OMIM]Br and weaker aggregates are

formed for [HMIM]Br and [BMIM]Br.*
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Figure 7. The plots of 7 versus the number of carbon atom (N) of alkyl chain length of
[Comim]Br-based ILs for 2.5 mol kg™ Gn,;SO, (), 1.5 mol kg™ Gn,SO, (O), 2.5 mol
kg™ LiCl (A) and 1.5 mol kg™ LiCl (V) with x, = 0.05 (a) and 0.1(b), respectively.

However, the chaotropic effect of Gn* ion of Gn,SO, becomes prominent with the
increase in the alkyl chain length of IL from —C4Hg to —CgH;7 as more numbers of iceberg
structures*? with stronger and definite aggregates*® are broken in the case of higher alkyl
chain length [OMIM]Br due to their higher hydrophobic surface area as compared to the
lower alkyl chain length substituted [BMIM]Br with lower hydrophobic surface area. The
direct interactions between the polarizable S-1 ions with the hydrophobic alkyl group of
ILs is also in support of the above statement.’® The overall S-O effect of Gn,SOy,
therefore decreases with the increase in the alkyl chain length of ILs from —C4Hg to —
CgH17. For that reason, the enhancement in the bulk viscosity, 7wk by Gn,SOy is less as
compared to that of LiCl for higher hydrophobic —CgH1; group substituted [OMIM]Br.

On the other hand, the enhancement in viscosity by Gn,SQO, is more than that of LiCl for
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[HMIM]Br and [BMIM]Br and that can be understood by higher value of AShyq for S0%
(-199 JK'mol™) as compared to that of Li* (-148 JK*mol™).**

C_mimBr C_mimBr

Gn,SO, > LiCl LiCl > Gn,SO,

Chart 1. Representation of the order of S-O nature of salts with the increase in the alkyl

chain length of ILs.

Surface viscosity may also be considered as a factor to understand the experimental
observation. It is reported that S-1 salts decrease the surface viscosity of the aqueous
solutions of surfactant, whereas the S-O salts increase the surface viscosity.*> Therefore,
both LiCl and Gn,SO,4 being S/O in nature, increase the surface viscosity of the IL
mixtures which are reflected in the enhancement in the bulk dynamic viscosity.

In the above section we have presented a comparative explanation for the S-O and S-I
salts. Now in the following sections we are going to discuss about the effect of individual
salts on the viscosity of its aqueous solutions containing ILs.

6.4.1.2. Effects of LiCl

Figure 8(a) and (b) represent the 3D plot for 7 with the increase in the compositions of
LiCl in [BMIM]Br and [OMIM]Br, respectively and also with the increase in the x;.. The
addition of LiCl increases the viscosity of the ternary mixtures for a fixed composition of
IL. The trend in viscosity remains same in all the studied compositions of IL. In the case
of aqueous solutions of LiCl containing ILs, the enhancement in viscosity is mainly due
to the high charge density of Li* cation, which orients the dipole of water molecules
strongly around itself resulting in the enhancement in the microviscosity, 7micro around
the Li* and is reflected in the bulk viscosity, 7.uk Of the mixtures. More number of water
molecules is involved in the hydration of kosmotropic Li* ions by the increase in the

compositions of LiCl. As a result of which the number of water molecules available for
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the hydrophobic hydration (‘iceberg’) of alkyl chain length of IL becomes less and this
effect increases with the increase in the alkyl chain length of ILs; as more number of
water molecules are required for the hydration of [OMIM]* as compared to that of
[BMIM]".In addition to that, the hydration number of —C,Hy substituted IL is more as
compared to that of —CgH;; substituted IL [27, 31] and the demand of the hydration
energy of the IL is increase with the increase composition of LiCI.*

Figure 8. The 7 versus myic; plots for aqueous solutions of LiCl with x;. = 0.05 (black),
0.06 (red), 0.07 (blue) and 0.1(dark cyan) for [BMIM]Br (a) and [OMIM]Br (b),

respectively.

For that reason the IL molecules minimize their water accessible surface area in order to

reduce their hydration energy‘w'44

and form aggregates by the increased van der Waals
interactions between the hydrophobic alkyl chain length of IL molecules.*® In addition to
that the addition of LiCl increases the surface viscosity of the IL mixtures as IL
molecules with hydrophobic alkyl chain length behaves as surfactant in its aqueous
solutions.*>*® Thus four factors contribute to the enhancement in the viscosity in aqueous
solutions of LiCl containing ILs. (1) The contribution from the increased microviscosity
around the high charge density Li* cations; (1) the contribution from the increased
aggregates of IL; (I11) the contribution from the increased surface viscosity of the fluids;
and (IV) the contribution from the increased number of particles with the increase in the

compositions of LiCl. In addition to this, the model proposed by Zhang et al.? can also be
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applied to explain the S-O behavior of LiCl in its aqueous solutions containing ILs.
Firstly, because of higher affinity of Li* ions towards water molecules, it disturbs the
hydrated water molecules surrounding the IL cations. Secondly, increase in the
composition of LiCl increases the surface tension of the mixtures. As a result of which
the formation of cavity"’ becomes difficult to incorporate the IL molecules. Therefore,
the interactions between the IL molecules increase leading to the formation of aggregated
particles inside the solutions; resulting into the enhancement in the bulk viscosity, 7ok Of
the mixtures. Similarly, the enhancement in the viscosity for Gn,SO4 in their aqueous
solutions containing IL behaves in a similar way to that of LiCl.

6.4.1.3. The Effect of Perchlorate Salts

The perchlorate ion is known to be a well known water structure-breaker or S-I
(chaotropic) in nature.*”*® In the current investigation, we have taken two perchlorate
salts (LiClO4 and NaClO,) with the variation in their cationic counterpart and studied its
effect on the viscosity of its aqueous solutions containing different hydrophobic alkyl
group substituted imidazolium based ILs which are depicted in Figure 9. Figure 9(a) and
(b) represents the effects of LiClIO, and Figure 9(c) and (d) illustrate the effects of
NaClO, on the viscosity of its aqueous solutions containing [BMIM]Br (Figure 9a and c)
and [OMIM]Br (Figure 9b and d), respectively. In the case of [BMIM]Br, both the CIO,4
salts increase the viscosity of the mixtures with the increase in their composition and the
same trend is observed in all the studied compositions of ILs. The magnitude of viscosity
is higher for LiClIO4 as compared to that of NaClO4. This is due to the more kosmotropic
nature of Li* cation as compared to that of Na* ion.** Also the value of change in the
structural entropy (ASgr) provides the information of local ordering of water molecules
around the ions.** The AS value for Li* is six times higher as compared to that of Na* (-
96 J. K™*. mol™ for Li* and -16 J. K. mol™ for Na*).** It means the water molecules are
more structured around the Li* ion as compared to that of Na*. This result in the more
enhancements in the local viscosity or microviscosity, 7micro around the former ion as
compared to the later one and therefore, the 7puk for LiCIO4 mixture is more as compared
to that of NaClO, mixture. However, for [OMIM]Br mixtures an unusual behavior in

viscosity is observed with the increase in the compositions of ClO,". It has been observed
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that an initial decrease in the viscosity with the increase in the compositions of CIO4
followed by an enhancement at lower compositions of [OMIM]Br. It suggests viscosity
versus composition of CIO, passes through a minima and is vanished at higher
compositions of [OMIM]Br. The minima observed for ClIO, containing salts are shown

in one of our previous report.*
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Figure 9. The 7 versus mgy; plots for x,. = 0.05 ({J), 0.06 (O), 0.07 (A), and 0.1 (V) for
LiClO4 in [BMIM]Br (a) and [OMIM]Br (b); and NaClO, in [BMIM]Br (c) and
[OMIM]Br (d), respectively.

In the case of aqueous perchlorate solutions of [OMIM]Br, there is the possibility of
hydrogen bonding interactions between the C2-H atom of imidazolium ring with the

oxygen atom of ClO, ion.2*! Also the density of water molecules is more around a
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hydrophobic surface as compared to that of the bulk.>? These water molecules are more
compressible®® and forms ‘iceberg’ around the hydrophobic surface.*? Thus, beside the
interactions of the polarizable CIO," anions with the C2-H atom of imidazolium ring of
ILs, it also interacts with the hydrophobic hydrated water molecules present around the
hydrophobic alkyl chain length of ILs.*® It was also reported that the polarizable, low
charge density halide ions like I” (chaotrope) shows more surface preference as compared
to that of the bulk and the cost of cavitational energy required to form a cavity around a
water-hydrophobic interface is nearly half of that in the bulk.>® It means chaotropic ions
prefer to stay around the hydrophobic surface and are thermodynamically more stable as
compared to that in the bulk. Lopez-Leon et al. reported that the rigid chaotropic ion-
water complex create difficulty in the approaching of the two hydrophobic surfaces to
come closer to each other.>® Thus, from all of the above reports we can infer that with the
increase in the compositions of CIO, ions it interacts with the hydrophobic hydrated
water molecules present around the hydrophobic alkyl chain length of ILs and thereby

#2243 and forms semi-hydrated species®® around the

breaks the iceberg networks
hydrophobic alkyl chain length of ILs and get satisfied its rest of the hydration energy
through the dispersion interactions with the hydrophobic alkyl chain length of ILs. This
increased dispersion interactions between the semi-hydrated CIO4 anion® with the
hydrophobic alkyl chain length of ILs increases the repulsion between the alkyl chain
lengths of ILs and therefore, the attractive component of the van der Waals interactions
between the alkyl chain length of 1Ls* is being reduced resulting in the breakdown of the
aggregated species inside their aqueous solutions containing S-1 salts and are
schematically shown in the Figure 10. However, CIO, salts increase the viscosity of
[BMIM]Br mixtures whereas it decreases the viscosity of [OMIM]Br mixtures. Weak
attractive van der Waals interactions are broken in case of [BMIM]Br mixtures as this IL
forms weaker aggregates in their aqueous solutions.** However, strong and definite
aggregates® are broken in the case of higher —CgHi7 chain length substituted [OMIM]Br.
In addition to that more number of icebergs are broken in case of [OMIM]Br as
compared to that of the [BMIM]Br due to the higher hydrophobic surface area with
higher hydration number in case of former IL as compared to the later one.*? However, as

the contribution towards the viscosity of the mixtures from the increases in the number of
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particles due to increased compositions of salt dominates over the contribution coming
out from the sum of the decreased van der Waals interactions between the —C4Hgy group
of IL and less number of breaking of iceberg; results in the enhancement in the viscosity
of the [BMIM]Br mixtures with the increase in the compositions of ClO4" ions. On the
other hand, in the case of [OMIM]Br mixtures the sum of the contribution from the
decreased van der Waals interactions between the hydrophobic —CgHj7 chain length of
[OMIM]Br*® and breakdown of icebergs** dominates over the increased number of
particles with the increase in the compositions of ClIO, salt resulting in the decrease in
the viscosity of the [OMIM]Br mixtures.

'@' .Q'

«Qr iQn.
AR A A

Figure 10. Proposed schematic representation of the interactions of polarizable CIO,
anions (light violet circle) with its rigid hydration shell (red circle represents the oxygen
atom of water molecule) with the aggregates of [OMIM]Br IL (bromide anions and
cationic part of salts are not shown for better representation) representing the increase

repulsion between the hydrophobic —CgH;7 chain length of IL.

However, this decrease in the viscosity values is limited up to a particular composition
and yielding a minimum in the viscosity. The viscosity of the mixtures is again increase
beyond that minimum. This behavior is only specific for lower compositions of ILs that
is up to x;. = 0.07 and is being disappear with the increase in the x,_ to 0.1. This study
clearly demonstrates that with the increase in the compositions of higher alkyl chain
length [OMIM]Br in the mixture, more number of aggregated species are formed in its

aqueous salt solutions and for that reason it requires higher composition of ClO, salts to
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break all the formed aggregates. The change in the structural entropy, ASsy, for ClO4™ ion
(+38 J K mol™) in its aqueous solution is also in support of the above discussions.** This
positive change in the value of AS«y, for perchlorate ion in its aqueous solution indicates
that the local ordering of water molecules around the CIO,4" ion get reduced as compared
to the system without it. Therefore, the local viscosity or microviscosity, #7micro around the
ions is being reduced. Consequently, the bulk viscosity, mmk iS being reduced for the

mixtures containing perchlorate ions.

It was reported that the surface viscosity of diethanolamine derivatives of n-
alkylsuccinic anhydride (alkyl = dodecyl, tetradecyl, and octadecyl) in aqueous S-O,
NaCl salt is more as compared to that of S-1, NH;NO3 salt.** The imidazolium-based ILs
behaves as surfactant in their aqueous solutions and critical aggregation concentration
(cac) of the [OMIM]" based ILs are smaller as compared to that of [BMIM]" based ILs.*
It means [OMIM]Br has more surface preference as compared to that of [BMIM]Br.
Therefore, the S-1 salts like LiClIO, and NaClO, reduce the surface viscosity whereas in
case of S-O LiCl and Gn,SO,, the value of surface viscosity is increases for its aqueous
solutions of IL mixtures. This effect is more pronounced in case of [OMIM]Br compare
to that of [BMIM]Br because of the higher surface preference for the former IL as
compare to that of the later one. The aggregated [OMIM]Br present on the surface of the
ternary mixtures are being disturbed by the S-I salts* resulting in the decrease in their
surface viscosity values and is reflected in the bulk viscosity, 7k observed in case of
aqueous S-1 salts of [OMIM]Br. However, in case of lower hydrophobic [BMIM]Br and
[HMIM]Br the value of surface viscosity is insignificant because of its negligible surface
preference.

Though both the GnCl and CIO, salts are S-I in nature; the purpose of discussing the
effect of GnCl on the viscosity of IL mixtures in a separate section is because of its
different molecular mechanism as compared to that of the ClO,  salts.
6.4.1.4. Effect of GnCl
Guanidinium chloride (GnCl) is widely used over a three quarter of a century as a protein
denaturant,®* decreases the hydrophobic interactions between hydrophobic particles® and

increases the solubility of hydrophobic and organic compounds in their aqueous
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solutions.*® It has negative value of enthalpy of hydration, AHpyq (-602 kJ mol™) and
entropy of hydration, ASpyq (-63.7 J K™ mol™),*® positive value of viscosity B,, coefficient
(0.058 dm* mol™)*® and increases the surface tension of water.*® These properties support
the kosmotropic or structures-making (S-O) behavior of GnCl.
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Figure 11. The 7 versus mgnci plots for [OMIM]Br (L1), [HMIM]Br (O), [BMIM]Br
(A\) for 0.05x._ (a) and 0.06x_ (b). Also plots for [BMIM]Br (c) and [OMIM]Br (d) with
0.05x,. (1), 0.06x;. (O),0.07x,. (4\) are shown for better comparison purposes.

However, the positive value of structural entropy of hydration, ASgy, (83 J K1 mol'l)56 is
in support of the chaotropic or structure-breaking (S-1) behavior of GnCl in its aqueous

solutions. Others reports also suggest the chaotropic nature of GnCl.>>°"*® |t was reported
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that the viscosity of the salt solutions of surfactants gives an indirect information about
the hydrophobic interactions between hydrophobic particles,”® means a decrease in
hydrophobic interactions decreases the viscosity of solutions and vice versa. The work of
these authors leads to the motivation of choosing GnCl in our current investigation to
understand its effects on the viscosity of its aqueous solutions containing hydrophobic
alkyl group substituted imidazolium bromide-based ILs which is depicted in Figure 11.
Increase in the composition of GnCl increase the viscosity of mixtures containing lower
hydrophobic alkyl group substituted ILs viz. [BMIM]Br and [HMIM]Br. However,
increase in the hydrophobic alkyl group of IL to —CgHj7 as in [OMIM]Br, a decrease in
the viscosity of mixtures are observed and the results are shown in the Figure 11 (a) and
(b) for the x;. = 0.05 and 0.06, respectively. The trend in the viscosity is same with the
varying in the compositions of ILs as are shown in the Figure 11(c) and (d) for
[BMIM]Br and [OMIM]Br, respectively.

It has been reported that the number of Gn" ions near a hydrophobic polymer are
more as compared to that of the bulk.>® Also the dehydrated guanidinium ions®® bind and
stay parallel to the flat hydrophobic plates and place it in between the two non polar
surfaces.®® Being hydrophobic in nature, Gn* ions are expelled from the bulk water and
displace the hydrophobic hydrated water molecules (icebergs) present around the
hydrophobic polymer and thereby enhancing its density around it.>> As we have taken
different hydrophobic alkyl group substituted ILs; therefore the mechanism of
interactions of GnCl with the hydrophobic alkyl chain length of ILs are similar to that of
its interactions with the hydrophobic polymer.

First it will create a cavity*’ for itself in its aqueous solutions containing ILs. In the next
step the Gn* cation starts interacting with the hydrophobic hydrated water molecules® as
the possibility of axial interactions are blocked due to the steric hindrance and
consequently break the icebergs of water molecules present around the hydrophobic alkyl
group of 1Ls.*? Then accumulation of Gn* ions takes place®® with their cationic plane
facing parallel towards the hydrophobic alkyl chain length.?® Increasing the composition
of GnCl increase the stacking of Gn* ions around the hydrophobic alkyl chain length®°
and exert a repulsive interaction between the ILs as depicted in Figure 12. As a result of

which it decreases the van der Waals interactions between the alkyl chain length of
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ILs***® and thus decrease the aggregates of IL* in their aqueous solution of GnCl. The
breaking of the strong aggregates of [OMIM]Br*® decrease the surface viscosity® of the
IL mixture. Four major effects are contributing towards the viscosity of the aqueous GnCl
solutions of ILs. (1) Increase in the number of particles with the increase in the
compositions of GnCl; (1) effect of GnCl on the iceberg formed around the hydrophobic
alkyl chain length of ILs;*? (111) effect of GnCl on the van der Waals interactions present
between the hydrophobic alkyl chain length of ILs* and (IV) effect of GnCl on the

surface viscosity of IL mixtures.*

Figure 12. Proposed schematic representation of interaction of parallel stacking of Gn*
cations of GnClI with the —CgHj7 chain length of [OMIM]Br (Br” ions are not shown for
better representation). Red, blue and yellow represents the carbon, nitrogen and hydrogen
atom of Gn" cation, respectively. Light violet color represents the Cl™ anion and near to
that water molecules are shown with red center as the oxygen atom.

Three of them that are the (1), (I111) and (IV) decrease the bulk viscosity whereas, the
contribution coming out from the effect (I) enhance the bulk viscosity, 7.k for aqueous
GnCl solutions of [OMIM]Br. In case of higher hydrophobic —CgH;7 group substituted
[OMIM]Br, the decreasing contribution towards the 7k, cOming out from the effect (11),
(1) and (1V) dominates the increasing contribution towards the 7 coming out from
the effect (). Therefore the bulk viscosity, 7k 0f the [OMIM]Br mixture decrease with
the increase in the composition of GnCl. However, in the case of lower hydrophobic alkyl
group substituted ILs viz. [HMIM]Br and [BMIM]Br, the later increasing effect

dominates over the former decreasing effects leads to an overall enhancement in the 7pyk.
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6.4.1.5. Effect of Anions

The anion of a salt shows interesting effects on the viscosity of the salt solutions of ILs.
Though the effect of individual salts has been already discussed in the previous section of
the manuscript, however here we discuss it separately by focusing on the effects of
anions on the viscosity of its aqueous solutions containing alkyl group substituted
imidazolium-based ILs. Figure 13(a) represents the effects of CI° (LiCl) and CIlO4
(LiClQO4) on the viscosity of their aqueous solutions containing alkyl group substituted
imidazolium bromide based ILs. Both LiCl and LiClO, increase the viscosity of their

aqueous salt solutions of lower alkyl chain length substituted ILs viz. [BMIM]Br and
[HMIM]B.

7 (cP)
n(cP)

msalt (mol kg™1) msalt (mol kg™1)

Figure 13. The 7 versus msa; plots for (a) [OMIM]Br with aqueous solutions of LiCl ([),
LiClO,4 (O), [HMIM]Br with LiCl (V), LiCIO4 (A), [BMIM]Br with LiCl (¥), LiCIO,
(<), (b) [OMIM]Br with Gn,SO4 (1)), GnCl (O), [HMIM]Br with Gn,SO4 (A), GnCl

(V), [BMIM]Br with Gn,SO4 (<>), GnCl (¥%). In all the cases the composition of ILs are
fixed as x,. = 0.07.

However, the magnitude of enhancement for LiCl is more as compared to that of LiClO,4
and that is in accordance with the Hofmeister series. The CI™ is present above the CIO,
ion in the Hofmeister series. Therefore the salting effect exerted by CI" is more as

compared to that of CIO,™ ion. For that reason the enhancement in 7,k by CI" (LiCl) is
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more as compared to that of ClO, (LiClO,). Also the effect of CI" and SO4* on the
viscosity of its aqueous solutions containing ILs has been studied by taking GnCl and
Gn,SOq4, respectively and the results are depicted in the Figure 13(b). Gn,SO,4 being an
anionic structure-maker (or S-O) due to its positive viscosity B-coefficient value for SO,*
ion (0.208 dm® mol™).*® It increases the viscosity in all the studied ILs. Due to the high
negative surface charge density of SO, ion, it attracts the dipole of water molecules
strongly towards itself. Thus the water molecules required for the hydration of IL
molecules are being reduced. Therefore, the cost of hydration energy of ILs are gained by
the increased van der Waals interactions*® between the hydrophobic alkyl group of ILs by
minimizing their water accessible surface area™ resulting in the formation of increased
aggregated species inside the mixtures. Consequently, the viscosity of the IL mixtures
increases with the increase in the compositions of Gn,SO,4. However, GnCl is known to
be a well known structure-breaker and are S-1 in nature.>*>> Both the Gn* and CI" of GnClI
exert a very weak influence on the structure of water®® and there is a possibility of a very
weak interaction between the GnCl with the lower hydrophobic [BMIM]Br and
[HMIM]Br due to their smaller hydrophobic surface area.> Therefore, we do not observe
a significant change in the viscosity for [BMIM]Br and [HMIM]Br with the increase in
the compositions of GnCIl. However, in case of [OMIM]Br mixtures there is a possibility
of strong interaction between the Gn* ion with the higher hydrophobic -CgHi7 chain
length.>® As a result of which decrease aggregated species®® are formed in the case of

[OMIM]Br results into the decrease in the viscosity of the mixtures.***®

Table 1. The 7vel (7725msait/ o) Values as an indication of salting behavior for different
salts in aqueous salt solutions of ILs. In all the cases the composition of IL is fixed

as, = 0.07 x,..

Systems et (772.5m sait/ 770)
XL = 0.07 + Aqueous salt solutions
[BMIM]Br + LiCl 1.46
[HMIM]Br + LiCl 1.66
[OMIM]Br + LiCl 1.64
[BMIM]Br + LiCIO, 1.29
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[HMIM]Br + LiClO, 1.44

[OMIM]Br + LiCIlO4 0.78
[BMIM]Br + GnCl 1.09
[HMIM]Br + GnCl 1.02
[OMIM]Br + GnCl 0.83

[BMIM]Br + Gn,SO4 1.88

[HMIM]Br + Gn,SO4 1.78

[OMIM]Br + Gn,SO, 1.24

In addition to that, the effect of these anions is also following the Hofmeister effect. The
SO4% ion is present much above in the Hofmeister series as compared to that of CI™ ion
and therefore the salting effect exerted by the former ion is more as compared to that of
later CI" ion. For that reason SO4* (Gn,SO4) show more enhancement in viscosity as
compared to that of CI” (GnCl) ion.® However, the magnitude of both the S-1 and S-O
behavior of salts are changed with the change in the hydrophobic alkyl group substitution
in ILs and can be understood by comparing the 7 (772.5m sai/ 70) Values; where 725m sait
and 7 represent the viscosity of 2.5 mol kg™ aqueous salt solution in IL and aqueous IL
without salt, respectively. The purpose of selecting 2.5 mol kg™ of salt composition is for
its better comparison purpose because of its maximum change in the #mp,k Value
compared to that of the pure system. It is very clear from the above Table 1 that the
salting behavior of salts changes with the change in the hydrophobic alkyl group

substitution in ILs as given below.
[BMIM]Br < [HMIM]Br ~ [OMIM]Br (LiCl)
[BMIM]Br > [HMIM]Br < [OMIM]Br (LiClOy)
[BMIM]Br < [HMIM]Br < [OMIM]Br (GnCl)
[BMIM]Br > [HMIM]Br > [OMIM]Br (Gn,SO.)

The S-1 behavior of GnCl is increases with the increase in the hydrophobic alkyl group
substitution in ILs. On the other hand, the S-O behavior of Gn,SO,4 decreases with the
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increase in the alkyl chain length of ILs. The S-O behavior of LiCl salt is also similar to
that of Gn,SO,4. However, the S-O behavior of LiCl is nearly same for the [HMIM]Br and
[OMIM]Br. On the other hand, the S-1 behavior of LiClO4 in [OMIM]Br is more as
compared to that of [BMIM]Br. However we are unaware about the higher S-1 behavior
of LiClO4 in [BMIM]Br as compared to that of [HMIM]Br.

Hard and soft nature of ions can be used for the explanation of the viscosity of the
aqueous salt solution of IL mixtures. According to the Pearson’s HSAB concept, “hard

prefers to interact with hard and soft prefers to interact with soft”.*"%?

/ SO,* > CI > Br > CIO; \

Lit > Nat > Gn?t
Hardness decreases
Softness increases

HZOBqu > HZOSurface

\ [BMIM]*> [HMIM]* > [OMIM]* /

Chart 2. Increasing order of softness of salt ions, surface and bulk water molecules, and

the imidazolium cation of ILs.

The salt ions used in our current study are arranged in the chart 2 in the increasing order
of their softness. The water molecules present around the hydrophobic surface of alkyl
chain length of IL cation (hydrophobic hydrated water molecules) are softer than that
present in the bulk.>® The IL cations are also arranged in the increasing order of their
softness. [OMIM]" is more polarizable and possess diffuse electron cloud density as
compared to that of [BMIM]" and hence the former is considered to be a more softer
cation as compared to that of the later one. Both the Li* and CI ions are hard in nature
and preferably interact with the hard bulk water through the ion-dipole interactions. For
that reason the demand of the hydration energy of the ILs increases with the increase in
the composition of LiCl in the system; as more numbers of water molecules are engaged

in the hydration of hard Li* and CI" ions. Consequently, aggregated species are formed
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resulting into the enhancement in the viscosity of IL mixtures containing aqueous
solutions of LiCl. Similarly the S-O behavior of Gn,SO, can also be explained in a
similar manner considering the dominating effect of hard SO,* ion over the soft Gn* ion.

In the case of aqueous solutions of LiClO, and NaClO4 containing ILs, both the alkali
metal cations are hard and prefer to interact with the hard bulk water molecules.
However, the polarizable CIO,4 ions are soft in nature and are prefer to interact with the
soft imidazolium cation of ILs.°? In addition to this, the soft polarizable CIO, ion
interacts with the soft water molecules (icebergs) present around the hydrophobic alkyl
chain length of 1Ls.>? Consequently, it breaks the iceberg of water molecules® and
increases the repulsion between the alkyl chain lengths resulting in the decreased
aggregates of ILs. Thus, a decrease in the viscosity is observed in the case of [OMIM]Br
mixtures as compared to that of lower alkyl chain length substituted ILs like [HMIM]Br
and [BMIM]Br, since stronger aggregates are broken in case of former as compared to
that of the later ILs.* As a S-1 salt, the behavior of GnClI can also be explained in a

similar manner like that of ClO, salts.
6.4.2. CONCLUSIONS

In conclusion, the S-1 and S-O behavior of salts are higher with the increase in the
hydrophobicity of the IL cation. The S-O effect of Gn,SO, is higher as compared to that
of LiCl in lower alkyl group substituted ILs like [BMIM]Br and [HMIM]Br however,
with the increase in the hydrophobic alkyl group substitution in IL cation to —CgH;7 as in
the case for [OMIM]Br, the S-O effect of LiCl is being dominated and shows more S-O
behavior as compared to Gn,SO,. Although the chaotropic ClO," salts and GnCl reduces
the viscosity of higher hydrophobic [OMIM]Br mixtures however, the mechanism of

reduction in viscosity is completely different in both the cases.
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In short we can deduce the following conclusions from our work.

1) From the study of the diffusional behavior of *H NMR active nuclei the following

conclusions can be drawn:

(a) From the self-diffusion coefficient studies it has been shown that the diffusional
motion of smaller particle diffuses faster as compared to the larger molecules. On the
other hand, the translational and rotational behavior of [IL]" shows different behavior.
Addition of salts into the IL system induces the perturbation in the nanostructural
organization of ILs. In addition to this the acidity of the C2 proton has been also studied
from the change in its chemical shift values and shows that LiCl increase the acidity of

C2 proton more as compared to the LiClO,.

(b) From the second section of the studies we conclude that the Stokes-Einstein equation
strongly violates in the case of diffusional motion of water molecules. The frictional
coefficient obtained from it can be used as an alternative parameter for the measurement

of microviscosity experienced by each *H NMR active nuclei.

The study of these transport phenomenon and microviscosity in aqueous Li*
containing salt mixtures of ILs provide a better understanding of these mixtures for their

potential applications.

2) From the second part of our study regarding the water in hydrophobic IL confined
media we conclude that the IL can be a better replacement for the volatile organic
solvents for the preparation and applications of microemulsions. Water in [BBIM][NTT,]
microemulsions has been successfully studied with non-ionic TX-100 as the surfactant.
NMR relaxation studies have been carried out to understand the microviscosity and pH of
the aqueous IL confined media and it was found that increase in the composition of water
decrease the microviscosity of the miceller core. The mole fraction of bound water and
free water molecules shows inverse relationship with each other as a function of water
composition. The micropolarity of the studied confined media is found to increase with
the increase in the composition of water. Study of these physicochemical phenomenons
in the water in IL confined media helps the scientific community in order to apply them

as a medium for enzymatic reactions and material synthesis.
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3) In the final section of our study regarding the effect of denaturants on the viscosity of
aqueous IL mixtures with the hydrophobic alkyl group substitutions in cationic part of
ILs the conclusions obtained are as follows:

The salting behavior of urea is being reversed with the increase in the hydrophobic
alkyl group substitution in the imidazolium-based ILs. In addition to this, other salting-in
agents substantially reduce the viscosity of the higher alkyl group substituted ILs as
compared to the lower alkyl group substituted imidazolium-based ILs. Understanding of
these salting phenomenons in the IL systems can contribute a significant amount of

knowledge in order to understand the mixtures of ILs.
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5. APPENDICES

8.1. Appendix A: NMR Spectra of lonic Liquids
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