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Abstract

In this Thesis, the molecular arrangements and motions in complex liquids and multi
component mixtures have been investigated, where laagged interactions and the liquid
phase separation line critically affect the liquid phase structure and dynaimese systems
remain in liquid phase at room temperature via depression of freezing points either due to non
localization of charges or because of extensiEoHd interactions between components. lonic
Liquids (ILs) and deep eutectic solvents (DESs)laeeekamples 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 nsiailegcheat
resistant (up to certaimnit), 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 €BSs

also bealtered througlhe 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}|PF acetonitrie/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 thenatan of radial

and spatial distribution functions, coordination numbers and the Voronoi polyhedra analyses.
The cosolvent polarity dominates the solution structure at high IL concentrations, and the IL
segregates into polar and apolar domains in thelilute IL solutions, their extent being
strongly dependent upon cosolvent polarity. Also, Voronoi polyhedra analyses indicate broader
void and neck distributions upon dilution of the IL by cosolvents, suggesting increased
heterogeneity in the solution gature 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), ndBaussian and new ndgpaussian parameters, fepoint
correlation functions andther dynamical heterogeneity parameters. Diffusivity of the IL ions
and the DH time scales become faster on adding theolgent in the IL mixtures and

subsequently they show the cosolvent polarity dependence.



Next, molecular dynamics simulations ohétine chloride + urea) deep eutectics solvents
(DESs) at various temperatures have been performed to investigate the heterogeneous
reorientation and Hbond fluctuation dynamics in these systems. Simulated-daepkndent
collective single particle reoriestional and structural HHond 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 reorientatidgnamics indicated by strong fractional viscosity dependence of
average DR times is further supported by strong transtadiation decoupling and significant
deviation of average simulated reorientation
angular displacements. The stretched exponential relaxations of simulatetynsetfic
structure factors and negBaussian single particle displacement distributions also support the

strong dynamical heterogeneity in these DESs.

In the other sectiomf 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 hieak of hydrodynamics via the
fractional viscosity dependence of solute solvation and rotation times. Ouatthdlynamic
heterogeneity features such as +@@sussian distributions and selynamic structure factors
confirm the dynamically heterogeneous nature of the DES system. In addition, signature of
water clustering is reflected from the comparison of siredlatdial 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-species water molecules in this DES,
where water is present as a minor yet ieégomponent, 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 Fbond structure and dynamics have been studied by comparing the results
between this ionic betaérbased DES and neutral (Glucose + Urea + Water) DES. Water
hydrogen bond length as well as the watater Hbond 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 longange interactions'!! in a given reaction medium, presenof such
interactions can profoundly impact the outcome of a diffurited chemical reactiorf-or

such diffusiorcontrolled reactions, medium heterogeneity can play a decisive role in
controlling the reaction rates. Spatial and temporal heterogeneitia 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 thentcal reactions occur at temperatures much
above the glass transition temperatutesic liquids >3 are ready examples for such room
temperature metastable liquids because shape and size asymmetries coupled-alidrside
motions (entropy gain) geraes structural frustration which, in turn, resist oppositely charged
ions to sit firmly in their designated lattice poirExtended charge distributions and side chain
motions of the large multiple groups attached to the molecular ions constitutindidoims

are responsible for producing the molten state at or near the room tempe¢ee eutectic
solvents (DESs}#?? constitute another example of such metastable liquids which supports
spatial and temporal heterogeneity of varying degreesin Amic liquids, ionic DESs also

possessioion 6 i © 1, iondipole © i and dipoledipole © i interactions.

These two media possess tremendous potential for industrial applicktfdnas they can
successfully replace arge 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 thewmighed constituents,
melting and then allowing slowly to cool down to room temper&tu@epression of freezing

points in these systems mainly arises from the extensive interspebmsdihg and the gain

in entropy for being in the liquid phase. Since, tailoring reactions towards the desired products
becomes easier with these media, DESslbecome 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

1



Chapter 1

of ionic liquids and DESs, and both experimentdl*® and simulation studie$*>* have

repeatedly reflected that.

Medium heterogeneity suggests the presence of spatial and temporal local features at the
microscopic lengtiscales in liquid systems, and it affects thensport properties of the
samé&® 8 The heterogeneity impact on transport properties comes via departures from the
hydrodynamic solvent frictionlependenceStructural or spatial heterogenety’® indicates
different local arrangement of molecules prodg micredomains (spatial correlations),
whereas temporal heterogenétty® (or dynamical heterogeneity) refers to the temporally
correlated domains distributions relaxation rates. These spatial and temporal correlations lead
to the existence of mobikend immobile particles in a given metastablstegn. 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,
temporalheterogeneity 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 hydrodynamionsefAt

26:30.76 |n heterogenous systems, particle displacements show deviation from the Gaussian
distribution for homogeneous liquid<d. It is known that a dramatic slowing down of
dynamicg® occurs for supecooled liquids near glass transiti@mdthis is obvious from the
temperaturaependent viscosity- , diffusion coefficient (D), structural relaxation tim#

and other measures of liquid dynamics. A remarkable slowing down in mameérgnsfer

occurs neaglass transition, whergscositybecomes- 10 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 exp@h relaxation behaviour with the

exponent valué, , much less than unity.

Various experimental studies including the tidependent fluorescence Stokes shift (TDFSS),

and dynamic fluorescence anisotropy measurements have provided evidences for the existence
of dynamic heterogeneity in several neat {£:678° In addition, hetegeneous dynamics in

binary mixtures of IL with small molecular solvents have been characterized by TDFSS and
dielectric relaxation (DR) measuremetité!42474986Sybsequently, simulation studies of neat

ILs and their binary mixture¥ have revealed the presence of DH via-@aussian features,
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single particle displacement distributions and van Hove correlations. Although, the
heterogeneous dynamics in several neat ILs have been investigated in various experimental
848190 and simulatn studies®#3919 the same in their binary mixtures with common small
molecular solvent?* are limited.As already mentioned above, addition of cosolvents into ILs
reduces the viscosity esfficient — due to screening of Coulomb interactipiasd the
dependence 6f on solvent compositiori® suggests significant changestlive spatial andhe
temporal correlations’he impact of polarity of cosolvents on the interaction and dynamics of
binary mixtures of ILs with cosolvents have remained unegglofhe focus of the present
Thesis is, therefore, the investigation of spaétimporal heterogeneity and its impacts on
several solvent properties of ILs, binary mixtures of ILs with common solvents, and deep
eutectic solvents. In addition, attempts hiseen made to uncover the impact of cosolvent
polarity on the spatitemporal heterogeneity inherent to a neat ionic liqisl.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 prétééaind a wide
window of choice for constituents forms ionic and +ienic compounds®. Forexample, ionic
DESs are chosen by taking electrolytes as one of the components aindindDESSs can be
obtained by mixing and melting néanic compoundsDES made of amide and uréais an
example In addition, mixture of quaternary ammonium salt sashcholine chloride and
amides, salts, sugars or alcondl¥give a new set of ionic DESs. Time resolved fluorescence
studies and computer simulaticis®provide evidences for presence of dynamic heterogeneity
in several acetamide based ionic DESgn&tures of heterogeneous dynamicadatamidé*

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 silation studies of (choline chloride + urea) ionic DES to
explore the heterogeneous reorientation dynamics in these systems. Simulated rank dependent
collective single particle reorientational and structurabditid relaxations can explain the
microscopic agin 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 tranosédioom
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 sé@tekponential behavior of the

3



Chapter 1

simulated seldynamic structure factors and n@aussian single particle displacement

distributions.

There exist another class of green and-®feiainable DESs containing naturally abundant
compounds such as amino acidssay sugars et®°4%, These DESs are called the naturally
abundant DESs (NADESSY 1%, To undestandthe interaction and dynamics in one such
NADES that contain betaine (trimethyl derivative of glycine amino acid), urea and water,
steady state antime-resolved fluorescence measurem&fitsave been performed recently.
These measurements have revealed a strong fractional viscosity dependence of the average
solute rotation and solvation rat&ge have performed molecular dynamigs@ation study

of [{Bet+Ure+wat}, weight ratio (11.7:12:1)DESto explore the microscopic origin of the
experimentally observed fractional viscosity dependence. SimulatedGagssian
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 hydrdgpented 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 anotkeported glucoséased neutral DES
[Glu+Ure+Wat] %8

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 tbutyl-3methytimidazolium hexafluorophosphate ([BMIM] [RJf, and

three different cosolvents of comparable sizes but differing polarities have been explored via
molecular dynamics simulation study, which provides detailed analysis of cieypmEn of
microscopic solution structure of these IL mixtures on the nature of interaction between IL and
cosolvents. The cosolvents used here are acetonitrile (dipolagoiashe (quadrupolar) and
hexane (nofpolar) and seven different IL mole fractiofs=1.0, 0.90, 0.75, 0.50, 0.25, 0.10,

0.0 have been considerddhe interaction of these cosolvents with the IL provides microscopic
reflection of differing solubilities via the calculations of radial distribution functions and it

indicates the preferabieteraction between IL with both acetonitrile and dioxane than that with
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hexane.This makes acetonitrile and dioxane more miscible in [BMIM]e¢]RRan 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 andpaar domain in dilute IL solutions.

Also, the extent of aggregation behavior of [BMIM] BPFL at low IL mole fraction is
maximum in norpolar solvent hexane, which can be explained by relatively shorter Debye
screening length. This observation is further confirmed by the calculation-aidowtion
number. Also, pronounced microscopic phase segregatiL + hexane) mixtures is clearly
evident from spatial distribution functions. In addition, Voronoi polyhedra analysis suggests
increased heterogeneity in the solution structure of the diluted IL mixtures through the broader

void and neck distributis upon adding cosolvents into IL.

Composition dependence of modifications on motional features of both the IL ions and
cosolvents in ([BMIM] [PF] IL + cosolvent) mixtures via molecular dynamics simulations are
presented in chapter Simulated mean sawe displacements (MSD#&)r both of ions and
cosolvents indicate cage softening upon successive addition of cosolvents into the IL, as the
extent of subdiffusive regime decreases in dilute IL solutions. Accordingly, the diffusion
coefficient values inceses 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
cosolventpolarity, several heterogeneity parameters such asGamssian (NG), new nen
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 displacemernbdign suggests that the
deviation from Gaussian distribution becomes lower in dilute IL solutionsddition, four

point correlation functions, overlap functions, satermediate functions have been calculated

to examine the heterogeneous relaxaio 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 dfcholine chloride + (4) urea] deep eutectic
solvent (DES) forf = 0.33 at temperature range wo "WO 0 o do 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 pedion (DR) measurements of the same DESs in the

frequency windowrg "O'0a v Tat various temperatures. Experimental observations

of pronounced fractional viscosity dependence of average DR time scales suggests the presence
of dynamic heterogeneity ithese DESs, which is further confirmed by the deviation of

De b yted g law as the ratio of simulated reorientation correlation tifi€s j 6tO

ois obtained for these systems. In addition, calculated transtatiation decoupling indicates

the pesence of dynamic heterogeneity in these DESs. Simulated mean square displacements
(MSDs) and various neaussian parameters have been calculated here to explore the extent
of translational heterogeneity in these systems. Temperature dependence of H§3sssal
prolonged suldliffusive 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 DESseiffection of stronger
heterogeneity in particle displacements. Such slower time scales correlate the time scales

obtained from earlier dynamic stokes shift and fluorescence anisotropy measuréments

In chapter 5, we present simulation results on a recently experimentally sN#@I2ES,

[{ Bet+Ure+Wa}, weight ratio (11.7:12:1)] and make an attempt to explain the microscopic
origin of the fractional viscosity dependence of sehegatric norreactive réaxation rates in

this medium.Simulated radial distribution functions (RDFsliggests signature of water
clustering in this system. Evidence of rattlimgcage motion of the particles is indicated from
subdiffusive mean square displacements (MSDs), Wwhg an indication of presence of
dynamic heterogeneity in this systeBnormous slommg down ofrelaxationratesandlong
correlated timescalder waterin this DES (in comparison to those in neat watkave been
found. All these indicate that motioremlomaly 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 ebdthd structure and
dynamics of water molecules in the NADES investigated in teeiqus chapter. We compare
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these results with the simulation results of a neutral glucose based NAGESUre+Wat,
weight ratio(6:4:1)])1°® and neat water system. Watetbnd lengths obtained in this DES is
more constrained than in the glucdmesed [ES. Also, the effect of ionic environment on
waterwater Hbond fluctuation dynamics, both continuous and structural, have been explored.
Simulated watewater Hbond dynamics in this ionic NADES have been found to be slower
than those obtained for théugosebased 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

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° €3nd composed of ions that are large and
asymmetric in which electronic charges are delocalized over extended regionsy, RsTidll
cations or anions possess organic moieties with large alkyl chains and in combinations with
relatively smaller and more compact couriters produce a large variety of RTIEs This
extended charge delocalization and the entropy gain (mainlyomdditifrom 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-ctizagge
interactions. This may be considered as a sortatéstability which can give rise to relaxation
signatures reminiscent of those observed for deeply supercooled systems near glass transition.
These signatures often include mudkiponential or stretched exponential relaxation kinetics,
VogekFulcherTammann ! behavior of temperature dependent viscosity and evidences for
microscopic phase segregation. The chatggrge 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, noinflammability, high electrical conductivit® and wide liquid rangetc. These
properties have made the RTILs candidates for large scale ajgplscat the industry and
technology sectors®. However, the high viscosity of RTILs poses a barrier for direct
applications of pure IL$*'?and, as a result, conventional moleculassotvents are often
mixed with these ILs to enhance the fluidity and other physie@mical properties for
generating designer solvents from these RTIL+cosolvent binary mixtures for targeted

applications. Intergmgly, binary mixtures of RTILs with neagueous solvents have not been
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studied extensively, although aqueous mixtures have been studied extensively by applying
different experimental techniqué®'®, and computer simulatio$?°. Therefore, a systemat

study of binary mixtures of RTILs with small molecular ramueous solvents detailing the
composition dependent microscopic solution structure and relaxation dynamics are required
not only from basic scientific point of view but also for consideratibthese mixtures as

industrially important reaction media.

The microscopic segregation of neat ILs into polar andpusar 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-setfregation and
domain formatiort®. The nanoscale spatial heterogeneity and the heterogeneity in the dynamics
of ILs based on the-alkyl-3-methylimidazoilum cation [@nim]* have been reported many

MD simulations'®?*3L, An early indication of spatial heterogeneity in imidazokbased ILs

was found in Raman spectroscopic measurenigmsich suggested local structure formation

in these ILs. Subsequent computer simulatfépsedicted adw wave vector peak (in addition

to the nearesteighbour peak) which was found to become more prominent with the increase
in the alkyl chain length from C1 to C8, suggesting losrgaeged ordering? in these ILs. A
multiscale coarsgaining (MSCG) MD smulation study of [@mim] [NOgz] IL indicated
aggregation of alkyl chains for the ILs havingt@ Cs, and no such aggregations for ILs with
shorter chains. Nanoscale structural organization in nafityl-3-methylimidazoliumbased

ionic liquids and the édcts of changing the alkyl chain length were explored by other atthors
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 thgolaon

domains by the alkyl tails of the cation.

Because of the presence of microscopic segregations in ILs, the-sulltgat interaction in

these ILs becomes complék® 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 +iefaared Raman spectroscopic studies
explored the impact of water on the molecular structure ebutgronitrile-3-
methylimidazolium halide IL. Local structure and intermolecular dynamics of an equimolar

mixture of [dmim] [NT&] + benzene, were examined via MD simulations and OKE
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spectroscopic measuremetftsStructural and transport properties ofy[§s d [NTf2] + hexane
binary mixtures were investigated by using hegtergy Xray scattering and RSE NMR
measurement¥, where the persistence of the characteristic structure of the IL was noticed
even up to 80% dilution in hexane. The nanoscale structural organizad intermolecular
dynamics in [Gmim] [NTf2] + CS binary mixtures and their concentration dependence were
studied via MD simulations and OKE spectral analy&isComputer simulation studies of
binary mixtures of imidazoliuabased IL, [@mim] [FSI] and dipolar acetonitrile, reported
significant enhancements of selfffusion and conductivities along with the modifications in
structural arrangements of IL on adding acetonifiildn yet another simulation study, the
solution structure along with sa@tion and frictional characteristics of [lfh [BF4] +
acetonitrile binary mixtures were investigat®dIn addition, a few more experimental and
theoretical studies explored the composition dependence of solvation response in binary

mixtures of RTILs wih noraqueous small molecular solveft$?2

Although the abowenentioned experimental and simulation studies explored structure and
dynamics of several RTIL+cosolvent binary mixtures, they are individual and disjointed
endeavours in the sense thattde not represent a unified comprehensive attempt because in
those studies the dependencies of potarpolar domain segregation in a given RTIL on the
polarity and concentration of €lvent were not investigated and the impact of the coselvent

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 neatt thirough 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), 1,4dioxane (hereafter dioxane; quadruppland hexane (nonpolar) whose sizes
(van der Waal radii) are not too different from those of the constituent ions of the RTIL
considered here,-futyl-3-methylimidazolium hexafluorophosphate ([BMIM] [6F Table

2.1 414347 symmarizes representative gigochemical 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 threesotvents and [BMIM] [PH].

Solvent MW u (D) <Q> V] Diameter (A)
(gm) (DA)
[BMIM][PF ¢] 284 [BMIM]+: N/A 16 [BMIM] *: 6.8
4
[PFe]: 5.4

Hexane S 0 0.6 1.88 7.5
Dioxane 88 0 11.68 2.2 6.4
Acetonitrile 1 3.92 2.49 35.9 5.5

Note the viscosities of these small molecwasolvents are ~250000 times lower than that

of [BMIM] [PF ] which can modify the particle mobilities significantly in binary mixtures. The
static dielectric constants () for dioxane and hexane are drastically different from those for
[BMIM] [PF¢] andacetonitrile, while- 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 twtveasois the very large value

of its quadrupole moment. Naturally, therefore, the chagrgadrupole interactions dictate the
relative spatial distributions of the-solvent around IL ions in [BMIM] [P} + dioxane binary
mixtures, whereas the chardgole and chargelispersive interactions assume the cestage

for the same in [BMIM][PE] + acetonitrile and [BMIM][Pk] + hexane binary mixtures

respectively.

Note the ovesll solution structure in these binary mixtures derives contributions from other
additional interaction contributions as well. For example, igp@cies iorion, iondipole,
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 presehttee IL itself. Interspecies
dipole-dipole (for acetonitrile mixture), quadrupelen and quadrupotdipole (for dioxane
mixture) and dispersive (for hexane mixture) interactions contribute to the composition
dependent solution structures and ligligphid 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 ir2 Table 2
48 An examination oftis 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 apaos (both solverseparated

and solvenshared), triple ions etc. are likely to be present and these are not considered here
because the present simulations assume the IL, [BMIMJ][Ré- be completely dissociated

into its constituent ions, [BMIM]and [PFk]".

Table 22: Distance dependence of various molecular interactions and their approximate

energy scales

Interaction Type Distance Dependence Energy Scale (kJ/mol)

lon-lon rt R50

lon-Dipole r2 &5
Dipole-Dipole r3 R
QuadrupoleQuadrupole r -
QuadrupoleDipole ro -
Quadrupolelon r3 -
Dispersion (London) ré 2

H-Bonding - -5
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2.2 Details of calculations

2.2.1Force field and simulation details

Computer simulation results presented in this paper were obtained via perforrrabngrall
molecular dynamics simulations for the three different types of binary mixtures at different
compositions using the simulation gage GROMACS 4.5%8. For all simulations, the
temperature was kept fixed at 298 e chemical structures of [BMIMRnd [PR] ions, the

three cesolvent molecules of differing polarities and the scheme employed for the
nomenclature of the different cstituent atoms are provided kigure 2.A.1(Appendix 2.A)

The following seven IL molractions (k.), covering neat to neat, were investigated:=E.00,

0.90, 0.75, 0.50, 0.25, 0.10, 0.00. The numbers epairs and cesolvent molecules to obtain

the required moldractions have been provided in TaBl8.

Table 2.3: Number of IL ions and esolvent molecules used in the simulations at different

IL mole fractions (It ).

Fi [BMIM] * [PRe) 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] geie

the nonpolar hexane:
Yi B 0 i i B 0 — — B —p WEiee—0p

Wéck — p wéok B — — B — (2.1)

where k and eqdenote respectively the bond forcenstant and the equilibrium bond distance,
Keit he angl e force const amnand\irdpredenttthe eoeffeigau i | i br

of Fourier series and]r the dihedral angle.iRs the distance between the atornasn d othje, U
permittivity of the vacuum and,qy are their respective partial charges. The parameters for the
intramolecular interaction for the [BMIMEation are from a simulation study reported earlier,
[50] and those for the [RF anion from another stud3!. The intermolecular interactions
include both the Lennardones (LJ) and the Coulomb interactions. The LJ interactions between
the unlike atoms were calculated by employing the LotBetzhelot combining rule¥’. As

done earlier?® the total charge on the cation and anion were reduced toexUl8 partial
atomiccharges and some of the modified Lenrdmdes parameters were also taken feam
earlier study?. 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, th®PLSAA force field parameters available in the literatéffevere employed,
and are summarized irable 2.B.6° 2.B.9(Appendix 2.B.

The following potential energy function described dioxzme

Yi B o0i i B 0 — — B —p O&i —p Oéck

—p Béd B T Ty - oL 2.2)
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wherjdendtes the v a pthedvellrdepivadithe sest hawelas alrsady béen
discussed. The interaction parameters and the initiatdioates for dioxane were taken from
existing literature® and all the bonds were kept constrained throughout the simulafaiis.
2.B.101 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

reportedearlier °® and displayed in Web padwtp://virtualchemistry.orgivere used in the

simulations performed here for [BMIM] [BF+ acetonitrile binary mixtures. By following this
work °6, the moment of inertia and the total mass were maintained by adding a virtual

construction site to the topologies to keep the nitrile group perfectiyrfihe

All the simulations were carried out in a cubic box employing periodic boundary conditions.
The optimized geometries of the [BMIMand [PF] ions and hexane molecules were obtained
from ab initio calculations using the HFB1 + G(d) basis sehiGaussian03 prograrf, and

the starting configurations of the systems were built by using the Packmol scftwsiesused

the initial coordinates for dioxane and acetonitrile molecules femrlier studie$®® The
structures of the ions and all tiieree cesolvent molecules were relaxed through energy
minimization (EM) process via steepest descent algorithm in GROMARCAIl the bonds

were kept constrained using the LIN@orithm® with lincs order of 8. The cuaff radius

for shortrange interetion was set to 15 A and the lenange electrostatic interactions were
treated with particle mesh Ewald (PME) summation technf§uEach system was initially
equilibrated at 450 K under 1 atm pressure in NPT ensemble using velocity rescaling
thermostaf? and Berendsen barosfatwith coupling constants 0.5 ps and 2.0 ps respectively.
Then the system was cooled down to 298 K by a-dteyn process with a step size of 50 K
and each step was run for a duration of 100 ps. The system was again equitibirzeNPT
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 thermiastie
densities of the systems obtained from the present simulationnngwed agreement with the
experimental values (see TabBléd below). The equation of motion was solved by the-feag
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 savitdraevery 0.1 ps for the analyses. For visualization

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

expeiments, and from earlier simulations.

System Present simulation Experiment Earlier simulation
(gm/cc) (gm/cc) (gm/cc)
[BMIM][PF ¢] 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 earlie?>t he Vor onoi pol yimoeatomon ( VP

inside a box V of finite size is defined by the following expression,

G ah  Qdaw Mdadw  Qdw (2.3)
forallj, i and for al | jiktheset®fpantstwhichésingareradhan aryy
otherx0 s abonsd. xEach VP region is the intmensectio

which join the xand each of the othefdixs a@bnsd. XxT h @ ss eatndofi t& per i odi

will constitute a tessellation of space, called Voronoi tessellation.

I f the two Voiaaodof&onsoandshareacormotdface then atomsiand

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 centraltjsse 6. Upon joining these contiguous pairs of

atoms, a tetrahedron network containing a set of four atoms is formed, which creates a new
tessell ation called fADel aunay tessellationo.
polyhedra (VP) are du&b 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 Voronoi polyhedra are availableral se
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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 arspifefinite radius, then the

radius of void (void) may be defined as the distance between a VP vertex and the surrounding
particles (r) minus the radius of the corresponding partigjettrat isf,,q =V - I'y. Again,

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

particle (1) minus the particle raditf§:7 (rp): i 1.

The Voronoipolyhalral (VP) method was extensively used in the literature to determine the
structures of soft matter systef¥s! and different solvents like methan@l’*, ethanol”

ammonia’’ and water®’® This method can be utilized to determine the strucufe t he 6 por
spacebd6 or Ovoid spaced which helps to under s
cation-anion pairs in these IL + cosolvent binary mixtures, depending on topology at different
concentrations of [BMIM][PE]. Considering the molecud@s a spherical atogmve 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 molecule,at first, we find all the nearest neighbour
molecules that are within the radius denotedoa®#/ich 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 fst 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 lprasean

the molecules. Therefore, void radius can be defined as the distance between the VP vertex and
the " atom, subtracting the atomic radius. On the other hand, neck radius can be defined as the
perpendicular distance between the atom and the édge P, subtracting the atomic radius.

Forthis study, we carried out the VP analys@mnploying the algorithm describearlier®°8

* Voronoi Polyhedra Analysis have been performed in collaboration with Prof. Pradip Kumar Ghorai (IISER
Kolkata), ndia. 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

Figure2.1 shows the simulated densities of the neat systems considereubinees;, [BMIM],
[PFs], acetonitrile, dioxane, and hexane and compares with those from earlier simulations
53.55.56.80 and experiment$®4, Clearly, densities for the neat systems from the present

simulations are in good agreement with those from eaejgorts>>>0.8%284

Figure 21 also displays the simulated densities of the three binary mixtures, ((BMIBIFPF
acetonitrile /dioxane/hexane), at five different IL mole fractionsz@90, 0.75, 0.50, 0.25,
0.10, and compares with the availablepenmental data®®®8 Clearly, the composition
dependent densities obtained from the present simulations of [BMIM] fPR&cetonitrile
binary mixtures are in good agreement with the experimental 8atihe composition
dependent densities of the ([BMINRFs] + dioxane) binary mixtures were measuredhause

by using an automated densdaym-sound analyzer (DSA 5000, Anton Paar) and the measured

densities, as Fige 21 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 ®pen and filled symbols indicate
respectively the densities from present simulations and experiments. The represengtions ar
color coded and the color codes are: pink, experimental density; red, ([BMIM] PF
acetonitrile); blue, ([BMIM][Pk] + dioxane); green, ([BMIM][PF + hexane).
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Note an earlier experimental stuthreported that [BMIM] [PE] is soluble inhexane only at
mole fractions abovE = 0.8467 at temperatures higher than 340 K. We checked the solubility
of [BMIM] [PFe] and hexane for the mole fraction, #0.95 at 298 K (visually) and measured,
as described for [BMIM] [P# + dioxane binary mixtues, the density at this composition. Here
also the agreement between the simulated and experimental densities, as displayeé in Fig

2.1, is quite satisfactory.

We would like to mention here that in real experiments, [BMIM]RFexane binarynixture

was found to macroscopically phase separate atOf at 298 K, and therefore densities for
these binary mixtures at 298 K could not be measured for compositior& % However, the
model potentials employed here to represent hexane and [BNRIF]did not reproduce such

a pronounced solubility gap and allowed simulations of the [BMIM]RFhexane binary
mixtures for compositions studied for the other two systems, although simulated radial and
spatial distribution functions (presented latel§arly indicate increased clustering and non
uniform distribution of hexane, particularly at the lower mole fractions of [BMIME[PFhis
suggests that these model potentials, although could not reproduce the composition dependence
of the experimentalaubility of hexane in [BMIM] [PF], 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 havbeen computed for these binary mixtures at different compositions. As both

polar and nospolar moieties exist in IL, we label the centre of the imidazoilum ring of the
cation as ACRO whichpolsarcomai eltey edamd tilhe ad
the terminal met hyl g r o upolararoietyt This is mdiclktgdlin ¢ hai r
Figure 2.A.2 (Appendix 2.A)along with a snaghot of the equilibrated neat IL where
segregation into polar and npolar domains are clearly visible. One n@ytain the RDFs

involving these head and tail groups as well as the ceftmiass RDFs for investigating the

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

Figure 22 shows a comparison among the RDFs simulated in the present work and those
reported earliet>°38’for the neat [BMIM] [PK]. Note here that we have compared the center
of-mass anioranion, catioranion and catiorcation RDFs, and the ateatom RDF betwen

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.

2.0 LI LA L L L L 4 [T T[T T [T T[T T[T T [T1T
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Figure 2.2: Comparison of simulated RDFs faniortanion, catioranion, catiorcation and

H5 (H-atom of imidazolium ring of the catiof)l (fluorine atom of anion [RF) of neat

[BMIM] [PF ¢] between the present simulations and those repeesigr’*&. Here, solid line
represents results fromelpresent simulations, whereas open symbols in blue, pink and green
indicate the earlier simulated dat a. Note t
represented in the text as ACRO.
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2.3.2.2 Interaction of the cosolvent molecules with the looiLiquids

Because [BMIM] [PFR] IL segregates into two polar and npalar domaingshown 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] BPEccording to their polarity>>* 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. Figure2.3 depics 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 theishatl 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 ionsh& 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. Figure2.A.3 (Appendix 2.Axepicts, 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 betweeane and CT4.
However, a relatively stronger interaction of dioxane with the ions (see R@Jtéan hexane
permits a better miscibility of quadrupolar dioxane in this hydrophobic IL tharpalam

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 fractie®. 90, for the

three different types of binary mixtures. Here, atomic pairs and theirctegpeolor 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 twafdms) of the anion and cation respectively.
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2.3.2.3 lonion RDFs at low IL concentration: Debye screening length and break down

for quadrupolar solvent

Figure2 .4 displays the simulated igon and tadtail RDFs for these three binary mixtures at
FiL=0.1. Note the peak heights of all the RDFs for [BMIM] §PFhexane binary mixre 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 fullpafised 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{MSL):

- 'Y I¥¢” "O "Owhere'Y denotes th8oltzmann constanf®) times Avogadro numbefi(),
T the absolute temperature,the solution densityl, the ionic strength and F the Avogadro
number times the electronic chargg. OSL 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 - at a given temperatund ionic strength. Quite clearly then the DSL would be very
small in a norpolar solvent like hexane for whiehx ¢hallowing 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 valueai$o justifies the
normal liquidlike heights of RDFs simulated for acetonitrile solution. What is counter
intuitive here is the similarity of RDF heights between the dioxaneaaatbnitrile 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 nopolar solvent) via a strongscreening of the charggharge interactions in a
solution. This also reflects a bredkwn of the Debyé#iuckeltOnsager theory of electrolyte
solutions®® in nondipolar 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 4mm (catiorrcation, anion

anion, and catiofanion) and taitail for the three mixtures a=0.10. Various mixtures are
color coded as shown in the insets of the figure. Note the eaditton RDF epresents the
ACT40 at oms

headhead interaction, and the taila i | i s bet ween

31

as



Chapter2

2.32.4 Impact of cosolvent polarity on solution structure: composition dependence of
RDFs

We show in Figure.5 the composition dependent hdashd and taitail RDFs for binary
mixtures of [BMIM] [PFe] with acetonitrile, dioxane and hexane. Note these-head RDFs
represent essentially the catoation RDFs because this head group is the cationic
imidazolium group denoted as CR. The compositlependent anieanion and catiomnion
RDFs are provided iRigure 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. AHiaonRDFs 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 nonpolar hexane. This relatilyepoor 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 €ation

cation and taitail for the binary three mixtures. IL mole fractions are color coded.

33



Chapter2

Figure 2.6presents simulation snapshots of these binary mixtures at eepeesentative IL

mole fractions for a molecular view of IL ions in these cosolvents. These snhapshots are
complimentary to the RDFs and the discussion presented above assist in realizing the cosolvent
polarity and mixture composition dependence of thatsmi structure. For clarity, molecular
representations of the cosolvent molecules are not shown but the pictures acedetbfor

different cosolvents.

At the highest IL mole fraction shown here_(0.9), the formation of polar and nonpolar
domainsand their distributions in binary mixtures of acetonitrile and dioxane remain nearly the
same as that for the neat (see Figure 2.A.2, Appendix 2.Alyhereas somewhat more
pronounced clustering appears in the presence of hexane at this compositiahustérsg

and segregation into polar and Aoolar domains enhance with the decrease in IL mole
fractions in these binary mixtures and become the most pronounced for hexane mixture at
FiL=0.1. These snapshots, therefore, corroborate with the informatwided by the twe
dimensionadon and taHtail distribution functions presented earlier in Fig@rg® andFigure

2.A.4 (Appendix 2.A) and strongly suggest that both cosolvent polarity and concentration
critically affect the selaggregation in IL. Thigs further supported by the representative
snapshots for tatiil interaction shown ifrigure 2.A.5(Appendix 2.A. Interestingly, similar
enhancement of microscopic segregation and domain formation at low IL mole fractions have

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

SR
IL+Dioxane %

IL+Hexane -

Figure 2.6: Snapshots from MD simulations for the three binary mixtures at IL mole fractions,
FiL=0.90, 0.50, 0.25, 0.10. For clarity, the-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 ngwolar domain (includes the butyl chain of the cation) are shown. The
color coding is defing as follows: (IL+ acetonitrile)- red, polar domain; green, nqolar
domain, (IL + dioxane) blue, polar domain; yellow, ngpolar domain, (IL+hexané&)brown,

polar domain; cyan, nepolar domain.
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Next, we present in Figur27 the composition demdent solversolvent 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 His 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 moderatesac

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 thes®aty 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 cos@mt polarity.
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Figure 2.7: Simulated composition dependent solvsolvent 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 bysing the relation) 0 1“ ” Qii "Qi , where

i denotes the distance where the first mi ni
density. Note in these calculations is estimated from the first minimum of the
comresponding RDFs shown before. For comparing our CN with earlier simulations for neat
[BMIM] [PF¢] &, i has been determined from the center of mass RD#sle 2.B.15

(Appendix 2.B presents the comparison with the present and the édiierulations 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 Fig@:.eThe coordination numbers
correspond to numbeof cations around a cation (catioation), of anions around an anion
(anionanion) and of anions around a cation (cat@mmon). Note the nerdeal increase of CN

with IL mole fraction in all these three binary mixtures and the similarity between threm f
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 discussdiére 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 catioat the lower IL mole fractions, largest being for the IL + hexane

binary mixtures.
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Figure 2.8: Composition dependent @rdination numbers (CNs) for the catioation, anion

anion, catioranion first solvation shells, anqmkrcentages 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 squaret @cetonitrile); 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 thredimensional spatial arrangements of ions and cosolvent molecules in
these binary mixtures at different compositions and to better understand the polsaity on
solution structure, we next obtain the composition dependent spatial distribution functions
(SDFs) by selecting the [BMIM]cation as reference molecule via the TRAVIS progPdm

The isovalues used to construct the SDF plots are availabkhie 2.B.16andTable2.B.17

of Appendix 2.B Note, for constructing the 3D isurface we choose that particular density

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

The spatial distribution function @PFs] ionsaround a [BMIM] in the neat IL is presented in

the upper panel of Figur29, 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 semgircular shape. Also, anion densities can be noticed near the-didiv

(closer to the methyl group) and the H&Pom (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
cawsed by the butyl chain. Because SDFs provide a -fliraensional view of the spatial
arrangements of particles, these observations can be connected to the similar information
provided for twedimension by the corresponding RDFs. These RDFs (between niftdre

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-R%han those for the H4f& and the H4AP

radial distribution functions. The structure depicted by th€sS@f anion around the cation in

the present simulations is comparable to earlier simulation repbit$® Figure 2.A.6
(Appendix 2.A shows this comparison. However, such an anion density near the H4A atom
was missing irearlier study’® and this carbe connected to the slight disagreement of cation

anion RDFs between the present simulations and those repartie>.
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Figure 2.9: Spatial distribution functions, SDFs of the fPRnions (red, solid frame) around
thecation [BMIM]" in neat IL, i.=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 thrselvemnts acetotile, dioxane

and hexane around the cation are depicted in Figafefor these three binary mixtures for
FL=0.90, 0.50, 0.10. The following aspects can be noted from these SDFs. Both cosolvent
polarity and concentration dependence are evident inigusef 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
guadrupolar one. At highelt 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 #0.1. As expected, these cosolvent and anion
isosurfices 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 haghest It
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=&t E

The most dramatic difference in the build of iosurfaces appear when the cosolvent is
changed to nonpolar hexane. Note in this mixture that even a0, the cosolvent and the

anion isosurfaces appear as completely disjoint entities with the anion isosurface covering the
cationic imidazolium ring rad 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.
Thes 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 distributioteartion and the cation

in the threedimensional solvation shell of the cosolvent molecules. Figiddeshows the SDFs

for the cation and the anion around thesotvent 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 m&thig) 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 suclspamtial arrangement and the SDFs shown here confirm this
microscopic picture in thredimensions. Moreover, the composition dependence of the SDFs
for this mixture suggests that the isodensity surfaces constructed by the cations and the anions
surroundingthe 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 methylé@H: 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 threkmensional 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, lowever, a qualitative difference in the way these ion isodensity surfaces cover the
acetonitrile and dioxane molecules in their respective binary mixtures with [BMIM]; [Ris

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 [BM§M} [PF
hexane binary mixtures. At =0.9, the ion isosurfaces are closemggesting 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 isosurfacesvm@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 BigjdreSuch a microscopic

phase separation iheé present simulations, as we will see in the nextsgation, 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

IL+A cetonitrile

IL+Dioxane

e
2:\p-

Figure 2.10. Composition dependent SDFs for @i@on (red, solid frame) and the-solvents

IL+Hexane

J

(green, solid frame) around the cation for the three binary mixtures=#.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<$0r9®, 0.50,
0.10.
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2.3.2.7 Voronoi Polyhedra analysis

We have computed tle@mposition dependent void and neck distributions for [BMIMJs]RF
acetonitrile/dioxane/hexane binary mixtures to get further insight into the solution structure and
their cosolvent polarity dependence. Distribution functions presented so far, nameRke

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 irtisalstructure as they might be
connected to the particle mobilities in solutidA¥. Figure2.12 displays the IL mole fraction
dependent void and neck distributions respectively in these three different types of binary
mixtures for both the ions. Theresponding 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 thenalf 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 additisolviect 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 separatismdballow 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 stituting these binary mixtures.
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Figure 2.12*: Probability distributions of the void radius for [BMINgation (left panels) and
[PFs]” anion (right panels) in the three binary mixtures at differantatong with the
distributions for the corresponding neat cosolvents. Mole fractions are color coded as shown

in the inset of each panel. Results for nead@wents are represented by bt@ck dashed lines.

* VVoronoi 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 beé&wund also for the neck radius distributions and these results are
shown inFigure2.A.7 (Appendix 2.A. The fullwidth-at-half-maxima or simply the widths of

these voids and necks are shown in FiQut8 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 restyarticularly at the
cosolverndtrich 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 [Pk] as a function fc in the three binary mixtures. Here, filled and open symbols represent
respectively the data for [BMIMJand [PF] . Void and neck widths for the &olvents are also

shown for comparison.
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2.4 Concluding Remarks

In summary, the presestmulation 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 thdiameters 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 coposition 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
interaction with both the ions is the weakest. The interaction of thetalkyith hexane and
dioxane is comparable. This makes dioxane more miscible in [BMIM] fR&n hexane.

(d) The pronounced aggregation behavior of [BMIM] {4 low IL mole fraction in nofpolar

solvent is explained in terms of a relatively shorteby@escreening 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 ioAion RDFs n 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 segregéatioe IL into polar
and nonrpolar 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 fraatifaine ions in the first solvation shell surrounding

a given counter ion and a ntinear dependence of the coordination number.

() Isodensity surfaces show dramatic dependence on cosolvent polarity and clearly reflect
phase segregation, particularlyr foexane at low IL mole fractions. SDFs provide a vivid
microscopic picture of these molecular lengtiale arrangements in thrdenensions which

were missing in the RDFs.

(g) Voronoi Polyhedra analyses indicate broader void and neck distributiongerédetinose 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

Figure 2.A.1: Chemical structures of [BMIM] [PFe]", acetonitrile, dioxane (1;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 [P#§ showing the representation of head group, tail
growp and anion used in the calculation of RO&gper panel)Snapshot of the equilibrated
neat [BMIM] [PFg] IL, wherethepolar domain (imidazolium ring with the methyl group of the
cation and the anion) and npolar domain (alkyl chain of the cation) a@ared in ed and

green respectively. (lowgrane).
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Figure 2.A.3: Simulated radial distribution functions (RDFs) between different atoms of the

three cosolvents witkail part (alkyl chain) of the Ilcation at it =0.90for the three binary

mixtures Here, atomic pairs and their respective color codes are given in the inset of every

panel. Note interactions are shown with the CT4 atorat@@ of the terminal methyl group

of the alkyl chain) of the IL cation.
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Figure 2.A.4: Simulatedanionanion and catiomationradial distribution functions (RDFs)
for the three binary mixtures. Here catioation RDF indicates the he&eéad interaction,
which is calculated between the CR atoms of the imidazolium ring of tiloa . dRepresentations

are color coded.
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Figure 2.A.5: Simulationsnapshots showing the effeaif polarity on taittail interaction in
the three binary mixtures at E1.0, 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, atidxbde is

simply dioxane.
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L4

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

Figure 2.A.6: Comparison of spatial distribution funct®nSDFs of the anion around the
cation inthe neat [BMIM][PFs] betweenpresent simulations and earlier studis®°! Note
for SDFs in present simulatioramion is represented Ilyered solid frame.
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Table 2.B.1:Partial atomic charges on each atom of [BMisijd [Pk]

Atom Partial charges
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 parameterseatch atom of [BMIM] and [PFk] ions

Atom Ui, (kJ mol™) i, (A)
CR 0.292 3.55
NAM, NAA 0.711 3.25
CwWM, 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 [BMilsliid [Pk]

Bonds req(A) Kr (kJ moltA-2)
CR-H5, 1.08 constrained
CWM - H4M, CWA-H4A
CTM 1 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 [BMIVInd [Pk]

Angles deq (degree) Ka(kJ mot? 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 [BMNM$n

Dihedrals V1 (kJ mol ™) V2 (kJ mol™) V3 (kJ mol ™)
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 arndennardJones parameters for Hexane

Atoms Partial charges U (kH n o (i
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
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Table 2.B.7:Bond length and bond force constant values for Hexane

Bonds reA) Kr (kJ moltA-2)
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 deq (degree) Kq(kJ mof! 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 (kJ mol?) V2 (kJ mol ™) V3 (kJ mol™?)
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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Chapter2

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 1.516167 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
H9D 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 Lennaldnes parameters for 2Dloxane

Atoms Partial charges U kJtnot?) a (i)
C 0.140 33.233 3.50
H 0.030 15.106 2.50
o -0.400 70.493 2.90
Table 2.B.12:Bond length values for 1-dioxane
Bonds reA)
C-O 1.400
C-C 1.520
C-H 1.085

Table 2.B.13:Angle and angle force constant values for-tljgkane

Angle deq (degree) Kq(kJ mof! rad2)
C-O0-C 112.3 502.08
O-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-tljdxane

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

C-O0-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-ordinationnumbes (CNs) in thefirst solvation shefi calculated from the
cationranion, catiorcation and aniomnioncenterof-mass RDFs irthe neat [BMIM][PFg]

IL. Comparison is madgith an earlier worl’.

Co-ordination number

Co-ordination number

Pairs from from
Present simulation Earlier study?’

cationranion 7.32 6.8

cationcation 6.5 6.1

anionranion 6.6 6.2
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Table 2.B.16: Isovalues used in the SDF plots of anion andawents around the cation for

the three binary mixtures.

Isovalues (nrf) around [BMIM]" cation
[BMIM][PF ¢] [BMIM][PF ¢] [BMIM][PF ¢]
Mole + + +
Fraction, acetonitrile 1,4-dioxane hexane
FiL [PFs]'a | acetonitrilex | [PRs] a | 1,4-dioxane: | [PRs] a | hexane
1.00 6.167 - 6.167 - 6.167 -
0.90 5.733 0.485 5.732 0.487 5772 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

2js the surrounding species here.

Table 2.B17: Isovalues used in the SDF plots of cation and anion around tha\e@nts for

the three binary mixtures.

Isovalues (nrf) around Cesolvents
[BMIM][PF ¢] [BMIM][PF ¢] [BMIM][PF ¢]
Mole + + +
Fraction, acetonitrile 1,4-dioxane hexane
FiL Around acetonitrile Around 1,4dioxane Around hexane
[BMIM] "5 | [PFs]b | [BMIM]* [PFs] b | [BMIM] *b | [PFe] s
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 Dynamices [BMIM][PF ¢] + Cosolvent Binary

Mixtures: Does It Depend Upon Cosolvent Polarity?

3.1 Introduction

Heterogeneous dynamics means relaxatioqadfcles 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 mtiple timescales correspond to hierarchical relaxations (fast is first),
relaxations with continuously varying timescales relate to distributed kiféti€ais concept

of dynamically het erogeneoulsetreagloagxeateiidrnyd dr
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 sgdtigterogeneity of a given system. As a result, the
identification of DH with d&édspatially varyin
inherent norexponentiality in particle relaxations in an otherwise homogeneous system can

also lead to experinmal observation of oveall nonexponential 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.

Time-dependent fluorescence Stokes shift (TDFSS) and anisotropy measurements, and
dielectric relaxation (DR) experiments with several neat ILs havealayeheterogeneous
dynamicé'!%. Fluorescence correlation spectroscopic studies have provided further support via
the observation of heterogeneous diffusive dynamics for the esfatn@ass motion of a
dissolved fluorescent probe soldte?® Relevant thetical studies of solvation dynamics in

neat ILs have also supported the vieinheterogeneous collective orientational polarization
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density relaxation of ILsn response to a sudden alteration of the equilibrium charge
distribution of a laseexcited dssolved soluté®?2, Subsequently, heterogeneous relaxation
dynamics have been reported by TDFSS and DR measurements for binary mixtures of ILs with
small molecular solvent$®?12326 All these experiments, however, measure the solvent
polarization reponse at the collective wavevect&®( m) limit and as a result, information
regarding relaxations at the molecular lergthles has remained largely inaccessible. To be
specific, these measurements cannot separate out the component dynamics ane tmerefor

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 ofogeteity in the
relaxations of individual components of (IL+water) binary mixtde3 his simulation study

has indeed found a considerable mixture composition dependence of heterogeneous relaxations
of both the components. However, no study on cosobemendence 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 vdner Waal 6s radi i of the di
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 cosolventqiarity dependencies have already been repéftdthe numerical values

of the static dielectric constants, di pol e

viscosities of the neat systems employed here are summarizetl@s.1 1416:25.26.281

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

Solvent - * (D) 0 (DB) van der Viscosity,
Waal so -
(A) (cP)
[BMIM] [PF ¢] 16 [BMIM] *: ~4 N/A [BMIM] *: 3.4
[PRe]: 2.7 310
acetonitrile 35.9 3.92 2.49 2.75 0.34
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1,4-dioxane 2.2 0 11.68 3.2 1.18

Hexane 1.88 0 0.6 3.75 0.3

In this present study, a total of seven mixture compositionsX0, 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 sevelahamic heterogeneity parameters such as@Gaumssian

(NG) and new noiGaussian (NNG) parameters, single particle displacement distributions,
selfintermediate scattering functions, feguwint dynamic susceptibiliies and overlap
functions have been comput 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]]JP&nd those

of the three different cosolvent molecules.

3.2 Computational Details

Molecular dynamics simulations of [BMIM][RF + acetonitrile/dioxane/hexane) binary
mixtures were performed using the GROMACS 4.5.6 pacRagfeat 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 showigime 3A.1 of the Appendix

3.A

The potential energy functional form for the IL and hexane is as fofflotis
YY B O i i B v — — B —p QEi e—0p

Wéck —p owéi - B — — B _ (3.1)

0 andu inthe above equation represent the bond and angle force constants respectively,

the equilibrium bond distance; the equilibrium angle. ¥ V2 and \4 are the coefficients of
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Fourier series and denote the dihedral anglej R the distanceetween the atoms i and-,

the permittivity of the vacuum, @nd g represent partial charges.

Moreover, the following potential energy function is used fordigkane®’,

Yi B VR B O — — B —p wéie—p

Wéck — p wéok B - — — — (3.2)

where,, denotes the van der Waals radiusthe well depth and the rest represent the same

as discussed above.

The interaction parameters for the [BMIMInd [Pk] ions were taken from earlier work&>

In addition,the partial charges of the IL ions were reduced 1&iQand modified Lennard
Jones parameters usédin the present simulations. The potential energy parameters for
acetonitrile, dioxane and hexane were taken from the existing litef&fif8 Also, molecular
geometries  of acetonitrile molecule displayed in a webpage

(http://virtualchemistry.org/gmlid.pRhpwere considered Note for acetonitrile, to keep the

nitrile group perfectly lineat', 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 bakh periodic boundary conditions. [BMIM]
cation, [Pk]” anion and hexane molecules were optimigedab-initio calculations inthe
Gaussian03 prografiby usingthe HF/6-31 + G(d) basis set, whereas the optimized structures
of acetonitrile and dioxane wertaken from Refs 3749 respectively. The starting
configurations of the system were built in the Packmol softfarter 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 therméssatd the Berendsen barostat

with coupling constants 0.5 ps and 2.0 pspeetively. 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 folloved by 2ns equilibration run in the NVT ensemble.

In these simulations, the equation of motion was integrated by using thedgagbgorithm?®

with a time step of 2 fs. The cut off radius was set to 15 A and the particle mesh Ewald (PME)
summation4’ was used for the loagange electrostatic interactions. Bonds were kept
constrained throughout the simulations using the LINCS algofithithe production run was

for 100 ns, where the trajectories were saved after every 0.1 ps for analyses. Visualaviolecul
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 fiedeemployedin the simulations ofhe IL andthe three
cosolvents, we have compar@dTable3.2 & 3.3, the translational diffusion eefficients (D)

of the ions and the cosolvents with those obtained from earlier simufatiorfs! and
experiments>?°® Table 3.2 provides the diffusion cefficient values of [BMIMT and the
[PFe] ions in the neat IL along with the correspondingalues (given in the parentheses). The
D values of [BMIM]" and [PR] ions have been obtained from the slopes of the respective
mean square displacements (MSDs) in the fimeg limit wherd is equal or nearly equal to
unity { e p) (seeFigure 3.A.2in Appendix 3.A. Data inTable3.2 indicate thaD values for

the cation and the anion estimated from the present simulations are lower than those from
experiments’? and previous simulatiofs In the earlier simulation studi, the estimated
diffusion coefficients of the ions agreeing to the experiméntalues better than to our
simulated values. Interestingly, D values in the previous simulation $twdgre estimated
from MSDs at longime for a duration of ~46600 ps (from a production run of 4ns).
However, the associatédvalues have not beeeported. The diffusion eefficients for the
three cosolvents, provided ifiable 3.3, agree well with earlier simulation¥ %! and
experimental result¥®6, Also, the simulated densities of all the binary mixtures are in well

agreement with the auable experimental data (shownRigure3.A.3 of Appendix 3.A).
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Table 3.2: Comparison of selfliffusion coefficients, D in 10> m?sec! of IL cation and anion

obtained from present simulation with those from experiment and earlier simulation. The

corresponding b values are given in the pare
Present simulatiol Present Earlier simulatios Experimens
Production simulatiors Productionrun=4 ns (PFGNMR)
run=100 13 Productionrun=4
ns

[BMIM] * | [PRe]” | [BMIM] * | [PFe] [BMIM] * [PFe] [BMIM] * | [PRg]

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: Selt-diffusion coefficients (D), of the three cosolveritacetonitrile, 1,4dioxane

and hexane are compared with earlier simulations and experiments.

Cosolvent | Present simulatian|  Earlier simulatios Experimens
m2sec! (298 K) m2sect m2sect
acetonitrile 443210° 44°0.2310° (298 K) 4.31310°(298.2 K)
(NMR)
1.08% 10°° (298 K)
1,4 0.91310° 0.78310° (291K) (0.89310°°, 288 K)
dioxane (PEGNMR)
hexane 3119 10°° 2.99310°° (298.15K) 4.21310°(298.15 K,
NMR)
3.1310°° (250 K, neutron
scattering)

3.4Results and Discussion

3.4.1 Composition DependentMean Square Displacements (MSDs) and Diffusion Go

efficients: Impact of CosolventPolarity

We have calculated the centtémass MSDs for the ions and the cosolvent molecules in
binary mixtures of ((BMIM] [PE] + acetonitrile/1,4dioxane/hexane) at varisunole fractions

from their time dependent positions via the following equatiéh®®

5O 60 & B YO nhsO (3.3)
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wherei denotes the centef-mass of particle i. These simulated MSDs slip@ O O
behaviour withf =2 (inertiadominated shoftime regime)] <1 (subdiffusive regime at
intermediate times) arid =1 (diffusiondominated longime regime). This kind of coptex

time dependence is the characteristic of supercooled lig8idenic glasse$® and room
temperature ionic liquid$®. The sukdiffusive regime arises because of the rattling (no
appreciable displacement of particles with time) motion of partinlesdage>%%%2formed

by its surrounding neighbours, and this rattling persists for a significant duratien.
compositiondependece of MSDs for cation (upper panel), anion (middle panel) and the
cosolvent(lower panel)n these binary mixtures aslown viaa representative plot ligure
3.A.4 (Appendix 3.A) It shows the substantial reduction of the extent ofditfhsive flat
regime upon the addition of the cosolvents, which is an indication of cage softening by the
presence of cosolventalecules. The effects of cosolvent polarity on the cenfti@ass
motion of the particles in these IL mixtures are showFignire3.1. Theapproximateliffusion
on-set time scaleare indicated by bullet marks on the MSD curves with numerical values of
the corresponding timescales summarizedable 3.B.2(Appendix 3B). It shows thathe
steepestslope ofthe MSDsoccurs for mixtures athe lowest IL mole fractiors studied

("0 =0.10, the impact being the maximuior acetonitrile.
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Figure 3.1: Simulated mean squadisplacements (MSDs) for both the ions [BMIMupper
panel), [Pk]" (middle panel) and cosolvents (lower panel) in three binary mixtures. Here,
dasheedot-dot, dashed and solid lines represent the (IL+Acen), (IL+Diox) and (IL+Hex)
binary mixtures respeetely. Acen, Diox and Hex represent acetonitrile,-digkane and
hexane respectively. Note only four IL mole fractions6.00, 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 translationaliffusion coefficients of the ions of [BMIM] [RFIL and the cosolvent

molecules at all the mole fractions have been calculated by using the Einstein P&lation

$ — o OO ] (3.4)

We have estimatethe selfdiffusion coefficients of all the particles from the slepd the
respectiveMSDs in the longiime diffusive regime. For thisve haveused 100ns traject@s

to verify whetherf e 1 at long time. The corresponding plots bfas a function of timare
shownin Figure 3.A.5(Appendix 3.A) b visually detectthe diffusive regimeFigure 3.2
presentghe composition dependence of sdiffusion coefficients of both the ions and the
threecosolventsacetonitrile, 14-dioxane and hexana theirrespectivebinary mixturesThe
estimatedseli-diffusion coefficient of eacbf thecomponergin thebinary mixtures decreases
with increasingO , which is a consequence of increase in viscagitly IL mole fraction in
the binary mixturesSimilar trend of seldiffusion coefficients in [@nim] [FSI] + Acetonitrile
mixtures have also beereported in an earlier wotk Note the increase of diffusion
coefficients of ions is the largest in the presence of acetomitriléhe smallest in the presence

of hexanan these (IL+cosolvent) binary mixtures.
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Figure 3.2: Composition dependence of diffusion coefficients of the [BMI{pper panel),
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3.4.2 Composition DependentDynamic Heterogeneity (DH) Parameters:impact of

Cosolventpolarity on Non-Gaussian (NG) and New NorGaussian (NNG) Parametrs

So far, we have investigated the effects of cosolvent polarity owliffel§ion coefficients of

ions and cosolvent molecules in these binary mixtures at different IL mole fractions. Because
the diffusion coefficients have been obtained from the slopdke respective MSDs, the
numerical values cannot reflect the underlying displacement distribulioasiomogeneous

liquid where particle interactions are largely governed by the excluded volume effect and
allowing the particles to execute temporaihcorrelated completely random moves fuelled by

the thermal energy, the particle displacemearts expected to follow the Central Limit
Theorem to produce Gaussian distribution of displacements. This consideration provides an
avenue for a quick check of teeogeneous 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 tB 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 systénarehi
different from the normal collisional and diffusion timescales. The faster timescale arising from
the larger displacements is known as the-@awissian timescald ( ) and can be estimated

from the peak position of a curve showing the time depecel of a quantitya,, (t) . °>%The
other slower timescale associated with the smaller displacements (relativelyndbsge
particles) can be obtained similarly from the time dependence of the newaussian
parameter,g(t)). °"° This slower timescale is known as the new -@aussian timescale

(t ). These two quantitiesz, (t) and g(t), are linked to the mean squared displacements

(MSDs) as follows7:59:64.65

. 5 O
1 0 ——= o (3.5)
rd0 -0 OB—O0 p (3.6)
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Here, YOO O O O m describes the displacement vector for thedrticle in a system

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

The simulateq O andr Ofor the neat IL (upper panel) and the resgolventglower panel)

are shown irFigure 3.3. The NG (g) and NNG { \c) timescales obtained for both the
[BMIM] * and [PFk]" ions (upper panel) areespectively0.51.0 ns and 2 ns and the
corresponding; O peak heights are higher than the peak height predicted for the
homogeneous liquid (Oj8) *°. Moreover, the time scales obtained for the thresolvents,
acetonitrile, 1, 4ioxane and hexankes in the range-10 ps along with thg O peak height

<0.2, which indicates that thgure IL is far more dynamically heterogeneous than ribat

cosolvents
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Figure 3.3: Simulated NG|( 0 and NNG [ o for both the ions [BMIM] (upper panel)
and [PF]  (in the inset of upper panel) in neat [BMIM][fL and the neat three cosolveiits
acetonitrile, 1,4dioxane and hexane (lower panel). Here, solid lines and dashed lines represent

thel O and’ O respectively. Aproximate NG and NNG peak times arewh in the inset
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Next, we explorghe impact of cosolvent polarity ohg and  \yg. The cosolventpolarity

dependencies qf O andr O atfour representative mole fraction&, =1.00, 0.50, 0.1,00.0

are presented iRigure3.4 (left panels) andrigure 3.A.6(Appendix 3.A. For clarity,data for

all mole fractionsstudiedare not shown. The O andr O at all thesemole fractions for the
(IL + acetonitrile) binary mixturaregivenin Figure 3.A.7 & 3.A.8Appendix 3.A).The right
panelsof Figure3.4 depict the composition dependencezof (also summarized ihable3.4)

for both the ions and theosolventin these three (IL+cosolvent) binary mixturésstrong
composition dependence is clear from the dataftrand right panels dfigure3.4. The NG
peak height and the timescals for the cation and anion drastically alease as the lis
successively diluted by adding cosolvent in the mixtuoe tfecosolvents, on the other hand,
Z increass with increase 00 as the system changes from neagolventgo concentrated

IL solution. Hereshorteningof z  for the ions (~540 ps to ~4 ps for [BMIMand ~1100 ps

to ~50 ps for [PF) occurs upon changing the composition fronxE.00 to iz =0.1Q For the
cosolventsthe timescale slows down from a few ps in the neat system tnaswdsecond in
solutions with"O =0.9. A close examination of the dataright panels ofFigure 3.4 reveals
that z for [BMIM] " becomes the fastest in solution when the cosolvent is acetorytrile.

for [BMIM] * remains faster in solutions with igdoxane than with hexane for most of the IL
concentration regimez  for [PFs]” remains the fastest in presence of acetonitrile but the
trend observed for the cation in the other two binary mixtures reverses fanitre This
reflects both polarity impact op  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 interaos also impact the DH timescales for
cosolvent in these binary mixtures (right lower pakejure3.4) where z  for acetonitrile

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

Next, composition dependent O profiles, presenteih Figure 3.A.6Appendix 3.A) suggest
considerable impact of cosolvent polaritfthe composition dependepeak times,f \ns.

shown inFigure 3.5 (also summarized ifable3.4), reveal this polarity effect more clearly.
As in the case af , both the ions show the fast®iNG timescalesn IL binary mixtures
with acetonitrile. One can also differentiate mn  for the IL ions between the IL binary

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

[ \nc for cosolvents in these (IL + cosolvent) binary mixtures.
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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 neofraction (k).

z [t [t ]6 Jz [t [t t [t [0
IL +Acen [BMIM] *(ps) [PFe] (ps) Cosolvent(ps)

O
N

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 | 775 4 28 10

0.25 52.3 42 33 52 114 38 17 60 17.6 2 7 4

0.10 8.84 | 16 12 39 | 251 | 15 | 62 | 41 | 672 | 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 | 45.1| 148 74

0.10 157 87 57 357 | 367 | 60.1| 274 | 700 | 49.8 | 23.1| 145 37

0.00 - - - - - - - - 99 | 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 | 653 | 18 24 47

0.25 719 | 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 - - - - - - - - 342 | 7 8 12
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3.4.3 Single Particle Displacement Distributions

Single patrticle displacement distribution quantifies the DH signatures via the deviation from
the Gaussian displacement distribution predicted for homogeneous §uatsd it can be
calculated via the simulated seirt of the van Hove correlation fuian, ' @0 6670 py

using the following expression,

P

ol T QOrp 1 ipmntaQ 100 (3.7)

For a Gaussiah @0, 01 T QO becomes independent of tiffievith a peak height of

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

Figure3.6 shows the simulate@l 1 | QOrpatd z for the [BMIM]*, [PR] ions and the
cosolvents atO =1, 0.50, 0.1@nd 0. Note thepeakheights in these binary mixtures for both

the ions and the three cosolvents remain below the homogeneous limit, suggesting underlying
nonGaussian displacement distributiongnterestingly 01 T QONt for [BMIM] *
indicates dilution of IL bycosolvents permitfBMIM] © accessing larger displacements but
increase in cosolvent polarity does the rever8d. I Q ONt 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 successideition of ILO 1 T QONt  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,0 & ¢ "Q iMp t  for the IL ions [BMIM]" (upper panel), [PF (middle

panel) and cosolvents (lower panel) in the three binary mixtureg=t.¢, 0.50, 0.100.0.

Here, horizonal black line denotes the peak height (~2.13) for Gaussian distribution of particle

displacements.
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The simulated 1 T ¢ ONt , shown inFigure3.A.9 (Appendix 3.A), suggests relatively
stronger cosolvent polarity impact §Fs]” displacements than on those [BMIM] * where

the effect of dilution is weaker for polar binary mixtures than in thepadar ones. In addition,

at 0 t ,displacemets 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 effecixeméde

and minimum for dioxaneAll these observations, therefore strongly suggest that cosolvent
polarity indeed contributes to the heterogeneous relaxations of molecules and molecular ions

in these complex binary mixtures.

34.4 Seltintermediate Scattering Function: Mixture Composition and Cosolvent
Polarity Dependence

The selfintermediate scattering functiof, ERO, which tracks the time evolution of density

at a given space poirtan be simulated from the real partlod incoherent scattering function
586571 ¢ HO . BAT OBDO On Oin the limit of the nearest neighbour
wavenumberf£ © ¢ A, being the diameter). The 1/e decay time of thedgiamic structure
factor, & EA O ¢ KO, provides an approximate estimate toth erelakhtion (structural
relaxation) time scald; . To study the cosolvent polarity dependence on structural relaxation,
the simulated® EA© ¢ KO profiles for the IL ions and the cosolvents in these binary
mixtures at various compositions havebenonitored. The simulated results are presented in
Figure3.7, where the corresponding 1/e decay time are indicated as bullet marks and also these
values are provided ifiable 3.4. A representative plot showing the decay&ofEA © ¢ AO

for all the IL mole fractions studied are presentdéigure 3.A10 (Appendix3.A). Itis clear

from this figure that the relaxations & EA © ¢ AO 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 sfhamic structure factor relaxation is also
the strongest for acetonitrile containing IL mixtures. Interestingly, the relaxation of the
acetonitrile seHdynamic structure factor in these ionic liquid solutions is the fastest among the
three cosolvents caidered here. This is a reflection of strong polarity impact on the relaxation
of selfdynamic structure factor in ([BMIM]PFs]" + acetonitrile/dioxane/hexane) binary

mixtures.
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Next, we show irFigure3.8 the IL mole fraction dependence of the diffusiorsen timescales
obtained from the simulated relaxations of the-dgtiamic structure factors and the MSDs
(left panels), and the correlation Wween them at different IL mole fractions (right panels). The

diffusion onset timescale for MSDg ) can be approximately identified as the time when

I e lintherelationd i O® o . This is already shown iRigure3.1 by bullet marks. For the
selfdynamic structure factor, the diffusion-eat timescalet( ) can be approximated as the
time by which the decay of the normalizZ2dEX © ¢ AO has reache@ 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 centtemass structural rearrangement, €A © ¢ AO

& EKO ¢ O mA@D$ Q, 0. Clearly, the structuraklaxation and MSD at long time

are governed by the same solvent translational rearrangement in a homogeneous solvent, a
linear correlation between them is expected. Anylnwearity in that correlation may therefore

be interpreted as a signature of hegeneous relaxation dynamics. The IL mole fraction
dependent  andt , shown in the left panels of this figure, suggest that both the timescales
show sharp rise 8® approaches unity. Moreover, is uniformly larger thart 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 ofsoloéiterogeneous
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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right panels depict the correlations betwderand t

r for IL ions (right upper & middle
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3.4.5 Overlap function

Co
Co
-

The overlap functioracks the density fluctuations at smaller lergth a1 e ( 0. 3
particle diameter) tha® EA © ¢ 4O, and is defined a&! 7

r~ A

10 B 7 ADAgb®d n (3.8)

In the above equationp ¢Ho is a Heaviside step function and defined &s, AD

g OO Ons, where a=0.30 foll Whegcandeaibhnen
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 Lindeoraarion >7° after

accounting forthe anharmonicity andhe cooperative effectsThe need of monitoring Q(t)
relaxations arises for ensuring tiatEA © ¢ 4O is not tracking the relaxation due to nearest
neighbour vibrations but in fact involves particle translatidins. therefore natural to expect

thatl O decays would resemb& EA © ¢ AO relaxations and the correspondif)g decay

times (f andt ) corelate better to each other.

Figure3.9 presents the polarity dependence of Q(t) decays for [BNMIMFs]” and cosolvents

in these binary mixtures at various mole fractions (left panels) and the correlations between
andt (right panels). As before, tfe decay timegt are represented by the bullet marks

on the individual decayd. values & summarized ifable3.4. Data in this table show that
timescales obtained from various dynamic heterogeneity parameters, namelyf and

t , becomes faster upon adding the cosolvents and show substantial cosolvent polarity
dependence. dte in the right panels that the correlation betwéemndt is significantly

better than what we have seen betweeandt j in Figure3.8 (right panels).
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3.4.6 Four-Point Correlations: Composition and CosolventPolarity Dependence

In slow highly viscous systems, the mobilities of particles over a lestgile may remain the

same for a particular duration. This is akin to stating that (i) up to what lengthsodikles

are relaxing with the same or similar rates?, and (ii) for whatdunation these particles relax

with the same or similar rates? While the former question connects to correlated lengthscales,
the other relates to correlated timescafesirpoint correlation functiof? ERO , tracks the
temporal correlations of the local mobilities at two different space points over a certain period

of time. ? ERO can be approximated by the fluctuation (variance) of thedsemic

TRV

~ A

? B . & BHO O & BHOO (3.9)

The maximum time over which the mobility fluctuations remain correlated is designated as,
O , which can be obtained from the peak position ®f ERO versus t profiles. The
composition depender@ EO ¢ 4O for the ions and the three cosolvents in all ¢hes
(IL+cosolvent) binary mixtures are shown Higure 3.10 for the two representative
compositions, £=0.50, 0.10 along with those for the three neat cosolvents. The corresponding
peak timesQ , are indicated by the dashed vertical lines. It is clear from this figure that
? EO ¢ kD responds to both cosolvent polarity and IL mole fraction. The cosolvent polarity
and IL mole fraction dependencies of the correlated timesQale, are presenteith Figure

3.11.1t is interesting to note in this figure th@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, O s the fastest for acetonitril®otaining solutions among these three mixtures.
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Figure 3.10: Simulated foupoint dynamic susceptibility,. ‘@ for ions and cosolvents at
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for neat IL and cosolvents. The vertical lines represent the approximate peak times.
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3.5 Conclusion

In summary, the present study finds a significaosolvent polarity dependence for the
dynamics of ([BMIM] [PF] + cosolvent) binary mixtures, and identifies the quantities that
characterize the heterogeneous relaxation dynamics of individual components in these complex
binary mixtures. The heterogeneisignatures 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 cosehis into IL, leading to higher mobilities for ions in solutions

with more polar solvent®H time scales and the peak heights obtained from NG and NNG
parameters show both the composition and polarity depeledenbese time scales become
faster in presece of the cosolvents in the IL mixtures and the fastest time scales have been
obtained for the (IL + acetonitrile) mixturda addition, the NG and NNG peak height undergo

a dramatic decrease when the system changes from neat3l.(®) todilute IL solutions
(FL=0.10). Composition dependent single particle displacement distritaisbow that in

dilute IL solutions the displacement distributions are moderately deviated from being Gaussian.
Relaxation time scales from safhtermediate sc&ring 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 spaepoints, quantified b)  through the calculations 6? EO, become

the shortest for IL solutions with acetonitrile. All in all, the study reveals that dynamic
heterogeneity of [BMIM][PE] 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] [PFs], acetonitrile (Acen), 1:ioxane (Diox)
and hexane (Hex) along with thepresentations, which were used in the discussion of various
simulated properties.
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Figure 3.A.4: Compositiondependent translational mean squared displacements (MSDs) for
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Appendix 3.B

Table 3.B.1:Number of ion pairs andosolvent molecules used in the simulation at different

IL mole-fractions (F.).

FiL [BMIM] * [PRe] Cosolvent molecule

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 onset time scales for the three binary mixtures at IL mole fraction
FL=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
01 118 469 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 studiesrried out in the last couple of decades focussing on environmentally friendly
yet efficient reaction media have suggested that ionic liquids'@as) deep eutectic solvents
(DESs¥'® possess appropriate physiceemical properties for larggcale imlustrial
applications, replacing a large body of common and hazardous organic sdMEBssppear

to have an edge over the ILs becaustheir less expensiyéavourable handling and eaty
transport feature>®1° Application of deep eutectic solvents (DESs) in synthetic
chemistry**?and electrochemistty *° as reaction media iscreasingfor their less toxicity,

low vapor pressure another desirable solvent featuré&search for biodegradable reaction
medid® and therapeutic solmé matrice$’ have led to the generations of several important
DESs.DESsare multtcomponent melts, providing a stable liquid phase at temperatures much
below the melting temperatures of the individual components. These components are often
organic componds and inorganic salts and therefore, DESB beeither ionic*®2! or
nonionic?? depending upon thehoice of theconstituentcomponents. This allows a wide
window of choice for selecting components for engineering-$askific liquid solvents,
usheing delight providing the much needed flexibility for engineering -sscific liquid
solvents for carrying out reactions yielding tailored products. DESs are, therefore, not only
capable of successfully addressing many of the critical environmentasjssit 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 aspectssbause of the dmetastability

liquid phase at temperatures lower than the melting temperatures of the individual components.
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The signature of metastability has probably been reflected via the pronounced fractional
viscosity depedence of relaxation rates at temperatures-H8D K above the respective
thermodynamic glass transition temperatures for a variety of Ef£8Ehis is striking because

such a strong viscosity decoupling of relaxation rates is known to occur for depplgaoled

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 rale or weight fractions of quaternary ammonium salts and neutral hydrogen
bond donors The biodegradablé and readily available nature of choline chloride
(OHCHCH2N(CHg)3Cl), a quaternary ammonium splissessing similarities to the vitamin B
complexgroup turnsthese particular systenggiite promising for selection as one of the
preferredconstituent elementer thepreparation oénvironmentallybenignDESs.As choline
chloride base®ESs®® have leenalready accepted as the green solvent systéfitheyare
extensively used in the field of organic synthé$i8, gas absorptiof? selective metal
extractiort® and electrochemisti#. Althoughthere are many combinations availablé! the

most frequently studied DESs are composed of choline chloride anddHe@@(NH)2).%3t

The cholinechloride based DESs has the melting temperature of 285 K, which is much lower
than the individual melting temperatures of the constituents (chdilogdei 575 K and urea

i 406 K)313°This DES may therefore be called as a room temperature EBiocompatible
choline chloride is an important ingredient in animal and poultry food indifsttyJrea, m

the other hand, is an important ingredienfertilizer industr§® and also plays an important

role in microbial metabolism in aquatic systeths.

Although several physim-chemical properties, such as densitfesyiscosities’®4":62
conductivity value®¥ and molar heat capacitfdsof thesechlorine chloride basedDESs at

various temperaturelsave already beereported the interaction and dynamics of (choline
chloride + urea) DESs have not been extensively explored@irettural analysisf choline

chloride and urea DESs perfordheia molecular dynamics simulations has suggested stronger
interaction between the hydrogen bond donor and chloride ion than the chofth&ereral
properties such as density, viscosity and surface tension have been reproduced for these DESs

by usinga new set of nopolarizable OPLSAA interaction parameter®. Interestingly,the
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pulsed field gradient NMR spectroscopic sttfdin choline chloride based DESs have
proposed that the molecular diffusions do not follow the random walk mBd#ier they

follow a jump mechanism which isxpectedfor someDESS®3* and ionic liquidS"®° In
additon,dynami ¢ Stokesd shift and f3ofdqchadilecence
chloride + urea) DESs at various temperatures has suggested a departure fratyniayaio

viscosity dependence of solute solvation and rotation tisweggesting presence of dynamic
heterogeneity in these DESEhis and the presence of spatial heterogeneity suggested by the
excitation wavelengtilependence of steady state fluorescentiesons®’® strongly indicate

the spatietemporally heterogeneous nature of (choline chloride + urea) DESs.

However, the above inference on spaémporal heterogeneity of (choline chloride + urea)
DESs is entirely based on steady state and-teselved fluorescence measurements which
require an external probe molecule as a reporter. Therefore, the remnsbkterogeneity

status may be different from what is being reported as both the heterogeneitydedgime

scales could be significantly modified by the diameter of the fluorescent probe molecule and
its average excited state lifetife”® In such asituation, 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 performfferent but complementary experiments which do not require

a foreign probe solute. Dielectric relaxation (fRpeasurements can directly probe the
inherent orientational dynamics of the medium and thus can be used, in conjunction with
viscosity measuraents 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 windo#, ' 7O'0Od v Tt have
suggestd a strong presence of dynamic heterogeAéijence, we have first carried out
molecular dynamics simulations of choline chloride and urea deep eutectic solvents (DESSs) of
general composition f choline chloride + (&) urea] forf = 0.33 and 0.40 aix different
temperatures in the temperature rangeo Y "YU o o dor scrutinizing our earlier
conclusions on this DES based on timsolved fluorescence measurements. This simulation
study is then followed up by performii@R measurements the frequency windowji&

' 7'O'0a v mNote 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 suffemirthis 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 Fieldand Simulation Detalls

All-atom molecular dynamics simulations of (choline chloride + urea) DESs at six different
temperatures within the temperature regime c “Y0 o o at 0.33 mole fraction of urea
were performed using GROMACS version 4.5'4! To obtain the mole fractioh= 0.33 for

the general composition;OA E T TAEI A OB AR O OA BA00 choline chloride pairs
mixed with 1000 urea molecules were simulated. Here, the molecules interacted via the

following OPLSAAS® interaction potential:

O BQri i (4.2)
O BQ, — — (4.2)
0 B -wpp Wéi -wpp GECk Wi P éok
-~Qf P QETP (4.3)
(0 BB — 1- —  — (4.4)

Here, the intramolecular bonded interactions include baitrterms for bond stretching (with
bond distancé,; equilibrium bond distance, ; bond force constant), angle stretching (with
bond angle— equilibrium bond angle—; angle force constani), andw, @ and &
represent the Fourieoefficients « denoteghe dihedral angleThe nonbonded interactions
consist of Lennardones (LJ) and Coulomb interactions, where LJ radii, potential well depth
andthe distance between the atoars represented g@s, - andi respectively.i andn
represent partiatharges. Inour simulatiors, the geometric combinatiorules have been
employed for the Lennafdones coefficients, - j and - S . The
interaction parameters for cholind@hde and urea molecules were taken from the GRAS
force fielcP® parameters, which wemployedto reproduce various experimental quantities

like densities, heat capacities, surface tensions, and viscoditiespartial charges and
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LennardJones parapters of choline and urea are provided Tiables4.B.1 and 4.B.2

(Appendix 4.B respectively.

The initial configurations were built using the Packmol softWaaed energy minimized in
GROMACS via using the steepest decalgbrithm Simulations were carried out in a cubic

box employing the periodic boundary conditions. The-aftitradius for shorranged
interaction was set for 1.6 nm and the loagged electrstatic interaction was treated with
ParticleMesh Ewald (PME) summatiofi. Throughout the simulations, all the covalently
bonded Hatoms were kept constrained using the LINCS algofthmith order of 8. The
energy optimized configurations were then egudted in the NPT ensemble for 15 ns at 1.0

bar pressure using a velocity rescaling therm¥statd Berendsen ensemfBlewith the
relaxation times of 0.5 ps and 2.0 ps respectively. Equations of motions were solved by using
the leapfrog algorithf{ with atime 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 continuotmht relaxation dynamics, separate
trajedories were generated using the same ensemble with tHegpitdrated 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 migsa(VMD)?* software

was used.

For the fidelity check of the force field, weave compared the simulated dities of
"QAET IAEN A OB AR O OADES at various temperatures with those obtained from
experimerg® and earlier simulation. 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 simulatiGhgith the maximum deviation of ~ 4 %.
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4.3 Experimental Details

4.3.1 Materials and Method

Choline chloride 9%, SigmaAldrich) and urea@®9%, SRL) were vacuuried at room
temperature for 48 h before usamples were prepared and relevant experiments were done
in a tightly humiditycontrolled environment. Furthetetails regarding sample preparation
could be found elsewhere as these DESs were already studied via fluorescence meas@irements.
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 allteving the samplesto reachthe

desired temperatuse

4.3.2DR Measurement Detail%

The frequency dependent relative permittivity,” can be represented by the following

relatior?®-87

L e — (45)

Here,ll corresponds to thecdconductivity of the medium, and is the permittivity of free

space- represents the real part of the complex permittivity whose-freguency limit
- - ' O 1 is the static dielectric constant of the medium. The permittivity at infinite
frequency - ' O Hb represents the contributions derived from intermolecular vibrations

and intramolecular polarizability, which is occurred at the high frequency regimeurAs
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 frequencyelaxation
contributions, and it is larger than (¢ is refractive index). Note that in complete DR

measurements, < .

*Dielectric relaxation (DR) measurements have been done by Dr. Kallol Mukherjee at S N Bose National Centre
for Basic Scienes, 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 8nL of each mixture were subjecteDR measurements after proper thermal
equilibration in an appropriately midity-controlled environment. Temperature dependent DR
measurements for these DESs were carried out by using a heating platé-RktSfrom
SCILOGEX, USA). We used a thermometer which was set at the same plane of the grobe en
to estimate the temperatuneore accurately and to avoid the misinterpretation of sample
temperature which can arisem temperaturgradientbecause afising a heating plate. During

all measurementslesired experimental temperatures were sufficiently stable for conducting

repeat (at least three) data acquisition.

4.4 Simulation Data Aralyses: Statistical Mechanical Relations

The normalized reorientational time correlation functmno 88 is defired as follows,

6o 22® G (4.6)

where,0 denotes the Legendre polynomial of rardndd®is the unit vector. For choline ion,
the unit vector joins the OH (-OH) atoms, and for urea it connects thatdms of theNH:
groups. According to the De%Ythedreorientationel o f

correlation time for homogeneous systems is given by,

Tt aa poO (4.7)

where, [k denotes the rotational diffusion-edficient. If the angular diffusion occurs through
Debye rotation, thefit ot O o8 %suggests stochastic random orientational diffusion and
the validity of the &a& p law. However, a deviation fromit 6t O ¢ may sggest
presence of the orientational dynamic heterogeneity, which may be observed in slow viscous

liquid systemS¥4

Because these DESs support formation of extensive iatc interspecies Foonding, the
reorientational relaxation would surely involeeeakage and formation of-bbnds. For this,
the Hbond fluctuation dynamics has been monitored via two differebbitl relaxation

functions; they are the continuoushkdnd relaxation functionly o, and the structural H

125



Chapted

bond relaxation functionp 0. The"Y 095%100 gnd g 0 959698100 gre defined as

follows,
“ \ 0 O
o . ) O
and,0 O 56 (4.9)

Here, O0 p if the tagged pair of particles, for whicm is calalated, remains
continuously Hbonded until time t, or else zefy. 0 therefore, describes the probability of
two participating molecules remainingfdnded continuously for the duratianwhen H
bonding between the participating molecules breakenda becomes zer@ 0, on the
other hand, provides the time scale of reformation dfoHd (after being severed from the
previous partner) after structural rearrangement through diffusion. As a r@sulf) is
associated with structural esdation and a translational diffusion timescale always associates

with H-bond relaxation dynamics.

Translationalmotion of particles can be obtained from the centenass mean square

displacements (MSDs) via the following equatf§ot102
6i 00 @ B Y mosO (4.10)
Here,i represents the centef-mass vector of particle i. The time dependencies of MSDs can

beexpresseas,0 "Y® 0 , with

a o0 (4.11)

Simulated MSDs exhibit different regime. For example, the inddiainated regime at short
time corresponds tb ¢, the subdiffusive regime at intermediate time to p, and

diffusive regime at long time fo  p.

126



Chapted

The normalized velocity autocorrelation function (VACE$}% 6 0, is defined as

v s 8 O
O O 5 8 O (4.12)

O |-

which has been monitored for all the species to detect caging motion. This is important
particularly for the chloride( &) ion as it may be involved interactisgnultaneously 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 viartiation®80 6. Q& 0o, with
0 —. Thisrelation provides an alternative and useful route to estimate diffusion coefficients

for high viscous systems where MSDs do not reach the diffusive régimepj at long time.

The translationatomponent of the dynamic heterogeneity (DH) in slow viscous systems can
be tracked via the calculations of thenGaussian| 0 105106 gnd the new nofGaussian

[ O 101107 parameters defined as,
| 0 —— p (4.13)

and 106 -6i o®—O p (4.14)

where, 61 00O 6B i 0sO and 6—O 6-B Wd Yi 6 is the
displacement of-th particle at time duration from any arbitrary time origin. 0 tracks
those particles which execute displacements larger than those predicted from the Gaussian

distribution of particle displacemses, whereas theé 0 connects to the particles that are

associated with displacements smaller than the Gaussian prediction. The preséree-6f

in the expression off 0 ensures this and paves the way for emergence of an additional

timescale mch slower than the corresponding diffusion timescale.
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The signature of the translational DH is then explored via simulating thentezthediate

scattering functio®1°7:1%°0 (o , in the limit of nearest wavenumb&A(° ¢ A, being the

diameter):
&EHO . BAI OO On O (4.15)
The 1/e decay time 60 decay pr of i | e dretaxatoo time scalgé whidh t o

associates with structural relaxation.

Fourpoint dynamic susceptibility,.. ‘@0, provides information regarding the temporal
correlations among the particles having similar mobilitywad space points over a certain

duration of time... (o 1092113 can be estimated from the fluctuations@fQ° ¢* Fo
L0 R 5800 ¢t O SO O (4.16)
Since the... "B 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 a8  and can be estimated from the time profile of the simulated® .

4 5 Resultsand Discussion

4.5.1 Simulation Results

4.5.1.1Reaientational Relaxations: Heterogeneity signatures and TranslatiorRotation

Decoupling

The simulated temperature dependent reorientational correlation funétiolsando o for

the choline ion (upper panel) and urea (lower panel) are shown respectieiyre4.1 and
Figure4.2. Also, representative comparison among different fit functions for both the decays
0 0 andd 0O at T = 333K are provided iRigure4.A.2 and Figure4.A.3 (Appendix 4.A)
respectively. These fits suggest that a sum of four exponentials are required uatelgieq
describe these simulated reorientational correlation functions. Decay fit parameters
summarizedable4.1 and Tablet.2 suggest that these decays are spread over a wide range of

timescales, covering from syticosecond to a few tens mnoseconds time regimes.
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In addition, average relaxation times in these tables indicate that bothand 6 0 decays

are uniformly faster for the choline ions than for the neutral urea molecules at all the
temperatures studied. As expected, (als dhown representatively iRigure 4.A.4 of
Appendix 4.A,thed 0O decayp arefaster than th& o decays for both choline and urea.
The temperature dependence follows the same trend as that of vigsesitfablet.B.3 of
Appendix 4.B. Note that tle simulatedd 0 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 nanosecbadsrrdsponding

0 0 relaxations within this time window account for ~80%, indicating the presence of a
similar nanosecond component in these decays as well. Interestingly, such a slow component
has also been observed in the simuldted decays for [BMIM] in [BMIM][PF¢] IL. 1%
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Figure 4.1: Temperature dependent simulated first rahKL) reorientational correlation

functions,0 0, for choline (upper panel) and urea (lower pane])fioholine chloride + (4

f) urea]DES atf = 0.33. The lines going through the simulated data denote-exyltinential

fits. Data for different temperatures are color coded.
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Figure 4.2: Temperature dependence of the simulated second ta@k Keorientational
correlation functionsp 0, for choline (upper panel) and urea (lower panel] frcholine
chloride + (%f) urea]DES atf = 0.33. As before, the lines goiigrough the simulated data

represent mukexponential fits. Data for different temperatures are color coded.
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Multi-exponential fit parameters summarized Tiable 4.1 and Table4.2 show that the
temperature dependent 0 decays for choline and uremre associated with four well
separated relaxation timescales 0.1-0.4 ps, ~ 1070 ps, ~ 0.1 2 ns and ~ I 40 ns. The
subpicosecond timescale is a typical signature of inertial collective dynamicsbohtted
systems at short timé&>*whereas thelow longtime decay with time constant of several tens

of nanoseconds reflects a combined influence of high viscosity éswh#ing interaction$’

The latter can be understood if we consider that the average reorientational correlation times
become fagtr by a factor of ~230 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-blonding in slowing down the reorientation dynasricfurther
reflected in the observation that the average reorientation times for urea is shortened by ~25
30 times in contrast to a decrease of-28@imes for choline. However, these two ultrafast and
ultraslow timescales would not feature in the expental DR data presented later in this
chapter because of the limitation in the measurement wing@y ' 7O0Od v . These
timescales may appear when we explore the role-bbmtl relaxation in the single particle
collective reorientational dynamics tlugh 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 reorientatiai relaxation in [BMIM] [PF] ionic liquid,}®* dynamic fluorescence
anisotropy measurements employing a neutral dipolar solute in (acetamide + electrolyte)
DESS® and in several IL$* The presence of the other two reorientational relaxation time
constats, ~ 1070 ps and ~0.02 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 @Efonents

in the present simulation study.
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Table 4.1: Multi-exponential fit parametefer thefirst rank (=1) 6 0, for choline and urea

in the [f choline chloride + (&%) ured DESsfor f = 0.33at various temperatures.

. T . T . T . T (t)
TK) | @ (ps) w (ps) w (ps) w (ps) (pSy

Choline

293 | 0.08 0.2 0.09 23 0.15 909 0.68 292% 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.e2 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 3940 29823

298 | 0.8 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

2 Average reorientational correlation tin@@Q B &t withB & p.
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Table 4.2: Multi-exponential fit parameters describing the simulatedondrank (=2)
reorientation correlation function§, ¢, for choline and urea ithe f choline chloride + (4

f) ureg DESsfor f = 0.33at various temperatures.

t t t T 60
TK) | @ (ps) | & (ps) | @ (ps) @ (ps) (psy

Choline

293 | 0.18 | 0.1 0.1 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 | 0.2 0.1 0.17 13 0.29 555 0.32 5000 1772

333 | 0.2 0.1 0.16 7 0.26 127 0.36 1250 484

Urea

293 | 0.19 02 0.07 22 0.17 1111 | 0.58 24090 | 14082

298 | 0.19 | 02 0.07 20 0.18 1000 | 0.% 20879 | 11794

308 | 0.20 | 02 0.09 19 0.2 769 0.49 1240 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 0.5 1250 489

b Average reorientational correlation time scé@l®) B &1 withB ¢ p.
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Next, we investigate the translationtation decoupling in this DES. The celebrated
translationrotation decoupling is known to occur in deeply supercooled systems where
translational diffusion decouples from the medium viscosity much earlier than the @tation
diffusion. This decoupling in supercooled liquids, however, take place at viscosity values that
are several orders of magnitudes higher than the viscosity nget(r w0 v jicovered

by the present DES at the temperatures studiedo "YU 0 o (se€Table4.B.3 Appendix

4.B). Thedynamical heterogeneity in the simulated reorientational relaxations is suggested by
the violation of theD e b yéedd p law'>6through the prediction oot ¢ét O o for

angular displacements of both the choline ions and the urea molecules at each of the
temperatures studied (s€able4.B.4,Appendix 4.B. For investigating the heterogeneity in
more detail, we examined the translatrotation decoupling for whictve needed to simulate

the translational diffusion coefficients for both choline and urea. It was found ®atiar
translational diffusion coefficients estimated from the simulated MSDs were not reliable,
particularly at lower temperatures (higher $in viscosities), because those MSDs did not

(as also in the present study shown later) achieve the desired linear time dependence (that is,
I p for MSD® 0 ) at long time. We have therefore calculated the translational diffusion
coefficients throughhte VACF route. The predicted diffusion coefficients are showralne

4.3 and the simulated VACFs are providedFigure 4.A.5 (Appendix 4.A. A comparison
between the simulated values and those from the pulsed field gradient nuclear magnetic
resonance (PFGNMR) measuremé&hgseeTable4.3) suggestsjualitative agreement between
simulations and experiments although one should keep in mind that inelastic neutron scattering
measurements may report diffusion coefficient values smaller thanftoas¢he PFGNMR

experimentgl’118
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Table 4.3: Comparison otranslationaldiffusion co-efficientsbetween the simulated values

(via theVACF routg and those from PFGNMR measuremedntscholine, chloride and urea

in [f choline chloride + () ured DESsfor 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) 0 0 0 o

pT & Ti P A T) | (pT & ) O
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
(0.359) (0.669)

308 0.43 1.38 0.81 1.63 1.53
(0.709 (1.249

318 0.55 1.52 0.92 2.27 2.34
(1.259 (2.169

323 0.57 1.55 0.95 2.87 2.87
(1.643) (2.739)

333 0.60 1.61 0.97 4.82 4.76
(2.89%) (4.62°)

2 Experimental diffusion cefficients from PFGNMR measurements.

b Diffusion co-efficients obtained from linear fitting of the PFGNMR data.
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In Figure4.3 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, nkhe(@a

dependence of the translatiostation decoupling can be expressed as,

00

(4.17)

employingt mnjo , o0 pjaa p O ,0 QY 10

QYWY + "Qowith 'Q"Ydenoting the Boltzmann constant times the absolute temperature and

i theradius of the diffusor’Qand @ represent respectively the shape factor and coupling
parameter for aspherical particles. For spherical diffiSandd® are taken as unity. Nioe

that 6t @'t is independent of both the diffusor radius and the viscosity of the diffusing
medium, and becomes equal to 0.167&orp and 0.055 fox ¢ for spherical diffusors.

Figure 4.3 shows the simulated ratid@t @'t , for bah 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 @) reorientations of

both urea and choline exhibitrenger decoupling compared to their second raink ¢
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 frictionalresistance than that experienced by the second tank ( 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 thér@tib, , finally
achieves the corresponding hydrodynamic limiting valygsp for & pandpj p yiora ¢.
Figure4.A.6 (Appendix 4.A shows that both urea and choline can be approximated as oblate
spheroids with& 0.61 and 0.64 an@= 0.78 and 0.6, respectivef{#* 12! Inclusion of shape

factors and coupling parametéos choline and urea in the above equation then modifies the
hydrodynamic limiting values for spherical rotors for both the ranks. Consequently, the

simulated values dft @'t at 333K agree quite well to the modified theoretical predictions.
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Figure 4.3: Ratio between the average rank dependent reorientation t#hé¥and the
translational diffusion time scalet (), 29 , for choline and urea are shown as a function

of temperature. Results for both the rarks] and 2, are slwn. Note the hydrodynamic limit
for a spherical diffusor is indicated by the black solid line, whereas that for an oblate particle

is indicated by black broken line. Also, the limiting values are mentioned.
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4.5.1.2H-bonding Relaxations. Connection to Reorientational Relaxations

It is expected that the reorientational relaxations in (choline chloride + urea) DES would
involve Hbond relaxations because this system supports extensivapeiees Foonding.

This allows the Hbond relaxtdons, particularly the structural-bond relaxations, to possess
relaxation timescales similar to those already found in reorientational relaxations. We have
followed here both the continuou¥’( ¢ ) and the structurald( o) H-bond relaxatios

for the cholinechloride and chlorideirea pairs. Note here that we have monitored the
fluctuation dynamics of theddond that had formed between the chloride ion and the hydroxyl
hydrogen of theCH-OH group of the choline ion, and that between therti¢ ion and the
amide hydrogensNH.) of the urea molecule. The temperature depent¥nt 6 decays are
shown inFigure4.A.7 (Appendix 4.A and the corresponding mutkponential fit parameters
summarized infable4.B.5 (Appendix 4.B). It is evident fronfable4.B.5 thatthe average
continuous Hbond lifetimes do not show any temperature dependence and are in the sub
picosecond regime. In aitidn, the continuous Hbond lifetime for choline and chloride pair

is nearly twice as long as that between urea and chloride pair. The struehmadl iHelaxation
dynamics @ 0), on the other hand, is much slower and spread ovepisobecond to
several tens of nanoseconds. This is showrrigure 44 and the corresponding muiti
exponential fit parameters are providedleble4.4. A representative comparison of various

fit functions for thed O relaxation of chloridecholine Hbond pair is provided ifrigure

4.A.8 (Appendix 4.A, which suggests that theSe 0 decays require mutgxponential fits

for adequate descripns. Interestingly, the subO0 ps and subanosecond timescales
appearing here have also been found in the correspoiddingdecays. This is natural because

in extensively Hbonded systems such as this one, reorientation dynamics involves breakage
ard reformation of multiple Fbonds. 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 centsemass diffusion. This can be verified by esiting the
translational diffusion timescal&, , for any of the molecules in theselddnded pairs. For
example,t for choline and urea at 293 K respectively are ~ 24 ns, and ~28 ns, using the
respective molecular diameters summarire@able4.B.6 (Appendix 4.B and the simulated
translational diffusion coefficientésee Table4.3). These values correspond well with the
slowest timescales (~3@0 ns) associated with tile 0 decays. A similar observation was

made earlier for other DESs as w@l}22
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Figure 4.4: Temperature dependence thfe simulated decays of the structural-dénd
relaxation functions® 0, for cholinei chloride (upper panel) and chlorideurea (lower
panel) Hbonds in[ f choline chloride + (&) urea]DES atf=0.33. Here, the symbols and solid
lines denote the sintations and the fits respectively.
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Table 4.4: Multi-exponential fit parametefer the simulated Fbond relaxations) o, for
choline- chlorideandchloride- ureapairsin [f choline chloride + () ured DESsfor f = 0.33

at various temperatures.

t t t T 6O
TK) | @ (ps) | @ (ps) | @ (ps) W (ps) (ps}

Choline- chloride

293 | 0.08 0.3 0.03 | 193 | 0.06 526 0.8 19853 | 16510

298 | 0.09 0.3 0.06 31.2 | 0.13 1429 0.73 19755 | 14608

308 | 0.09 | 03 0.05 | 304 | 0.15 1000 | 0.71 16830 | 12101

318 | 0.1 04 0.07 | 325 | 0. 1111 0.4 1138/ 6473

323 | 0.11 0.4 0.08 353 | 0.26 1000 | 0.55 102% 5903

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

Chloride- urea

293 | 01 0.3 0.06 175 | 0.09 454 0.76 | 220% 16838

298 | 0.1 05 0.08 599 | 0.19 | 2000 | 0.63 2780 | 18012

308 | 0.1 04 0.08 207 | 0.18 588 0.64 15165 9813

318 | 0.12 | 05 0.0 245 | 0.21 667 0.58 10000 5942

323 | 0.13 05 0.1 31 0.28 909 0.49 14830 7524

333 | 0.15 | 05 0.14 | 26.3 | 0.38 588 0.3 5000 1877

a Average reorientational correlation time scél€) B &1 withB & p

141



Chapted

45.1.3 Mean Square Displacements (MSDs): First Indication of Translational

Heterogeneity

Translational motions dll the particles in thef[choline chloride + (4) urea] DES at=0.33

were tracked via the centef-mass MSDs)&Y1 0 s Qat various temperatures. Representative
simulation data are shown in the upper panétigire4.5. What strikes most in this panel is

that the average displacemétiyi o s Oexecuted by any of these species (urea, choline or
chloride) at 293 K is 1 A even after a nanosecond. This amounts to25P% of their
respective di amet énrags agred Moggent s Whraat ilsi eg e
that the simulated MSDs at 293 K for none of these species have reached the diffusive limit
@ 0s® o6 K patdoO H) even after ~10 ns. Note also that chloride is the slowest
among these thredfiérent species and has executedA-average displacement in ~10 ns.
This prolonged sukiffusive behaviourf(  p) is an indication of heterogeneous translational
dynamics in this DES which, upon increasing temperature, undergoes partial homogenization.
This is demonstrated in the second panel whete obtained fromEqg. 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 sdliffusive region is substantially deced at 333K, reflecting

temperaturénduced 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 theditmessional
arrangement of choline and chloride ion densities around a urea molecule in this DES by
looking at the spatial distribution functions (SDFs). This is showFiganre4.A.9 (Appendix

4.A). Also, the simulated 0 for urea, choline and chiigie ions at two temperatures 293 K

and 333 Kalreadypresented irfrigure4.A.5 (Appendix 4.A)clearlyindicatethat the VACE

for chloride ion are different from those for choline ion and urea moleantethe chloride
VACFs enter into the negative region much ead@npared tahe other particlesn addition,

the chloride VACFs are more structured with relatively larger inegamplitudes than the
VACFs for the other two species. The larger negative amplitude may be interpreted as more

pronounced rattling in cag&?**making the DES dynamics even more heterogeneous.
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Figure 4.5 Simulated centref-mass MSDs)Yi o s Q(upper panel) for of choline, chloride
and urea irf f choline chloride + (&) urea] DES foff = 0.33 at temperatures 293 and 333 K.
The time dependence of the corresponding in the relationfgyi 6s® o , for choline,

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

Time Scales

The heterogeneity information contained in the-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 systerafieAdy discussed,

we have estimated these timescales via calculating th€&aaasian and new nghaussian
parameters, O and’ 0, respectively. The peak positions on time axis ofo versus time

and’ O versus time curves provide estimabf those additional timescales in heterogeneous
systems the nonGaussian{ ) and the new neaussian{ ) times. For homogeneous

liquids at high temperature where particle motions can be approximated as harmonic
vibrations!®the peak vale of the norGaussian parameter, 0 ~ 0.2 at the suhdiffusive
regime (intermediate time) of the relevant MSDs, wheread = 0 at bottb© 0 ando© Ho.

The upper panel dfigure4 .6 represents the simulated 0 for choline ion and wa molecule

in these DESs fof = 0.33 at 293 and 333 K. Notice that 0 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,, are fater 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 timewindow shown here (séable4.B.7, Appendix 4.B). The new nen
Gaussian timescale$ () for urea and choline ion have been obtained from the simulated
[ 0 profiles and are shown the in lower paneFajure4.6. The temperature dependence of

[ O is similar to that for 0 buttimescales are much longer. For example, for these
species at these temperatures would be fnms range (se€able4.B.7, Appendix 4.8 The

large difference between andt , particularly at the lower temperature is a reflection of
relatively stronger heterogenous character of #levant particle motions in this DES.
Simulations of ionic liquids had shown this feature earlier as*#eéif?Interestingly, thesBH

time scaleshow a correlation with the slow time constants found irdgimamic Stokes shift

and fluorescence anisopy measuremesiof these DESaising an external solugé.Such
correlation has also been observed in ionic ligdfdsind in binary mixtures, like
cycloether/watet?® and trehalose/glycerdt®
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Figure 4.6: Simulated nofGaussian parameter, 0 (upper panel), and the new Ron
Gaussian parametér,0 (lower panel), for choline and uredificholine chloride + () 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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4.5.1.5SeltDynamic Structure Factors and Four-Point Dynamic Susceptibilites: DH

Signatures in Multi-point Correlations

The selfdynamic structure faots, "O (o, for choline and urea in the present DES at
temperatures 298 and 333 K for 0.33 have been calculated in the limit of nearest neighbor
wavenumberQ,° ¢, 0 being the diamet eFipure4TNote r es ul
the"O (O is a twopoint correlation functions describing time evolution of density at a given

space point, while the dynamic susceptibility connects tefount correlations sit examines

the time evolution of densities simultaneously at two space points. As noticeainithand

6 0O decays, the complete relaxations™@fQ,° ¢“fd can be realized only at higher
temperatures. Thej Qdecay times for these dgca ar e i denti fied as
relaxation time scaled, , and are indicated by bullet points on the individual decay curves.

Note the simulatetD Q,° ¢“ fd decays for choline are characterized by a strongly stretched
exponential longime kinetics (sed-igure4.A.10,Appendix 4.A, whereas those for urea are
multi-exponential in natureThe fit data and the corresponding average decay times are
summarized iTable4.B.8(Appendix4.B. Not e t he str et c-B.43ugpesssx pone
strongly distributed decay kinetics and pronounced heterogeneity in translational dynamics for
choline ions in this DES. Mukexponential decay kinetics, however, do not exclude the
possibility of temprally heterogeneous dynamics because hierarchical relaxations in a
supercooled system represent stépe sequential relaxations possessing widely separated

time constants and guided by different correlated leagéthes and timescales.
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Figure 4.7: Simulated seldynamic structure factoiQ "0 , for choline and urea at the nearest
neighbor wavenumberQ,© ¢* in [ f choline chloride + (&) urea] DES forf = 0.33 at 293
K (dashed line) and 333 K (solid line). 1/e decay time¥0fhd are denoted by the bullet

marks.

Next, we calculate the foupoint dynamic susceptibility,. Q,° ¢“ o, by usingEq. 4.16

and the temperature dependent resutsurea and choline are shown Figure 4.8. The
maximum time over which the mobility fluctuations at two space points remain correlated is
denoted byp  and can be obtained from the peak position of th&,° ¢* b versus time
curves. Results shown Figure4.8 suggest that.. 'Q,° ¢“ o shifts to longer timescales
upon lowering the solution temperature, producing longer . This means that the temporal
correlation increases because of increased hetegitgeupon lowering temperature. A
comparison ofdo  with thet in Table4.5 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 timakes. As observed for other DH parameters, the peak &
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could not be attained at 293 K within this 10 ns time window, suggesting that thlereagang
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-loregesolvent cage

has already been reflected in the prolongeddstibsive MSDs presented Rigure4.5.
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Figure 4.8: Simulated fowpoint dynamic susceptibilities,. o , for choline and urea at the
nearest neighbor wavenumbé&,° ¢* in [ f choline chloride + (&) urea] DES fof = 0.33
at 293 (dashed line) and 333 K (solid line).
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~~

Table 4.5: Values fort and o obtainedfrom the simulatedO " and ... o
respectively for choline and urea[frcholine chloride + (4) urea] DESor f= 0.33at 293 and
333 K.

T(K) t (ns) o (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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4.5.2Temperature Dependent DRMeasurementsof [f choline chloride + (1f) 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 andrigure 4.A.11(Appendix 4.A depictthe temperature dependent dielectric
relaxation spectra ¢ff choline chloride + (&) urea]DESs forf =0.33 andf =0.40respectively.

The values of th®R dispersion amplitudes and the associated time constantDaby fits

to these experimental spectrsingasum of HN equations® -5 B —— ), are

summarized irmmable4.6. 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 sola viscosity and ionic conductivity can individually lead to missing of
such characteristic signatures of purely dielectric relaxation. Fit parametdigble 4.6
suggest that for both the compositions the \&diistatic dielectric constaf ) increase with
increasing temperaturén highly viscous conductingolutions where a plateau is missing in

- ' ,the exact estimation ef is somewhat notrivial and associates withrge uncertainties

This is because dhe pj ’ divergenceof the condutivity term (in the total DR response) in

the limit of” © TU Large solution viscosity alone can also shift both the plateau and the peak
outside the lower limit of the measurement frequency window. Interestthglgstimated

- valuessummarized imable4.6 are in good agreement with those predicted filoesteady

state fluorescence peak shifteasurements reported eatfittsually, forcommonsolvents

such aswater, alcoholsamidesand several ionic liquid$’, - decreases Wit increaseof
temperaturebecause othe thermal randomization of thmoleculardipoles?® However,
solventssuch as acetic acid and acetic anhydtle shows temperature dependéntrease

This has been addressed in term&eaiperaturenducedbreakage of molecular associason

enhancinghe dipole density?®
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Figure 4.9: Temperature dependemtperimentaDR spectra off[choline chloride + (&) urea]
DESs forf = 0.33within the frequency windowri® ' 70O0O¢ v mSolid lines passing

through theexperimentatlata pointslenote4-Debye fits. Representations are cetoded.
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Table 4.6*: Parameters obtained fromme simultaneous4-Debye fits toreal (ej) and
imaginary( ejij) components of the measdrDR spectra foff choline chloride + (&) ured

with f = 0.40 and 0.33)ESs at various temperatures.

-1 g | Dg t, | De, t, | De, | t, | De |t,| e | |ki | c?
®9) ®9) (p5) (p) (sim)
f=0.40

293 | 13.2| 3.2(52%% | 55F | 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 6.9 | 1.436 | 0.092 | 0.015

308 | 16.6 | 4.8(50%) | 482 | 2.3(24%) | 122 | 1.9 |35 |05 |4 | 7.1 |1.434 | 0.144 | 0.016

313 | 18.1 | 5.3(49%) | 463 | 2.8(26%) | 125 | 2.1 32 | 0.7 4 7.2 | 1.433 | 0.205 | 0.018

318 | 19.6 | 6.2(50%) | 444 | 3.0(24%) | 121 | 2.3 32 |09 4 7.2 | 1.432 | 0.278 | 0.021

323 | 20.8 | 7.0(51%) | 428 | 3.2(24%) | 115 | 2.4 |32 |10 |4 |7.2 | 1.430 | 0.331 | 0.025

f=0.33

293 | 15.4 | 5.0(58%)| 549 | 2.1(24%)| 110 | 1.4 30 | 0.1 5 6.8 | 1.438| 0.052 | 0.041

303 | 16.8 | 5.6(56%)| 494 | 2.6(26%)| 109 | 1.5 30 | 0.3 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 |07 |5 |7.2 [1.432]0.263] 0.052

323 | 23.2| 9.1(57%)| 427 | 3.8(24%)| 103 | 2.3 29 | 0.8 5 7.2 | 1.431]| 0.359 | 0.057

2 g, values have error bar +2.0 (based on three independent measurehhuntg)ers within

the parenthesis indicates the amplitude of the dispersion step in percéntéepsured
refractive index? Extracted dc conductivity value from the fitting of the experimental data
points.®t . (i=1-3) are bettewithin +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 submitpeérmin J. Rajbangshi, K. Mukherjee, and R.
Biswas J. Phys. Chem. B (2021).
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In ionic solutions such as thef¥ESs there exists a possibility of a significamimber of

dipolar constituents remain irrotationally bodifftt*! to the ionic speciesat lower
temperatures. These irrotationally bound dipoles remain silent to the frequency dependent
electric field during DR measurementtlpon increasing solution tempeature these
irrotationally bound dipoles may dissociate and start contribtaitige relaxation procesg/e

then askare these irrotationally bound dipoleonfigured in an antiparallekientationof their
intrinsic dipoles?Assumingthe DESs asraeffective one component systerthe use othe
OnsageiKirkwood-Frohlich equatiort3?

e e Q (4.18)

where” denotes the solvent number densitythe static dielectric constant, the vacuum

permittivity,* the dipole moment dheconstitientdipoles andQ the Kirkwood factorHere,

we have assume@ p. We get the effective dipole moment vaglue ~0.8D at 293K

by using the relevant fit data for and- . Thisvalue ( * 1@) is smaller by an order of
magnitude than the gas phase dipole moment of choline chloride (%8 dby also
substantially smaller than tlgas phase dipole momeior urea (~3.83 DY Moreover, if we
usethe Cavell equatiot** to estimate the dipole moment of the species associated with the
slowest relaxation process producesa valueof ~0.7 D.In a molten mixturewhere the
individual constitientspossessigh dipole moment values, 6 D in the molterstaté®), such
alow value of * may be a manifestation of molecular association. In associating liquids,
the value ofQ is known to deviate from unityOur attempt foa rough estimate 6f for urea
moleculesin this medium leads t®2a  Qsudyesting aignificant association between the
dipolar speciesvith antiparallelorientationsUponincreasing temperature (up to 323K)
(viaOnsager equatigrshows a ~40% increase at 328%er thatat 293K Thismay bea result

of thermal energynduced dissociation and freeing up of individual dipol€sgure4.A.12
(Appendix 4.A) depictshe temperature dependencetof(for bothf = 0.33 and 040). The
temperature coefficient, @ j 'Q phas been found to be ~ 0.27+0.0%1 &d independent of

&a Similar behavior has also been observed for the temperature coefficients of varitiis ILs.
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Fit parameters summarizedTiable4.6 indicate thathe fastest time componefit ~ 5 p9 in

our DR measuremesthas very small~ 5%) contribution in the total dielectric response
However this cannotbe neglecedbecause) The 3D fis to the collected DR specipaoduce
poorer descriptiocompared to <D fitting (shown inFigure4.A.13,Appendix 4.A, ii) such a
component has also been observed in molten acetamide, molten urea and th&ir d2i8es
experimenta studiesand supported by the simulated reorientational relaxations. Qualitatively
similar timescale (-85 ps) has also been found here indhed relaxation of choline ion
(see Table 4.2Note thatasignificant amount of dispersion( €  ~30-50%)in the high
frequency wing hasemaired inaccessible in our measurementhis missing dispersion is
likely to be shared by the fast rotational relaxations arbohtl fluctuations involving
intermolecular vibrations and librations. Their presence is indicated by the significant sub
picosecond relaxation components observelarsimulatedd ¢ andd 0 relaxations for

this DES. Earlier simulation studies ascribed#ésérelaxatiocomponenti the neat molten
urea and acetamide the NH bond vector reorientation coupled teddnd relaxatiort® Fast
relaxaton processes with time constantdf2 was alsmbserved in formamide andiKethyl
formamide byDR® and OHD-OKE measurementsnd interpreted in terms fast rotatih.

All these support the view that the ~5 ps timescale detected in thesae@BRurements
originates from fast dipolar rotations and a part of the missing component arises from the high
frequency collective solvent modes involving irteolecular Hbonds.

Next, weconcentrate orf ~30-50 ps andr ~100150 pstimescaleswhich ae contributing
~1520% and ~2@25% respectively in thBR dynamicsdetected in the present measurements
The ~3050 ps timescale is present in bothdhed and0 o relaxations for this DES. This
suggests, as before while interpreting BfR dynamics of molten ure® thatthis timescaleis
connected tthe single particle reorientation dynamics coupled-mordrelaxatiors. The DR
measurements ofeatmolten ureand the subsequent simulationof 0 have indicated a
presence of relax@an timescales in the ~1a060 ps range.Thereforethe ~100-150 psDR
timescaledetected in this DE$an be attributed to the collective molecutaorientation
dynamicscoupled tourea- ureaH-bond structural relaxationgterestingly dynamicStokes
shift measurementmploying a fluorescent neutripolar solute in this DE8ave reported
solvation decay component with time constant of ~200 ps°® providing a further support to
the detected DR timescale in this range.
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Next, we explore th origin of the slowest DR timescale detectdd,~ 400550 ps. This
timescale is~6 timeslarger than the slowest DR time of molten ui&and the amplitude
associated with it accounts fe50%of thetotal DRdynamicsdetected fothese DES<arlier
measurements and simulations with (acetamide + urea) DESs have revealed that the slowest
DR timescale detected in the measurements using the frequency windoij 020da 50 is
intimately connected to the translational diffusion timescale via the wwtalicH-bond
relaxation?® The temperature dependent translational diffusion coefficients for choline cation,
urea and chloride anion for the present DES are available from the PFGNMR expetfments.
In addition, simulation results presentedrigure4.3 haveshown that the ratidjt 9t ,
correctly reduces to the hydrodynamic predictions (homogeneous limit) at 333 K for both
choline cation and urea. Using these informations and the identity, 6t Ofora p, we

can calculater at 333 K as followst o8 O msry t ™y , jO.

Using the diameter for ureagas 4.7 Aand0=462 pm & i ,wefindt ; *x oY

ps at 333 K. Strikingly, the slowest experimental DR timescale detected for this DES at 333 K
(~430 ps) is quite similar to thcalculated DR timescalé,  , from the measured centre
of-mass diffusion coefficient, establishing the view that this ~800 DR timescale detected

in the present measurements can indeed originate from theure@astructural Hbond

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

Further Experimental Support to Heterogeneous Dynamics

Figure4.10shows a comparison between the activation energies obtained from the temperature
dependentexperimental average DR time8t( & and the simulated average first rank
reorientational correlation time§t O for choline. Notedt  &'do not include the slowest
multi-nanosecond time constant found in the respective simulations. It is obrooughiis

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 degreegisifosity decoupling between the
experiments and simulations. For example, our simulated translational diffusion coefficients
for urea and choline are -2times smaller than those found in experiments, suggesting
simulations predict more viscosity cougirio translational motion than reflected by the
PFGNMR measurements. The present DR measurements also reveal quite a strong viscosity
decoupling fordt Oas it showsit & — dependence withf T (seeFigure 4.A.14,
Appendix 4.A. This value of théraction powery 1) is much lower than what was found

from temperature dependent viscosity measurements, and dynamic fluorescence Stokes shift
and anisotropy experimentsThe 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 the®ESs composed of choline chloride and urea.
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Figure 4.10: Comparison of activation energie® § from DR measurements with that from

the simulated first rank reorientational correlation functiénsy , for the[ f choline chloride

+ (1-f) urea] DES under study. Note the average DR tim@s O have been used for
estimating the experiment® , whiledt & have been used for the simulation coupizit.

These average times have been calculated as folladis: O B &tjB &, with

B & p;6t & B ®OFjB & with B & p, 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 thisDES at
=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 experimestslependent upon the type of
experiments employed. For example, DESs with the general forfhakaline chloride + (4

f) urea] were studied earlféatf = 0.33 and 0.40 in the temperature ramgey o “Y0 0 0,0

via fluorescencdased time-resolved measurements. These measurements indicated a
fractional viscosity dependence of the average solute solvation and rotation timescales with
fraction power, 0.7 n 0.9. These values for the fraction powgy being not too deviated

from the uiity andr 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.
Ther) value obtained in DR measurements reported here is quite dramatic and places the earlier
heterogeneity view from dynamic fluorescence measurements sttong debate. A strong
translationrotation 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 distributiddSDs and dynamic susceptibilities endorses
strong temporal heterogeneity in these DESs. The apparent conflict between the heterogeneity
views revealed by DR measurements andies®lved fluorescence experiments stresses the
importance of the lengthseal(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
heterogenity lengthsale(of the system) and the smallest lengthscale that a given experimental

technique can prob@.
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Appendix 4.A
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Figure 4.A.1: Comparison of temperature dependent densities chpline chloride + (%)
urea] DESs forf = 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 simutated relaxation for
choline ion in[ f choline chloride + (X) urea] DESs at 333 K. This represerntat figure
suggests that the O relaxation requires a fowexponential 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 simulatedl 0 relaxation for choline ion i f choline chloride +
(1-f) urea]DESs at 333 K.
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Figure 4.A.4: Simulatedrank dependent collective single particle reorientational correlation

functions 6 0) of rankl =1 and 2for choline (upper panel) and urea (lower panel]) in

choline chloride + (%) urea]DES forf = 0.33 at twaepresentative temperatures, T = 293, 333

K. The lines going through the simulated data are the 1fexgtonential fits.
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Figure 4.A.5: Normalized velocity autocorrelation functions (VACFS$), 0, of choline

cation, chloride anion and urea inf choline chloride + (¥) urea] DES forf = 0.33 at
temperatures 293 and 333 K. The inset shows the VACF at short times to highlight the marked

cagerattling of chloride ion in this DES.

Figure 4.A.6: Shape of cholineationand urea molecule as an approximate oblate spheroid.

163



Chapted

1.0 1 llllllI I ] 1 IlIllII 1

|f choline chloride + (1-f) urea]

0.8
£=0.33

0.6 Choline - chloride

O 323K
A 318K
$ 308K

0.4

0.2
vV 293K

X
C
T O 333K
N

0-0 1 1 1 IIIIIII 1 1 1 II

-
= 0.01 0.1 1

=

CIJ l' r L) ] 1 1 LI l 1 1 L] ] LILILIL I_

" | f choline chloride + (1-f) urea] ]

0.8 - _

C f=033 ]

0.6 - ]

C Chloride - urea i

- O 333K ]

0.4 [ 323K -

L A 318K ]

f & 308K ]

0.2 — -

-V 293K .

oo b—— RS

0.01 0.1 1

Figure 4.A.7: Temperature dependencetbt simulated decays of the continuousbidnd
relaxation functions)Y 0, for cholinei chloride (upper panel) and chlorideurea (lower
panel) Hbonds in[ f choline chloride + (4f) urea]DES atf=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 6 relaxation for choliné chloride pair inin [f choline
chloride + (1f) ureg 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 seldynamic structure factofQ ‘@0 for choline (circle) and urea
(triangle) at the nearest neighbor wavenumf®@© ¢* in [ f choline chloride + (%) urea]

DES forf = 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/exganential).
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Figure 4.A.11: Temperature dependence of the res) &nd imaginary €ji) component®of
the measured DR spectra fof choline chloride + (%) urea] DES atf = 040 within the
frequency regimé.2 ¢ n/ GHz ¢ 50. Solid lines through these data represanultaneous fits

using 4Debye relaxation model. Representations are amded.

167



Chapted

2
: £=0.40

20 - £=0.33

18 |-

81)

16 |~

14 |~

290 300 310 320

Figure 4.A.12: Temperature dependencetioé estimated static dielectric constagt X for f =

0.40 andf = 0.33. Data fordifferentcompositions are color coded.
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Figure 4.A.13: Comparison betweenBebye and Debye fits to theesj(upper panel) aneii
(lower panel) of the complex DR spectrd dfcholine chloride + (&) urea]DES forf = 0.40
at 293K.
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Figure 4.A.14: Viscosity decoupling of average DR timés, On [ f choline chloride + (%)
urea] DES at f = 0.40 (circles) and 0.33 (triangles). Here, the slowest DR times are shown as a

function of thetemperatureeduced viscosity—j "Y. Fits through the data are represented by

the solid lines.
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Appendix 4B

Table 4.B.1: Partial charges and Lennaidbnes parameters for choline and chloride ions.

Atomic sites of choline ion are denoted as follows:

HA HA

-

HA e HS Hw
HA—CA—NA—CS-—CW/—OY
HA HW  HY
HA/CT\HA "
HA

Atoms Charge (e) - (kcal/mol) . (B
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
oy -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 Lennaldnes parameters for urea molecules. Atom eites

urea moleculare denoted as follows:

ﬁ
C HC
N N
]
HT HT
Atoms Charge (e) - (kcal/mol) . (B
C 0.124 0.1575 3.75
@) -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
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Table 4.B.3 Temperature dependent experimental viscamigfficientsof [f choline chloride
+ (1f) urea) DESor f = 0.33.

T(K) — (cPy® — (cP)*
293 1371.653 1412
298 859.454 1008
303 527.090 631
308 348.248 411
313 237.931 278
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
of rank,l =1 and 2 for choline and urea[ircholine chloride + (&) urea] DESs fof = 0.33 at

various tem peratures.

T(K) 6to oto oo
(ps) (ps) | O
Choline
293 20038 11754 1.7
298 17971 10364 1.7
308 10405 6223 1.7
318 5090 1963 2.6
323 2513 1772 1.4
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-exponentiaffit parameterdor the simulated Fbond relaxations)Y 0
for choline- chlorideandchloride- ureapairsin [f choline chloride + (&) ureg DESsfor f =

0.33at various temperatures.

T(K) a d % ¢} 3 G otO

(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 0.3 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

Chloridei 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 fort

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

andt from simulations of fl choline chloride + () urea]

DESfor f = 0.33at 293 and 333 K.

Molecule/ion T(K) T (ns) t  (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/multiexponential fit parameters for the simulated-pelft of dynamic
structure factor,0 (o for choline ion and urea molecule[ificholine chloride + (&) urea]
DESs at 293 and 333 K fée= 0.33.

T(K) | lonand | & t ) t ) T ) t I oo
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 | 0.52| 0.6 | 0.13| 20 | 0.20| 140 [0.15| 572 1 | 116
293 | Choline | 0.24| 0.6 | 0.07 | 150 | 0.11 | 1658 0.58] 3129] 0.18| 2012
Urea | 0.40| 0.6 | 0.09| 89 | 0.40|9170]0.11] 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 environsfreamidly solvents or solvent systems for

large scale industrial applications have basrareaof intenseresearch. lonic liquids (IL%)

and deep eutectic solvents (DESSare two such liquid systems, igh act as alternatives to
common organic solvents for many chemical reactlmsause otheir favairable physice
chemical properties such as low vapor pressure, less toxicity etc. DESs are more preferred over
ionic liquids because of their low cost, easynthesis protocol and transportatiéif A
combination of biodegradability and reduced toxicity mad@geral members dliis class of
solvents as fAgreen solventso. DESs are the
proportion, which has eelting point much lower than the individual melting point of their
components. Appropriate selection of the mixture constituents and compo¥itiéhelps to

achieve the required properties aftargetedESs Hence the choice of constituents for
prepration of DES is critically important. Naturally abundant compounds such as amino
acids, urea, sugars étt? 18 as mixture constituentenderthe ecesustainability and greenness

of the DESs and the resultant DESs are termed as naturally abundaeutissic solvents
(NADESSs)15:1925,

An interesting and eebiendly NADESs have been prepar&iby using betaine, urea and
water at appropriate mole or weight fractipmsed the molten phase studied recently by
employing timeresolved fluorescence speoscopy. Betaine is a trimethyl derivative of
glycine amino acid and i present in plants, mammals, invertebrates, bacterignaratious
food materials’”?8 Application of betainés involved in many biochemical reactiod% where

it is used as a source of methyl group and also in the treatment of many di€éaseke
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second component of the present DES, urea, the most commonly used nitrogenous fertilizers
is known to influenceprotein sability and functionality®¥3°, As betaine and urea act
respectively as osmolyte and protein denaturant, their mutual interactions have an important
role in protein stabilizatiod®3’. This introduces biological relevance to tNADES 2° and

may act agn additional motivation to study this-tomponent molten mixture.

There are many studies, where the physical properties of betaine or urea based deep eutectic
solvents (DESs) have been investigaté®t*2 andtheir applications in the field of biomedical
usag€e®, protein stabilizatiotf**and extraction of variousioactive compound® have been
discussed. Theaitilisation of any class of solventsan be smarter if thenteractions and
dynamicsare approprialy understoodAttempts to understand themavealreadybeen made

for several DESs by employing various experimental tools such as dielectric relax&itin
pulse field gradient NMR®4° time-resolved fluorescenceé#”°05! 2D-IR 52 measuremest
and alsahroughseveralcomputer simulation studi€$>’. However, studies investigating the
interaction and dynamicsf naturally abundant deep eutectic solvents (NADESSs) still
limited. Temperature dependenteady state and timesolved fluorescence measurements
have been performed &xplorethe interactions and relaxation dynamics in [Bet+Ure+Wat]
NADES. This particular system wasepared 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 ofTD&Study
reported therehas suggested substantial deviation frahe hydrodynamic viscosity
dependace of solute solvation and rotation times \ehowing afractional viscosity
dependence with fractiopower,j T® T1& 25 This reflecs presence ofpronounced
dynamic heterogeneity in these DESs. Sakxperimental observatidmsmotivatal us to
perform a detailed analysis of structure and dynamics of this DES by employmguter
simulations We have performed molecular dynamics simulationsthe experimental
[Bet+Ure+Wat] DES at T = 328 Kn orderto understand thigactional viscosity dependence
of solvation and rotation rates in terms of molecular lesgtiestructure andnicroscopic
dynamicgthat are defininghis DES.
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5.2 Force Field and Simulation Details

The chemical structuresf betaine, urea and watef [Bet+Ure+Wat]DES are provided in
Figure 5.A.1 (Appendix 5.A). GROMACS 4.5.2%%0 simulation package was used for
simulation purposeSimulations were done at 328 RPLSAA force field parameters! %

were used forepresenng the urea and betaine, whereas the water molecules were described
by the extendedinglepoint charge model, SPCH&

The functional forms of urea and betaine FF are given by the following,

O B Qi 1p (5.1)
O B Qr — — (5.2)
0 B -wpp wéi -0pp Gk -QF P ®Eot
-~ P QETP (5.3)
0 BB — 1- — — (5.4)

To obtain the experimentally obtained deep eutectic weajtt (11.7:12:1) of this DEZ,

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 moleculestbife other two species togeth€he initial configurations

were built via using the Packm® software and after that those configurations were energy
minimized in GROMACS usinghe steepest descent algorithm. Simulations were carried out

in a cubic box mploying the periodic boundary conditions. For short ranged interactiens
cut-off was set for 1.2 nirandthelong-ranged coulombic interactions were treagatploying

the ParticleMesh Ewald (PME) summatidii technique To constrain all the covalehbnds

LINCS algorithm®” with lincs order 8 was used. The optimized configurations were subjected
to a number of equilibration steps usihg@ NPT ensemble. First, the system was equilibrated

at 500 Kin this ensembleThen the system waoled down to 38 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 ithe NPT ensemble to obtain the required density of the system, which
is further followed by 2 ns run ithe NVT ensmble. During the NPT equilibration run,
temperature was maintained at 328 K usiray-rescale thermosté&twith 0.5 ps time constant

and pressure at 1 bar using the Berendsen bafdstiih time constant of 2 ps. The equations

of motion were solved by usirtbeleapfrog algorithm with a time step of 2 fs. The production
run was for 100ns ithe NVT ensemble and the trajectories were saved every after 0.1 ps for
data analyses. An additiahNVT production run for 10 ns was performed tbe H-bond
dynamicsanalyses, where the velocities and trajectories were saved every after 0.01 ps. The
simulated densityl(18g/cn?) was in well agreement with the available experimental density
value (1.20 g/cn?) 26 with a percentage error. Theartial charges and Lennaddnes
parameterfor betaine, urea and SPC/E wadee described ifiable 5.B.1" 5.B.30f Appendix

5.B respectively

5.3 Results and Discussion

5.3.1 Microscopic View ofSolution Structure: Radial Distribution Functions (RDFs)
5.3.1.1 Inter-species Radial Distribution Functions (RDFSs)

Simulated radial distribution functions (RDFs), g(r) between various species in this
[Bet+Ure+Wat] DES provid@ microscopic view of the &dion structue. The interspecies
RDFs between various molecules in this DES are presenkedure 5.1 where the RDFs are
calculated for different atomic pairs.

The upper panel dfigure 5.1shows the interaction between betaine and water molecules,
wherethe most intenspeak (with a peak height of ~ 1()as beerobtained for the RDFs
between Gatom of water (OW) and @tom (O06/007) of carboxylateGOO) group of
betaine ion, indicating stronger interaction between these two molecules. Thehesamesult
suggests that water molecules in the present DES are mostly interacting with the betaine
through the carboxylate@OQO) group.
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Again, the interactions between betaine and urea are depi¢tedniddle panel oFigure 5.1.

These RDFs suggethe least interactions between theafdm 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 Natoms of urea and-@oms of betaine, suggestingbddnding interaction between

them.

In addition, the RDFs between&@om (OW) of water and different atoms of urea are presented
in the lower panel oFigure 5.1.Thefollowing observations can be @ from this figure(i)

the first peak for RDFs between O&tom of water and HT/HC atoms of urea appear at
distance ~ 2.3 A and the peak intensities for ©W and OWHC are ~ 1.3 and ~ 0.8
respectively, (i) RDF between OW andatom of urea occuat ~ 33 A with intensity ~ 1.8

and (iii) interaction between the OW andafm of ureas the leastwhere the peak appears
at a larger distance (~ 5.2 A)he interaction between the hydrogen atorri\#fl> group in the
trans orientation to the urea-&lom and the @tom (OW) of water molecules at shorter

distances indicates-Bonding interaction between these two molecules.
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Figure 5.1: Simulated RDFs between betaihavater (upper panel), betaifieurea (middle
panel) and ureawater (lower panel) in [Bet+ Ure+Wat] DES at 328 K. Nibtat thesdRDFs

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

Figure 5.2presents the interactions between the different atomic sites of iwatder (upper
panel), ured urea (middle panel) and betainbetaine (lower panel) pairs at 328 K. The upper
panel ofFigure 5.2depicts oxygeroxygen (OWOW) RDFs between water mal@es in DES

and that in neat water. It shows a very high and intense first pj@ak ( «) for water
molecules inthis DES, which is ~ 4 times higher than that in neat water, suggesting the

clustering of water molecules in this DES system.

Middle panebf Figure 5.2hows the interaction between urea molecules via the RDFs between
various atomic sites of urea. The first RDF peak faatdimof one urea molecule and-&om
of another urea molecule appearsidistanceof ~ 3.2 A withpeakheight~ 1.6 swygesting

the Hbond interactioabetween Hatom of-NH2 group and Qatom of urea molecules.

The RDFs between different atoms of betaine moleculeshamenin the lower panel dfigure
5.2, where the RDF peaks for N (N(G)d) and O (COQ atoms with peak heighif ~1.6
indicates weaker interaction between the betaine molecules. Because of the absence of polar

H-atoms, betaine molecules are unable to fortmoHds among themselves.
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Figure 5.2: Simulated RDFs between waiewater (upper panel), uréaurea (middle panel)
and betainég betaine (lower panel) in [Bet+ Ure+Wat] DES at 328 K. Here, the RDFs are
calculated between various atomic sites of these pairs. Note theiwatter RDFs (bldc

line) in neat water at 328 K is shown in the upper panel for comparison.

192



Chapter 5

5.3.2 Translational Dynamics
5.3.2.1 Mean Square Displacements (MSDs) and Rattling-cage Motion

Centerof-mass mean square displacements (MSDs) of betaine, uregatgrdmolecules in
[Bet+Ure+Wat] DES at 328 K can be calculated via the following rel&titn

GO 60 a B O mhsO (5.5)
Here,1 indicates the centarf-mass of particle i. Simulated MSDs show multiple time
dependencies as"Y® 0 and it is associated with three different time regim@§ ¢ at
shorttimes indicating inertial motion(i) T  p at intermediate timedenotirg subdiffusive
motionand (iii)] p long timeindicating diffusive dynamicsThe simulated MSDs for all
the particles in this DES are presented in the upper pakguwie 5.3whichdemonstratethe
appearance of sutliffusive regime at intermediate teéa This suggest the rattlingin-cage
motion. Note the evidence of such cag#ling suggests the existence of multiple relaxation
time scalesin this DES and signalshe heterogeneous nature of tegstem Earlier
experimental observation of fractionakcosity dependence of solute rotation and solvation
times?8, 6t ¥t ® —j"Y with p = 0.57 0.7, correlateswith this heterogeneousentreof-
mass particle displacemeni$e simulated dynamical heterogeneity markers explained in next
section provideudrther support to this view.

Next, we calculate the diffusion coefficisrfor betaine, urea and water this DES viathe

Einstein relatior?,

o 1 e¥_° (5.6)

The diffusive limit can be determined from the time dependentedimulatedMSDsf 0,
which is indicated in the lower panef Figure5.3. The time dependence of MSDs can be

accessed by,

7

o — a® o0 (5.7)
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The lower panel ofFigure 5.3clearly shows gpronouncedsubdiffusive regime for the
component particles in this DES, where the diffusive limit (hydrodynamic fimit,p) have
been reached at time scalep ™hs. The calculated diffusion coefficient values for all the
particles in the diffusive limit are provided Trable 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
waterin this DES (~ 500 time slower) than thatnieat water.

In addition, normalized velocity autocorrelation functions (VACRS)# O 2 z gfor

betaine, urea and water in this DES are presenteigiume 5.4t shows tlat the VACF decays

enter intathenegative regiorfbecause of backscattering from the gagignifying rattling-in-

cage motion of the particles. Moreover, the comparison of VACF decay for water in the present
DES with that in neatondition suggests that the shdine dynamics of water in DES is

drastically different from than 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 dependencieéxponent in this DES, where the blaclashed

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

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

$ $ $
prt i OAA prt I OAA prti OA
[Bet+Ure+wat] DES
at 328 K 0.764 0.475 0.0067
Water (SPC/E)
at 328 K - - 3.255
1 0 | I I I L] I I I I
[Bet+Ure+Wat] DES 0.2
0.8
|\ T=328K -
0.6 s 00
B Betaine ZU> K
S 04 Urea
4 > L | Water 0.2 -
& 0.2 I} § Neat water 1 ] 1 —_
0.0
-0.2 -
-0.4 1 ] 1 ] 1 ] 1 l 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure 5.4: Normalized velocity autocorrelation functions (VACFs) for betaimea 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

showmore clearlythe rattlingin-cage motion of particles this DES.
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5.3.2.2 Dynamic Heterogeneity (DH): Emergence of ne@aussian and new nofGaussian

Features

Heterogeneous dynamics in this DES can be tracked via the calcsit#titon-Gaussiarf™ 6

| 0 and new norGaussiad®’,; 0 parameters, which can be obtained via the following,

| 0 - @ P (5.8)
ro -6i 0®—O0 p (5.9)

where 0O 00 @ B YOmMD L and §O 6C & B YO D LHere,
YOO OO O 1t describes the displacement vector for theparticle in a system

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

In this type of system, the particles can have different migsidind their displacements can
be larger or smaller thatmosepredicted by theGaussian distributianfor a homogeneous
system. The noGaussian parametér, 0 is associated with the more mobile particles, and
it connects tohe faster DH time scales obtained from the peak position of. This timescale

is known as noiGausgan time scalei . There exists anotheslower, timescalewhich is
associated with the smaller displacements (relatively less mobile partidhes)imescale is
denoted ast , which can be obtained frothe peak position of theew nonGaussian

parameter, 0.

The simulated o (upper panel) antd 6 (lower panel) for betaine, urea and water in this
DES at 328 K are presentedkigure 5.5and the same for neafater are also shown far
comparson. The upper panel indicates that thed peak heights for all the particles are
higher than the peak height predicted for homogeneous ligt0dd (°, reflecting dynamicéy
heterogenous nature of the DES. The valugbexion-Gaussian timescalg  andthenew
nonGaussian timescald (  are summarized iffable 5.2 Data in this table suggest that
t andt  for betaine, urea and water occur in the range3® and 214 ns respectively.
Interestingly, such slower time scalean explain the emergencelug nanosecond timescales

measuredn the dynamicStokes shift and fluorescence anisotropy measuremiofsthese
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systemsusing a fluorescent solut®loreover, the upper panel &igure 5.5and Table 5.2

clearly demonstrate thdit for water in the DES undergo a dramatic increase relative to those

in neatwater, where thé& for water in DES ~ 400 times slower ththatin neat water. Again,

severe slowing down of new n@daussian time scalé¢ ( for water in DES occurs, which

is ~ 1800 times slower thathat in neat water (se&able 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 ihe neat system.
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Figure 5.5: Simulated 0 (upper panel) and 6 (lower panel) for betaine, urea and water
in [Bet+Ure+Wat] DES at 328 K. Note 0 and[ 0 for neatwater are shown in the

respective figures.
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Table 5.2 Non-Gaussian{  and new NofGaussian timescald T for betaine, urea

and water ralecules in [Bet+Ure+Wat] DES

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

5.3.2.3 Selintermediate Scattering Function: Inherent Slow Relaxation Time scales

To track the density fluctuation at a given space pointis&lfmediate scattering function,
& B can be calculated from the real part of the incoherent scattemgdo>’”"8 as

follows,

& BHO . BAI OO On O (5.10)

Note& EHO relaxations are calculated in the limitb&nearest neighbw wavenumberfik ©

¢ A, being the diameter). TH@ decaytimeof t hese rel axati ons pr o
relaxation (structural relaxation) time scate, The simulated& EA© ¢ AO profiles for

betaine, urea and water molecules in [Bet+Ure+Wat] DES are preserfigniia 5.6 where

the corresponding@ decay time scales are indicated by bullet marks and also these values
aresummarizedn Table 5.3In Figure 5.6the& EA © ¢ AO relaxation for neat water is also

shown torealizehow the relaxation dynamics of water differs in crowded environment. It is

clear fromFigure 5.6andTable 5.3 hat t her e e xrelaxatientimeuscalef( | onger
for betaine and urea this DES at 328 K, which lie between -18 ns. However} for water

in thisDES is approximately 400 times slower than that in neat water.

Next, we compare the diffusion @et time scales of all the component particles in this DES

obtained from simulated MSDs and structural relaxation time scales &oit © ¢ AO
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relaxation inTable 5.3The approximate diffusicon-set time scales from MSD%$ ( ) are

obtained from the time at whi¢the 1 in the relation) "Y® 0 and as discussed earlier, the
structural relaxation time scalek ( can be apprdmated as theQ decay time o& ED
relaxations. For homogeneous liquids, diffuseaxpected toccur at timescale similar to this
structural relaxation timescale, as after particle displacements occonly via the diffusive
motion This carbe approximated agk EAC ¢ KO & EAOC ¢ A0 nmA@DP$ Q, 0.
Deviation from such 1:1 correlation between these two timescales may indicate the
heterogeneous relaxation dynamics in a given sysi@ahble 5.3indicates that these two
timescales do noagree which providesa support to the view of heterogeneous relaxation
dynamics in this DES. Also, the relaxation dynamics of wataghi;mDES becomes more
heterogeneous than that of neat water, for whichfthé- 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 seHpart of the intermediate scattering function at the nearest
neighbarr (Q,° ¢* ,"Od for betaine, urea and water in [Bet+Ure+Wat] DES at 328 K.
Also, the"O (o profile for neat water are shown faccomparison. Note the respecti®e

decay times are indicated by bullet marks.
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Table 5.3: Structural relaxatiotimescalest obtained fromthe simulated& EA © ¢ AO
relaxatiors and diffusion onset time scales,t |y 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)
t 5.9 16.6 0.21 ~ 0.0005
T 15.6 13.0 12.0 ~0.001

5.3.2.4 Fourpoint Correlations

In slow viscous systems, the particles may have similar mebiithich form cooperative
correlated regions. Foymoint correlation functiof® EMO quantifies theemporalcorrelations

of the local mobilities at two different space points over a certain period of time. Therefore,
? B can be calculated from the fluctuatioof the selfintermediate scattering function,

& B 798 yja the following equation,

~ A

? BHD . & BHO O & EHOO (5.11)

The maximum time over which the mobility fluctuations remain correlated is designated as,
O and the peak position o? B vs time profiles provide these time scales.
The? EO ¢ 4O for betaine, urea and water in [Bet+Ure+Wat] DES are presentedune
5.7.The samdor neat water iglsoshown fora comparison. The corresponding peak times,

O , are provided ifTable 5.4 Figure 5.7indicates that the peak @ E© ¢ 4O could not

be attained within this 20 ns time window employed in our simulgthmut it suggests that the
time scale maye longer than 20 ns. Interestingly, the correlated timescales for water in the
present DES becorae- 475 time$ongerthan that in neat water.
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Figure 5.7: Simulatedfour-point correlation functios, ? B at nearesheighbar (Q,°
¢* for betaine, urea and water in [Bet+Ure+Wat] DES at 328 K. Alsa tH&0 profile for

neat water are shown for comparison.

Table 5.4: Correlated time scales

obtained fronthe peak positior of the corresponding

? BO profiles for betaine, urea and water in [Bet+Ure+Wat] D&®I that n neat wateit

328 K.

lon/molecule 0 (ns)
Betaine 20 ns
Urea 20 ns
Water 0.57
Neat water 0.0012
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