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Abstract

In this Thesis, the molecular arrangements and motions in complex liquids and multi-
component mixtures have been investigated, where longer-ranged interactions and the liquid-
phase separation line critically affect the liquid phase structure and dynamics. These systems
remain in liquid phase at room temperature via depression of freezing points either due to non-
localization of charges or because of extensive H-bond interactions between components. lonic
Liquids (ILs) and deep eutectic solvents (DESs) are the examples for these two types of systems
which are also very useful reaction media for chemical reactions. Both ILs and DESs possess
tremendous application potential and technological relevance as they are moisture-stable, heat-
resistant (up to certain limit), and can solubilise a wide variety of environment. In addition,
some DESs are biodegradable, cheaper than ILs and can be handled with relative ease. Addition
of molecular solvents to ILs can alter viscosity and polarity dramatically. Polarity of DESs can
also be altered through the choice of components. As a result, solvent engineering for tailoring

a reaction toward a designed product becomes easier with these media.

In first part of my thesis, the structure and dynamics of [BMIM][PFe¢] + acetonitrile/1,4-
dioxane/hexane binary mixtures been studied in molecular details through atomistic
simulations. These simulation studies investigate the cosolvent polarity and concentration
dependencies of solution structure of these binary mixtures through the examination of radial
and spatial distribution functions, coordination numbers and the VVoronoi polyhedra analyses.
The cosolvent polarity dominates the solution structure at high IL concentrations, and the IL
segregates into polar and non-polar domains in the dilute IL solutions, their extent being
strongly dependent upon cosolvent polarity. Also, VVoronoi polyhedra analyses indicate broader
void and neck distributions upon dilution of the IL by cosolvents, suggesting increased
heterogeneity in the solution structure of the binary mixtures. Moreover, the effects of addition
of cosolvents on dynamics of IL have been examined via the calculations of mean square
displacements (MSDs), non-Gaussian and new non-Gaussian parameters, four-point
correlation functions and other dynamical heterogeneity parameters. Diffusivity of the IL ions
and the DH time scales become faster on adding the co-solvent in the IL mixtures and

subsequently they show the cosolvent polarity dependence.



Next, molecular dynamics simulations of (choline chloride + urea) deep eutectics solvents
(DESs) at various temperatures have been performed to investigate the heterogeneous
reorientation and H-bond fluctuation dynamics in these systems. Simulated rank-dependent
collective single particle reorientational and structural H-bond relaxations in these DESs
explain the microscopic origin of the time scales obtained from available temperature
dependent Dielectric relaxation (DR) measurements. Experimental evidence of pronounced
heterogeneous reorientation dynamics indicated by strong fractional viscosity dependence of
average DR times is further supported by strong translation-rotation decoupling and significant
deviation of average simulated reorientational correlation time from Debye’s law of stochastic
angular displacements. The stretched exponential relaxations of simulated self-dynamic
structure factors and non-Gaussian single particle displacement distributions also support the
strong dynamical heterogeneity in these DESs.

In the other section of the Thesis, extensive and thorough simulation study of a recently
reported naturally abundant deep eutectic solvent (DES), (Betaine + Urea + Water) in the
weight ratio (11.7:12:1) have been discussed. Here, the simulation results provide a detailed
investigation of structure and dynamics of this DES. Presence of strong dynamic heterogeneity
in this system has already been indicated by the break-down of hydrodynamics via the
fractional viscosity dependence of solute solvation and rotation times. Our simulated dynamic
heterogeneity features such as non-Gaussian distributions and self-dynamic structure factors
confirm the dynamically heterogeneous nature of the DES system. In addition, signature of
water clustering is reflected from the comparison of simulated radial distribution functions
(RDFs) in the present DES and that in neat water system. Moreover, we have studied the
detailed hydrogen bond structure and dynamics of inter-species water molecules in this DES,
where water is present as a minor yet integral component, which show a drastically deviated
H-bond structure in this DES compared to that in neat water system. Also, the effects of ionic
environment on H-bond structure and dynamics have been studied by comparing the results
between this ionic betaine-based DES and neutral (Glucose + Urea + Water) DES. Water
hydrogen bond length as well as the water-water H-bond relaxation dynamics respond to the

effect of ionic environment.
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Chapter 1

Chapter 1

Introduction

Role of solvent as reaction media and their dynamics on chemical reactions have been an
important subject in physical chemistry. As dynamic solvent response dramatically changes in
presence of long-range interactions ! in a given reaction medium, presence of such
interactions can profoundly impact the outcome of a diffusion-limited chemical reaction. For
such diffusion-controlled reactions, medium heterogeneity can play a decisive role in
controlling the reaction rates. Spatial and temporal heterogeneities in a medium can be
introduced by inducing metastability. This metastability may arise by lowering the solution
temperature or by other means. For chemical reactions, heterogeneity effects should arise from
alternative sources because a majority of the chemical reactions occur at temperatures much
above the glass transition temperatures. lonic liquids 213 are ready examples for such room
temperature metastable liquids because shape and size asymmetries coupled with side-chain
motions (entropy gain) generates structural frustration which, in turn, resist oppositely charged
ions to sit firmly in their designated lattice points. Extended charge distributions and side chain
motions of the large multiple groups attached to the molecular ions constituting ionic liquids
are responsible for producing the molten state at or near the room temperature. Deep eutectic
solvents (DESs) %22 constitute another example of such metastable liquids which supports
spatial and temporal heterogeneity of varying degrees. As in ionic liquids, ionic DESs also
possess ion-ion (u;;(r;;) o r;;*), ion-dipole (o< ;%) and dipole-dipole (oc r;;?) interactions.
These two media possess tremendous potential for industrial applications 223, as they can
successfully replace a large number of common but hazardous organic solvents as reaction
media. The role of these solvents as reaction media can be improved by adding cosolvents into
them, as dilution with cosolvents alter the viscosity and polarity dramatically. DESs are the
multi-component molten mixtures and obtained via mixing the pre-weighed constituents,
melting and then allowing slowly to cool down to room temperature®®. Depression of freezing
points in these systems mainly arises from the extensive interspecies H-bonding and the gain
in entropy for being in the liquid phase. Since, tailoring reactions towards the desired products
becomes easier with these media, DESs have become popular. However, for smarter and more
appropriate applications, one requires a thorough understanding of interaction and dynamics in

these systems. Signatures of spatial and temporal heterogeneities is a common characteristic
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Chapter 1

of ionic liquids and DESs, and both experimental 24“® and simulation studies *>* have

repeatedly reflected that.

Medium heterogeneity suggests the presence of spatial and temporal local features at the
microscopic length-scales in liquid systems, and it affects the transport properties of the
same®>8, The heterogeneity impact on transport properties comes via departures from the
hydrodynamic solvent friction dependence. Structural or spatial heterogeneity **° indicates
different local arrangement of molecules producing micro-domains (spatial correlations),
whereas temporal heterogeneity’* " (or dynamical heterogeneity) refers to the temporally
correlated domains distributions relaxation rates. These spatial and temporal correlations lead
to the existence of mobile and immobile particles in a given metastable system. On the basis
of classification of these mobile and immobile particles, transport properties of metastable
liquids can be understood. As a consequence of spatial heterogeneity in a given system,
temporal heterogeneity may occur. However, the presence of temporal heterogeneity does not
necessarily guarantee the spatial heterogeneity. The signature of dynamic heterogeneities has
been indicated via the experimental evidence of breakdown of hydrodynamic relations 24
2630.76 In heterogenous systems, particle displacements show deviation from the Gaussian
distribution for homogeneous liquids 7’. It is known that a dramatic slowing down of
dynamics’® occurs for super-cooled liquids near glass transition, and this is obvious from the
temperature-dependent viscosity (1), diffusion coefficient (D), structural relaxation time (1)
and other measures of liquid dynamics. A remarkable slowing down in momentum transfer
occurs near glass transition, where viscosity becomes ~ 102 P. In such liquids, dynamics of a
particular region may be different from its adjacent regions. The calculated density correlation
functions in these systems may show stretched exponential relaxation behaviour with the

exponent value, £, much less than unity.

Various experimental studies including the time-dependent fluorescence Stokes shift (TDFSS),
and dynamic fluorescence anisotropy measurements have provided evidences for the existence
of dynamic heterogeneity in several neat ILs 3% In addition, heterogeneous dynamics in
binary mixtures of IL with small molecular solvents have been characterized by TDFSS and
dielectric relaxation (DR) measurements 384142474986 gy hsequently, simulation studies of neat

ILs and their binary mixtures > have revealed the presence of DH via non-Gaussian features,



Chapter 1

single particle displacement distributions and van Hove correlations. Although, the
heterogeneous dynamics in several neat ILs have been investigated in various experimental
848790 and simulation studies ">83%%%3 the same in their binary mixtures with common small
molecular solvents °* are limited. As already mentioned above, addition of cosolvents into ILs
reduces the viscosity co-efficient () due to screening of Coulomb interactions, and the
dependence of n on solvent composition ¢ suggests significant changes in the spatial and the
temporal correlations. The impact of polarity of cosolvents on the interaction and dynamics of
binary mixtures of ILs with cosolvents have remained unexplored. The focus of the present
Thesis is, therefore, the investigation of spatio-temporal heterogeneity and its impacts on
several solvent properties of ILs, binary mixtures of ILs with common solvents, and deep
eutectic solvents. In addition, attempts have been made to uncover the impact of cosolvent
polarity on the spatio-temporal heterogeneity inherent to a neat ionic liquid. As described
before, DESs have become one of the preferred alternatives to common solvents as reaction
media due to their low toxicity, easy transportation, easy synthesis protocol %! and a wide
window of choice for constituents forms ionic and non-ionic compounds . For example, ionic
DESs are chosen by taking electrolytes as one of the components and non-ionic DESs can be
obtained by mixing and melting non-ionic compounds. DES made of amide and urea ! is an
example. In addition, mixture of quaternary ammonium salt such as choline chloride and
amides, salts, sugars or alcohols 1>1° give a new set of ionic DESs. Time resolved fluorescence
studies and computer simulations 2>% provide evidences for presence of dynamic heterogeneity
in several acetamide based ionic DESs. Signatures of heterogeneous dynamics in acetamide 2*
and choline chloride based ?° ionic DESs have been revealed via the fractional viscosity
dependence of measured solvation and rotation rates of dissolved solute probes.

We have carried out extensive simulation studies of (choline chloride + urea) ionic DES to
explore the heterogeneous reorientation dynamics in these systems. Simulated rank dependent
collective single particle reorientational and structural H-bond relaxations can explain the
microscopic origin of the available DR time scales for this particular DES. The experimental
evidence of pronounced dynamic heterogeneity, indicated by the strong fractional viscosity
dependence of the experimental average DR times, is supported by a strong translation-rotation
decoupling and significant deviation of the simulated average reorientational correlation times
from the Debye law of stochastic angular displacements. The presence of strong dynamic

heterogeneity in these DESs is further confirmed by the stretched exponential behavior of the

3
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simulated self-dynamic structure factors and non-Gaussian single particle displacement

distributions.

There exist another class of green and eco-sustainable DESs containing naturally abundant
compounds such as amino acids, urea, sugars etc 2%%4-%, These DESs are called the naturally
abundant DESs (NADESs) %1%, To understand the interaction and dynamics in one such
NADES that contain betaine (trimethyl derivative of glycine amino acid), urea and water,
steady state and time-resolved fluorescence measurements®” have been performed recently.
These measurements have revealed a strong fractional viscosity dependence of the average
solute rotation and solvation rates. We have performed molecular dynamics simulation study
of [{Bet+Ure+wat}, weight ratio (11.7:12:1)] DES to explore the microscopic origin of the
experimentally observed fractional viscosity dependence. Simulated non-Gaussian
displacement distributions confirm the experimental evidence of strong heterogeneous
dynamics in this DES. Also, drastically different dynamics of water in this system is reflected
by the enormous slow relaxation and long correlated timescales. In addition, the molecular
level view of water structure and dynamics in this type of hydrogen-bonded system have been
investigated. Note in this NADES that water is present as an integral yet minor component.
Also, we have explored the effects of ionic environment on water structure and dynamics in
this [Bet+Ure+Wat] ionic DES and compared with another reported glucose-based neutral DES
[Glu+Ure+Wat] 108,

The work that constitutes this Thesis has been described in 7 different chapters where the first
chapter is the Introduction. In chapter 2, composition dependence of solution structures of the
binary mixtures of 1-butyl-3methyl-imidazolium hexafluorophosphate ([BMIM] [PFs]), and
three different cosolvents of comparable sizes but differing polarities have been explored via
molecular dynamics simulation study, which provides detailed analysis of dependence of
microscopic solution structure of these IL mixtures on the nature of interaction between IL and
cosolvents. The cosolvents used here are acetonitrile (dipolar), 1,4-doxane (quadrupolar) and
hexane (non-polar) and seven different IL mole fractions Fi.=1.0, 0.90, 0.75, 0.50, 0.25, 0.10,
0.0 have been considered. The interaction of these cosolvents with the IL provides microscopic
reflection of differing solubilities via the calculations of radial distribution functions and it

indicates the preferable interaction between IL with both acetonitrile and dioxane than that with
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hexane. This makes acetonitrile and dioxane more miscible in [BMIM] [PFe] than hexane.
Examination of composition dependent radial distribution functions (RDFs) in these three
binary mixtures reveal that IL solution structure is dominated by cosolvent clustering at high
IL concentrations, and segregation of IL into polar and non-polar domain in dilute IL solutions.
Also, the extent of aggregation behavior of [BMIM] [PFe] IL at low IL mole fraction is
maximum in non-polar solvent hexane, which can be explained by relatively shorter Debye
screening length. This observation is further confirmed by the calculation of co-ordination
number. Also, pronounced microscopic phase segregation in (IL + hexane) mixtures is clearly
evident from spatial distribution functions. In addition, VVoronoi polyhedra analysis suggests
increased heterogeneity in the solution structure of the diluted IL mixtures through the broader

void and neck distributions upon adding cosolvents into IL.

Composition dependence of modifications on motional features of both the IL ions and
cosolvents in ([BMIM] [PFs] IL + cosolvent) mixtures via molecular dynamics simulations are
presented in chapter 3. Simulated mean square displacements (MSDs) for both of ions and
cosolvents indicate cage softening upon successive addition of cosolvents into the IL, as the
extent of sub-diffusive regime decreases in dilute IL solutions. Accordingly, the diffusion
coefficient values increases and larger diffusion coefficient values are obtained in
(IL+acetonitrile) mixtures because of favorable interaction between the IL and acetonitrile. To
search the signatures of dynamic heterogeneity and their dependence of concentrations and
cosolvent polarity, several heterogeneity parameters such as non-Gaussian (NG), new non-
Gaussian (NNG) parameters, single particle displacement distributions have been calculated in
these systems. The peak heights and time scales obtained from NG and NNG parameters
respond significantly to both cosolvent polarity and mixture compositions, where they become
faster in dilute IL solutions and among all the cosolvents they become fastest in presence of
acetonitrile. Composition dependent single particle displacement distribution suggests that the
deviation from Gaussian distribution becomes lower in dilute IL solutions. In addition, four-
point correlation functions, overlap functions, self-intermediate functions have been calculated
to examine the heterogeneous relaxations in these IL mixtures. The relaxation and correlated

time scales also show the similar polarity dependence.
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In chapter 4, we report a simulation study of [ f choline chloride + (1-f) urea] deep eutectic
solvent (DES) for f = 0.33 at temperature range 293 < T/K < 333 to explore the
heterogeneous reorientation dynamics in these systems. Simulated collective reorientational
and structural hydrogen bond relaxations in these DESs explain the microscopic origin of the
time scales obtained from dielectric relaxation (DR) measurements of the same DESs in the
frequency window 0.2 < v(GHz) < 50 at various temperatures. Experimental observations
of pronounced fractional viscosity dependence of average DR time scales suggests the presence
of dynamic heterogeneity in these DESs, which is further confirmed by the deviation of
Debye’s (I + 1) law as the ratio of simulated reorientation correlation times (7);—1 /{1);=2 <
3 is obtained for these systems. In addition, calculated translation-rotation decoupling indicates
the presence of dynamic heterogeneity in these DESs. Simulated mean square displacements
(MSDs) and various non-Gaussian parameters have been calculated here to explore the extent
of translational heterogeneity in these systems. Temperature dependence of MSDs suggests a
prolonged sub-diffusive behavior, which is the first indication of heterogeneous translational
dynamics in these DESs and at higher temperature partial homogenization occurs. Appearance
of nanoseconds or even slower DH time scales in these DESs is a reflection of stronger
heterogeneity in particle displacements. Such slower time scales correlate the time scales

obtained from earlier dynamic stokes shift and fluorescence anisotropy measurements 2°,

In chapter 5, we present simulation results on a recently experimentally studied NADES,
[{Bet+Ure+Wat}, weight ratio (11.7:12:1)] and make an attempt to explain the microscopic
origin of the fractional viscosity dependence of solute-centric non-reactive relaxation rates in
this medium. Simulated radial distribution functions (RDFs) suggests signature of water
clustering in this system. Evidence of rattling-in-cage motion of the particles is indicated from
sub-diffusive mean square displacements (MSDs), which is an indication of presence of
dynamic heterogeneity in this system. Enormous slowing down of relaxation rates and long
correlated timescales for water in this DES (in comparison to those in neat water) have been
found. All these indicate that motional anomaly at the molecular level of the DES components

is responsible for the experimental observations.

In chapter 6, we report results of our detailed simulation study of H-bond structure and
dynamics of water molecules in the NADES investigated in the previous chapter. We compare
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these results with the simulation results of a neutral glucose based NADES ([Glu+Ure+Wat,
weight ratio (6:4:1)])'% and neat water system. Water H-bond lengths obtained in this DES is
more constrained than in the glucose-based DES. Also, the effect of ionic environment on
water-water H-bond fluctuation dynamics, both continuous and structural, have been explored.
Simulated water-water H-bond dynamics in this ionic NADES have been found to be slower

than those obtained for the glucose-based DES.

Chapter 7 ends the Thesis with a brief concluding remark. In addition, several relevant yet
interesting problems have been briefly discussed which can be considered for future studies.
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Chapter 2

Cosolvent polarity dependence of solution structure in [BMIM]
[PFe] + acetonitrile/1,4-dioxane/hexane binary mixtures: Insights
from composition dependent Voronoi polyhedra analyses, iso-

surfaces and radial distribution functions

2.1 Introduction

Room temperature ionic liquids (RTILs) are generally defined as molten electrolytes that
constitute liquid phase below 373 K (<100° C) ! and composed of ions that are large and
asymmetric in which electronic charges are delocalized over extended regions. Usually, RTIL
cations or anions possess organic moieties with large alkyl chains and in combinations with
relatively smaller and more compact counter-ions produce a large variety of RTILs 2. This
extended charge delocalization and the entropy gain (mainly rotational) from the motions of
the long alkyl chains drive the lattice frustration and provide stability to the liquid phase at
temperatures much lower than those expected for systems governed by charge-charge
interactions. This may be considered as a sort of metastability which can give rise to relaxation
signatures reminiscent of those observed for deeply supercooled systems near glass transition.
These signatures often include multi-exponential or stretched exponential relaxation kinetics,
Vogel-Fulcher-Tammann ! behavior of temperature dependent viscosity and evidences for
microscopic phase segregation. The charge-charge electrostatic interactions in RTILs, although
diffused in comparison to that in room temperature solid electrolytes composed of singly
charged atomic ions, gives rise to several desirable solvent properties such as negligible vapor
pressure, non-inflammability, high electrical conductivity 2® and wide liquid range ° etc. These
properties have made the RTILs candidates for large scale applications in the industry and
technology sectors 1°. However, the high viscosity of RTILs poses a barrier for direct
applications of pure ILs 2 and, as a result, conventional molecular co-solvents are often
mixed with these ILs to enhance the fluidity and other physico-chemical properties for
generating designer solvents from these RTIL+cosolvent binary mixtures for targeted

applications. Interestingly, binary mixtures of RTILs with non-aqueous solvents have not been
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studied extensively, although aqueous mixtures have been studied extensively by applying
different experimental techniques *3*°, and computer simulations 62°, Therefore, a systematic
study of binary mixtures of RTILs with small molecular non-aqueous solvents detailing the
composition dependent microscopic solution structure and relaxation dynamics are required
not only from basic scientific point of view but also for consideration of these mixtures as

industrially important reaction media.

The microscopic segregation of neat ILs into polar and non-polar domains and the consequent
impact on motional features of the constituent ions have added extra importance to these
Coulomb fluids. Addition of water has been reported to facilitate this self-segregation and
domain formation 3. The nanoscale spatial heterogeneity and the heterogeneity in the dynamics
of ILs based on the 1-alkyl-3-methylimidazoilum cation [Cxmim]* have been reported in many
MD simulations 2131 An early indication of spatial heterogeneity in imidazolium-based ILs
was found in Raman spectroscopic measurements 32, which suggested local structure formation
in these ILs. Subsequent computer simulations 2! predicted a low wave vector peak (in addition
to the nearest-neighbour peak) which was found to become more prominent with the increase
in the alkyl chain length from C1 to C8, suggesting longer-ranged ordering # in these ILs. A
multiscale coarse-gaining (MS-CG) MD simulation study of [Chxmim] [NOs] IL indicated
aggregation of alkyl chains for the ILs having Cs4 to Cs, and no such aggregations for ILs with
shorter chains. Nanoscale structural organization in neat 1-alkyl-3-methylimidazolium-based
ionic liquids and the effects of changing the alkyl chain length were explored by other authors??,
which suggested the formation of two distinct yet microscopic domains, where the imidazoilum
ring of the cation and the anion formed a polar tridimensional network and the non-polar

domains by the alkyl tails of the cation.

Because of the presence of microscopic segregations in ILs, the solute-solvent interaction in
these ILs becomes complex **34, hosting and solvation of solute molecules in such spatially
heterogeneous media becomes different from that in otherwise homogeneous media. Single
crystal X-ray crystallographic measurements and near-infrared Raman spectroscopic studies %
explored the impact of water on the molecular structure of 1-butyronitrile-3-
methylimidazolium halide IL. Local structure and intermolecular dynamics of an equimolar

mixture of [dmim] [NTf,] + benzene, were examined via MD simulations and OKE
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spectroscopic measurements . Structural and transport properties of [P14666] [NTf2] + hexane
binary mixtures were investigated by using high-energy X-ray scattering and PG-SE NMR
measurements 3, where the persistence of the characteristic structure of the IL was noticed
even up to 80% dilution in hexane. The nanoscale structural organization and intermolecular
dynamics in [Csmim] [NTf2] + CS2 binary mixtures and their concentration dependence were
studied via MD simulations and OKE spectral analysis 3. Computer simulation studies of
binary mixtures of imidazolium-based IL, [Cemim] [FSI] and dipolar acetonitrile, reported
significant enhancements of self-diffusion and conductivities along with the modifications in
structural arrangements of IL on adding acetonitrile *. In yet another simulation study, the
solution structure along with solvation and frictional characteristics of [Imai] [BFa] +
acetonitrile binary mixtures were investigated “°. In addition, a few more experimental and
theoretical studies explored the composition dependence of solvation response in binary

mixtures of RTILs with non-aqueous small molecular solvents 4142,

Although the above-mentioned experimental and simulation studies explored structure and
dynamics of several RTIL+cosolvent binary mixtures, they are individual and disjointed
endeavours in the sense that they do not represent a unified comprehensive attempt because in
those studies the dependencies of polar-non-polar domain segregation in a given RTIL on the
polarity and concentration of co-solvent were not investigated and the impact of the cosolvent-
IL interactions operative at various lengthscales not explored. Such a thorough study is
presented here for the first time where cosolvents of three different polarities have been chosen
and the composition dependent solution structural properties, from neat to neat through several
binary compositions at 298 K, monitored via the radial and spatial distribution functions,
Voronoi polyhedra analyses, and coordination numbers. The three cosolvents are acetonitrile
(dipolar), 1,4-dioxane (hereafter dioxane; quadrupolar) and hexane (nonpolar) whose sizes
(van der Waal radii) are not too different from those of the constituent ions of the RTIL
considered here, 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM] [PFs]). Table
2.1 414347 summarizes representative physicochemical properties of these solvents to facilitate

comparison and to stress the complexities of interactions in these binary mixtures.
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Table 2.1: Physicochemical properties of the three co-solvents and [BMIM] [PFes].

Solvent MW i (D) <Q> €0 Diameter (A)
(gm) (D A)
[BMIM][PFs] ~284 [BMIM]+: ~ N/A 16 [BMIM]": 6.8
4
[PFe]: 5.4

Hexane ~78 0 0.6 1.88 7.5
Dioxane ~88 0 11.68 2.2 6.4
Acetonitrile ~41 3.92 2.49 35.9 55

Note the viscosities of these small molecular cosolvents are ~250-1000 times lower than that
of [BMIM] [PFs] which can modify the particle mobilities significantly in binary mixtures. The
static dielectric constants (g,) for dioxane and hexane are drastically different from those for
[BMIM] [PFs] and acetonitrile, while g, for acetonitrile is more than double of that estimated
for the IL. Interestingly, the dipole moment values of both acetonitrile and the IL are large and
similar, while those for dioxane and hexane are estimated to be zero. The single most important
molecular property that separates dioxane from the other two cosolvents is the very large value
of its quadrupole moment. Naturally, therefore, the charge-quadrupole interactions dictate the
relative spatial distributions of the co-solvent around IL ions in [BMIM] [PFe] + dioxane binary
mixtures, whereas the charge-dipole and charge-dispersive interactions assume the center-stage
for the same in [BMIM][PFe] + acetonitrile and [BMIM][PFs] + hexane binary mixtures

respectively.

Note the over-all solution structure in these binary mixtures derives contributions from other
additional interaction contributions as well. For example, intra-species ion-ion, ion-dipole,

dipole-dipole and dispersion interactions are common to all the three different types of binary
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mixtures at all finite IL concentrations because of the presence of the IL itself. Inter-species
dipole-dipole (for acetonitrile mixture), quadrupole-ion and quadrupole-dipole (for dioxane
mixture) and dispersive (for hexane mixture) interactions contribute to the composition
dependent solution structures and liquid-liquid phase separations. In addition, interactions
among the cosolvent molecules contribute. The distance dependence (that is, interaction
lengthscales) of these interactions and their approximate energy scales are shown in Table 2.2
48 An examination of this Table can perhaps provide a clue to what piece or pieces of
interactions should guide solution structures in these three different binary mixtures as the
concentration of the IL is gradually altered. While stating these we would like to mention that
in real IL + cosolvent binary mixtures other species such as ion-pairs (both solvent-separated
and solvent-shared), triple ions etc. are likely to be present and these are not considered here
because the present simulations assume the IL, [BMIM] [PFe¢], to be completely dissociated
into its constituent ions, [BMIM]* and [PFe].

Table 2.2: Distance dependence of various molecular interactions and their approximate

energy scales.

Interaction Type Distance Dependence Energy Scale (kJ/mol)

lon-lon rt ~250

lon-Dipole r? ~15
Dipole-Dipole rs ~2
Quadrupole-Quadrupole r’ -
Quadrupole-Dipole ro -
Quadrupole-lon rs -
Dispersion (London) ré 2

H-Bonding - ~2.5
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2.2 Details of calculations

2.2.1 Force field and simulation details

Computer simulation results presented in this paper were obtained via performing all-atom
molecular dynamics simulations for the three different types of binary mixtures at different
compositions using the simulation package GROMACS 4.5.6*°. For all simulations, the
temperature was kept fixed at 298 K. The chemical structures of [BMIM]* and [PFe] ions, the
three co-solvent molecules of differing polarities and the scheme employed for the
nomenclature of the different constituent atoms are provided in Figure 2.A.1 (Appendix 2.A).
The following seven IL mole-fractions (FiL), covering neat to neat, were investigated: F;.=1.00,
0.90, 0.75, 0.50, 0.25, 0.10, 0.00. The numbers of ion-pairs and co-solvent molecules to obtain

the required mole-fractions have been provided in Table 2.3.

Table 2.3: Number of IL ions and co-solvent molecules used in the simulations at different

IL mole fractions (FiL).

Fi [BMIM]* [PFe] Co-solvent
molecules

1.00 128 128 0
0.90 230 230 26
0.75 192 192 64
0.50 128 128 128
0.25 64 64 192
0.10 26 26 230
0.00 0 0 256
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The following generalized form described the potential energy function for [BMIM] [PFe] and

the non-polar hexane:

2 2 v V;
U('r) = Zbonds Kr(r - T‘eq) + Zbonds KH (9 - Qeq) + Zdihedrals[?l (1 + COS(p) + ?2 (1 -

cos2¢) + % (1 + cos3¢p)] + L™ (i — ﬁ) + Yegms A (2.1)

12 6
Rij Rij 4meoR;;

where K and req denote respectively the bond force-constant and the equilibrium bond distance,

Ko the angle force constant and 0 the equilibrium angle. V1, V2 and Vs represent the coefficients

of Fourier series and ¢ the dihedral angle. Rjj is the distance between the atoms i and j, o the

permittivity of the vacuum and g, g;j are their respective partial charges. The parameters for the
intramolecular interaction for the [BMIM]" cation are from a simulation study reported earlier,
[50] and those for the [PFs]” anion from another study °!. The intermolecular interactions
include both the Lennard-Jones (LJ) and the Coulomb interactions. The LJ interactions between
the unlike atoms were calculated by employing the Lorentz-Berthelot combining rules 2. As
done earlier, * the total charge on the cation and anion were reduced to +0.8 e. The partial
atomic charges and some of the modified Lennard-Jones parameters were also taken from an
earlier study 3. Table 2.B.1 - 2.B.5 (Appendix 2.B) summarizes the force field parameters used

in the present simulations for representing the IL ions.

For hexane, the OPLS-AA force field parameters available in the literature > were employed,
and are summarized in Table 2.B.6 — 2.B.9 (Appendix 2.B).

The following potential energy function described dioxane *°,

\% V
U(T‘) = Zbonds Kr(r - ro)z + Zangles K@ (9 - 90)2 + Zdihedrals[?1 (1 + COS(p) + ?2(1 - COSZ(/)) +

L. 12 L. 6 .q :
%1+ cos3p)] + 85 (e (V) = (Prg) 14 1Y fae ) (2.2)
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where, aijj denotes the van der Waals radius, &ijjthe well depth and the rest have as already been
discussed. The interaction parameters and the initial co-ordinates for dioxane were taken from
existing literature *° and all the bonds were kept constrained throughout the simulations. Table
2.B.10 — 2.B.14 (Appendix 2.B) summarizes the interaction parameters for dioxane.

The OPLS/AA force field parameters and the molecular geometries for acetonitrile molecule

reported earlier °® and displayed in Web page http://virtualchemistry.org/ were used in the

simulations performed here for [BMIM] [PFs] + acetonitrile binary mixtures. By following this
work ¢, the moment of inertia and the total mass were maintained by adding a virtual

construction site to the topologies to keep the nitrile group perfectly linear °’,

All the simulations were carried out in a cubic box employing periodic boundary conditions.
The optimized geometries of the [BMIM]" and [PF¢] ions and hexane molecules were obtained
from ab initio calculations using the HF/6-31 + G(d) basis set in Gaussian03 program 8, and
the starting configurations of the systems were built by using the Packmol software *°. We used
the initial co-ordinates for dioxane and acetonitrile molecules from earlier studies %>, The
structures of the ions and all the three co-solvent molecules were relaxed through energy
minimization (EM) process via steepest descent algorithm in GROMACS “°. All the bonds
were kept constrained using the LINCS algorithm ° with lincs order of 8. The cut-off radius
for short-range interaction was set to 15 A and the long-range electrostatic interactions were
treated with particle mesh Ewald (PME) summation technique 6. Each system was initially
equilibrated at 450 K under 1 atm pressure in NPT ensemble using velocity rescaling
thermostat 2 and Berendsen barostat % with coupling constants 0.5 ps and 2.0 ps respectively.
Then the system was cooled down to 298 K by a step-down process with a step size of 50 K
and each step was run for a duration of 100 ps. The system was again equilibrated in the NPT
ensemble at 298 K for 4 ns to get the required density, which was further followed by
equilibration in the NVT ensemble for 2ns, using the velocity rescaling thermostat 2. The
densities of the systems obtained from the present simulation were in good agreement with the
experimental values (see Table 2.4 below). The equation of motion was solved by the leap-frog
algorithm 2 using a time step of 2 fs. The production run was for 100 ns for all the mole
fractions and the trajectories were saved after every 0.1 ps for the analyses. For visualization

of the molecules, the Visual Molecular Dynamics (VMD) 8 program was employed.
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Table 2.4: Comparison of simulated densities from the present simulations with those from

experiments, and from earlier simulations.

System Present simulation Experiment Earlier simulation
(gm/cc) (gm/cc) (gm/cc)
[BMIM][PFs] IL 1.408 1.369 1.389
Acetonitrile 0.754 0.776 0.755
Dioxane 1.060 1.0286 1.030
Hexane 0.658 0.659 0.658

2.2.2 Voronoi Polyhedra Analysis

By following the work reported earlier, % the Voronoi polyhedron (VP) region IT; of atom i

inside a box V of finite size is defined by the following expression,
I; = {x|d(x,x;) < d(x,%),d(x,x) < d(x, %)} (2.3)

for all j=1 and for all k respectively and ITj is the set of points which is nearer to x; than any
other x;’s and xk’s. Each VP region is the intersection perpendicular bisectors of the segments
which join the x; and each of the other x;’s and x«’s. The set of I1;’s and its periodic repetitions

will constitute a tessellation of space, called VVoronoi tessellation.

If the two Voronoi polyhedra ITi and ITj of atoms i and j share a common face then atoms i and
j are called as contiguous pair. Therefore, two molecules would be called neighbors if their VP
shares a common face and hence, the number of shared faces could give the number of
neighboring particles around the central particle . Upon joining these contiguous pairs of
atoms, a tetrahedron network containing a set of four atoms is formed, which creates a new
tessellation called “Delaunay tessellation”. The Delaunay tetrahedron (DT) and the Voronoi
polyhedra (VP) are dual to each other and the circumcenter of a DT is a vertex of the VP. That
is why there exists an atom at the center of a VP, whereas the circumsphere of a DT is vacant.

The graphical representations of construction of the VVoronoi polyhedra are available in several
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earlier works ®8, After the construction of the Voronoi polyhedra, one can study the
distribution of void and neck radii. The vertices and edges of a VP are in equal distance from
the nearest surrounding particles. If each particle will be a sphere of finite radius, then the
radius of void (rwid) may be defined as the distance between a VP vertex and the surrounding

particles (r) minus the radius of the corresponding particle (rp); that is, I,y = =TI, . Again,

these voids are connected through channels, which are called necks and the radius of these
necks reck is defined as a perpendicular distance between a VP edge and the surrounding

i H i i 66,67 . — _
particle (r.) minus the particle radius (") Theck = T1 — Tp-

The Voronoi polyhedral (VP) method was extensively used in the literature to determine the
structures of soft matter systems %1 and different solvents like methanol >4, ethanol "'®
ammonia " and water 7. This method can be utilized to determine the structure of the “pore
space’ or ‘void space’ which helps to understand the local densities and environments of the
cation-anion pairs in these IL + cosolvent binary mixtures, depending on topology at different
concentrations of [BMIM][PFe]. Considering the molecules as a spherical atom, we used centre
of mass (c.0.m.) of the ions to perform the VP analysis. The VP of a molecule i, is referred to
as the locations of all those points which are closer to i than to any other molecules in the
system. To construct the VP of the i molecule, at first, we find all the nearest neighbour
molecules that are within the radius denoted as ro, which in turn can be calculated from the
radial distribution function, g(r) of the ion pairs. In order to get a simple understanding about
voids, we have to first determine the perpendicular bisector planes to lines joining i and all
other nearest neighbour molecules, which intersect in a line. When three such lines intersect to
a point, generates a VP vertex indicating largest empty spherical free space present between
the molecules. Therefore, void radius can be defined as the distance between the VP vertex and
the i atom, subtracting the atomic radius. On the other hand, neck radius can be defined as the
perpendicular distance between the atom and the edge of the VP, subtracting the atomic radius.
For this study, we carried out the VP analysis* employing the algorithm described earlier 68,

* Voronoi Polyhedra Analysis have been performed in collaboration with Prof. Pradip Kumar Ghorai (IISER
Kolkata), India. It has been already published (Journal of Molecular Liquids 317 (2020) 113746)
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2.3 Results and Discussion

2.3.1 Densities: fidelity check of the force field

Figure 2.1 shows the simulated densities of the neat systems considered here, namely, [BMIM],
[PFe], acetonitrile, dioxane, and hexane and compares with those from earlier simulations
53555680 and experiments 8184 Clearly, densities for the neat systems from the present

simulations are in good agreement with those from earlier reports 5°°6.80-82.84

Figure 2.1 also displays the simulated densities of the three binary mixtures, ([BMIM][PF¢] +
acetonitrile /dioxane/hexane), at five different IL mole fractions, F;.=0.90, 0.75, 0.50, 0.25,
0.10, and compares with the available experimental data 8. Clearly, the composition
dependent densities obtained from the present simulations of [BMIM] [PFe] + acetonitrile
binary mixtures are in good agreement with the experimental data ®. The composition
dependent densities of the ([BMIM] [PFs] + dioxane) binary mixtures were measured in-house
by using an automated density-cum-sound analyzer (DSA 5000, Anton Paar) and the measured
densities, as Figure 2.1 displays, match well with the simulated values.
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Figure 2.1: Comparison between simulated and experimental densities for the neat and the IL
+ cosolvent binary mixtures. Results are for 298 K. Open and filled symbols indicate
respectively the densities from present simulations and experiments. The representations are
color coded and the color codes are: pink, experimental density; red, ([BMIM] [PFe¢] +
acetonitrile); blue, ([BMIM][PF¢] + dioxane); green, ([BMIM][PF¢] + hexane).
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Note an earlier experimental study ® reported that [BMIM] [PFe] is soluble in hexane only at
mole fractions above Fi_=0.8467 at temperatures higher than 340 K. We checked the solubility
of [BMIM] [PFe] and hexane for the mole fraction, F;.=0.95 at 298 K (visually) and measured,
as described for [BMIM] [PFs] + dioxane binary mixtures, the density at this composition. Here
also the agreement between the simulated and experimental densities, as displayed in Figure

2.1, is quite satisfactory.

We would like to mention here that in real experiments, [BMIM] [PF¢] + hexane binary mixture
was found to macroscopically phase separate at Fi.<0.9 at 298 K, and therefore densities for
these binary mixtures at 298 K could not be measured for compositions F;.<0.9. However, the
model potentials employed here to represent hexane and [BMIM] [PFs] did not reproduce such
a pronounced solubility gap and allowed simulations of the [BMIM] [PFe¢] + hexane binary
mixtures for compositions studied for the other two systems, although simulated radial and
spatial distribution functions (presented later) clearly indicate increased clustering and non-
uniform distribution of hexane, particularly at the lower mole fractions of [BMIM] [PFe]. This
suggests that these model potentials, although could not reproduce the composition dependence
of the experimental solubility of hexane in [BMIM] [PFe], they perhaps possess the right pieces
of interaction parameters tweaking of which may produce the experimentally observed

macroscopic phase separation.

2.3.2 Solution Structure of the Binary Mixtures: Insights from the Simulated Radial
Distribution Functions (RDFs)

Because the first information on relative arrangements of particles in a condensed phase can
be accessed via the radial distribution functions, a number of them that include both intra and
inter-species have been computed for these binary mixtures at different compositions. As both
polar and non-polar moieties exist in IL, we label the centre of the imidazoilum ring of the
cation as “CR” which is considered as “head” (polar moiety) and the carbon atom “CT4” of
the terminal methyl group of the alkyl chain as “tail” (non-polar moiety). This is indicated in
Figure 2.A.2 (Appendix 2.A), along with a snap-shot of the equilibrated neat IL where
segregation into polar and non-polar domains are clearly visible. One may obtain the RDFs
involving these head and tail groups as well as the center-of-mass RDFs for investigating the

preferred spatial arrangements and clustering.
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2.3.2.1 Comparison of RDFs with earlier simulations

Figure 2.2 shows a comparison among the RDFs simulated in the present work and those
reported earlier 22°3# for the neat [BMIM] [PFs]. Note here that we have compared the center-
of-mass anion-anion, cation-anion and cation-cation RDFs, and the atom-atom RDF between
the H (H5) atom of the imidazolium ring of the cation and the fluorine atom of the anion.
Clearly, the agreement between the present simulations and previous reports are quite

satisfactory.

g (r)

Figure 2.2: Comparison of simulated RDFs for anion-anion, cation-anion, cation-cation and
H5 (H-atom of imidazolium ring of the cation)-F1 (fluorine atom of anion [PFe]") of neat
[BMIM] [PFs] between the present simulations and those reported earlier 5+, Here, solid line
represents results from the present simulations, whereas open symbols in blue, pink and green

indicate the earlier simulated data. Note that “cation” here indicates the head group which is
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represented in the text as “CR”.
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2.3.2.2 Interaction of the cosolvent molecules with the lonic Liquids

Because [BMIM] [PFe] IL segregates into two polar and non-polar domains (shown in Figure
2.A.2, Appendix 2.A), the hosting of acetonitrile, dioxane and hexane in this IL will be guided
by their interactions with these domains of [BMIM] [PFs] according to their polarity 3%, For
a representative study, we have monitored the interactions of these three cosolvents at a very
dilute concentration through their different atoms with the different parts of the cation and the
anion. Figure 2.3 depicts these interactions where the cosolvents are present as a minor

component at F;.=0.9.

As expected, the interaction of the IL with acetonitrile is the most pronounced among these
three cosolvents of differing polarities. A detailed inspection of the individual RDFs suggests
that the P atom of the anion is interacting more with different atoms of the acetonitrile molecule
than the imidazolium ring containing part of the cation. This is also the observation for the
interaction of dioxane with the IL ions. The interaction of hexane with these charge carrying
parts of the IL is the weakest among these three cosolvents and this is the molecular level
reflection of what we expect regarding their relative solubilities in this IL based on solvent
polarity. Figure 2.A.3 (Appendix 2.A) depicts, via RDFs, the interactions of these cosolvents
with the tail part (alkyl chain) of the IL cation. Notice in this figure that the interaction between
dioxane and the tail part of the IL cation (CT4) is comparable to that between hexane and CT4.
However, a relatively stronger interaction of dioxane with the ions (see Figure 2.3) than hexane
permits a better miscibility of quadrupolar dioxane in this hydrophobic IL than non-polar

hexane.
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Figure 2.3: Simulated radial distribution functions (RDFs) between different atoms of the three
cosolvents with different parts of the anion and the cation at mole fraction, Fi.=0.90, for the
three different types of binary mixtures. Here, atomic pairs and their respective color codes are
given in the inset of every panel. Note interactions are shown with the P and CR atoms (C-

atom of the imidazolium ring attached to the two N-atoms) of the anion and cation respectively.
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2.3.2.3 lon-ion RDFs at low IL concentration: Debye screening length and break down

for quadrupolar solvent

Figure 2.4 displays the simulated ion-ion and tail-tail RDFs for these three binary mixtures at
Fi.=0.1. Note the peak heights of all the RDFs for [BMIM] [PFs] + hexane binary mixture are
the highest, while those for binary mixtures containing acetonitrile or dioxane are not too
different from each other. The uncharacteristically large peak values of RDFs for dilute IL
solutions in hexane indicate that the IL ions are not fully dispersed in hexane solution even at
such a low concentration. This is a reflection of increased aggregation tendency of IL ions in

low polar solvent, and can be understood in terms of Debye screening length (DSL):88 x=1 =

\[€oRT /2pF?2 I] where R denotes the Boltzmann constant (k) times Avogadro number (N,,),
T the absolute temperature, p the solution density, | the ionic strength and F the Avogadro
number times the electronic charge (q). DSL is a continuum limit estimate of the lengthscale
beyond which the field of an ion cannot be felt in an electrolyte solution, and increases with
the\/ez_0 at a given temperature and ionic strength. Quite clearly then the DSL would be very
small in a non-polar solvent like hexane for which &,~2, allowing the ions to interact strongly
with each other even in a solution of low ionic strength. This explains the very large peak
heights for various RDFs in the hexane solution. A relatively large value of ¢, also justifies the
normal liquid-like heights of RDFs simulated for acetonitrile solution. What is counter-
intuitive here is the similarity of RDF heights between the dioxane and acetonitrile solutions
although the ¢, value for dioxane is nearly the same as that for hexane. This can be attributed
to the large quadrupole moment of dioxane which allows a better dissolution of the ions
(relative to a non-polar solvent) via a stronger screening of the charge-charge interactions in a
solution. This also reflects a break-down of the Debye-Huckel-Onsager theory of electrolyte
solutions ® in non-dipolar solvents where the effects of quadrupole moment on DSL have not

been incorporated.
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Figure 2.4: Simulated radial distribution functions (RDFs) for ion-ion (cation-cation, anion-
anion, and cation-anion) and tail-tail for the three mixtures at F;.=0.10. Various mixtures are
color coded as shown in the insets of the figure. Note the cation-cation RDF represents the

head-head interaction, and the tail-tail is between “CT4” atoms as represented in the text.
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2.3.2.4 Impact of cosolvent polarity on solution structure: composition dependence of
RDFs

We show in Figure 2.5 the composition dependent head-head and tail-tail RDFs for binary
mixtures of [BMIM] [PFs] with acetonitrile, dioxane and hexane. Note these head-head RDFs
represent essentially the cation-cation RDFs because this head group is the cationic
imidazolium group denoted as CR. The composition dependent anion-anion and cation-anion
RDFs are provided in Figure 2.A.4 (Appendix 2.A).

Inspection of these RDFs is again a manifest of the polarity driven interactions of the IL ions
with the cosolvent molecules at different concentrations. All ion-ion RDFs in acetonitrile and
dioxane binary mixtures are comparable but differ from those for hexane binary mixtures. As
already discussed, this difference originates from the relatively poor solvent screening of the IL
ions in non-polar hexane. This relatively poor solvent screening is also the reason for somewhat
larger heights of various RDFs in dioxane binary mixtures (particularly those at lower IL mole

fractions) than the corresponding ones for acetonitrile solutions.
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Figure 2.5: Simulated composition dependent radial distribution functions (RDFs) for cation-

cation and tail-tail for the binary three mixtures. IL mole fractions are color coded.
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Figure 2.6 presents simulation snapshots of these binary mixtures at a few representative 1L
mole fractions for a molecular view of IL ions in these cosolvents. These snapshots are
complimentary to the RDFs and the discussion presented above assist in realizing the cosolvent
polarity and mixture composition dependence of the solution structure. For clarity, molecular
representations of the cosolvent molecules are not shown but the pictures are color-coded for

different cosolvents.

At the highest IL mole fraction shown here (F;.=0.9), the formation of polar and nonpolar
domains and their distributions in binary mixtures of acetonitrile and dioxane remain nearly the
same as that for the neat IL (see Figure 2.A.2, Appendix 2.A), whereas somewhat more
pronounced clustering appears in the presence of hexane at this composition. This clustering
and segregation into polar and non-polar domains enhance with the decrease in IL mole
fractions in these binary mixtures and become the most pronounced for hexane mixture at
Fi,=0.1. These snapshots, therefore, corroborate with the information provided by the two-
dimensional-ion and tail-tail distribution functions presented earlier in Figure 2.5 and Figure
2.A.4 (Appendix 2.A), and strongly suggest that both cosolvent polarity and concentration
critically affect the self-aggregation in IL. This is further supported by the representative
snapshots for tail-tail interaction shown in Figure 2.A.5 (Appendix 2.A). Interestingly, similar
enhancement of microscopic segregation and domain formation at low IL mole fractions have

been found in experimental studies of aqueous binary mixtures of ILs with longer alkyl chains
13,89
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IL+A cetonitrile [}

IL+Dioxane Gk

IL+Hexane 4,:

Figure 2.6: Snapshots from MD simulations for the three binary mixtures at IL mole fractions,
Fi.=0.90, 0.50, 0.25, 0.10. For clarity, the co-solvent molecules are not shown and only the
polar domain (comprised of the imidazolium ring along with the methyl chain of the cation and
the anion) and the non-polar domain (includes the butyl chain of the cation) are shown. The
color coding is defined as follows: (IL + acetonitrile) - red, polar domain; green, non-polar
domain, (IL + dioxane) — blue, polar domain; yellow, non-polar domain, (IL+hexane) — brown,

polar domain; cyan, non-polar domain.
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Next, we present in Figure 2.7 the composition dependent solvent-solvent radial distribution
functions for these binary mixtures in order to explore whether cosolvent clustering also occurs
in these solutions particularly in the limit of high IL mole fractions. Interestingly again, RDF
profiles shown in this figure indicate the strongest solvent clustering for hexane than for
acetonitrile and dioxane at low cosolvent concentrations. Note also that the dioxane RDFs are
nearly insensitive to the mixture composition while acetonitrile RDFs show a moderate increase
in its height with the increase of IL mole fraction. However, the rate of increase of this height
with the increase of IL mole fraction is much stronger for hexane than acetonitrile. It is therefore
quite clear that the solution structure of these binary mixtures is dominated by the cosolvent
clustering at higher IL mole fractions and segregation of IL into more pronounced polar and
nonpolar domains in the limit of low IL concentrations, and these solution structural features

depend strongly on cosolvent polarity.
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Figure 2.7: Simulated composition dependent solvent-solvent RDFs for the three binary
mixtures. Here, the mole fractions are color coded as given in the inset of every panel. Note
acetonitrile, dioxane and hexane are represented respectively as Acen, Diox and Hexn.
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2.3.2.5 Coordination number (CN)

To get further insights into the solution structure, we have calculated the coordination number
(CN) for the first solvation shell by using the relation, CN = 4mp fors’le” dr r? g(r), where

Tshen denotes the distance where the first minimum of g(r) appears and p the bulk solution
density. Note in these calculations rg,,;; is estimated from the first minimum of the
corresponding RDFs shown before. For comparing our CN with earlier simulations for neat
[BMIM] [PFe] &, rgpenr has been determined from the center of mass RDFs. Table 2.B.15
(Appendix 2.B) presents the comparison with the present and the earlier 8 simulations and the

agreement appears satisfactory.

The composition dependence of the coordination number (CN) for the first solvation shell in
the three IL + cosolvent binary mixtures is presented in Figure 2.8. The coordination numbers
correspond to number of cations around a cation (cation-cation), of anions around an anion
(anion-anion) and of anions around a cation (cation-anion). Note the non-ideal increase of CN
with IL mole fraction in all these three binary mixtures and the similarity between them for
binary mixtures with dioxane and acetonitrile. Note also the higher CN for IL + hexane mixtures
than those for the other two binary mixtures at lower IL mole fractions. This is a reflection of
shorter DSL for solutions in the nonpolar hexane discussed earlier. For a better understanding,
we show, in the right lower panel of this figure, the percentage of number of anions present
around a cation. Data shown here indicate that the higher fraction of anions resides in the first
solvation shell of the cation at the lower IL mole fractions, largest being for the IL + hexane

binary mixtures.
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Figure 2.8: Composition dependent co-ordination numbers (CNs) for the cation-cation, anion-
anion, cation-anion first solvation shells, and percentages of number of particles in the cation-
anion first solvation shell for these three binary mixtures. Different mixtures are represented
by open symbols; color coding are as follows: red square, (IL + acetonitrile); blue triangle,

(IL+1, 4-dioxane); green circle, (IL+hexane).
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2.3.2.6 Spatial distribution functions (SDFs)

For exploring the three-dimensional spatial arrangements of ions and cosolvent molecules in
these binary mixtures at different compositions and to better understand the polarity impact on
solution structure, we next obtain the composition dependent spatial distribution functions
(SDFs) by selecting the [BMIM]* cation as reference molecule via the TRAVIS program %,
The isovalues used to construct the SDF plots are available in Table 2.B.16 and Table 2.B.17
of Appendix 2.B. Note, for constructing the 3D iso-surface we choose that particular density

value (isovalue), which represents the completion of first solvation shell.

The spatial distribution function of [PFe] ions around a [BMIM]* in the neat IL is presented in
the upper panel of Figure 2.9, which shows that the anions are located above and below the
imidazolium ring plane, where a significant anion density exists above the H5 atom with an
isosurface of semi-circular shape. Also, anion densities can be noticed near the H4M-atom
(closer to the methyl group) and the H4A-atom (closer to the butyl chain of the cation). The
anion density near H4A atom appears relatively less and this may be due to the steric hindrance
caused by the butyl chain. Because SDFs provide a three-dimensional view of the spatial
arrangements of particles, these observations can be connected to the similar information
provided for two-dimension by the corresponding RDFs. These RDFs (between different H-
atoms and the P atom of the anion) are shown in the lower panel of this figure, which indicates
a relatively larger peak height of g(r) for the H5-P than those for the H4M-P and the H4A-P
radial distribution functions. The structure depicted by the SDFs of anion around the cation in
the present simulations is comparable to earlier simulation reports 5%%3% Figure 2.A.6
(Appendix 2.A) shows this comparison. However, such an anion density near the H4A atom
was missing in earlier study > and this can be connected to the slight disagreement of cation-

anion RDFs between the present simulations and those reported earlier 3.
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Figure 2.9: Spatial distribution functions, SDFs of the [PFe] anions (red, solid frame) around
the cation [BMIM]* in neat IL, Fi.=1.0 (upper panel) and the simulated RDFs between various
H-atoms attached to the imidazolium ring of the cation and the anion (lower panel).
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The composition dependent SDFs for the anion and the three co-solvents acetonitrile, dioxane
and hexane around the cation are depicted in Figure 2.10 for these three binary mixtures for
Fi.=0.90, 0.50, 0.10. The following aspects can be noted from these SDFs. Both cosolvent
polarity and concentration dependence are evident in this figure. For example, at any of the
three representative IL mole fractions shown here, the anionic and cosolvent isodensity surfaces
(or simply isosurfaces) differ significantly as one moves from polar to nonpolar solvent via the
quadrupolar one. At higher IL mole fractions for IL + acetonitrile binary mixtures, the cosolvent
isosurface accompanies the anion isosurface surrounding the cation but undergoes a depletion
as IL becomes the minor component at Fi. =0.1. As expected, these cosolvent and anion
isosurfaces are mostly around the cationic imidazolium ring, leaving out the butyl chain. As one
replaces the dipolar acetonitrile as a cosolvent by the quadrupolar dioxane, the cosolvent
isosurface does not appear immediately after the anion isosurface even at the highest Fi_
considered; what we observe here is the expansion of the dioxane isosurface with the decrease
of IL concentration which eventually provides a partial coverage to the butyl chain at F_ =0.1.
The most dramatic difference in the build-up of isosurfaces appear when the cosolvent is
changed to nonpolar hexane. Note in this mixture that even at Fy. =0.9, the cosolvent and the
anion isosurfaces appear as completely disjoint entities with the anion isosurface covering the
cationic imidazolium ring and the hexane isosurface building up near the butyl chain. Upon
increasing the hexane concentration further in this mixture, the cosolvent isosurface moves
further away, indicating a clear microscopic phase separation between the IL and the cosolvent.
These evidences were there in the composition dependent RDFs presented earlier but these
SDFs have provided a vivid pictorial description of the microscopic solution structure in terms
of ion and cosolvent distributions. We next explored the distributions of the anion and the cation
in the three-dimensional solvation shell of the cosolvent molecules. Figure 2.11 shows the SDFs
for the cation and the anion around the co-solvent molecules in these three binary mixtures at
the mole fractions, F;.=0.90, 0.50, 0.10. The SDFs around the acetonitrile molecule
demonstrates that the anions are populated near the methyl (-CHs) group and the cations near
the N-atom of the nitrile (-CN) group of the acetonitrile molecule. RDFs shown in Figure 3
have already suggested such a spatial arrangement and the SDFs shown here confirm this
microscopic picture in three-dimensions. Moreover, the composition dependence of the SDFs
for this mixture suggests that the isodensity surfaces constructed by the cations and the anions
surrounding the acetonitrile molecules gradually thins out with the further addition of

acetonitrile in the IL + acetonitrile mixture.
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The SDFs for the cation and the anion around the dioxane molecule indicates that anion
densities are building up near the methylene (-CH2 groups) on both sides of the oxygen axis,
whereas the cation densities reside near the oxygen atoms, above and below, of the dioxane
molecule. This has also been suggested by the corresponding RDFs shown already in Figure
2.3, although such a three-dimensional view was missing. As observed for IL + acetonitrile
binary mixtures, the isodensity surfaces of anion and cation around the dioxane molecule
decrease (not greatly though) upon further addition of dioxane in this binary mixture. There
exists, however, a qualitative difference in the way these ion isodensity surfaces cover the
acetonitrile and dioxane molecules in their respective binary mixtures with [BMIM] [PF¢]; this

is a reflection of the difference in their polarities at the molecular level.

The difference in polarities and their reflection on ion isodensity surfaces appear dramatically
when the ion isosurfaces are examined surrounding the hexane molecule in [BMIM] [PFs] +
hexane binary mixtures. At Fi.=0.9, the ion isosurfaces are closer, suggesting increased
solubility of hexane only at higher IL mole fractions. At this IL concentration, hexane molecules
interact with the alkyl chain of the cation. As hexane concentration is successively increased in
the binary mixture, these isosurfaces move away because of the increased and more favorable
interactions among hexane molecules. This then allows phase separation of the components
which is seen as increased clustering of hexane molecules in Figure 2.10. Such a microscopic
phase separation in the present simulations, as we will see in the next sub-section, can impose

a barrier for qualitative analyses of the neck and void distributions in these binary mixtures.
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Fp=0.90 Fyu=0.50 Fu=0.10
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IL+Dioxane

e
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Figure 2.10: Composition dependent SDFs for the anion (red, solid frame) and the co-solvents

IL+Hexane

J

(green, solid frame) around the cation for the three binary mixtures at Fi.=0.90, 0.50, 0.10.
Note a few representative compositions are shown only to avoid clutter.
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IL+Acetonitrile

Figure 2.11: Composition dependent SDFs for the cation (red, transparent frame) and the anion
(blue, wireframe) around the three cosolvents in the three binary mixtures for Fi.=0.90, 0.50,
0.10.
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2.3.2.7 Voronoi Polyhedra analysis

We have computed the composition dependent void and neck distributions for [BMIM] [PFe] +
acetonitrile/dioxane/hexane binary mixtures to get further insight into the solution structure and
their cosolvent polarity dependence. Distribution functions presented so far, namely the RDFs
and the SDFs, depicted the relative spatial arrangements of ions or cosolvent molecules in these
binary mixtures. Voids (arising from the excluded volumes) and necks (originating from the
interconnections between voids) play an important role in solution structure as they might be
connected to the particle mobilities in solutions %4, Figure 2.12 displays the IL mole fraction
dependent void and neck distributions respectively in these three different types of binary
mixtures for both the ions. The corresponding distributions in the neat cosolvents are also shown
in the same figure. Note here that the void and neck distributions mean the distributions of the
radii of the voids and necks that are present in these solutions. Moreover, these voids are
approximated as the spherical spaces separating the spherical ions in a fictitious solution mixture

where other particles are completely ignored.

For all the three mixtures, the void distributions, g(r), peak around a lengthscale which is
approximately the half of the ion diameters which shifts and spreads out to cover larger void
radii upon successive dilution of the IL mixtures via the addition of cosolvents. This cosolvent
concentration induced shift to larger radii is expected because the addition of cosolvent creates
larger distances between neighbors. The subsequent spread out of the distributions suggests
increased heterogeneity in the void radii upon cosolvent addition. In the case of dilute IL
solutions in hexane, the pronounced phase separation does not allow calculations of void radius,
making the visualization of the solution structure in terms of voids untenable. Another
interesting feature of these distributions is that the distributions for mixtures are much broader

than the neat components constituting these binary mixtures.
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Figure 2.12*: Probability distributions of the void radius for [BMIM]" cation (left panels) and
[PFe]” anion (right panels) in the three binary mixtures at different F,. along with the
distributions for the corresponding neat cosolvents. Mole fractions are color coded as shown

in the inset of each panel. Results for neat co-solvents are represented by the black dashed lines.

* Voronoi Polyhedra Analysis have been performed in collaboration with Prof. Pradip Kumar Ghorai (IISER
Kolkata), India. It has been already published (Journal of Molecular Liquids 317 (2020) 113746)
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A similar observation has been found also for the neck radius distributions and these results are
shown in Figure 2.A.7 (Appendix 2.A). The full-width-at-half-maxima or simply the widths of
these voids and necks are shown in Figure 2.13 as a function of IL mole fraction in these binary
mixtures. Cosolvent widths are also shown for comparison. Clearly, both the neck and void
distributions broaden as the IL is diluted with cosolvents, with the distributions being wider in
dioxane binary mixtures than in the corresponding acetonitrile mixtures, particularly at the
cosolvent-rich solutions. This is probably due to the polarity difference between these two
cosolvents. The void and neck widths of the neat cosolvents also show a trend similar to that of

cosolvent polarity dependence.
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Figure 2.13: Void and neck widths obtained from the void and neck distributions of [BMIM]*
and [PFe] as a function Fi_ in the three binary mixtures. Here, filled and open symbols represent
respectively the data for [BMIM]" and [PFs]". Void and neck widths for the co-solvents are also

shown for comparison.
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2.4 Concluding Remarks

In summary, the present simulation study reveals that the microscopic solution structures of
[BMIM] [PFe] + cosolvent binary mixtures at various compositions depend strongly on the

cosolvent polarity. This conclusion is based on the following observations:

(a) The fact that the diameters of the cosolvent molecules do not differ greatly from each other,
this interpretation of polarity impact on solution structure is not vitiated by the contributions

arising from the separate sizes of the cosolvent molecules.

(b) The simulated composition dependent densities for these binary mixtures are in good
agreement with those from experiments. This is true for the neat IL and the neat cosolvents as
well. In addition, the RDFs from present simulations for the neat IL agree well with those

reported earlier. All these provide the necessary validity to the present study.

(c) Both acetonitrile and dioxane interact more with the anion than with the cation; hexane’s
interaction with both the ions is the weakest. The interaction of the alkyl tail with hexane and
dioxane is comparable. This makes dioxane more miscible in [BMIM] [PFe¢] than hexane.

(d) The pronounced aggregation behavior of [BMIM] [PFe] at low IL mole fraction in non-polar
solvent is explained in terms of a relatively shorter Debye screening length (DSL). However,
this explanation fails for a quadrupolar solvent like dioxane which has been found as good a
host as acetonitrile (strongly dipolar) for this hydrophobic IL. This is reflected in the comparable
heights of ion-ion RDFs in binary mixtures of this IL with these two cosolvents of widely

differing polarities.

(e) Solution structure in these binary mixtures has been found to be dominated by the cosolvent
clustering at the high IL mole fractions, and more pronounced segregation of the IL into polar
and non-polar domains in the low IL concentrations. The extent of segregation depends on the

polarity and concentration of the cosolvent present in these binary mixtures. This is further
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supported by the presence of a larger fraction of the ions in the first solvation shell surrounding

a given counter ion and a non-linear dependence of the coordination number.

(F) Isodensity surfaces show dramatic dependence on cosolvent polarity and clearly reflect
phase segregation, particularly for hexane at low IL mole fractions. SDFs provide a vivid
microscopic picture of these molecular length-scale arrangements in three-dimensions which

were missing in the RDFs.

(9) Voronoi Polyhedra analyses indicate broader void and neck distributions relative to those in
the neat IL and cosolvents, supporting the view of increased heterogeneity upon dilution of this

IL with cosolvents.
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Appendix 2.A

[BMIM]* [PF¢]

Hexane

Figure 2.A.1: Chemical structures of [BMIM]", [PFs]", acetonitrile, dioxane (1,4-dioxane) and
hexane along with the representations that were used in the discussion of various simulation
results.
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Cation head group

Figure 2.A.2: Structures of [BMIM] and [PFs] showing the representation of head group, tail
group and anion used in the calculation of RDFs (upper panel). Snapshot of the equilibrated
neat [BMIM] [PFs] IL, where the polar domain (imidazolium ring with the methyl group of the
cation and the anion) and non-polar domain (alkyl chain of the cation) are colored in red and

green respectively. (lower panel).
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Figure 2.A.4: Simulated anion-anion and cation-cation radial distribution functions (RDFs)
for the three binary mixtures. Here cation-cation RDF indicates the head-head interaction,
which is calculated between the CR atoms of the imidazolium ring of the cation. Representations

are color coded.
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Figure 2.A.5: Simulation snapshots showing the effects of polarity on tail-tail interaction in
the three binary mixtures at Fi.=1.0, 0.75, 0.10. Here, only the butyl chains of the cation are
shown. Note the three binary mixtures and the neat IL are color coded, and 1,4-dioxane is

simply dioxane.
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L4

(a) (b) (c) (d)

Figure 2.A.6: Comparison of spatial distribution functions, SDFs of the anion around the
cation in the neat [BMIM][PFs] between present simulations and earlier studies >3, Note
for SDFs in present simulations, anion is represented by the red solid frame.
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Figure 2.A.7: Probability distributions of the neck radius for [BMIM]" cation (left panels)
and [PFs] anion (right panels) in the three binary mixtures at different IL mole fractions, Fi,
along with the distributions in the corresponding neat cosolvents. Mole fractions are color

coded and the neat cosolvents are represented by the dashed black lines.
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Table 2.B.1: Partial atomic charges on each atom of [BMIM]" and [PFs]

Atom Partial charges, e
CR 0.060
NAM, NAA 0.052
CWM, CWA -0.020
H5 0.096
H4M, H4A 0.096
CTM, CT1 -0.089
CT2,CT3 -0.038
CT4 -0.065
H1M, H2M, H3M, H11, H12 0.105

H21, H22, H31,

H32, H41, H42, H43 0.026
P 0.580
F -0.230
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Table 2.B.2: Lennard Jones parameters of each atom of [BMIM]* and [PFe] ions

Atom gij, (kJ mol 1) cij, (A)
CR 0.292 3.55
NAM, NAA 0.711 3.25
CWM, CWA 0.292 3.55
H5 0.125 1.72
H4M, H4A 0.125 1.72
CTM, CT1,
CT2,CT3,CT4 0.276 3.50
H1M, H2M,
H3M, H11, H12 0.125 1.92
H21, H22, H31,
H32, H41, H42, H43 0.125 2.50
P 0.836 3.94
F 0.255 3.118
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Table 2.B.3: Bond lengths and bond force constants for [BMIM]* and [PFs]

Bonds req (A) Kr (k moltA?)
CR-H5, 1.08 constrained
CWM - H4M, CWA-H4A
CTM — HM (H1M, H2M, H3M), 1.09 constrained
CT-H*?
CR - NA (NAM, NAA) 1.315 1996
CWM - NAM, CWA - NAA 1.378 1787
CWM - CWA 1.341 2176
NAM - CTM, NAA - CT1 1.466 1410
CT-CT 1.529 1121
P-F 1.6 1673

& CT represents the carbon (CT1, CT2, CT3 and CT4), H* represents the hydrogen
(H11, H12, H21, H22, H31, H32, H41, H42, H43)
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Table 2.B.4: Angle and angle force constants for [BMIM]" and [PFs]

Angles 0eq (degree) Ko (kJ mol™ rad )
CR-NAM-CWM, 108.0 292.60
CR-NAA-CWA
CR-NAM-CTM, 126.4 292.60
CR-NAA-CT1
CWM-CWA-NAA, 107.1 292.60
CWA-CWM-NAM
NAM-CR-H5, 125.1 146.3
NAA-CR-H5
NAM-CR-NAA 109.8 292.60
NAM-CWM-H4M, 122.0 146.30
NAA-CWA-H4A
CWM-CWA-H4A, 130.9 146.30
CWA-CWM-H4M
CWM-NAM-CTM, 125.6 292.60
CWA-NAA-CT1
NAM-CTM-HM, 110.7 156.6
NAA-CT-H*,
CT-CT-H*
NAA-CT-CT, 112.7 418.4
CT-CT-CT
HM-CTM-HM, 107.8 138.1
H*-CT-H*
F-P-F 90.0 836.8
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Table 2.B.5: Coefficients of Fourier series of dihedrals for [BMIM]* ion

Dihedrals V1 (kJ mol 1) V2 (kJ mol ) V3 (kJ mol 1)
X-NA-CR-X 0 19.46 0
X-CW-CW-X 0 44.98 0
X-NA-CW-X 0 12.55 0

CW-NA-CTM/CT1-HM 0 0 0.519
CR-NA-CTM/CT1-HM 0 0 0
CWA-NAA-CT1-CT2 -7.154 4.43 0.877
CR-NAA-CT1-CT2 -5.269 0 0
NAA-CT1-CT2-CT3 -7.480 -0.681 1.02
NA-CT1-CT2-H* 0 0 0
CT-CT-CT-H* 0 0 1.531
H*-CT-CT-H* 0 0 1.331
CT-CT-CT-CT 7.28 -0.657 1.167
X-NA-X-XP 0 8.37 0
X-CR/CW-X-XP 0 9.2 0

bX represents improper dihedral

Table 2.B.6: Partial charges and Lennard-Jones parameters for Hexane

Atoms Partial charges, e & (kJ mol™) o (A)

CX1, CX6 -0.180 0.276 3.500

CX2, CX3, CX4, -0.120 0.276 3.500
CX5

HX 0.060 0.126 2.500

63



Chapter 2

Table 2.B.7: Bond length and bond force constant values for Hexane

Bonds req(A) Kr (k moltA?)
CX-HX 1.09 1422.56
CX-CX 1.529 1121.31

Table 2.B.8: Angle and angle force constant values for Hexane

Angles 0eq (degree) Ko (kJ mol™ rad )
HX-CX-HX 107.8 138.07
HX-CX-CX 110.7 156.90
CX-CX-CX 112.7 244.13

Table 2.B.9: Coefficients of Fourier series of dihedrals for Hexane
Dihedrals V1 (kI mol ) V (kJ mol 1) V3 (kJ mol 1)
HX-CX-CX-HX 0.00 0.00 0.318
HX-CX-CX-CX 0.00 0.00 0.366
CX-CX-CX-CX 1.740 -0.157 0.279
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Table 2.B.10: Coordinate for 1, 4-Dioxane used in the simulation taken from an earlier study®®.

Chapter 2

atom x (A) y (A) z (A)

CiD 0.085262 -0.001386 -0.006160
Cc2D 2.417071 0.000961 -0.005006
C3D 2.416775 1.516591 0.004953
C4D 0.084997 1516167 0.003829
H5D 3.257125 -0.393001 0.554862
H6D 0.023445 -0.364800 -1.031591
H7D -0.755193 -0.393741 0.552881
H8D 2.478546 1.880010 1.030382
HID 3.257238 1.908967 -0.554066
HOD 0.022102 1.879562 1.029201
H1D -0.755059 1.908247 -0.556005
H2D 2.480032 -0.364354 -1.030373
03D 1.251088 2.005736 -0.604170
04D 1.250952 -0.490575 0.602933
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Table 2.B.11: Partial charges and Lennard-Jones parameters for 1, 4-Dioxane.

Atoms Partial charges, e & (kJmol™) o (A)
C 0.140 33.233 3.50
H 0.030 15.106 2.50
0 -0.400 70.493 2.90

Table 2.B.12: Bond length values for 1, 4-dioxane.

Bonds req(A)
C-O0 1.400
C-C 1.520
C-H 1.085

Table 2.B.13: Angle and angle force constant values for 1, 4-dioxane.

Angle 0eq (degree) Ko (kJ mol™ rad )
C-O-C 112.3 502.08
0O-C-C 110.2 418.40
H-C-O 108.5 418.40
H-C-C 110.4 418.40
H-C-H 108.8 292.88
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Table 2.B.14: Coefficients of Fourier series of dihedrals for 1,4-dioxane.

Chapter 2

Dihedrals V1 (KJ mol 1) V2 (KJ mol 1) V3 (KJ mol 1)
0-C-C-0 -2.3012 0.0 0.0

C-0-C-C 2.7196 -1.0460 2.8032
H-C-O-C 0.0 0.0 3.1798
H-C-C-O 0.0 0.0 1.9582
H-C-C-H 0.0 0.0 1.2552

Table 2.B.15: Co-ordination numbers (CNSs) in the first solvation shells calculated from the
cation-anion, cation-cation and anion-anion center-of-mass RDFs in the neat [BMIM] [PFs]

IL. Comparison is made with an earlier work &’.

Co-ordination number

Co-ordination number

Pairs from from
Present simulation Earlier study &’
cation-anion 7.32 6.8
cation-cation 6.5 6.1
anion-anion 6.6 6.2
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Table 2.B.16: Isovalues used in the SDF plots of anion and co-solvents around the cation for

the three binary mixtures.

Isovalues (nm3) around [BMIM]" cation
[BMIM][PFs] [BMIM][PFs] [BMIM][PFs]
Mole + + +
Fraction, acetonitrile 1,4-dioxane hexane

FiL [PFe]'a | acetonitrilea | [PFe]a | 1,4-dioxanea | [PFe] a | hexanea
1.00 6.167 - 6.167 - 6.167 -
0.90 5.733 0.485 5.732 0.487 5.772 0.429
0.50 5.476 3.414 4,545 3.082 5.486 2.416
0.10 2.001 10.239 2.001 7.415 5.417 4.657

2 is the surrounding species here.

Table 2.B.17: Isovalues used in the SDF plots of cation and anion around the co-solvents for
the three binary mixtures.

Isovalues (nm) around Co-solvents
[BMIM][PFs] [BMIM][PFs] [BMIM][PFs]
Mole + + +
Fraction, acetonitrile 1,4-dioxane hexane
FiL Around acetonitrile Around 1,4-dioxane Around hexane
[BMIM]"b [PFe] b | [BMIM]* [PFe]'v | [BMIM]"s | [PFe] b
b
1.00 - - - - - -
0.90 3.708 6.019 3.947 4.285 3.452 3.105
0.50 3.264 4.285 2.954 3.123 1.814 1.849
0.10 1.094 1.600 0.838 1.012 0.487 0.496

bis the surrounding species here.
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Chapter 3

Heterogeneous Dynamics in [BMIM][PFe] + Cosolvent Binary

Mixtures: Does It Depend Upon Cosolvent Polarity?

3.1 Introduction

Heterogeneous dynamics means relaxations of particles in a given system with different rates.
These relaxation rates may be well separated from each other or can involve multiple relaxation
timescales so thinly separated as to appear as being continuous. While the relaxations with
well-separated multiple timescales correspond to hierarchical relaxations (fast is first),
relaxations with continuously varying timescales relate to distributed kinetics *2. This concept
of dynamically heterogeneous relaxations or simply ‘dynamic heterogeneity’ (DH) has
originated from the study of dynamics in deeply supercooled liquids near glass transition and
has attracted attention over the years of theoreticians and experimentalists alike. The origin of
DH may or may not be connected to spatial heterogeneity of a given system. As a result, the
identification of DH with ‘spatially varying relaxation rates’ may not be valid always; the
inherent non-exponentiality in particle relaxations in an otherwise homogeneous system can
also lead to experimental observation of over-all non-exponential relaxation. Such an
observation should not be misconstrued as an evidence for heterogeneous relaxations arising
from spatial inhomogeneity, although time correlation functions involving random stochastic
time-dependent variables are supposed to decay exponentially with time once the diffusive

limit is reached 2.

Time-dependent fluorescence Stokes shift (TDFSS) and anisotropy measurements, and
dielectric relaxation (DR) experiments with several neat ILs have revealed heterogeneous
dynamics* L. Fluorescence correlation spectroscopic studies have provided further support via
the observation of heterogeneous diffusive dynamics for the centre-of-mass motion of a
dissolved fluorescent probe solute 122, Relevant theoretical studies of solvation dynamics in

neat ILs have also supported the view of heterogeneous collective orientational polarization
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density relaxation of ILs in response to a sudden alteration of the equilibrium charge
distribution of a laser-excited dissolved solute 422, Subsequently, heterogeneous relaxation
dynamics have been reported by TDFSS and DR measurements for binary mixtures of ILs with
small molecular solvents 19212326 Al these experiments, however, measure the solvent
polarization response at the collective wavevector (k — 0) limit and as a result, information
regarding relaxations at the molecular length-scales has remained largely inaccessible. To be
specific, these measurements cannot separate out the component dynamics and therefore one

does not know how the inherent dynamics of the neat components are mutually influenced.

One attempt toward this direction has been initiated several years ago which examined, through
molecular dynamics simulations, the composition dependence of heterogeneity in the
relaxations of individual components of (IL+water) binary mixtures 2’. This simulation study
has indeed found a considerable mixture composition dependence of heterogeneous relaxations
of both the components. However, no study on cosolvent dependence has been reported so far.
The present simulation study is designed to provide such a study where cosolvent polarity
dependence of heterogeneous relaxation dynamics at various mixture compositions has been
explored thoroughly by keeping the van der Waal’s radii of the different cosolvent specie
approximately the same. The cosolvents chosen for this purpose are acetonitrile (dipolar),
dioxane (quadrupolar) and hexane (nonpolar). The structural aspects of these binary mixtures
and their cosolvent polarity dependencies have already been reported 28. The numerical values
of the static dielectric constants, dipole and quadrupole moments, van der Waal’s radii and

viscosities of the neat systems employed here are summarized in Table 3.1 1416:25.26.29-31

Table 3.1: Physicochemical properties of [BMIM] [PFs] IL and three cosolvents.

Solvent o u (D) < Q > (DA) van der Viscosity,
Waals’ radii n
A) (cP)
[BMIM] [PFe] 16 [BMIM]*: ~4 N/A [BMIM]*: 3.4
[PFs]: 2.7 310
acetonitrile 35.9 3.92 2.49 2.75 0.34

75



Chapter 3

1,4-dioxane

2.2

11.68

3.2

1.18

Hexane

1.88

0.6

3.75

0.3

In this present study, a total of seven mixture compositions (Fi.=1.00, 0.90, 0.75, 0.50, 0.25,
0.10, 0.00) have been considered including the neat liquids. Cosolvent polarity and
composition dependencies of several dynamic heterogeneity parameters such as non-Gaussian
(NG) and new non-Gaussian (NNG) parameters, single particle displacement distributions,
self-intermediate scattering functions, four-point dynamic susceptibilities and overlap
functions have been computed. These DH parameters provide insights into the polarity driven
interaction between the IL and different cosolvents and their role in the modification of the
inherent motional features of the molecular ions constituting the IL, ((BMIM] [PFe¢]), and those

of the three different cosolvent molecules.

3.2 Computational Details

Molecular dynamics simulations of [BMIM][PFe] + acetonitrile/dioxane/hexane) binary
mixtures were performed using the GROMACS 4.5.6 package %274 at 298 K. A total of 256
particles were simulated. Charge neutrality was ensured by choosing equal numbers of cation
and anion. Table 3.B.1 (Appendix 3.B) summarizes the number of component particles
employed to form the simulated binary mixtures at each of the seven compositions considered.
The chemical structures of IL ions and cosolvents are shown in Figure 3.A.1 of the Appendix
3.A.

The potential energy functional form for the IL and hexane is as follows 3%,

1% 1%
U(R) = Zbonds Kr(r - Teq)z + Zangles Kg (0 — Heq)z + Zdihedrals [;1 (1 + COS(p) + ;2 (1 -

cos2¢) + % (1+ 3005<p)] + Xegms (ﬂ — E) + Yegms Iy (3.1)

12 6
Rij Rij 4megR;;

K, and K, in the above equation represent the bond and angle force constants respectively, 7.,

the equilibrium bond distance, 6., the equilibrium angle. V1, V2 and Vs are the coefficients of
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Fourier series and ¢ denote the dihedral angle. Rjj is the distance between the atoms i and j, &,

the permittivity of the vacuum. g; and g;j represent partial charges.

Moreover, the following potential energy function is used for 1,4-dioxane %',

V. V.
U(T‘) = Zbonds Kr(r - ro)z + Zangles KG (9 - 90)2 + Zdihedrals [?1 (1 + COS(p) + ?2 (1 -

cos2¢) + % (1+ cosSgo)] + [Z?ﬁ‘}ms {48ij l(ﬁyz - (ﬁ)6l + ﬂ}l (3.2)

Tij Tij 4meerij

where, o;; denotes the van der Waals radius, ¢;; the well depth and the rest represent the same

as discussed above.

The interaction parameters for the [BMIM]" and [PFs] ions were taken from earlier works 8%,
In addition, the partial charges of the IL ions were reduced to +0.8e and modified Lennard-
Jones parameters used *° in the present simulations. The potential energy parameters for
acetonitrile, dioxane and hexane were taken from the existing literature 36:374%, Also, molecular
geometries of acetonitrile molecule displayed in a webpage

(http://virtualchemistry.org/gmld.php) were considered. Note for acetonitrile, to keep the

nitrile group perfectly linear #*, the moment of inertia and the total mass of the molecule were

maintained by adding a virtual construction site to the topologies.

+

Simulations were carried out in a cubic box with periodic boundary conditions. [BMIM]
cation, [PFe]" anion and hexane molecules were optimized via ab-initio calculations in the
Gaussian03 program *2 by using the HF/6-31 + G(d) basis set, whereas the optimized structures
of acetonitrile and dioxane were taken from Refs. 3740 respectively. The starting
configurations of the system were built in the Packmol software *3. After energy minimization
in the GROMACS package, the system was initially equilibrated at 450 K and 1 atm pressure
in the NPT ensemble using the velocity rescaling thermostat ** and the Berendsen barostat #°
with coupling constants 0.5 ps and 2.0 ps, respectively. The system was then brought down to

298 K with a step size of 50 K and each step was run for a duration of 100 ps. After that, the
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system was further equilibrated in the NPT ensemble for 4 ns to ensure the proper equilibration,

which was followed by 2ns equilibration run in the NVT ensemble.

In these simulations, the equation of motion was integrated by using the leap-frog algorithm 4
with a time step of 2 fs. The cut off radius was set to 15 A and the particle mesh Ewald (PME)

summation *’

was used for the long-range electrostatic interactions. Bonds were kept
constrained throughout the simulations using the LINCS algorithm 8. The production run was
for 100 ns, where the trajectories were saved after every 0.1 ps for analyses. Visual Molecular
Dynamics (VMD) software *° was used for visualization of the molecules at different stages of

the simulations.

3.3 Fidelity Check of Force Field

For the fidelity check of the force fields employed in the simulations of the IL and the three
cosolvents, we have compared, in Table 3.2 & 3.3, the translational diffusion co-efficients (D)
of the ions and the cosolvents with those obtained from earlier simulations®*3"°%%! and
experiments. 2% Table 3.2 provides the diffusion co-efficient values of [BMIM]* and the
[PFe] ions in the neat IL along with the corresponding g values (given in the parentheses). The
D values of [BMIM]" and [PFe] ions have been obtained from the slopes of the respective
mean square displacements (MSDs) in the long-time limit where g is equal or nearly equal to
unity (8 = 1) (see Figure 3.A.2 in Appendix 3.A). Data in Table 3.2 indicate that D values for
the cation and the anion estimated from the present simulations are lower than those from
experiments %2 and previous simulations®. In the earlier simulation study 3%, the estimated
diffusion co-efficients of the ions agreeing to the experimental values better than to our
simulated values. Interestingly, D values in the previous simulation study *° were estimated
from MSDs at long-time for a duration of ~400-500 ps (from a production run of 4ns).
However, the associated S values have not been reported. The diffusion co-efficients for the
three cosolvents, provided in Table 3.3, agree well with earlier simulations ¥75°5! and
experimental results >, Also, the simulated densities of all the binary mixtures are in well

agreement with the available experimental data (shown in Figure 3.A.3 of Appendix 3.A).
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Table 3.2: Comparison of self-diffusion co-efficients, D in 1012 m?sec™® of IL cation and anion
obtained from present simulation with those from experiment and earlier simulation. The

corresponding P values are given in the parentheses.

Present simulation Present Earlier simulations Experiments
Production simulations Production run=4 ns (PFG-NMR)
run=100 ns Production run=4

ns

[BMIM]" | [PFe] | [BMIM]* | [PFe] [BMIM]* [PFe] [BMIM]" | [PFe]

3.81 2.53 6.11 5.5 6.7 4.7 8.0 5.9
(0.87) |(0.82) | (0.69) (0.66) | (unknown) | (unknown)
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Table 3.3: Self-diffusion co-efficients (D), of the three cosolvents — acetonitrile, 1,4-dioxane

and hexane are compared with earlier simulations and experiments.

Cosolvent | Present simulations Earlier simulations Experiments
m2sect (298 K) m2sec’ m2sec’
acetonitrile 4.43x10° 4.440.2x107° (298 K) 4.31x107° (298.2 K)
(NMR)
1.089x107° (298 K)
1,4 0.91x10°° 0.78x10°° (291K) (089)(10_9 288 K)
dioxane
(PFG-NMR)
hexane 3.119x10°° 2.99x107° (298.15K) 4.21x107° (298.15 K,
NMR)
3.1x107° (250 K, neutron
scattering)

3.4 Results and Discussion

3.4.1 Composition Dependent Mean Square Displacements (MSDs) and Diffusion Co-

efficients: Impact of Cosolvent Polarity

We have calculated the centre-of-mass MSDs for the ions and the cosolvent molecules in
binary mixtures of ([BMIM] [PFs] + acetonitrile/1,4-dioxane/hexane) at various mole fractions

from their time dependent positions via the following equation 278,

(6r2 (1)) = (N1 T, |Ar{(0,0)|?) (3.3)
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where ¢ denotes the center-of-mass of particle i. These simulated MSDs show {8r?(t)) o tP
behaviour with g =2 (inertia-dominated short-time regime), f <1 (sub-diffusive regime at
intermediate times) and g =1 (diffusion-dominated long-time regime). This kind of complex
time dependence is the characteristic of supercooled liquids *°, ionic glasses ®° and room
temperature ionic liquids ®. The sub-diffusive regime arises because of the rattling (no
appreciable displacement of particles with time) motion of particles in a cage 8662 formed
by its surrounding neighbours, and this rattling persists for a significant duration. The
composition-dependence of MSDs for cation (upper panel), anion (middle panel) and the
cosolvent (lower panel) in these binary mixtures are shown via a representative plot in Figure
3.A.4 (Appendix 3.A). It shows the substantial reduction of the extent of sub-diffusive flat
regime upon the addition of the cosolvents, which is an indication of cage softening by the
presence of cosolvent molecules. The effects of cosolvent polarity on the centre-of-mass
motion of the particles in these IL mixtures are shown in Figure 3.1. The approximate diffusion
on-set time scales are indicated by bullet marks on the MSD curves with numerical values of
the corresponding timescales summarized in Table 3.B.2 (Appendix 3.B). It shows that the
steepest slope of the MSDs occurs for mixtures at the lowest IL mole fractions studied

(F;,=0.10), the impact being the maximum for acetonitrile.
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Figure 3.1: Simulated mean square displacements (MSDs) for both the ions [BMIM]" (upper
panel), [PFe]” (middle panel) and cosolvents (lower panel) in three binary mixtures. Here,
dashed-dot-dot, dashed and solid lines represent the (IL+Acen), (IL+Diox) and (IL+Hex)
binary mixtures respectively. Acen, Diox and Hex represent acetonitrile, 1,4-dioxane and
hexane respectively. Note only four IL mole fractions F;.=0.00, 0.10, 0.50, and 1.00 are shown

here. Bullet marks indicate the approximate diffusion onset time scales.
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Next, the translational diffusion coefficients of the ions of [BMIM] [PFs] IL and the cosolvent

molecules at all the mole fractions have been calculated by using the Einstein relation %8,

D = |- (6r2(®))] 64

t—>o0

We have estimated the self-diffusion coefficients of all the particles from the slopes of the
respective MSDs in the long-time diffusive regime. For this, we have used 100ns trajectories
to verify whether § =1 at long time. The corresponding plots of £ as a function of time are
shown in Figure 3.A.5 (Appendix 3.A) to visually detect the diffusive regime. Figure 3.2
presents the composition dependence of self-diffusion coefficients of both the ions and the
three cosolvents- acetonitrile, 1, 4-dioxane and hexane- in their respective binary mixtures. The
estimated self-diffusion coefficient of each of the components in the binary mixtures decreases
with increasing F;;, which is a consequence of increase in viscosity with IL mole fraction in
the binary mixtures. Similar trend of self-diffusion coefficients in [Cemim] [FSI] + Acetonitrile
mixtures have also been reported in an earlier work®. Note the increase of diffusion
coefficients of ions is the largest in the presence of acetonitrile and the smallest in the presence

of hexane in these (IL+cosolvent) binary mixtures.
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Figure 3.2: Composition dependence of diffusion coefficients of the [BMIM]" (upper panel),
[PFe]” (middle panel) and cosolvent (lower panel) in three binary mixtures (IL+Acen),
(IL+Diox) and (IL+Hex).
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3.4.2 Composition Dependent Dynamic Heterogeneity (DH) Parameters: Impact of

Cosolvent polarity on Non-Gaussian (NG) and New Non-Gaussian (NNG) Parameters

So far, we have investigated the effects of cosolvent polarity on self-diffusion coefficients of
ions and cosolvent molecules in these binary mixtures at different IL mole fractions. Because
the diffusion coefficients have been obtained from the slopes of the respective MSDs, the
numerical values cannot reflect the underlying displacement distributions. In a homogeneous
liquid where particle interactions are largely governed by the excluded volume effect and
allowing the particles to execute temporally uncorrelated completely random moves fuelled by
the thermal energy, the particle displacements are expected to follow the Central Limit
Theorem to produce Gaussian distribution of displacements. This consideration provides an
avenue for a quick check of heterogeneous particle dynamics via examining the deviation of
the underlying displacement distributions from being Gaussian. In a system with anomalous
motional features, particles can execute displacements both larger and smaller than those
predicted by the Gaussian distribution for a homogeneous system. The larger displacements
associate with the more mobile particles and thus with faster timescales than the particles with
smaller displacements. Therefore, two additional timescales appear in the system which are
different from the normal collisional and diffusion timescales. The faster timescale arising from
the larger displacements is known as the non-Gaussian timescale (ty.) and can be estimated

from the peak position of a curve showing the time dependence of a quantity, o, (t) . >*% The
other slower timescale associated with the smaller displacements (relatively less mobile
particles) can be obtained similarly from the time dependence of the new non-Gaussian
parameter, y(t)). >% This slower timescale is known as the new non-Gaussian timescale
(tnng)- These two quantities, o, (t) and y(t), are linked to the mean squared displacements

(MSDs) as follows 57596465:

(1) = S - (35)
y(©) = -(5F O =) — (3.6)

or 2(’t)

where (8r2(t)) = (N"L I, [Ar;(0, ©2]) and (5r*(£)) = (N~ XN, 1Ar;(0, )*]).
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Here, Ar;(0,t) = r;(t) — r;(0) describes the displacement vector for the i particle in a system

containing N particles and 8 is the distance over which a particle moved in time t.

The simulated o, (t) and y(t) for the neat IL (upper panel) and the neat cosolvents (lower panel)
are shown in Figure 3.3. The NG (7,g) and NNG (7, ) timescales obtained for both the
[BMIM]" and [PFe] ions (upper panel) are respectively 0.5-1.0 ns and 2-4 ns and the
corresponding o, (t) peak heights are higher than the peak height predicted for the
homogeneous liquid (~0.2) *°. Moreover, the time scales obtained for the three cosolvents,

acetonitrile, 1, 4-dioxane and hexane, lies in the range 1-10 ps along with the o, (t) peak height
<0.2, which indicates that the pure IL is far more dynamically heterogeneous than the neat

cosolvents.
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Figure 3.3: Simulated NG (a,(t)) and NNG (y(t)) for both the ions [BMIM]" (upper panel)
and [PFe] (in the inset of upper panel) in neat [BMIM][PF¢] IL and the neat three cosolvents —
acetonitrile, 1,4-dioxane and hexane (lower panel). Here, solid lines and dashed lines represent

the a, (t) and y(t) respectively. Approximate NG and NNG peak times are shown in the inset.
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Next, we explore the impact of cosolvent polarity on 7ys and 7yg. The cosolvent polarity

dependencies of a,(t) and y(t) at four representative mole fractions, F;;,=1.00, 0.50, 0.10, 0.0
are presented in Figure 3.4 (left panels) and Figure 3.A.6 (Appendix 3.A). For clarity, data for
all mole fractions studied are not shown. The a, (t) and y(t) at all these mole fractions for the
(IL + acetonitrile) binary mixture are given in Figure 3.A.7 & 3.A.8 (Appendix 3.A). The right
panels of Figure 3.4 depict the composition dependence of Ty (also summarized in Table 3.4)
for both the ions and the cosolvent in these three (IL+cosolvent) binary mixtures. A strong
composition dependence is clear from the data in left and right panels of Figure 3.4. The NG
peak heights and the timescales for the cation and anion drastically decrease as the IL is
successively diluted by adding cosolvent in the mixture. For the cosolvents, on the other hand,
Tng Increases with increase of F;;, as the system changes from neat cosolvents to concentrated
IL solution. Here, shortening of ty for the ions (~540 ps to ~4 ps for [BMIM]* and ~1100 ps
to ~50 ps for [PFe]") occurs upon changing the composition from F;.=1.00 to F;.=0.10. For the
cosolvents, the timescale slows down from a few ps in the neat system to sub-nanosecond in
solutions with F;;=0.9. A close examination of the data in right panels of Figure 3.4 reveals
that Ty for [BMIM]* becomes the fastest in solution when the cosolvent is acetonitrile. tyg
for [BMIM]" remains faster in solutions with 1,4-dioxane than with hexane for most of the IL
concentration regime. tyg for [PFs]” remains the fastest in presence of acetonitrile but the
trend observed for the cation in the other two binary mixtures reverses for the anion. This
reflects both polarity impact on Tty as well as the variations in interactions with the added
cosolvent of differing polarities for cation and anion because of their differences in ionic charge
and molecular size. This complexity in interactions also impact the DH timescales for
cosolvent in these binary mixtures (right lower panel, Figure 3.4) where Tty for acetonitrile

has been found to be the fastest for acetonitrile and the slowest for hexane.

Next, composition dependent y(t) profiles, presented in Figure 3.A.6 (Appendix 3.A), suggest
considerable impact of cosolvent polarity. The composition dependent peak times, Tyng.,

shown in Figure 3.5 (also summarized in Table 3.4), reveal this polarity effect more clearly.
As in the case of Ty, both the ions show the fastest NNG timescales in IL binary mixtures
with acetonitrile. One can also differentiate in tyyg for the IL ions between the IL binary

mixtures containing dioxane and hexane. The difference in polarities is also clearly visible in

Tune for cosolvents in these (IL + cosolvent) binary mixtures.
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Figure 3.4: Cosolvent polarity dependence of a,(t) parameters for both the ions [BMIM]*
(left upper panel), [PFe] (left middle panel) and the cosolvents (left lower panel) in three binary

mixtures. Right panels show the composition dependent 7, for both ions (upper & middle)
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Table 3.4: Comparison of time scales obtained from various simulated DH parameters in the

three binary mixtures at different IL mole fraction (Fi.).

TNNG | Ta | To |t | TnG | Ta | To |27 | TNNG | Ta | To | t4%F
IL+Acen [BMIM]* (ps) [PFs] (ps) Cosolvent (ps)
1.00 2344 | 3235 | 3810 | 5294 | 3725 | 3150 | 2580 | 7089 - - - -
0.90 1127 | 1235 | 1228 | 3270 | 2344 | 1199 | 745 | 3557 | 484 46 187 145
0.75 584 591 | 555 | 1084 | 1073 | 559 | 333 | 1374 | 262 9 85 32
0.50 120 181 152 385 302 154 88 321 77.5 4 28 10
0.25 523 | 42 33 52 114 38 17 60 | 17.6 2 7 4
0.10 8.84 16 12 39 25.1 15 6.2 41 6.72 1 3 2
0.00 - - - - - - - - 15 1 1.1 1
IL+Diox [BMIM]* [PFe] Cosolvent
1.00 2344 | 3235 | 3810 | 5294 | 3725 | 3150 | 2580 | 7089 - - - -
0.90 1372 | 1777 | 1705 | 3868 | 2580 | 1670 | 1070 | 5721 998 435 | 1399 | 449
0.75 864 929 820 | 2852 | 1156 | 302 484 | 2124 | 377 228 | 718 403
0.50 350 448 346 779 841 345 192 690 255 121 | 396 326
0.25 302 | 157 | 110 | 304 | 644 | 112 | 57 | 211 | 132 | 451 | 148 | 74
0.10 157 87 57 357 367 60.1 | 274 | 700 498 | 23.1 | 145 37
0.00 - - - - - - - - 9.9 133 | 31 33
IL+Hex [BMIM]* [PFe] Cosolvent
1.00 2344 | 3235 | 3810 | 5294 | 3572 | 3150 | 2580 | 7089 - - - -
0.90 1214 | 1617 | 1255 | 5400 | 2344 | 1551 | 810 | 5920 | 334 107 | 202 286
0.75 952 | 1151 | 1220 | 2900 | 2125 | 1238 | 779 | 3960 | 109 33 49 78
0.50 200 423 433 370 543 427 263 778 65.3 18 24 47
0.25 71.9 135 153 88 937 152 148 89 18.8 10 13 22
0.10 44.1 32 42 29 557 41 25.7 34 7.0 9 11 13
0.00 - - - - - - - - 3.42 7 8 12
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3.4.3 Single Particle Displacement Distributions

Single particle displacement distribution quantifies the DH signatures via the deviation from
the Gaussian displacement distribution predicted for homogeneous liquids *8, and it can be
calculated via the simulated self-part of the van Hove correlation function, G¢(r,t) % by

using the following expression,

P[log,0(8r);t] = In(10) 41t8r3G4(dr, t) (3.7)

For a Gaussian G4(r,t), P[log;,(8r); t] becomes independent of time® with a peak height of

~ 2.13 and deviations from this peak height suggests presence of heterogeneous dynamics.

Figure 3.6 shows the simulated P[log,,(6r); t] at t = ty¢ for the [BMIM]", [PFe] ions and the
cosolvents at F;;=1, 0.50, 0.10 and 0. Note the peak heights in these binary mixtures for both
the ions and the three cosolvents remain below the homogeneous limit, suggesting underlying
non-Gaussian displacement distributions. Interestingly, P[log,,(8r); Ty¢] for [BMIM]*
indicates dilution of IL by cosolvents permits [BMIM]" accessing larger displacements but
increase in cosolvent polarity does the reverse. P[log,,(8r); tye] for [PFe]’, on the other
hand, suggests accessing of larger displacements with both dilution of IL by cosolvent and
increase of cosolvent polarity. For neat cosolvents, increase of polarity allows accessing larger
displacements. In binary mixtures, with successive addition of IL P[log,,(6r); Tye] shifts
toward larger displacements for hexane and moves to opposite direction for dioxane with the

least impact on displacement lengthscales sampled by acetonitrile.
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Figure 3.6: Cosolvent polarity dependence of simulated single particle displacement
distributions, P[log,,(67);t = Ty¢] for the IL ions [BMIM]" (upper panel), [PFs]” (middle
panel) and cosolvents (lower panel) in the three binary mixtures at Fi.=1.0, 0.50, 0.10, 0.0.
Here, horizonal black line denotes the peak height (~2.13) for Gaussian distribution of particle

displacements.
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The simulated P[log,,(8r); Tyng], Shown in Figure 3.A.9 (Appendix 3.A), suggests relatively
stronger cosolvent polarity impact on [PFe] displacements than on those for [BMIM]" where
the effect of dilution is weaker for polar binary mixtures than in the non-polar ones. In addition,
at t = Tyng, displacements accessed by the neat solvent molecules increases with the increase
of cosolvent polarity. Interestingly, for both the three cosolvents, increase of IL concentration
in binary mixture allows sampling of larger displacements with the maximum effect for hexane
and minimum for dioxane. All these observations, therefore strongly suggest that cosolvent
polarity indeed contributes to the heterogeneous relaxations of molecules and molecular ions

in these complex binary mixtures.

3.4.4 Self-Intermediate Scattering Function: Mixture Composition and Cosolvent
Polarity Dependence

The self-intermediate scattering function, F¢(k, t), which tracks the time evolution of density
at a given space point, can be simulated from the real part of the incoherent scattering function
8571 Fo(k, ) = N7t ¥i(cosk X [rj(t) — r;(0)]) in the limit of the nearest neighbour
wavenumber (ko — 2m, o being the diameter). The 1/e decay time of the self-dynamic structure
factor, Fg(ko — 2m,t), provides an approximate estimate of the a-relaxation (structural
relaxation) time scale, t,. To study the cosolvent polarity dependence on structural relaxation,
the simulated Fs(ko — 2m,t) profiles for the IL ions and the cosolvents in these binary
mixtures at various compositions have been monitored. The simulated results are presented in
Figure 3.7, where the corresponding 1/e decay time are indicated as bullet marks and also these
values are provided in Table 3.4. A representative plot showing the decay of Fs(ko — 2m,t)
for all the IL mole fractions studied are presented in Figure 3.A.10 (Appendix 3.A). lItis clear
from this figure that the relaxations of Fs(ko — 2m,t) for both the ions are the fastest in
acetonitrile containing binary mixtures among the three different binary mixtures considered.
In addition, the IL concentration effect on the self-dynamic structure factor relaxation is also
the strongest for acetonitrile containing IL mixtures. Interestingly, the relaxation of the
acetonitrile self-dynamic structure factor in these ionic liquid solutions is the fastest among the
three cosolvents considered here. This is a reflection of strong polarity impact on the relaxation
of self-dynamic structure factor in ([BMIM][PF¢]" + acetonitrile/dioxane/hexane) binary

mixtures.
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Figure 3.7: Cosolvent polarity dependent normalized self-part of the intermediate scattering
function at the nearest neighbor (ko — 2m), F;(k, t) for the three binary mixtures at mixture
compositions, F;.=1.0, 0.50, 0.10, 0.0. Here, bullet marks indicate the respective 1/e decay

times,t,.
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Next, we show in Figure 3.8 the IL mole fraction dependence of the diffusion on-set timescales
obtained from the simulated relaxations of the self-dynamic structure factors and the MSDs
(left panels), and the correlation between them at different IL mole fractions (right panels). The

diffusion on-set timescale for MSDs (zysp,3) can be approximately identified as the time when

B = 1inthe relation, (§72) o« tP. This is already shown in Figure 3.1 by bullet marks. For the
self-dynamic structure factor, the diffusion on-set timescale (t,) can be approximated as the
time by which the decay of the normalized F¢(ko — 2m, t) has reached e~ or nearly 63%. The
remaining portion of the total decay (~37%) is believed to be carried out by the diffusive motion
of the particles alone via the centre-of-mass structural rearrangement, (Fs(ko — 2m,t) =
Fs(ko — 2m,t = 0)exp [-D(ko)?t] . Clearly, the structural relaxation and MSD at long time
are governed by the same solvent translational rearrangement in a homogeneous solvent, a
linear correlation between them is expected. Any non-linearity in that correlation may therefore
be interpreted as a signature of heterogeneous relaxation dynamics. The IL mole fraction
dependent tysp g and 7, shown in the left panels of this figure, suggest that both the timescales
show sharp rise as Fy;, approaches unity. Moreover, t, is uniformly larger than z,sp g across
the compositions studied for these binary mixtures. The right panels show that these two
timescales not only deviate from a 1:1 correlation between them but also show a mutual non-
linear dependence. This provides a further support to the view of solution heterogeneous
dynamics. Again, the extent of deviation is the minimum for ions in acetonitrile solutions,

suggesting a polarity dependence of the underlying heterogeneous relaxation dynamics.
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Figure 3.8: IL mole fraction dependence of diffusion on-set time scales obtained from the
simulated F;(k,t), (t,) and MSDs, (tysp ) for both the ions, [BMIM]*(left upper panel),

[PFe] (left middle panel) and cosolvents (left lower panel) in these three binary mixtures. The

right panels depict the correlations between t,, and 7ygp g for IL ions (right upper & middle

panel) and cosolvents (right lower panel) at various IL mole fractions in these binary mixtures.
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3.4.5 Overlap function

The overlap function tracks the density fluctuations at smaller length-scale (0.30, ¢ being the

particle diameter) than F(ko — 2m,t), and is defined as,’?"*

Q(t) = XL, Wi(a, exp[ik.1;(0)] (3.8)

In the above equation, W;(a,t) is a Heaviside step function and defined as, W;(a,t) =
0(a — |r;(t) — r;(0)|), where a=0.3c following an earlier suggestion. "> The condition a=0.3c
IS to ensure that the nearest neighbour particles are not firmly occupying positions as in a crystal
lattice but in a molten disordered state satisfying grossly the Lindemann criterion "™ after
accounting for the anharmonicity and the cooperative effects. The need of monitoring Q(t)
relaxations arises for ensuring that F;(ko — 2, t) is not tracking the relaxation due to nearest
neighbour vibrations but in fact involves particle translations. It is therefore natural to expect
that Q(t) decays would resemble F4(ko — 2, t) relaxations and the corresponding e ~1decay

times (z, and 7,) correlate better to each other.

Figure 3.9 presents the polarity dependence of Q(t) decays for [BMIM]*, [PFs] and cosolvents
in these binary mixtures at various mole fractions (left panels) and the correlations between 7,
and 7, (right panels). As before, the e ~*decay times (z,,) are represented by the bullet marks
on the individual decays. 7, values are summarized in Table 3.4. Data in this table show that
timescales obtained from various dynamic heterogeneity parameters, namely, Tyyg, T, and
7o, becomes faster upon adding the cosolvents and show substantial cosolvent polarity
dependence. Note in the right panels that the correlation between 7, and t, is significantly

better than what we have seen between t, and tysp g in Figure 3.8 (right panels).
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Figure 3.9: Cosolvent polarity dependent simulated overlap function, Q(t), for both the IL
ions and cosolvents in the three binary mixtures at 298 K are presented in the left panels, where
bullet marks indicate the respective e ~* decay times, 7. The right panels show the correlations
between e~ decay times obtained from Q(t) (t,) and F;(k, t) relaxations (z,) at various IL

mole fractions of these IL mixtures.
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3.4.6 Four-Point Correlations: Composition and Cosolvent Polarity Dependence

In slow highly viscous systems, the mobilities of particles over a length-scale may remain the
same for a particular duration. This is akin to stating that (i) up to what lengthscale particles
are relaxing with the same or similar rates?, and (ii) for what time-duration these particles relax
with the same or similar rates? While the former question connects to correlated lengthscales,
the other relates to correlated timescales. Four-point correlation function, x,(k, t) , tracks the
temporal correlations of the local mobilities at two different space points over a certain period
of time. x,(k,t) can be approximated by the fluctuation (variance) of the self-dynamic

structure factor, F¢(k, t), ">"37"~"° via the following equation,

Xa(k t) = N[(Fs(k,©)?) — (Fs(k,1))?] (3.9)

The maximum time over which the mobility fluctuations remain correlated is designated as,
t3®* , which can be obtained from the peak position of y,(k,t) versus t profiles. The
composition dependent x,(k — 2m,t) for the ions and the three cosolvents in all these
(IL+cosolvent) binary mixtures are shown in Figure 3.10 for the two representative
compositions, Fi.=0.50, 0.10 along with those for the three neat cosolvents. The corresponding
peak times, t3'@* , are indicated by the dashed vertical lines. It is clear from this figure that
x4 (k — 2m,t) responds to both cosolvent polarity and IL mole fraction. The cosolvent polarity
and IL mole fraction dependencies of the correlated timescale, t}'?*, are presented in Figure
3.11. Itis interesting to note in this figure that t;"®* for even for neat cosolvents depends on the
solvent polarity, and bears the signature of quadrupolar nature of dioxane. In binary mixtures

with IL, t§'@* is the fastest for acetonitrile containing solutions among these three mixtures.
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Figure 3.10: Simulated four-point dynamic susceptibility, y,(k,t) for ions and cosolvents at
two representative mole fractions Fi.=0.50 (left panels), 0.10 (right panels) along with those

for neat IL and cosolvents. The vertical lines represent the approximate peak times.
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102



Chapter 3

3.5 Conclusion

In summary, the present study finds a significant cosolvent polarity dependence for the
dynamics of ([BMIM] [PFe] + cosolvent) binary mixtures, and identifies the quantities that
characterize the heterogeneous relaxation dynamics of individual components in these complex
binary mixtures. The heterogeneity signatures become more pronounced at higher IL
concentrations and for solutions with less polar cosolvents. Simulated mean square
displacements (MSDs) for both the ions and the cosolvents indicate the cage softening upon
successive addition of the cosolvents into IL, leading to higher mobilities for ions in solutions
with more polar solvents. DH time scales and the peak heights obtained from NG and NNG
parameters show both the composition and polarity dependencies. These time scales become
faster in presence of the cosolvents in the IL mixtures and the fastest time scales have been
obtained for the (IL + acetonitrile) mixtures. In addition, the NG and NNG peak height undergo
a dramatic decrease when the system changes from neat IL (Fi.=1.00) to dilute IL solutions
(FiL=0.10). Composition dependent single particle displacement distributions show that in
dilute IL solutions the displacement distributions are moderately deviated from being Gaussian.
Relaxation time scales from self-intermediate scattering function and overlap function become
significantly faster in binary mixtures of IL with cosolvents and these relaxation times respond
significantly to the cosolvent polarity. The temporal correlation between relaxation dynamics
at two different space points, quantified by t}*#* through the calculations of x,(k,t), become
the shortest for IL solutions with acetonitrile. All in all, the study reveals that dynamic
heterogeneity of [BMIM][PFs] changes significantly upon dilution with cosolvents and the

extent of modification depends strongly on cosolvent polarity.
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Appendix 3.A

[BMIM]* [PFe]"

Acen
Diox

Hex

Figure 3.A.1: Chemical structures of [BMIM]*, [PFe], acetonitrile (Acen), 1,4-dioxane (Diox)
and hexane (Hex) along with the representations, which were used in the discussion of various
simulated properties.
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Figure 3.A.2: Mean square displacements (MSDs) for [BMIM]* cation and [PFs]™ anion in
neat IL (Fi.=1.00) for 100 ns (upper left panel) and 4 ns production run (lower left panel) and
their corresponding B (t) plots for 100 ns (upper right panel) and 4ns production run (lower

right panel).
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Figure 3.A.4: Composition-dependent translational mean squared displacements (MSDs) for

[BMIM]* cation, [PFs] anion and acetonitrile at 298 K for the binary mixture (IL+Acen).
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Figure 3.A.5: B (t) plots for the [BMIM]* cation at Fi.=0.50 (upper left panel), Fi.=0.10

(upper right panel) and for the [PFe] anion at Fi.=0.50 (lower left panel), Fi.=0.10 (lower right
panel). Note B (t) plots are given for the three binary mixtures along with the pure IL, where
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dark red.
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Figure 3.A.6: Cosolvent polarity dependent »(t) for both the ions [BMIM]* (upper panel),
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Figure 3.A.7: Composition dependent a,(t) for [BMIM]*, [PFe]” and the three cosolvents in

the binary mixture of (IL+Acen).
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Figure 3.A.8: Composition dependent y(t) for [BMIM]", [PFe] and the three cosolvents in
the binary mixture of (IL+Acen).
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Figure 3.A.9: Cosolvent polarity dependence of simulated single particle displacement
distribution, P[log,,(67);t = Tyne] for the IL ions [BMIM]" (upper panel), [PFe]” (middle
panel) and three cosolvents (lower panel) in the three binary mixtures. Horizonal black line
denotes the peak height (~2.13) for the Gaussian distribution of particle displacements.
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Table 3.B.1: Number of ion pairs and cosolvent molecules used in the simulation at different

IL mole-fractions (Fi).

Fi [BMIM]* [PFe] Cosolvent molecules

1.00 128 128 0

0.90 230 230 26

0.75 192 192 64

0.50 128 128 128

0.25 64 64 192

0.10 26 26 230

0.00 0 0 256

Table 3.B.2: Diffusion on-set time scales for the three binary mixtures at IL mole fraction
FiL.=1.0, 0.50, 0.10, 0.0.

FiL [BMIM]" (ps) [PFs] (ps) Cosolvent (ps)
IL+Acen | IL+Diox | IL+Hex | IL+Acen | IL+Diox | IL+Hex | IL+Acen | IL+Diox | IL+Hex
1.0 7642 7642 7642 7458 7458 7458 - - -
0.5 966 1314 | 2366 955 1374 | 2433 337 789 2708
0.1 118 469 1512 150 414 1550 87 381 253
0.0 - - - - - - 45 161 113
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Chapter 4

Heterogeneous Orientational Relaxations and Translation-
Rotation Decoupling in (Choline Chloride + Urea) Deep Eutectic
Solvents: Investigation Through Molecular Dynamics Simulations

and Dielectric Relaxation Measurements

4.1 Introduction

Research studies carried out in the last couple of decades focussing on environmentally friendly
yet efficient reaction media have suggested that ionic liquids (ILs)!? and deep eutectic solvents
(DESs)?® possess appropriate physico-chemical properties for large-scale industrial
applications, replacing a large body of common and hazardous organic solvents. DESs appear
to have an edge over the ILs because of their less expensive, favourable handling and easy-to-
transport features.*>81%  Application of deep eutectic solvents (DESs) in synthetic
chemistry'>'2 and electrochemistry*3-%° as reaction media is increasing for their less toxicity,
low vapor pressure and other desirable solvent features. Search for biodegradable reaction
media® and therapeutic solvent matrices!’ have led to the generations of several important
DESs. DESs are multi-component melts, providing a stable liquid phase at temperatures much
below the melting temperatures of the individual components. These components are often
organic compounds and inorganic salts and therefore, DESs can be either ionic*'®2! or
nonionic,?? depending upon the choice of the constituent components. This allows a wide
window of choice for selecting components for engineering task-specific liquid solvents,
ushering delight providing the much needed flexibility for engineering task-specific liquid
solvents for carrying out reactions yielding tailored products. DESs are, therefore, not only
capable of successfully addressing many of the critical environmental issues, but can also usher
delight to the synthetic chemists for being able to create at will the required polarity and
viscosity for carrying out reactions to yield the desired products. These systems are also rich
and diverse in basic scientific aspects because of the ‘metastability’ arising from being in the

liquid phase at temperatures lower than the melting temperatures of the individual components.

119



Chapter 4

The signature of metastability has probably been reflected via the pronounced fractional
viscosity dependence of relaxation rates at temperatures ~50-150 K above the respective
thermodynamic glass transition temperatures for a variety of DESs.!8*® This is striking because
such a strong viscosity decoupling of relaxation rates is known to occur for deeply supercooled
liquids near glass transition where spatial inhomogeneity is believed to characterize the liquid

structure at such low temperatures.

In the class of ionic deep eutectics, a new set of DESs have been prepared by melting mixtures
of appropriate mole or weight fractions of quaternary ammonium salts and neutral hydrogen
bond donors. The biodegradable®” and readily available nature of choline chloride
(OHCH2CH2N(CHz3)3Cl), a quaternary ammonium salt possessing similarities to the vitamin B
complex-group, turns these particular systems quite promising for selection as one of the
preferred constituent elements for the preparation of environmentally-benign DESs. As choline
chloride based DESs,®° have been already accepted as the green solvent systems,*®% they are
extensively used in the field of organic synthesis,***! gas absorption,** selective metal
extraction®® and electrochemistry.** Although there are many combinations available, >’ the
most frequently studied DESs are composed of choline chloride and urea (CH3CO(NH_)2).%3!
The choline chloride based DESs has the melting temperature of 285 K, which is much lower
than the individual melting temperatures of the constituents (choline chloride — 575 K and urea
— 406 K).31*° This DES may therefore be called as a room temperature DES. The biocompatible
choline chloride is an important ingredient in animal and poultry food industry.%®% Urea, on
the other hand, is an important ingredient in fertilizer industry®® and also plays an important

role in microbial metabolism in aquatic systems.5!

Although several physico-chemical properties, such as densities,*” viscosities,®476?
conductivity values®® and molar heat capacities®® of these chlorine chloride based DESs at
various temperatures have already been reported, the interaction and dynamics of (choline
chloride + urea) DESs have not been extensively explored yet. Structural analysis of choline
chloride and urea DESs performed via molecular dynamics simulations has suggested stronger
interaction between the hydrogen bond donor and chloride ion than the choline ion®. Several
properties such as density, viscosity and surface tension have been reproduced for these DESs

by using a new set of non-polarizable OPLS-AA interaction parameters.®® Interestingly, the
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pulsed field gradient NMR spectroscopic study® in choline chloride based DESs have
proposed that the molecular diffusions do not follow the random walk model. Rather, they
follow a jump mechanism which is expected for some DESs®*3* and ionic liquids.5 % In
addition, dynamic Stokes’ shift and fluorescence anisotropy measurements®: of (choline
chloride + urea) DESs at various temperatures has suggested a departure from hydrodynamic
viscosity dependence of solute solvation and rotation times, suggesting presence of dynamic
heterogeneity in these DESs. This and the presence of spatial heterogeneity suggested by the
excitation wavelength-dependence of steady state fluorescence emissions®.:’? strongly indicate

the spatio-temporally heterogeneous nature of (choline chloride + urea) DESs.

However, the above inference on spatio-temporal heterogeneity of (choline chloride + urea)
DESs is entirely based on steady state and time-resolved fluorescence measurements which
require an external probe molecule as a reporter. Therefore, the real solution heterogeneity
status may be different from what is being reported as both the heterogeneity length- and time-
scales could be significantly modified by the diameter of the fluorescent probe molecule and
its average excited state lifetime.”""3 In such a situation, one either resorts to computer
simulations for generating information on structure and dynamics of the system by employing
model interaction potentials and makes an attempt to better understand the fluorescence
spectroscopic data, or performs different but complementary experiments which do not require
a foreign probe solute. Dielectric relaxation (DR)’* measurements can directly probe the
inherent orientational dynamics of the medium and thus can be used, in conjunction with
viscosity measurements and hydrodynamic theory on rotational motion, to infer the structural
and dynamical complexities of the system under study. DR measurements carried out earlier
for several ionic acetamide DESs in the frequency window, 0.2 <v/GHz < 50, have
suggested a strong presence of dynamic heterogeneity.?” Hence, we have first carried out
molecular dynamics simulations of choline chloride and urea deep eutectic solvents (DESs) of
general composition [ f choline chloride + (1-f) urea] for f = 0.33 and 0.40 at six different
temperatures in the temperature range 298 < T/K < 333 for scrutinizing our earlier
conclusions on this DES based on time-resolved fluorescence measurements. This simulation
study is then followed up by performing DR measurements in the frequency window, 0.2 <
v/GHz < 50. Note this accessible frequency window does not allow us to discuss confidently
about dynamics with timescales slower than a nanosecond and faster than a few picoseconds.

Computer simulations, however, do not suffer from this lacunae, although the use of course-
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grained model interaction potentials can generate, at best, a qualitative understanding of the

relevant experimental data in terms of microscopic structure and dynamics.

4.2 Force Field and Simulation Details

All-atom molecular dynamics simulations of (choline chloride + urea) DESs at six different
temperatures within the temperature regime 293 < T/K < 333 at 0.33 mole fraction of urea
were performed using GROMACS version 4.5.4.” "7 To obtain the mole fraction f = 0.33 for
the general composition, [f choline chloride + (1 — f) urea], 500 choline chloride pairs
mixed with 1000 urea molecules were simulated. Here, the molecules interacted via the

following OPLS-AA® interaction potential:
Eponas = Xikp,i(1; — 10,)° (4.1)

Eangles = Zi ke,i(ei - 90,i)2 (4-2)

1 1 1
Etorsion = X [5 Vii(1+ cosg) + -V, (1 = cos2e;) +5V3,(1 + cos3¢;) +

%Vu(l - cos4<pi)] (4.3)

Enonbona = 2i 2j>1 {qlq} + 4g;5 l(au)lz - <ﬂ>él} (4.4)

Tij

Here, the intramolecular bonded interactions include harmonic terms for bond stretching (with
bond distance, r; equilibrium bond distance, r,,; bond force constant, k;,), angle stretching (with
bond angle, 8; equilibrium bond angle, 6,; angle force constant, ky), and V;, V, and V;
represent the Fourier coefficients. ¢ denotes the dihedral angle. The non-bonded interactions
consist of Lennard-Jones (LJ) and Coulomb interactions, where LJ radii, potential well depth

and the distance between the atoms are represented as o;;, &;; and r;; respectively. g; and g;
represent partial charges. In our simulations, the geometric combination rules have been
employed for the Lennard-Jones coefficients, o;; = (a”a”) ? and &j = (siisjj)l/z. The
interaction parameters for choline chloride and urea molecules were taken from the OPLS-AA

force field® parameters, which were employed to reproduce various experimental quantities

like densities, heat capacities, surface tensions, and viscosities. The partial charges and
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Lennard-Jones parameters of choline and urea are provided in Tables 4.B.1 and 4.B.2

(Appendix 4.B) respectively.

The initial configurations were built using the Packmol software’® and energy minimized in
GROMACS via using the steepest decent algorithm. Simulations were carried out in a cubic
box employing the periodic boundary conditions. The cut-off radius for short-ranged
interaction was set for 1.6 nm and the long-ranged electrostatic interaction was treated with
Particle-Mesh Ewald (PME) summation.”® Throughout the simulations, all the covalently
bonded H-atoms were kept constrained using the LINCS algorithm® with order of 8. The
energy optimized configurations were then equilibrated in the NPT ensemble for 15 ns at 1.0
bar pressure using a velocity rescaling thermostat®® and Berendsen ensemble®? with the
relaxation times of 0.5 ps and 2.0 ps respectively. Equations of motions were solved by using
the leapfrog algorithm?® with a time step of 1 fs and the production run for all the simulations
was for 100 ns in the NVT ensemble. The simulated trajectories were saved every after 0.1 ps
for data analyses. For the calculations of continuous H-bond relaxation dynamics, separate
trajectories were generated using the same ensemble with the pre-equilibrated trajectories and
in this case, the trajectories were saved at a regular interval of 0.01 ps. For the visualization of
the molecules during the simulation process, Visual Molecular Dynamics (VMD)®8 software

was used.

For the fidelity check of the force field, we have compared the simulated densities of
[f choline chloride + (1 — f) urea] DES at various temperatures with those obtained from
experiments® and earlier simulations.®® These comparisons are presented in Figure 4.A.1
(Appendix 4.A). It shows that the simulated densities agree well with the experimental values

and predictions from earlier simulations® with the maximum deviation of ~ 4 %.
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4.3 Experimental Details

4.3.1 Materials and Method

Choline chloride (>99%, Sigma-Aldrich) and urea (>99%, SRL) were vacuum-dried at room
temperature for 48 h before use. Samples were prepared and relevant experiments were done
in a tightly humidity-controlled environment. Further details regarding sample preparation
could be found elsewhere as these DESs were already studied via fluorescence measurements.*®
Briefly, the sample vessels were sealed and heated slowly to ~340 K until it formed a clear
melt. Then the DR measurements were carried out after allowing the samples to reach the
desired temperatures.

4.3.2 DR Measurement Details*

The frequency dependent relative permittivity, €*(v) can be represented by the following
relation86:87

iK

eWw)y=¢eWw)—\ie"(v) +

(4.5)

Znspv

Here, x corresponds to the dc conductivity of the medium, and ¢, is the permittivity of free
space. €' (v) represents the real part of the complex permittivity whose zero-frequency limit
& = €(v = 0) is the static dielectric constant of the medium. The permittivity at infinite
frequency €,, = €(v — o) represents the contributions derived from intermolecular vibrations
and intramolecular polarizability, which is occurred at the high frequency regime. As our
present measurement is only accessible to the frequency 50 GHz, we are not allowed to probe
separately the high frequency response arising from intramolecular polarizability and
intermolecular vibrations. The reported &, includes this high frequency relaxation
contributions, and it is larger than n2 (np is refractive index). Note that in complete DR

measurements, &, ~ n3.

*Dielectric relaxation (DR) measurements have been done by Dr. Kallol Mukherjee at S N Bose National Centre
for Basic Sciences, Kolkata, India. This is a part of our submitted paper in J. Rajbangshi, K. Mukherjee, and R.
Biswas J. Phys. Chem. B (2021).
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Approximately 8 mL of each mixture were subjected to DR measurements after proper thermal
equilibration in an appropriately humidity-controlled environment. Temperature dependent DR
measurements for these DESs were carried out by using a heating plate (MS-H-Pro from
SCILOGEX, USA). We used a thermometer which was set at the same plane of the probe end
to estimate the temperature more accurately and to avoid the misinterpretation of sample
temperature which can arise from temperature gradient because of using a heating plate. During
all measurements, desired experimental temperatures were sufficiently stable for conducting

repeat (at least three) data acquisition.

4.4 Simulation Data Analyses: Statistical Mechanical Relations

The normalized reorientational time correlation function, C;(t)88 is defined as follows,

_ (P[u;(©.7;(0)])
G(®) = (Py[1;(0).1;(0)]) (4.6)

where, P; denotes the Legendre polynomial of rank | and i is the unit vector. For choline ion,
the unit vector joins the O — H (-OH) atoms, and for urea it connects the N-atoms of the -NH>
groups. According to the Debye’s model of diffusive reorientation,8 % the reorientation

correlation time for homogeneous systems is given by,

7, = [I(L + D)D) 4.7

where, Dr denotes the rotational diffusion co-efficient. If the angular diffusion occurs through
Debye rotation, then {t;)/(t,) = 3 8% suggests stochastic random orientational diffusion and
the validity of the [(l + 1) law. However, a deviation from (z,)/(t,) =3 may suggest
presence of the orientational dynamic heterogeneity, which may be observed in slow viscous

liquid systems.®:%

Because these DESs support formation of extensive intra- and inter-species H-bonding, the
reorientational relaxation would surely involve breakage and formation of H-bonds. For this,
the H-bond fluctuation dynamics has been monitored via two different H-bond relaxation

functions; they are the continuous H-bond relaxation function, S,z(t), and the structural H-
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bond relaxation function, Cyg(t). The Syp(t)95-100 and Cyp(t)9596.98100 gre defined as

follows,
Sp(t) = HE (4.8)

(h)

Here, H(t) = 1 if the tagged pair of particles, for which h(0) is calculated, remains
continuously H-bonded until time t, or else zero. Sy (t) therefore, describes the probability of
two participating molecules remaining H-bonded continuously for the duration t. when H-
bonding between the participating molecules breaks down, it becomes zero. Cyg(t), on the
other hand, provides the time scale of reformation of H-bond (after being severed from the
previous partner) after structural rearrangement through diffusion. As a result, Cyg(t) is
associated with structural relaxation and a translational diffusion timescale always associates

with H-bond relaxation dynamics.

Translational motion of particles can be obtained from the center-of-mass mean square

displacements (MSDs) via the following equation,88101.102
(6r2(8)) = (N XL, 1ArE(0,8)]%) (4.10)

Here, 1} represents the center-of-mass vector of particle i. The time dependencies of MSDs can

be expressed as, MSD o« tF® with

B() = g [Infar? ()] (4.12)

Simulated MSDs exhibit different regime. For example, the inertia-dominated regime at short
time corresponds to B = 2, the sub-diffusive regime at intermediate time to 8 < 1, and

diffusive regime at long time to g = 1.
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The normalized velocity autocorrelation function (VACFs)1%1%4 ¢ (¢), is defined as

C{;V(t) — (v(t).v(0))

(v(0).v(0)) (4.12)

which has been monitored for all the species to detect caging motion. This is important
particularly for the chloride (CL™) ion as it may be involved interacting simultaneously with the
choline cation and the urea molecules and remain caged for a duration longer than a neutral

particle diffusing through a liquid medium. In addition, diffusion coefficient can be

independently obtained from the simulated VACF via the relation,® D = A fooo dt CY (), with

A= k"% This relation provides an alternative and useful route to estimate diffusion coefficients

for high viscous systems where MSDs do not reach the diffusive regime (8 = 1) at long time.

The translational component of the dynamic heterogeneity (DH) in slow viscous systems can
be tracked via the calculations of the non-Gaussian (a, (t))1051%6 and the new non-Gaussian

(y(t))101.107 parameters defined as,

3(8T4(t)) _
5(572(1))2

a,(t) = (4.13)

and () = 2(6r2 (D) () — 1 (4.14)

8r2(t)

where, (6r2(t))—( YL An@®?) and (5= )‘( P

displacement of i-th particle at time duration t from any arbitrary time origin. a,(t) tracks

——). Ari(t) is the

s Z(t) =1 |ar,; (t)l2

those particles which execute displacements larger than those predicted from the Gaussian

distribution of particle displacements, whereas the (y(t)) connects to the particles that are

)

in the expression of y(t) ensures this and paves the way for emergence of an additional

associated with displacements smaller than the Gaussian prediction. The presence of (—— 52 (t)

timescale much slower than the corresponding diffusion timescale.
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The signature of the translational DH is then explored via simulating the self-intermediate
scattering function, 8197108 £ (k. t), in the limit of nearest wavenumber (ko — 2, o being the

diameter):
Fs(k t) = N7! ¥{cosk X [r;(t) — r;(0)]) (4.15)

The 1/e decay time of F;(k, t) decay profile is connected to the a-relaxation time scale which

associates with structural relaxation.

Four-point dynamic susceptibility, yx,(k,t), provides information regarding the temporal
correlations among the particles having similar mobility at two space points over a certain

duration of time. y, (k, t)109-113 can be estimated from the fluctuations of F;(k — 2m,t)
Xa(k = 2m,t) = N[(F(k - 2m,t)?) — (F;(k > 2m, t))?] (4.16)

Since the y,(k,t) tracks the correlation among particles with similar mobility for a certain
duration of time, the maximum time over which the particles remain correlated can be

designated as t;*** and can be estimated from the time profile of the simulated y,(k,t).

4.5 Results and Discussion

4.5.1 Simulation Results

4.5.1.1 Reorientational Relaxations: Heterogeneity signatures and Translation-Rotation

Decoupling

The simulated temperature dependent reorientational correlation functions, C; (t) and C,(t) for
the choline ion (upper panel) and urea (lower panel) are shown respectively in Figure 4.1 and
Figure 4.2. Also, representative comparison among different fit functions for both the decays
C,(t) and C,(t) at T = 333K are provided in Figure 4.A.2 and Figure 4.A.3 (Appendix 4.A)
respectively. These fits suggest that a sum of four exponentials are required to adequately
describe these simulated reorientational correlation functions. Decay fit parameters
summarized Table 4.1 and Table 4.2 suggest that these decays are spread over a wide range of

timescales, covering from sub-picosecond to a few tens of nanoseconds time regimes.
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In addition, average relaxation times in these tables indicate that both C;(t) and C,(t) decays
are uniformly faster for the choline ions than for the neutral urea molecules at all the
temperatures studied. As expected, (and also shown representatively in Figure 4.A.4 of
Appendix 4.A), the C,(t) decays are faster than the C,(t) decays for both choline and urea.
The temperature dependence follows the same trend as that of viscosity (see Table 4.B.3 of
Appendix 4.B). Note that the simulated C; (t) relaxations at temperatures below 300 K account
for nearly half of the total decays (within the 10 ns time window), suggesting the presence of
a large slow component with timescales in the several tens of nanoseconds. The corresponding
C,(t) relaxations within this time window account for ~60-70%, indicating the presence of a
similar nanosecond component in these decays as well. Interestingly, such a slow component
has also been observed in the simulated C;(t) decays for [BMIM]* in [BMIM][PF¢] IL.1%
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Figure 4.1: Temperature dependent simulated first rank (I=1) reorientational correlation

functions, C; (t), for choline (upper panel) and urea (lower panel) in [ f choline chloride + (1-

f) urea] DES at f = 0.33. The lines going through the simulated data denote multi-exponential

fits. Data for different temperatures are color coded.
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Figure 4.2: Temperature dependence of the simulated second rank (I=2) reorientational

correlation functions, C,(t), for choline (upper

panel) and urea (lower panel) in [ f choline

chloride + (1-f) urea] DES at f = 0.33. As before, the lines going through the simulated data

represent multi-exponential fits. Data for different temperatures are color coded.
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Multi-exponential fit parameters summarized in Table 4.1 and Table 4.2 show that the
temperature dependent C;(t) decays for choline and urea are associated with four well-
separated relaxation timescales - ~ 0.1-0.4 ps, ~ 10-70 ps, ~ 0.1 — 2 ns and ~ 1 — 40 ns. The
sub-picosecond timescale is a typical signature of inertial collective dynamics of H-bonded
systems at short times,?"% whereas the slow long-time decay with time constant of several tens
of nanoseconds reflects a combined influence of high viscosity and H-bonding interactions.?’
The latter can be understood if we consider that the average reorientational correlation times
become faster by a factor of ~20-30 for increasing the solution temperature from 293 K to 333
K while the DES viscosity decreases by a factor of ~12 for the same temperature change. The
simultaneous participation of H-bonding in slowing down the reorientation dynamics is further
reflected in the observation that the average reorientation times for urea is shortened by ~25-
30 times in contrast to a decrease of ~20-25 times for choline. However, these two ultrafast and
ultraslow timescales would not feature in the experimental DR data presented later in this
chapter because of the limitation in the measurement window (0.2 < v/GHz < 50). These
timescales may appear when we explore the role of H-bond relaxation in the single particle
collective reorientational dynamics through the simulations of the continuous and structural H-
bond relaxation dynamics. In addition, we would like to mention here that a slow decay
component with a time constant of a few tens of nanoseconds have been found earlier in the
simulated reorientational relaxation in [BMIM] [PFe] ionic liquid,’** dynamic fluorescence
anisotropy measurements employing a neutral dipolar solute in (acetamide + electrolyte)
DESs® and in several ILs.*'* The presence of the other two reorientational relaxation time
constants, ~ 10-70 psand ~ 0.1 -2 ns, may appear in our DR measurements as they are likely
to be detected in the measurement window employed. This experimental verification is
critically important for verification of the model potentials to represent the DES components

in the present simulation study.
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Table 4.1: Multi-exponential fit parameters for the first rank (I=1) C, (t), for choline and urea

in the [f choline chloride + (1-f) urea] DESs for f = 0.33 at various temperatures.

T1 (%] T3 Ty <r>
TK) | a4 (ps) a, (ps) as (ps) Ay (ps) (ps)®
Choline
293 0.08 0.2 0.09 23 0.15 909 0.68 29295 20038

298 0.08 0.2 0.11 23 0.18 1000 0.63 28083 17971

308 0.08 0.3 0.12 21 0.18 769 0.62 16773 10405

318 0.10 0.3 0.14 21 0.27 769 0.49 10000 5090

323 0.10 0.3 0.15 20 0.28 625 0.47 5000 2513

333 0.11 0.4 0.19 19 0.34 454 0.36 2500 1057
Urea

293 0.07 0.2 0.06 69 0.12 1667 0.75 39479 29823

298 0.08 0.2 0.05 47 0.15 1429 0.72 35185 25606

308 0.08 0.3 0.07 39 0.19 1111 0.66 19751 13259

318 0.09 0.3 0.09 39 0.26 909 0.56 10000 5863
323 0.09 0.3 0.10 30 0.26 714 0.55 5000 2925
333 0.10 0.3 0.11 24 0.33 435 0.46 2500 1294

& Average reorientational correlation time, (t) = Y; a;7; with }; a; = 1.
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Table 4.2: Multi-exponential fit parameters describing the simulated second rank (1=2)
reorientation correlation functions, C,(t), for choline and urea in the [f choline chloride + (1-

f) urea] DESs for f = 0.33 at various temperatures.

T1 Y] T3 Ty (1)

TK)| a3 | (ps) a; (ps) | as (ps) ay (ps) (ps)°

Choline

293 | 0.18 0.1 0.11 15 0.16 833 0.55 21027 11754

298 | 0.19 0.1 0.12 14 0.18 833 0.51 19750 10364

308 | 0.20 0.1 0.13 14 0.19 625 0.48 12684 6223

318 | 0.21 0.1 0.16 14 0.27 588 0.36 5000 1963

323 | 0.22 0.1 0.17 13 0.29 555 0.32 5000 1772

333 | 0.22 0.1 0.16 7 0.26 127 0.36 1250 484

Urea

293 | 0.19 0.2 0.07 22 0.17 1111 0.58 24090 14082

298 | 0.19 0.2 0.07 20 0.18 1000 0.56 20879 11794

308 | 0.20 0.2 0.09 19 0.22 769 0.49 12479 6229

318 | 0.22 0.2 0.12 20 0.29 667 0.37 5000 2042

323 | 0.23 0.2 0.13 17 0.29 476 0.35 3333 1319

333 | 0.23 0.2 0.13 9 0.29 159 0.35 1250 489

b Average reorientational correlation time scale, {(t) = ¥; a;t; with ¥; a; = 1.
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Next, we investigate the translation-rotation decoupling in this DES. The celebrated
translation-rotation decoupling is known to occur in deeply supercooled systems where
translational diffusion decouples from the medium viscosity much earlier than the rotational
diffusion. This decoupling in supercooled liquids, however, take place at viscosity values that
are several orders of magnitudes higher than the viscosity range (1500 > n/cP > 50) covered
by the present DES at the temperatures studied, 293 < T /K < 333 (see Table 4.B.3, Appendix
4.B). The dynamical heterogeneity in the simulated reorientational relaxations is suggested by
the violation of the Debye’s [(I + 1) law*>® through the prediction of (z;)/(t,) < 3 for
angular displacements of both the choline ions and the urea molecules at each of the
temperatures studied (see Table 4.B.4, Appendix 4.B). For investigating the heterogeneity in
more detail, we examined the translation-rotation decoupling for which we needed to simulate
the translational diffusion coefficients for both choline and urea. It was found earlier®® that
translational diffusion coefficients estimated from the simulated MSDs were not reliable,
particularly at lower temperatures (higher solution viscosities), because those MSDs did not
(as also in the present study shown later) achieve the desired linear time dependence (that is,
B =1 for MSD « t#) at long time. We have therefore calculated the translational diffusion
coefficients through the VACF route. The predicted diffusion coefficients are shown in Table
4.3 and the simulated VACFs are provided in Figure 4.A.5 (Appendix 4.A). A comparison
between the simulated values and those from the pulsed field gradient nuclear magnetic
resonance (PFGNMR) measurements®® (see Table 4.3) suggests qualitative agreement between
simulations and experiments although one should keep in mind that inelastic neutron scattering
measurements may report diffusion coefficient values smaller than those from the PFGNMR

experiments, 117118
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Table 4.3: Comparison of translational diffusion co-efficients between the simulated values
(via the VACF route) and those from PFGNMR measurements for choline, chloride and urea
in [f choline chloride + (1-f) urea] DESs for f=0.33 at various temperatures. Measured diffusion
co-efficient values are provided in parentheses. The ratio between the experimental and

simulated D values indicate the quality of agreement.

T(K) Depor Dci- Dyrea @
(x 10711m?/s) | (x 107m?/s) | (x 1071'm2/s) Dsimu
Choline Urea
293 0.45 1.38 0.78 0.58 0.63
(0.26 ®) (0.49 )
298 0.48 1.45 0.84 0.73 0.78
(0.35 ) (0.66 %)
308 0.43 1.38 0.81 1.63 1.53
(0.70 ) (1.24 %)
318 0.55 1.52 0.92 2.27 2.34
(1.259) (2.16 %)
323 0.57 1.55 0.95 2.87 2.87
(1.64 %) (2.739)
333 0.60 1.61 0.97 4.82 4.76
(2.89 ) (4.62°)

& Experimental diffusion co-efficients from PFGNMR measurements.
b Diffusion co-efficients obtained from linear fitting of the PFGNMR data.
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In Figure 4.3 we show the ratio of for homogeneous liquids where the hydrodynamic relations
are valid for both the rotational and the translational diffusions of a particle, the rank (1)

dependence of the translation-rotation decoupling can be expressed as,

(Tl) _ fc (4.17)

Terans  3XI(1+1)

employing Terans = 47%/Derans, (T1) = 1/[1(L+ 1) X Dyotl, Dyans = kgT/6mnr, Dyor =
kgT/8mnr3fc, with kgT denoting the Boltzmann constant times the absolute temperature and
r theradius of the diffusor. f and c represent respectively the shape factor and coupling
parameter for aspherical particles. For spherical diffusor, f and ¢ are taken as unity. Notice
that (1;)/Tsans 1S independent of both the diffusor radius and the viscosity of the diffusing
medium, and becomes equal to 0.167 for [ = 1 and 0.055 for [ = 2 for spherical diffusors.
Figure 4.3 shows the simulated ratio, (7;)/Tsans, fOr both choline and urea at different
temperatures considered. As expected, the extent of decoupling is larger at lower temperatures
(higher viscosities) for both the ranks. Interestingly, the first rank (I = 1) reorientations of
both urea and choline exhibit stronger decoupling compared to their second rank (I = 2)
reorientations. This can be understood by considering that the first rank reorientation
relaxations correspond to an angular displacement of 90° and are therefore exposed to stronger
medium frictional resistance than that experienced by the second rank (I = 2) reorientation
dynamics which correspond to an angular diffusion of ~55°. As the solution viscosity decreases
upon rising the temperature, the extent of decoupling reduces and the ratio, (t;)/T¢rqns, finally
achieves the corresponding hydrodynamic limiting values, 1/6 forl = 1and 1/18 for [ = 2.
Figure 4.A.6 (Appendix 4.A) shows that both urea and choline can be approximated as oblate
spheroids with f=0.61 and 0.64 and ¢ = 0.78 and 0.6, respectively. 112! Inclusion of shape
factors and coupling parameters for choline and urea in the above equation then modifies the
hydrodynamic limiting values for spherical rotors for both the ranks. Consequently, the

simulated values of (1;) /T-qns at 333K agree quite well to the modified theoretical predictions.
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4.5.1.2 H-bonding Relaxations: Connection to Reorientational Relaxations

It is expected that the reorientational relaxations in (choline chloride + urea) DES would
involve H-bond relaxations because this system supports extensive inter-species H-bonding.
This allows the H-bond relaxations, particularly the structural H-bond relaxations, to possess
relaxation timescales similar to those already found in reorientational relaxations. We have
followed here both the continuous (Syg (t)) and the structural (Cyp (t)) H-bond relaxations
for the choline-chloride and chloride-urea pairs. Note here that we have monitored the
fluctuation dynamics of the H-bond that had formed between the chloride ion and the hydroxyl
hydrogen of the -CH2OH group of the choline ion, and that between the chloride ion and the
amide hydrogens (-NH>) of the urea molecule. The temperature dependent Sy (t) decays are
shown in Figure 4.A.7 (Appendix 4.A) and the corresponding multi-exponential fit parameters
summarized in Table 4.B.5 (Appendix 4.B). It is evident from Table 4.B.5 that the average
continuous H-bond lifetimes do not show any temperature dependence and are in the sub-
picosecond regime. In addition, the continuous H-bond lifetime for choline and chloride pair
is nearly twice as long as that between urea and chloride pair. The structural H-bond relaxation
dynamics (Cyp (t)), on the other hand, is much slower and spread over sub-picosecond to
several tens of nanoseconds. This is shown in Figure 4.4 and the corresponding multi-
exponential fit parameters are provided in Table 4.4. A representative comparison of various
fit functions for the Cyp(t) relaxation of chloride-choline H-bond pair is provided in Figure
4.A.8 (Appendix 4.A), which suggests that these C5(t) decays require multi-exponential fits
for adequate descriptions. Interestingly, the sub-100 ps and sub-nanosecond timescales
appearing here have also been found in the corresponding C;(t) decays. This is natural because
in extensively H-bonded systems such as this one, reorientation dynamics involves breakage
and reformation of multiple H-bonds. The extremely slow relaxation timescale that, depending
upon DES temperature, vary between a few nanoseconds to a few tens of nanoseconds is
connected to the particle centre-of-mass diffusion. This can be verified by estimating the
translational diffusion timescale, 7.,-4,,s, fOr any of the molecules in these H-bonded pairs. For
example, T4-q4ns fOr choline and urea at 293 K respectively are ~ 24 ns, and ~28 ns, using the
respective molecular diameters summarized in Table 4.B.6 (Appendix 4.B) and the simulated
translational diffusion coefficients (see Table 4.3). These values correspond well with the
slowest timescales (~30 - 40 ns) associated with the Cyg (t) decays. A similar observation was

made earlier for other DESs as well.?8122
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Figure 4.4: Temperature dependence of the simulated decays of the structural H-bond
relaxation functions, Cyg(t), for choline — chloride (upper panel) and chloride — urea (lower
panel) H-bonds in [ f choline chloride + (1-f) urea] DES at f=0.33. Here, the symbols and solid

lines denote the simulations and the fits respectively.
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Table 4.4: Multi-exponential fit parameters for the simulated H-bond relaxations, Cyg(t), for
choline - chloride and chloride - urea pairs in [f choline chloride + (1-f) urea] DESs for f = 0.33

at various tem peratures.

T1 T2 T3 Ty (1)

TK) | a4 (ps) a, (ps) as (ps) ay (ps) (ps)®

Choline - chloride

293 | 0.08 0.3 0.03 19.3 | 0.06 526 0.83 19853 16510

298 | 0.09 0.3 0.05 31.2 | 0.13 1429 0.73 19755 14608

308 | 0.09 0.3 0.05 304 | 0.15 1000 0.71 16830 12101

318 0.1 0.4 0.07 325 | 0.29 1111 0.54 11387 6473

323 | 0.11 0.4 0.08 353 | 0.26 1000 0.55 10255 5903

333 | 0.13 0.5 0.13 42.7 | 0.57 1000 0.17 10000 2276

Chloride - urea

293 0.1 0.3 0.05 175 | 0.09 454 0.76 22055 16838

298 0.1 0.5 0.08 59.9 | 0.19 2000 0.63 27980 18012

308 0.1 0.4 0.08 20.7 | 0.18 588 0.64 15165 9813

318 | 0.12 0.5 0.09 245 | 021 667 0.58 10000 5942

323 | 0.13 0.5 0.1 31 0.28 909 0.49 14830 7524

333 | 0.15 0.5 0.14 26.3 | 0.38 588 0.33 5000 1877

& Average reorientational correlation time scale, (t) = )}; a;7; with Y, a; = 1
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45.1.3 Mean Square Displacements (MSDs): First Indication of Translational

Heterogeneity

Translational motions of all the particles in the [ f choline chloride + (1-f) urea] DES at f = 0.33
were tracked via the center-of-mass MSDs, (|Ar(t)|?), at various temperatures. Representative
simulation data are shown in the upper panel of Figure 4.5. What strikes most in this panel is
that the average displacement V{(|Ar(t)|?) executed by any of these species (urea, choline or
chloride) at 293 K is < 1 A even after a nanosecond. This amounts to ~15-25% of their
respective diameters and suggests ‘rattling-in-a-cage’ motion. What is even more interesting is
that the simulated MSDs at 293 K for none of these species have reached the diffusive limit
(|Ar(®)|?) < tPF® B = 1att — oo ) even after ~10 ns. Note also that chloride is the slowest
among these three different species and has executed ~1 A average displacement in ~10 ns.
This prolonged sub-diffusive behaviour (8 < 1) is an indication of heterogeneous translational
dynamics in this DES which, upon increasing temperature, undergoes partial homogenization.
This is demonstrated in the second panel where £(t) obtained from Eq. 4.11 is shown as a
function of time for these three species. Clearly, § #1 even after 50 ns for any of these species
at 293 K. The span of the sub-diffusive region is substantially reduced at 333K, reflecting

temperature-induced partial removal of solution heterogeneity.

This dramatic slowdown of chloride, urea and choline originates from the extensive
interspecies interactions. This can be visualized, for example, from the three-dimensional
arrangement of choline and chloride ion densities around a urea molecule in this DES by
looking at the spatial distribution functions (SDFs). This is shown in Figure 4.A.9 (Appendix
4.A). Also, the simulated CY (¢) for urea, choline and chloride ions at two temperatures 293 K
and 333 K already presented in Figure 4.A.5 (Appendix 4.A) clearly indicate that the VACFs
for chloride ion are different from those for choline ion and urea molecule, and the chloride
VACFs enter into the negative region much earlier compared to the other particles. In addition,
the chloride VACFs are more structured with relatively larger negative amplitudes than the
VACEFs for the other two species. The larger negative amplitude may be interpreted as more

pronounced rattling in cage,®'?% making the DES dynamics even more heterogeneous.
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Figure 4.5: Simulated centre-of-mass MSDs, {|Ar(t)|?), (upper panel) for of choline, chloride
and urea in [ f choline chloride + (1-f) urea] DES for f = 0.33 at temperatures 293 and 333 K.
The time dependence of the corresponding £(t) in the relation, {|Ar(t)|?) « t#®  for choline,

choline, chloride and urea are shown in the lower panel.
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4.5.1.4 Heterogeneity in Translational Dynamics: Reflection Through Non-Gaussian

Time Scales

The heterogeneity information contained in the sub-diffusive behaviour of MSDs shown above
can be further processed in extracting timescales that are in addition to the collisional and
diffusive timescales characterizing dynamically homogeneous systems. As already discussed,
we have estimated these timescales via calculating the non-Gaussian and new non-Gaussian
parameters, a,(t) and y(t), respectively. The peak positions on time axis of a,(t) versus time
and y (t) versus time curves provide estimates of those additional timescales in heterogeneous
systems - the non-Gaussian (ty¢) and the new non-Gaussian (tyy¢) times. For homogeneous
liquids at high temperature where particle motions can be approximated as harmonic
vibrations,'%® the peak value of the non-Gaussian parameter, a?°** (t) ~ 0.2 at the sub-diffusive
regime (intermediate time) of the relevant MSDs, whereas a,(t)=0 atbotht - 0and t — co.
The upper panel of Figure 4.6 represents the simulated a, (t) for choline ion and urea molecule
in these DESs for f = 0.33 at 293 and 333 K. Notice that a?°**(t) > 0.2 for both urea and
choline even at 333 K which reinforces the view of the dynamics being significantly
heterogeneous in character. The DH timescales, t,, are faster at 333 K than at 293 K and
appear in the 0.2 — 0.5 ns range, while those at 293 K are much slower and cannot even be
identified within the time-window shown here (see Table 4.B.7, Appendix 4.B). The new non-
Gaussian timescales (T y¢) for urea and choline ion have been obtained from the simulated
y(t) profiles and are shown the in lower panel of Figure 4.6. The temperature dependence of
y(t) is similar to that for @, (t) but timescales are much longer. For example, yy¢ for these
species at these temperatures would be in > 10 ns range (see Table 4.B.7, Appendix 4.B). The
large difference between Ty and tyy¢, particularly at the lower temperature is a reflection of
relatively stronger heterogenous character of the relevant particle motions in this DES.
Simulations of ionic liquids had shown this feature earlier as well.1°1%2 nterestingly, these DH
time scales show a correlation with the slow time constants found in the dynamic Stokes shift
and fluorescence anisotropy measurements of these DESs using an external solute.3! Such
correlation has also been observed in ionic liquids®* and in binary mixtures, like

cycloether/water,'?® and trehalose/glycerol 1?5
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Figure 4.6: Simulated non-Gaussian parameter, a,(t) (upper panel), and the new non-
Gaussian parameter, y (t) (lower panel), for choline and urea in [ f choline chloride + (1-f) urea]
for f = 0.33 at temperatures 293 and 333 K. Data for choline and urea in both the panels are

color-coded.
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4.5.1.5 Self-Dynamic Structure Factors and Four-Point Dynamic Susceptibilities: DH

Signatures in Multi-point Correlations

The self-dynamic structure factors, F;(k,t), for choline and urea in the present DES at
temperatures 298 and 333 K for f = 0.33 have been calculated in the limit of nearest neighbor
wavenumber (ko — 21, o being the diameter). The results are presented in Figure 4.7. Note
the F;(k, t) is atwo-point correlation functions describing time evolution of density at a given
space point, while the dynamic susceptibility connects to four-point correlations as it examines
the time evolution of densities simultaneously at two space points. As noticed in the C;(t) and
Cygp(t) decays, the complete relaxations of F,(ko — 2m,t) can be realized only at higher
temperatures. The 1/e decay times for these decays are identified as the respective a-
relaxation time scales, 7, and are indicated by bullet points on the individual decay curves.
Note the simulated F; (ko — 2, t) decays for choline are characterized by a strongly stretched
exponential long-time kinetics (see Figure 4.A.10, Appendix 4.A), whereas those for urea are
multi-exponential in nature. The fit data and the corresponding average decay times are
summarized in Table 4.B.8 (Appendix 4.B). Note the stretching exponent § ~ 0.2 - 0.4 suggests
strongly distributed decay Kkinetics and pronounced heterogeneity in translational dynamics for
choline ions in this DES. Multi-exponential decay kinetics, however, do not exclude the
possibility of temporally heterogeneous dynamics because hierarchical relaxations in a
supercooled system represent step-wise sequential relaxations possessing widely separated

time constants and guided by different correlated length-scales and timescales.
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Figure 4.7: Simulated self-dynamic structure factor, F; (k, t), for choline and urea at the nearest
neighbor wavenumber (ko — 2m) in [ f choline chloride + (1-f) urea] DES for f = 0.33 at 293
K (dashed line) and 333 K (solid line). 1/e decay times of F;(k,t) are denoted by the bullet

marks.

Next, we calculate the four-point dynamic susceptibility, y,(ko — 2m,t), by using Eq. 4.16
and the temperature dependent results for urea and choline are shown in Figure 4.8. The
maximum time over which the mobility fluctuations at two space points remain correlated is
denoted by t;*** and can be obtained from the peak position of the y, (ko — 2m, t) versus time
curves. Results shown in Figure 4.8 suggest that y,(ko — 2m,t) shifts to longer timescales
upon lowering the solution temperature, producing longer t7*** . This means that the temporal
correlation increases because of increased heterogeneity upon lowering temperature. A
comparison of t;*** with the t, in Table 4.5 suggests that density relaxations for choline and
urea at 333 K can remain correlated respectively for ~3 and ~10 times longer than their

respective cage breaking timescales. As observed for other DH parameters, the peak of y,(k, t)
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could not be attained at 293 K within this 10 ns time window, suggesting that the cage-breaking
timescales could be comparable or even longer than the hydrodynamic diffusive timescales
(~20-30 ns) for choline and urea at this temperature. The signature of longer-lived solvent cage
has already been reflected in the prolonged sub-diffusive MSDs presented in Figure 4.5.
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Figure 4.8: Simulated four-point dynamic susceptibilities, y, (k, t), for choline and urea at the
nearest neighbor wavenumber (ko — 2m) in [ f choline chloride + (1-f) urea] DES for f = 0.33
at 293 (dashed line) and 333 K (solid line).
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Table 4.5: Values for 7, and t;*** obtained from the simulated F;(k,t) and y,(k,t)
respectively for choline and urea in [f choline chloride + (1-f) urea] DES for f= 0.33 at 293 and

333 K.

T(K) Tg (NS) ty"** (ns)
Choline 293 8.09 >15
333 0.17 0.54
Urea 293 1.33 >15
333 0.02 0.15
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4.5.2 Temperature Dependent DR Measurements of [f choline chloride + (1-f) urea] DES:
Experimental Supports for Simulated Reorientation Timescales and Heterogeneous

Dynamics

4.5.2.1 Experimental DR Spectra of Conducting Solutions: Extraction and Interpretation

of Timescales

Figure 4.9 and Figure 4.A.11 (Appendix 4.A) depict the temperature dependent dielectric
relaxation spectra of [ f choline chloride + (1-f) urea] DESs for f =0.33 and f =0.40 respectively.

The values of the DR dispersion amplitudes and the associated time constants via 4-Debye fits

25 ), are
(1+(iwrj)1‘“j)ﬁj ’

to these experimental spectra using a sum of HN equations, £* = &, + )
summarized in Table 4.6. Note that both a characteristic plateau in the limit of zero frequency
for the real (¢') and a peak in the imaginary (¢"") components are missing in each of these
collected spectra. This is an important issue for analysing DR spectra of conducting solutions
and requires careful considerations while accessing and interpreting the timescales. This is
because both high solution viscosity and ionic conductivity can individually lead to missing of
such characteristic signatures of purely dielectric relaxation. Fit parameters in Table 4.6
suggest that for both the compositions the values of static dielectric constant (gq) increase with
increasing temperature. In highly viscous conducting solutions where a plateau is missing in
e’ (v), the exact estimation of g, is somewhat non-trivial and associates with large uncertainties.
This is because of the 1/v divergence of the conductivity term (in the total DR response) in
the limit of v — 0. Large solution viscosity alone can also shift both the plateau and the peak
outside the lower limit of the measurement frequency window. Interestingly, the estimated
&y values summarized in Table 4.6 are in good agreement with those predicted from the steady
state fluorescence peak shifts measurements reported earlier.>® Usually, for common solvents
such as water, alcohols, amides and several ionic liquids'?’, &, decreases with increase of
temperature because of the thermal randomization of the molecular dipoles.!® However,
solvents such as acetic acid and acetic anhydride,'?® &, shows temperature dependent increase.
This has been addressed in terms of temperature-induced breakage of molecular associations,

enhancing the dipole density.?
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Figure 4.9: Temperature dependent experimental DR spectra of [f choline chloride + (1-f) urea]
DESs for f = 0.33 within the frequency window, 0.2 < v/GHz < 50. Solid lines passing

through the experimental data points denote 4-Debye fits. Representations are color-coded.
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Table 4.6*: Parameters obtained from the simultaneous 4-Debye fits to real (&’) and
imaginary (&") components of the measured DR spectra for [f choline chloride + (1-f) urea]

with f = 0.40 and 0.33, DESs at various temperatures.

T(K). 2
& | Ag 7, | As, 7, | Agy | 13 | Ag, |7, | €, | Mo | K | »

(ps) (ps) (ps) (ps) (S/m)

293 | 13.22 | 3.2(52%)P | 553¢ | 1.6(26%) | 141 | 1.4 35 |01 4 7.1 | 1.439° | 0.057¢ | 0.012

303 | 145 | 3.6(47%) | 503 | 1.9(25%) | 147 | 1.7 |35 |04 |4 |69 | 1436 |0.092 | 0.015

308 | 16.6 | 4.8(50%) | 482 | 2.3(24%) | 122 | 1.9 35 |05 4 7.1 | 1434 | 0.144 | 0.016

313 | 18.1 | 5.3(49%) | 463 | 2.8(26%) | 125 | 2.1 32 |07 4 7.2 | 1433 | 0.205 | 0.018

318 | 19.6 | 6.2(50%) | 444 | 3.0(24%) | 121 | 2.3 32 109 4 72 | 1432 | 0.278 | 0.021

323 | 208 | 7.0(51%) | 428 | 3.2(24%) | 115 |24 |32 |10 |4 |72 | 1430 |0.331 | 0.025

f=0.33

293 | 15.4 | 5.0(58%) | 549 | 2.1(24%) | 110 | 1.4 30 {01 5 6.8 | 1.438 | 0.052 | 0.041

303 | 16.8 | 5.6(56%) | 494 | 2.6(26%) | 109 | 1.5 30 |03 5 6.8 | 1.436 | 0.103 | 0.053

308 | 18.3 | 6.5(57%) | 475 | 2.8(25%) | 102 | 1.7 29 (04 5 6.9 | 1.435 | 0.145 | 0.052

313 | 19.8 | 7.2(56%) | 459 | 3.1(24%) | 104 | 1.9 29 | 0.6 5 7.0 | 1.433 | 0.194 | 0.050

318 | 21.3 | 7.9(56%) | 444 | 3.5(25%) | 104 | 2.1 29 | 0.7 5 7.2 | 1.432 | 0.263 | 0.052

323 | 232 | 9.1(57%) | 427 | 3.8(24%) | 103 |23 |29 |08 |5 |72 |1.4310.359 | 0.057

2 &, values have error bar +2.0 (based on three independent measurements). ® Numbers within
the parenthesis indicates the amplitude of the dispersion step in percentage. ¢ Measured
refractive index. ¢ Extracted dc conductivity value from the fitting of the experimental data
points. ©t; (i=1-3) are better within £5% of the enlisted values (based on three independent
measurements).

*Dielectric relaxation (DR) measurements have been done by Dr. Kallol Mukherjee at S N Bose National Centre
for Basic Sciences, Kolkata, India. This is a part of our submitted paper in J. Rajbangshi, K. Mukherjee, and R.
Biswas J. Phys. Chem. B (2021).
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In ionic solutions such as these DESSs, there exists a possibility of a significant number of
dipolar constituents remain irrotationally bound'?®**3 to the ionic species at lower
temperatures. These irrotationally bound dipoles remain silent to the frequency dependent
electric field during DR measurements. Upon increasing solution temperature, these
irrotationally bound dipoles may dissociate and start contributing to the relaxation process. We
then ask: are these irrotationally bound dipoles configured in an antiparallel orientation of their
intrinsic dipoles? Assuming the DESs as an effective one component system, the use of the
Onsager-Kirkwood-Frohlich equation,*32

(E0—E.)(280+Ex) _  pu?

£0(E+2)2 - 9epkgT

o (4.18)

where p denotes the solvent number density, £, the static dielectric constant, &, the vacuum

permittivity, u the dipole moment of the constituent dipoles and g, the Kirkwood factor. Here,
we have assumed g, = 1. We get the effective dipole moment value, u.qr~ 0.8 D at 293 K
by using the relevant fit data for &, and &, . This value ( u.ss ~ 0.8) is smaller by an order of
magnitude than the gas phase dipole moment of choline chloride (~8 D)*** and also
substantially smaller than the gas phase dipole moment for urea (~3.83 D).8® Moreover, if we
use the Cavell equation'®* to estimate the dipole moment of the species associated with the
slowest relaxation process, it produces a value of ~0.7 D. In a molten mixture where the
individual constituents possess high dipole moment values, (1 ~6 D in the molten state®*), such
a low value of u.rr may be a manifestation of molecular association. In associating liquids,
the value of g, is known to deviate from unity. Our attempt for a rough estimate of g, for urea
molecules in this medium leads to g,~ 0.2, suggesting a significant association between the
dipolar species with antiparallel orientations. Upon increasing temperature (up to 323K), ptesf
(via Onsager equation) shows a ~40% increase at 323K over that at 293K. This may be a result
of thermal energy induced dissociation and freeing up of individual dipoles. Figure 4.A.12
(Appendix 4.A) depicts the temperature dependence of &, (for both f = 0.33 and 0.40). The
temperature coefficient, —de,/dt, has been found to be ~ 0.27+0.01 K and independent of

‘f*. Similar behavior has also been observed for the temperature coefficients of various ILs.*?’
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Fit parameters summarized in Table 4.6 indicate that the fastest time component (z,~ 5 ps) in
our DR measurements has very small (~ 5%) contribution in the total dielectric response.
However, this cannot be neglected because i) The 3D fits to the collected DR spectra produce
poorer description compared to 4-D fitting (shown in Figure 4.A.13, Appendix 4.A), ii) such a
component has also been observed in molten acetamide, molten urea and their DESs in earlier
experimental® studies and supported by the simulated reorientational relaxations. Qualitatively
similar timescale (~5-15 ps) has also been found here in the C,(t) relaxation of choline ion
(see Table 4.2). Note that a significant amount of dispersion ([£, — 1p?] ~30-50%) in the high
frequency wing has remained inaccessible in our measurements. This missing dispersion is
likely to be shared by the fast rotational relaxations and H-bond fluctuations involving
intermolecular vibrations and librations. Their presence is indicated by the significant sub-
picosecond relaxation components observed in the simulated C;(t) and Cyp(t) relaxations for
this DES. Earlier simulation studies ascribed the fast relaxation components in the neat molten
urea and acetamide to the N-H bond vector reorientation coupled to H-bond relaxation.?® Fast
relaxation processes with time constant of ~1-2 was also observed in formamide and N-methy!l
formamide by DR and OHD-OKE measurements and interpreted in terms fast rotation.*®
All these support the view that the ~5 ps timescale detected in these DR measurements
originates from fast dipolar rotations and a part of the missing component arises from the high

frequency collective solvent modes involving inter-molecular H-bonds.

Next, we concentrate on 73~30-50 ps and 7, ~100-150 ps timescales which are contributing
~15-20% and ~20-25% respectively in the DR dynamics detected in the present measurements.
The ~30-50 ps timescale is present in both the C;(t) and Cyg(t) relaxations for this DES. This
suggests, as before while interpreting the DR dynamics of molten urea,?® that this timescale is
connected to the single particle reorientation dynamics coupled to H-bond relaxations. The DR
measurements of neat molten urea and the subsequent simulations of Cyz(t) have indicated a
presence of relaxation timescales in the ~100-150 ps range. Therefore, the ~100-150 ps DR
timescale detected in this DES can be attributed to the collective molecular reorientation
dynamics coupled to urea - urea H-bond structural relaxations. Interestingly, dynamic Stokes
shift measurements employing a fluorescent neutral dipolar solute in this DES have reported a
solvation decay component with time constant of ~100-200 ps,*® providing a further support to
the detected DR timescale in this range.
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Next, we explore the origin of the slowest DR timescale detected, t; ~ 400-550 ps. This
timescale is ~6 times larger than the slowest DR time of molten urea,?® and the amplitude
associated with it accounts for ~50% of the total DR dynamics detected for these DESs. Earlier
measurements and simulations with (acetamide + urea) DESs have revealed that the slowest
DR timescale detected in the measurements using the frequency window 0.2< v/GHz <50 is
intimately connected to the translational diffusion timescale via the structural H-bond
relaxation.?® The temperature dependent translational diffusion coefficients for choline cation,
urea and chloride anion for the present DES are available from the PFGNMR experiments.®
In addition, simulation results presented in Figure 4.3 have shown that the ratio, (t;)/Trans:
correctly reduces to the hydrodynamic predictions (homogeneous limit) at 333 K for both
choline cation and urea. Using these informations and the identity, tpg = (7;) for [ =1, we
can calculate tpp at 333 K as follows: tpg cq; = (T1=1) = 0.08 X Typgns = 0.08 X [0%/D,].
Using the diameter for ureaas o = 4.7 A and D,=4.62 x 10~ m?s~1, we find Tpg cq; ~ 380
ps at 333 K. Strikingly, the slowest experimental DR timescale detected for this DES at 333 K
(~430 ps) is quite similar to this calculated DR timescale, Tpg .q;, from the measured centre-
of-mass diffusion coefficient, establishing the view that this ~400-500 DR timescale detected
in the present measurements can indeed originate from the urea-urea structural H-bond

relaxations.
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4.5.2.2 Comparison of Activation Energies Between Measurements and Simulations:

Further Experimental Support to Heterogeneous Dynamics

Figure 4.10 shows a comparison between the activation energies obtained from the temperature
dependent experimental average DR times ({(pg)) and the simulated average first rank
reorientational correlation times ((7,—;)*) for choline. Note (z;-,)* do not include the slowest
multi-nanosecond time constant found in the respective simulations. It is obvious from this
figure that the agreement between experiments and simulations is qualitative in nature where
the experimental activation energy is nearly half of that predicted by the simulations. The
reason for this is probably lying in the different degrees of viscosity decoupling between the
experiments and simulations. For example, our simulated translational diffusion coefficients
for urea and choline are ~2-3 times smaller than those found in experiments, suggesting
simulations predict more viscosity coupling to translational motion than reflected by the
PFGNMR measurements. The present DR measurements also reveal quite a strong viscosity
decoupling for (tpg) as it shows (tpg) « nP dependence with p = 0.1 (see Figure 4.A.14,
Appendix 4.A). This value of the fraction power (p = 0.1) is much lower than what was found
from temperature dependent viscosity measurements, and dynamic fluorescence Stokes shift
and anisotropy experiments.3* The qualitative nature of the agreement between activation
energies from measurements and simulations notwithstanding, we may conclude that the
present DR data provide ample evidence in favour of considerable heterogeneous
reorientational dynamics in these DESs composed of choline chloride and urea.
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Figure 4.10: Comparison of activation energies (E,) from DR measurements with that from
the simulated first rank reorientational correlation functions, C,(t), for the [ f choline chloride
+ (1-f) urea] DES under study. Note the average DR times ((rg,fg)) have been used for
estimating the experimental E,, while (7;—,)* have been used for the simulation counter-part.
These average times have been calculated as follows: (tg5;) = Y4t /Yi, a;, with

Yia; =1 (te) =Y a;t /Y3, a; with Y1, a; = 1, where the slowest time constant
of the simulated first rank reorientational correlation functions has not been included in the
averaging. Note the simulated average reorientation times are for choline ion in this DES at f
=0.33.
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4.6 Concluding Remarks

To summarize, this combined simulation and experimental study demonstrate unambiguously
that the these DESs made of choline chloride and urea are strongly heterogeneous, and the
extent of heterogeneity observed through experiments is dependent upon the type of
experiments employed. For example, DESs with the general formula, [f choline chloride + (1-
f) urea] were studied earlier® at f = 0.33 and 0.40 in the temperature range, 293 < T/K < 333,
via fluorescence-based time-resolved measurements. These measurements indicated a
fractional viscosity dependence of the average solute solvation and rotation timescales with
fraction power, 0.7< p <0.9. These values for the fraction power (p) being not too deviated
from the unity and p not known for the same fluorescent solute in homogeneous solvent
conditions, one cannot confidently comment on how much these DESs are actually temporally
heterogeneous. The DR measurements, on the other hand, do not require any external probe,
and thus can reflect the heterogeneity inherent to motional features to particles in these DESs.
The p value obtained in DR measurements reported here is quite dramatic and places the earlier
heterogeneity view from dynamic fluorescence measurements into a strong debate. A strong
translation-rotation decoupling found in simulations performed here provides the necessary
support to the dynamic heterogeneity view reflected via the DR measurements. Other simulated
features, such as, displacement distributions, MSDs and dynamic susceptibilities endorses
strong temporal heterogeneity in these DESs. The apparent conflict between the heterogeneity
views revealed by DR measurements and time-resolved fluorescence experiments stresses the
importance of the lengthscale (solute diameter, for example) in reflecting the inherent
heterogeneity of a system via experiments. In other words, the inherent solution heterogeneity
can be expressed differently in different measurements because of a competition between the
heterogeneity lengthscale (of the system) and the smallest lengthscale that a given experimental

technique can probe.’
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Appendix 4.A
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Figure 4.A.1: Comparison of temperature dependent densities of [ f choline chloride + (1-f)
urea] DESs for f = 0.33 obtained from the present simulations with those from earlier

simulation studies and experiments.
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Figure 4.A.2: The figure shows a comparison among various exponential functions (2 exp., 3
exp. and 4 exp.) as fit functions for adequately describing the simulated C;(t) relaxation for
choline ion in [ f choline chloride + (1-f) urea] DESs at 333 K. This representative figure
suggests that the C; (t) relaxation requires a four-exponential fit. Similar observation has been

made for other temperatures also.
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Figure 4.A.3: The figure shows a comparison among various exponential functions (2 exp., 3
exp. and 4 exp.) to fit the simulated C,(t) relaxation for choline ion in [ f choline chloride +
(1-f) urea] DESs at 333 K.
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Figure 4.A.4: Simulated rank dependent collective single particle reorientational correlation
functions (C;(t)) of rank | =1 and 2 for choline (upper panel) and urea (lower panel) in [ f
choline chloride + (1-f) urea] DES for f = 0.33 at two representative temperatures, T = 293, 333

K. The lines going through the simulated data are the multi-exponential fits.
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Figure 4.A.5: Normalized velocity autocorrelation functions (VACFs), CY(t), of choline

cation, chloride anion and urea in [ f choline chloride + (1-f) urea] DES for f = 0.33 at
temperatures 293 and 333 K. The inset shows the VACF at short times to highlight the marked

cage-rattling of chloride ion in this DES.

Figure 4.A.6: Shape of choline cation and urea molecule as an approximate oblate spheroid.
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Figure 4.A.7: Temperature dependence of the simulated decays of the continuous H-bond
relaxation functions, Syg(t), for choline — chloride (upper panel) and chloride — urea (lower
panel) H-bonds in [ f choline chloride + (1-f) urea] DES at f=0.33.
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Figure 4.A.8: The figure shows a comparison among various exponential fit functions (2 exp.,
3 exp. and 4 exp.) for describing the Cy 5 (t) relaxation for choline — chloride pair in in [f choline
chloride + (1-f) urea] DESs at 333 K.

Figure 4.A.9: Spatial distribution functions (SDFs) for choline (green frame) and chloride ion
(red frame) around a urea molecule.
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Figure 4.A.10: Simulated self-dynamic structure factor, F;(k, t) for choline (circle) and urea
(triangle) at the nearest neighbor wavenumber (ko — 2m) in [ f choline chloride + (1-f) urea]
DES for f = 0.33 at temperatures 293 and 333 K. Symbols represent the simulated data and the
lines going through the data are the best fits (stretched/multi-exponential).
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Figure 4.A.11: Temperature dependence of the real (¢') and imaginary (&") components of
the measured DR spectra for [ f choline chloride + (1-f) urea] DES at f = 0.40 within the
frequency regime 0.2 <v/GHz <50. Solid lines through these data represent simultaneous fits

using 4-Debye relaxation model. Representations are color-coded.
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Figure 4.A.12: Temperature dependence of the estimated static dielectric constant () for f =

0.40 and f = 0.33. Data for different compositions are color coded.
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Figure 4.A.13: Comparison between 4-Debye and 3-Debye fits to the ¢’ (upper panel) and &”
(lower panel) of the complex DR spectra of [ f choline chloride + (1-f) urea] DES for f = 0.40
at 293K.
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Figure 4.A.14: Viscosity decoupling of average DR times, (tpg) in [ f choline chloride + (1-f)
urea] DES at f = 0.40 (circles) and 0.33 (triangles). Here, the slowest DR times are shown as a

function of the temperature-reduced viscosity (n/T). Fits through the data are represented by

the solid lines.
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Appendix 4.B

Table 4.B.1: Partial charges and Lennard-Jones parameters for choline and chloride ions.

Atomic sites of choline ion are denoted as follows:

TA
HA HA
HA e HS  HW
HA—CA—NA—CS-—CW/—OY
HA HW  HY
HA/CT\HA "
HA
Atoms Charge (e) & (kcal/mol) o (R)
CS -0.131 0.066 3.50
HS 0.068 0.030 2.60
NA 0.791 0.170 3.25
CA -0.100 0.066 3.50
Cw 0.132 0.066 3.50
oYy -0.468 0.170 3.07
HA 0.033 0.030 2.50
HW 0.034 0.030 2.20
HY 0.275 0.000 0.00
Cl -0.800 0.148 3.77
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Table 4.B.2: Partial charges and Lennard-Jones parameters for urea molecules. Atom sites of

urea molecule are denoted as follows:

ﬁ
C HC
N N
L]
HT HT
Atoms Charge (e) ¢ (kcal/mol) o (R)
C 0.124 0.1575 3.75
O -0.322 0.3150 2.96
N -0.453 0.2550 3.55
HT 0.276 0.0000 0.00
HC 0.276 0.0000 0.00

172



Chapter 4

Table 4.B.3: Temperature dependent experimental viscosity coefficients of [f choline chloride
+ (1-f) urea) DES for f = 0.33.

T(K) n (cP)*® n (cP)*
293 1371.653 1412
298 859.454 1008
303 527.090 631
308 348.248 411
313 237.931 2178
318 175.067 195
323 119.721 141
333 - 80
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Table 4.B.4: Ratios of average simulated reorientational correlation times obtained from C,(t)

of rank, | = 1 and 2 for choline and urea in [f choline chloride + (1-f) urea] DESs for f = 0.33 at

various temperatures.

T(K) (Thi=1 (Th=2 (Thi=1
(ps) (ps) (eh=
Choline
293 20038 11754 1.7
298 17971 10364 1.7
308 10405 6223 1.7
318 5090 1963 2.6
323 2513 1772 14
333 1057 484 2.2
Urea
293 29823 14082 2.1
298 25606 11794 2.2
308 13259 6229 2.1
318 5863 2042 2.8
323 2925 1319 2.2
333 1294 489 2.6
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Table 4.B.5: Multi-exponential fit parameters for the simulated H-bond relaxations, Sy (t)

for choline - chloride and chloride - urea pairs in [f choline chloride + (1-f) urea] DESs for f =

0.33 at various temperatures.

T(K) a1 T1 a2 T2 as T3 (1)
(ps) (ps) (ps) (ps)
Choline - chloride
293 0.3304 | 0.0268 | 0.5313 0.14 0.28 0.45 0.21
298 0.3327 | 0.0244 | 0.5264 0.13 0.29 0.40 0.20
308 0.3173 0.0221 0.5277 0.12 0.32 0.35 0.18
318 0.3322 0.0213 0.5333 0.11 0.31 0.34 0.17
323 0.3282 0.0222 0.5432 0.12 0.30 0.34 0.17
333 0.3323 0.0191 0.5429 0.10 0.32 0.29 0.15
Chloride — urea
293 0.5096 | 0.0676 | 0.4616 | 0.0676 0.1660 | 0.1947 0.098
298 0.5247 0.0673 0.4751 0.0672 0.1394 0.2118 0.097
308 0.5339 0.0645 0.4870 0.0645 0.1261 0.1927 0.090
318 0.5398 0.0651 0.4957 0.0651 0.1129 0.1876 0.088
323 0.5400 0.0639 0.4968 0.0639 0.1139 0.1799 0.087
333 0.5546 0.0637 0.5123 0.0637 0.0881 0.1851 0.084
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Table 4.B.6: Molecular diameter of choline, chloride and urea used in the calculations.

Table 4.B.7: Values for 7y, and 7yye from simulations of [f choline chloride + (1-f) urea]

Molecule/ion Diameter
A)
Choline 3.29
Chloride 3.62
Urea 4.7

DES for f = 0.33 at 293 and 333 K.

Molecule/ion T(K) Tye (NS) Tune (NS)
Choline 293 >15 >15
333 0.52 0.81
Urea 293 2.94 >15
333 0.28 1.04
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Table 4.B.8: Stretched/multi-exponential fit parameters for the simulated self-part of dynamic
structure factor, F;(k, t) for choline ion and urea molecule in [ f choline chloride + (1-f) urea]
DESs at 293 and 333 K for f = 0.33.

T(K) | lonand a; T, a, T, as T3 ay Ty B (1)
molecule (ps) (ps) (ps) (ps) (ps)
333 | Choline [ 0.32 | 0.6 | 0.20 | 184 | 0.12 | 27 [0.36| 279 | 0.36 | 142
Urea | 052 | 06 |[013| 20 [ 020 | 140 [015] 572 | 1 | 116
293 | Choline | 0.24 | 0.6 | 0.07 | 150 | 0.11 | 1658 | 0.58 | 3129 | 0.18 | 2012
Urea | 040 | 06 | 009 | 89 | 040 [9170 011 778 | 1 |[3776
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Chapter 5

Dynamic Heterogeneity in a Naturally Abundant Deep Eutectic
Solvent [Betaine + Urea + Water]: A Molecular Dynamics

Simulation Study

5.1 Introduction

During the past few decades, designing environment-friendly solvents or solvent systems for
large scale industrial applications have been an area of intense research. lonic liquids (ILs)*
and deep eutectic solvents (DESs)?™® are two such liquid systems, which act as alternatives to
common organic solvents for many chemical reactions because of their favourable physico-
chemical properties such as low vapor pressure, less toxicity etc. DESs are more preferred over
ionic liquids because of their low cost, easy synthesis protocol and transportation. 2° A
combination of biodegradability and reduced toxicity makes several members of this class of
solvents as “green solvents”. DESs are the mixtures of two or more components at a certain
proportion, which has a melting point much lower than the individual melting point of their
components 3. Appropriate selection of the mixture constituents and composition'®*2 helps to
achieve the required properties of a targeted DESs. Hence, the choice of constituents for
preparation of DESs is critically important. Naturally abundant compounds such as amino
acids, urea, sugars etc 21318 as mixture constituents render the eco-sustainability and greenness
of the DESs and the resultant DESs are termed as naturally abundant deep eutectic solvents
(NADESs) 151825,

An interesting and eco-friendly NADESs have been prepared 26 by using betaine, urea and
water at appropriate mole or weight fractions, and the molten phase studied recently by
employing time-resolved fluorescence spectroscopy. Betaine is a trimethyl derivative of
glycine amino acid and it is present in plants, mammals, invertebrates, bacteria and in various
food materials 2728, Application of betaine is involved in many biochemical reactions 2°, where

it is used as a source of methyl group and also in the treatment of many diseases 3°-%2. The
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second component of the present DES, urea, the most commonly used nitrogenous fertilizers,
is known to influence protein stability and functionality 3%, As betaine and urea act
respectively as osmolyte and protein denaturant, their mutual interactions have an important
role in protein stabilization %’ This introduces biological relevance to this NADES 2® and

may act as an additional motivation to study this tri-component molten mixture.

There are many studies, where the physical properties of betaine or urea based deep eutectic
solvents (DESs) have been investigated 33842 and their applications in the field of biomedical
usage *3, protein stabilization®?** and extraction of various bioactive compounds *° have been
discussed. The utilisation of any class of solvents can be smarter if the interactions and
dynamics are appropriately understood. Attempts to understand them have already been made
for several DESs by employing various experimental tools such as dielectric relaxation 124647,
pulse field gradient NMR “84°, time-resolved fluorescence 11475051 2D-IR 2 measurements
and also through several computer simulation studies >-%’. However, studies investigating the
interaction and dynamics of naturally abundant deep eutectic solvents (NADESS) are still
limited. Temperature dependent steady state and time-resolved fluorescence measurements
have been performed to explore the interactions and relaxation dynamics in [Bet+Ure+Wat]
NADES. This particular system was prepared by mixing betaine, urea and water in (11.7:12:1)
weight ratio. Note here that water is present in this DES as an integral yet minor component,
and therefore this system is completely different from aqueous solutions of DES. The study
reported there has suggested substantial deviation from the hydrodynamic viscosity
dependence of solute solvation and rotation times via showing a fractional viscosity
dependence with fraction power, p ~ 0.5 — 0.7 %. This reflects presence of pronounced
dynamic heterogeneity in these DESs. Such an experimental observation has motivated us to
perform a detailed analysis of structure and dynamics of this DES by employing computer
simulations. We have performed molecular dynamics simulations of the experimental
[Bet+Ure+Wat] DES at T = 328 K, in order to understand the fractional viscosity dependence
of solvation and rotation rates in terms of molecular length-scale structure and microscopic

dynamics that are defining this DES.
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5.2 Force Field and Simulation Details

The chemical structures of betaine, urea and water of [Bet+Ure+Wat] DES are provided in
Figure 5.A.1 (Appendix 5.A). GROMACS 4.5.4% simulation package was used for
simulation purpose. Simulations were done at 328 K. OPLS-AA force field parameters ®-%4
were used for representing the urea and betaine, whereas the water molecules were described

by the extended single point charge model, SPC/E 2.

The functional forms of urea and betaine FF are given by the following,
Eponas = Zikp,i(1i — 10,)? (5.1)

Eangles =2 kG,i(ei - 90,1’)2 (5.2)

1 1 1
Etorsion = i [E Vl,i(1 + cosg;) + ;Vz,i(l — cos2¢;) + EV3,i(1 + cos3¢;) +

%Véu-(l — cos4<pi)] (5.3)

rij rij

Enonbona = 2i 2j>1 {M + 4g;5 l(ﬁ)lz - <E>Gl} (5.4)

To obtain the experimentally obtained deep eutectic weight ratio (11.7:12:1) of this DES %,
100 molecules of betaine, 200 molecules of urea and 56 molecules of water were considered.
Also, simulation for neat water has been done at 328 K. For every water molecule then there
exist approximately five molecules of the other two species together. The initial configurations
were built via using the Packmol % software and after that those configurations were energy
minimized in GROMACS using the steepest descent algorithm. Simulations were carried out
in a cubic box employing the periodic boundary conditions. For short ranged interactions, the
cut-off was set for 1.2 nm, and the long-ranged coulombic interactions were treated employing
the Particle-Mesh Ewald (PME) summation ® technique. To constrain all the covalent bonds,
LINCS algorithm ®” with lincs order 8 was used. The optimized configurations were subjected
to a number of equilibration steps using the NPT ensemble. First, the system was equilibrated
at 500 K in this ensemble. Then the system was cooled down to 328 K in a stepwise manner

with a step size of 50 K and each of these runs were for 500 ps long. Then the system was
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equilibrated for 4 ns in the NPT ensemble to obtain the required density of the system, which
is further followed by 2 ns run in the NVT ensemble. During the NPT equilibration run,
temperature was maintained at 328 K using the v-rescale thermostat ®® with 0.5 ps time constant
and pressure at 1 bar using the Berendsen barostat ®° with time constant of 2 ps. The equations
of motion were solved by using the leapfrog algorithm with a time step of 2 fs. The production
run was for 100ns in the NVT ensemble and the trajectories were saved every after 0.1 ps for
data analyses. An additional NVT production run for 10 ns was performed for the H-bond
dynamics analyses, where the velocities and trajectories were saved every after 0.01 ps. The
simulated density (1.18 g/cm®) was in well agreement with the available experimental density
value (1.20 g/cm®) 26 with a percentage error. The partial charges and Lennard-Jones
parameters for betaine, urea and SPC/E water are described in Table 5.B.1 —5.B.3 of Appendix
5.B respectively.

5.3 Results and Discussion

5.3.1 Microscopic View of Solution Structure: Radial Distribution Functions (RDFs)
5.3.1.1 Inter-species Radial Distribution Functions (RDFs)

Simulated radial distribution functions (RDFs), g(r) between various species in this
[Bet+Ure+Wat] DES provide a microscopic view of the solution structure. The inter-species
RDFs between various molecules in this DES are presented in Figure 5.1, where the RDFs are
calculated for different atomic pairs.

The upper panel of Figure 5.1 shows the interaction between betaine and water molecules,
where the most intense peak (with a peak height of ~ 10) has been obtained for the RDFs
between O-atom of water (OW) and O-atom (O06/007) of carboxylate (-COO") group of
betaine ion, indicating stronger interaction between these two molecules. Therefore, this result
suggests that water molecules in the present DES are mostly interacting with the betaine
through the carboxylate (-COQO") group.
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Again, the interactions between betaine and urea are depicted in the middle panel of Figure 5.1.
These RDFs suggest the least interactions between the O-atom of carbonyl group of urea and
O-atoms (006/007) of carboxylate group of betaine ion. However, stronger interactions
between betaine and urea molecules are evident from the higher peak heights (~ 2.5) of RDFs
between N-atoms of urea and O-atoms of betaine, suggesting H-bonding interaction between

them.

In addition, the RDFs between O-atom (OW) of water and different atoms of urea are presented
in the lower panel of Figure 5.1. The following observations can be made from this figure: (i)
the first peak for RDFs between OW-atom of water and HT/HC atoms of urea appear at
distance ~ 2.3 A and the peak intensities for OW-HT and OW-HC are ~ 1.3 and ~ 0.8
respectively, (ii) RDF between OW and N-atom of urea occur at ~ 3.3 A with intensity ~ 1.8
and (iii) interaction between the OW and O-atom of urea is the least, where the peak appears
at a larger distance (~ 5.2 A). The interaction between the hydrogen atom of -NHz group in the
trans orientation to the urea O-atom and the O-atom (OW) of water molecules at shorter

distances indicates H-bonding interaction between these two molecules.
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Figure 5.1: Simulated RDFs between betaine — water (upper panel), betaine — urea (middle
panel) and urea — water (lower panel) in [Bet+ Ure+Wat] DES at 328 K. Note that these RDFs

are calculated between various atomic sites of these pairs.
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5.3.1.2 Intra-species Radial Distribution Functions (RDFs)

Figure 5.2 presents the interactions between the different atomic sites of water — water (upper
panel), urea — urea (middle panel) and betaine — betaine (lower panel) pairs at 328 K. The upper
panel of Figure 5.2 depicts oxygen-oxygen (OW-OW) RDFs between water molecules in DES
and that in neat water. It shows a very high and intense first peak (g(r) = 9) for water
molecules in this DES, which is ~ 4 times higher than that in neat water, suggesting the

clustering of water molecules in this DES system.

Middle panel of Figure 5.2 shows the interaction between urea molecules via the RDFs between
various atomic sites of urea. The first RDF peak for N-atom of one urea molecule and O-atom
of another urea molecule appears at a distance of ~ 3.2 A with peak-height ~ 1.6, suggesting

the H-bond interactions between H-atom of -NH> group and O -atom of urea molecules.

The RDFs between different atoms of betaine molecules are shown in the lower panel of Figure
5.2, where the RDF peaks for N (N(CHz3)3) and O (COQO") atoms with peak height of ~1.6
indicates weaker interaction between the betaine molecules. Because of the absence of polar

H-atoms, betaine molecules are unable to form H-bonds among themselves.
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Figure 5.2: Simulated RDFs between water — water (upper panel), urea — urea (middle panel)
and betaine — betaine (lower panel) in [Bet+ Ure+Wat] DES at 328 K. Here, the RDFs are
calculated between various atomic sites of these pairs. Note the water — water RDFs (black

line) in neat water at 328 K is shown in the upper panel for comparison.
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5.3.2 Translational Dynamics
5.3.2.1 Mean Square Displacements (MSDs) and Rattling-in-cage Motion

Center-of-mass mean square displacements (MSDs) of betaine, urea and water molecules in
[Bet+Ure+Wat] DES at 328 K can be calculated via the following relation’®2,

(8r2(t)) = (N"* ZiL,|Ar{ (0,0)]%) (5.5)

Here, rf indicates the center-of-mass of particle i. Simulated MSDs show multiple time
dependencies as MSD o tf and it is associated with three different time regimes - (i) g = 2 at
short times indicating inertial motion, (ii) § < 1 at intermediate times denoting subdiffusive
motion and (iii) f = 1 long time indicating diffusive dynamics. The simulated MSDs for all
the particles in this DES are presented in the upper panel of Figure 5.3, which demonstrates the
appearance of sub-diffusive regime at intermediate times. This suggests the rattling-in-cage
motion. Note the evidence of such cage-rattling suggests the existence of multiple relaxation
time scales in this DES and signals the heterogeneous nature of the system. Earlier
experimental observation of fractional viscosity dependence of solute rotation and solvation
times 2, (t,/1,) o< (n/T)P with p = 0.5 — 0.7, correlates with this heterogeneous centre-of-
mass particle displacements. The simulated dynamical heterogeneity markers explained in next
section provide further support to this view.

Next, we calculate the diffusion coefficients for betaine, urea and water in this DES via the

Einstein relation 72,

2
D = lim O
t—ooo 6t

(5.6)

The diffusive limit can be determined from the time dependence of the simulated MSDs, B(t),
which is indicated in the lower panel of Figure 5.3. The time dependence of MSDs can be

accessed by,

B(D) = g = [IAr2 (D)) (5.7)
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The lower panel of Figure 5.3 clearly shows a pronounced sub-diffusive regime for the
component particles in this DES, where the diffusive limit (hydrodynamic limit, 8 = 1) have
been reached at time scales ~10 ns. The calculated diffusion coefficient values for all the
particles in the diffusive limit are provided in Table 5.1. Also, the same for neat water at 328
K is given in this table for comparison. This table indicates the strikingly slower diffusion of
water in this DES (~ 500 time slower) than that in neat water.

(v(D.v(0))
@@ o

In addition, normalized velocity autocorrelation functions (VACFs) ">/ cN(t) =
betaine, urea and water in this DES are presented in Figure 5.4. It shows that the VACF decays
enter into the negative region (because of backscattering from the cage), signifying rattling-in-
cage motion of the particles. Moreover, the comparison of VACF decay for water in the present
DES with that in neat condition suggests that the short-time dynamics of water in DES is

drastically different from that in neat water.
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Figure 5.3: The upper panel presents simulated mean square displacements (MSDs) for center-
of-mass of betaine, urea and water molecules in [Bet + Ure + Wat] DES at T = 328 K. The
lower panel shows the time dependence of the exponent £ in this DES, where the black dashed-

line indicates the hydrodynamic limit.
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Table 5.1: Diffusion coefficient values obtained from linear fitting of the MSDs for betaine,

urea and water molecules in [Bet+Ure+Wat] DES at 328 K.

DBet DUre DWat

(x 107 2m?%sec™?) | (X 1072m?sec™) | (x 107?m?%sec™?)

[Bet+Ure+wat] DES

at 328 K 0.764 0.475 0.0067
Water (SPC/E)
at 328 K - - 3.255
1.0 ! | ' | ' | J | '
[Bet+Ure+Wat| DES 0.2
0.8
|\ T=328K -
0.6 z 00
B Betaine ZU> N
9 0.4 Urea
2 > E | Water 0.2 -
& 02 F 1\ Neat water 1 | 1 _
0.0
-0.2
-0.4 1 | 1 | 1 | 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure 5.4: Normalized velocity autocorrelation functions (VACFs) for betaine, urea and water
in [Bet+Ure+Wat] DES at 328 K. Also, the VACF for neat water is shown by black dashed
line for comparison. The inset presents the VACF after zooming on the negative amplitudes to
show more clearly the rattling-in-cage motion of particles in this DES.
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5.3.2.2 Dynamic Heterogeneity (DH): Emergence of non-Gaussian and new non-Gaussian

Features

Heterogeneous dynamics in this DES can be tracked via the calculations of non-Gaussian "¢,

a,(t) and new non-Gaussian %77, y(t) parameters, which can be obtained via the following,

_3(8r*(t)) _
a2() = 5700 (5.8)
y(®) = 54672(0) Gray) — 1 (5.9)

where  (8r2(t)) = (N"' YN, |Ar;(0,£)%]) and (8r*(t)) = (N"1¥N.|Ar;(0,t)*|).Here,
Ar;(0,t) = r;(t) — r;(0) describes the displacement vector for the i particle in a system

containing N particles and 8 is the distance over which a particle moved in time t.

In this type of system, the particles can have different mobilities and their displacements can
be larger or smaller than those predicted by the Gaussian distributions for a homogeneous
system. The non-Gaussian parameter, a,(t) is associated with the more mobile particles, and
it connects to the faster DH time scales obtained from the peak position of a, (t). This timescale
is known as non-Gaussian time scale (ty¢). There exists another, slower, timescale which is
associated with the smaller displacements (relatively less mobile particles). This timescale is
denoted as Tyyg, Which can be obtained from the peak position of the new non-Gaussian

parameter, y(t).

The simulated a, (t) (upper panel) and y(t) (lower panel) for betaine, urea and water in this
DES at 328 K are presented in Figure 5.5 and the same for neat water are also shown for a
comparison. The upper panel indicates that the a,(t) peak heights for all the particles are
higher than the peak height predicted for homogeneous liquids (~0.2) °, reflecting dynamically
heterogenous nature of the DES. The values of the non-Gaussian timescale (ty¢) and the new
non-Gaussian timescale (tyyg) are summarized in Table 5.2. Data in this table suggest that
Ty and Ty for betaine, urea and water occur in the range 0.3-3 ns and 2-14 ns respectively.
Interestingly, such slower time scales can explain the emergence of the nanosecond timescales

measured in the dynamic Stokes shift and fluorescence anisotropy measurements 2 of these
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systems using a fluorescent solute. Moreover, the upper panel of Figure 5.5 and Table 5.2
clearly demonstrate that ), for water in the DES undergo a dramatic increase relative to those
in neat water, where the T, for water in DES ~ 400 times slower than that in neat water. Again,
severe slowing down of new non-Gaussian time scale (tyy¢) for water in DES occurs, which
is ~ 1800 times slower than that in neat water (see Table 5.2). The slowing down of DH
timescales for water molecules in such a crowded environment suggests that dynamics water
in DES is drastically different than in the neat system.
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Figure 5.5: Simulated a, (t) (upper panel) and y(t) (lower panel) for betaine, urea and water
in [Bet+Ure+Wat] DES at 328 K. Note a,(t) and y(t) for neat water are shown in the

respective figures.

199
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and water molecules in [Bet+Ure+Wat] DES

Betaine Urea Water Neat water
(ns) (ns) (ns) (ns)
NG 0.682 2.82 0.336 ~ 0.0008
TNNG 9.69 14.00 1.89 ~0.001

5.3.2.3 Self-Intermediate Scattering Function: Inherent Slow Relaxation Time scales

To track the density fluctuation at a given space point, self-intermediate scattering function,
Fs(k,t) can be calculated from the real part of the incoherent scattering function2’""8 as

follows,

Fs(k,t) = N~ E{cosk x [r;(t) — r;(0)]) (5.10)

Note F¢(k, t) relaxations are calculated in the limit of the nearest neighbour wavenumber (ko —
21, o being the diameter). The e~ decay times of these relaxations provide an estimate of a-
relaxation (structural relaxation) time scale, t,. The simulated Fy(ko — 2m,t) profiles for
betaine, urea and water molecules in [Bet+Ure+Wat] DES are presented in Figure 5.6, where
the corresponding e~ decay time scales are indicated by bullet marks and also these values
are summarized in Table 5.3. In Figure 5.6, the Fs(ko — 2m, t) relaxation for neat water is also
shown to realize how the relaxation dynamics of water differs in crowded environment. It is
clear from Figure 5.6 and Table 5.3 that there exists much longer a-relaxation time scale (t,)
for betaine and urea in this DES at 328 K, which lie between ~ 6-17 ns. However, t,, for water

in this DES is approximately 400 times slower than that in neat water.

Next, we compare the diffusion on-set time scales of all the component particles in this DES

obtained from simulated MSDs and structural relaxation time scales from Fi(ko — 2m,t)
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relaxation in Table 5.3. The approximate diffusion-on-set time scales from MSDs (zsp ) are

obtained from the time at which B = 1 in the relation, MSD « t# and as discussed earlier, the
structural relaxation time scales (z,) can be approximated as the e~! decay time of F(k, t)
relaxations. For homogeneous liquids, diffusion is expected to occur at timescale similar to this
structural relaxation timescale, as after t,, particle displacements occur only via the diffusive
motion. This can be approximated as, (Fs(ko — 2m,t) = Fy(ko — 2m,t = 0)exp [—D(ko)?t].
Deviation from such 1:1 correlation between these two timescales may indicate the
heterogeneous relaxation dynamics in a given system. Table 5.3 indicates that these two
timescales do not agree, which provides a support to the view of heterogeneous relaxation
dynamics in this DES. Also, the relaxation dynamics of water in this DES becomes more
heterogeneous than that of neat water, for which the z, (~ 0.0005 ps) is comparable to the

diffusion on-set time scales from MSDs (~ 0.001 ps).
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Figure 5.6: Normalized self-part of the intermediate scattering function at the nearest
neighbour (ko — 2m), F;(k, t) for betaine, urea and water in [Bet+Ure+Wat] DES at 328 K.
Also, the F,(k, t) profile for neat water are shown for a comparison. Note the respective e™?

decay times are indicated by bullet marks.
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Table 5.3: Structural relaxation timescales, t, obtained from the simulated Fi(ko — 2m,t)

relaxations and diffusion on-set time scales, tyspz MSDs for all the particles in

[Bet+Ure+Wat] DES and for neat water at 328 K.

Betaine Urea Water Neat water
(ns) (ns) (ns) (ns)
To 5.9 16.6 0.21 ~0.0005
Tnsp,p 15.6 13.0 12.0 ~0.001

5.3.2.4 Four-point Correlations

In slow viscous systems, the particles may have similar mobilities which form cooperative
correlated regions. Four-point correlation function, x, (k, t) quantifies the temporal correlations
of the local mobilities at two different space points over a certain period of time. Therefore,
x4 (Kk,t) can be calculated from the fluctuations of the self-intermediate scattering function,

Fs(k, t) "2 via the following equation,

Xa(k t) = N[(Fs(k 0)?) — (Fs(k,1)?] (5.11)

The maximum time over which the mobility fluctuations remain correlated is designated as,
ty®* and the peak position of x,(kt) vs time profiles provide these time scales.
The x,(k = 2m,t) for betaine, urea and water in [Bet+Ure+Wat] DES are presented in Figure
5.7. The same for neat water is also shown for a comparison. The corresponding peak times,
ty'@* | are provided in Table 5.4. Figure 5.7 indicates that the peak of y,(k — 2m,t) could not
be attained within this 20 ns time window employed in our simulations, but it suggests that the
time scale may be longer than 20 ns. Interestingly, the correlated timescales for water in the
present DES becomes ~ 475 times longer than that in neat water.
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Figure 5.7: Simulated four-point correlation functions, x,(k,t) at nearest neighbour (ko —
2m) for betaine, urea and water in [Bet+Ure+Wat] DES at 328 K. Also, the x,(k, t) profile for

neat water are shown for comparison.

Table 5.4: Correlated time scales t;*** obtained from the peak positions of the corresponding

x4 (k, t) profiles for betaine, urea and water in [Bet+Ure+Wat] DES and that n neat water at

328 K.

lon/molecule t2*** (ns)
Betaine >20ns
Urea >20ns
Water 0.57
Neat water 0.0012
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5.3.3 Rotational Dynamics

5.3.3.1 Reorientational Correlation Functions, C;(t)

The normalized reorientational time correlation function, C;(t) 72 can be calculated via the

following relation,

C,(t) = (P[u;(t).1;(0)])

(P1[1;(0).1;(0)]) (5.12)

Here, P, corresponds to the Legendre polynomial of rank | and % is the unit vector. The unit
vector for betaine joins the C — O (-COOQ) atoms, and for urea it connects the two N-atoms of
-NH; groups. The prediction from Debye’s model suggests that for homogenous medium 8384,
the decay of the correlation function is single exponential and the reorientation correlation time

can be expressed as,

7, = [l(l + 1)Dg] 1 (5.13)

where Dr is the rotational diffusion co-efficient. Hence, for a Debye like rotation, the ratio of
average reorientation correlation times of rank, | =1 & 2, (7,=1)/{(t;=,) = 3 8% and deviation
from this value may suggest the presence of heterogeneous reorientation dynamics, which was

previously observed for slow viscous liquid systems 48587,

Figures 5.8 and 5.9 present the simulated reorientation correlation function, C;(t) and C,(t)
for betaine (upper panel), urea (middle panel) and water (lower panel) in [Bet+Ure+Wat] DES
at temperature 328 K. Note the C,(t) and C,(t) for neat water are shown in the lower panel of
the respective figures. Also, two representative plots showing the comparison between different
fit functions to describe the C;(t) and C,(t) decays are given in Figures 5.A.2 and 5.A.3 of
Appendix 5.A. These plots suggest that the four exponential fit functions are needed to describe

these correlation functions. The fitting parameters to these decays are summarized in Table 5.5
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and these suggest the timescales in the range of picosecond to nano-seconds. Expectedly, the
C,(t) decays are faster than C; (t) decays, as C; (t) is associated with angular displacement of
90° and C,(t) with ~54°. Table 5.5 suggest that the C, (t) and C,(t) for betaine, urea and water
in the present DES provide timescales in the ranges of ~ 0.1 - 1.5 ps, ~ 10 - 150 ps, ~ 300 - 500
ps and ~ 3 — 5.5 ns. The sub-picosecond time scales are typically observed due to the inertial
collective H-bond dynamics at short times #8 whereas the sub-nan second and multi-
nanosecond timescales may originate from the structural H-bond relaxation dynamics in this
DES. This could be the reason because in such extensively H-bonded system where every
constituent is capable of forming H-bonds, reorientation of the particles occurs via breaking
and reformation of multiple H-bonds. So, detailed analysis of continuous and structural H-bond
relaxation dynamics in the present DES is important to understand the complete reorientation
dynamics of this system. Also, experimental verification via dielectric relaxation

measurements is needed to verify the model potential used in the present simulation.

In addition, the comparison of the simulated reorientational correlation functions, C;(t), for
water in the present DES with that in neat water (see lower panel of Figures 5.8 and 5.9)
indicates that average reorientation correlation times obtained from C, (t) and C,(t) decays for
water in this DES are drastically slower (~ 800 and ~ 200 times respectively) than for neat

water.

Next, the ratios of average reorientation correlation times from C;(t) decays of rank, | =1 and
2, ({t;=1)/(t;=2)) are provided in Table 5.6, which indicate substantial deviation from Debye’s
[(1 + 1) law for stochastic angular displacements for betaine, urea and water in [Bet+Ure+Wat]
DES at 328 K. This observation further supports the presence of dynamical heterogeneity in
this DES.
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Figure 5.8: Simulated rank dependent reorientation correlation function of rank | =1, (C,(t))
betaine (upper panel), urea (middle panel) and water (lower panel) in [Bet+Ure+Wat] DES at
328 K. Lines going through the data represent the fits to these data and the corresponding fit

parameters are summarized in Table 5.5. Note the C;(t) decay for neat water is shown in the

lower panel.
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Figure 5.9: Simulated rank dependent reorientation correlation function of rank | = 2, (C,(t))
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328 K. Lines going through the data represent the fits to these data and the corresponding fit

parameters are summarized in
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Table 5.5: Multi-exponential fit parameters describing the simulated rank (I) dependent
reorientation correlation functions of rank | = 1, C;(t), and =2, C,(t), for betaine, urea and
water in [Bet+Ure+Wat] DES and for neat water at 328 K.

T T2 T3
G () a; (ps) a (ps) as (ps) ay

C1(0)

Betaine | 0.1 1.5 0.14 76 0.32 446 0.44 2990 1460

T | (7)
(ps) (0s)°

Urea 0.1 094 | 0.08 44 0.2 458 0.62 5460 3480

Water 0.2 1.2 0.2 150 0.6 3207 - - 2028
Neat 0.2 0.2 0.8 3 - - - - 2.6
water

C,(0)

Betaine | 0.23 0.8 0.15 | 62.5 0.33 481 0.29 3170 1070

Urea | 0.25 0.7 0.12 39 0.19 380 0.44 3160 1480

Water | 0.39 0.7 0.21 | 115 0.40 2390 - - 974
Neat | 0.36 0.1 0.64 1.3 - - - - 0.8
water

& Average reorientational correlation time, (t) = Y; a;7; with }; a; = 1.

Table 5.6: Ratios of the average simulated reorientational correlation times obtained from
C,(t) of rank = 1 and 2 for betaine, urea and water in [Bet+Ure+wat] DES at 328 K.

[Bet+Ure+Wat] DES (1121)/(T1=2)
T=328 K
Betaine 1.36
Urea 2.35
Water 2.08
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5.4 Conclusion

To summarize, our simulation study of a recently discovered betaine based naturally abundant
deep eutectic solvents (DESs) [{Bet+Ure+Wat} (11.7:12:1)] at 328 K provide results
explaining the solution structure and dynamics of these system via calculation of radial
distribution functions (RDFs), translational diffusion, various dynamic heterogeneity features
and reorientational relaxation. Also, the same for neat water has been simulated to understand,
how the structure and dynamics of water molecules differ in this DES, where water molecules
are located in a “crowded” environment. Simulated radial distribution functions (RDFs)
between betaine and water indicate that the water molecules are strongly interacting with the
betaine ion through its carboxylate group. Also, the H-bonding interaction between urea and
water is evident from the RDFs between various atomic sites of urea and oxygen atom of water.
Moreover, the signature of water clustering in the present DES is reflected from the comparison
of water — water RDFs in this DES and that in neat water. Hence, the water structure in such a

“crowded” environment will be an interesting feature to explore.

Simulated mean square displacements (MSDs) in this DES provide evidence for rattling-in-
cage motion of particles, which indicates the presence of dynamic heterogeneity in the system.
Strikingly, the translational diffusion of water in this DES is found to be slowed down by ~
500 times in comparison to that in neat water. Dynamic heterogeneity (DH) parameters indicate
strong microheterogeneity in this DES via providing the DH time scales in the nanosecond
range. This result correlates well with the experimental evidence of strong dynamic
heterogeneity indicated via a strong departure from the hydrodynamic viscosity dependences
of solute rotation and solvation times. Enormous slow relaxation and correlated time scales
from self-dynamic structure factor and four-point correlations respectively for water in the
present DES in comparison to those in neat water explain the drastically different dynamics of
water in this kind of crowded environment. In addition, the ratio of average reorientation
correlation times from C;(t) decays indicate substantial deviation from the Debye’s law for
stochastic angular displacements, providing further support to the dynamical heterogeneity
view of this system. The sub-nanosecond and nanosecond time constants in the C; (t) relaxation
may originate from the structural H-bond relaxation dynamics in this DES. A detailed analysis
of H-bond fluctuation dynamics would be needed to fully understand this complex yet exciting

solvent system.
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Appendix 5.A

Betaine

bT by &

Urea Water

Figure 5.A.1: Chemical structures of betaine, urea and water along with the atomic sites as

used in present simulation.
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Figure 5.A.2: A representative plot showing a comparison among various exponential
functions (3 exp. and 4 exp,) the C;(t) relaxation for betaine ion in [Bet+Ure+Wat] DES at
328 K. It suggests that four exponential fit function is required to adequately describe the C, (t)

relaxation.
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Figure 5.A.3: A representative plot showing the comparison among various fit functions (3
exp. and 4 exp.) to fit the C,(t) relaxation for betaine ion in [Bet+Ure+Wat] DES at 328 K.
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Appendix 5.B

Table 5.B.1: Partial charges and Lennard-Jones parameters for betaine.

Atom types Charge, e o (A) & (kJmol™?)
Co00 -0.1791 2.96 0.87864
NO1 -0.0268 2.50 0.12552
C02 -0.1592 3.55 0.29288
Co3 -0.1585 2.50 0.12552
Cco4 -0.2061 2.50 0.12552
C05 0.4863 3.50 0.27614
006 -0.6274 2.50 0.12552
007 -0.6274 2.96 0.87864
HO8 0.1335 2.50 0.12552
HO9 0.1335 3.50 0.27614
HOA 0.1335 3.50 0.27614
HOB 0.1439 2.50 0.12552
HOC 0.1439 3.25 0.71128
HOD 0.1439 2.50 0.12552
HOE 0.1438 2.50 0.12552
HOF 0.1438 2.50 0.12552
HOG 0.1438 2.50 0.12552
HOH 0.1173 3.50 0.27614
HOI 0.1173 2.50 0.12552
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Table 5.B.2: Partial charges and Lennard-Jones parameters for urea.

Chapter 5

Atom name charge c (A) & (kJ/mol)
C 0.124 3.75 0.65898
0] -0.322 2.96 1.31796
N -0.453 3.55 1.06692
HT 0.276 0.00 0.00000
HC 0.276 0.00 0.00000

Table 5.B.3: Partial charges and non-bonded parameters for SPC/E water molecule.

Atom name charge o (A) & (kJ/mol)
ow -0.8476 3.16 0.65
HW 0.4238 0.00 0.00
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Chapter 6

Structure and Dynamics of Water in a Naturally Abundant Deep
Eutectic Solvents (NADES) [Betaine + Urea + Water]: Comparison
between Charged and Neutral NADESs

6.1 Introduction

In this chapter, we have investigated how the H-bonded structure and dynamics of water alter
in an ionic deep eutectic solvent via all-atom molecular dynamics study at 328 K. We have
performed molecular dynamics simulations of an experimentally reported betaine-based ionic
naturally abundant deep eutectic solvent (NADES) ! which is a mixture of betaine, urea and
water mixed at 11.7:12:1 weight ratio. Betaine is a trimethyl derivative of glycine (amino acid).
It is found in various foods, mammals, bacteria etc 23. Non-toxicity, usage in treatment of
several diseases %, and usage as an osmolyte ’ are the main attraction for choosing betaine as
a component of a naturally abundant deep eutectic solvent (NADES). Physical properties of
betaine or urea based DESs were studied before and used for various purposes. 82 Betaine-
urea based deep eutectics have been employed for stabilization of proteins 121416 extraction
of bioactive compounds ¥, on-demand applications to suit biomedical needs '8, etc. For
preservation and stabilization of DNA, one needs to understand how DNA molecules interact

with these novel solvent systems as DNA-medium interaction play a critical role. %2

Interactions and dynamics of this betaine-based DES have been studied via time-resolved
fluorescence measurements earlier'. Emergence of decoupling in rotation and solvation
dynamics have also been explored*. However, a detailed molecular level analysis of this DES
is yet to be explored. Water being an integral part of this system plays an interesting and
important role in forming this DES. Detailed investigation of water structure and dynamics in
the crowded environment of this DES constitutes an interesting aspect of the simulation results

presented in this chapter.
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Simulations of [Bet/Ure/Wat] DES in the weight ratio (11.7:12:1) have been performed at 328
K. To obtain this weight ratio, 100 betaine, 200 urea and 56 water molecules are considered.
This means that approximately 5.4 molecules of betaine and urea together compete for a single
water molecule. One, therefore, expects the behaviour of water much deviated from what has
been observed for normal neat water. For comparison, neat water has been simulated
employing the SPC/E model 2! at the same temperature. As water is a minor yet integral
component of this ionic DES, we explore the effects of ionic environment on water structure
as well as dynamics via comparing these results with simulation results 2> of another
experimentally reported glucose-based neutral DES (Glucose/Urea/Water in 6:4:1 weight
ratio) at temperature 328 K. Although for both these NADESSs, water structure and dynamics
are expected to be drastically deviated from that in neat water because of the crowded
environment 2, the impact of ionic nature of the molecular environment on water structure in
bulk solutions has not been explored. Effects of ionic environment on water H-bond structure
and dynamics have been examined in this chapter via following the tetrahedral order parameter

and the H-bond relaxation times of intra-species water molecules.

6.2 Simulation Details

Molecular dynamics simulations of the DES have been performed using the periodic boundary
condition at 328 K. 100 molecules of betaine, 200 molecules of urea and 56 water molecules
are simulated within a cubic box. Initial configurations are built employing the packmol
software. The chemical structures of all constituent particles are provided in Figure 6.A.1 of
Appendix 6.A. OPLS-AA force field parameters 24227 were used for the simulations of urea
and betaine, whereas the water molecules were described by the extended point charge model,
SPC/E 2. Lennard-Jones parameters and partial charges of betaine, urea and water are
summarized in Tables 6.B.1 to 6.B.3 (Appendix 6.B). The short-range interaction cut-off is set
to 1.2 nm and long ranged coulombic interactions were treated with Particle-Mesh Ewald
(PME) summation 28, All covalent bonds have been constrained using the LINCS?® algorithm

throughout the simulation run.
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The functional forms of urea and betaine force field are given by,
Eponas = Xikpi(ri —10,)° (6.1)

Eangles = Zi k@,i(gi - go,i)z (6.2)

%Vl,i(l + cosg;) + %Vz,i(l —cos2¢;) + %Vg’i(l + cos3¢;)

Etorsion = i 1 (6.3)
+7 V4, (1 — cos4g;)
qiq;e* gij 12 Oij 6
Enonbond = 2i2j>1 T + 4£ij (r_) - (r_) (6.4)
ij ij ij

The energy minimization is performed using steepest descent algorithm. The optimized
configuration was subjected to a number of equilibration steps using the NPT ensemble. First,
the system was equilibrated at 500 K using this ensemble, then gradually cooled down to 328
K in a stepwise manner with a step size of 50 K and each of these runs were for 500 ps long.
Then the system was equilibrated for 4 ns in the NPT ensemble to obtain the required density
of the system, which is further followed by 2 ns run in the NVT ensemble. The temperature
was maintained at 328 K using v-rescale thermostat *° with a time-constant of 0.5 ps and the
Berendsen barostat *! with time constant of 2 ps has been employed to maintain the pressure at
1 atm. The equations of motion were solved by using the leapfrog algorithm 32 with a time step
of 2 fs. The total production run has been carried out for 100 ns where the trajectories are saved
after every 0.1 ps. Another separate production run for analysing H-bond dynamics was carried
out for 10 ns using the NVT ensemble, where trajectories are saved after every 0.01 ps.
GROMACS 4.5.4%-% molecular dynamics simulation package is used for simulating this
system. Fidelity check of this force field has been done via the comparison of simulated density

(1.18 g/cm?®) with experiments (1.20 g/cm?).!

Note, we denote this [Bet/Ure/Wat] DES as ‘DES1’ from the next section to avoid any possible
confusion while comparing our simulation results with those (simulation results) for glucose-
based deep eutectic system [Glu/Ure/Wat] DES.
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6.3 Results and Discussion

6.3.1 Radial Distribution functions (RDFs)

Interactions between water molecules present in this charged [Bet/Ure/Water] DES1 have been
calculated via radial distribution function of oxygen-oxygen atoms of water. These results have
been already discussed in details in chapter 5. Here, the water-water interactions are compared
with that found in neat water and in neutral [Glu/Ure/Wat] DES in Figure 6.1. Although the
interaction between water molecules of this ionic DES1 is somewhat less than that of water
molecules in neutral DES %, a clear signature of a sort of water clustering, similar to neutral
DES, is also indicated for DES1. To analyse the qualitative difference between water structure
in charged and neutral deep eutectic systems and to measure their departure from that of neat

water, we examine the detailed water-water H-bond structure in the next section.

Iz ] I ] I ] l L] I ] l ] I L
- f\ [Glu / Ure / Wat] DES .
10 -
i [Bet / Ure / Wat] DESI 1
s m T=328K i
- i water 1
w °f OW - OW 7
4 —— DES _
_ Neat water <
- DESI -
2 -
0 i 1 l
0.2

r (nm)

Figure 6.1: Comparison of water — water (OW-OW) RDFs in [Bet/ Ure/ Wat] DES1, [Glu/

Ure/ Wat] DES and in neat water system at 328 K. Various systems are color coded.
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6.3.2 Average Number of intra-species H-bonds of Water and Participation Population

We calculate the average number of H-bonds between water molecules of this DES1 and
corresponding population participating in water-water H-bonds. These results are compared
with glucose-based DES as well as with neat water. The following prescription %¢-4° was used
for detecting H-bonds between water molecules: a) the distance between the donor oxygen
atom and acceptor oxygen atom is less than 0.35 nm, b) the H-O (donor)-O (acceptor) angle is
less than 30°, and ¢) distance between O and H must be less than 0.28 nm.

We find nearly 38% of the total water molecules present in the DES, on average, are H-bonded
within themselves with 1.15 average number of H-bonds per water molecule in DES1. This is
to be contrasted for the findings in glucose-based DES in which ~78% of them are involved in
water-water H-bonding with average number of W-W H-bonds of 1.74 per water molecule.?®
Note that ~100% of them in the neat water participate in W-W H-bonds with average number
of H-bonds per water molecule at 328 K is ~3.5. 23 These numbers are schematically shown in
Scheme 6.1.
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in WW H bonds

=
b
=t
(=1
=
o
=1
=]
)
o]
a
B
=]
[ap]
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NWW._1.15 in [Bet/ Ure/ Wat] DES1 Nip ~1.74 in [Glu/ Ure/ Wat] DES

Scheme 6.1: Representation of participant and non-participant water population in the
formation of direct water-water H-bonds in [Glu/ Ure/ Wat] DES and [Bet/ Ure/ Wat] DES1

under study.
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6.3.3 Number of H-bonds with each water molecule and their distribution

Next, we examine the population P(Nyz/water) of water molecules with number of water-
water (WW) H-bonds per water molecule (Nyp/water). This has been compared with the
results for glucose-based DES and neat water in Figure 6.2. In DES1, we find the maximum
number of water molecules share one H-bond with other water molecule and there exist much
less population of water molecules with two WW H-bonds. Note, neat water system shows
maximum probability of water molecules with three and four H-bonds, which reflects the
tetrahedral structure of water H-bonds. Comparing this result with glucose-based DES, we find
there exist nearly maximum population of water molecules that are connected with one WW
H-bonds (Nyg/water = 1) in ionic DES1. These results indicate that the water structure is
drastically different in the charged betaine-based deep eutectic system (DES1) compared to
that in neat water and glucose-based DES. These differences can be attributed to the ionic

nature of betaine in DES1.
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Figure 6.2: Population of water molecules containing a certain number of H-bonds
P(Nyg/water) as a function of number of H-bonds per water molecule Nyz/water in DES

and DESL1 and they are compared to the corresponding results for the neat water.
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6.3.4 Water-Water H-bond length distribution

To examine the qualitative difference of water-water H-bonds, we plot the water-water H-bond
length (OW-OW distance of H-bonded water molecules) distribution and compared with those
for glucose-based DES and neat water in Figure 6.3. What we find is quite intriguing. While
glucose-based DES and neat water show similar H-bond length distributions, water-water H-
bonds in DES1 are qualitatively quite different as the population of H-bond lengths around
0.275 nm is significantly higher compared to neat and glucose-based DES system. These results
portray the impact of strong electrostatic interaction between betaine and water molecules.

Most water molecules are forming water-water H-bond network with a smaller H-bond length.
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Figure 6.3: Bond-length distribution water-water H-bonds in [Glu/ Ure/ Wat] DES and [Bet/
Ure/ Wat] DESL1.
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6.3.5 Modification in Tetrahedral Network of Water: Local and Global Orientations

Local orientation of water molecules has been examined via analyzing the probability
distribution of water-water-water (j-i-K) angle (6;;) P(8), where, 8, ;- is the angle subtended
by each nearest neighbour pair (designated by j and k) at central water molecule (designated i).

This distribution has been compared with neat water and glucose-based DES in Figure 6.4.

Although neat water system shows preference towards 6~104° and glucose-based DES
towards 6~40°, interestingly this betaine-based ionic deep eutectic (DES1) shows preferences
towards multiple local orientations with 8~45°,90°,140°. This is unique as this type of local
orientation of water molecules has not been reported earlier. Schematic local orientation of

water molecules in neat water, glucose-based Des and in DES1 have been depicted in Scheme

6.2.
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Figure 6.4: Probability distribution of water-water-water angle, P (), of water in neat system,

in [Glu/ Ure/ Wat] DES and in [Bet/ Ure/ Wat] DES1.
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Scheme 6.2: Pictorial representation of the most probable angles subtended by any water
molecule with two other nearest water molecules in neat water (a) and in [Glu/ Ure/ Wat] DES
(b) and in [Bet/ Ure/ Wat] DES1 (c).
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To scrutinize the global orientation of water molecules within the DES1, tetrahedral order
parameter Q; and distribution of Q;, P(Q), have been computed using the following

expression®,

1

Qi =1 =255, Thjua(cosbip + 1/3)% and (Q) = —— %y, (6.5)

Nwater

where, Q; is the tetrahedral order parameter of the i water, and 6; jk bears the usual meaning
mentioned earlier. Ensemble averaged tetrahedral parameter values < Q > for DES1, neat
water and glucose-based DES have been schematically shown in Scheme 6.3 for better
visualization. While for neat system it has been found that < Q > ~0.6, for glucose-based DES

< Q > ~ —0.18, and for this ionic betaine-based deep eutectic system < Q > is found to be

nearly —0.04.
0.6 — —
0.4 [~ -
A 02— . 1 —
St water in DES water in DE§1
v L [Glu/ Ure/ Wat]  [Bet/Ure/ Wat] .
<Q> — '0.18 <Q> ~ —0.037
0.0
- Neat water
B <Q>~0.6
-0.2 — p

Scheme 6.3: Pictorial representation of overall tetrahedrality of water molecules, < Q >, in
neat system, in [Glu/ Ure/ Wat] DES and [Bet/ Ure/ Wat] DES1 at 328 K.
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This negative < Q > for deep eutectic system does not bear much significance unless we
compare the distribution of molecular tetrahedral order parameter, P(Q), with neat water and
glucose-based DES. This comparison is depicted in Figure 6.5 where a distinct departure of

tetrahedral structure of H-bonded water is found for deep eutectic systems from neat water.

II]-"2‘]'|||||||l||ll|l|l||l

0.015

0.010

P(Q)

0.005

-0.5 0.0 0.5 1.0

Figure 6.5: Probability distribution of tetrahedral order parameter, P(Q) of water in neat system,
in [Glu/ Ure/ Wat] DES and in [Bet/ Ure/ Wat] DESL.
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6.3.6 Water Hydrogen bond Dynamics: Continuous and Structural bond Relaxations

The continuous hydrogen bond lifetime is calculated from the time-correlation
function, Sy (t), 36:38:3°

<h(0)H(t)>
<h> '

Sup(t) = (6.6)

The structural water-water H-bond relaxation, Cyp(t), dynamics has been calculated via the
following expression, ¢339

<h(0)h(t)>
<h>

Cyp(t) = (6.7)

Here, h(t), a hydrogen bond population operator, is unity when the particular tagged pair of
molecules are hydrogen bonded and zero otherwise. H(t) takes a value 1 if the tagged pair of
molecules, for which h(0) is calculated, remains continuously H-bonded for a time t or else
H(t) = 0. Sy (t) describes the probability that a tagged pair of molecules remain H-bonded
for a timespan t and it approaches zero when continuity of the H-bond between them breaks

down.

The average continuous H-bond lifetime has been calculated via the time integration of Sy 5 (t),

(Tg’B)zfomdtSHB (t). Similarly, average structural H-bond lifetime (zZ®) has been

calculated using (t#%) = [* dt Cyp (¢).

Figure 6.6 depicts the continuous relaxation (upper panel) and structural relaxation (lower
panel) decays of water-water hydrogen bonds in DES1 and they are compared with neat water

and glucose-based DES.
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Figure 6.6: Continuous Syg(t) (upper panel) and Structural Cyg(t) (lower panel) H-bond
relaxation in neat water system, in [Glu/ Ure/ Wat] DES and in [Bet/ Ure/ Wat] DES1 at 328 K.
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Table 6.1 and Table 6.2 summarize the multi-exponential decay fit parameters for all these
relaxation decays. Both the continuous and structural water-water H-bond relaxations are found
to be drastically slowed down in DES1 compared to neat water as well as glucose -based DES.
More interestingly, an enormously slowed down nanosecond time component (~8ns with 60%
amplitude) in structural water-water H-bond relaxation has been detected in the betaine-based
ionic deep eutectic solvent (DES1). Although slowing down of structural as well as continuous
water-water hydrogen bond relaxation has been reported 2 in glucose-based DES, no timescale
in several nanosecond regime has been found. The slowest time component reported in
glucose-based DES is ~350 ps with 40% amplitude. This drastic slow component of water-
water structural hydrogen bond may be arising because of the caged motion of water molecules
where they are hydrogen bonded with all possible moieties in betaine-based deep eutectic
solvent (DES1). Also, this structural H-bond relaxation becomes 103 times slower compared
to that in neat water system. This correlates well with the sluggish translational motion of water
molecules in DES1 (already reported in chapter 5) where diffusion coefficients are found to be
nearly 500 times slower than that in neat water system.
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Table 6.1: Multi-exponential fit parameters for continuous water-water H-bond relaxations,
Syg(t) in DES1, DES and neat water.

Shs(t) a, T4 a, Ty as T3 (1) (1)
Ww (ps) (ps) (s) |(ps) | (Pnewt
H-bonds

DES1 0.08 0.09 0.25 0.58 0.67 3.57 2.55 6.22
Glucose- 0.15 0.08 0.53 0.53 0.32 1.63 0.82 2
based

DES

Neat water | 0.19 0.08 0.81 0.49 - - 0.41 1

Table 6.2:Multi-exponential fit parameters for structural water-water H-bond relaxations,
Cyp(t) in DES], DES and neat water.

Crs(t) a, Tq a, T, as 3 Ay T, (t) (t)
WWw (ps) (ps) (ps) (ps) (ps) (TDneat
H-bonds

DES1 0.1 1.14 | 0.09 [41.32 |0.22 |245.1 |0.59 | 7766.9 | 4664.7 |1034.3

Glucose- | 0.14 |0.26 [0.12 (532 |0.35 [36.63 |0.40 | 346.60|137.11| 34
based
DES

Neat 022 (032 |064 |298 (014 (179 |- - 451 1
water
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6.4 Conclusion

We reported in this chapter a thorough molecular dynamic simulation study of a NADES
composed of betaine, urea and water. Detailed H-bond structure and dynamics of water
molecules have been presented. These results are compared with simulation results of another
naturally abundant glucose-based neutral DES ([Glu/Ure/Wat (6:4:1 weight ratio)]) and neat
water system at the same temperature. Water molecules, being a minor yet integral part of these
DESs, show drastically deviated H-bond structure in these DES compared to neat system. The
effects of ionic environment present in this betaine-based DES have been identified. Water
hydrogen bond lengths are found to be shorter in this DES compared to glucose-based DES
and neat water. The inherent structure of water clustering identified in both these DESs are
found to be different. lonic environment of water molecules in this DES slows down the
continuous water-water H-bond relaxation by ~3 to 6 times compared to glucose-based DES
and neat system respectively. Structural water-water H-bond relaxations are ~34 times slower
and ~103 times slower than the glucose-based DES and neat water respectively. These results
corroborate well with the sluggish translational mobility of water molecules in this ionic DES
reported in chapter 5.
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Appendix 6.A

Betaine

Urea Water

Figure 6.A.1: Chemical structures of betaine, urea and water along with the atomic sites as
used in the present simulation.
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Appendix 6.B

Table 6.B.1: Partial charges and Lennard-Jones parameters for betaine.

Atom types Charge, e a (A € (kJ/mol)
C00 -0.1791 2.96 0.87864
NO1 -0.0268 2.50 0.12552
Co2 -0.1592 3.55 0.29288
C03 -0.1585 2.50 0.12552
Co4 -0.2061 2.50 0.12552
C05 0.4863 3.50 0.27614
006 -0.6274 2.50 0.12552
007 -0.6274 2.96 0.87864
HO8 0.1335 2.50 0.12552
HO9 0.1335 3.50 0.27614
HOA 0.1335 3.50 0.27614
HOB 0.1439 2.50 0.12552
HOC 0.1439 3.25 0.71128
HOD 0.1439 2.50 0.12552
HOE 0.1438 2.50 0.12552
HOF 0.1438 2.50 0.12552
HOG 0.1438 2.50 0.12552
HOH 0.1173 3.50 0.27614
HOI 0.1173 2.50 0.12552
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Table 6.B.2: Partial charges and Lennard-Jones parameters for urea.

Chapter 6

Atom name charge o (A) & (kJ/mol)
C 0.124 3.75 0.65898
@) -0.322 2.96 1.31796
N -0.453 3.55 1.06692
HT 0.276 0.00 0.00000
HC 0.276 0.00 0.00000

Table 6.B.3: Partial charges and non-bonded parameters for SPC/E water molecule.

Atom name charge o (A) € (kJ/mol)
ow -0.8476 3.16 0.65
HW 0.4238 0.00 0.00
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Chapter 7

Concluding Remarks and Future Problems

7.1 Concluding Remarks

The present Thesis reported a detailed investigation on interaction and dynamics of complex
liquid systems, via molecular dynamics simulations and compared results with those from
experiments wherever possible. These systems are complex because they possess =1, =2
and r=3 interactions (r being the inter-particle distance) in addition to apolar and H-bonding
interactions. The molecules are not spherical and the systems are inherently non-homogeneous.
Considering these complexities, the simulations presented here have only focused on exploring
several relevant phenomena in solution phase and provide qualitative but microscopic
understanding of several experimental findings. The systems studied are room temperature
ionic liquids, their binary mixtures with common molecular solvents, and deep eutectic
solvents (DESs). The DESs considered here are three component molten mixtures with one of
the components being water. These solvent systems have already found applications in various
chemical industries 12, and waiting for further and smarter applications. Addition of small
molecular solvents into these ionic liquids can improve upon and add versatility to their role as
reaction media. The spatio-temporal heterogeneity of the binary mixtures of ionic liquid and
various cosolvents have been explored to understand the structure and dynamics of these
systems. The chemical physics view of glassy supercooled systems has been employed to
examine various exciting experimental findings for ionic liquids and deep eutectics, and

subsequently, attempts have been made to explain them applying the ‘glass language’.

Our study on ionic liquid and its binary mixtures with cosolvents have revealed that the
structure and dynamics of the ionic liquid in these mixtures respond to both IL concentration
and cosolvent polarity. Pronounced aggregation behavior of [BMIM] [PFs] ionic liquid is
obtained at high IL concentrations in non-polar solvent. Signatures for dynamic heterogeneity
in IL mixtures have been investigated extensively via non-Gaussian distributions, dynamic
structure factor and four-point correlations and the heterogeneity features have been found to
soften upon increasing the polarity of the cosolvent. We haven’t considered water as a

cosolvent as aqueous mixtures of ionic liquids have already been studied via simulations by
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several other authors®* in the past. The findings for deep eutectic solvents are also quite
exciting as they show strong heterogeneity signatures at temperatures ~50-150K above their
respective glass transition temperatures. As these deep eutectics contain water as a minor yet
integral component, we used this opportunity to focus entirely on the structure and dynamics
of water in such a crowded environment. Both the structure and dynamics of water in these
deep eutectics have been found to be dramatically different from those in neat water. We have
found reorientation relaxations in these DESs accompany strong translational-rotation
decoupling and a considerable deviation from the Debye’s law for stochastic angular
displacements. This simulation finding has found appropriate support in the dielectric
relaxation (DR) measurements of the same system which have revealed a pronounced

fractional viscosity dependence of average DR times.

Since conclusions have been provided at the end of each of the chapters in the present Thesis,
we refrain from providing an over-all conclusion separately. Instead, we discuss here a few

interesting and relevant problems, which can be studied in near future.
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7.2 Future Problems

7.2.1 Alkyl chain-length dependence of Spatial and Temporal Heterogeneity in (lonic

Liquid + cosolvent) binary mixtures

Small angle X-ray scattering ° (SAXS), neutron scattering ® (SANS), neutron-spin echo " and
molecular dynamics simulations *° of ionic liquids (ILs) have indicated that the aggregation
of alkyl groups of IL cation increases with increase in alkyl chain length, inducing spatial
heterogeneity in the system. Dependence of spatio-temporal heterogeneity on alkyl chain
length has also been observed in fluorescence anisotropy measurements * of amide/electrolyte
deep eutectic solvents. In our recent simulation study 2, it is revealed that the solution structure
and dynamic heterogeneity of the binary mixtures of [BMIM] [PFs] ionic liquid with three
cosolvents of different polarities respond to the mixture compositions and cosolvent polarity.
Pronounced aggregation behavior of this ionic liquid is observed in presence of non-polar
hexane 2. The heterogeneity signatures are found to be more pronounced in rich IL solutions
and for solutions with less polar cosolvents. So, a comprehensive study on alkyl chain-length
dependence of heterogeneity features in binary mixtures of ionic liquids with small molecular
cosolvents of different polarities would be exciting not only from the basic science
considerations but also would be useful in providing inputs to liquid solvent engineering,

focussing on controlling products via tailoring reaction media.

7.2.2 Heterogeneous Orientational Relaxation and Translation-Rotation Decoupling in
(Betaine + Urea + Water), a Naturally Abundant Deep Eutectic Solvents: A Combined

study of Molecular Dynamics Simulations and Dielectric Relaxation Measurements

Recent temperature dependent dynamic stokes shift and fluorescence anisotropy measurements
in (Betaine + Urea + Water) deep eutectic solvents (DESs) revealed the evidences for spatio-
temporal heterogeneity in this system'®. So, for better understanding of the available
fluorescence spectroscopic data, a combined study of temperature dependent dielectric
relaxation measurements and computer simulations in this DES system is required. Dielectric
relaxation measurements can probe the inherent orientational dynamics of the given medium,
and provide important information about the coupling between the structural and dynamical
properties of polar condensed phases. Simulated reorientational correlations and the H-bond

relaxations can explain the microscopic origin of the time scales obtained in DR measurements
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in H-bonded systems. Therefore, a combined simulation and experimental study of dielectric
relaxation can provide a detailed understanding of the microscopic reorientation dynamics of
such DESs.

7.2.3 Effects of lonic Environment on Heterogeneous Orientation Relaxation and
Translation-Rotation Decoupling: Simulation Results of Betaine and Glucose based
Naturally Abundant Deep Eutectic Solvents (NADESS)

Presence of heterogeneous dynamics in ionic (Betaine + Urea + Water) ** and neutral (Glucose
+ Urea + Water) 1 NADESs have been reflected by the break-down of hydrodynamics via the
fractional viscosity dependence of solute rotation and solvation times, obtained from earlier
dynamic Stokes shift and fluorescence anisotropy measurements. A comparative study of these
two DESs is needed to explore the effects of ionic environment on the orientation relaxation
dynamics in these systems. Also, it would be interesting to explore the impact of ionic

environment on translation-rotation decoupling in these two systems.

7.2.4 Water Structure and Dynamics in “Crowded” Environments provided by Deep

Eutectic Solvents to Room temperature lonic Liquids: How Different are They?

There exist numerous studies®>1’ exploring extent of perturbation on water hydrogen bonding
structure in various binary and ternary mixtures. Most of these studies were aimed to probe the
hydrogen bond structure and dynamics where water is a majority in those solutions. Recently,
our comparative simulation study of ionic (Betaine + Urea + Water) and neutral (Glucose +
Urea + Water) DES, where water is a minor yet integral component, explored the water
structure and hydrogen bond dynamics in a crowded bulk environment. This type of study on
H-bond structure and dynamics of water is new and novel, and motivates to search for generic
features that may exist in multi-component mixtures where water is present at a very low
concentration. Molecular dynamics simulations of these DESs, urea-water binary mixtures,
water in ionic liquid hosts (for example, [OMIM][BF4]/[BMIM][BF4]), aqueous tert-butyl
alcohol (TBA) solution at very high TBA concentration etc. can be carried out to uncover
commonalities in water structure and dynamics and their differences from the neat water
counter-parts. Water, being an inseparable part of life, is still a mystery. The adaptive power

of water and its adamant attitude to preserve the tetrahedral H-bond network structure must be
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explored in various thermodynamic and chemical conditions for understanding its integral

relation to civilisation.

The present Thesis and these future problems are only representative of a vast collection of
what could be done to fuel the excitement with these two new classes of solvents which possess
the potential to revolutionize the liquid solvent engineering for industrial application, and can
address successfully the fundamental relationship between the environment and industry.
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