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Abstract

In this Thesis, dynamical aspects of different complex bulk and confined systems have been
studied viamolecular dynamics (MD) simulationsSystems studied range from single
component hydrogen bonded -ffdnded) ambient liquids andhulti-component liquid
mixtures to neat liquids and liquid mixtures under charged and neutral confinements, and
metastable systems such as deep eutectic solvents (DESs). To be specific, these complex
systems are neat water and neat alcohols, and aqueang tiixtures of alcoholsall in bulk

and under confinement in spherical reverse micelles. Results from initial studies on
biodegradable water containing DES have also been included. Numerical and simulation
studies in this Thesis focus on orientaticawadl translational structure in the condensed phase,
and the resultant anomaly in presence of confinement and specific interactions, various
motional features and relaxation processes. The microscopic heterogeneity aspects in both
solution structure and dwamics have been thoroughly examined, and attempts have been made
to compare results with the available experimental data. Fidelity of simulations performed here
have been rigorously examined via comparing to available experimental data such as density,
ard reproducing known simulation data. We have investigated in this Thesis another important
phenomenon: whether nased confinements alter the preferential solvation around a neutral

dipolar solvent dissolved in aqueous binary mixtures of small ampicipidlecules.

The first part of the Thesis is connected to the investigation of how confinement affects
different aspects such as translation mobility, heterogeneityorid lifetime and rotational
dynamics of water. These simulation studies carefubyreme the wetknown and celebrated
coreshell model of confined water, whesere water resembles bulk water and the interfacial
water molecules are believed to be completely dynamically different from those that are more
near to the centre (core). Wedithat this twestate model representation of confined water is

inadequate even for large reverse micelles, and core water is far frofikbulk

Another simulation study on waterethanol binary mixtures reveals that both preferential
solvation and hydmgen bond relaxation times in bulk are affected in a confinement. More
specifically, this study reveals confinement accentuates the preferential solvation phenomenon

and facilitates dmixing of mixture component$n addition, the present study reveald tie



tetrahedral FHbond network of neat liquid water becomes severely affected upon addition of
methanol, which becomes further distorted under confinement. Confinement severely affects
the interspecies hydrogen bonds and makes the corresponding cargtiftisonds much
shortetlived. Interestingly, structural hydrogen bond relaxation timescales become longer in

confined binary mixtures than those in bulk binary mixtures.

Next, we have studied aqueous tertiary butanol solutions as a model system te &lor
molecular origin of the dynamic anomaly found in aqueous amphiphilic solutions. While the
anomalous composition dependence of different thermodynamic properties of these
agueousolutions in the waterich region has been attributed to the pertudmatdf the

tetrahedral network structuod water (structural anomaly), an abrupt change in the amphiphile
concentration dependence of reactwvel nornreactive relaxation rates measured employing

foreign solutes in such media signals perturbadiosoluton dynamics. Several tirresolved
measurements have indicated that this anomalous perturbation dy nami ¢s or 6d
anomal yé appears at an amphiphile concentra
which structurahnomaly occursln this wok, we have investigated the microscopic origins

of both the structural and the dynamieaabmaly via performing molecular dynamics
simulations of aqueous solutions of TBA at several compositions in the-niciieegion. Our
simulations reveal abrupt chaxinH-bond dynamics and tetrahedral order parameter at
amphiphile concentrations similar to those reported in experiments that measure
thermodynamic properties and relaxation rates. This work, therefore, provides microscopic
insights that cogently explaithe corresponding experimental observations.

An analytical study employing experimental dielectric relaxation (DR) data has been
performed in order to investigate the origin behind the-mependence of rates of electron
transfer reaction (ETR) on meim viscosity. ETR is known to couple to high frequency
solvent response (in the tera Hertz regime). This study reveals that the rotational solvent
friction, 3 Il , at high frequency is the determining factor for ETR, which becomes nearly

equal for slvents of widely varying viscosity.
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Chapter 1

Chapter 1

Introduction

Profound understanding about interaction and dynamics of solvent media is of utmost
importance in industrial applications as a majority of the chemical reactions in condensed
phases are solvent controlled. Wiatlownsolventinfluenced reactions such as charge transfer
reaction$'’, isomerisatiofi?, tautomerizatiot® 6, radical recombination reactiof®,

proton transfer reactiofi$?’ require a thorough knowledge about the dynamic behaviour of
the solvent mediaotunderstand the course of these reactions and to get a clue for controlling
the reaction rates. It is known that medium polarity is one of the main control parameters for
reaction rates and the polarity can be easily modified through addition-siharis at
different proportions. In industrial applications, the most usesobeent is water, because of

its costeffectiveness, high polarity, low viscosity, and its high miscibility with other solvents.

Binary mixtures of water and small amphiphiles emethanol (MeOH), ethanol (EtOH),
tertiary butanol (TBA), dimethyl sulphoxide (DMSO), tetramethylurea (TMU);dlggane
(Diox) have been studied in many experimefitifland simulatioff*3 3 investigations. These
amphiphiles beagreat importance in @mistry and biologyAmphiphiles are those which
possess a combination of hydrophilic (wedéiracting) andhydrophobic (waterepelling)
moieties But the most extensively studiaqueous binary mixtures are with small alcohols like
methanol, ethanol, teary butyl alcohol.Water is known to interact with the amphiphiles
through hydrogen bwling with polar headgroupend hydrophobic interaction. Wataitows
certainamphiphilesup to certain concentrati@to agglomerate via hydrophobiateraction
without leading to macroscopic phase separatiar these reasons, binary mixtsirevhile
possessing widepreadindustrial applicatios, offer exciting systems for examining and

discovering basiscierce aspecs.
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It is a weltkknown fact® that, in thermodynamic measurements, the entropy of mixing of
alcohol with water (especially methanol or ethanol) does not decrease as much as predicted via
random mixing of these two systems. Corresponding sttiffeexploring the origin of
thermodynamic anomalies have led to much debate and discussion. However, the exact nature
of the inherent structural changes connected to these anomalies is not unambiguously known
yet. There exist two different views: one of them predithe water tetrahedral hydrogen
bonding structure gets perturbed upon addition of amphiphiles but retains itkbuskucture

around amphiphilic solute even at a very high concentration (for example, methanol: water =
7:3%20f alcohol. The other ppositiorf® %8 is that upon addition of alcohol, water tetrahedral
structure gets enhanced up to a critical amphiphile concentration and then bulk tetrahedrality
starts breaking down. Therefore, despite the existence of a large number of studies, more
detaled molecular level insights on the origin of these anomalies are still warranted and worth

exploring.

Our living world consists of mostly water and complex aqueous solutions. Most of the life
processes are controlled by slight changes in the chemicaierat the solvent, for example,

pH of the solvent. All drugs employed for human applications are designed by considering the
local environment of the target site. These drugs and their carriers have both hydrophobic and
hydrophilic groups within themsedg at different proportions. So, preferential solvation of
these drugs and drug carriers is one of the key issues in drug activation processes within living
cells. It is also important to consider that chemical processes in living cells occur in confined
spaces with a typical size of ~1 AmThe effects of confinement on preferential solvation are,
therefore, an interesting and important aspect but yet not explored in detail. Besides aqueous
nanoconfinements modifying the-lbbnded tetrahedral network of tgg the dynamics of

water also becomes considerably slowed d8Wh Confined aqueous environments,
especially aqueous reverse micelles, have been studied exteéfidilyand the hugely
slowed down timescale has been found to originate from thdaair layers where the
curvature and surfactant effects play the most prominent role. It was also reported in several
studie§88981.85 that confined water could be described through a-dtate model, the
celebrated corshell model. This model describénterfacial water to be drastically slowed
down in comparison with those constituting the central pool which resembles the bulk water.

Although some previous studi@$®®®mentioned and doubted the validity of the celebrated
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two-state model for confirlewater, a thorough simulation study exploring the detailed aspect

of confined water dynamics with a focus on this issue is still lacking.

Apart from structural anomali&&*°3233found in aqueous alcohol mixtures at very low alcohol
concentrations (tyipally w ), there exists another interesting dynamical feature.
Several timeesolved fluorescence studies have revealed an abrupt change in the slope of the
composition dependent probe lifetimes and/or probe rotation times at modewttel alc
concentrations which is approximate twice the alcohol concentrations where the structural
anomaly has been found. This feature seems to be quite géffetidor aqueous alcohol
binary mixtures but there exist no detailed simulation studies fagummnthis dynamic
anomaly.Understanding the origin of this sharp change in the slope of the composition
dependent probmtation orifetime requires detailedomposition dependent study of the inter

and the intrespecieydrogen bondluctuationdynamics.

It is obviousthatin-silico experiments (computsimulation$ provide a microscopic view of

the structure and dynamics of the environment in which reactive anteaotive dynamics

occur in condensed phasé@&ée structure is ofteaxplored by marking the relative spatial and
angular arrangements of the molecules in a situation where the mean free path is typically in
the order of a molecular diameter, the dynamics is monitored via probing various relaxation
processes that may or ynaot be temporally correlated beyond their characteristic diffusion
times. The frictional resistanceffered by the medium and its temporal profile is often the key

for understanding rates of relaxation processes because of their inheret¢ reiedencer his

assumes more importance because experiments can measure only the reaction rates but not the
friction directly, while simulations or appropriate analytical frameworks can track down the

microscopic friction connecting the rates measured in experament

This Thesis consists of 6 chapters, the first being the Introduction. In chapgpi2sent
molecular dynamics simulatiorresults on layerwise structural andspatiotemporal
heterogeneity features of confined water inside rigid spherical revecséigniof 55 A inner
diameter. These confined aqueous pools were divided into four fictitious concentric layers of

5 A thickness, and a central core layer. Reverse micellar confinements were constructed by
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using model potentials mimicking AOT (charged) #aG&PAL (neutral) surfactant molecules

for encapsulating SPC/E waltér Density profiles for confined water were obtained and
compared to validate the present simulations. Analyses of simulation results revealed a strong
impact of the confinement on bulkater structure and dynamics. The chemical nature of the
confinement was found to influence both structure and dynaimtesfacial water molecules

were found to be the most severely affected ones and successive progression toward the center
revealed a taency fortherestoration of the bulk limit, although the bulk values were never

fully recovered. A close inspection of the simulated results revealed an overlap among the
layerwise structural and dynamical features. These observations suggest-ddwaalf the

two-state coreshell model even for large RMs whesea mp|l e amount of ofr
available. The simulated collective reorientational relaxations of reverse micellar water agree

well with the existing timeesolved 2DIR measurement’

Exploring the local environment around a dissolved solute in a bulk aqueous solution of alcohol
and assessing the impact of confinemenpmaferentiakolvationis the main theme of chapter

3. This type ofstudy can provide critical information regarditige miscibility of an
amphiphilic drug after delivery at a designated nanoscopic site and the subsequent release. The
molecular dynamics simulatiaesults reported in this chapter isiardepth investigation of
compositiondependent solvation structureoand a dissolved hydrophobic solute, coumarin
153 (C153) in ambient binary mixtures of methanol and water in both bulk and under
confinement. The confinement is a spherical AOT reverse micelle with a diameter of 55 A.
Inter- and Intraspecies Hbond fluctiation dynamics have been monitored and compared with
those from the corresponding bulk binary mixtures. A systematic comparison of both solvation
structure and Hbond dynamics between confined and bulk binary mixtures reveals modulation
of both preferenél solvation and Fbond relaxation times inside a nanoscopic environment.
More specifically, confinement accentuates the preferential solvation phenomenon and
facilitates dimixing of mixture components. In additidhgse resultgeveal that the tetraheadr
H-bond network of neat liquid water becomes severely affected upon addition of methanol,
which becomes further distorted under confineménis found that onfinement severely
affects the intespecies hydrogen bonds and makes the corresponding wemrgiydrogen
bonds much shortdived. Interestingly, structural hydrogen bond relaxation timescales

become longer in confined binary mixtures than those in bulk binary mixtures.
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Chapter 4 attempts to describe and understand the dynamical anomalyousaaughiphilic
solutions. It is known thaamphiphilic molecules can perturb the structure and dynamics of
water in aqueous solutions. These amphiphiles include ‘walgble alcohols, cycloethers,
alkylated urea, and several others. While the anomalmuagasition dependence of different
thermodynamic properties of these aqueous solutions in the-rghteregion has been
attributed to the perturbation of the tetrahedral network structure of water (structural
anomaly§88% an abrupt change in the amphiprconcentration dependence of reactive and
nonreactive relaxation rates measufetd*23%employing foreign solutes in such media signals
perturbation on solution dynamics. Several tirasolved measuremefif$* have indicated
thatthisanomalouspgerur bat i on on dynamics or oO0dynamical
concentration larger than that at which structural anomaly ocburhis work, we have
investigated the microscopic origins of both the structural and the dynamical anomaly by
consideing aqueous solutions of tertiary butanol (TBA) as a model system and performing
molecular dynamics simulations at several compositions in the -welteregion. The
dynamical anomaly has been followed via monitoring the composition dependent fluctuations
of the intra and interspecies Hbond dynamics, whereas the structural anomaly has been
traced via simulatingetrahedral order parameter , radialand spatiatlistribution functioss,
number of hydrogen bonds per water and TBA molexaledpopulatiors of TBA and water
participating inH- bonding Our simulations reveal abrupt changes #bdhd dynamics and
tetrahedral order parameter at amphiphile concentrations similar to those where spectroscopic
measurements have reported sudden changes in thermadymaperties and relaxation rates.
This work, therefore, provides microscopic insights that cogently explain the corresponding
composition dependent steady state and-tieselved spectroscopic measurements.

Chapter 5 explores the interconnection betwselvent friction and ultrafast reactions.
Reaction rate processsesach as electron transfer reactions (ETRs) are found to be medium
viscosity independent. Usually, reaction rates are governed by wavenumber and frequency
dependent solvent friction whereoth rotational § Ihx) and translational 3( Il fg )
frictional componentsre involved. However, reactions occurring at ultrafast timescale (for
example, ETRS) are expected to couple to high frequency regime of the medium friction. This

high frequency regime, often in the terkertz (THz) regimé®involves collective inertial
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motions and fast rotations of the solvent particles. This chapter presents results by employing
an analytical work that provides an avenue to estimate the high figqtrectional response

of a number of liquids possessing widely different viscosities. The aim here is to understand
the neainsensitivity of ETRs to the long wavelength macroscopic medium viscosity.
Rotational Kernel{ IIf) has been calculated ngithe analytical expressith??°® that
connects friction to the experimental dielectric relaxation (DR) data. Three different systems,
an ionic liquid (BMIMPF, = ¢ p A5, a dipolar solvent (ethanck p8t ¢ IP” and a high
viscous deep eutectic Isent (Acetamide+ LiBr= p w UATI?® have been chosen to test the
idea. Partial or full DR data are availal§ié® for these systems. Results from our analytical
study have shown that Il estimated from available experiment DR data for the ionic
liquid and deep eutectic solvent (DES) considered here cannot adequately illustrate the
viscosity independence of high frequency rotational frictional response. Missing dispersion
(- ¢ in the available experimental DR data of the DES system has been found to be
critical for a sound and straightforward analysis. Tdudlective solvent ntermolecular
modes'®? (CIMs) with a resonating frequency centered aro@6@ cm! has been used to
attribute this missing dispersicamplitude®® Subsequently, the calculated Il for these

three drastically different viscous media show high frequency frictional responses that exhibit
nearinsensitivity to medium viscosity. This explains the findthgt ultrafast reactions often

decouple significantly from medium viscosity.

Chapter 6 provides a brief ovall conclusion and lists several problems that might be studied

in the near futureThese representative problems are only showing a small gliohpise vast
researcHield consisting of hydrogen bond dynamics of the aqueous amphiphilic mixture. We
present some initial results about our next ongoing project where we plan to explore hydrogen
bond structure and dynamics of a naturally abundant dgeptie systert?? (NADES) mixture

of glucose+ urea+ water in 6:4:1 weight ratio in Addendum I. Besides exploring the detailed
microstructure of this NADES, our major goal is to investigate how water dynamics changes

in such a crowded and hydrogkanded ewironment of DES.
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Chapter 2

Chapter 2

Dynamic Susceptibility and Structural Heterogeneity of Large
Reverse Micellar Water: AnExamination of the Core-Shell Model

via Probing the Layer-wise Features

2.1 Introduction

Water continues to fascinate researchers through its inseparable relationship to life, and its
anomalous thermodynamic and solvent properties. Many of its exquisite properties as solvent
stems from thextensive hydrogen bonding that extends to three dimensions for establishing a
robust network in condensed phases. The inherent tendency to preservddnid ketwork

in bulk, and its continual structural evolution in picosecond timescale determinesfritsch

exotic response when subjected to unfavourable consgliticd@onfinement of water in
nanometre lengtlcales is expected to modify the structural features abdrnid dynamics

which may open up a route to access the inaccessible temperature ré§®a35 K, known

as fAno mands | ando) r2fConfineth watekexistsurpnature io divereed w a t
forms: in salt hydrates as water crystallites, in clay and shell minerals as encapsulated water
within their porous structures; and inside livinglls as an alert transporter and reaction
regulator. In living cells, the confinement size can vary between ~1 nm and ~$0®ater
molecules residing within halnanometre of a biomolecular surface play a critical role in
regulating important process such as hydrophobic collapse leading to protein folding, and
transport of ions and other molecules across biological crefttiehese water molecules can

be regarded as interfacial water molecules of biosystems, and relevanf'sthdiesrevealed

that these water molecules are dynamically different from those of the neat bulk.

Aqueous reverse micelles are regarded as biomimetics because they offer a model to study
membraneenclosed confined water ften encountered in biological systehfs.The
amphiphilic character of surfactant molecules facilitates the formation ofsized cavities

in an aqueous environment and can generatdsmaable confined interfaces through altering
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the surfactanto-water concentration ratto A significant number of studies of aqueous
micellar and reverse micellar solutions repoffed in addition to bulklike relaxation,
considerably slowed down dynamics of confined water. This observation led to the idea of
i ceshel | 0¥%udabmfihed water which proposed that properties of confined aqueous
pool of any size could be understood in terms of, with-degg@endent proportions, water
molecules that are directly interacting with the interior of the confiningsurfat A wat er s he
and those constituting the central region (core) behaving like bulk water. Later experimental
and simulation stud§?>*3debated this twatate model of confined water and proposed that
such a simplified description might be valid iretlimit of large pooekize. These studies also
suggested that confined water properties, in general, should vary with the distance from the
interface because of the heterogeneity in interactions present in these systems. This interaction
heterogeneity ipresent in addition to the structural heterogeneity at the interface, which arises
from geometrical irregularities during the formation of sel§emblies where surfactant
molecules, under suspension in-witer systems, setfrganize through a delicatalance
between the hydrophobic and hydrophilic interactions. Another question that has been debated
in several studies is whether the confinement itself or the chemical nature (ionic or neutral) of
the confinement-?®dictates the structure and dynamiésonfined water. In addition, a few
studies>?%investigated the impact of the shape of the confinement and reported interesting
results. Very recently, the structure and dynamics of water molecules in contact with a variety
of interfaces have been stadito explore the impact of the interface on orientational as well

as Hbond network structure of bulk wafét32

Several experimental studfds$’ have confirmed the spatiemporal heterogeneity of the
confined aqueous pool in reverse micelles. Althoagme attempts have already been made

to provide a microscopic view of this mieheterogeneity via simulations, those are sporadic
and only a few structural and temporal parameters were chosen for investigation. A systematic
and thorough study reflectingow a wide variety of spatial and temporal aspects of confined
water gradually changes as a function of distance from the interface and assurii® bulk
values in the central region is still lacking. A piece of critical information in this regard is
misgng, that is, how this modification of spatiemporal properties is affected by the chemical
nature of the confining interface? This, and ®xamination of the validity of the coshell
model®38in the limit of large aqueous reverse micellar poolsstitute the basic premise of

the present study. Note here that we have deliberately removed the structural heterogeneity at

the interface arising from geometrical defects from-agtjregation; we are examining the

13
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heterogeneity in liquid structure angji from interactions with the interface and rigid spherical
confinement, and the subsequent impact on motional features of water molecules inside such

confinements.

We present here extensive simulated results on structural and dynamical aspeatsr of
molecules in different concentric layers, each 5 A thick, starting from the interface, for charged
and neutral aqueous reverse micelles with pool diameter of 55 A. This choice of layer thickness
(5 A) is motivated by the fact that water moleculesidiag within such distances of
biomolecular interfaces are believed to be critically important fdt ieese layewise results

are then compared agaahbk® phepeontrirespbadt apgi
over the contributions from albafined water molecules), and the corresponding bulk features.
This is done in order to demonstrate how confined water properties change as one moves away
from the interface toward the centre of the aqueous pool, and approach to those for bulk water.
For constructing reverse micelles, we have used model interaction potentials designed for the
charged surfactant molecule, sodium big(Bylhexyl) sulfosuccinate (AOT), and the neutral

one poly(oxyethylene)nonylphenylgepal CO-520 or, in short, IGEPAL). The chemical
structures of these surfactants are showBdheme2.1 We have represented water by the
well-known SPC/E model. Our analyses of layese properties indicate interface water
molecules are the most perturbe@sboth structurally and dynamically, and tend toward-bulk

like properties via successive changes through layers but not achieving quite the bulk values.
This is the observation for both the neutral and charged aqueous reverse micelles. These results,
therefore, provide a possible resolution to the debate regarding the applicability of the core
shell model for understanding experimental results for large aqueous pools. The impact of the
confinement dominates over the chemical nature of the surfactandjregfimat corroborates

well with the conclusions from timeesolved 2BDIR measurementS. Some dynamical
properties have, however, been found to strongly differentiate between the charged and neutral
interfaces, reflecting the fact that the impact of thenaical nature of interfaces depends on

the identity of the dynamical quantity under investigation.
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a
@)
@)
N@
O SOy Na
b.

Scheme2.1: Atomic representations of (&OT and(b) IGEPAL molecule Atoms indicated

here are considered explicitly in our simulation.
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This brings into the context an early theoretistaldy*® dewetting and formation of water
vapour interface near a hard wall. Subsequent simulation studies of water dispersed in the
interstitial space between two large parallel hard oblate ellipsoidal plates predicted water
vapour when the repulsive plates were ~10 A apart, andliBelkvater when they were kept

at largedistance$?! Further analytical and simulation studies of watear norpolar solute®

and water inside nepolar cavitie$>“* suggested dewetting, and cavity water structures
resembling those reported in gas phase spectroscopic experfiEmse norpolar cavities

were with diameter ~2@2 A and hence considetgtsmaller than the aqueous pool diameter

(55 A) considered in the present simulations. Note also that water molecules confined in these
small nonpolar cavitie$>*4interact with confining noipolar wall via an interaction potential
which contains a slowly varying, relatively softer, attractive componéntl{e weltdepth -).
Therefore, these nonpolar cavities are not the same as cavity made of purely repulsive hard
spheres.Consequently, no results exist in the literature for water confined within RM made of
purely repulsive hard spheres for a comparative study with water structure and dynamics

predicted by the present simulations.

2.2 Simulation Details

2.2.1Construction of aqueous reverse micelles

Following the model of earlier work&*®4’our present RM structure was constructed, where
the interior of the aqueous RM was approximated as a rigid spherical cavity. The hydrogen (H)
atoms of methyl-CH ) and ¢hylene ¢CH ) groups of the surfactant molecules were treated
implicitly. However, for IGEPAL the H atoms of the polyethyleneCH ) and hydroxyl

( / () groups that would remain inside the water pool were modelled explicitly to better
represent the IGEAL RM interior. The rigid Naions were placed inside the cavities
randomly. Structures of these model aqueous RM systems are shdwguia 2.A.1 and
Figure 2.A.2 of Appendix 2.A No nonpolar dispersion medium outside the RM was
considered.Interactions between different surfactant molecules were not considered, and
periodic boundary condition not used. The SPC/E Whfiled up the spherical cavity so
constructedNote the SPC/E water molecules are-potarizable, and with fixed bond lethg

and angles. These water molecules interacted through a pairwise additive sum of thikesite
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interaction potential. This includes both-@2 ennardJones (LJ), and electrostatic interactions

between fixed partial charges:

O i T- - -

The Dreiding force field for the LJ interaction potentials of the surfactants was*uEed.

partial charges for AOT were taken from the CHARMM force field used elsewhBeetial
charges for IGEPAL molecule were calculateg using the HF/&@1 + G(d) basis set
maintaining the charge neutrality. The LJ interaction between different sites was approximated
by the LorentzBerthelot combination rul&€sand the corresponding electrostatiteraction

via the direct Coulomb sumnia technique. Partial atomic charges and the LJ parameters for
AOT and IGEPAL surfactant molecules are summarized in TaBlé- 2.B .4 (Appendix 2.B)

We used 218 surfactant and 2060 water molecules to consstatileaqueous RM pools of

55 A inner dameter for both the cases.

Note here that the maximum number of water molecules that could be packed inside these RM
cavities after allowing fothe volumes occupied by the surfactant hgealips (3 / for AOT

and / #7 for IGEPAL) inside the cavities created by 218 surfactant molecules (please
see Figure2.A.1 and Figure2.A.2 of Appendix 2.A. The average number density of water
molecules inside these RMs therefore is 0.023pakd lower than the average number dgnsi

of bulk neat water (0.0334 A. Experimental measuremetft8® of size dependent
compressibilities of charged and neutral aqueous RMs have reported much higher
compressibilities for confined water than that for bulk. This suggests that average water
densities inside these RMs are lowkan that of the bulk, and therefore, the number of water

molecules considered here follows qualitatively the experimental trend.
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2.2.2 Technical aspects for simulations of aqueous reverse micelles

MD trajectories were propagated using the Veloditgrlet algorithni* with a time step of 2

fs. The temperature was maintained at 300K by using the-Noseer thermostat>°with a

time constant of 0.5 ps.HE cutoff radius for shorrange interaction was 15 A. Trajectories
were saved at every 1 ps time gap throughout the production run of 20 ns, after equilibration
of 40 ns in the NVT ensemble. For calculating the reorientation relaxations, separate
trajecories of 2 ns were generated in the same ensemble with teguifibrated systems. In

this case, trajectories were saved employing 10 fs time gap to minimise the possibility of losing

the faster component of the reorientation relaxation of water mogecule
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2.2.3 Fidelity check

Radial density profiles of confined water showrfrigure2.1 compares the radial distributions

of water molecules (number of water molecules per unit volume) inside the charged (AOT)
and neutral (IGEPAL) spherical RMavities. Note for both the RMs the number density
maintains nearly the bulk value (33.2f)rat the centre and away from the interface but drops
drastically within ~5A from the interface. This sudden decrease of water density near the
interface agrees Wavith the results from earlier simulations of aqueous AOT!RMndis in

general agreement with the distance dependence of simulated density for water confined in
RMs of various size€ This provides the necessary confidence for the present simultdions

continue for the intended study.

Bulk water

3

Water Number Density (/nm

0 NN NN NN NN N
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Distance from centre of RM (nm)

Figure 2.1: The layerwise number density of water molecules within AOT &
IGEPAL RM. The solid line represents the charged AOT RM and dashed line

neutral one. Bulk number density is also shown for comparison.
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2.2.4 Sorting out particles for exploring layerwise and overall motional features

It has already been mentioned that for computing fayse motional features, we considered

only those particles which were continuously residing within a given layer over a certain period

of time. In the event of rentry after leaving a given layer, torigin for that particles was

reset to zero, and motions followed. For better statistics, half of the continuous residence time
for each of the layer particle was considered for computing dynamic properties in a given layer.
The distributions of continuss residence times in different layers in AOT and IGEPAL RMs

are shown inFigure 2.A.3 of Appendix 2.A It is intriguing to note in these figures that
residence times are not the shortest for water molecules residing in the core of both the RMs.
Surprisindy, a majority of the interfacial water molecules in AOT RM possess residence times
even shorter than those residing in the central core layer, although there exist water molecules
that are staying for a relatively longer duration (see insets). The exdstémvater molecules

with both relatively O6shorterd and o6l onger d
amplitudes) is a contrast to the simple {state representation of confined water by dividing

them into core and shell water molecul&hkis was already hinted at by earlier simulation
studies'®***Mor eover, the water molecules with O0sho

for showing fastethanbulk dynamics reported already by a few previous studies.

For tracking the originofi s | owd dynami cs, we-wigellistributiensohp ut e d
the longest residence times for water molecules in these RMs. This is shBigar@2.A.4

of Appendix 2.A and the corresponding average time$able2.B5 (Appendix 2.B) A plot

of the® average longest residence times, shoviagare2.A.5 of Appendix 2.Asuggests that

water molecules become more labile as the core layer is approached for both the RMs, and that
the interfacial water molecules sense the difference in the chemicad médttive confining

interfaces.

2.2.5 Bulk water simulation

For the simulations of bulk water, 2060 SP&A&Eater molecules were considered with bonds
constrained using the SHAKE algoritlhEquilibration was first done in the NPT ensemble

employing Beendsen thermost&twith coupling constant 0.1ps. Velociterlet algorithni?
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with 2fs time step was used to solve the classical equations of motion. T i@adius for

the shorrange interaction was set to 15 A. Electrostatic interactions werendietihe smooth

particle mesh Ewald algorithm using the Ewald convergence parameter 0.6086d%6A x

6 A x 6 A grid in momentum space. The Berendsen bardstih 2ps time constant was used

to maintain the pressure at 1 atm. The equilibrated steutitus obtained then transferred to

the NVT ensemble for further equilibration for another Zgsequently, a production run is
carried out at a temperature 300 K for 10 ns and trajectories were saved at every 0.02 ps using
the NoseHoover thermostat wh a time constant of 0.5 @3LPOLY MD simulation package

was usetf for the simulation results reported in this study.

2.3 Results and Discussion
2.3.1 Structural order parameters
2.3.1.1 The orientation of water dipoles

Effects of the chemical nature of the surfactant molecules on water structure under confinement
have been studied via exploring the orientation of water dipoles with respect to the radial

vector. Dipolar orient@n (P) can be quantified #g%4

peB Yo
— WEJI 21

where »-denotes the radial vector from the oxygen atom of water molecule to the centre of the

RM and’ the dipole moment vector of a water molecule. A schematic diagram for describing

this prescription for calculating dipolar orientation is giverrigure2.A.6 of Appendix 2.A

The angleb would be zero if water dipole is pointed towards the interface, producing.

Figure 2.2 depicts the layewise distribution of cob and compare bet ween
IGEPAL RMs. The first aspect that immediately strikes is that the distribution, f o r 6 ov er
all 686 as wel |l as separ at ed (layaritl)peaks atemty whitel e c u |l «
that for IGEPAL shows a peak-at0.7. These two values &f | f@orrespond respectively to

parallel (0°) and 135° orientation of water molecules with respect to the radial vector. This is

a reflection of the difference in the chemical nature of the confining interfaces (charged and

neutal). In addition, for water molecules in the layer#1 of AOT RM shows a secondary peak
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ataAlf&al ue corresponding to water dip-alédvect
distribution, appears as a broad shoulder. These angular orientdtwateomolecules (with
respect to the radial vector) asehematicallydepicted inFigure 2.A.7 of Appendix 2.Afor

AOT interface We speculate that such orientations of water molecules are plausible when (i)
the electrostatics between the oxygen atomaier and the counter iahw at the interface of

AOT RM compel the interfacial water molecules to align their molecular dipole vector parallel

to the radial vector, and (ii) the-bbnding interaction between the H atom of water and the O
atom of the ingrfaces (O atom of 3/ for AOT and thafrom / # and/or / (units for
IGEPAL) forcing the water dipoles to align at ~135fote to mimic the experimental condition

we have modelled the IGEPAL molecule such that five# unitand one / (unit of eat

IGEPAL molecule are intruded inside the rigid surface along the periphery of RM. At this
moment we cannot speculate how water molecules are residing around these intruding portions
or whether some waters are getting captured within these portions Gunatbservation is

that, we are getting a higher distribution of dipoles around an andle/th@b overall confined

water is analysed, because of all these combined effects of ether and hydroxyl oxygen atoms
and H atoms attached with ether groupee might, however, like to argue here that parallel
orientation of interfacial water molecules in the AOT RM could be linked to the forced random
distributionof . A along the inner periphery of the interface. While this could be a possibility,
previous 8nulations*34’of AOT RMs with randomly distributed counter ions in the aqueous
pool have suggested that a majority. @ ions in large aqueous pools prefer to reside at the
interfacial region. While stating this we would like to mention that themmablecules in the

first solvation shell of Ahave not been treated differently to separate out their contributions

in the solution heterogeneit{ Interestingly, polarisation sensitive vibrational sum frequency
generation measuremett8®2of water orientation near different type of interfaces report
results that corroborates with our simulation observation. A recent study of water orientation
near the positively and negatively charged interfickeave reported interfaegensitive
orientation structures similar to our simulation predictions. These measurements have also
reported orientation of water molecules at obtuse angles f+d 36%) for charged interfaces.

We, therefore, believe that theegent model for the aqueous RM closely mimics the real

reverse micellar water.
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Figure 2.2: Water dipole orientation with respect to the radial vector for both types (AOT
IGEPAL) RMs. The inner panel compares the ealémwater dipole orientation between tt

charged and the neutral RMs.
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2.3.1.2Tetrahedral order parameter (Qi) and the digribution of the number of

hydrogen bonds per water molecule (P(M))

Tetrahedral structure and hydrogeonding pattern in the bulk water, and the effects of
confinement curvature have been studied eddi€¥!° The tetrahedral order parameter has
been obtained by using the following expres%ion

O p -B B &)éi—PG , 22)

where Qis the tetrahedral order parameter of fhevater, — - the angle subtenddsy each

pair (designated by j and k) of the nearest four water molecules on the damgtaimolecule.

For a random and uniform distribution of these angles, Q=0, whereas Q=1 reflects a perfect
tetrahedral structure. A schematic diagram for the gélescription of the tetrahedral angle

and threedimensional tetrahedral structure of the hydrogen bonding network in the bulk water

is shown inFigure2.A.8 of Appendix 2.A

The following prescription®¥®” was used for detecting hydrogen bonds between water
moleculesa) the distance between the donor oxygen atom and acceptor oxygen atom is less
than 3.5 Ap) the HO(donor}O(acceptor) angle is less thar,3@ndc) distance between O

and H must be less than 2.45 Kigure 2.3 depicts the layewise probability distributions,

0 @ £, for the angle— that each individual water molecul@{h water molecule) forms

with its two nearest neighbour§and'Q The difference between the bulk water and the
confined water is quite obvious; the minor peakat—~0.5 (that isx @rt) of the twopeak
structure of the bulk distribution becomes more pronounced upon confinement, and the
interfacial water molecuteinside both types of RMs experiences the maximum impact. In
addition, the broad peak located-atp T (¢ &€ - -0.3) for bulk water shifts to higher angles
(= p @*) upon confinement along with further broadening and loss of intensity. This
modulaton of peak position and intensities suggest strong impact of confinement on the
orientational structure of bulk water where tetrahedrality is compromised to give rise to trigonal

arrangements.
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To draw a more collective and meaningful picture we haveulzdtxd the probability
distribution of the tetrahedral parameter, P(Rp(re2.4) andTable2.1 summarizes layer

wise and bulk populations corresponding to peak positions of P(Q) at lower and higher Q
values. These populations represent the area ureleutiaes obtained through deconvolution

of a simulated P(Q) into two fragments, as showhRigure2.A.9 of Appendix 2.AResults

are shown in this figure and table, therefore, clearly demonstrate that the tetrahedral
arrangement for interfacial water molecules is severely affected, and the bulk tetrahedrality has
not been attained even for core water molecules insideloeth RMs. Notice that the average
values of the order paramet&y,Q'for water at the interfacial layer (layer#1) of both the RMs

are quite close to that for TIP3P water confined between two parallel graphene plates held 6.5
A aparf2 In addition, the suten recovery of nearly the bulk value@fO'for a 10 A thick

TIP3P water layer reported in this wétks very similar to what has been observedtie

present study (see Table p.1

0.12 1 I | | I I ll I I I I I I I | ll I I |

AOT (solid line) I

IGEPAL (dash line): —

0.10 F
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P(Coseijk)

0.04

0.02

0.00
-1.0 -0.5 0.0

Cos Bl.jk
Figure 2.3: Distribution of tetrahedral angle created by theee nearest water molecul

confined in these RMs. Results for water in layer &nd the core are shown here. T
same f oraltlhte amdsetrhe bul k are al so shc
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Figure 2.4: Tetrahedral order parameter distributions for water in different layers of con
aqueous pools inside the RMs under study. A comparison between thadl @et bulk is shown

in the upper panel while the lower panel presents the results for |&/and the core.
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anadl | ®ovpeapul ati on

di st

corresponding to the peak positions at the high and the low values of the tetrahedr.

parameterQ. The average value of the order paraméEe&frepresents the area und

the cure.
AOT IGEPAL
Centre | Area (%)| @O | Centre | Area (%) | ®O
Layer 1 0.35 75.74 0.31 63
0.47 13.90 | 0386 (.47 17 0.394
0.78 10.35 0.73 20
Layer 2 0.55 82 0.55 81
0.80 18 | 05771 0.80 19 0.580
Layer 3 0.55 81 0.55 81
0.80 19 %% 080 19 | 0584
Layer 4 0.56 78 0.55 80
0.80 22 | 05931 0.80 20 0.588
Core 0.56 78 0.55 80
0.80 22 | 05931 0.80 20 0.590
overall 0.35 41 0.51 33
0.50 27 | 0314/ 0.76 33 0.522
0.77 32 0.33 33
Bulk 0.58 70
water 0.81 30 |0.635

ABO Q06| Q6§
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Table2.2 summarises the average number efdhd per water molecula) in different

layers of AOT and IGEPAL RMs. These average numbers, although differ between the RMs,
do not clearly reflect the differences between the confined water in these RMs and the bulk
water in terms of number of-Bonds per water molecule, and thariations in Hbonded
structures among the layers in these two RMgure2.5 presents such a comparison where

the population distribution$, 0 j 0 & 6 ‘With respect to the number oflbbnds per water
molecule 0 jU @ 0)Care shownforth 6@V éw, first two (layer#1
layers, and bulk water moleculés.) j 0 & 0 ‘@dr other layers are presented Figure

2.A.10 of Appendix 2.A Notice that the population distributions depicted in these figures
clearly exhibitthe difference among water molecules in different layers, and between the nature
of confinements. Interestingly, & j 0 & O ‘@dr core water molecules in both of these RMs,
although differ substantially from those at the interfacial layers and theamaximum
similarity to that of the bulk, could not attain fully the bulk distribution. This difference
suggests the inadequacy of the eshell model for confined water inside RMs. It is also
evident from these figures that the number of water mtdscwith four Hbonds are
significantly less for the interfacial layers than for the bWMe would like to point out that in

an earlier stud? it was reported that, in ngpolar confinement of diameter comparable with

our layer width (5 A) the most stabhydrogen bonded structure is dimer which resembles
more with gas phase structure of water. But here, in our simulated interfacial water, we find
most population of water around trimmers and there also exist ample amount of dimer and
tetramer, which dismss any probability of finding the water in gas phase, like in the vicinity

of hard sphere surfactn addition, this frustration in Honds is more severe for interfacial
water molecules inside the AOT RM than inside the IGEPAL RM, reflecting the impthe of
chemical nature of the confining interface. We would like to state here that a thorough and
comparative study of layavise structural aspects of confined water and impact of the chemical
nature of confining interfaces such as the present one ismeddere for the first time. These
results clearly demonstrate the heterogeneity in density, orientational structure, number of H
bonds, and population distribution oflddnded water molecules relative to those for bulk

water, and show the brealown of he coreshell model
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Table 2.2:Layerwi s e a+ad | ®owawerr age number
for confined water in these RMs and bulk water.
Layer # NHe
AOT RM IGEPAL RM Bulk
SPC/E water
1 2.742 2.951 3.587
2 3.390 3.348
3 3.414 3.398
4 3.488 3.418
core 3.486 3.430
overall 3.175 3.226
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0.5
AOT (solid line)

IGEPAL (dashed line)

P(N,/water)

3
(Ng/water)

Figure 2.5: Layerwise population distributions of confined water molecules containi

certain number of HhondsD G j O & 6 ‘@iie shown as a function of number ebbinds

per water moleculed | 0 & 0)Qand compared with the corresponding resultgHer

bulk water.
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2.3.2 Dynamics

2321 MeanSquared Displacements (MSDs) a-aldl &r'r an.

and Layer-wise

The @d\Vv ér a-wisk (répeesemtative) centre of mass MSDs for confined water
molecules in these AOT and IGEPAL RMs are presented in the upper pafélsi@f2.6.

MSDs for other layers are provided kiigure 2.A.11 of Appendix 2.AThe same for bk

SPC/ E water is also shown in thealslabmneMSDg uir |
these RMs, though indicate mobilities much slower than that in bulk, are not too different from

each other. As reported earltet”®translational mobility increases gradually as one moves

away from the interface toward the central layer. Water molecules residing near the interface

are drastically slowed down for both types of these RMs; these interfacial water molecules
move only ~ & U0, (¢& WB) even after a duration of 100 ps. The Aiediependence of the

MSDs on time for the interfacinmcagabdecmombbac
L and in these RMs a strong interaction between the interface and water molecules is
responsible for not allowing the stochastic Brownian (diffusive) motion to set in even long after

the inertial timescale. Interestingly, water molecules in the central core region also move only

~ 1.50 withi rspant, bnel thes mohbity of thesereowater molecules are
approximately an order of magnitude slower than that for the bulk water. This is contrary to

what is expected from the coreshell model for such large reverse micellar aqueous pools.

Before exploring the motional features furthe&e examine how diffusive are these layégse
centreof-mass mobilities and whether the diffusive limit is achieved at a long time. It is known

that for MSDs/?73

i 60 0 B »0 > 00 , at long timef  p corresponds to the
diffusive limitwhileb < 1 subdiffusivehirethe intermediate timescale dnd ¢ to the

free inertial motion at short timeghe time profile fof could be obtained as follows,

I o a&i oad (2.3)
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The time dependence ofobtained via Eg2.3 from the simulated MSDs is presented in the
lower panelgFigure26)f or t kad | o WESID s and fofrofral ew sel
layers in these RMs are shownFigure2.A.12 of Appendix 2.A.

These data clearly show that none of these MSDs in RMs have reached the hydrodynamic limit
(b =1) at |1 ong t-alM8Ds fot waterenolecslésiinrthgde RMs have eot
achieved the hydrodynamic | imit and settl e
water molecules are the most affected ones, and the near constancy of the M$&smtith

time |l eads to b =0 at | ong t nesrassociatedwitlsthes ug g e
interfacial water molecules are qualitatively different from those in other layers. In addition,

the inability of the MSDs of confined water to attain the hydrodynamic behaviour at long time
renders determination of translationaffuion coefficient Q) from Einsteinds

untenable.
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Figure 2.6: Centreof-mass mean square displacements (MSD) for water mole:
confined inside the AOT and the IGEPAL RMs, in the bulk, and in different imagi
layers are shown in the upper panels. Results for the first two layerthendre are
presented her®f clarity. The time dependent changes in the expohérmtssociated with

these MSDs calculated from the relation, MS® are shown in the lower panels.
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2.3.2.2Velocity autocorrelation function: Origin of difference in mobilities

We next simulae e t h-al 16 ® v ewmsag velocty aitocorrelation function (VACF) to
explore the feasibility of applying the GreBubo relation for estimating@ of water in these
RMs. The GreerKubo expressiofiis a macremicro relation that connects the experimentally
measurabléD to the timedependent velocityp 0, of each individual moving particle of
mass :

O — Qo o (2.4)

>v

whered 0 denotes th@eormalized VACF and is given b§, 0 Z’—Hamdb "Yis the

Boltzmann constant times the absolute temperature.

Although the application of the Gredétubo relation is not straight forward for obtaining
diffusion coefficients foparticles in restricted geometrié$* one can still use this relation to

obtain a qualitative comparison of diffusivities between the bulk and confined water molecules

in these RMsFigure2.7 presents a comparison of the simuladedd between the bulk and
confined wateralmdl)ec ualneds t(hboosveerbet ween water
di fferent | ayers of these RMs. Thal Upp¥ACEan
in both the RMs are quite different from that for the bulk in that the RM VACFs enters into the
negative region much earlier (<100 fs) and stays longer to scan negative regions larger than
that for the bulk. This difference provides a dynamical suppdiavour of partial disruption

of H-bond network of water upon confinement and corroborates well with the simulated
tetrahedral order parameter for water in these RMs presented earlier. In addition, VACF for the
RMs reflects a difference (though small)weén the charged and neutral interfaces. Inset of

the upper panel shows this difference more clearly. The more negative region associated with

the VACFs suggestsseverely restricted mobilities for water molecules in these RMs.

Layerwise VACFs presert in the lower panel suggest that the negative region decreases as
one moves from the interfacial layer to the core, although the VACF for core water molecules
remain much different from that for the bulk. Areas under these-Vaiger simulated VACFs
aresummarized imable2.B.6 (Appendix 2.B)and their ratios against that for bulk provided.

For water molecules in the AOT interface, the area under the VACF is negative and this
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suggests more rattling than certfemass translation for these interfacialt@ramolecules.

Area ratios provided iTable2.B.6 (Appendix 2.B)indicate that the mobilities in different
layers of these RMs are not only severely slowed down compared to that in the bulk but they
(layerwise mobilities) also differ considerably betwethe neutral and charged RMs. These
layerwise slowing down of mobilities is qualitatively similar to that found for water
encapsulated inside Tianopore¥. Normalized VACF for waters in all the layers of the
AOT and IGEPAL RMs are provideh Figure 2.A.13 of Appendix 2.Ato show that the
simulated layewise VACFs cannot be segregated into two different sets, allowing a
description in terms of core and shell water molecules. More importantly, these VACFs and
the area ratios clearly indicate the @mse of diverse timescales and thus temporal

heterogeneity in these confined systems.
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Figure27:Nor mal i zed velocity autocorrel at-i
all 68 for confined water are shown i 1wisd

VACFs and compares with that for the bulk. Both the insets present VACFs aftango
on the negative amplitudes to clearly show the impact of the chemical nature of the inte
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2.3.2.3 Dynamic Heterogeneity (DH): NorGaussian features and slow timescales

Simulated layewise MSDs and VACFs have clearly indicated that wateemdés confined

in these RMs are quite different from those in the bulk, and their motional features are
associated with diverse timescales. These timescales in dynamically heterogeneous systems
are connected to the deviations of particle displacemenbdison from being Gaussian. This

non-Gaussian (NG) feature is often monitored via the NG parameter defifi€d as

whereftd 06 Gw o G'MIiD o Y nO&» 1D

andpe-TO >0 > T8

Generally| 0 shows a nomonotonic dependence on time, and a peak value greater than
0.2for| O is considered as a signature of dynamic heterogeneity (DH) withtipealas the

DH timescalé® for a given system. Note this DH peak timenaied ast , originates from

those particle displacements which are larger than what would have been for Gaussian
distribution for a homogeneous system. Displacements smaller than those from a Gaussian
distribution also contributes to the DH of a gystand this is quantified by the new non

Gaussian parameter (NNG),0 , as follows,

ro - o0 — o) (2.6)

where, — -B provides the weightage to the smaller displacements to

s hs
dominatg 0 and produce a peak timescafe ( ) much longer tharf . It is important to

note here that, — i o

Figure 2.8 (left panel)pr es entad | 6 o awmisk compagsenr of O for water
molecules confined in both type of RMs. A comparison with the bulk in the upper panel clearly

indicates that| o for the confined water in these RMs depict not only strong heterogeneous
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dynamics but also significantsjowed downt . A comparison gf 0 among layers (lower
panel) reveals a dramatic lengtheningfof for the interfacial water molecules, pushing the

DH timescale into the nanosecond regime. Interestingly, the core water is dynamically more
heterogeneous than bulk whetfe is approximately 5 times slower than that for the latter (~4

ps versus ~0.8 ps). As expected, water molecules in the interfacial layer (layer #1) of both the
charged and neutral RMs are the most heterogeneous in natihrerdducing DH timescales

t in nanoseconds$tigure 2.8 (right paneljpresents a comparison of the new +@ewssian

DH parameterf( 0)) between the water molecules confined in these RMs and bulk (right upper
panel), and that between the RMs for different layers (right lower panel). The inset in the right
upper panel demonstrates the striking difference t between the bulk and the dored

water witht  approximately three orders of magnitude slower in these confinements than
in the bulk. Note in this panel thatd senses the chemical nature of the confining interfaces
(charged or neutral) with approximately twice atong for water molecules inside the
charged (AOT) RM as that for those inside the neutral one. In thedageicomparison shown

in the lower panel, the simulatgd 0 suggests that water molecules in each layer inside the
charged RM are dynamicallyare heterogeneous than those inside the neutral one. The peak
times f ) associated with each of these layers for these RMs are summarizdded.B.7
(Appendix 2.B)which reflects this DH difference quantitatively. Interestindly, for core

water in the RMs are at least an order of magnitude longer than that for bulk (*€iSyss-1

ps), which suggests that the cateell model breaks down even for larger RMs where water

molecules even in the central core layer do not possessikrililisplacement distributions.
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Figure 2.8: Comparison among NG parameter (left panels) and NNG parameter
panels) for bulk water, for ovell confined water, and for water at different layers (lay
1, 2 and core) of the aqueous pool inside AOT and IGEPAL RMs. Inset shows a comj

of the NNG parameter between the bulk and @lkeconfined water.

39



Chapter 2

2.3.2.4 Singleparticle displacement distributions: Bimodality, translational jumps and

common displacements across layers

The simulated time dependences ofo and’ 0 have already suggested that the translational
dynamics of these encapsulated water molecules are strongly temporally heterogeneous, and
the origin of this heterogeneity lies in the cerifenass displaaments that are both larger and
smaller than the lengthscales covered in a  Gaussian displacement distribution for a
homogeneous liquid system. The distribution for the sipglticle displacements, | can be

obtained from the seffart of the van How correlation functiodO| 1P ’®°as follows
Daé€Q ip agpm“ ] 107 1P (2.7)

withf i0 0 B » & » m . For Of Ip that sample§ ifrom a Gaussian
distribution, 0 & € "Q il becomes independent of time with a peak heigt.137¢

Deviations from this height suggest nGaussian displacement distribution where
heterogeneity in dynamics arises from the fluctuations in local particle mobiliyre 2.9

shows a comparison af & ¢ "Q 1P between the bulk water and confined water molecules

in these RMs for two DH timescales, (upper panels) ant (lower panels). Several
interesting features are refl ealtled dnt®pl ache
distribution at 6 t  for confined water in these RMs lies significantly shifted toward

shorter length scales than that for the bulk water, although theheégtkts are similar and
~2.13. Howeaét p dhet bbobet i alkdistribution, swggestiegr t h a
heterogeneity in the displacement dias 1t ©i but
distributions peak atm®, with nearly no difference between the RMs, whereas that for the

bul k cros-akbk o6t He s fitg andl pebks atr®,.at T~hi s cr ossi ng
all 6 distributions and the resultant overl ag
conjectur-al Itdh ad o ifoiveed wat er can show not on
the bulk lut also those that are similar to the bulk. This provides a microscopic explanation

for the observation of both bulike and sloweithanbulk dynamics in experiments where the
measured signal is dominated by the collective response of the $y§t&#i8! The

comparison of the layewxise distributions between the AOT and IGEPAL RMs at this
timescale ¢ t ) is even more interesting. The core layer distributions, reflecting no

difference between the RMs, represent displacements rabgimgeen approximately one
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tenth of a water diameter to a full diameter with a peakw@t,~ The distributions for the first

two layers show the difference between (see Blgare2.A.14 of Appendix 2.Afor layer
distributions not shown here) the chenhicgsature of the interface. Interestingly, the
distributions for water in these first two layers, particularly for the AOT RM, are distinctly
different from other layers as they show mpldiak structures; water molecules in these layers
execute displaceme&nboth shorter and longer than those accessed in the bulk. Theeakti
structure is however less prominent for water inside IGEPAL RM, and the peak at the longer
displacement wing softens into an asymmetrically broadened tail for the second layer of
IGEPAL RM. Strikingly, 0 & ¢ "Q iIp for the AOT second layer is dominated by the
longer displacements and here the displacements are as large &8Ve speculate that this

might be linked to the additional freedom of those confined water moldgbalesere involved

in the boundo-free dynamic equilibrium with the charged interface and entering into the
second layer immediately after getting released. This large lengthscale displacements, in fact,
become a signature for confined water at longaees, for example, ab ¥ . This is
demonstrated in the left lower panel of this figure where large displacements ranging between
~and ~ptcharacteri-alelsé t dies téroivhewt i ons f or RM.
displacements can be trad® the layemwised & ¢ 'Q 1P atd T , shown in the right

lower panel where mulpeak structure for the distributions appear again for water molecules

in the first two layers inside the AOT RM. Interestingly,& ¢ "Q i for core water
molecules suggest displacements at this timescale for both the RMs in the similar range as that
for bulk water 8ty 1 i p®,). Such a range of displacements for core water molecules
further reinforces the microscopic explanation provided edidiethe observation of both
bulk-like and much slower dynamics in experiments that measure the collective response of
agueous pools confined in RMs. Fig@r® demonstrates a significant overlap among the dayer
wise displacement distributions which strognguggests that dynamically confined water
molecules cannot be divided into two different classes of water. This is another finding that
signals inadequacy of the cesbell model for describing the relaxation dynamics of reverse

micellar water.
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Figure 2.9: Layerwise singleparticle displacement distributions at the NG peak tir
(upper panels), and at the NNG peak times (lower panels). Results for bulk water &

shown for comparison.
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2.3.2.5 Dynamic susceptibility of confined water in different layers: Long temporal

correlations, and overlap across layers

Next, we explored the temporal correlations among water molecules in different layers of the
agueous pools inside the RMs. This was performed by simulating the dynamic susceptibility
... ‘(O in the limit of the nearest neighbour wavector,Q,° ¢* via calculating theariance

of the fluctuations of the seifitermediate scattering functioi® @ . The following expression

was used for the calculations .of (o 8284

~

‘O O GO & &0 o & (2.8)

where O 0 B &é@i o 1 1 & The timescale corresponding to the peak of

. " is considered as the longest ththaration 6 ) over which density fluoiations at
two different space points remai#al tbér dghame
susceptibilities for confined water in these RMs and bulk waigure 2.10 (upper panel)
clearly shows that the dynamical correlation for confined wateonsiderably stronger than
that for bulk water. Notice the value of is ~50 times longer for confined water (~70 ps)
than that for bulk water (~1.5 ps). As expected, the Jeyse calculations of.. "B , shown
in the lower panels, indiate lengthening of the  as one moves away from the core layer
toward the interface. The timescales associated with the maximum correlation in different
layers, summarized in Tabl2.3, suggest correlated density fluctuations in these layers
occuring over a timescale ranging from ~200 ps to ~2 ns. This means that the temporal
correlations for the nearest neighbour dynamics for water molecules in these layers persist for
a duration ~10@.000 times longer than that for bulk water. A close inspedidhese layer
wise... (0 also, show that the faster wing of the "B of other layers overlap with that
for the core layer (seigure2.A.15 of Appendix 2.Afor ... ‘@ of all layers of AOT and
IGEPAL RM), suggesting correlated mobility fluctuations across the layers bear some extent
of commonality. This provides further support to the view that the confined water inside these

RMs cannot be described in terms of bourdifage water as envisaged in the eshell model.
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Figure 2.10: Dynamic susceptibilities for bulk water (upper left), confined water (upper right),
layerwise comparison for water confined in AOT RM (lower left) and the same for water
confined in IGEPAL RM (lower right).

Table 2.3: Timescales corresponding to thexima of the simulated layexise and oveall
dynamic susceptibilitiesd( ) for water molecules confined in these RMs. The same for the

bulk water is also reported.

Layer # AOT RM IGEPAL Bulk
< Tps RM 4T Tps
T Tps
1 1885 1765
2 678 473
3 367 354
4 390 380 1.5
Core 250 250
over-all 70 70
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2.3.2.6Collective single particle-reorientation relaxations: Agreement with experiments

Collective single particle reorientational relaxation of dipotemecules are often monitored

via the reorientational time correlation function (RTEFE}

(2.9)

where Opdenotes the Legendre polynomial of rank | &né unit vector parallel to the water

dipole axis.

Simulated RTCFfor /b p, 6 0, for water molecules in both the RMs are shown in the upper
panels of Figure 2.11. Simulated decays for/b ¢ are shown in the lower panels.

0 0 and0 0 decays for bulk water are also presented in these panels for comparison. The
following is the genel observation on these reorientational relaxations and their comparison
with those for bulk water. The RTCF decays for the confined aqueous pool are considerably
slower than those for the bulk. In addition, the reorientational relaxation is the sloweatdr
molecules in the interfacial layer for both the RMs and becomes progressively faster as the core
is approackhdd.0 Treeordewdrati onal rel axations
for the confined water, although the decay rates arehnslower than their corresponding
counterparts for the bulk water. Note that these simulafggdo decays for both bulk and
confined water require a sum of three exponentials for adequate description. The corresponding
fit parameers are summarizad Tables 2.4 and 2.%nd the adequacy of this fit function is
demonstrated via a representative figisee Figur€.A.16 of Appendix 2.A.

For6 O decays, these fits indicate relaxation timescales in th@isosecond, suthO ps and
sub-100 ps rgime and domination of the slowest component {86% of the total amplitude).
The slowest of these three relaxation time constants-&-tbnes slower for water confined

in these RMs than the corresponding one for bulk. This is expected as we halyeradtezed

the confinemeninduced slowing down of translational dynamics of water molecules and the
impact of the interface. What is striking here is the presence of thetlaaitdyulk timescales

that characterize the initial component of all tile 0 decays for confined water. This is

demonstrated in the upper panel&igfure2.A.17 (Appendix 2.A where the simulated decays
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for the first 0.4ps are compared. This fasthanbulk relaxation has been already reported in
experiment®® and model simulatidfi and attributed to the partial disruption of the tetrahedral

H-bond network of bulk water upon confinement. The layéers e ard | ®o M ert r ahe
order parameter and-bbnd population distribution shown earlier respectively gufés2.4

and2.5 strongly support this view.
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Figure 2.11: Layerwise reorientational correlation functiody( 0 ) for water confined in
both the AOT(left panel)and IGEPAL RMs (right panel). The same for bulk water is a

shown in order to facilitathhe comparison.
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Table 2.4:Tri-exponential fit parameters for the simulatedrrentational correlation functiol
of rank 1,6 0, of water molecules different layersunder thecharged (AOT) and neutre

(IGEPAL) confinements Layer #1 is the interfacial layer. THéxponentiafit parameters for

bulk waterare also shown

Layer# |Width(A) | £+ | W(ps) + W (ps) + W (ps) | oV
(ps)
AOT RM
1 275225 | 0.13 | 0.025 | 0.11 1.87 0.76 | 61.35 | 48.15
2 225175 | 0.12 0.05 0.14 3.24 0.73 | 3257 | 24.34
3 175125 | 0.13 0.06 0.18 4.31 0.69 25.77 | 18.67
4 12575 | 0.13 0.1 0.27 7.6 0.60 | 27.40 | 18.38
core 750 0.14 0.1 0.31 7.77 0.55 | 38.61 | 23.70
overall | 275-0 0.15 | 0.025 0.19 3.32 0.67 | 29.33 | 19.97
Bulk water
Tri-exponential fit | 0.18 0.07 0.16 1.54 0.67 5.46 3.9
IGEPAL RM
1 271.5225 | 0.13 | 0.043 0.11 3.12 0.76 91.74 | 70.16
2 225175 | 0.11 | 0.045 0.10 2.17 0.79 20.7 16.49
3 175125 | 0.12 | 0.060 0.13 3.20 0.75 21.19 | 16.24
4 12575 | 0.11 | 0.044 0.12 2.57 0.77 21.14 | 16.69
core 7.5-0 0.08 | 0.018 0.06 0.48 0.85 16.58 | 14.18
overall | 275-0 0.15 | 0.030 0.18 3.24 0.67 24.1 16.76
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Table 2.5: Tri-exponential fit parameters fdhe simulated eorientational correlatior
functionof rank 2,6 0, of water molecules different layersunder thecharged (AOT)
and neutralIGEPAL) confinements Layer # 1 is the interfacial layer. Jekponentiafit

parameters fobulk waterare also shown

Layer# | Width (A) + W (ps) + W (ps) + W (ps) MV
(ps)
AOT RM
1 271.522.5 0.3 0.024 | 0.19 1.7 0.5 33.45 | 18.22
2 22.5-175 0.3 0.034 | 0.23 2.07 0.48 16.64 8.4
3 17.512.5 0.3 0.037 | 0.22 2.11 0.47 12.27 6.3
4 12.5-7.5 0.29 | 0.036 | 0.22 | 2.088 | 0.49 11.6 5.95
core 7.5-0 0.26 | 0.022 | 0.18 0.91 0.56 11.4 6.6
overall 275-0 0.33 | 0.020 | 0.26 2.22 0.41 16.61 | 7.43
Bulk water
Tri-exponential fit 0.31 0.06 0.5 1.45 0.19 4.32 1.55
IGEPAL RM
1 2715225 | 0.31 0.04 0.18 2.52 0.51 50 25.88
2 225175 0.27 0.027 0.2 1.3 0.53 11.03 | 6.13
3 17.512.5 0.28 0.032 0.21 1.54 0.51 10.56 5.7
4 12575 0.28 0.04 0.24 2.16 0.48 11.26 5.9
core 7.5-0 0.24 0.02 0.16 0.62 0.61 8.74 5.4
overall 275-0 0.48 0.009 | 0.23 21 0.29 11.34 | 3.72
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When thed 0 decays are compared, similar observation appears;-tharebulk relaxation
component, now more prominent thandn 6 decays, appear for all of them. This is then
followed by two slower components, one with the time constant of a few picosenuhtise

other with a time constant of approximately ten picosecond or a few tens of picoseconds. This
slowest component, as for tlie 0 decays, dominates the relaxation, and the associated
timescale is ~22 times slower than that for the bulk. Nowdnthat the layewised 0 and

0 0 decays are slower in each of the layers of the confined aqueous pool inside the AOT RM
than those for the pool inside the IGEPAL RM, except for the interfacial layer where the reverse
is observed. Slower reoriaional relaxations for water inside the AOT RM than for water
inside the IGEPAL RM can be understood in terms of the chemical nature of the confining
interfaces. The relatively slower relaxation for the interfacial layer of IGEPAL RM is probably
connectedo the trapping of water inside the clefts created by the polyethylene oxide units of
IGEPAL molecules that intruded inside the RM cauisee Figure 2.A.1 and 2.A.2 of
Appendix 2.A. This extra slowing down of water at the IGEPAL interface has already b
observed both in experiments and simulations that followed the rotational relaxation of a large

dye molecule inside these aqueous RMs

We would like to mention here that the existing-ED and timeresolved fluorescence
measurements suggesiat the timescale of reorientational relaxation of interfacial water
molecules for both the charged and the neutral RMs is nearly the sai2@ (55*°° This

may appear contrasting to the present simulation observation where we find reorientation of
water molecules near the charged interface is different from that for water near the neutral
interface. We argue that those measurements included contributions from waters residing both
at the interfacial layer and in the layer adjacent to it. This we stesen by simulating ©

of water for an interfacial layer of width 10 A for both the RMs. These decays and the
corresponding fits are shownkigure2.A.18 (Appendix 2.A) with fit parameters summarized

in Table 2.B.8 (Appendix 2.B) The results arguite fascinating. We find that the longest
timescale for IGEPAL interfacial layer is ~11 ps, while that for the charged interface is ~15 ps.
These timescales and the dependence on the nature of the interface agree quite well to those
reported by ultrafddR and 2BIR measurements-°
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2.4 Conclusion

In summary, the corshell model of reverse micellar water has been examined thoroughly in
the present study through the simulations of a number of structural and dynamical properties
for water moleculem different (but fictitious) layers, and for all encapsulated water molecules
toget hearl | 6averTwo chemically different sur f
were considered to construct model spherical RMs in which counter ions were dispenged

with the interface inside the RM cavity. The present simulation results reflect substantial
structural and dynamic heterogeneities for the confined water, and severe frustration in
satisfying the appropriate number ofddnds allowed for bulk wateStructural features such

as dipole orientation, tetrahedral order parameter, adgbrided populations deviate
significantly from those for the bulk, the deviation being the most pronounced for the interfacial
water.Water dipole orientation within AOT RMredicted in the present study corroborates

well with the polarisation sensitive vibrational sum frequency generation (VSFG)
measurements of charged interfacial watét®2Similar VSFG study with aqueous IGEPAL

RMs would therefore be interesting andriih pursuinglnterestingly, the core water never
resembles those of bulk, and remain different bearing the impact of confinement-dentre
mass mobilities are dramatically slowed down for the interfacial molecules which, on moving
toward the centre ohe pool, become faster but not achieving quite the bulk value. Dynamic
heterogeneity signatures are the strongest for the interfacial water molecules, and even the core
water molecules show significantly different DH features from those for bulk. Shadiele
displacement distributions suggest a significant overlap of displacement sizes accessed by the
water molecules in different layers and those in the core. The impact of this overlap is reflected
in the simulated foupoint correlations where dynamsgusceptibilities exhibit sharing of

correlated timescales across the layers.

All these results clearly demonstrate the inability of separating out the confined water
properties as a weighted average of those of two distinct populations, onentloaé ibulk

like (free water) and the other being slower and much deviated from bulk (bound water). The
applicability of this simple twsstate model is also examined by varying the chemical nature
of the surfactant molecules that were used to construatvlese micelles, but the observation

remained the samélowever, some simulated features, particularly those for the interfacial
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molecules, showed the moderate influence of the chemical nature (charged al) nétite
surfactant employedSimulated sintg particle reorientational relaxations of water dipoles

showed a good agreement with measurements viaréismved 2DIR experiments?

The present work has the following limitations. First, a-potarizable model has been
employed to represent theatavater molecules. Second, the constructed RMs are forced to
remain spherical during simulations by not allowing any breathing mode. Third, no geometric
irregularities have been considered while constructing the inner surface of the model RMs
which preclaed any heterogeneity arising from the structural anomaly. The-osak of the
coreshell model for RM water should, therefore, be considered as an observation for the
present model, although this model has been employed earlier by many authors t® addres
several interesting experimental findindg’ It is satisfactory to note that the present model
has been able to successfully predict the average anisotropy timesicedesrse micellar
water measured via femtosecond 2R experiments? The centralresult of this study is,
therefore, the observation of the bresdwn of the celebrated ceshell model for confined

water even in the limit of large reverse micelles.
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Appendix 2.A

AOT RM

(@)

O
O
Y o
O So; Na

(b)

Figure 2.A.1: (a) Snapshot of aBAOT molecule and the rigid RM interface. Green repres¢
rigid repulsive atoms used for structural stability of RM, Blue repredéaitsRedi Oxygen,
Cyan Carbon and purplé Sulphur atom of an AOT molecule.

(b) Zoomed sideriew of (a). This view enablessuto show thaBOs™ units andNa* ions are
on (not inside) the smooth rigid surface formed by the repulsive potential (green entity

(c) Representative AOT molecule.
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IGEPAIRM
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Figure 2.A.2: (a)Snapshot of one neutral IGEPAL molecule and the rigid RM interface. C
represents rigid repulsive atoms used for structural stability of RM, blue represents the
atom, red oxygen, black hydrogen atoms of IGEPAL.

(b) Zoomed sideview of (a). This view enables us to show the protruding@QHKits (denoted
by blue and black atoms) of IGEPAL surfactant inside the rigid cavity (green atomic su

(c) Atomic representation of IGEPAL molecule.
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Figure 2.A.3: Distribution of residence times of water molecules in different layer
(@) AOT RM and (b) IGEPAL RM. Inset shows that even after a long duration ¢

water molecules reside at the interface.
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Figure 2.A.4: Distribution of the longest residentiene of water molecules in differer
layers of (a) AOT RM and (b) IGEPAL RM. Note only those particle entries within a ¢
layer is considered which are the longest among all entries for a particle within that

layer.
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Figure 2.A.6: Schematic representation of a water dipole orientation angle within &

cavity. b is the dipole orientation angle with radial vedtasf the cavity

56



Chapter 2

Figure 2.A.8. Schematic representations of the tetrahedral a@jlgand the three

dimensional tetrahedral hydrogen bond network of bulk water.
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Figure 2.A.9: Deconvolution of P(Q) into several individual Gaussian compon
with the condition that the sum of the areas under the deconvoluted pieces sh

equal to the area under the original curve taken for deconvolution.
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Figure 2.A.10: H-bond population distribution of bulk, ovatl and layeiwise
water molecules within AOT RM (upper panel) an IGEPAL RM (lower pane
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Figure 2.A.11: MSD of water residing in different layers of AOT and IGEPAL RN\

Corresponding bulk and ovatl MSDs are also presented.
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AOT (Solid line)
IGEPAL (Dashed line)

Figure 2.A.12. Time dependence df associated with MSDs obeying the relation:

MSD® o . Results for layers, ovall corfined and bulk water are shown.
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Figure 2.A.14: Single particle displacement distributions of water molecol@sined

within AOT and IGEPAL. Corresponding bulk results are also shown.
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Figure 2.A.15. Dynamic susceptibilitieg... 0 ) of water molecules for confined water
different layers within AOT and IGEPAL RMs.
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Figure 2.A.16. A comparison between-&ponential and 3 exponential fits for 0 of
interfacial water. Inset shows correspondingvRlues and residues. Clearly, thex@ fits

better describes the simulated data.
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AOT RM
IGEPAL RM

0 0
(175 A-275A)

Time (ps)

Figure. 2.A.18:Plot of 0 0 of water molecules residing within a radial distance
17.5 A to 27.5 A from the centre of the pool. This essentialgsgcontributions from
two consecutive layers starting from the interface. Green colour corresponds tc
RM (red coloured fitting) while pink to IGEPAL RM (blue coloured fitting).
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Appendix 2.B

Table 2.B.1: Partial atomic charges for AOT

Atom qgi/(e)
1.5 1 1.360
2.0_3 -0.600
3.0_3 -0.600
4.0_3 -0.600
5.C 31 -0.100
6.C_1 0.630
7.0 2 -0.340
8.01 -0.520
16.C_31 0.630
17.0_1 -0.520
18.0 2 -0.340
29. Na+ 1.000 (Absent atoms are considered as charge less)
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Table 2.B.2: LJ parameterfor atoms inAOT

Atoms Gi(A) G(KJ/mol)
s 3 3.297 1.439
0.3 2.785 0.400
C 31 3.258 0.614
C 32 3.327 0.830
C 33 3.397 1.046
o1 2.785 0.400
02 2.785 0.400
Ccl1 3.189 0.398
Na* 2.276 0.482
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Table 2.B.3: Partialatomic dharges folGEPAL.

Atom gi/(e)
1. C_R1 0.248
2. C_R1 0.016
3. C_R1 0.008
4. C_R1 -0.037
5. C_R1 0.008
6. C_R1 0.016
7. C_32 0.008
8. C_32 0.035
9. C_32 - 0.002
10.C_32 0.006
11.C_32 - 0.002
12.C_32 0.005
13.C_32 0.007
14.C_32 -0.019
15.C_32 0.011
16.0_1 -0.601
17.0_1 -0.601
18.0_1 -0.601
19.0_1 - 0.596
20.0_1 - 0.356
21.0_1 -0.428
22.H_ 1 0.415
23.C_2 -0.122
24.C_2 -0.125
25.H-2 0.210
26.H_2 0.210
27.C_2 -0.112
28.H-2 0.232
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29.H_2
30.C_2
31.H-2
32.H 2
33.C_32
34.C_32
35.H 2
36.H_2
37.C_2
38.H-2
39.H 2
40.C_2
41.H-2
42.H_2

Table 2.B4: LJ parameterfor IGEPAL.

0.232
-0.115
0.208
0.208
0.299
0.304
0.212
0.212
-0.107
0.206
0.206
-0.124
0.212
0.212

Chapter 2

Atoms Gi(A) G(KJ/mol)
CR1 3.770 0.5674
C 32 3.625 0.8302

o1 3.034 0.4005
H 1 2.848 0.0636
C 2 3.474 0.3975
H 2 2.848 0.0636
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Table 2.B.5: Average of the maximum time spent by molecules in different layers of ,
and IGEPAL RM.

Average maximum residing time by water molecules irdifferent
layers
Layer #. AOT RM IGEPAL RM
1 (275 A-225A) 533 ps 430 ps
2(2.5A-175A) 371 ps 315 ps
3(17.5A-1254) 223 ps 216 ps
4(125A-75A) 172 ps 181 ps
5(7.5 A-0.0A) [core] 164 ps 175 ps

Table 2.B.6: Area under the curve depicting the-mormalized VACFs for bulk water a
well as for water in different layers of AOT and IGEPAL RM. A comparison betweetr

confined and bulk is also shown.

Layer# | AOT IGEPAL Bulk IGEPAL/ Bulk/AOT | Bulk/
AOT IGEPAL

1 -0.038 0.1607 0.7892 | -4.28 -20.768 4.910
2 0.0314 0.138 4.41 25.134 5.706
3 0.034 0.2078 6.10 23.144 3.798
4 0.0316 | 0.1869 5.90 24.975 4.222
Core 0.1632 | 0.1735 1.06 4.8349 4.548
Over-all | 0.1240 | 0.2525 2.04 6.363 3.125
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Table 2.B.7: NG and NNG peak timescales for bulk water and confined water residi

different layers of AOT and IGEPAL RM%hese times for ovell confined wéer are also

shown.
NG timescale; NNG timescale;
W _ (ps) Wi _(ps)
Layer# | AOT |IGEPAL |BULK |AOT IGEPAL | BULK
1 1472 | 1000 1 1560 | 300 1
2 600 8 600 15
3 10 8 10 10
4 5 5 10 10
core 5 5 10 10
Over-all |2 2 ~3500 | ~2000

Table 2.B.8: Tri-exponential fit parameters far 0 of water molecules residing within
radial distance of 17.5 A to 27.5hat is, 10 A thickness) from the centre of the pool
both the AOT and IGEPAL RM.

a T (ps) b T (ps) C T (ps)

AOT RM 0.40 0.15 0.21 1.63 0.39 15.31

IGEPAL RM 0.37 0.014 0.20 1.36 0.43 10.92
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Chapter 3

Does Confinement Modify Preferential Solvation and FHoond
Fluctuation Dynamics? A Molecular Level Investigation Through

Simulations of Bulk and Confined ThreeComponent Mixture

3.1 Introduction

It is well-known that the increase in entropy for mixingatfohols (for example, methanol or
ethanol) in neat water is much less than that expected for an ideal Sallaéibfollows the

Ra o u |l £ Ruwnerbua studies have suggested that the-thineensional tetrahedral-Hond
network structure of water is haly influenced by the presence of alcohol in agueous binary
mixtures. This has been reflected in the anomalous mole fraction dependence of entropy of
mixing and partial molar enthalpy of watéf Interspecies Fbonding and the strong tendency

of water b preserve its tetrahedral network is believedbe the reason for such anomalous
features of alcohelvater binary mixtures. Methanol is the first member of the homologous
series of mondnydroxy alcohols and is soluble in water at any mole fraction.ekitent of
norrideal behaviour for methanol is the minimum among all other waistible alcohols.

There also exist several studies where different views have been put forward to explain the
anomalous thermodynamic properties of waethanol mixture®!®. It has been proposed in
those studies that, local (neighbouring) water structure around a methanol molecule is quite
similar to that of neat liquid water and this similarity persists even in the methiemotgion

of aqueous solution (methanol: wate7:3)". These conclusions, however, have been derived
from the analyses of various radial distribution functions. Unfortunately, an extensive study
focussing on how methanol molecules in an aqueous solution perturb the local orientational
ordering and thglobal tetrahedral network of water in dilute solutions and severely distort
them at higher alcohol mole fractions is still lacking. In the present work, our central aim is to
explore, via a thorough and extensive simulation study, the impact of metimahbottothe

local and the global orientational order in bulk binary mixtures of methanol and water at various
mixture compositions and inspect the effect of nanoscopic confinement on them. In addition,

intra- and interspecies Fbond fluctuation dynamics fia been followed to investigate the
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influence of confinement on structural and continuoudboAd relaxation timescales.
Comparison of these properties among bulk neat mixture components, bulk binary mixtures
and the corresponding confined nanoscopic systeave been performed wherever possible

to generate insight about the capability of water network to withstand perturbations induced by

the concentration of the other mixture component and/or by nanoscopic confinement.

Relaxation dynamics of confined limgis probed by different experiments have suggested probe
location dependenée!?of the measured relaxation timescales. The position of a solute within

a solvent system and its surrounding local environment is the region, which largely dictates an
experimental outcome. Experimental observation of relatively faster dynamics uposiimgrea

the confinement radius has been attributed to enhanced mobility of solvating particles around
a solute due to larger curvature of the confining sutfa@onfinement size dependence of
solute location is, therefore, a piece of critical informatianpl@per interpretation of solute
centred dynamics. A previous simulation study with a realistic solute (coumarin 153, denoted
as C153) in aqueous AOT reverse micelles (RMs) of different sizes has suggested that C153
always located itself nearer to thedrface than to the centre of the confined aqueousjool

This proximity to the interface was maintained even for the excited solute. This is counter to
the view that an increased electrostatic interaction would drive theehasiged C153 nearer

to the entre of the pool with the increase of RM radius. Such a preferred location even for
excited C153 may be understood in terms of a competition between the inherent hydrophobicity
of C153 and the dipoldipole solutesolvent interaction where ultimately ttdrophobic
solutesolvent interaction wins. This interpretation then naturally raises the following
guestions: (i) where would C153 locate itself if the water is sequentially and then totally
replaced by an amphiphilic polar solvent in a model RM? (iilldk@C153 be preferentially
solvated in a such a mixed environment of amphiphilic solvent and water? The second question
is probably more important because it connects the celebrated preferential solvation
phenomenon to confinement and alludes to the imgfazinfining surfaces on solutslvent

interactions. This aspect has not been investigated yet.

We address the above issues in the present work by exploring the solvation structure around
C153 in binary mixtures of methanol and water at different caitiposi both in the bulk,

and under confinement provided by a model RM of inner diameter 55A at 300 K. One single
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solute in aqueous methanolic solutions at three different compositions have been considered.
For the RM, solvent to surfactant ratio is kdpted at w~10. We simulate mixture
compositions corresponding to 20%, 40% and 80% water of the total population, denoting them
respectively as W20, W40, W80. We represent water by thekweln SPC/E mod#l. For
constructing the RM, we have consider@dmodel interaction potential for the charged
surfactant molecule, sodium bisEhylhexyl) sulfosuccinate (AOT). A united atom model

of methanol (TRaPPBJA) is used where hydrogen atoms of the methyl group are not
considered explicithf. We have consited a sphere of radius 7.0 A around the centre of mass
(COM) of C153 as our target sphere to explore how preferential solvation gets modulated by
the confining binary mixtures. The size has been chosen as the addition of diameter of one
water (2.75 A) ancne methanol molecule (4.2 A) from the surface of the solute. Quite
surprisingly, our results reveal that the preferential solvation is significantly enhanced in the
confined binary mixtures via facilitating the inherentnlking characteristics of watemd

methanol.

We have performed analyses of thebéhd structural and dynamical aspects for confined
binary mixtures by dividing each into two layeran interfacial layer of 7.0 A thickness and

the inner pool of 20 A thickness. We compared these-laiga results with the corresponding
6overall 6 (considering contributions from al
given confined mixture during statistical averaging) properties. Diffeneterwater and
methanolwater Hbond structural rd dynamical properties have been monitored and
calculated from the present simulations and the effects of confinement on avebage H
numbers and Hbond fluctuation dynamics explored. Comparing our layise results for
confined binary mixtures with dse simulated for bulk counterparts and neat bulk systems, we
have found that addition of methanol significantly affects the tetrahedrality of water H bond
network structure, although confinement impact on it is small and becomes negligible as
methanol cocentration increases. The present simulations also find that the confinement
severely affects the intepecies Foond fluctuation dynamics while a clear trend is missing

for the intraspecies dynamics.
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3.2 Simulation Details

3.2.1 Systems

For the thredinary mixtures W20, W40 and W80 considered, the corresponding numbers of
water and methanol molecules are provided in Talidel (Appendix 3.B. We have simulated

these three compositions both in the bulk and under the confinement of AOT RM with an inner
radius of 27.5 A. The modelling details of the AOT RM, force field parameters of AOT
surfactant and A ions are taken from an earlier wbtk**8. The force field parameters and
groundstate charge distribution of C153 atoms have been taken from an already published

work®®,

3.2.2 Bulk system simulations

All the three compositions were equilibrated in NPT ensemble employing a Berendsen
thermosta® with a coupling constant of 0.1 ps for 2ns at a temperature 298 K to reach desired
experimental density. One C153 molecule was dissolved in each of these three mixtures. The
pressure was maintained constant at 1 atm. by using the BerendsstafSavith 0.2 ps time
constant. Periodic boundary condittdrwas employed throughout the simulation of cubic
simulation boxes. Simulated and experimental den$itiasthese systems are compared in
Table 3.B.2 (Appendix 3.B)and Figure3.A.1 (Appendix3.A). A good agreement between

them provides the necessary confidence about the basic correctness of the simulation protocols
employed. Time evolution of bulk densities during NPT simulations are presented in Figure
3.A.2 (Appendix 3.A for the sake of reproducibility. Classical equation of motions was
integrated by using velocity Verlet algorithhwith 1fs timestep. Electrostatic interactions

were dealt with the Ewald sum technigt@with a precession g 1t . The cutoff radius fo
shortrange interaction was set at 11 A. Then a production run of 5 ns was carried out with pre
equilibrated structure in NVT ensemble at 298 K using the ¥use/er thermostat?®with a

time constant of 0.5 ps. During this production, run trajectavez® saved after every 0.1ps

for analysis of structural properties, whereas for hydrdgerd dynamics separate trajectories

were generated for every 0.01 ps.
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3.2.3 Confined system simulations

Coordinate trajectories were generated by using theitieléerlet algorithn! with a time step

of 2 fs. The temperature was set at 298 K using the-Ndsaver thermostat?with 0.5 ps

time step. Trajectories were collected after equilibration of 40 ns in NVT ensemble following
the literature procedut®?®. A total of 20 ns trajectories were collected at every 0.1 ps time
gap while a production run in NVT ensemble was carried out. Theftuadius for shor

range interaction was set to 11 A. A separate trajectory for 1 ns was generated for hydrogen
bond Ifetime calculations where trajectories were saved at every 0.01 ps. For carrying out all

the simulations reported here, we had used thé®DLY?° MD simulation software.

3.2.4 Fidelity check of force field

Table3.B.2 (Appendix 3.B compares the previously reported experimental densities of all the
bulk binary mixtures with those from our present simulation study. The error is within the
tolerance limit. The radial mass densities of the confined mixtures (inside AOT RM) have been
calculated and then normalized with the corresponding bulk simulated densities. Both radial
distance dependent mass densities and corresponding normalized densities are depicted in
Figure 3.A.3(a) and3.A.3(b) (Appendix 3.A respectively. These normalized déres are

nearer to 1 when the systems approach the corresponding bulk densities. This figure shows the
usual trend of density*°drop near the interface for confined aqueous systems. For W20 and
W40 confined systems, the densities near the centreegsettian the corresponding bulk
counterpart. As a consequence, the layer adjacent to the interface acquires higher densities than
bulk before showing a drastic decrease near the interface. All these observations provide the
necessary confidence to perfothe intended simulations using the force fields and models

employed.

For analysis, the confined solvent pool inside the RM is divided into two imaginary radial

|l ayer s, namely, the 6éinterfacial &6 regohon anc
has been assumed to be of 7.00 A width, considering a layer created by one water and one
met hanol mel+e aikkkie=g2.7% €14.2) A)The radius of the inner region is 20

A. We have analysed data for the interfacial and the inner reffioesich of the systems and
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also for the O6overall é properties where cont

been taken into account.

3.3 Results and Discussion

3.3.1 Environment around C153 in the bulk and confined binary mixtures

Because one of the aims of the present study is to explore how preferential solvation around a
dissolved solute is influenced by nacanfinement of binary solvent mixtures, the immediate
environment around C153 is the most important region. Our simudagigyest that the solute,

C153 resides approximately in the same region inside these RM confined mixtures. This is
shown in Figure3.1 where probability distribution for the C153 location is shown as a function

of distance from the centre of the confirflend. Snapshots of the interior of these RMs, shown

in Figure3.A.4 of Appendix 3.Areflect that C153 locates itself away from the centre of the

agueous pool and relatively closer to the interface (but not sticking to the charged interface).
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Figure 3.1: Probability distribution of the position of C153 cembf-mass (COM)D i
from the centre of the RM in these three confined binary mixtdrés.  in pure water RM

(W100) and pure methanol RM (WO0) are also provided for comparison.
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3.3.1.1 Effects of confinement on preferential solvation

The preferential solvation phenomenon for C153 in these aqueous solutions of methanol is
examined in Figure3.2 where the populations of methanol and water in the immediate
environment of the solute is monitored as a function of mixture composition. Note the upper
panels of Figure.2 depictthe simulated number of different types of solvating particles for
C153 in these bulk and confined binary mixtures, while the lower panels present the
corresponding fractions. As expected, the number of water molecules in the immediate
environment of C153 increases as water concentration is increased in both the bulk and the
confined binary mixtures. A closer inspection of the upper panels, however, clearly reveals that
(i) the increase in the number of water molecules in the immediate environment of C153 with
water concentration is not as sharp in the confinement as in the~dlki(nes in the RM
versus ~17 times in the bulk) and (ii) the decrease of the number of methanol molecules in the
immediate environment of C153 upon increasing water concentration in the mixture is not as
strong in the confinement as found for the bul2(5 in the bulk versus 1.3 in the RM). This
becomes more obvious in the lower panels where the change of population in number fraction
is compared between the confined and bulk binary mixtures for the compositions studied. This
indicates that confinemerms capable of influencing the preferential solvation phenomenon
through modulation of the solus®lvent interactions at the molecular lengthscale. This is
important because this suggests that the curvature of a nanoscopic geometric boundary can
participae in solvent sorting and assist a dissolved solute to better execute its preference of a
particular component over the other in a mixture. In the context of a cellular environment where
multi-component fluid exists, this observation may have a bearingsigrdng drugs where
optimization of the ratio of the hydroph#to-hydrophobic interaction is critical for appropriate

solubility, transportation and release in mglimponent aqueous media.
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Figure 3.2: Number of mixture component molecules around the dissolved solute C153 in
thesebulk binary mixtures (left panels) and in the correspondiogfinedbinary mixtures
(right panels). Note the number of molecules is shown in the upper panels while the

correponding fractions are presented in the lower panels.
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Figure 3.A5 (Appendix 3.A compares the distanckependent fractional population
distribution in these bulk and confined binary mixtures. This radial population distributions
show that the methanol polations in the immediate environment of C153 in all these confined
mixtures are larger than that of water. For the corresponding bulk binary mixtures, however,
this trend is not followed, and the population of water in the immediate environment of C153
in W40 becomes larger than that of methanol. What is even more intriguing is that the methanol
population around C153 in W80 becomes greater in the RM confinement than that in the bulk
binary mixture. This is an interesting scenario for preferential solvati C153 in aqueous
binary mixture of methanol under confinement. Can this difference in the relative population
distributions of methanol be considered as an indication of confineenéanced preferential
solvation of C153? Keeping in mind the coagsained nature of the interaction potentials
employed and thus the inherent inadequacy of reproducing the real solution structure in
simulations, these results should be interpreted with care. This caveat notwithstanding,
distancedependent population digiutions shown in this figure corroborates well with the
results presented in FiguB®2. These results also reveal that water and methanol molecules
are not participating in the formation of large clusters, leading to akcmtobnd alcohal

depleted dmains.

Next, we show in Figure3.3 the ratio of methanol and water population¥ (

0 0 Q0 1 00 ) in the immediate environment of C153 in these bulk andd@ifined

binary mixtures. Clearly, the methanol population in the immediate environmentk of th
dissolved C153 is much higher than the water population. This figure therefore strongly
suggests that the preferential solvation of C153 in aqueous methanol solution becomes more
pronounced under nanoscopic confinement, and this enhancement is fugthentad at low

methanol concentration.
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Figure 3.3: Ratio of methanol and water population¥ (0 0 Q0 T "O0 ) within a
spherical region of radius 7.0 A around C153 COM. Results for both the bulk and confined

binary mixtures ar@resented.

3.3.2 Hydrogen bond structure and dynamics of the system

3.3.2.1 Effects of confinement on the #hond structure of aqueous methanol solutions

For exploring the effects of confinement on thdéhd structure and dynamics of methanol
water binay mixtures, we have calculated both the inggrd the intrespecies average number
of H-bonds per acceptor molecule, namely, (waterwater Hbond per water molecule),
¢  (methanoimethanol Hbond per methanol molecule), ahd (methanolwater H-bond

per methanol molecule). While obtaining the average number-lobrids, we have also
calculated the average population of molecules which are participating in formingpthredsl.

This allows us to explain the underlying molecular picture in dethis is because the

calculatek (wandwdenote the species) will describe the actual number ofspegies or

intra-species H bonds, excluding the contributions from thepasticipating molecules.
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The following protoco®3” has been followed for detecting thebdnds between water

molecules € ):

a)the distance between the donor oxygen atom and acceptor oxygen atom is less than 0.35 nm,
b)thel) "Qdonor}( (acceptor) angle is less tharP3@ndc) distance betweeit A T "@must
be less than 0.245 nm.

For methanemethanol hydrogebonds § ), the following geometric criterfd have been

considered:

a)the distance between the donor oxygen atom and the acceptor oxygen atom is less than 0.35
nm, b) the 0 "O (acceptol 0 (donor) angle is less than B&ndc) distance between

(donor) andO(acceptor) must be less than 0.26 nm.

The above criteria have also been followed for calculating the numbeibohéts between
methanol and wateg,
The effects of confinement on the tetrahedral structure of water inkilmesg mixtures have

been investigated via the calculations of the distribution of tetrahedral order parameéfer (

O p -B B &)éi—Po (3.1)

where0 represents the tetrahedral order parameter df'theater,— the angle subtended

by each pair (designated pgndk) of the nearest four water molecules on the ceiftrahter
molecule. For a random and uniform distribution of these angles,i; for a perfect
tetrahedral structure) p. Note that the distributig 0 0 , rather than the ensemble
averaged value af itself, is what is more relevant here. This is because for compositions like
W20, W40 the averagé values for the bulk binary mixtures are nearly zero although there
exist a considerable numberwater molecules for which 1 The ensemblaveraged Q
values for bulk and confined systems are provided in T&E& (Appendix 3.B. Although

for W80, theaveraga) value is not such deviated from neat watas , we find thed 0 is

very much different from neat watér 0 . For these bulk systems, overall tetrahedrality is
compromised upon addition of methanol. The impact of confinement dn for water in
thee three binary mixtures have been explored via a systematic comparison among the

simulated distributions for these bulk and confined mixtures, confined neat water and bulk neat
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water. In this way, we attempt to study and qualitatively understand thenicdluzn the
tetrahedrality of bulk neat water under spherical confinement, the addition of a small molecular
hydroxylic solvent that is soluble in water at any proportion and subsequently confining these
binary aqueous mixtures under the spherical confineéwfehe same size.

3.3.2.1.1 Tetrahedral order parameter distribution |} |k

The effects of the addition of methanol and confinement upon the tetrahedral network structure

of water are illustrated in Figu@4. Simulatedd 0 for water in W20, W40 red W80 are

shown for both bulk and under confinement. Note that for confined binary mixtures, the
aver agal bd@veirstri buti ons are presented along
0interfacial &8 and tThecorespandgedistribwt@rs dor bulkmnand e c u |l e
confined neatvatet’ are also shown in each of the panels for facilitating the comparison. One
general observation is that the tetrahedral order parameter distributions for water in all these
binary mixtures in bulk and under confinement are wider than those for neat waiée and

under confinement. The width (full width at the half maximum) of these distributions increases

with the increase of methanol concentration in the aqueous mixture. Mor@obersamples

population withnegatived values for binary mixtures mothan that for neat RM water and

this population with negative order parameter values becomes nearly equal to that with positive

0 values in the methanolominated binary mixtures. This is very interesting and immediately
suggests that the lofrgnge oriatational order of water is perturbed more upon addition of
alcohol than confining neat water in a nanoscopic RM cage. Confinement does assist in further
distorting the tetrahedrality of the bulk binary mixtures at all these compositions but the impact
remains always minimal. The separateat distributions for the interfacial water (7.00 A
thickness) and core water (~20 A radius) molecules of the confined mixtures resemble each
other in both shape and wabdl & ansshealrobtheseer v s
mixtures. All these results, therefore, demonstrate that presence of the alcohol imparts a more

debilitating impact on the orientational order of water than induced by nanoscopic confinement.
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Figure 3.4: Tetrahedral order parameter (Q) distribution P(Q) for water molecules in these
three binary mixtures ((a), (b) W20, (c), (d) W40, (e), (f) W80). Left column represents P(Q)
of water in the core of the RM (a sphere of radius of 20 A from the centreatfifieed pool)

and bulk mixtures. The right column represents the same for interfacial water molecules and,
water molecules in those bulk binary mixtures. For comparison P(Q) of neat bulk water is

shown in each of these panels.
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It has already been pointedt that for binary mixtures a significant population is characterized

by0 mvalues. For neat bulk water, the main peak of the distributiange® ,0 @ ¢ i is—

broad and appears at ~107°, a value quite close to the tetrahedral and®).(F0%veak

shoulder at ~50° also accompanies the angle distribution.-Herns the angle subtended by

each pair (designated ipyandk) of the nearest four water molecules on the ceilfraiater
molecule. Figur8.5 presents the simulatéd @ E—  for water in these three binary mixtures

in bulk and under confinement. The dramatic impact of methanol on water tetrahedrality at the
local level is quite obvious for the W20 bulk binary mixture (upper panel) where the typical
broad peak at I for both bulk and RMconfined neat water has disappeared nearly
completely; instead, the shoulder at ~50° for neat water has acquired significant population,
shifted to further lower angles and broadened significantly providing a peak at ~25°.&his is
new and novel observation which demonstrates the devastating impact of methanol on water
tetrahedrality in aqueous solutions at very high alcohol concentrations. Nanoscopic
confinement of this binary mixture (W20) further flattens the peak at ~107Riftimg more
populations to lower angles, resulting in significant growth of the peak at ~25°. This feature is
observed for both the interfacial and core water molecules under confinement at this
composition. Gradual increase of water concentration leadsedaining of the local
tetrahedrality slowly (see the middle panel for W40) and pushing the low angle peak back
toward relatively higher angles. This peak is finally restored at the angle (~50°) where the
shoulder for neat bulk water appears but witlreased populations (see the lower panel for
W80). For W80 binary mixture, the population densities around these peak positions (~107°
and ~50°) for water molecules inside the RM core and in the bulk are very similar. However,
the population distributionsof interfacial water molecules at this composition reflect a
different behaviour where the low angle population (~50°) is increased-Byol2 over that

for the corresponding core water but this increase occurs at the cost of reducing the population
that possess near tetrahedrality. Water molecules with-te&g@hedral orientations (~107°)
may be | inked to water molecules that posses
spectroscopic measurements of liquid withvia the observation of a pk at ~3250 cn.

Water molecules with orientation angle ~50°, on the other hand, maybe termed as those with
6weak hydrogen bondsdé and arlénthe elevard Rasnab | e
spectra of liquid waté?* Interestingly, results repodeby a very recent Raman spectroscopic

study*? corroborates well with our simulation findings.
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Figure 3.5: Distribution of orientation angle of one water COM with two other nearest
neighbours water COM) @ ¢ i, s these binary mixtures ((a) W20, (b) W40, (c)W80).
0 ®¢ i ferwater molecules residing in the inner core of the RM, at the interfaderandter

in the corresponding bulk mixtures are showr ¢ i ferneat bulk water is provided in each

of these panels.
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This detailed analysis of tetrahedral order parameter for water in agueous methanol solutions
provides an opportunity to discusgo different propositions regarding water structure in these
binary mixtures that were put forward by neutron diffractiand a widely held vief¥.
Relevant neutron diffraction measureméraé methanoiwater mixture suggests that bulk
waterlike tetrahelral network structure exists even for solutions at high methanol
concentrations. While the other vigfiis that, the watestructure around methanol becomes
6enhanced6é in aqueous solutions up to a cert
gets distorted upon further addition of methanol. Our results, shown in RBgyreeflects
overlap of the tetrahedral order parameter distributions for neat bulk water with the bulk binary
mixtures at all the three methanol concentrations. This overlap(of suggests that a nen
negligible bulklike water population exists in agueous solutions even at a very high methanol
concentration (see, for example, the results for W20). The extent of overlap increases as
methanol is diluted via successive additiohwater in the binary mixture. This may be
construed as O6regainingé or Oenhancementd ol
very low concentration of methanol. Note that the neutron scattering measurements probes
structure at the moleculamigthscale, whereas the Raman scattering probes the collective part
of the polarizability fluctuations. This inherent difference in lengthscales that are probed by the
neutron scattering (nearestighbour density fluctuations) and the Raman scattering
(collective polarizability fluctuations measureméft§) has been reflected in the respective
conclusions on solution water structure based on results from these two different
measurements. However, simulations can avoid this lacuna and probe both the local and
collective structures seraiccurately. The presesimulation study is therefore rightly suited

for uniformly and cogently explaining the water structure in these binary mixtures revealed by

experiments that probe different lengthscales.

3.3.2.1.2 Number of Hydrogen bonds per molecule

We have calculad, for these bulk and confined binary mixtures, the average number of inter

species and intrapecies hydrogen bonds () and the corresponding participating fraction
populations'Q ) of the relevant species. Simulated results are shown imeR3guwhere the

average number of 4donds are shown in the upper panels and the participating fraction
population in the lower panels.-lbbnd numbers corresponding to confined RM systems are
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provided in Table3.B4 (Appendix 3.B and that ofbulk systemsare given in Tabl.B5
(Appendix 3.B. Results for bulk and confined binary mixtures have been compared to explore
the confinement effects. In additian, and™Q@ for molecules in the interfacial and the inner
(core) regions have been sepdsatalculated to examine the impact of the interface on these
guantities, and the difference (if any) among the corresponding interfacial, core and overall
guantities. Number of watevater hydrogen bond® ( ) per water molecules in W20, W40

and W80binary mixtures and the fraction of water molecul€s | participating in the water

water Hbonds in them are shown respectively in FigBu&a) and3.6(b). As the methanol
concentration is diluted by successive addition of water in the binary miktureincreases

from ~1.3 to ~2.8 for both the bulk and the confined systems. Considering 3.58 for neat

bulk watet’, it is clear that addiin of methanol in water hinders the formation of direct water
water Hbonds, and the impact of confinement on this hindrance appears to be weak across the
mixture composition when the overall for RM confined mixture is compared with the bulk
courterpart. However, the simulatéd for the interfacial water molecules in W20 and W40

is slightly larger than that for the core water molecules but the reverse is seen for W80. Noticing
that these numbers are small and the associated error coslthlgeaas the difference between
them, one is tempted to ignore this mixture compositiependent difference. However, if we
recognize that a substantial portion of the total water population in these binary mixtures would
be utilised to solvate the clyggd AOT interface and the associated counterions, then the
number of water molecules available for the core region would be much less for mixtures with
low water concentrations. If this is indeed the scenario for confined mixtures, then the
participating factional water population for watarater Hbond should reflect a corroborative
mixture composition dependence. This behaviour is clearly reflected in B@{bg where

the simulatedQ in the core is less than that in the interface for W20 and M#tures but

nearly the same for W80. The same logic explains the reverse mixture composition dependence
of the methaneiethanol counteparts,( and™Q , shown in Figure8.6(c) andFigure

3.6(d). For methanelvater Hbonds and fraction populati, 0 and™Q , the composition
dependence is shown kigure3.6(e) and3.6(f). Whatis striking here is the large difference

in0 and’Q between the bulk and confined binary mixtures. This can be understood by
considering the hydratioof the charged interface and counterions, and recognizing that these
inter-species quantities would be regulated by the availability of either of the mixture

components.
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Figure 3.6: The average number of-bbnds per donor molecul® (  (upper panel) and
population of donor molecule¥XY participating in the formation of donds (lower panel)

for these three binary mixtures. Parameters corresponding to core water in thmeeRisGial

water and the overall RM water are shown and compared against the corresponding bulk

values. Legends shown in the middle panel uniformly represent data shown in all the six panels.

3.3.2.2 Intra- and Inter-species Hbond fluctuation dynamics Structural and Continuous

Structural Hbond relaxation dynamics has been followed via the dynamic correlation function,
0 o) 33,34,36

0 0 — (3.2)
Here the reformation of dond with another neighbouring molecule, after ringture of a
hydrogen bond with an initial partner, is allowed and accounted for. As a result, a connection
to the centreof-mass motion of the participating molecules is established. This means that
faster translational motion of the participant molecwa$ shorten the structural #ond

lifetime*®4”. The average structurakbbnd lifetimes are then obtained by time
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integrating the multexponential fit functions that adequately describe the simulated decays of

the correlation functiof{ 5%

t . Qo6 6 QoBhL,oA@Pgt, B OF withB O 08

The continuous hydrogen bond lifetime is calculated from the -toneslation

function,”Y 0 33.34.36
Yoo (3.3)

Note in the abee equation thdD 06 becomes unity if the tagged pair of molecules, for which
"Qm is calculated, remains continuouslyldnded for a timd or elseO0 T Y 0
describes the probability that a tagged pair of molecules remain continucbsiyddd for a
duration oft and becomes zero when this continuity of thbdtid between the same partners

breaks down. The average continuouddtd lifetime T , has been obtained, as

before, via time integration: t . QoY o.

Table 3.B.6 (Appendix 3.B summarizes the simulated structural and continuotumoridl
lifetimes for waterwater, methanelvater and methanahethanol species in thedede bulk

and confined binary mixtures. These average times are calculated only for the overall and inner
core Hbonded species. Figu®7 depicts the mole fraction dependencies of the average
structural and the continuousiydnd lifetimes for watewater (left panels), watemethanol
(middle panels) and methanolethanol (right panel) species. Representative multi
exponential fits t6Y 0 andd O and corresponding fit qualities are shown in Figiife6
(Appendix 3.A. Fit parameters for eaadf the simulatedY 0 andd 0 are shown in
Tables3.B.7- 3.B.14 (Appendix 3.B. Note all the calculated average times in these panels
show nommonotonic composition dependence to varying degrees. This is not surprising as
several earlier timeesolved fluorescence measurements have already reportdahesm
composition dependence of various relaxation rates in bulk aqueous solutions of alcohols and
other amphiphilic molecul@¥>*. The interesting aspect of this general observation is,
howe\er, the emergence of this ramonotonicity in simulations of compositiatependent H

bond fluctuation dynamics, where coargained classical interaction potentials have been
employed. This reflects that these model interaction potentials are capahlalitdtigely
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capturing the solution structure of these binary mixtures although the composition at which the
abrupt change in the slope of the average relaxation times occurred differs between simulations

and dynamic fluorescence measurements.
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Figure 3.7: Average structural Hbond relaxation timest ,(upper panel) and tlentinuous
hydrogen bond relaxation time$, , (lower panel) for watewater (WW) (left column),
methanolwater (MW) (middle column) and metharmokthanol (MM) (right column) are
shown. Corresponding average lifetimes for these three bulk binary mixtures are also presented

for comparison.

The compositiordependent structural-bHond lifetimes shown in the upper panels indicate that

the overall T slows down substantially upon confining these binary mixtures and
the confinement impact is stronger for methameithanol (MM) and methaneWater (MW)

than wateiwater (WW) structural Hbond lifetimes. Dilution of methanol upon addition of
water increases the number of more mobile water molecules (relative to those engaged in
solvation of the AOT interface and the counterions) which, in turn, shortens at

higher water content. Simulated mean squared displacements (MSDsgsat ttiree
compositionsshown in Figure3.A.7 (Appendix 3.A, supports this view. Interestingly, the

overall t for waterwater becomes faster upon increasing the water mole fraction
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in the RM whereas it levels off for waterethanol species he reason for such a behaviour

can be found in the composition dependence of structural lifetimes for core water molecules,
shown also in all these panels along with the average lifetimes for both bulk and confined
binary mixtures. The overall waterater plateaus because the addition of water
molecules beyond those necessary for solvating the charged interface and counter ions does
not increase any further the average ceotrmass mobility of core water molecules. At higher
water mole fraction, howevethe number of water molecules with relatively higher mobilities
increases in the interfacial region (~7A thick) because water molecules beyond a certain
number are not required for fully solvating the charged interface and the counterions. The
shortened Bbye screening length due to an effective screémilhgws a greater number of

water molecules in the interfacial region in accessing relatively higher mobilities at higher
water concentration. Consequently, the overall watger T for the confined
mixture becomes shorter upon increasing the water mole fraction. Unfortunately,

for the interfacial water molecules could not be estimated in the present simulations because of
technical reasons. These reasons include theawaitability of sufficient number of water
molecules within the interfacial region that supports reformation-bdirtl after the breakage

of the Hbond with the initial partner, followed by centvémass diffusion and subsequently

allowing the generatioaf statistically meaningful data for the relevant o .

The mixture composition dependence of methavetier overall can be
understood from the concentratidependent water mobilities in these confined binary
mixtures.Methanotmethanol (MM) structural Hbond relaxation times follow a similar trend
shown by the corresponding methanglter average relaxation timescale . For
bulk binary mixtures, the mole fraction dependence df reflects the chage in the

solution structure upon changing the mixture composition.

The nommonotonicity in composition dependence is observed also for the contindoorsdH
lifetimes, T , shown in the lower panels of FiguBe/. The noAamonotonic mole
fraction dependence of t in bulk, aqueous solutions of alcohol is a new finding and

connected probably to the alcohntduced modifications of the water structure in solutions.

Note that methanahethanol continuous Hond lifetimes becomes longer upon confinement
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but become shiter upon successive addition of water in the mixtliree similarity in water

water T values among bulk binary mixture, overall and core water molecules for
W80 is understandable. The difference between the overall and cbre values for

W20 and W40 mixtures suggests that the watater Hbonds for interfacial water molecules

are longetlived than those for core water in these binary mixtures. The same conclusion may
be drawn for the methanulater Hbonds in all these binamixtures. The striking difference
between the bulk and overall wateater 1 values for W20 mixture clearly
indicates that the watevater Hbonds for interfacial water molecules are strongly influenced
by the charged interface. Motionabktriction of interfacial water molecules and the consequent
reduction in the configurational entropy in this wadepleted mixture may be a reason for
increasing the watewater T value by more than a factor of two over that in the
correponding bulk mixture. Because methanol is not preferred near the interface, this
consideration does not apply to methawaker Hbonds and, as a result, thet

values in these bulk binary mixtures remain larger than the corresponding vakres for

confined mixtures.

The preference of the mixture components for respective locations inside the RM confinement
has been investigated to support the explanations provided above for composition dependence
of the Hbond lifetimes. Figur8.8 depicts the simulated fractional population of water and
methanol at the interfacial and the inner core regions of RM for these three mixtures. Note here
that for W20 mixture, water molecules locate predominantly near to the interfacial region
(upper panel)This is because the majority of water molecules at this composition is being
utilized to solvate the charged interface and the counterions in this region. Water, being more
polar than methanol, therefore overwhelmingly populates this interfacial regiall fine
confined mixtures. Interestingly for W80, methanol population near the interfacial region
appears to be larger than water. Note this fraction percentage has been calculated with respect
to the individual number of component particles presettignnbixture This picture, therefore,
suggests that the more polar water molecules in the core region expel a dominant portion of
methanol away and the expunged methanol particles are compelled to populate the interfacial
region because of confinement. Datathe lower panel further support the view where
methanol molecules in W20 and W40 mixtures prefer to locate themselves in the core region
as water predominantly resides at the interface. For W80, water overwhelmingly populates the
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core region, forcing ame of the methanol molecules to leave this region. This relative
preference of locations shown by water and methanol in these confined binary mixtures subtly
brings out the demixing feature inherent to aqueous solutions of alcohol although methanol is

miscible in water at all proportions without any solubility gap.
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Figure 3.8: Fractional population of water and methanol at the interfacial region (a), and in the

core region (b) of the RM for these three binary mixtures.
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3.4 Conclusion

In summary, the phenomenon of preferential solvation of a neutral dipolar solute diseolved i
binary mixtures of water and methanol and its mixture composition dependence have been
thoroughly investigated via molecular dynamics simulations. The effects of confinement of
these aqueous alcohol solutions by a nanoscopic spherical AOT reverserro@etiahave

been explored. Three representative binary mixtures covering meti@nad watefrich
compositions have been considered. We have observed confirechergd enhancement of
preferential solvation in each of the binary mixtures studiedthdse confined mixtures the
dissolved neutral dipolar solute, C153, has been found to locate itself away from the centre of

the aqueous pool and relatively closer to the interface (but not sticking to the charged interface).

When scrutinizing the Hhondng network structure of these methamgalter binary mixtures,

the tetrahedral network has been found to be strongly affected by the presence of the alcohol
itself; confinement plays a mere secondary role in distorting the already strongly influenced
globd tetrahedral order parameter and local tetrahedrality. Nanoscopic RM confinement has
been found to significantly slow down the wateaster, methanelvater and methanol
methanol structural #hond fluctuation dynamics over those in the bulk binary mixtdris.
continuous Hbond fluctuation dynamics, on the hand, becomes faster upon confinement of
these mixtures except for the methadominated mixture (W20) where most of the water
molecules engage themselves in solvating the charged AOT interface. In WR@emhe
interfacial water slows down considerably the continuotshid dynamics possibly because

of their restricted motions. Finally, we would like to end by noting that the elementary
knowledge gained here about the confinentedticed enhancement preferential solvation

may have a strong bearing on drug dissolution in a cellular environment and their
transportation. Further detailed studies on confined systems with the confinement of cylindrical

shapes resembling blood vessels may be interestohgra thus worth exploring.
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Appendix 3.A
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Figure 3.A.2: Time evolution of densities duping 1ns NPT run with-pegiilibrated system.

This figure ensures our systems have reached equilibration before our production run.
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Figure 3.A.3: Distance dependent density of three alcekater binary mixtures inside the
AOT RM having 27.5 A cavity radius. The distance is measured from the cavity centre. The
mass density’() is shown in the upper panel while the normalized density with resp#uitt

of its bulk " ¥” is shown in the lower panel.
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AOT WO AOT W20 AOT W40

AOT W80 AOT W100

Figure 3.A.4: Snapshots of five simulated RMs to visualise position of C153. Only the inside
of the RM is presented. Red lines are methanol, yellow lines are water and C153 is represented

by white ball and stick.

105



Chapter 3

1.0 —
L Water_AOT W20
= Methanol_AOT
0.8 — ——— Water_Bulk
Methanol _Bulk

0.6

0.4

0.2

0.0
I 1 1 | 1 I I l I I 1 I 1 1 I l
1.0 —
N Water AOT W40
Methanol AOT
0.8 — — Water Bulk
Methanol_Bulk

0.6

0.4

0.2

0.0

Relative Population of component molecules

1.0 —

Water AOT W80

— Methanol AOT

0.8 |— Water Bulk
Methanol_Bulk

0.6

0.4

0.2

distance from C153 COM (&)

Figure 3.A.5: The relative population of water and methanol molecules of these three binary
mixtures ((a) W20, (b) W40, (c) W80) both in the bulk and under confinement, shown as a
function of distance from the COM of C153.
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Figure 3.A.6: Representative three exponential fits @) and $is(t) and the corresponding
residuals. The behaviour of residual indicates that the -4exgbnential fits adequately

describe these simulated decays.
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Appendix 3B

Table 3.B.1:Number of water and methanol molecules simulated at different compositions

Mixture Water Nwater Nmeth
mole
fraction
W20 0.2 230 915
W40 0.4 520 770
W80 0.8 1400 330

Table 3.B.2:The simulated mass density of three compositions and comparison with available
experimental density. Note exact mdtaction dependent comparison is not possible because
of unavailable data. We carried out error analysis with nearest availabldrauiien density

(given in the parenthesis).

Mixture Density (gm/cc) Error
(relative to
Simulations Experiments experiments) (%)
w20 0.808 0.8127 (0*x 0.1650) | 0.6
W40 0.833 0.8644 (> 0.4320) | 3.63
W80 0.92 0.9472 (0 * 0.8060) | 1.35
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Table 3.B.3:Ensemble averaged tetrahedral order parameter of three binary mixtures both in

bulk and confined systems.

AOT RM Bulk
Interface | Inside | Overall
W20 -0.206 -0.178 |-0.19 -0.035
W40 -0.039 -0.090 |-0.053 |0.020
W80 0.294 0.456 |0.374 0.437

Table 3.B.4: The average number of hydrogen bonds per donor molecule and population of

donor molecules participating in the corresponding hydrogen bonding in the three binary

mixturesconfinedin AOT RM. The average number oflbdnds per donor molecule tie

interface, at the inner coral latn)d arvee raalgsead sohv
ConfinedHydrogen bond
W20 W40 W80

Interface _Inner __ Overall Interface _ Inner Overall Interface _ Inner Overall
MM 1.46 165 1.56 1.29 144 1.37 1.10 1.09 1.09
popoulati 74.6 90.60 81.95 58.21 75.49 66.68 28.31 2554 27.10
\C’/\r}i/\/‘/’) 1.33 120 1.32 1.76 1.62 1.72 2.50 2.97 2.73
popz;lati 60.66 40.26 56.77 85.82 76.72 83.64 97.61 994 98.5
K/T\(NO) 1.08 1.06 1.08 1.14 1.12 1.13 1.27 1.32 1.29
pog;l)ati 25.67 13.98 20.38 42.03 33.16 37.72 59.40 64.27 61.65
on(”o
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Table 3.B.5: The average number of-bbnds per donor molecule and population of donor

molecules participating in the correspondingpéhding in the threbulk binary mixtures.

Bulk H-bond

Species W20 W40 W80
Methanol-Methanol (MM) 1.52 1.36 1.11
Part (%) 84.82 68.21 27.68
Water-Water (WW) 1.35 1.89 2.84
Part (%) 58.40 88.37 99.14
Methanol-Water (MW) 1.19 1.43 2.03
Part (%) 44 71.73 91.80

Table 3.B.6: Average Structural and continuoushbidnd lifetimes for watewater (WW),
methanolwater (MW) and methanahethanol (MM) Hbonds in these three bulk and confined

binary mixtures.

WW MW MM
wi oo o vl 4 Wi oy wi oy Wi gy

W20 | RM core 16.30 0.76 26.49 0.09 53.76 1.56

RM 42.19 1.45 52.50 0.10 70.59 1.42

Overall

Bulk 15.78 0.77 14.36 1.00 17.43 1.35
W40 | RM Core 31.70 0.42 2151 0.09 42.25 2.03

RM 30.0 0.73 37.16 0.09 57.75 2.26

Overall

Bulk 17.60 0.10 15.82 1.05 14.22 1.25
W80 | RM Core 29.85 0.61 17.69 0.08 32.84 1.07

RM 15.70 0.50 34.86 0.09 51.65 1.09

Overall

Bulk 5.75 0.43 6.89 0.54 6.95 0.77
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Table 3.B.7: Fit parameter for watewvater, methaneinethanol and methanualater structural

H-bond dynamics d 0 in bulk mixtures. Average timescales are calculated using

B
Ty B
+  [W(ps) + W (ps) + Wps) [ (ps)
WW W20 0.15 0.34 0.35 6.33 0.50 27.03 15.78
W40 0.10 0.27 0.27 5.24 0.63 25.64 17.60
W80 0.18 0.22 0.52 2.95 0.31 13.70 5.75
MM W20 0.11 0.30 0.22 6.85 0.67 23.81 17.43
W40 0.13 0.31 0.33 6.71 0.54 22.22 14.22
W80 0.14 0.23 0.60 4.22 0.27 16.40 6.95
MW W20 0.14 0.30 0.30 5.99 0.56 22.22 14.36
W40 0.12 0.32 0.34 6.14 0.53 25.64 15.82
W80 0.25 0.39 0.58 4.29 0.17 19.23 6.89
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Table 3.B.8: Fit parameter for watewater, methanemethanol and methanolater

continuous Hoond relaxationy o dynamics irbulk mixtures.

F  |[W(ps) + [W(ps) F [WEs) | T
(ps)
WW W20 0.168 0.126 0.54 0.58 0.3 1.47 0.770
W40 0.156 0.154 0.503 0.75 0.34 1.745 0.996
W80 0.172 0.101 0.353 0.32 0.476 0.626 0.428
MM W20 0.131 0.172 0.303 0.675 0.566 1.984 1.35
W40 0.152 0.183 0.353 0.734 0.495 1.95 1.25
W80 0.110 0.128 0.468 0.528 0.422 1.20 0.77
MW W20 0.196 0.177 0.526 0.768 0.2755 | 2.04 1.00
W40 0.103 0.136 0.358 0.525 0.540 1.57 1.05
W80 0.173 0.109 0.506 0.400 0.322 0.987 0.539

Table 3.B.9:Fit parameters for methanulater (MW) structural Fbond relaxationd

dynamics inconfined mixtures.

W (ps) W (ps) +ol
(ps) | (ps)
W20 0.31 0.05 0.14 5.56 0.6 90.9 | 52.70
overall
W40 0.33 0.06 0.19 5.99 0.53 71.43 | 37.16
overall
W80 0.34 0.06 0.21 5.88 0.49 71.43 | 34.86
overall
W20 0.35 0.06 0.19 6.37 0.50 52.63 | 26.49
inside
W40 0.35 0.06 0.23 6.25 0.46 4546 | 21.51
inside
W80 0.37 0.05 0.23 4.54 0.46 38.46 | 17.69
inside
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Table 3.B.10: Fit parameters for methanolater (MW) continuous Hbond relaxation

Chapter 3

"y o dynamics inconfinedmixtures

T W (ps) + (W) [+ W (ps) T (ps)
W20 0.48 0.03 0.56 0.11 0.14 0.34 0.10
overall
W40 0.50 0.03 0.58 0.10 0.12 0.31 0.09
overall
W80 0.50 0.03 0.58 0.10 0.13 0.31 0.09
overall
W20 0.43 0.03 0.58 0.09 0.19 0.24 0.09
inside
W40 0.41 0.03 0.57 0.08 0.23 0.22 0.09
inside
W80 0.35 0.02 0.6 0.06 0.29 0.18 0.08
inside

Table 3.B.11: Fit parameters for watevater (WW) structural

(6 o dynamics inconfinedmixtures.

H bond relaxation

+ [wes) [+ W(ps) |+ W (ps) T (ps)

W20 0.15 0.14 0.49 13.16 0.37 97.1 42.19
overall

W40 0.18 0.19 0.32 6.89 0.50 55.55 30.0
overall

W80 0.17 0.09 0.16 2.86 0.67 22.73 15.70
overall

W20 0.07 0.16 0.58 16.13 0.34 20 16.30
inside

W40 0.11 0.39 0.23 6.45 0.65 45.45 31.70
inside

W80 0.13 0.13 0.20 3.53 0.67 43.48 29.85
inside
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Table 3.B.12:Fit parameters for watevater (WW) continuous Hbond relaxation dynamics

(Y 0 in confinedmixtures.

T W (ps) + W (ps) - Wps) | t (ps)
W20 1 1.45 *x *x *x *x 1.45
overall
W40 0.26 0.12 0.61 0.57 0.12 2.86 0.73
overall
W80 0.44 0.15 0.57 0.77 *x *x 0.50
overall
W20 1.03 0.76 *x *x *x *x 0.76
inside
W40 0.32 0.07 0.77 0.57 *x *x 0.42
inside
W80 0.39 0.23 0.65 0.84 *x *x 0.61
inside

Table 3.B.13: Fit parameters for methanoiethanol (MM) structural H bond relaxation

6

0 dynamics inconfined mixtures.

T W (ps) + W (ps) + W (ps) T (ps)
W20 0.08 0.23 0.14 7.48 0.79 88.50 70.59
overall
W40 0.09 0.22 0.16 7.08 0.75 75.19 57.75
overall
W80 0.106 0.21 0.20 8.16 0.69 72.46 51.65
overall
W20 0.04 0.90 0.19 12.56 0.77 66.67 53.76
inside
W40 0.05 0.70 0.17 9.44 0.77 52.36 42.25
inside
W80 0.08 0.31 0.17 7.29 0.75 42.02 32.84
inside
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Table 3.B.14: Fit parameters for methanolethanol (MM) continuous H#ond relaxation

dynamics Y 0 in confinedmixtures.

+ W (ps) + W (ps) + W (ps) t (ps)
W20 0.06 0.067 0.30 0.45 0.64 2.01 1.42
overall
W40 0.12 0.11 0.43 0.66 0.45 2.26 1.32
overall
W80 0.14 0.11 0.48 0.61 0.38 2.08 1.09
overall
W20 0.03 0.06 0.33 0.60 0.64 2.12 1.56
inside
W40 0.04 0.07 0.40 0.61 0.56 2.03 1.38
inside
W80 0.09 0.10 0.44 0.55 0.47 1.76 1.07
inside
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Chapter 4

Dynamical Anomaly of Aqueous Amphiphilic Solutions:

Connection to Solution Hbond Fluctuation Dynamics?

4.1 Introduction

Numerous measurements on agueous binary mixtures of different amphiphilic molecules have
repeatedly revealed anomalous changes in thermodynamic prdperties cannot be
explained employing the concept of random mi&infhi s means t hat t he
eqguation would be insufficient for estimating the entropy of mixing for these systems because
the enthalpy of mixing is not zero or negligible. This,umt indicates that the presence of one
species is strongly influencing the interaction among molecules of the other species (same
species interaction), rendering statistical mechanical calculations based on the random mixing
theory untenable for such stins. Binary mixture of triethylamine (TEA) and water is a
classic exampfewhere wateiTEA H-bonding interactions contribute significantly to the
enthalpy of mixing. Another important factor that critically regulates the mixing is the
hydrophobic intera@n arising from the ethyl groups. Hydrophobic interaction coupled with
hydrophobic hydration and the interspeciebdhding interactions therefore jointly governs

the physical chemistry of agueous amphiphilic solutions. Naturally, solution structure and
dynamics reflect mixture composition dependence that is commensurate with the internal
balance between the -bbnding and hydrophobic interactions in such macroscopically

homogeneous binary systems.

The structural aspects of aqueous amphiphilic solutiane tbeen explored via neutron
diffraction measuremertf$'® by employing tertiary butanol (TBA) as a model amphiphile.

The water rickregion has been specially investigated in these measurements to understand how
hydrophobic interaction of tertiary butyMes, Me=CHs) groups among TBA molecules and

the corresponding hydrophobic hydration modifies the tdnewnsional tetrahedral-Bonded

network structure of water. These studies then proceeded further to connect the anomalous
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mixture composition dependence of differehermodynamic quantities, particularly those
measured at very low TBA concentrations, to the modifications in water structure in such
solutions. Several simulation and computational studies have examined the hydrophobic
hydration induced modification solution structure and the role of intgvecies Fbonding in

binary aqueous mixtures of TBA® and other alcohol¥' 23 Interestingly, studies employing

TBA as an amphiphile is relatively more in number although investigations employing other
amphiphies also focused on soldteduced distortion of water structure, solution
heterogeneity and dynamfé<®. The reason for employing TBA emerges from the fact that
TBA possesses the largest aliphatic granngmonohydroxy alcohols that are miscible with
water at any proportion. Because of the presence of both the hydrophobic tertiary butyl group
and the hydrophilic hydroxyFQH) moiety, TBA molecules can simultaneously participate in
hydrophobic and hydrophilic interactions with water. This leads to gatjoa of aqueous

solution into microscopic polar and nonpolar domains.

Steady state UWIS absorption measuremefits! of aqueous solutions of different
amphiphiles employing fluorescent probe molecules in the last several years have repeatedly
shownnot only unexpected spectral shifts (of probe absorption spectrum) upon successive
addition of amphiphilic molecules in water but also demonstrated an abrupt change in the
direction of the spectral shift (first downward and then upward) at a particuldrihie
concentrationThis has been depicted igure41. Thi s Opassing through
absorption spectral shifts occurs at a very low concentration of amphiphile, and is specific to
the amphiphilic hydrophobicity. This is shown in Table 4.1 wehe represents this
concentration in mole fraction for a variety of amphiphiles that inclublat@xyethanol (2

BE)?%, TBAZ8:3032 tetrahydrofuran (THEY, 1,4-dioxane (dioxané$, tetramethylurea (TMJ}

and ethandf. Notice that for TBA in water,® is quite close to the mole fraction of

TBA at which the maximum anomaly in the measured thermodynamic quantities has been
detected>®34° subsequent neutron diffraction and neutron scattering stbidfié¥? have
indicated the dominance of hydrophobic hydration and hydrophobic interaction induced solute
association at that low mole fraction. Mixture composition dependent water structure probed
latet* via simulations of the tetrahedral order parametergaksv a linear decrease of
tetrahedrally coordinated water wiih  in the concentration range studi€he may extend

this idea and assume that similar mechanism of mixing and solvation could be responsible for
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hosting the other amphiphiles shown iable 4.1 at very low concentrations in their respective

agueous solutions.
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Figure 4.1: Amphiphile mole fractiomlependence afV-VIS absorption spectrélequencies

of a neutral dipolar fluorescent solute, coumarinX5B5B), inaqueous solutions of BEfOH,

TBA, andTMU (upperpanel) and theaverage excited stafiorescencdifetimes (80 of

the same solute in thoagueous solutions (lower panddotted lines in the upper panel guide

the eyes to connect the data for a particular agueous solution. Vertical broken lines in the lower
panel indicate the amphiphile mole fractions at which the abrupt changes in the slopes occur.
All data are color coded
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However, another intriguing observation appears when one carefully examines the
corresponding timeesolved fluorescence data reported for these aqueous amphiphilic
solutions. These data include mixture composition dependent average excited state
fluorescence lifetimesd @ and average rotational correlation timék ¥ of a nonreactive

probe solute, coumarin 153 (C153), dissolved at micromolar concentrations and have been
accessed via monitoring the excited state population relaxations and dynaonésdence
anisotropies of the dissolved probe soldte¥:32 A simple survey of these composition
dependent average relaxation tim@s QA T &  immediately reveals that these dynamical
guantities exhibits a sharp change in their respective slopes plotted as a function of

amphiphile concentration. The mole fractions at which this sharp changét oA T A

ot Qbccur are denoted by in Table 4.1 and the corresponding experimental
valueg€®? for aqueous binary mixtured @-BE, TBA, THF, dioxane, TMU and ethanol are

summarized.

Table4.1: Amphiphilemole fractions in binary aqueous mixtuvdsere abrupt changes occur
in the steady state UVIS absorptionspectral properties arglynamical quantitiegaverage
rate of population and/or rotational relaxationflom timeresolved fluorescence

measurementsmploying neutral dipolar fluorophores

Cosolvent A A
(UV-VIS (Abrupt change in
Absorption) | dynamic3

2- butoxyethana? 0.02 0.04

(2-BE)

Tertiary butanol 0.04 0.1

(TBA)28,3032

Tetrahydrofuran 0.05 0.1

(THF)*3

Dioxane® 0.07 0.15

Tetramethylurea 0.08 0.2

(TMU)**

Ethanof® 0.1 0.2
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Notice thatw values are different for flerent amphiphiles and uniformly greater by

approximately a factor of two than the corresponding values. Studies with other non
reactive probe soluté¥*and solutes that undergo excited state intramolecular charge transfer
reactior’%32 have also reported similar amphiphile concentration dependence. This is
intriguing and might very well represent a generic feature for aqueous macroscopically
homogeneous amphiphilic solutions. This general observation also suggests thetiahges

is possibly accompanying the solution dynamics at or around these amphiphile mole fractions

(w )-

The probable reasons that lead to connect the above anomalous composition dependence of
of QA T @k Qo the fluctuations in solution dynamics are as follows. First, the available neutron
scattering studies for aqueous alcoholic solutbtsdo not indicate any anomaly in the
solution structural aspect aroucd . Second, the sinlated amphiphilevater clusters

can persist only for a few to several picosecdriid$and therefore they cannot probably
generate the anomaly in the measuie@A 1 @& Olalues that are in the sutanosecond to a

few nanosecond regimé2° Third, noanomalous composition dependence of radiaf@$ (

and norradiative {Q ) population relaxation rates of C153 in binary aqueous mixtures of TBA

and ethanol have been found in earlier measurerffeRturth, the composition dependent
viscositied> 8 of these solutions cannot be the source for this anomalous mole fraction

dependence as the composition dependent viscosities, shown in Figure 4.A.1 (Appendix 4.A),

do not indicate any extrema aroudd . The origin arfomaliysé Ondayy
therefore originate from a more fundamental solution aspect than théaygermomentum

transfef® of component particledn such a scenario and in the absence any other studies
probing local solution dynamics, it is natural to speculag fluctuations in the intraand
inter-species Fbond dynamics in these aqueous amphiphilic solutions may bear a connection

to this experimental observation that has be

In this work, we have followed the intrand interspecies FHoond dynamics and solution
structural aspects of an amphiphiater system at various amphiphile concentrations by
employing TBA as a model amphiphile. We have monitored the composition deperafe

fluctuations in terms of standard deviation by performing computer simulations at twelve TBA
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mole fractions including the neat systems. These mole fractions are 0, 0.01, 0.02, 0.03,

0.04, 0.06, 0.1, 0.13, 0.15, 0.17, 0.2 and 1. Such algtepacedn  has been employed to

track the structural and dynamical fluctuations in a fine concentration grid so that the
simulation findings can provide microscopic insight to the experimental spectroscopic data
already discussed. Note that such@ough composition dependent simulation study probing

the Hbond fluctuation dynamics and intgpecies interactions has not been performed before

for any amphiphilevater systems. The choice of TBA as a model amphiphile is motivated by

the availabilityof neutron scattering studies for aqueous solutions of TBA for very low to low
TBA mole fractions which could be used as benchmark to verify the predictions on structural
aspects by the present simulations. In addition, existing simulation results oiva®A
system employing different model potential s
correctnesso of the present simulations. I n
self-contained, we have monitored the composition dependenélspadl radial distribution
functions, the tetrahedral order parameter and the relative populations of water and TBA that
are participating in the intraand the intespecies Foonding in these solutions. All these
together provide a cogent and molecuéarel explanations for the structural and dynamical
anomalies exhibited respectively by the steady stateVI8/ absorption and the time

dependent fluorescence measurentéifsliscussed above.

4.2 Simulation Detalls

All atom modepotentialfor TBA reported inearlier simulatios'® has been employed in the
present study. In this potential, the anharmonicity in @ikl bond stretchinghas been
incorporated via a Morsype potential This model potential has been found to successfully

reproduce the agegation behaviour of TBA in aqueous solutidf®.

Four site TIP4P/2005 modélof water isemployed hereas this rigid four site model best
representshe tetrahedral hgrogen bond structure of watérA total of 10,000 molecules
comprisingof water and TBAwereused in alkthetenbinary mixtures studied. Simulations of

neat water were also carried out by using 10,000 TIP4P/2005 model water molecules. For neat
TBA, simulations employing 128 molecules were carried out. Number of participant water a
TBA molecules simulated in different compositions are given in Tabld 44ppendix 4.8
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All force field parametersand the number of water and TBA molecules different

compositionsused in this worlaresummarized imMables4.B.2- 4.B4 (Appendix 4.B.

Thesimulations were performed at 298 K, employihgperiodic boundary conditioAsand

the Nosé Hoover thermostat>° (with a time constanf 2 ps). The equation of motionsag
integrated usingthe velocityVerlet algorithm?® with a timestep of 1 fs.Electrostatic
interactions were calculated using the particle mesh Ewald method of order 4 and with the
Fourier spacing of 0.1 nf The nearest neighbour cut off for calculations of both the van der
Waals and the electrostatic interanBowas considered as 0.9 n@ll systems were
equilibrated for 1 nsn the NPT ensembleThe pgessure was kept constant at 1 bar and
compressibility was maintained at5&ar* usingthe Rarrinello-Rahman barostftwith time-
constant 2 pslrajectories wersaved at ever@.1 ps time gap throughoutetproduction run

of 10 ns, after equilibration & ns in the NVT ensembléor the calculations of #sond
fluctuation dynamics, separate trajectories were generategl th® NVT ensemble with the
pre-equilibrated trajectories. This time the trajectories were saved at a regular time interval of
0.01 ps in order to better track the faster relaxation dynamics. We performed block averaging
over ten blocks with differentrtie-origins while calculating the variance of hydrogen bond

timescales.

A table showing the equilibrated density of all the simulated systems along with experimentally
available densities and earlier simulated density of neat TBA are provideabla 4.B5
(Appendix 4.B. The agreement the simulations and experimental data is satisfathery.
GROMACS4.5.6 simulation packag#®! was usedor simulation studies reportéuere.For
calculations and visualization of the surface distribution functions (SOFRAVIS®? and

VMD %3 software packages were used.
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4.3 Results and Discussion

As we have already stated that the main focus of this work is to thoroughly investigate the
microscopic reasons behind the abrupt changes in the mole fratdmendent average
relaxation times reported in measurements employing a fluorescent solute in aqueous
amphiphilic solutions, we followed the-bbnd relaxation dynamics in detail. However,
structural details have also been carefully examined to explamatefraction dependence

of the steady state absorption spectral shifts which are connected to the structural anomaly.

This is done in order to make the study uniform and internally consistent.

4.3.1 Radial Distribution Function (RDF) and Coordination Nunber (CN)

The composition dependence of the cepfrenass (COM) RDFs for TBABA, TBA-water

and wateiwater have been monitored for this aqueous amphiphilic solution. The simulated
RDF peak values, representing the RDF value at contaxt, (, being tle distance of the
closest approach between the central molecule and another molecule as the nearest)neighbo
are shown as a function of TBA mole fraction ( ) in the upper panel ¢figure4.2. Numbers
corresponding to Figure 4.2 is providedliable 4.B6 (Appendix 4.B. Theinsetof this panel
shows the composition dependent ratio betweernQhe at a givenw  and that for neat
TBA, 'Y Q, ] Q, . The"Q, values for neat TBA and neat water are
summarized in Tabld.B.7 (Appendix 4.B. The nommonotonic dependence of RDF peak
indicates aggregation of TBA molecules in dilute aqueous solutions, the extent of aggregation
being the maximum ab x 1@t BThis is the mole fraction where the XS absorption
spectraof reactive and noereactive fluorescent probes showed minima before reversing the
direction of the composition dependence upon further addition of TBA in ¥afet This
non-monotonicity has been found in earlier simulation sti¢i€s85%7 and eplained in
terms of TBA aggregation following observations from the relevant neutron scattering
measurement$:*2%8 The interesting aspect here, however, is the simulation predictions of
appreciable TBA aggregation even at extremely low concentrations, 18t tia mole
fraction range not accessible to neutron scattering measurement because of persasal
ratio1° Data in the inset suggests a sharp increas®,of , from ~1.5 times with respect to
that for neat TBA (Q, = 2.03 for neat TB) to ~2.5 times for changing  from 0.01 to

0.03 in the aqueous solution. In this mole fraction regime, the-WBi&r'Q, decreases
sharply (middle panel), indicating hydrophobic hydration of the aggregated TBA cluster. This
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is reinforced by the concomitant increase in the watter'Q, (lower panel), although the
insetshows the increase is limited to within ~20% overvhlue for neat water. This increase

in TBA-TBA and watetwater 'Q, with simultaneous decrease in TB#ater 'Q, upon
successive addition of TBA in aqueous solution in the very low TBA mole fraction regime
indicates hydrophobicity driven aggregation @A followed by hydrophobic solvation, a
conclusion in agreement with the general observation of several existing sintGftPapf

and experiment##2585%tydies.
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Figure 4.2: The composition dependgmtakheights (first peaks) of TBABA (upper panel),
TBA-water (middle panel) and watefater RDFs. Insets represent the ratios between the RDF

peak heights at finite TBA mole fractions and that in the neat solvent.
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The next question we investigate is wHaappens to this hydrophobicityiven TBA
aggregation atw 0.04? The TBATBA "Q, clearly decreases aw» is further
increased. Interestingly, this aggregation is not completely diminished even at0.2, a

TBA concentration where orexpected the solution structure would be governed by alcohol
alcohol interaction$? The value of TBATBA 'Q, atw =0.2 being 1.5 times larger than
that in neat TBA suggest that hydrophobic interaction among alcohol molecules is still
operative andhe subsequent hydrophobic hydration leads to a continuous increase ef water
water'Q, (lower panel) and the consequent decrease of-Water'Q, . The watewater

"Q, being ~2.4 times larger at =0.2 than that for neat water reflects the inherent de
mixing at the microscopic level between these two mixture components. The extent of de
mixing is different for different model potentials and this is the reason, for example, behind
predicting uniformy lower TBA-TBA "Q, values in thisn  range employing Le¥egt

potential in simulation studies reported eaffier

Next, we investigate th@ dependences of intrand interspecies coordination numbers,

and the intraspecies percentagespafpulations in the nearest neighbor. This is done to closely
examine whether the first solvation shells and thus the local solution structures themselves
carry the imprint of structural anomalies which are then reflected in the steady state and time
resohed spectroscopic studies. The numbers of TBA molecules around a central TBA molecule
(CN y), water molecules around a central TBA molecule(&Nand water molecules around

a central water molecule (GNv) have been estimated as a functiomwof via the following
formula where we have used the first minima distances of RDFs as shell radii for the relevant

calculations:
ou T1“"” Qi Q | (4.1)

where'Q  denotes intraand interspecies RDFs at various solutiomle fractions studied.

Note that the CN calculated in this way represent the numb&pafiicle in the first solvation

shell of i" particle in a binary mixture and is different from total coordination number which
accounts for molecules of both the components that together constitute the full solvation shell.
The simulated coordination numbers and fraction populations at differenare summarized

in Figure 4.3. Table 4.B.(Appendix 4.B shows the corresponding quantities for neat water

and neat TBA. All CN and corresponding participation population plotted in Figure 4.3 are
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Figure 4.3: Composition dependent coordination numbers (left column) and the corresponding
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fraction of particles within the first solvation shell (right column). Upper panel presents
simulated data for TBA'BA, middle panel TBAwater and lower panel waterater.Insets

show the data ratioed against the values in the respective neat solvents.

given in Table 4.8 (Appendix 4.B It is quite interesting to note that the TB/ABA
coordination number (left upper panel) shows a mild hump at~ 0.04, which becomes a
distinct peak in the curve showing tte dependence of percentage population in the first
solvation shellight upper panel). This relative increase of percentage population in the first
solvation shell for mixtures up to T3t 1 followed by an exponentidike decrease upon
further increase of TBA concentration reflects hydrophobiciuced TBA aggegation in

very dilute aqueous TBA solutions. Such a4moonotonicco  dependence is absent for the
simulated population percentage of water molecules in the first solvation shell of TBA, and a
gradual decrease with TBA concentration is noticed ftin Boe coordination number and the
population (middle panels). The watgater coordination number, on the other hand, shows a
sharp change in the direction of alcohol concentration dependence at0.04 (lower left
panel); this sharp change becoradtat minimum around this mole fraction for the simulated

waterwater percentage population (lower right panel).

4.3.2 Number of Hbonds and Participation Papulation

The solution structure is further investigated by probing the-amthinterspecies Hoonding
interactions and the percentage of respective populations participating in such interactions. A
variety of Hbonded molecular complexes can coexist in thesarpmixtures because of the
presence ofOH group in both TBA and water which can simultaneously act ab@nid donor

and an Hbond acceptor. This gives rise to the possible existence of both exclusively intra
species Fbonded complexes (for example, ViBA-TBA and wateswater interactions) and
mixed interspecies Hbonded complexes (via TBA interactions both with water and TBA
molecules) in these aqueous amphiphilic solutions. Our aim here is to clarify whether at
extremely low TBA concentrations thergig any direct TBATBA contacts or it is the
neighboring water molecules that host each of the TBA molecule separately in clgtheate
environments. In addition, one would like to know what happens to-watter direct contacts

and its tetrahedral netwk structure asv is successively increased in solutions. More

importantly, one would like to know whether averagddhd properties of any of the-H

132



Chapter4

bonded complexes exhibit anomalous TBA concentration dependence that can explain in

microscopic tans the steady state and thresolved spectroscopic data discussed here.

The followingcondition®thas been followetb detect Hoondsbetween water molecules)
the distance between the donor oxygen atomtla@dcceptoroxygen atom is less than 0.35
nm, b) the O-H (donor)-O (acceptor) angle is less than°3andc) the distance betweethe

oxygen (O) and hydrogen (H) atoms must be less than 0.245 nm.

For monitoring alcohe&lcohol hydrogen bonding, the geometrical critérthat have been
considered are as followa)the distance between the donor and acceptggen atoms is less
than 0.35 nmp) the OH (acceptorO (donol) angle is less than 30andc) the distance

betweerO (donor) and H (acceptor) is less than 0.28 nm

The above criteria for detectinglbbnding between TBA molecules have also been employed

for monitoring TBAwater Hbonding. The fractions of TBA and water molecules participated

to intra and interspecies Fbonding have been calculated in order td florparticipation of

any of the species at any mixture composition. Results obtained in this analysis is expected to
compliment the results ab  dependence of average number ebdhds per TBA or water.

While calculating average number of hydrodemds per molecule we have considered only

the participant molecules, not all the molecules of a given species that are present in a solution

at a particular TBA mole fraction.

Figure 4.4 depicts composition dependent number of hydrogen bonds per malecufleft

panel) and fractions of the populations (in percentage) that are participating and not
participating in forming intemolecular Hbonds (right panel). The average number of inter
molecular Hbonds between TBABA in neat TBA ( ) and watetwater in neat water

(4] ), and the corresponding population percentages have been simulated and summarized

in Table 4.B9 (Appendix 4.B. Notice 0 increases withw  and approaches toward
the value for mrat TBA (upper panel). Interestingly again, the increase in with @
is much sharper for solutions with 181 tthan those at higher mole fractions. The TBA
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population that participate in the TBBBAH-bondi ng (upper right pan
approaching wito  toward the neat value (54%) but not before showing a different slope

of increase for solutions witto T8t T The nonrparticipatinge pul ati on ( 6ONPO&)
as expected, the mirror image of the dependence found for participating population. At
extremely dilute solutionsx( T3t §, the TBATBA direct Hbonding is very rare and in

this regime the Hbonding requirement isatisfied via interacting exclusively with water

(middle panel). The overwhelming domination of T®ater interaction via ~100%

participation of water at these mixture compositions provides further support to the view of
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clathratetype structure formation in aqueous solution at extremely dilute amphiphile

concentrations. Th@  dependent number of watemater Hbonds, 0 , on the other
hand, shows a mild kink @  ~ 0.12(lower left panel), whose signature can also be found
for number of Hbonds between TBA and water per TBA moleciile, (middle

panel). Participation of each of the water molecules in formidgpirtd with another water
molecule across 8w studied (lower right panel) only confirms the irresistible tendency of
water molecule in forming Hhonds with its neighbors and preserving its thdigeensional

tetrahedral network structure.

TBA possesses the hydroxyOH) group and therefer like water, can act as both a donor and
an acceptor for Hhonding. This gives rise to the possibility of TBA forming (Hdnds only

with water, (i) only with TBA, (iii) simultaneously both with water and TBA, and (iv)
remaining free (not Hbonded) inthese binary mixtures. Since the anomalous mole fraction
dependent thermodynamic properties of these amphiphilic aqueous solutions have been
believed to reflect the underlying microscopic solution structure, a close examination of these
H-bonded complexemsiay provide a clue to explain the composition dependent steady state
and timeresolved spectroscopic properties. We presdriguare4.5 the simulated populations

of TBA molecules that have participated in the intrad the intemolecular Hbonding, ad

those not interacting via-Honding in solutions at different mole fractions. Numbers depicted
in Figure 4.5 are summarized in Table 4®.(Appendix 4.B Composition dependent
respective populations shown in the upper pan€igire4.5 indicate that the TBA population
H-bonded exclusively with water (wat€BA-water) dominates the solution up do

T ywhile the population of TBA interacting simultaneously with both water and TBA (water
TBA-TBA) remains the least across the mélaction studied. The population denoting the
exclusive interaction of TBA with water (wat@BA-water) decreases witly , whereas
TBA-TBA-TBA, waterTBA-TBA, and norH-bonded TBA populations increase, with
varying extent, upon successive addit@inTBA in the aqueous solution. Interestingly, the
composition dependence of these populations in solutionsiwith 78t ts rather irregular

and somewhat different from that at higher mole fractions. We note here that the mixed H
bonded populationfBA-TBA-water, remains within ~5% of the total population and appears
to be nearlhjinsensitive tav . When this rather weak dependence is magnified in the lower
panel, two peaks, one wdtirmed and the other somewhat diffused, are clearly visible a

w ~0.04 and ~0.10, respectively. This doupmk behaviour of the composition
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dependence becomes more prominent in the inset where the rate of change of population with

TBA mole fraction; , is shown as a fution of ®

H bonded Both with TBA and water

90 —
N H bonded only with TBA i
s ._ H bonded only with water —_
60 — —
45 P~ —
o S — D -
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Figure 4.5: Upper panelComposition dependent fraction of TBA molecules (in 4)dhded
only to TBA (T-T), only to water (¥W), both to TBA and water (T-W), and not Hbonded
to any one of them (T). Lower panel: TBA populatiorbbhded to both TBA and water
molecules (¥T-W) areshown in an expanded scale. Inset depictsdingposition dependent

slope of the TT-W population.
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4.3.3 Tetrahedral order parameter

Next, we explore the impact of TBA on the tetrahedral network structure of water across the
mole fractions fordetecting abrupt changes, if any, in the composition dependence of
tetrahedrality of water. Our earlier works have already revealed substantial disruption of water
tetrahedrality in the presence of simple alcohol like methanol in bulk agueous binarnemixtur

and for confined water molecules near a charged intéff&ce

The effects of TBA and its concentration on the tetrahedtabhtl network of water have been
studied via the tetrahedral order parameter (Q) defined as fétlows

O p -B B @i — P, anddO —B 0, (4.2

whereQ is the tetrahedral order parameter of thevater — - the angle subtended by each

pair (designated by j and k) tiienearest four water molecules on the centheldter molecule.

For a random and uniform distribution of these angles T for a perfect tetrahedral
structure on the other hand) p. A schematic diagram for the general description of the
tetrahedral angle and thrd@nensional tetrahedral structure of thdobhd network in the bulk

water is shown irFigure 4.A3 (Appendix 4.A. The @  dependent distribution of the
tetrahedral ordergrameterd O hshown in Figure 4.4 (Appendix 4.A reveals that the
tetrahedral water population (molecules that are tetrahedralbprided) molecules are
increasingly transferred toward the less coordinated population upon successive addition of
TBA. This is also reflected in the distribution of anglesoag the central water and its
neighbouring water moleculed, & ¢ i, shown in Figure 4.4, (Appendix 4.A. Figure4.6

depicts composition dependent enseraderaged tetrahedral order parameter for water in
agueous TBA solutions. Ensemble averagedidues are summarized in Table 4.B.
(Appendix 4.B. For neat watéf, 0 @ X As TBA concentration increasds,decreases,
suggesting amphiphidmduced partial disruption of water tetrahedrality. This has been
reported already in a number of simidat studies that involve aqueous binary mixtures of
alcoholst*"®What has not been examined in those studies, however, is the rate of change of

water tetrahedrality as a function of alcohol mole fraction. This composition dependent slope,

Q—O, is shown in the inset of Figure 4.6, which clearly indicates appreciable changes in the

water tetrahedrality at two TBA mole fractions; one is around 0.04 and the other ~0.12. More
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importantly,o—O makes a better visual representation of tHferdeation that the tetrahedral

H-bond network of water suffers while accommodating TBA without allowing macroscopic
de-mixing. The weak irregularity in thé  dependence d§ becomes more evident in the
composition dependent slope, and correlates well witlhwthe dependence observed in the

relevant steady state and thresolved spectroscopic measurements.

0'70 l | l LI I LI I | L l | l | I

Tetrahedral Order _02'_'|"'|"'I"'I"'I"'I_-'
0.68 — Parameter Tk

% - Slope .
L 2 04— — 4
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i c\:/>J 08 [ 17
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o I 1.0 — —
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I ] | ] I | | | I | | | ] | | I
0.00 0.04 0.08 0.12 0.16 0.20 0.24

X
TBA

Figure 4.6: Composition dependent ensembleeraged tetrahedral order parameter of water
molecules in the aqueous TBA solutions studied. He tetrahedral order parameter for neat water
is also shown. Inset depicts the slope of composition dependent tetrahedral adert@a

values.
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4.3.4 Spatial Distribution Function (SDF)

We have already gained a qualitative idea about the relative spatial arrangements of TBA and
water in these aqueous binary mixtures via the simulated RDFs. However, RDF being two
dimensional and thus far removed from the real solution scenarios, it cannot depict the
solvation structure around a central molecule in an actual solution condition. A better
description of solvation structure in solutions can be obtained via accessirgurfiace
distribution functions (SDF$):"® This has been performed by using the TRAVIS softffare
Composition dependent SDFs related to the spatial arrangements of water and TBA molecules
around a central TBA molecule is shown kigure 4.7. The isosufaces are mapped
corresponding to those isovalues (local number densities) which suggest the completion of the
first solvation shell of the TBA molecule under focus. Isovalues corresponding to TBA and
water isosurfaces are summarizedrable 4.B12 (Apperdix 4.B). Figure 4.A.6(left panel)

shows thew  dependence asovalues for TBA TBA SDFs.Interestingly, these isovalues
gualitatively follow the trend of the composition dependent intensities of the first minima of
TBA-TBA shown in Figure 4.A.6 (ght panel, Appendix 4.A). Note these isovalues
corresponds to the first minima found @i h-H%o 57" As the present analysis involves only

the centreof-mass of the concerned molecules, SDFs shown here would be less anisotropic

than those constructedter considering atomistic distribution functions

In Figure4.7 blue surface corresponds to water and red surface to TBA molecules. Notice that
water molecules completely encapsulate the reference TBA molecule symmetrically in
aqueous mixtures up to T3t T Remaining TBA molecules are then found to surround
the water layer that had encapsulated the central TBA molecule. This suggests thEBABA
direct contact at these low TBA concentrations is rare. However, this could not be verified in
neutra scattering measurements because of low sigrabise ratio. The number of-bonds

per water molecule and the water tetrahedral network structure have been found to be slightly
affected in this concentration regime (see Figure 4.4 and Figure 4.6plarss withw

T8t gwater isosurface surrounding the reference TBA becomes asymmetric. This suggests
hydrophobic hydration of the tertiary butyl groups of the TBA molecules. Note two TBA
isosurfaces exist near the reference TBA molecules@malbositions studied. This is because

of the similar depths in the first and the second minima of the composition dependent TBA
TBA RDFs (see Figure 4.2 (Appendix 4.A)). For solutions witto T8t §TBA
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Figure 4.7: Composition dependent spatial distribution functions (SDF) for water and TBA

molecules around a reference TBA molecule. Blue color denotes water surface and red TBA

surface.

141



Chapter4

molecules allow very little interstitial space for water molecules, and asuly, the water
surface smears out. This corroborates with the composition dependent population of TBA
molecules that are not participating irbdnd formation with either water or TBA molecules
(see Figure 4.5).

4.3.5 Hydrogen Bond Relaxation Dynamics

To characterizeTBA-water and watewater Hbond dynamics, we have monitored twe H
bond autocorrelation functions. The lifetime of a continuotsHd has been calculated from

the timecorrelation function)Y © 70.78.79
Y O _ 4.3

h(t), ahydrogen bond population operatigrunity when the particular tagged pair of molecules
arehydrogen bondeend zero otherwiséO 0 takes a value 1 if the tagged pair of molecules,
for which h(0) is calculated, remainsontinuously Hbonded for a time t or elS® 0 T

"Y 0 describes the probability that a tagged pair of molecules remdionded for a
timespan t and it approachesro when continuity of the4dond between them breaks down.

The average continuous-tbbnd lifetime is then obtained via the time integratiofiYof 0 ,

o O . Q6Y o.

Thefluctuations (or variance) in these average timescales are cattagfollows

” EE— (4.9

The simulatedw  dependen®t Oand the corresponding fluctuations are summarized
respectively in Table 4.B3 (Appendix 4.B. Figure4.8 showsthe composition dependent
lifetime @ (and variance,( ) for the continuous watewvater, TBAwater and TBATBA
H-bond relaxation yhamics. The choice of these intend interspecies Fbond relaxations

arises from the simulated composition dependence of the population of the TBA molecules that
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(left column) and the corresponding fluctuations (right panel)BA&-TBA, TBA-water and

WaterWater Hbonded molecules.

143



Chapter4

are Hbonded simultaneously both with neighboring water and TBA molecules. It is interesting
to nok that watewater Hbond relaxation timedt Q' shows appreciable fluctuations around

@ ~ 0.1, whereas such fluctuations around this mole fraction are absent feva®Aand
TBA-TBA continuous Hbond lifetimes (right panels). The individuatra-species lifetimes,
however, are larger by ~3Z5% than their respective neat valaesl this is shown in Figure
4.A.7 (Appendix 4.A). The TBAvater Hbond lifetimes, on the other hand, are larger by-~40
120% than the TBATBA neat valued O= 0.6 ps for neat TBA) and reaches the water
water neat value@ O= 0.57 ps for neat water)@t ~ 0.1. This, when juxtaposed against

the w dependenceies of the measured average fluorescence lifetimes and/or rotational
correlation times, @pears quite intriguing and suggests a novel interplay between the
amphiphile concentration dependentbbind fluctuation dynamics and the excited state
population or rotational relaxations of a fluorescent solute probe dissolved in such a medium.

This is hdeed a new observation which demands further experimental and simulation study.

4.4 Conclusion

In summary, the present simulations find significant fluctuations in the-waiter continuous
H-bond lifetime in the binary aqueous mixtures of T&Aund the alcohol mole fraction where
time-resolved fluorescence measurements have repeatedly reported abrupt changes in the
mixture composition dependent average fluorescence lifetimes and rotational correlation times
of dissolved foreign solutes. SucHiading is new and probably signals an interconnection
between the solution4dond dynamics and fluorescence dynamics of a dissolved solute probe.
Previous works have established that the thireensional Hoond network structure of water
distorts to acemmodate small amphiphilic molecules. However, no study was conducted to
probe the impact of such distortion on thdéhd relaxation dynamics and the average lifetime.
This study makes an attempt to address that concern and opens up a possibility iftngxam
this interconnection between thelddnd relaxation dynamics of aqueous mixtures and the

reactive and noneactive dynamics of dissolved fluorescent solutes in them.
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Appendix 4.A
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Figure 4.A.3: Schematic diagram of tetrahedralddnd network for water.
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Appendix 4.B

Table 4.B.1:Number of TBA and water molecules employed in the present simulation study.

®)|=|001 1002 |0.03 |0.04 |0.06 |0.10 [0.13 |0.15 |0.17 |0.20

0 100 |200 |300 |400 |600 |1000 |1300 |1500 |1700 |2000

0 9900 | 9800 | 9700 | 9600 | 9400 | 9000 | 8700 | 8500 | 8300 | 8000

Table 4.B2: Non-bonded force field parameters for all atom representation of-TBA

interaction.

atoms - QBa € a , B n

O 0.67 3.00 -0.5723
C(tert-butyl) 0.1674 3.80 0.3885
C(methyl) 0.1674 3.80 -0.3510
H(methyl) 0.1674 2.40 0.1010
H(hydroxyl) 0.0 0.0 0.3278

151



Table 4.B3: Bonded (bonds and angle) force field parameters for-TBA interaction.

Chapter4

Bonds 0 Ok £ I8 Y B Angles ;Qvg%éq — 000
0 2284 0.9292 Y 195.4 111.28
0 0 1580 1.4164 o 6 314.0 111.28
o} 923 15240 |6 6 222.3 108.745
0 1294 1.111 o o 143.1 111.445
0 6 147.3 108.754
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Table 4.B4: Torsional force field parameters for TBFBA interaction.

dihedral angle phase angle (deg] Ko multiplicity
(kJ/mol)
O 0 0o 0 0 0.58 3
u O 0 O 0 0.83 3
o] o] 0 O 0 0.83 3

Table 4.B5: Comparison between the experimental and simulated densities. Relative errors

(with respect to experiment) are also shown.

° | = Present Experiments | Relative Error|
simulations (%)
0.01 996.56 990.41 0.049
0.02 994.30 984.98 0.394
0.03 983.8 980.15 0.152
0.04 978.44 975.61 0.174
0.06 971.20 965.05 0.45
0.10 913.% 942.10 2.99
0.13 89770 | ceemeee | oo
0.15 883.00 017.47 3.75
0.17 883.0 | e | o
0.20 858.(8 896.99 4.33
1.00 75440 780.43 3.34
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Table 4.B6: First peak heights'Q,  of the TBATBA, TBA-water and watewater RDFs.

q1= | TT ™ ww
00 | - e 3.24
0.01 3.17 1.65 3.37
0.02 3.64 1.56 3.52
0.03 5.07 1.29 3.67
0.04 5.18 1.12 3.82
0.06 5.06 0.82 4.18
0.10 4.6 0.63 4.9
0.13 3.68 0.53 5.60
0.15 3.43 0.50 6.06
0.17 3.23 0.50 6.52
0.20 3.00 0.50 7.23
1.0 203 | e | e

Table 4.B7: Structural and dynamical parametersrieat TBAandneat water

g(h) “H_ Mo 1 T (ps) 0
popuiation | ponylation
© 0 T ()
Neat TBA | 2.03 12.35/ 1.25/ 0.26 | -=----
(9.65 %) | (54%)
Neat water | 3.24 4.38/ 3.67/ 0.57 0.67
(4.38%) | (100%)

154



Chapter4

Table 4.B8: Coordination Numbersd(U ) of speciesy around specieg within a distance
corresponding to the first minima of RDR2 i and corresponding fraction of species

molecules within the same distanée . TT represents TBABA, TW TBA-water and WW

waterwater.

1= | FA4 [HIeO | Fdr [HI® | FEe | KT
0.0 | meeeem | e | mmmeeee | meeees 4.38 0.04
0.01 0.81 0.81 31.66 0.3 4.32 0.04
0.02 1.79 0.90 28.98 0.30 4.24 0.04
0.03 1.79 1.32 23.46 0.24 4.22 0.04
0.04 5.48 1.37 19.81 0.2 4.20 0.04
0.06 7.81 1.30 13.65 0.14 4.25 0.6
0.10 9.42 0.94 9.09 0.10 4.12 0.6
0.13 10.24 0.79 6.91 0.08 4.12 0.6
0.15 10.48 0.70 6.10 0.07 410 0.6
0.17 10.69 0.62 5.62 0.07 4.08 0.0
0.20 10.86 0.54 5.12 0.06 4.03 0.05
1.0 12.35 9.65 | - | e | e | e
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Table 4.B9: Composition dependent average number diddds between speciesandj

0 and population of participant) (molecules O

in percentage.

- | 21% [HRYeo [ 1L [HLw | 1210 TR
00 | e | e | s | e 3.66 100.0
0.01 1.00 1.62 1.99 97.65 3.65 99.99
0.02 1.00 2.66 2.03 98.22 3.63 99.98
0.03 1.11 13.47 1.89 89.38 3.61 99.98
0.04 1.13 17.06 1.78 87.13 3.60 99.95
0.06 1.14 19.04 1.75 79.05 3.56 99.94
0.10 1.20 34.14 1.63 56.50 3.54 99.85
0.13 1.19 40.69 1.52 47.68 3.54 99.70
0.15 1.22 41.47 1.54 45.16 3.52 99.59
0.17 1.23 44.40 1.48 41.72 3.52 99.37
0.20 1.22 43.70 1.44 39.99 3.50 99.31
1.0 1.25 39.99 | e | e | emeeeem | e
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Table 4.B.10: Population of TBA molecules participating inrtkdnding with only TBA, only
water, both with TBA and water molecules. Population of TBA molecules not participating in

H-bond formation.

®)|= |Only TBA | Only water | Both TBA water | Not H bonded
(%) (%) (%) at all (%)
0 0 ] 0
00 [ e | e emeeeee e
0.01 0.00 97.32 0.76 1.92
0.02 0.00 98.28 0.80 0.92
0.03 2.45 86.05 3.88 7.61
0.04 3.12 81.72 4.92 10.22
0.06 7.01 75.48 3.42 14.09
0.10 15.66 52.08 3.95 28.31
0.13 18.17 42.98 4.57 34.27
0.15 19.57 41.28 4.16 34.99
0.17 21.29 37.65 3.91 37.14
0.20 21.32 35.51 4.38 38.79
1.0 N e e —
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Table 4.B.11: Composition dependent ensemble averaged tetrahedral order parameter

for water in aqueous TBA solutions.

1= I

0.0 0.6690
0.01 0.6626
0.02 0.6561
0.03 0.6468
0.04 0.6393
0.06 0.6304
0.10 0.6162
0.13 0.6058
0.15 0.5924
0.17 0.5853
0.20 0.5753
1.0
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Table 4.B.12: Composition dependent isovalues used for plotting spatial distribution functions
(SDFs) for TBATBA and TBAwater surfaces.

o | = Relative TBATBA Relative TBA water
isovalues * 100 isovalues
0.01 10.1838 31.925
0.02 10.6585 30.342
0.03 15.0900 29.027
0.04 15.0900 27.725
0.06 15.0900 25.256
0.10 13.5400 20.972
0.13 12.4339 18.589
0.15 11.5585 17.107
0.17 11.2086 15.847
0.20 10.5090 14.144

Table 4.B.13: Block averaged continuous hydrogen bond relaxatién © ) times

W I and the corresponding variances.
- | iy Ay Wy Ay wi- Ay
(ps) (ps) (ps)
0.01 0.2995 0.0337 0.4440 0.0135 0.6755 | 2.6395e4
0.02 0.2873 0.0249 0.4600 | 2.8191e3 0.7012 | 2.6823e4
0.03 0.3163 7.4014e4 0.5171 | 8.7367€3 0.6814 | 1.1092e3
0.04 0.3142 9.7095e4 0.5180 | 9.5908e3 0.6836 | 1.0434e3
0.06 0.3256 9.3178e5 0.5247 | 1.9547€3 0.7108 | 5.7744¢e4
0.10 0.3149 1.1143e4 0.5684 | 1.6763e3 0.7141 | 1.4026e3
0.13 0.3216 1.3529e4 0.5890 | 7.4551e4 0.7005 | 7.0926e4
0.15 0.3170 4.0624€5 0.5240 | 1.1220e3 0.6992 | 8.5090e4
0.17 0.3171 2.6439e5 0.6231 | 5.4704e4 0.7162 | 8.7406e4
0.20 0.3129 3.0964e5 0.5977 | 7.7133e4 0.6821 | 6.9798e4
1.0 0.2582 | - | e | e | e e
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Chapter 5

Why Some Reactions Occurring in Widely Different Viscous
Media Possess Similar Reaction Rate? An Analytical Investigation

Employing Experimental Dielectric Relaxation Data

5.1 Introduction

This chapter explores the interconnection between solvent friction and reaction rate. This is
one of the ways that a solvent can exert control on a reaction occurringatvegnt polarity

is the other factor which can tune a reaction via modifying the reaction bartiea two
dimensional picture of a reaction barrier separating the reactant and the product surfaces, a
reactant molecule experiences solvent friction &/kilossing the barrier top. The downward
curvature of the barrier then decides the extent of coupling between the reaction rate and
solvent friction. In a nomMarkovian rate theory? the friction experienced by the reactant is

not that exerted by the zefrequency shear viscosity of the medium. The frictional resistance,

in contrast, depends on the frequency with which the reactive mode vibrates and/or oscillates.
This, in other words, sets a timescale for the reactant to reside on the barrier ®palfrigr

is high and the curvature is sharp, the medium friction becomes the friction that involves the
faster collective modes of the solvent motion. For a low barrier reaction, relatively broadened
curvature allows the reactant to spend more time amebaop, probing solvent friction for a
longer duration. Reactions involving low barrier are therefore amenable to frictional resistance
proportional to medium viscosity and the solvent impact on these reactions can be understood
via the Smoluchowski desption®>® of the reaction in the overdamped limit. For barless
reactions, on the other hand, solvent control may arise from the stabilization of the intermediate
or the newly germinated product molecule where underdamped solvent modes such as

collecive intermolecular modes and librations assume significant importance.

164



Chapterb

For ultrafast reactions, such as, electron transfer reactions (ETRS), collective solvent modes
can indeed be critically important. This is probably reflected in the repeated olmsefati
ETRs and charge transfer reactions (CTRs) being nearly insensitive to or strongly decoupled
from solvent viscosity'® This can be qualitatively explained by either assuming that solvents
play minimal role for ETRs or only the ultrafast solvent pakgtion modes couple to the ETRs.
ETRs involve appreciable charge transfer (for exanigl® © "OQ ) and it is difficult to
believe that solvent polarization can remain -nesponsive to such charge transfer and the
subsequent stabilization via solvesbrganization. One approach then would be to explore
that part of the solvent friction which involves inertial and collective solvent modes. This, in
turn, means the calculations of the frequency dependent solvent friction, incorporating both the
collective and diffusive solvent modes in a consistent manner. Fortunately, such a prescription
is already availabl&>!In this scheme, the generalized rate of solvent polarization contains the
wavenumber Q) and frequency®) dependent solvent rotation@ () and translational

(3 ") frictional kernels. ThéQ° mtanda© b limits of these kernels then describe the
frictional response arising from the collective and inertial solvent modes. In the collective
wavenumber limit Q° mhs Q0 m has been connected to the frequency dependent
dielectric function,- & , of a medium which can be accessed via dielectric relaxation (DR)
measurements. Note here that in this wavenumber limit, extremely fast underdamped solvent
motions fall in the high #quency regime and have been incorporated via the intermolecular
vibrations and librations that contribute to the dielectric dispersion from the infinite frequency
dielectric constant to square of the refractive index, € . In DR experiments, this b@igs

to the teraHertz regime of a .

Three differently viscous media spanning a viscosity variation of three orders of magnitude
have been considered for representative calculations. They are an ionic liquid ((BMIM][PF

~x g p AP? a common dipolasolvent (ethanolx p8t YA I and an ionic deep eutectic
solvent (Acetamide+ LiBr* p w LA experimental viscosities and dielectric constants of
these systems are summarized in Table Bdtational frictional kernels( "Gt ) has been
calculaed, as already mentioned, by using the analytical expression that connects solvent
medium friction to the experimental dielectric relaxation (DR) data.
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5.2 Theoretical Formalism and Method of Calculation

The relation that connects the wavenumber and frequency dependent rotational frictional

kernel,3 "t , to the frequency dependent dielectric functiord, , is the following®

= A
F no (5.1)
Where,- is the dielectric constant in the hiffequency limit and the moment of inertia.

"Qp ph is related to the orientational direct correlation functiarp TH®, through the

relation®°"Qp phQ p « Qp pho.

T

The necessary inputs for the calculations3of ( are therefore as follows: (i) the
wavenumber dependent orientational static structure fasnp A and (i) the experimental
dielectric relaxation data of these ligs. The orientational static structure factor for these
liquids is obtained from the mean spherical approximation (MSA) ritdekith proper
correction afQ® T, using the experimental static dielectric constant after approximating the
dipolar species adipolar hard spheres.

The dielectric relaxation data used in the present calculations have been taken from various
measurements employing different frequency windows® ' FOOa o 1 1t Tfor
[BMIM][PF¢]?2, m& ' TOO& v m for the ionic DE$, m& ’'TOO0Od& ¢ w for
ethanof®. In those DR experiments, measured data were found to fit to the following

forms,

for [BMIM][P Fg],

- - B ——— for (acetamide + LiBr) DES,

- - B —— forethanol.
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Heret denotes the relaxation time associated withsthalispersion. andf determine the
shape of a relaxation mode. In additian, ¢* "QThe experimental dielectric relaxation data

for these three systems are provided in Taldle

The orientational dynamics is calculated through the following prescripiibiy?426, we
have calculated the reorientation time correlation function (RTCF) of fahk Laplace
transformation fl of a frequency dependent term which is dependent on rotational kernel

found from Eq. 1. Laplace transform is then numerically obtained via thé&eStalgorithm.

60 fl oo Ee (52)

RTCFs for/b pand/b ¢ have been calculated from EqQ.2. Midtiponential fits to the

simulated RTCFs then lead toethanalytical estimation of the average reorientational

correlation times through time integratio® = Qdy, 0 = BB—.

It is evident from Tablé.3 that a considerable part of the high frequency dispersion,
¢ , have remained undetected in the present measurements for (Acetamide +LiBr) DES. This
means that the relevant calculations have completely missed the frictional contributions from

theultrafast solvent modes.

In order to account for the missing high frequency dielectric dispersion in our calculations, we
have attributed this dispersion, €& , to one or a couple of damped collective

intermolecular modes of the solvent as folloW222:27

- - B oY 7 a A (53)
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whereG, the damping constant, being approximately twice as large as the resonating frequency
W, andg’Y - € . We expect a little variation iW will not affect the qualitative
understanding regarding the role of this collective mode in the high frequency frictional
response of the medium. This assignment is similar in spirit to what was done before while

calculating ionic conductivities and dynansolvation response in watér.

Measurementg of - & in the frequency range of OCIF'O'0Oa o 1t mhave indicated
contributions from the IL collective modes around <120 cni* for several imidazolium ILs.

This has been assigd to cation CIM (restricted rotation or oscillatory motion). Terahertz time
domain spectroscopic measureméhitsvolving metalocenium ILs have suggested that inter

ion vibrations between the cations and anions and cation CIM are responsible for thedbbse
dynamics in the THz region. These studies also have revealed that the bands appearing in the
frequency range ~ 280 cm! show the maximum amplitude. Optical heterodge¢ected
Ramaninduced Kereffect spectroscopic (OHRIKES) study®3* of severalimidazolium

ILs have attributed the collective IL dynamics in this region to the collective intermolecular
modes of imidazolium ring at frequencies at 30, 65 and 10bcomesponding to different
anionic configuration around cations. Interestingly, sation studie® 3 with finite number

of cations and anions (within ILs) have also suggested the collective dynamics in the THz
region (=30 cri).

In the low frequency Kerr spectfdor DESs obtained via Fourier transforming the collected
Kerr transients, a characteristic band clearly appearspongd©O06 0 i mR @ QODES.
Because of less depolarized Raman activities of intermolecular/interionic vibrational motions
for spherical ions (which are mostly collision induced or interaction induced translational
motions), this band can only be attributed to the collective solvent mode involving the H
bonded moleculesThis has motivated us tassign the resonating frequency abund

p LG a X ¢"Y'Odfor this DES for carrying out the dispersien, £ , unaccounted for

in the available DR data.
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Table 5.1 Viscosity values and dielectric constants for the DES, [BMIM{[RIRd ethanol.

System Acetamide + LiBr [BMIM][PF6] Ethanol
(DES) (L) (Dipolar
Liquid)
Viscosity (cP) 1950 310 1.095
(293 K) (298 K) (298 K)
£ 23.6 11.8 24.35
(293 K) (298 K) (298 K)
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Table 5.2 Experimental DR data for [BMIM][P§, DES, and ethanol.

System £ W | » 3t | W [ 9k | W | ok wW ot | £
7
11.8|1406| 0.0 | 7.04|38.8|10.45|1.26(0.81|" =2.77|1.38( 2.10
[BMIMIIPF o 0.37 THz
[ =7.77
THz
Acetamide | 23.6| 715 13.31131 (3.0 ({30 |14 |4.0 04 |56
+LiBr
Ethanol 24.3| 161 20.21 3.3 [1.43|1.43]|0.22 1.93

Table 5.3 Missing dispersion and frequency coverage of different experiments

System E £ . E . Frequency window

(employed in

experiments)

[BMIM][PF ¢] 11.8 [2.10 [ 1.9850 |0.115 (1.18%) |0.1GHz3 THz

(Acetamide+LiBr) [23.6 |5.6 |[1.9796 |3.62(20.11%) |0.2GHz50 GHz

Ethanol 24.3511.93 | 1.85 0.09 (0.4%) 0.1GHz1.5THz
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5.3 Numerical Results and Discussion

5.3.1 Frequency dependent Rotational kernel,;, ¢ © h» employing experimental DR

data

Frequency dependent rotational frictional kergel ( , calculated via Eq. 1 in the limit of

zero wavenumber, is presented in Figbrk for the three representative solvents. Available
experimental DR dat&??23from Table5.2 has been used ihese calculations as inputs. Note

the available frequency coverage of all the three systems is not the Baen&equency
(horizontal axis) has been scaled with the highest frequency coverage of DR data of each
individual systems. For example, for DE®duency has been scaled with 50 GHthe

highest frequency of the measurement window. We find that at high frequency region rotational
kernel of three different system approaches three different values, the difference being huge
between the DES and théer two solvents.

Figure 5.1: Frequency dependent rotational frictional kerrsel, Q0 tity , for the three
different systems obtained via using the experimentally available dielectric relaxation (DR)
data. Note the frequency axis has been scaled with the highest frequencies accessible to three

different DR experiments.
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