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Abstract

In this Thesis, dynamical aspects of different complex bulk and confined systems have been
studied via molecular dynamics (MD) simulations. Systems studied range from single
component hydrogen bonded (H-bonded) ambient liquids and multi-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 aqueous binary mixtures of alcohols — all 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 orientational and 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 dynamics 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,
and reproducing known simulation data. We have investigated in this Thesis another important
phenomenon: whether nano-sized confinements alter the preferential solvation around a neutral

dipolar solvent dissolved in aqueous binary mixtures of small amphiphilic molecules.

The first part of the Thesis is connected to the investigation of how confinement affects
different aspects such as translation mobility, heterogeneity, H-bond lifetime and rotational
dynamics of water. These simulation studies carefully examine the well-known and celebrated
core-shell model of confined water, where core 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). We find that this two-state model representation of confined water is

inadequate even for large reverse micelles, and core water is far from bulk-like.

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

and facilitates di-mixing of mixture components. In addition, the present study reveals that the



tetrahedral H-bond network of neat liquid water becomes severely affected upon addition of
methanol, which becomes further distorted under confinement. Confinement severely affects
the inter-species hydrogen bonds and makes the corresponding continuous H-bonds much
shorter-lived. 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 to explore the
molecular origin of the dynamic anomaly found in aqueous amphiphilic solutions. While the
anomalous composition dependence of different thermodynamic properties of these
aqueous solutions in the water-rich region has been attributed to the perturbation of the
tetrahedral network structure of water (structural anomaly), an abrupt change in the amphiphile
concentration dependence of reactive and non-reactive relaxation rates measured employing
foreign solutes in such media signals perturbation on solution dynamics. Several time-resolved
measurements have indicated that this anomalous perturbation on dynamics or ‘dynamical
anomaly’ appears at an amphiphile concentrations approximately twice larger than that at
which structural anomaly occurs. In this work, we have investigated the microscopic origins
of both the structural and the dynamical anomaly via performing molecular dynamics
simulations of aqueous solutions of TBA at several compositions in the water-rich region. Our
simulations reveal abrupt changes in H-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 explain the corresponding experimental observations.

An analytical study employing experimental dielectric relaxation (DR) data has been
performed in order to investigate the origin behind the near-independence of rates of electron
transfer reaction (ETR) on medium viscosity. ETR is known to couple to high frequency
solvent response (in the tera Hertz regime). This study reveals that the rotational solvent
friction, I'r(k, 2), at high frequency is the determining factor for ETR, which becomes nearly

equal for solvents of widely varying viscosity.



List of Publications

“Dynamic Susceptibility and Structural Heterogeneity of Large Reverse Micellar
Water: An Examination of the Core—Shell Model via Probing the Layer-wise Features”
Atanu Baksi, Pradip Kr. Ghorai, * and Ranjit Biswas*

J. Phys. Chem. B 124, 14, 2848-2863, 2020.

“Does Confinement Modify Preferential Solvation and H-bond Fluctuation Dynamics?
A Molecular Level Investigation Through Simulations of Bulk and Confined Three-
Component Mixture”

Atanu Baksi, Ranjit Biswas*

J. Phys. Chem. B 124, 51, 11718-11729, 2020.

“Dynamical Anomaly of Aqueous Amphiphilic Solutions: Connection to Solution H-
bond Fluctuation Dynamics?”

Atanu Baksi, Ranjit Biswas*

J. Phys. Chem. B 2021 (Under review)

“Why Some Reactions Occurring in Widely Different Viscous Media Possess the
Similar Reaction Rate? An Analytical Investigation Employing Experimental Dielectric
Relaxation Data”

Atanu Baksi, Ranjit Biswas*

J. Chem. Sc. (to be submitted)

“Glucose-Water-Urea Deep Eutectics: How Water Structure and Dynamics Alters in a
Crowded Environment”

Atanu Baksi, Juriti Rajbangshi, Ranjit Biswas*

Phys. Chem. Chem. Phys. (to be submitted)

**“Microscopic Structure and Dynamics of Betaine-Water-Urea Naturally Abundant
Deep Eutectics: A Molecular Dynamics Study”

Juriti Rajbangshi, Atanu Baksi, Ranjit Biswas*

(Manuscript in preparation)

**“Effect of Confinement on Structural and Temporal Heterogeneity of Aqueous
Methanol Solutions: A Molecular Dynamics Simulation Study”

Atanu Baksi, Ranjit Biswas*

(Manuscript in preparation)

**not included in this Thesis



Contents

Chapter 1: INtroduction......cccceeeeeeeeiiiiiinnnnneeeeeeeecseeceecnneneenerseniniiiiinnennes 1

Chapter 2: Dynamic Susceptibility and Structural Heterogeneity of Large

Reverse Micellar Water: An Examination of the Core—Shell Model via

Probing the Layer-wise FEAtUIES..........ccooiiiiiiiiiie e 12
2.1 INErOAUCTION. .. .ut et e e 12
2.2 Simulation Details....... ... 16
2.2.1 Construction of aqueous reverse micelles.........oooevviiiiiiiiiiiiiiiiii e 16
2.2.2 Technical aspects for simulations of aqueous reverse micelles........................... 18
2.2 3 Fidelity ChecK. ....uiint ittt e e 19
2.2.4 Sorting out particles for exploring layer-wise and over-all motional features........... 20
2.2.5 Bulk water SIMulation...........oouiiuiii e 20
2.3 Results and DISCUSSION. . ....ututtnt ittt et et e e 21
2.3.1 Structural ParameEtersS. ... ..ottt e 21
2.3.1.1 The orientation of water dipoles............o.vuiuiiiriiiii e 21

2.3.1.2 Tetrahedral order parameter (Q;) and the distribution of the number of hydrogen
bonds per water Mmolecule (P(NHB)) «..vveee et e 24
2.3 2 DYNAMICS .. ettt ettt e 31
2.3.2.1 Mean-Squared Displacements (MSDs) and Translational Mobilities: ‘Over-all” and
Y= T TSR 31
2.3.2.2 Velocity autocorrelation function: Origin of difference in
MODIIIEIES. ... O
2.3.2.3 Dynamic Heterogeneity (DH): Non-Gaussian features and slow

TS CALES. . ..ottt e 37



2.3.2.4 Single-particle displacement distributions: Bimodality, translational jumps and
common displacements aCroSS laYerS. ........c.oueini i 40

2.3.2.5 Dynamic susceptibility of confined water in different layers: Long temporal
correlations, and overlap across layers. ..........coovoviiiiii e 43

2.3.2.6 Collective single particle -reorientation relaxations: Agreement with

L= 1111 ] T PPN 45
B ) s Tod 1855 10 o 50
A PPENAIX 2. A . 52
APPENAIX 2. B .. e, 68
RO T ONCES. ..ttt 74

Chapter 3: Does Confinement Modify Preferential Solvation and H-bond
Fluctuation Dynamics? A Molecular Level Investigation Through

Simulations of Bulk and Confined Three-Component

AL T 79
Sl INrOAUCHION. ...ttt e 79
3.2 SImulation Details. ........o.iniinii i 82
B R 41 1) 1 T SRR 82
3.2.2 Bulk System Simulations...........ooeiiuiiniiiiiiiii e 82
3.2.3 Confined system SIMUIAtIONS. ... ...ovuiitiitit e e e eeieens 83
324 fIdelity ChecK. .. ..o e 83
3.3 Results and DiSCUSSION. . ... .uuitt et 84
3.3.1 Environment around C153 in the bulk and confined binary mixtures.................. 84
3.3.1.1 Effects of confinement on preferential solvation.......................c.oooiiinne 85
3.3.2 Hydrogen bond structure and dynamics of the system....................ccooviiinnnnn. 88

3.3.2.1 Effects of confinement on the H-bond structure of aqueous methanol

o] [T1 0] 1 TR 88



3.3.2.1.1 Tetrahedral order parameter distribution, P(Q)..........ccoviiviiiiiiniiiiianann.n 90
3.3.2.1.2 Number of Hydrogen bonds per molecule................oooiiiiiiiiiiiiiin 94

3.3.2.2 Intra- and Inter-species H-bond fluctuation dynamics: Structural and

CONLINUOUS. .« 96
B4 CONCIUSION. ...t e e 102
APPENAIX B A 103
APPENAIX 3. B .. et 109
RO T ONCES. ..ttt e 117

Chapter 4: Dynamical Anomaly of Aqueous Amphiphilic Solutions:

Connection to Solution H-bond Fluctuation Dynamics? ......cccceeeeennne. 120
T B (A (0 Ta L (110 ) D ST 120
4.2 SIMulation Details........o.oieiii i e 125
4.3 ReSults and DISCUSSION. . ....ututintt ettt ettt et ettt et et e e e et aaeeeeeeenaeaens 127
4.3.1 Radial Distribution Function (RDF) and Coordination Number (CN)................ 127
4.3.2 Number of H-bonds and Participation Papulation ......................c.oooiiiin .o 132
4.3.3 Tetrahedral Order parameter. ... .....o.oeini i e 138
4.3.4 Spatial Distribution FUNCtion (SDF).........oovviiiiii e, 140

4.3.5 Hydrogen Bond Relaxation DYyNnamiCS..........c.oovvviiiiniiiiieiieeereiieeceeieeneennn. 142

O o) o [1E] o] RSSO SSSRRSO 144
APPENAIX 4. A 145
APPENAIX 4. B ..o 151
S (1S 1 L¢P 160



Chapter 5: Why Some Reactions Occurring in Widely Different Viscous

Media Possess the Similar Reaction Rate? An Analytical Investigation

Employing Experimental Dielectric Relaxation Data ......cceceevevieennnnn., 164
O. L INErOAUCHION. . .. e e 164
5.2 Theoretical Formalism and Method of Calculation .......................c 166
5.3 Numerical Results and DISCUSSION .........ouoiiuiniiii e 171

0 L 171

5.3.2 Reorientational time correlation Function of rank € = 1, C;(t)..........ccceven.. 174
ST B 03 Tod 1115 o] o 1TSS 179
S (o 1S 1 1o P 180
Chapter 6: Concluding Remarks and Future Problems......cccccceveneen.e. 182

6.1 Concluding REMAIKS ........oviiiiii i e e e e s LO2
6.2 Future Problems .........oooiiii i 183

6.2.1 Effect of confinement on structural and temporal heterogeneity of aqueous methanol

solutions: A Molecular Dynamics Simulation study ...............cocoiiiiiiiiiiiie 183

6.2.2 How hydrogen Bond Lifetime distribution and corresponding fluctuations behaves
around ‘dynamically’ anomalous composition of aqueous amphiphilic solutions: A simulation

study employing aqueous TMU solution as a model system. ..............ccoooiiiiiiiiniinn, 183

6.2.3 Effect of cylindrical nanoconfinement on preferential solvation and microscopic di-
mixing in aqueous alcohol solutions: A simulation study for understanding basics of targeted

Arug aCtIVALION. ... .o e 184



6.2.4 Effect of size of alcohols on water tetrahedral Hydrogen bond structure: A Molecular

Dynamic Study exploring water structure at very local level............................ 184
R O ENICES. . .t e 185
PANG i 13110 11111 B PN 186



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. Well-known solvent-influenced reactions such as charge transfer
reactions'™’, isomerisation®*2, tautomerization'®°, radical recombination reactions®’~%°,
proton transfer reactions?: 2 require a thorough knowledge about the dynamic behaviour of
the solvent media to understand 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 of co-solvents at
different proportions. In industrial applications, the most used co-solvent is water, because of

its cost-effectiveness, high polarity, low viscosity, and its high miscibility with other solvents.

Binary mixtures of water and small amphiphiles e.g., methanol (MeOH), ethanol (EtOH),
tertiary butanol (TBA), dimethyl sulphoxide (DMSO), tetramethylurea (TMU), 1,4-dioxane
(Diox) have been studied in many experimental?®-3* and simulation?3>-3 investigations. These
amphiphiles bear great importance in chemistry and biology. Amphiphiles are those which
possess a combination of hydrophilic (water-attracting) and hydrophobic (water-repelling)
moieties. But the most extensively studied agueous binary mixtures are with small alcohols like
methanol, ethanol, tertiary butyl alcohol. Water is known to interact with the amphiphiles
through hydrogen bonding with polar headgroups and hydrophobic interaction. Water allows
certain amphiphiles up to certain concentrations to agglomerate via hydrophobic interaction
without leading to macroscopic phase separation. For these reasons, binary mixtures, while
possessing wide-spread industrial applications, offer exciting systems for examining and

discovering basic science aspects.
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It is a well-known 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 studies*®! exploring 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 predicts the water tetrahedral hydrogen
bonding structure gets perturbed upon addition of amphiphiles but retains its bulk-like structure
around amphiphilic solute even at a very high concentration (for example, methanol: water =
7:3)%2 of alcohol. The other proposition®*® 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
detailed molecular level insights on the origin of these anomalies are still warranted and worth

exploring.

Our living world consists of mostly water and complex agueous solutions. Most of the life
processes are controlled by slight changes in the chemical nature of 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 themselves 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 nm®’. The effects of confinement on preferential solvation are,
therefore, an interesting and important aspect but yet not explored in detail. Besides aqueous
nanoconfinements modifying the H-bonded tetrahedral network of water, the dynamics of
water also becomes considerably slowed down®-", Confined aqueous environments,
especially aqueous reverse micelles, have been studied extensively®® 7284 and the hugely
slowed down timescale has been found to originate from the interfacial layers where the
curvature and surfactant effects play the most prominent role. It was also reported in several
studies®® 80818 that confined water could be described through a two-state model, the
celebrated core-shell model. This model describes interfacial water to be drastically slowed
down in comparison with those constituting the central pool which resembles the bulk water.

Although some previous studies’#%# mentioned and doubted the validity of the celebrated
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two-state model for confined water, a thorough simulation study exploring the detailed aspect

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

Apart from structural anomalies?®-303233 found in aqueous alcohol mixtures at very low alcohol
concentrations (typically x,;conot < 0.1), there exists another interesting dynamical feature.
Several time-resolved fluorescence studies have revealed an abrupt change in the slope of the
composition dependent probe lifetimes and/or probe rotation times at moderate alcohol
concentrations which is approximate twice the alcohol concentrations where the structural
anomaly has been found. This feature seems to be quite generic?®3%33 for aqueous alcohol
binary mixtures but there exist no detailed simulation studies focusing on this dynamic
anomaly. Understanding the origin of this sharp change in the slope of the composition
dependent probe rotation or lifetime requires detailed composition dependent study of the inter-

and the intra-species hydrogen bond fluctuation dynamics.

It is obvious that in-silico experiments (computer simulations) provide a microscopic view of
the structure and dynamics of the environment in which reactive and non-reactive dynamics
occur in condensed phases. The structure is often explored 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 may not be temporally correlated beyond their characteristic diffusion
times. The frictional resistance offered by the medium and its temporal profile is often the key
for understanding rates of relaxation processes because of their inherent inter-dependence. This
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 experiments.

This Thesis consists of 6 chapters, the first being the Introduction. In chapter 2 we present
molecular dynamics simulation results on layer-wise structural and spatio-temporal
heterogeneity features of confined water inside rigid spherical reverse micelles of 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) and IGEPAL (neutral) surfactant molecules
for encapsulating SPC/E water®’. 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 bulk water structure and dynamics. The chemical nature of the
confinement was found to influence both structure and dynamics. Interfacial water molecules
were found to be the most severely affected ones and successive progression toward the center
revealed a tendency for the restoration of the bulk limit, although the bulk values were never
fully recovered. A close inspection of the simulated results revealed an overlap among the
layer-wise structural and dynamical features. These observations suggest a break-down of the
two-state core-shell model even for large RMs where an ample amount of ‘free’ water is
available. The simulated collective reorientational relaxations of reverse micellar water agree

well with the existing time-resolved 2D-IR measurements’®,

Exploring the local environment around a dissolved solute in a bulk aqueous solution of alcohol
and assessing the impact of confinement on preferential solvation is the main theme of chapter
3. This type of study can provide critical information regarding the miscibility of an
amphiphilic drug after delivery at a designated nanoscopic site and the subsequent release. The
molecular dynamics simulation results reported in this chapter is an in-depth investigation of
composition-dependent solvation structure around 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 Intra-species H-bond fluctuation dynamics have been monitored and compared with
those from the corresponding bulk binary mixtures. A systematic comparison of both solvation
structure and H-bond dynamics between confined and bulk binary mixtures reveals modulation
of both preferential solvation and H-bond relaxation times inside a nanoscopic environment.
More specifically, confinement accentuates the preferential solvation phenomenon and
facilitates di-mixing of mixture components. In addition, these results reveal that the tetrahedral
H-bond network of neat liquid water becomes severely affected upon addition of methanol,
which becomes further distorted under confinement. It is found that confinement severely
affects the inter-species hydrogen bonds and makes the corresponding continuous hydrogen
bonds much shorter-lived. 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 anomaly in aqueous amphiphilic
solutions. It is known that amphiphilic molecules can perturb the structure and dynamics of
water in aqueous solutions. These amphiphiles include water-soluble alcohols, cycloethers,
alkylated urea, and several others. While the anomalous composition dependence of different
thermodynamic properties of these aqueous solutions in the water-rich region has been
attributed to the perturbation of the tetrahedral network structure of water (structural
anomaly)®8° an abrupt change in the amphiphile concentration dependence of reactive and
non-reactive relaxation rates measured?3%3233 employing foreign solutes in such media signals
perturbation on solution dynamics. Several time-resolved measurements?®-3* have indicated
that this anomalous perturbation on dynamics or ‘dynamical anomaly’ appears at an amphiphile
concentration larger than that at which structural anomaly occurs. In this work, we have
investigated the microscopic origins of both the structural and the dynamical anomaly by
considering aqueous solutions of tertiary butanol (TBA) as a model system and performing
molecular dynamics simulations at several compositions in the water-rich region. The
dynamical anomaly has been followed via monitoring the composition dependent fluctuations
of the intra- and inter-species H-bond dynamics, whereas the structural anomaly has been
traced via simulating tetrahedral order parameter (Q), radial and spatial distribution functions,
number of hydrogen bonds per water and TBA molecules, and populations of TBA and water
participating in H- bonding. Our simulations reveal abrupt changes in H-bond dynamics and
tetrahedral order parameter at amphiphile concentrations similar to those where spectroscopic
measurements have reported sudden changes in thermodynamic properties and relaxation rates.
This work, therefore, provides microscopic insights that cogently explain the corresponding
composition dependent steady state and time-resolved spectroscopic measurements.

Chapter 5 explores the interconnection between solvent friction and ultrafast reactions.
Reaction rate processes such as electron transfer reactions (ETRs) are found to be medium
viscosity independent. Usually, reaction rates are governed by wavenumber and frequency
dependent solvent friction where both rotational (Iz(x,z)) and translational (I'r(x,z))
frictional components are 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 tera-Hertz (THz) regime,®>°! 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 frequency frictional response
of a number of liquids possessing widely different viscosities. The aim here is to understand
the near-insensitivity of ETRs to the long wavelength macroscopic medium viscosity.
Rotational Kernel (I'z(k,z)) has been calculated using the analytical expression®%-% that
connects friction to the experimental dielectric relaxation (DR) data. Three different systems,
an ionic liquid (BMIMPFs, n~310 cP)%, a dipolar solvent (ethanol, 7~1.09 cP)*” and a high
viscous deep eutectic solvent (Acetamide+ LiBr, n~1950 cP)*® have been chosen to test the
idea. Partial or full DR data are available®% for these systems. Results from our analytical
study have shown that I'z (k, z) 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
(0 — n?) in the available experimental DR data of the DES system has been found to be
critical for a sound and straightforward analysis. The collective solvent intermolecular
modes!® (CIMs) with a resonating frequency centered around 100 cm™ has been used to
attribute this missing dispersion amplitude.*® Subsequently, the calculated I'z(x, z) for these
three drastically different viscous media show high frequency frictional responses that exhibit
near-insensitivity to medium viscosity. This explains the finding that ultrafast reactions often

decouple significantly from medium viscosity.

Chapter 6 provides a brief over-all conclusion and lists several problems that might be studied
in the near future. These representative problems are only showing a small glimpse of the vast
research field 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 deep eutectic system%? (NADES) mixture
of glucose+ urea+ water in 6:4:1 weight ratio in Addendum 1. Besides exploring the detailed
microstructure of this NADES, our major goal is to investigate how water dynamics changes

in such a crowded and hydrogen-bonded environment of DES.
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Chapter 2

Dynamic Susceptibility and Structural Heterogeneity of Large
Reverse Micellar Water: An Examination 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 the extensive hydrogen bonding that extends to three dimensions for establishing a
robust network in condensed phases. The inherent tendency to preserve this H-bond network
in bulk, and its continual structural evolution in picosecond timescale determines much of its
exotic response when subjected to unfavourable conditions!. Confinement of water in
nanometre length-scales is expected to modify the structural features and H-bond dynamics
which may open up a route to access the inaccessible temperature region (~150-235 K, known
as “no man’s land”) for bulk supercooled water.2® Confined water exists in nature in diverse
forms: in salt hydrates as water crystallites, in clay and shell minerals as encapsulated water
within their porous structures; and inside living cells as an alert transporter and reaction
regulator. In living cells, the confinement size can vary between ~1 nm and ~100 nm*. Water
molecules residing within half-a-nanometre of a biomolecular surface play a critical role in
regulating important processes such as hydrophobic collapse leading to protein folding, and
transport of ions and other molecules across biological channels.?* These water molecules can
be regarded as interfacial water molecules of biosystems, and relevant studies®° have revealed

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
membrane-enclosed confined water often encountered in biological systems.’® The
amphiphilic character of surfactant molecules facilitates the formation of nano-sized cavities

in an aqueous environment and can generate size-tuneable confined interfaces through altering

12



Chapter 2

the surfactant-to-water concentration ratiol. A significant number of studies of aqueous
micellar and reverse micellar solutions reported'®'’ in addition to bulk-like relaxation,
considerably slowed down dynamics of confined water. This observation led to the idea of
“core-shell” model'®2 of confined water which proposed that properties of confined aqueous
pool of any size could be understood in terms of, with size-dependent proportions, water
molecules that are directly interacting with the interior of the confining surface (“water shell”),
and those constituting the central region (core) behaving like bulk water. Later experimental
and simulation study®?2%3 debated this two-state model of confined water and proposed that
such a simplified description might be valid in the limit of large pool-size. 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 is present in addition to the structural heterogeneity at the interface, which arises
from geometrical irregularities during the formation of self-assemblies where surfactant
molecules, under suspension in oil-water systems, self-organize through a delicate balance
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?*2 dictates the structure and dynamics of confined 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 studied to explore the impact of the interface on orientational as well

as H-bond network structure of bulk water.26-32

Several experimental studies®*=" have confirmed the spatio-temporal heterogeneity of the
confined aqueous pool in reverse micelles. Although some attempts have already been made
to provide a microscopic view of this micro-heterogeneity via simulations, those are sporadic
and only a few structural and temporal parameters were chosen for investigation. A systematic
and thorough study reflecting how a wide variety of spatial and temporal aspects of confined
water gradually changes as a function of distance from the interface and assumes bulk-like
values in the central region is still lacking. A piece of critical information in this regard is
missing, that is, how this modification of spatio-temporal properties is affected by the chemical
nature of the confining interface? This, and a re-examination of the validity of the core-shell
model*®38 in the limit of large aqueous reverse micellar pools constitute 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 self-aggregation; we are examining the
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heterogeneity in liquid structure arising 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 aspects of water
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 molecules residing within such distances of
biomolecular interfaces are believed to be critically important for life?. These layer-wise results
are then compared against the corresponding ‘over-all’ properties (obtained after averaging
over the contributions from all confined 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 bis(2-Ethylhexyl) sulfosuccinate (AOT), and the neutral
one poly(oxyethylene)nonylphenyl (Igepal CO-520 or, in short, IGEPAL). The chemical
structures of these surfactants are shown in Scheme 2.1. We have represented water by the
well-known SPC/E model. Our analyses of layer-wise properties indicate interface water
molecules are the most perturbed ones both 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 surfactant, a finding that corroborates
well with the conclusions from time-resolved 2D-IR measurements.®® Some dynamical
properties have, however, been found to strongly differentiate between the charged and neutral
interfaces, reflecting the fact that the impact of the chemical nature of interfaces depends on

the identity of the dynamical quantity under investigation.
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a.
@)
@)
N@
O SO; Na*
b.

Scheme 2.1: Atomic representations of (a) AOT and (b) IGEPAL molecule. Atoms indicated

here are considered explicitly in our simulation.
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This brings into the context an early theoretical study® 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, and bulk-like water when they were kept
at larger distances.*! Further analytical and simulation studies of water near non-polar solutes*?
and water inside non-polar cavities*®** suggested dewetting, and cavity water structures
resembling those reported in gas phase spectroscopic experiments.*® These non-polar cavities
were with diameter ~10-12 A and hence considerably smaller than the aqueous pool diameter
(55 A) considered in the present simulations. Note also that water molecules confined in these
small non-polar cavities**** interact with confining non-polar wall via an interaction potential
which contains a slowly varying, relatively softer, attractive component (via the well-depth ).
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

2.2.1 Construction of aqueous reverse micelles

Following the model of earlier works'3#¢47 our present RM structure was constructed, where
the interior of the aqgueous RM was approximated as a rigid spherical cavity. The hydrogen (H)
atoms of methyl (-CH;) and ethylene (-CH,) groups of the surfactant molecules were treated
implicitly. However, for IGEPAL the H atoms of the polyethylene ((-CH,),,) and hydroxyl
(—OH) groups that would remain inside the water pool were modelled explicitly to better
represent the IGEPAL RM interior. The rigid Na* ions were placed inside the cavities
randomly. Structures of these model aqueous RM systems are shown in Figure 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 water* filled up the spherical cavity so
constructed. Note the SPC/E water molecules are non-polarizable, and with fixed bond lengths

and angles. These water molecules interacted through a pairwise additive sum of the site — site

16



Chapter 2

interaction potential. This includes both 12-6 Lennard-Jones (LJ), and electrostatic interactions
between fixed partial charges:
By = 40| (2) "+ ()] + L

The Dreiding force field for the LJ interaction potentials of the surfactants was used.*® The
partial charges for AOT were taken from the CHARMM force field used elsewhere.>® Partial
charges for IGEPAL molecule were calculated by using the HF/6-31 + G(d) basis set
maintaining the charge neutrality. The LJ interaction between different sites was approximated
by the Lorentz-Berthelot combination rules® and the corresponding electrostatic interaction
via the direct Coulomb summation technique. Partial atomic charges and the LJ parameters for
AOT and IGEPAL surfactant molecules are summarized in Table 2.B.1- 2.B.4 (Appendix 2.B).
We used 218 surfactant and 2060 water molecules to construct a stable aqueous RM pools of
55 A inner diameter for both the cases.

Note here that the maximum number of water molecules that could be packed inside these RM
cavities after allowing for the volumes occupied by the surfactant head-groups ( SO3 for AOT
and (—0CH,), for IGEPAL) inside the cavities created by 218 surfactant molecules (please
see Figure 2.A.1 and Figure 2.A.2 of Appendix 2.A). The average number density of water
molecules inside these RMs therefore is 0.0236 A, and lower than the average number density
of bulk neat water (0.0334 A®). Experimental measurements®*®® 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 lower than 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 Velocity- Verlet algorithm® with a time step of 2
fs. The temperature was maintained at 300K by using the Nose-Hoover thermostat®* > with a
time constant of 0.5 ps. The cut-off radius for short-range 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
trajectories of 2 ns were generated in the same ensemble with the pre-equilibrated 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 molecules.
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2.2.3 Fidelity check

Radial density profiles of confined water shown in Figure 2.1 compares the radial distributions
of water molecules (number of water molecules per unit volume) inside the charged (AOT)
and neutral (IGEPAL) spherical RM cavities. Note for both the RMs the number density
maintains nearly the bulk value (33.2/nm?®) at 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 well with the results from earlier simulations of aqueous AOT RM*?° and is in
general agreement with the distance dependence of simulated density for water confined in
RMs of various sizes.?? This provides the necessary confidence for the present simulations to

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 layer-wise number density of water molecules within AOT and
IGEPAL RM. The solid line represents the charged AOT RM and dashed lines the

neutral one. Bulk number density is also shown for comparison.
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2.2.4 Sorting out particles for exploring layer-wise and over-all motional features

It has already been mentioned that for computing layer-wise 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 re-entry after leaving a given layer, time origin 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 continuous residence times in different layers in AOT and IGEPAL RMs
are shown in Figure 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.
Surprisingly, 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 existence of water molecules
with both relatively ‘shorter’ and ‘longer’ residence times within a given layer (with differing
amplitudes) is a contrast to the simple two-state representation of confined water by dividing
them into core and shell water molecules. This was already hinted at by earlier simulation
studies.’®%® Moreover, the water molecules with ‘shorter’ residence times might be responsible

for showing faster-than-bulk dynamics reported already by a few previous studies.

For tracking the origin of “slow” dynamics, we then computed the layer-wise distributions of
the longest residence times for water molecules in these RMs. This is shown in Figure 2.A.4
of Appendix 2.A, and the corresponding average times in Table 2.B.5 (Appendix 2.B). A plot
of these average longest residence times, shown in Figure 2.A.5 of Appendix 2.A, suggests 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 chemical nature of the confining

interfaces.

2.2.5 Bulk water simulation

For the simulations of bulk water, 2060 SPC/E*® water molecules were considered with bonds
constrained using the SHAKE algorithm.®” Equilibration was first done in the NPT ensemble

employing Berendsen thermostat®® with coupling constant 0.1ps. Velocity-Verlet algorithm®:
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with 2fs time step was used to solve the classical equations of motion. The cut-off radius for
the short-range interaction was set to 15 A. Electrostatic interactions were dealt with the smooth
particle mesh Ewald algorithm using the Ewald convergence parameter 0.0036 A, and -6A x
6 A x 6 A grid in momentum space. The Berendsen barostat® with 2ps time constant was used
to maintain the pressure at 1 atm. The equilibrated structure thus obtained then transferred to
the NVT ensemble for further equilibration for another 2ns. Subsequently, 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 Nose-Hoover thermostat with a time constant of 0.5 ps. DLPOLY MD simulation package

was used®® 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 orientation (P) can be quantified as%2%47,

r.u

= i cos (2.1)

where r denotes the radial vector from the oxygen atom of water molecule to the centre of the
RM and u the dipole moment vector of a water molecule. A schematic diagram for describing
this prescription for calculating dipolar orientation is given in Figure 2.A.6 of Appendix 2.A.
The angle B would be zero if water dipole is pointed towards the interface, producing 2 = 1.
Figure 2.2 depicts the layer-wise distribution of cos f and compare between the AOT and
IGEPAL RMs. The first aspect that immediately strikes is that the distribution, (2, for ‘over-
all’ as well as separated out water molecules in the first layer (layer#1) peaks at unity while
that for IGEPAL shows a peak at ~ -0.7. These two values of cos 3 correspond 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

neutral). In addition, 2 for water molecules in the layer#1 of AOT RM shows a secondary peak
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at a cos 3 value corresponding to water dipole vector orientation at 135° which, for ‘over-all’
distribution, appears as a broad shoulder. These angular orientations of water molecules (with
respect to the radial vector) are schematically depicted in Figure 2.A.7 of Appendix 2.A for
AOT interface. We speculate that such orientations of water molecules are plausible when (i)
the electrostatics between the oxygen atom of water and the counter ion Na*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 H-bonding interaction between the H atom of water and the O
atom of the interfaces (O atom of —SO3 for AOT and that from —OCH, and/or —OH units for
IGEPAL) forcing the water dipoles to align at ~135°. Note to mimic the experimental condition
we have modelled the IGEPAL molecule such that five —OCH,, unit and one —OH unit of each
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 is not. Our observation is
that, we are getting a higher distribution of dipoles around an angle 135° when over-all confined
water is analysed, because of all these combined effects of ether and hydroxyl oxygen atoms
and H atoms attached with ether groups. One might, however, like to argue here that parallel
orientation of interfacial water molecules in the AOT RM could be linked to the forced random
distribution of Na™ along the inner periphery of the interface. While this could be a possibility,
previous simulations*347 of AOT RMs with randomly distributed counter ions in the aqueous
pool have suggested that a majority of Na™ ions in large aqueous pools prefer to reside at the
interfacial region. While stating this we would like to mention that the water molecules in the
first solvation shell of Na*have not been treated differently to separate out their contributions
in the solution heterogeneity.® Interestingly, polarisation sensitive vibrational sum frequency
generation measurements®1%162 of 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 interfaces®! have reported interface-sensitive
orientation structures similar to our simulation predictions. These measurements have also
reported orientation of water molecules at obtuse angles (~ 130° to 155°) for charged interfaces.
We, therefore, believe that the present model for the aqueous RM closely mimics the real

reverse micellar water.

22



Chapter 2

0.035 T T T [ 7T T T T [ T T T T [ T T T 1
= 0.025 _| LI I L] I L] I LI i
0.030 [— 0.020 |- yi
. AOT(solid line) N i
~ IGEPAL (dashed line)  F E
0.025 |- (dashed line) [ ]
[ 0.010 [= —
a@: 0.020 I— 0.005 |~ — _
c B 0000 —l Ll I | | I | | I L1 |-
-
E 0.015
0.010
0.005
0.000
-1.0 -0.5 0.0 0.5 1.0

Cos B

Figure 2.2: Water dipole orientation with respect to the radial vector for both types (AOT and
IGEPAL) RMs. The inner panel compares the over-all water dipole orientation between the

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

hydrogen bonds per water molecule (P(NHs))

Tetrahedral structure and hydrogen-bonding pattern in the bulk water, and the effects of
confinement curvature have been studied earlier.1%294¢ The tetrahedral order parameter has

been obtained by using the following expression®

3
Q=1-¢ i1 2k=j+1(cosOyj + 1/3)2 ! (2.2)

where Qi is the tetrahedral order parameter of the i water, ; jk- the angle subtended by each
pair (designated by j and k) of the nearest four water molecules on the central i water molecule.
For a random and uniform distribution of these angles, Q=0, whereas Q=1 reflects a perfect
tetrahedral structure. A schematic diagram for the general description of the tetrahedral angle
and three-dimensional tetrahedral structure of the hydrogen bonding network in the bulk water

is shown in Figure 2.A.8 of Appendix 2.A.

The following prescription®®4%" was used for detecting hydrogen bonds between water
molecules: a) the distance between the donor oxygen atom and acceptor oxygen atom is less
than 3.5 A, b) the H-O(donor)-O(acceptor) angle is less than 30°, and c) distance between O
and H must be less than 2.45 A. Figure 2.3 depicts the layer-wise probability distributions,
P(cos 8), for the angle 6, that each individual water molecule (i -th water molecule) forms
with its two nearest neighbours, j and k. The difference between the bulk water and the
confined water is quite obvious; the minor peak at cos 6~0.5 (that is,6~60°) of the two-peak
structure of the bulk distribution becomes more pronounced upon confinement, and the
interfacial water molecules inside both types of RMs experiences the maximum impact. In
addition, the broad peak located at 6~108° (cos 6 ~ -0.3) for bulk water shifts to higher angles
(6~102°) upon confinement along with further broadening and loss of intensity. This
modulation 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 have calculated the probability
distribution of the tetrahedral parameter, P(Q) (Figure 2.4) and Table 2.1 summarizes layer-
wise and bulk populations corresponding to peak positions of P(Q) at lower and higher Q
values. These populations represent the area under the curves obtained through deconvolution
of a simulated P(Q) into two fragments, as shown in Figure 2.A.9 of Appendix 2.A. Results
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 inside both these RMs. Notice that the average
values of the order parameter, (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 apart®. In addition, the sudden recovery of nearly the bulk value of (Q) for a 10 A thick
TIP3P water layer reported in this work®? is very similar to what has been observed in the

present study (see Table 2.1).
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Figure 2.3: Distribution of tetrahedral angle created by the three nearest water molecules
confined in these RMs. Results for water in layers 1, 2 and the core are shown here. The

same for the ‘over-all’ and the bulk are also shown.
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Figure 2.4: Tetrahedral order parameter distributions for water in different layers of confined
aqueous pools inside the RMs under study. A comparison between the over-all and bulk is shown

in the upper panel while the lower panel presents the results for layer 1, 2 and the core.
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Table 2.1: Layer-wise and ‘over-all’ population distribution of water molecules
corresponding to the peak positions at the high and the low values of the tetrahedral order

parameter, Q. The average value of the order parameter, (Q), represents the area under

the curve.
AOT IGEPAL
Centre | Area (%) | (@) | Centre | Area (%) (Q)
Layer 1 0.35 75.74 0.31 63
0.47 13.90 |0386 | 047 17 0.394
0.78 10.35 0.73 20
Layer 2 0.55 82 0.55 81
0.80 18 | 0577 0.80 19 0.580
Layer 3 0.55 81 0.55 81
0.80 19 |2 080 19 0.584
Layer 4 0.56 78 0.55 80
0.80 22 0.593 | 0.80 20 0.588
Core 0.56 78 0.55 80
0.80 22 | 0593| 0.80 20 0.590
over-all 0.35 41 0.51 33
0.50 27 0.514 | 0.76 33 0.522
0.77 32 0.33 33
Bulk 0.58 70
water 081 30 0.635

a) (Q) = [dQ Q P(Q)/f dQ P(Q)
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Table 2.2 summarises the average number of H-bond per water molecule (Ny5) 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 H-bonds per water molecule, and the variations in H-bonded
structures among the layers in these two RMs. Figure 2.5 presents such a comparison where
the population distributions, P(Nyz/water) with respect to the number of H-bonds per water
molecule (Nyg /water) are shown for the ‘over-all’, first two (layer#1 and layer#2) and core
layers, and bulk water molecules. P(Nyg/water) for other layers are presented in Figure
2.A.10 of Appendix 2.A. Notice that the population distributions depicted in these figures
clearly exhibit the difference among water molecules in different layers, and between the nature
of confinements. Interestingly, P(Nyg/water) for core water molecules in both of these RMs,
although differ substantially from those at the interfacial layers and bear the maximum
similarity to that of the bulk, could not attain fully the bulk distribution. This difference
suggests the inadequacy of the core-shell model for confined water inside RMs. It is also
evident from these figures that the number of water molecules with four H-bonds are
significantly less for the interfacial layers than for the bulk. We would like to point out that in
an earlier study*® it was reported that, in non-polar confinement of diameter comparable with
our layer width (5 A) the most stable hydrogen 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 dismiss any probability of finding the water in gas phase, like in the vicinity
of hard sphere surface. In addition, this frustration in H-bonds is more severe for interfacial
water molecules inside the AOT RM than inside the IGEPAL RM, reflecting the impact of the
chemical nature of the confining interface. We would like to state here that a thorough and
comparative study of layer-wise structural aspects of confined water and impact of the chemical
nature of confining interfaces such as the present one is performed here for the first time. These
results clearly demonstrate the heterogeneity in density, orientational structure, number of H-
bonds, and population distribution of H-bonded water molecules relative to those for bulk

water, and show the break-down of the core-shell model.
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Table 2.2: Layer-wise and ‘over-all’ average number of hydrogen bonds per water molecule

for confined water in these RMs and bulk water.

Layer # Nug
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
over-all 3.175 3.226
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Figure 2.5: Layer-wise population distributions of confined water molecules containing a
certain number of H-bonds P (Nyg/water) are shown as a function of number of H-bonds

per water molecule (Nyz/water), and compared with the corresponding results for the

bulk water.
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2.3.2 Dynamics

2.3.2.1 Mean-Squared Displacements (MSDs) and Translational Mobilities: ‘Over-all’
and Layer-wise

The ‘over-all’ and layer-wise (representative) centre of mass MSDs for confined water
molecules in these AOT and IGEPAL RMs are presented in the upper panels of Figure 2.6.
MSDs for other layers are provided in Figure 2.A.11 of Appendix 2.A. The same for bulk
SPC/E water is also shown in the same figure for comparison. Note the ‘over-all”’ MSDs in
these RMs, though indicate mobilities much slower than that in bulk, are not too different from
each other. As reported earlier?#"8 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 ~ 0.5¢ (¢ = 2.75 A) even after a duration of 100 ps. The near-independence of the
MSDs on time for the interfacial water molecules resembles to “rattling-in-a-cage” motion®®-
"t 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
~ 1.5¢ within the same time-span, and the mobility of these core water molecules are
approximately an order of magnitude slower than that for the bulk water. This is contrary to
what is expected?’ from the core-shell model for such large reverse micellar aqueous pools.
Before exploring the motional features further, we examine how diffusive are these layer-wise
centre-of-mass mobilities and whether the diffusive limit is achieved at a long time. It is known
that for MSDs, "%

(Ar2(t)) = N"Y(ZN (ri(t) — 1;(0))?) = AtP , at long time § =1 corresponds to the
diffusive limit while B < 1 to the sub-diffusive in the intermediate timescale and = 2 to the

free inertial motion at short times. The time profile for 8 could be obtained as follows,

B(D) = g [I(ar? (D) (23)
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The time dependence of S obtained via Eq. 2.3 from the simulated MSDs is presented in the
lower panels (Figure 2.6) for the ‘over-all’ MSDs, and for a few selected layers. g (t) for all
layers in these RMs are shown in Figure 2.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 long time. Interestingly, over-all MSDs for water molecules in these RMs have not
achieved the hydrodynamic limit and settle to f ~0.8 at long time. As expected, interfacial
water molecules are the most affected ones, and the near constancy of the relevant MSDs with
time leads to B =0 at long time. This suggests that the motional features associated with the
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 translational diffusion coefficient (D) from Einstein’s relation’

untenable.
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Figure 2.6: Centre-of-mass mean square displacements (MSD) for water molecules
confined inside the AOT and the IGEPAL RMs, in the bulk, and in different imaginary
layers are shown in the upper panels. Results for the first two layers and the core are
presented here for clarity. The time dependent changes in the exponent () associated with

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

We next simulate the ‘over-all’ and layer-wise velocity autocorrelation function (VACF) to
explore the feasibility of applying the Green-Kubo relation for estimating D;of water in these
RMs. The Green-Kubo expression’ is a macro-micro relation that connects the experimentally
measurable Dy to the time-dependent velocity, v(t), of each individual moving particle of
mass m:

_ kpT

Dy === [*dt C}'(¢) (2.4)

where CY (t) denotes the normalized VACF and is given by, CY (t) = % and kgT is the

Boltzmann constant times the absolute temperature.

Although the application of the Green-Kubo relation is not straight forward for obtaining
diffusion coefficients for particles in restricted geometries®*"*, one can still use this relation to
obtain a qualitative comparison of diffusivities between the bulk and confined water molecules
in these RMs. Figure 2.7 presents a comparison of the simulated CY (t) between the bulk and
confined water molecules (‘over-all’), and those between water molecules in the bulk and in
different layers of these RMs. The upper panel clearly demonstrates that the ‘over-all’ VACFs
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 support in favour 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) between the charged and neutral interfaces. Inset of
the upper panel shows this difference more clearly. The more negative region associated with
the VACFs suggests’ severely restricted mobilities for water molecules in these RMs.

Layer-wise VACFs presented 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 layer-wise simulated VACFs
are summarized in Table 2.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 centre-of-mass translation for these interfacial water molecules.
Area ratios provided in Table 2.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
(layer-wise mobilities) also differ considerably between the neutral and charged RMs. These
layer-wise slowing down of mobilities is qualitatively similar to that found for water
encapsulated inside TiO2 nanopores'®. Normalized VACF for waters in all the layers of the
AOT and IGEPAL RMs are provided in Figure 2.A.13 of Appendix 2.A to show that the
simulated layer-wise 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 presence of diverse timescales and thus temporal

heterogeneity in these confined systems.
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Figure 2.7: Normalized velocity autocorrelation functions (VACF) of bulk water and ‘over-

all” for confined water are shown in the upper panel. The lower panel provides the layer-wise

VACFs and compares with that for the bulk. Both the insets present VACFs after zooming

on the negative amplitudes to clearly show the impact of the chemical nature of the interfaces.

36



Chapter 2

2.3.2.3 Dynamic Heterogeneity (DH): Non-Gaussian features and slow timescales

Simulated layer-wise MSDs and VACFs have clearly indicated that water molecules 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 displacement distribution from being Gaussian. This

non-Gaussian (NG) feature is often monitored via the NG parameter defined as’®’’

_ 3{art)
a2(t) = o sz 20 1 (2.5)

where, (4Ar*(t)) = ([Ar?(t)]?), where Ar?(t) = [Ar;(0,t).Ar;(0,1)],
and 4r;(0,t) = r;(t) — r;(0).

Generally, a,(t) shows a non-monotonic dependence on time, and a peak value greater than
0.2 for a,(t) is considered as a signature of dynamic heterogeneity (DH) with peak-time as the
DH timescale’® for a given system. Note this DH peak time, denoted as 7y, , 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 system and this is quantified by the new non-

Gaussian parameter (NNG), y(t), as follows’®,

1 1 12
y(t) = g(ﬁrz(t))< r(t)] > -1 (2.6)
2
where, “ﬁ(t)] > = <% §V=1|Ari(+,t)|2> provides the weightage to the smaller displacements to

dominate y(t) and produce a peak timescale (zyy¢) much longer than t,. It is important to

note here that, <[ﬁ(t)]2> #+ [(Ar?(t)] 1.

Figure 2.8 (left panel) presents ‘over-all’ and layer-wise comparison of a,(t) for water
molecules confined in both type of RMs. A comparison with the bulk in the upper panel clearly

indicates that, a,(t) for the confined water in these RMs depict not only strong heterogeneous
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dynamics but also significantly slowed down .. A comparison of a,(t) among layers (lower
panel) reveals a dramatic lengthening of T, for the interfacial water molecules, pushing the
DH timescale into the nanosecond regime. Interestingly, the core water is dynamically more
heterogeneous than bulk where 7, 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 nature, both producing DH timescales
Tye 1N nanoseconds. Figure 2.8 (right panel) presents a comparison of the new non-Gaussian
DH parameter (y(t)) 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 in y(t) between the bulk and the confined
water with 7y approximately three orders of magnitude slower in these confinements than
in the bulk. Note in this panel that y(t) senses the chemical nature of the confining interfaces
(charged or neutral) with tyye approximately twice as long for water molecules inside the
charged (AOT) RM as that for those inside the neutral one. In the layer-wise comparison shown
in the lower panel, the simulated y(t) suggests that water molecules in each layer inside the
charged RM are dynamically more heterogeneous than those inside the neutral one. The peak-
times (tyy¢) associated with each of these layers for these RMs are summarized in Table 2.B.7
(Appendix 2.B) which reflects this DH difference quantitatively. Interestingly, tyys for core
water in the RMs are at least an order of magnitude longer than that for bulk (~10 ps versus ~1
ps), which suggests that the core-shell model breaks down even for larger RMs where water

molecules even in the central core layer do not possess bulk-like displacement distributions.
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Figure 2.8: Comparison among NG parameter (left panels) and NNG parameter (right
panels) for bulk water, for over-all confined water, and for water at different layers (layers
1, 2 and core) of the aqueous pool inside AOT and IGEPAL RMs. Inset shows a comparison

of the NNG parameter between the bulk and over-all confined water.
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2.3.2.4 Single-particle displacement distributions: Bimodality, translational jumps and

common displacements across layers

The simulated time dependences of a, (t) and y(t) 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 centre-of-mass displacements that are both larger and
smaller than the lengthscales covered in a  Gaussian displacement distribution for a
homogeneous liquid system. The distribution for the single-particle displacements, ér, can be

obtained from the self-part of the van Hove correlation function, G;(6r; t) "® " as follows

Pllog,o(67);t] = In(10)4m(67)3Gs(61; t) (2.7)

with 6r(t) = N2 XN (r;(t) — r;(0)). For Gy(6r;t) that samples &r from a Gaussian
distribution, P[log,,(67);t] becomes independent of time with a peak height ~ 2.13.7®
Deviations from this height suggest non-Gaussian displacement distribution where
heterogeneity in dynamics arises from the fluctuations in local particle mobility. Figure 2.9
shows a comparison of P[log,,( 67); t] between the bulk water and confined water molecules
in these RMs for two DH timescales, Ty, (upper panels) and tyys (lower panels). Several
interesting features are reflected from this comparison. First, the ‘over-all’ displacement
distribution at t = 7y, for confined water in these RMs lies significantly shifted toward
shorter length scales than that for the bulk water, although the peak-heights are similar and
~2.13. However, the ‘over-all’ distributions are wider than the bulk distribution, suggesting
heterogeneity in the displacement distributions for the confined water. These ‘over-all’
distributions peak at ~0.2¢ with nearly no difference between the RMs, whereas that for the
bulk crosses the ‘over-all’ distribution at ~0.3¢ and peaks at ~0.5¢. This crossing of the ‘over-
all’ distributions and the resultant overlap with that for the bulk provides visual proof for the
conjecture that ‘over-all’ confined water can show not only dynamics that are different from
the bulk but also those that are similar to the bulk. This provides a microscopic explanation
for the observation of both bulk-like and slower-than-bulk dynamics in experiments where the
measured signal is dominated by the collective response of the system.1!8:398081 Tpe
comparison of the layer-wise distributions between the AOT and IGEPAL RMs at this
timescale (t = tys) IS even more interesting. The core layer distributions, reflecting no

difference between the RMs, represent displacements ranging between approximately one-
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tenth of a water diameter to a full diameter with a peak at ~0.3a. The distributions for the first
two layers show the difference between (see also Figure 2.A.14 of Appendix 2.A for layer-
distributions not shown here) the chemical nature 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 multi-peak structures; water molecules in these layers
execute displacements both shorter and longer than those accessed in the bulk. The multi-peak
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, P[log,o(d7r);t] for the AOT second layer is dominated by the
longer displacements and here the displacements are as large as ~3a. We speculate that this
might be linked to the additional freedom of those confined water molecules that were involved
in the bound-to-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 longer times, for example, at t = tyye . This is
demonstrated in the left lower panel of this figure where large displacements ranging between
~o and ~ 100 characterizes the ‘over-all’ distributions for RM. The origin of such large
displacements can be traced to the layer-wise P[log,o( 67); t] at t = Tyng, Shown in the right-
lower panel where multi-peak structure for the distributions appear again for water molecules
in the first two layers inside the AOT RM. Interestingly, P[log,,(67);t] for core water
molecules suggest displacements at this timescale for both the RMs in the similar range as that
for bulk water (0.050 < ér < 1.30). Such a range of displacements for core water molecules
further reinforces the microscopic explanation provided earlier for the observation of both
bulk-like and much slower dynamics in experiments that measure the collective response of
aqueous pools confined in RMs. Figure 2.9 demonstrates a significant overlap among the layer-
wise displacement distributions which strongly suggests that dynamically confined water
molecules cannot be divided into two different classes of water. This is another finding that
signals inadequacy of the core-shell model for describing the relaxation dynamics of reverse

micellar water.

41



P(logo(or)it NG )

Plog; o(5r)it NNG )

Chapter 2

EllllIIIIIIIIIIIIIIIII|||||||l|l||||||||||_

b
=
T[]

[ AOT (solid line)

__ IGEPAL(dashed line)

=
Ln

=
=

=
th

0.0 .
-4 -1.2 -10 -03 0.6 -04 -02 0.0 -1.5 -1.0 -0.5 0.0 0.5
LI I L I I L L L LB O L L O I

~
=)

t="TiNG

AUT (sohd Ine)
IGEPAL{dashed line)

.y =
=] ]
TTTT[TT T T[T TTTI[TTTT]

=
th

e oA N g L L)
0.0 0.5 1.0

log; (8r/c)

e
=
—
th L
[
-
=
L)
=
L]

Figure 2.9: Layer-wise single-particle displacement distributions at the NG peak times
(upper panels), and at the NNG peak times (lower panels). Results for bulk water are also

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
aqueous pools inside the RMs. This was performed by simulating the dynamic susceptibility
Xa(k, t) inthe limit of the nearest neighbour wave-vector, ko — 2m via calculating the variance
of the fluctuations of the self-intermediate scattering function, F;(k, t) . The following expression

was used for the calculations of y, (k,t),828

xa(k,t) = N[(F(k, t)*) — (K (k, 0))*] (2.8)

where, F;(k,t) = N"1 X N(cos k. [r;(t) — r;(0)]). The timescale corresponding to the peak of
x4(k,t) is considered as the longest time-duration (t;***) over which density fluctuations at
two different space points remain correlated. A comparison between the ‘over-all’ dynamic
susceptibilities for confined water in these RMs and bulk water Figure 2.10 (upper panel)
clearly shows that the dynamical correlation for confined water is considerably stronger than
that for bulk water. Notice the value of t;*** is ~50 times longer for confined water (~70 ps)
than that for bulk water (~1.5 ps). As expected, the layer-wise calculations of y,(k,t) , shown
in the lower panels, indicate lengthening of the t}*** as one moves away from the core layer
toward the interface. The timescales associated with the maximum correlation in different
layers, summarized in Table 2.3, suggest correlated density fluctuations in these layers
occurring 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 ~100-1000 times longer than that for bulk water. A close inspection of these layer-
wise y,(k,t) also, show that the faster wing of the y,(k, t) of other layers overlap with that
for the core layer (see Figure 2.A.15 of Appendix 2.A for y,(k,t) 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 bound and free water as envisaged in the core-shell model.
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Figure 2.10: Dynamic susceptibilities for bulk water (upper left), confined water (upper right),
layer-wise 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 the maxima of the simulated layer-wise and over-all
dynamic susceptibilities (t7***) for water molecules confined in these RMs. The same for the

bulk water is also reported.

Layer# | AOT RM IGEPAL Bulk
() /ps RM (3"*)/ps
(5 )/ps
1 1885 1765
2 678 473
3 367 354
4 390 380 15
Core 250 250
over-all 70 70
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2.3.2.6 Collective single particle -reorientation relaxations: Agreement with experiments

Collective single particle reorientational relaxation of dipolar molecules are often monitored

via the reorientational time correlation function (RTCF)">73,

(Po[u;(t).u;(0)])
(Pp[u;i(0).u;(0)])

Co(t) = (2.9)

where, P, denotes the Legendre polynomial of rank | and u; a unit vector parallel to the water
dipole axis.

Simulated RTCFs for £ = 1, C, (t), for water molecules in both the RMs are shown in the upper
panels of Figure 2.11. Simulated decays for ¢ =2 are shown in the lower panels.
C;(t) and C,(t) decays for bulk water are also presented in these panels for comparison. The
following is the general 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 slowest for water
molecules in the interfacial layer for both the RMs and becomes progressively faster as the core
is approached. The ‘over-all’ reorientational relaxations are the fastest among those simulated
for the confined water, although the decay rates are much slower than their corresponding
counter-parts for the bulk water. Note that these simulated C,(t) decays for both bulk and
confined water require a sum of three exponentials for adequate description. The corresponding
fit parameters are summarized in Tables 2.4 and 2.5, and the adequacy of this fit function is
demonstrated via a representative figure (see Figure 2.A.16 of Appendix 2.A).

For C; (t) decays, these fits indicate relaxation timescales in the sub-picosecond, sub-10 ps and
sub-100 ps regime and domination of the slowest component (~60-80% of the total amplitude).
The slowest of these three relaxation time constants is ~5-20 times slower for water confined
in these RMs than the corresponding one for bulk. This is expected as we have already noticed
the confinement-induced slowing down of translational dynamics of water molecules and the
impact of the interface. What is striking here is the presence of the faster-than-bulk timescales
that characterize the initial component of all the C;(t) decays for confined water. This is
demonstrated in the upper panels of Figure 2.A.17 (Appendix 2.A) where the simulated decays
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for the first 0.4 ps are compared. This faster-than-bulk relaxation has been already reported in
experiments® and model simulation®® and attributed to the partial disruption of the tetrahedral
H-bond network of bulk water upon confinement. The layer-wise and ‘over-all’ tetrahedral
order parameter and H-bond population distribution shown earlier respectively in Figures 2.4

and 2.5 strongly support this view.
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Figure 2.11: Layer-wise reorientational correlation function (C, (t)) for water confined in
both the AOT (left panel) and IGEPAL RMs (right panel). The same for bulk water is also

shown in order to facilitate the comparison.
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Table 2.4: Tri-exponential fit parameters for the simulated reorientational correlation function
of rank 1, C;(t), of water molecules in different layers under the charged (AOT) and neutral

(IGEPAL) confinements. Layer # 1 is the interfacial layer. Tri-exponential fit parameters for

bulk water are also shown.

Layer# | Width(A) | a; |7, (ps) a, |1, (ps) as | T3 (ps) (T)o-1
(ps)
AOT RM
1 27.5-225 | 0.13 0.025 0.11 1.87 0.76 61.35 48.15
2 225-175 | 0.12 0.05 0.14 3.24 0.73 32.57 24.34
3 175-125 | 0.13 0.06 0.18 431 0.69 25.77 18.67
4 12.5-75 0.13 0.1 0.27 7.6 0.60 27.40 18.38
core 75-0 0.14 0.1 0.31 7.77 0.55 38.61 23.70
over-all | 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 27.5-225 | 0.13 0.043 0.11 3.12 0.76 91.74 70.16
2 225-175 | 0.11 0.045 0.10 2.17 0.79 20.7 16.49
3 175-125 | 0.12 0.060 0.13 3.20 0.75 21.19 16.24
4 12.5-75 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
over-all | 27.5-0 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 for the simulated reorientational correlation
function of rank 2, C,(t), of water molecules in different layers under the charged (AOT)

and neutral (IGEPAL) confinements. Layer # 1 is the interfacial layer. Tri-exponential fit

parameters for bulk water are also shown.

Layer# | Width (A) a, 741 (ps) a, 7, (ps) as 73 (ps) (T)p=2
(ps)
AOT RM
1 27.5-22.5 0.3 0.024 0.19 1.7 0.5 33.45 | 18.22
2 22.5-17.5 0.3 0.034 0.23 2.07 0.48 16.64 8.4
3 17.5-12.5 0.3 0.037 0.22 211 0.47 12.27 6.3
4 12.5-75 0.29 | 0.036 | 0.22 | 2.088 0.49 11.6 5.95
core 7.5-0 0.26 0.022 0.18 091 0.56 11.4 6.6
over-all 27.5-0 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 27.5-225 | 0.31 0.04 0.18 2.52 0.51 50 25.88
2 22.5-17.5 0.27 0.027 0.2 1.3 0.53 11.03 6.13
3 17.5-125 0.28 0.032 0.21 1.54 0.51 10.56 5.7
4 12.5-75 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
over-all 275-0 0.48 0.009 0.23 2.1 0.29 11.34 3.72
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When the C,(t) decays are compared, similar observation appears; faster-than-bulk relaxation
component, now more prominent than in C;(t) decays, appear for all of them. This is then
followed by two slower components, one with the time constant of a few picoseconds and the
other with a time constant of approximately ten picosecond or a few tens of picoseconds. This
slowest component, as for the C;(t) decays, dominates the relaxation, and the associated
timescale is ~2-12 times slower than that for the bulk. Note here that the layer-wise C; (t) and
C,(t) 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 reorientational 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
connected to the trapping of water inside the clefts created by the polyethylene oxide units of
IGEPAL molecules that intruded inside the RM cavity (see Figures 2.A.1 and 2.A.2 of
Appendix 2.A). This extra slowing down of water at the IGEPAL interface has already been
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 2D-IR and time-resolved fluorescence
measurements suggest that the timescale of reorientational relaxation of interfacial water
molecules for both the charged and the neutral RMs is nearly the same (15-20 ps)?*3°. 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 have shown by simulating C,(t)
of water for an interfacial layer of width 10 A for both the RMs. These decays and the
corresponding fits are shown in Figure 2.A.18 (Appendix 2.A), with fit parameters summarized
in Table 2.B.8 (Appendix 2.B). The results are quite 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 ultrafast IR and 2D-IR measurements.*3°
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2.4 Conclusion

In summary, the core-shell 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 molecules in different (but fictitious) layers, and for all encapsulated water molecules
together (‘over-all’). Two chemically different surfactant molecules (charged and neutral)
were considered to construct model spherical RMs in which counter ions were dispersed along
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 of H-bonds allowed for bulk water. Structural features such
as dipole orientation, tetrahedral order parameter, and H-bonded populations deviate
significantly from those for the bulk, the deviation being the most pronounced for the interfacial
water. Water dipole orientation within AOT RM predicted in the present study corroborates
well with the polarisation sensitive vibrational sum frequency generation (VSFG)
measurements of charged interfacial water.3612 Similar VSFG study with aqueous IGEPAL
RMs would therefore be interesting and worth pursuing. Interestingly, the core water never
resembles those of bulk, and remain different bearing the impact of confinement. Centre-of-
mass mobilities are dramatically slowed down for the interfacial molecules which, on moving
toward the centre of the 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. Single-particle
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 four-point correlations where dynamic susceptibilities 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, one that is more bulk-
like (free water) and the other being slower and much deviated from bulk (bound water). The
applicability of this simple two-state model is also examined by varying the chemical nature
of the surfactant molecules that were used to construct the reverse micelles, but the observation

remained the same. However, some simulated features, particularly those for the interfacial
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molecules, showed the moderate influence of the chemical nature (charged or neutral) of the
surfactant employed. Simulated single particle reorientational relaxations of water dipoles

showed a good agreement with measurements via time-resolved 2D-IR experiments.

The present work has the following limitations. First, a non-polarizable model has been
employed to represent the real water 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 precluded any heterogeneity arising from the structural anomaly. The break-down of the
core-shell 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 to address
several interesting experimental findings.’>#7 It is satisfactory to note that the present model
has been able to successfully predict the average anisotropy timescales of reverse micellar
water measured via femtosecond 2D-IR experiments.®® The central result of this study is,
therefore, the observation of the break-down of the celebrated core-shell model for confined

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

AOT RM

()

(b)

Figure 2.A.1: (a) Snapshot of an AOT molecule and the rigid RM interface. Green represents
rigid repulsive atoms used for structural stability of RM, Blue represents Na*, Red — Oxygen,
Cyan- Carbon and purple — Sulphur atom of an AOT molecule.

(b) Zoomed side-view of (a). This view enables us to show that SO3™ units and Na* ions are
on (not inside) the smooth rigid surface formed by the repulsive potential (green entity).

(c) Representative AOT molecule.
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IGEPAL RM
(b)
(@)
(c)
22
o— N /O (H:Z
HZC/ E'z \ﬁ/ \OH
\ _-0, Hy 2 H,

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

(b) Zoomed side-view of (a). This view enables us to show the protruding CH> units (denoted
by blue and black atoms) of IGEPAL surfactant inside the rigid cavity (green atomic surface).

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

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

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

cavity. g is the dipole orientation angle with radial vector  of the cavity.

56



Chapter 2

Figure 2.A.8: Schematic representations of the tetrahedral angle gijkand the three-

dimensional tetrahedral hydrogen bond network of bulk water.
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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, over-all and layer-wise
water molecules within AOT RM (upper panel) an IGEPAL RM (lower panel).
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Figure 2.A.11: MSD of water residing in different layers of AOT and IGEPAL RMs.

Corresponding bulk and over-all MSDs are also presented.
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Figure 2.A.12: Time dependence of f associated with MSDs obeying the relation:

MSD« t# . Results for layers, over-all confined and bulk water are shown.
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Figure 2.A.14: Single particle displacement distributions of water molecules confined

within AOT and IGEPAL. Corresponding bulk results are also shown.
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Figure 2.A.15: Dynamic susceptibilities (y,(t)) of water molecules for confined water in
different layers within AOT and IGEPAL RMs.
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C; (t) (lower panel) for water residing at the first two layers and for over-all confined water.
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AOT RM
IGEPAL RM

0 0
(175 A-275A)

Time (ps)

Figure. 2.A.18: Plot of C,(t) of water molecules residing within a radial distance of
17.5 A to 27.5 A from the centre of the pool. This essentially gives contributions from
two consecutive layers starting from the interface. Green colour corresponds to AOT
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 qi/(e)
1.S1 1.360
2.0.3 -0.600
3.03 -0.600
4.0 3 -0.600
5.C_31 -0.100
6.C_1 0.630
7.0.2 -0.340
8.0 1 -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 parameters for atoms in AOT

Atoms ai(A) &i(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
01 2.785 0.400
0.2 2785 0.400
C1 3.189 0.398
Na* 2.276 0.482
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Table 2.B.3: Partial atomic charges for IGEPAL.

Atom gi/(e)
1. CR1 0.248
2. CR1 0.016
3. CR1 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.
30.
31.
32.

33
34

35.

36

37.

38
39
40

41.
42.

Table 2.B.4: LJ parameters for IGEPAL.

H_ 2
C.2

H 2
.C_32
.C_32
H 2
H_2
C2
H-2
H_2
.C.2
H-2
H_ 2

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 ci(A) &i(KJ/mol)
CR1 3.770 0.5674
C 32 3.625 0.8302

01 3.034 0.4005
H1 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 AOT
and IGEPAL RM.

Average maximum residing time by water molecules in different
layers
Layer #. AOT RM IGEPAL RM
1(27.5A-225A) 533 ps 430 ps
2(225A-175A) 371 ps 315 ps
3(175A-125A) 223 ps 216 ps
4(125A-75A) 172 ps 181 ps
5(7.5A-0.0 A) [core] 164 ps 175 ps

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

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 0.1383 441 25.134 5.706
3 0.0341 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 residing in
different layers of AOT and IGEPAL RMs. These times for over-all confined water are also

shown.

NG timescale; NNG timescale;
Tne (PS) Tyne (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 for C,(t)of water molecules residing within a
radial distance of 17.5 A to 27.5 A (that is, 10 A thickness) from the centre of the pool for
both the AOT and IGEPAL RM.

a 7,(Ps) b 7(ps) c 73(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 H-bond
Fluctuation Dynamics? A Molecular Level Investigation Through

Simulations of Bulk and Confined Three-Component Mixture

3.1 Introduction

It is well-known that the increase in entropy for mixing of alcohols (for example, methanol or
ethanol) in neat water is much less than that expected for an ideal solution! that follows the
Raoult’s law?. Numerous studies have suggested that the three-dimensional tetrahedral H-bond
network structure of water is heavily influenced by the presence of alcohol in aqueous binary
mixtures. This has been reflected in the anomalous mole fraction dependence of entropy of
mixing and partial molar enthalpy of water. >* Interspecies H-bonding and the strong tendency
of water to preserve its tetrahedral network is believed® to be the reason for such anomalous
features of alcohol-water binary mixtures. Methanol is the first member of the homologous
series of mono-hydroxy alcohols and is soluble in water at any mole fraction. The extent of
non-ideal behaviour for methanol is the minimum among all other water-miscible alcohols.
There also exist several studies where different views have been put forward to explain the
anomalous thermodynamic properties of water-methanol mixtures®2°. 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 methanol-rich region
of aqueous solution (methanol: water = 7:3)". 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 the global 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 methanol on both the
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 inter-species H-bond fluctuation dynamics have been followed to investigate the
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influence of confinement on structural and continuous H-bond relaxation timescales.
Comparison of these properties among bulk neat mixture components, bulk binary mixtures
and the corresponding confined nanoscopic systems have 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 liquids probed by different experiments have suggested probe
location dependence!!*? 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 upon increasing
the confinement radius has been attributed to enhanced mobility of solvating particles around
a solute due to larger curvature of the confining surface!!. Confinement size dependence of
solute location is, therefore, a piece of critical information for proper 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 the interface than to the centre of the confined aqueous pool*3.
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 the laser-excited C153 nearer
to the centre 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 dipole-dipole solute-solvent interaction where ultimately the hydrophobic
solute-solvent interaction wins. This interpretation then naturally raises the following
questions: (i) where would C153 locate itself if the water is sequentially and then totally
replaced by an amphiphilic polar solvent in a model RM? (ii) would 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 impact of confining surfaces on solute-solvent

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 compositions — 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 kept fixed at wo~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 the well-known SPC/E model**. For
constructing the RM, we have considered a model interaction potential for the charged
surfactant molecule, sodium bis(2-Ethylhexyl) sulfosuccinate (AOT)*. A united atom model
of methanol (TRaPPE-UA) is used where hydrogen atoms of the methyl group are not
considered explicitly*. We have considered 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) and one 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 inherent di-mixing characteristics of water and

methanol.

We have performed analyses of the H-bond structural and dynamical aspects for confined
binary mixtures by dividing each into two layers - an interfacial layer of 7.0 A thickness and
the inner pool of 20 A thickness. We compared these layer-wise results with the corresponding
‘overall’ (considering contributions from all solvent particles of one or both components of a
given confined mixture during statistical averaging) properties. Different water-water and
methanol-water H-bond structural and dynamical properties have been monitored and
calculated from the present simulations and the effects of confinement on average H-bond
numbers and H-bond fluctuation dynamics explored. Comparing our layer-wise results for
confined binary mixtures with those 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 concentration increases. The present simulations also find that the confinement
severely affects the inter-species H-bond fluctuation dynamics while a clear trend is missing

for the intra-species dynamics.
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3.2 Simulation Details

3.2.1 Systems

For the three binary mixtures W20, W40 and W80 considered, the corresponding numbers of
water and methanol molecules are provided in Table 3.B.1 (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 Na* ions are taken from an earlier work™>78 The force field parameters and
ground-state 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
thermostat®® 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 Berendsen barostat?® with 0.2 ps time
constant. Periodic boundary condition?* was employed throughout the simulation of cubic
simulation boxes. Simulated and experimental densities?? of these systems are compared in
Table 3.B.2 (Appendix 3.B) and Figure 3.A.1 (Appendix 3.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 algorithm?* with 1fs time-step. Electrostatic interactions
were dealt with the Ewald sum technique?-? with a precession of 10~7. The cut-off radius for
short-range 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 Nose-Hoover thermostat?*?° with a
time constant of 0.5 ps. During this production, run trajectories were saved after every 0.1ps
for analysis of structural properties, whereas for hydrogen-bond 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 the velocity Verlet algorithm?! with a time step
of 2 fs. The temperature was set at 298 K using the Nose- Hoover thermostat?*% with 0.5 ps
time step. Trajectories were collected after equilibration of 40 ns in NVT ensemble following
the literature procedure?®-28, 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. The cut-off radius for short-
range interaction was set to 11 A. A separate trajectory for 1 ns was generated for hydrogen
bond lifetime calculations where trajectories were saved at every 0.01 ps. For carrying out all

the simulations reported here, we had used the DL-POLY?® MD simulation software.

3.2.4 Fidelity check of force field

Table 3.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) and 3.A.3(b) (Appendix 3.A) respectively. These normalized densities are
nearer to 1 when the systems approach the corresponding bulk densities. This figure shows the
usual trend of density”3° drop near the interface for confined aqueous systems. For W20 and
W40 confined systems, the densities near the centre are less than 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 perform the intended simulations using the force fields and models

employed.

For analysis, the confined solvent pool inside the RM is divided into two imaginary radial
layers, namely, the ‘interfacial’ region and the ‘core’ or ‘inner’ region. The interfacial region
has been assumed to be of 7.00 A width, considering a layer created by one water and one
methanol molecules (Gwater >+ Gmethanol>> = (2.75 + 4.2) A)The radius of the inner region is 20

A. We have analysed data for the interfacial and the inner regions for each of the systems and
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also for the ‘overall’ properties where contributions from all confined solvent molecules have

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 nano-confinement of binary solvent mixtures, the immediate
environment around C153 is the most important region. Our simulations suggest that the solute,
C153 resides approximately in the same region inside these RM confined mixtures. This is
shown in Figure 3.1 where probability distribution for the C153 location is shown as a function
of distance from the centre of the confined fluid. Snapshots of the interior of these RMs, shown
in Figure 3.A.4 of Appendix 3.A, reflect that C153 locates itself away from the centre of the

aqueous 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 center-of-mass (COM), P (7¢153)
from the centre of the RM in these three confined binary mixtures. P(r¢153) in pure water RM

(W2100) and pure methanol RM (WO) 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 Figure 3.2 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 3.2 depict the 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
(1) 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 bulk (~10 times 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 bulk ( ~2.5 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 confinement is capable of influencing the preferential solvation phenomenon
through modulation of the solute-solvent interactions at the molecular lengthscale. This is
important because this suggests that the curvature of a nanoscopic geometric boundary can
participate 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 bearing on designing drugs where
optimization of the ratio of the hydrophilic-to-hydrophobic interaction is critical for appropriate

solubility, transportation and release in multi-component aqueous media.
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Figure 3.2: Number of mixture component molecules around the dissolved solute C153 in
these bulk binary mixtures (left panels) and in the corresponding confined binary mixtures
(right panels). Note the number of molecules is shown in the upper panels while the

corresponding fractions are presented in the lower panels.
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Figure 3.A.5 (Appendix 3.A) compares the distance-dependent fractional population
distribution in these bulk and confined binary mixtures. This radial population distributions
show that the methanol populations 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 solvation of 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 confinement-enhanced preferential
solvation of C153? Keeping in mind the coarse-grained 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,
distance-dependent population distributions shown in this figure corroborates well with the
results presented in Figure 3.2. These results also reveal that water and methanol molecules
are not participating in the formation of large clusters, leading to alcohol-rich and alcohol-

depleted domains.

Next, we show in Figure 3.3 the ratio of methanol and water populations (R =
P(MeOH)/P(H,0)) in the immediate environment of C153 in these bulk and RM-confined
binary mixtures. Clearly, the methanol population in the immediate environment of the
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 further augmented at low

methanol concentration.
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Figure 3.3: Ratio of methanol and water populations (R = P(MeOH)/P(H,0)) within a
spherical region of radius 7.0 A around C153 COM. Results for both the bulk and confined

binary mixtures are presented.

3.3.2 Hydrogen bond structure and dynamics of the system

3.3.2.1 Effects of confinement on the H-bond structure of aqueous methanol solutions

For exploring the effects of confinement on the H-bond structure and dynamics of methanol-
water binary mixtures, we have calculated both the inter- and the intra-species average number
of H-bonds per acceptor molecule, namely, n,,,, (water-water H-bond per water molecule),
Ny (Methanol-methanol H-bond per methanol molecule), and n,,,, (methanol-water H-bond
per methanol molecule). While obtaining the average number of H-bonds, we have also
calculated the average population of molecules which are participating in forming the H-bonds.
This allows us to explain the underlying molecular picture in detail. This is because the

calculated n,,, (x and y denote the species) will describe the actual number of inter-species or

intra-species H bonds, excluding the contributions from the non-participating molecules.
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The following protocol®*=3" has been followed for detecting the H-bonds between water

molecules (n,,,):

a) the distance between the donor oxygen atom and acceptor oxygen atom is less than 0.35 nm,
b) the 0 — H(donor)-0 (acceptor) angle is less than 30°, and c) distance between O and H must
be less than 0.245 nm.

For methanol-methanol hydrogen bonds (n,,,,,), the following geometric criteria®® have been

considered:

a) the distance between the donor oxygen atom and the acceptor oxygen atom is less than 0.35
nm, b) the O — H (acceptor)- O (donor) angle is less than 30° and c) distance between O

(donor) and H (acceptor) must be less than 0.26 nm.

The above criteria have also been followed for calculating the number of H-bonds between
methanol and water, n,,,,.
The effects of confinement on the tetrahedral structure of water in these binary mixtures have

been investigated via the calculations of the distribution of tetrahedral order parameter (Q;)%,

3
Qi = 1= %31 T jea(cosbip + 1/3)? (3.0)

where Q; represents the tetrahedral order parameter of the i water, 6; jk the angle subtended
by each pair (designated by j and k) of the nearest four water molecules on the central it water
molecule. For a random and uniform distribution of these angles, Q = 0; for a perfect
tetrahedral structure, @ = 1. Note that the distribution, P(Q), rather than the ensemble
averaged value of Q itself, is what is more relevant here. This is because for compositions like
W20, W40 the average Q values for the bulk binary mixtures are nearly zero although there
exist a considerable number of water molecules for which Q > 0. The ensemble-averaged Q
values for bulk and confined systems are provided in Table 3.B.3 (Appendix 3.B). Although
for W80, the average Q value is not such deviated from neat water < Q >, we find the P(Q) is
very much different from neat water P(Q). For these bulk systems, overall tetrahedrality is
compromised upon addition of methanol. The impact of confinement on P(Q) for water in
these 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 the influence on 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 confinement of the same size.

3.3.2.1.1 Tetrahedral order parameter distribution P(Q)

The effects of the addition of methanol and confinement upon the tetrahedral network structure
of water are illustrated in Figure 3.4. Simulated P(Q) for water in W20, W40 and W80 are
shown for both bulk and under confinement. Note that for confined binary mixtures, the
average ‘over-all’ distributions are presented along with the separated distributions for the RM
‘interfacial’ and the ‘core’ water molecules. The corresponding distributions for bulk and
confined neat water” 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 water in bulk 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. Moreover, P(Q) samples
population with negative Q values for binary mixtures more than that for neat RM water and
this population with negative order parameter values becomes nearly equal to that with positive
Q values in the methanol-dominated binary mixtures. This is very interesting and immediately
suggests that the long-range orientational 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 separated-out 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 width and are very similar to the ‘over-all’ distributions in each of these
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 centre of the confined 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 pointed out that for binary mixtures a significant population is characterized
by @ < 0 values. For neat bulk water, the main peak of the distribution of cos®; ., P(cos®0) is
broad and appears at ~107°, a value quite close to the tetrahedral angle (109.5°). A weak
shoulder at ~50° also accompanies the angle distribution. Here 6, is the angle subtended by
each pair (designated by j and k) of the nearest four water molecules on the central i water
molecule. Figure 3.5 presents the simulated P (cos®8; ;) 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 ~107° for both bulk and RM-confined 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°. This is a
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 ~107° via shifting 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 leads to regaining 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 with increased 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 distributions for interfacial water molecules at this composition reflect a
different behaviour where the low angle population (~50°) is increased by ~2-3 fold 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 near-tetrahedral orientations (~107°)
may be linked to water molecules that possess ‘strong hydrogen bonds’ revealed in the Raman
spectroscopic measurements of liquid water*®*! via the observation of a peak at ~3250 cm™.
Water molecules with orientation angle ~50°, on the other hand, maybe termed as those with
‘weak hydrogen bonds’ and are responsible for the peak ~3440 cm™ in the relevant Raman
spectra of liquid water*®*! Interestingly, results reported by 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, P(cos8), in these binary mixtures ((a) W20, (b) W40, (c)W80).
P(cos®) for water molecules residing in the inner core of the RM, at the interface and for water

in the corresponding bulk mixtures are shown. P(cos®) for neat bulk water is provided in each

of these panels.
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This detailed analysis of tetrahedral order parameter for water in aqueous methanol solutions
provides an opportunity to discuss two different propositions regarding water structure in these
binary mixtures that were put forward by neutron diffraction’ and a widely held view*:.
Relevant neutron diffraction measurements’ of methanol-water mixture suggests that bulk
water-like tetrahedral network structure exists even for solutions at high methanol
concentrations. While the other view®*? is that, the water-structure around methanol becomes
‘enhanced’ in aqueous solutions up to a certain methanol concentration and then softens up and
gets distorted upon further addition of methanol. Our results, shown in Figure 3.4, reflects
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 P(Q) suggests that a non-
negligible bulk-like water population exists in aqueous 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 addition of water in the binary mixture. This may be
construed as ‘regaining’ or ‘enhancement’ of the tetrahedral network structure of water at a
very low concentration of methanol. Note that the neutron scattering measurements probes
structure at the molecular lengthscale, whereas the Raman scattering probes the collective part
of the polarizability fluctuations. This inherent difference in lengthscales that are probed by the
neutron scattering (nearest-neighbour density fluctuations) and the Raman scattering
(collective polarizability fluctuations measurements*#°) 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 semi-accurately. The present simulation 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 calculated, for these bulk and confined binary mixtures, the average number of inter-
species and intra-species hydrogen bonds (N,},) and the corresponding participating fraction
populations (f,,) of the relevant species. Simulated results are shown in Figure 3.6 where the

average number of H-bonds are shown in the upper panels and the participating fraction
population in the lower panels. H-bond numbers corresponding to confined RM systems are
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provided in Table 3.B.4 (Appendix 3.B) and that of bulk systems are given in Table 3.B.5
(Appendix 3.B). Results for bulk and confined binary mixtures have been compared to explore
the confinement effects. In addition, Ny, and f,,, for molecules in the interfacial and the inner
(core) regions have been separately calculated to examine the impact of the interface on these
quantities, and the difference (if any) among the corresponding interfacial, core and overall
quantities. Number of water-water hydrogen bonds (N[, per water molecules in W20, W40
and W80 binary mixtures and the fraction of water molecules (f,,,,) participating in the water-
water H-bonds in them are shown respectively in Figure 3.6(a) and 3.6(b). As the methanol
concentration is diluted by successive addition of water in the binary mixture, N, increases
from ~1.3 to ~2.8 for both the bulk and the confined systems. Considering N, ~ 3.58 for neat
bulk water’, it is clear that addition of methanol in water hinders the formation of direct water-
water H-bonds, and the impact of confinement on this hindrance appears to be weak across the
mixture composition when the overall N, for RM confined mixture is compared with the bulk
counterpart. However, the simulated N, 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 could be as large as the difference between
them, one is tempted to ignore this mixture composition-dependent difference. However, if we
recognize that a substantial portion of the total water population in these binary mixtures would
be utilised to solvate the charged 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 fractional water population for water-water H-bond should reflect a corroborative
mixture composition dependence. This behaviour is clearly reflected in Figure 3.6(b) where
the simulated f,,,, in the core is less than that in the interface for W20 and W40 mixtures but
nearly the same for W80. The same logic explains the reverse mixture composition dependence
of the methanol-methanol counter-parts, N2, and f,,,,,, shown in Figure 3.6(c) and Figure
3.6(d). For methanol-water H-bonds and fraction population, N2, and f,,,,, the composition
dependence is shown in Figure 3.6(e) and 3.6(f). What is striking here is the large difference
in N2, and f;,,, between the bulk and confined binary mixtures. This can be understood by
considering the hydration of 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 H-bonds per donor molecule (Ny},) (upper panel) and
population of donor molecules (f;,) participating in the formation of H-bonds (lower panel)
for these three binary mixtures. Parameters corresponding to core water in the RM, interfacial
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 H-bond fluctuation dynamics: Structural and Continuous

Structural H-bond relaxation dynamics has been followed via the dynamic correlation function,
CHB (t) 33,34,36

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

Cyp(t) = (3.2)

Here the reformation of H-bond with another neighbouring molecule, after the rupture of a
hydrogen bond with an initial partner, is allowed and accounted for. As a result, a connection
to the centre-of-mass motion of the participating molecules is established. This means that
faster translational motion of the participant molecules will shorten the structural H-bond

lifetime*®#”. The average structural H-bond lifetimes < 7f® > ,,,, are then obtained by time
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integrating the multi-exponential fit functions that adequately describe the simulated decays of

the correlation function*®->0:

< T?B > avg = fOOO dt [Cyp(®)] = fdt (XL a exp (=t/7)] = Z? a;7; wWith ¥;a; = 1.

The continuous hydrogen bond lifetime is calculated from the time-correlation
function, Sy (t)333436,

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

Sup(t) = (3.3)

Note in the above equation that H (t) becomes unity if the tagged pair of molecules, for which
h(0) is calculated, remains continuously H-bonded for a time t or else H(t) = 0. Syg(t)
describes the probability that a tagged pair of molecules remain continuously H-bonded for a
duration of t and becomes zero when this continuity of the H-bond between the same partners

breaks down. The average continuous H-bond lifetime < 78 > avg » as been obtained, as

before, via time integration: < 7% > ,,,, = fooo dt [Sys(®)].

Table 3.B.6 (Appendix 3.B) summarizes the simulated structural and continuous H-bond
lifetimes for water-water, methanol-water and methanol-methanol species in these three bulk
and confined binary mixtures. These average times are calculated only for the overall and inner
core H-bonded species. Figure 3.7 depicts the mole fraction dependencies of the average
structural and the continuous H-bond lifetimes for water-water (left panels), water-methanol
(middle panels) and methanol-methanol (right panel) species. Representative multi-
exponential fits to Sy (t) and Cyp (t) and corresponding fit qualities are shown in Figure 3.A.6
(Appendix 3.A). Fit parameters for each of the simulated Sy5(t) and Cyg(t) are shown in
Tables 3.B.7- 3.B.14 (Appendix 3.B). Note all the calculated average times in these panels
show non-monotonic composition dependence to varying degrees. This is not surprising as
several earlier time-resolved fluorescence measurements have already reported non-linear
composition dependence of various relaxation rates in bulk aqueous solutions of alcohols and
other amphiphilic molecules®>4 The interesting aspect of this general observation is,
however, the emergence of this non-monotonicity in simulations of composition-dependent H-
bond fluctuation dynamics, where coarse-grained classical interaction potentials have been

employed. This reflects that these model interaction potentials are capable of qualitatively
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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 H-bond relaxation times, =45, (upper panel) and the continuous
hydrogen bond relaxation times, t&8, (lower panel) for water-water (WW) (left column),
methanol-water (MW) (middle column) and methanol-methanol (MM) (right column) are
shown. Corresponding average lifetimes for these three bulk binary mixtures are also presented

for comparison.

The composition-dependent structural H-bond lifetimes shown in the upper panels indicate that
the overall < 7/ > ,,,; slows down substantially upon confining these binary mixtures and
the confinement impact is stronger for methanol-methanol (M-M) and methanol-water (M-W)
than water-water (W-W) structural H-bond 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 (MSDs) at these three
compositions, shown in Figure 3.A.7 (Appendix 3.A), supports this view. Interestingly, the

overall < 7% >, for water-water becomes faster upon increasing the water mole fraction
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in the RM whereas it levels off for water-methanol species. The 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 water-water < 778 > avg 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 centre-of-mass mobility of core water molecules. At higher
water mole fraction, however, the 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 Debye screening length due to an effective screening? allows a greater number of
water molecules in the interfacial region in accessing relatively higher mobilities at higher
water concentration. Consequently, the overall water-water <t/ > ,,; for the confined
mixture becomes shorter upon increasing the water mole fraction. Unfortunately, < 7% > 4,4
for the interfacial water molecules could not be estimated in the present simulations because of
technical reasons. These reasons include the non-availability of sufficient number of water
molecules within the interfacial region that supports reformation of H-bond after the breakage
of the H-bond with the initial partner, followed by centre-of-mass diffusion and subsequently

allowing the generation of statistically meaningful data for the relevant Cyz(t) .

The mixture composition dependence of methanol-water overall < t{® >,  can be
understood from the concentration-dependent water mobilities in these confined binary
mixtures. Methanol-methanol (MM) structural H-bond relaxation times follow a similar trend
shown by the corresponding methanol-water average relaxation timescale (< tf® > ,,,,). For
bulk binary mixtures, the mole fraction dependence of < tf’® >, reflects the change in the

solution structure upon changing the mixture composition.

The non-monotonicity in composition dependence is observed also for the continuous H-bond
lifetimes, < 7% > avg» Shown in the lower panels of Figure 3.7. The non-monotonic mole
fraction dependence of < 78 > avg N bulk, agueous solutions of alcohol is a new finding and

connected probably to the alcohol-induced modifications of the water structure in solutions.

Note that methanol-methanol continuous H-bond lifetimes becomes longer upon confinement
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but become shorter upon successive addition of water in the mixture. The similarity in water-
water < tHE > avg Values among bulk binary mixture, overall and core water molecules for
W80 is understandable. The difference between the overall and core < % > avg Values for
W20 and W40 mixtures suggests that the water-water H-bonds for interfacial water molecules
are longer-lived than those for core water in these binary mixtures. The same conclusion may
be drawn for the methanol-water H-bonds in all these binary mixtures. The striking difference
between the bulk and overall water-water < t£% > qvg Values for W20 mixture clearly
indicates that the water-water H-bonds for interfacial water molecules are strongly influenced
by the charged interface. Motional restriction of interfacial water molecules and the consequent
reduction in the configurational entropy in this water-depleted mixture may be a reason for
increasing the water-water < T8 > avg Value by more than a factor of two over that in the
corresponding bulk mixture. Because methanol is not preferred near the interface, this
consideration does not apply to methanol-water H-bonds and, as a result, the < 8 > avg
values in these bulk binary mixtures remain larger than the corresponding overall values 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 H-bond lifetimes. Figure 3.8 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 region for all the
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 present in this mixture 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. Data in the 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 some 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 dissolved in
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 reverse micellar cavity have
been explored. Three representative binary mixtures covering methanol-rich to water-rich
compositions have been considered. We have observed confinement-induced enhancement of
preferential solvation in each of the binary mixtures studied. In these 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 H-bonding network structure of these methanol-water 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
global tetrahedral order parameter and local tetrahedrality. Nanoscopic RM confinement has
been found to significantly slow down the water-water, methanol-water and methanol-
methanol structural H-bond fluctuation dynamics over those in the bulk binary mixtures. The
continuous H-bond fluctuation dynamics, on the hand, becomes faster upon confinement of
these mixtures except for the methanol-dominated mixture (W20) where most of the water
molecules engage themselves in solvating the charged AOT interface. In W20 mixture, the
interfacial water slows down considerably the continuous H-bond dynamics possibly because
of their restricted motions. Finally, we would like to end by noting that the elementary
knowledge gained here about the confinement-induced enhancement of 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 interesting and are 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 pre-equilibrated 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 alcohol-water binary mixtures inside the
AOT RM having 27.5 A cavity radius. The distance is measured from the cavity centre. The
mass density (p) is shown in the upper panel while the normalized density with respect to that

of its bulk (p/ppuir) 1s shown in the lower panel.
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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.
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Figure 3.A.6: Representative three exponential fits to Cng(t) and Swe(t) and the corresponding
residuals. The behaviour of residual indicates that the multi-exponential fits adequately

describe these simulated decays.
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Appendix 3.B

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 mole-fraction dependent comparison is not possible because
of unavailable data. We carried out error analysis with nearest available mole-fraction density

(given in the parenthesis).

Mixture Density (gm/cc) Error
(relative to
Simulations Experiments experiments) (%)
W20 0.808 0.8127 (x,,~0.1650) | 0.6
W40 0.833 0.8644 (x,,~0.4320) | 3.63
W80 0.92 0.9472 (x,,~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

mixtures confined in AOT RM. The average number of H-bonds per donor molecule at the

interface, at the inner core and averaged over all RM water (‘over-all’) are also shown.

Confined Hydrogen bond

W20 W40 W80

Interface Inner Overall Interface Inner Overall Interface Inner Overall
MM 1.46 1.65 1.56 1.29 1.44 1.37 1.10 1.09 1.09
populati | 74.6 90.60 81.95 58.21 75.49 66.68 28.31 25.54 27.10
on(%)
ww 1.33 1.20 1.32 1.76 1.62 1.72 2.50 2.97 2.73
populati | 60.66 40.26 56.77 85.82 76.72 83.64 9761 994 98.5
on(%)
MW 1.08 1.06 1.08 1.14 1.12 1.13 1.27 1.32 1.29
populati | 25.67 13.98 20.38 42.03 33.16 37.72 59.40 64.27 61.65
on(%)
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Table 3.B.5: The average number of H-bonds per donor molecule and population of donor

molecules participating in the corresponding H-bonding in the three bulk 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 continuous H-bond lifetimes for water-water (WW),
methanol-water (MW) and methanol-methanol (MM) H-bonds in these three bulk and confined

binary mixtures.

WwW MW MM
ST >y <t >y | <TEE >4y <t{® > 4 <t > 4 <T{® > 4y

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 21.51 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 water-water, methanol-methanol and methanol-water structural

H-bond dynamics (Cyg(t)) in bulk mixtures. Average timescales are calculated using

Ci, aiTy)
<l > 0= S tl
C/s TavgT (g, ap)
a; 71 (ps) a; 7, (ps) as T3 (ps) | < tdf > avg(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 water-water, methanol-methanol and methanol-water

continuous H-bond relaxation (Syg(t)) dynamics in bulk mixtures.

a, Ty (ps) a; 7, (ps) as 73 (ps) | < td® >
avg
(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 methanol-water (MW) structural H-bond relaxation (Cyg(t))

dynamics in confined mixtures.

a; 71 (ps) a; T, (ps) as T3 <tgf > avg
(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 7143 | 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 0.23 454 0.46 38.46 | 17.69
inside

113




Chapter 3

Table 3.B.10: Fit parameters for methanol-water (MW) continuous H-bond relaxation

(Syp(t)) dynamics in confined mixtures.

a 741 (PS) a; 7, (ps) | a3 73 (ps) <t > avg(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 water-water (WW) structural H bond relaxation

(Cyp (1)) dynamics in confined mixtures.

a; 71 (PS) | a; 7, (ps) as 73 (ps) <tff > avg (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 water-water (WW) continuous H-bond relaxation dynamics

(Syp () in confined mixtures.

a, 71 (ps) a, 7, (Ps) as 73 (ps) <td? > avg (PS)
W20 1 1.45 ol wx wx e 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 wx e 0.50
overall
W20 1.03 0.76 ** w* w* *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 methanol-methanol (MM) structural H bond relaxation

(Cyp (1)) dynamics in confined mixtures.

a, 71 (pS) a, 7, (ps) as 73 (ps) <tff > avg(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 methanol-methanol (MM) continuous H-bond relaxation

dynamics (Syp(t)) in confined mixtures.

a, 71 (ps) a, 7, (ps) as 73 (ps) <t > avg(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 H-bond Fluctuation Dynamics?

4.1 Introduction

Numerous measurements on aqueous binary mixtures of different amphiphilic molecules have
repeatedly revealed anomalous changes in thermodynamic properties®” that cannot be
explained employing the concept of random mixing®. This means that the Boltzmann’s
equation would be insufficient for estimating the entropy of mixing for these systems because
the enthalpy of mixing is not zero or negligible. This, in turn, 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 solutions. Binary mixture of triethylamine (TEA) and water is a
classic example® where water-TEA H-bonding interactions contribute significantly to the
enthalpy of mixing. Another important factor that critically regulates the mixing is the
hydrophobic interaction arising from the ethyl groups. Hydrophobic interaction coupled with
hydrophobic hydration and the interspecies H-bonding interactions therefore jointly governs
the physical chemistry of aqueous amphiphilic solutions. Naturally, solution structure and
dynamics reflect mixture composition dependence that is commensurate with the internal
balance between the H-bonding and hydrophobic interactions in such macroscopically

homogeneous binary systems.

The structural aspects of aqueous amphiphilic solutions have been explored via neutron
diffraction measurements®*3® by employing tertiary butanol (TBA) as a model amphiphile.
The water rich-region has been specially investigated in these measurements to understand how
hydrophobic interaction of tertiary butyl (-CMesz, Me=CHz3) groups among TBA molecules and
the corresponding hydrophobic hydration modifies the three-dimensional tetrahedral H-bonded

network structure of water. These studies then proceeded further to connect the anomalous
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mixture composition dependence of different thermodynamic 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 in solution structure and the role of inter-species H-bonding in
binary aqueous mixtures of TBA*8 and other alcohols.!®2 Interestingly, studies employing
TBA as an amphiphile is relatively more in number although investigations employing other
amphiphiles also focused on solute-induced distortion of water structure, solution
heterogeneity and dynamics?*2. The reason for employing TBA emerges from the fact that
TBA possesses the largest aliphatic group among monohydroxy alcohols that are miscible with
water at any proportion. Because of the presence of both the hydrophobic tertiary butyl group
and the hydrophilic hydroxyl (-OH) moiety, TBA molecules can simultaneously participate in
hydrophobic and hydrophilic interactions with water. This leads to segregation of aqueous

solution into microscopic polar and nonpolar domains.?’

Steady state UV-VIS absorption measurements?®3! of aqueous solutions of different
amphiphiles employing fluorescent probe molecules in the last several years have repeatedly
shown not 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 particular amphiphile
concentration. This has been depicted in Figure 4.1. This ‘passing through a minimum’ for
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 where x™ . represents this
concentration in mole fraction for a variety of amphiphiles that include 2-butoxyethanol (2-
BE)?, TBAZ:30-32 tetrahydrofuran (THF)®, 1,4-dioxane (dioxane)®, tetramethylurea (TMU)3*
and ethanol®®. Notice that for TBA in water, x7¥% . . 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 studies!®**4142 have
indicated the dominance of hydrophobic hydration and hydrophobic interaction induced solute
association at that low mole fraction. Mixture composition dependent water structure probed
later** via simulations of the tetrahedral order parameter, reveals a linear decrease of
tetrahedrally coordinated water with x5, in the concentration range studied. One 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 in Table 4.1 at very low concentrations in their respective

aqueous solutions.
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Figure 4.1: Amphiphile mole fraction dependence of UV-VIS absorption spectral frequencies
of a neutral dipolar fluorescent solute, coumarin153 (C153), in aqueous solutions of BE, EtOH,
TBA, and TMU (upper panel), and the average excited state fluorescence lifetimes ((tiite)) of
the same solute in those aqueous solutions (lower panel). Dotted lines in the upper panel guide
the eyes to connect the data for a particular aqueous 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 time-resolved fluorescence data reported for these aqueous amphiphilic
solutions. These data include mixture composition dependent average excited state
fluorescence lifetimes ({z)) and average rotational correlation times ({z,.)) of a non-reactive
probe solute, coumarin 153 (C153), dissolved at micromolar concentrations and have been
accessed via monitoring the excited state population relaxations and dynamic fluorescence
anisotropies of the dissolved probe solutes.?¢3%32 A simple survey of these composition
dependent average relaxation times ((z¢) and (z,.)) immediately reveals that these dynamical
quantities exhibits a sharp change in their respective slopes when plotted as a function of

amphiphile concentration. The mole fractions at which this sharp change for (zy)and

(t,) occur are denoted by x22" in Table 4.1 and the corresponding experimental
values®®?° for aqueous binary mixtures of 2-BE, TBA, THF, dioxane, TMU and ethanol are

summarized.

Table 4.1: Amphiphile mole fractions in binary aqueous mixtures where abrupt changes occur
in the steady state UV-VIS absorption spectral properties and dynamical quantities (average
rate of population and/or rotational relaxations) from time-resolved fluorescence

measurements employing neutral dipolar fluorophores.

Cosolvent X ot ng;lvem
(UV-VIS (Abrupt change in
Absorption) | dynamics)

2- butoxyethanol?® 0.02 0.04

(2-BE)

Tertiary butanol 0.04 0.1

(TBA)28,30-32

Tetrahydrofuran 0.05 0.1

(THF)*®

Dioxane® 0.07 0.15

Tetramethylurea 0.08 0.2

(TMU)*

Ethanol® 0.1 0.2
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Notice that x{2"

-solvene Values are different for different amphiphiles and uniformly greater by

approximately a factor of two than the corresponding x™, .. values. Studies with other non-
reactive probe solutes**** and solutes that undergo excited state intramolecular charge transfer
reaction®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 that sharp changes
IS possibly accompanying the solution dynamics at or around these amphiphile mole fractions

dyn

( xCosolvent '

The probable reasons that lead to connect the above anomalous composition dependence of
(75) and (z,.) to the fluctuations in solution dynamics are as follows. First, the available neutron

scattering studies for aqueous alcoholic solutions'®*? do not indicate any anomaly in the

dyn

solution structural aspect around x> ;0.

Second, the simulated amphiphile-water clusters
can persist only for a few to several picoseconds,'’'° and therefore they cannot probably

generate the anomaly in the measured () and (7,-) values that are in the sub-nanosecond to a

few nanosecond regime .22 Third, no anomalous composition dependence of radiative (k,)
and non-radiative (k,,,-) population relaxation rates of C153 in binary agueous mixtures of TBA
and ethanol have been found in earlier measurements.?® Fourth, the composition dependent
viscosities®® 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),

dyn

do not indicate any extrema around X ¢ vent-

The origin of this ‘dynamical anomaly’ may
therefore originate from a more fundamental solution aspect than the inter-layer momentum
transfer®® of component particles. In such a scenario and in the absence any other studies
probing local solution dynamics, it is natural to speculate that fluctuations in the intra- and
inter-species H-bond dynamics in these aqueous amphiphilic solutions may bear a connection

to this experimental observation that has been termed here as ‘dynamical anomaly’.

In this work, we have followed the intra- and inter-species H-bond dynamics and solution
structural aspects of an amphiphile-water system at various amphiphile concentrations by
employing TBA as a model amphiphile. We have monitored the composition dependence of

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 x4 =0, 0.01, 0.02, 0.03,
0.04, 0.06, 0.1, 0.13, 0.15, 0.17, 0.2 and 1. Such a closely-spaced x5, 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 a thorough composition dependent simulation study probing
the H-bond fluctuation dynamics and inter-species interactions has not been performed before
for any amphiphile-water systems. The choice of TBA as a model amphiphile is motivated by
the availability of 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 of TBA-water
system employing different model potentials for TBA can provide an idea about the ‘degree of
correctness’ of the present simulations. In order to make the study internally consistent and
self-contained, we have monitored the composition dependent spatial and radial distribution
functions, the tetrahedral order parameter and the relative populations of water and TBA that
are participating in the intra- and the inter-species H-bonding in these solutions. All these
together provide a cogent and molecular level explanations for the structural and dynamical
anomalies exhibited respectively by the steady state UV-VIS absorption and the time

dependent fluorescence measurements?-32 discussed above.

4.2 Simulation Details

All atom model potential for TBA reported in earlier simulations'® has been employed in the
present study. In this potential, the anharmonicity in the O-H bond stretching has been
incorporated via a Morse-type potential. This model potential has been found to successfully

reproduce the aggregation behaviour of TBA in aqueous solutions.!”>°

Four site TIP4P/2005 model®! of water is employed here, as this rigid four site model best
represents the tetrahedral hydrogen bond structure of water®2, A total of 10,000 molecules,
comprising of water and TBA were used in all the ten binary 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 and
TBA molecules simulated in different compositions are given in Table 4.B.1 (Appendix 4.B)
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All force field parameters and the number of water and TBA molecules at different

compositions used in this work are summarized in Tables 4.B.2- 4.B.4 (Appendix 4.B).

The simulations were performed at 298 K, employing the periodic boundary conditions>® and
the Nosé—Hoover thermostat®® (with a time constant of 2 ps). The equation of motions was
integrated using the velocity-Verlet 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 nm™. The nearest neighbour cut off for calculations of both the van der
Waals and the electrostatic interactions was considered as 0.9 nm. All systems were
equilibrated for 1 ns in the NPT ensemble. The pressure was kept constant at 1 bar and
compressibility was maintained at 5e-5 bar * using the Parrinello-Rahman barostat®® with time-
constant 2 ps. Trajectories were saved at every 0.1 ps time gap throughout the production run
of 10 ns, after equilibration of 2 ns in the NVT ensemble. For the calculations of H-bond
fluctuation dynamics, separate trajectories were generated using the 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 different time-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 provided in Table 4.B.5
(Appendix 4.B). The agreement the simulations and experimental data is satisfactory. The
GROMACS 4.5.6 simulation package®’ ! was used for simulation studies reported here. For
calculations and visualization of the surface distribution functions (SDFs), TRAVIS®? and

VMD® software packages were used.

126



Chapter 4

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 fraction dependent average
relaxation times reported in measurements employing a fluorescent solute in aqueous
amphiphilic solutions, we followed the H-bond relaxation dynamics in detail. However,
structural details have also been carefully examined to explain the mole fraction 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 Number (CN)

The composition dependence of the centre-of-mass (COM) RDFs for TBA-TBA, TBA-water
and water-water have been monitored for this aqueous amphiphilic solution. The simulated
RDF peak values, representing the RDF value at contact, (g(o), o being the distance of the
closest approach between the central molecule and another molecule as the nearest neighbour)
are shown as a function of TBA mole fraction (x;g4) in the upper panel of Figure 4.2. Numbers
corresponding to Figure 4.2 is provided in Table 4.B.6 (Appendix 4.B). The inset of this panel
shows the composition dependent ratio between the g(o) at a given x4 and that for neat
TBA, R = [g(0)]lxypa/[9(0)]xrp,,- The g(o) values for neat TBA and neat water are
summarized in Table 4.B.7 (Appendix 4.B). The non-monotonic dependence of RDF peak
indicates aggregation of TBA molecules in dilute agueous solutions, the extent of aggregation
being the maximum at x;5,~0.04. This is the mole fraction where the UV-VIS absorption
spectra of reactive and non-reactive fluorescent probes showed minima before reversing the
direction of the composition dependence upon further addition of TBA in water.?83132 This
non-monotonicity has been found in earlier simulation studies!**>186467 and explained in
terms of TBA aggregation following observations from the relevant neutron scattering
measurements.’%42%8 The interesting aspect here, however, is the simulation predictions of
appreciable TBA aggregation even at extremely low concentrations, x5, < 0.04,a mole
fraction range not accessible to neutron scattering measurement because of poor signal-to-noise
ratio.’® Data in the inset suggests a sharp increase of g(o) , from ~1.5 times with respect to
that for neat TBA ( g(o) = 2.03 for neat TBA) to ~2.5 times for changing x;54 from 0.01 to
0.03 in the aqueous solution. In this mole fraction regime, the TBA-water g(o) 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 water-water g(o) (lower panel), although the
inset shows the increase is limited to within ~20% over the value for neat water. This increase
in TBA-TBA and water-water g(o) with simultaneous decrease in TBA-water g(g) upon
successive addition of TBA in aqueous solution in the very low TBA mole fraction regime
indicates hydrophobicity driven aggregation of TBA followed by hydrophobic solvation, a
conclusion in agreement with the general observation of several existing simulation41>64-66

and experimentall®4268.69 stydies.
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Figure 4.2: The composition dependent peak-heights (first peaks) of TBA-TBA (upper panel),
TBA-water (middle panel) and water-water 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 what happens to this hydrophobicity-driven TBA
aggregation at x4 >0.04? The TBA-TBA g(o) clearly decreases as xpg, is further
increased. Interestingly, this aggregation is not completely diminished even at x;5,=0.2, a
TBA concentration where one expected the solution structure would be governed by alcohol-
alcohol interactions.® The value of TBA-TBA g(o) at x;754=0.2 being 1.5 times larger than
that in neat TBA suggest that hydrophobic interaction among alcohol molecules is still
operative and the subsequent hydrophobic hydration leads to a continuous increase of water-
water g(a) (lower panel) and the consequent decrease of TBA-water g(o). The water-water
g (o) being ~2.4 times larger at x;5,=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 uniformly lower TBA-TBA g(o) values in this x5, range employing Lee-Vegt

potential in simulation studies reported earlier®.

Next, we investigate the x5, dependences of intra- and inter-species coordination numbers,
and the intra-species percentages of populations 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-
resolved spectroscopic studies. The numbers of TBA molecules around a central TBA molecule
(CN¢ ), water molecules around a central TBA molecule (CN¢ w) and water molecules around
a central water molecule (CNw w) have been estimated as a function of x;5, Vvia the following
formula where we have used the first minima distances of RDFs as shell radii for the relevant

calculations:
CN = 4‘7Tp fOT'shell dr ,r2 gij(r)’ (41)

where g;; -, denotes intra- and inter-species RDFs at various solution mole fractions studied.
Note that the CN calculated in this way represent the number of j* particle 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 different x5, are summarized
in Figure 4.3. Table 4.B.7 (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-TBA, middle panel TBA-water and lower panel water-water. Insets

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

given in Table 4.B.8 (Appendix 4.B) It is quite interesting to note that the TBA-TBA
coordination number (left upper panel) shows a mild hump at x4~ 0.04, which becomes a
distinct peak in the curve showing the x5, dependence of percentage population in the first
solvation shell (right upper panel). This relative increase of percentage population in the first
solvation shell for mixtures up to xr54 < 0.04, followed by an exponential-like decrease upon
further increase of TBA concentration reflects hydrophobicity-induced TBA aggregation in
very dilute aqueous TBA solutions. Such a non-monotonic x5, 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 for both the coordination number and the
population (middle panels). The water-water coordination number, on the other hand, shows a
sharp change in the direction of alcohol concentration dependence at x;54 ~0.04 (lower left
panel); this sharp change becomes a flat minimum around this mole fraction for the simulated

water-water percentage population (lower right panel).

4.3.2 Number of H-bonds and Participation Papulation

The solution structure is further investigated by probing the intra-and inter-species H-bonding
interactions and the percentage of respective populations participating in such interactions. A
variety of H-bonded molecular complexes can coexist in these binary mixtures because of the
presence of -OH group in both TBA and water which can simultaneously act as a H-bond donor
and an H-bond acceptor. This gives rise to the possible existence of both exclusively intra-
species H-bonded complexes (for example, via TBA-TBA and water-water interactions) and
mixed inter-species H-bonded 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 there exist any direct TBA-TBA contacts or it is the
neighboring water molecules that host each of the TBA molecule separately in clathrate-type
environments. In addition, one would like to know what happens to water-water direct contacts
and its tetrahedral network structure as xrp4 IS successively increased in solutions. More

importantly, one would like to know whether average H-bond properties of any of the H-
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bonded complexes exhibit anomalous TBA concentration dependence that can explain in

microscopic terms the steady state and time-resolved spectroscopic data discussed here.

The following condition”®! has been followed to detect H-bonds between water molecules: a)
the distance between the donor oxygen atom and the acceptor oxygen atom is less than 0.35
nm, b) the O-H (donor) -O (acceptor) angle is less than 30° and c) the distance between the
oxygen (O) and hydrogen (H) atoms must be less than 0.245 nm.

For monitoring alcohol-alcohol hydrogen bonding, the geometrical criteria’® that have been
considered are as follows: a) the distance between the donor and acceptor oxygen atoms is less
than 0.35 nm, b) the O-H (acceptor)-O (donor) angle is less than 30° and c) the distance

between O (donor) and H (acceptor) is less than 0.28 nm.

The above criteria for detecting H-bonding between TBA molecules have also been employed
for monitoring TBA-water H-bonding. The fractions of TBA and water molecules participated
to intra- and inter-species H-bonding have been calculated in order to find non-participation of
any of the species at any mixture composition. Results obtained in this analysis is expected to
compliment the results on x5, dependence of average number of H-bonds per TBA or water.
While calculating average number of hydrogen bonds 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 molecule, Ni’ilj (left
panel) and fractions of the populations (in percentage) that are participating and not
participating in forming inter-molecular H-bonds (right panel). The average number of inter-
molecular H-bonds between TBA-TBA in neat TBA (NZ2, .5 ) and water-water in neat water
(NEE ), and the corresponding population percentages have been simulated and summarized
in Table 4.B.9 (Appendix 4.B). Notice NXB, ..., increases with x5, and approaches toward
the value for neat TBA (upper panel). Interestingly again, the increase in N5, ..., with x;54

is much sharper for solutions with x5, < 0.04 than those at higher mole fractions. The TBA
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population that participate in the TBA-TBA H-bonding (upper right panel, ‘P’) is gradually
approaching with x5, toward the neat value (54%) but not before showing a different slope
of increase for solutions with x5, < 0.04. The non-participating population (‘NP”) depicts,
as expected, the mirror image of the x5, dependence found for participating population. At
extremely dilute solutions (xrg4 < 0.03), the TBA-TBA direct H-bonding is very rare and in
this regime the H-bonding requirement is satisfied via interacting exclusively with water
(middle panel). The overwhelming domination of TBA-water interaction via ~100%

participation of water at these mixture compositions provides further support to the view of
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Figure 4.4: Composition dependent number of H-bonds per molecule (left column) and
fractional participating (‘P’) and non-participating (‘NP”) populations in the formation of H-
bonds (right column). Insets represent data ratioed against the corresponding values for the neat

solvents.
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clathrate-type structure formation in aqueous solution at extremely dilute amphiphile
concentrations. The x;5, dependent number of water-water H-bonds, N{2,,, on the other
hand, shows a mild kink at x5, ~ 0.12 (lower left panel), whose signature can also be found
for number of H-bonds between TBA and water per TBA molecule, NEB, . ... (middle
panel). Participation of each of the water molecules in forming H-bond with another water
molecule across the x5, studied (lower right panel) only confirms the irresistible tendency of
water molecule in forming H-bonds with its neighbors and preserving its three-dimensional

tetrahedral network structure.

TBA possesses the hydroxyl (-OH) group and therefore, like water, can act as both a donor and
an acceptor for H-bonding. This gives rise to the possibility of TBA forming (i) H-bonds only
with water, (ii) only with TBA, (iii) simultaneously both with water and TBA, and (iv)
remaining free (not H-bonded) in these 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 complexes may provide a clue to explain the composition dependent steady state
and time-resolved spectroscopic properties. We present in Figure 4.5 the simulated populations
of TBA molecules that have participated in the intra- and the inter-molecular H-bonding, and
those not interacting via H-bonding in solutions at different mole fractions. Numbers depicted
in Figure 4.5 are summarized in Table 4.B.10 (Appendix 4.B) Composition dependent
respective populations shown in the upper panel of Figure 4.5 indicate that the TBA population
H-bonded exclusively with water (water-TBA-water) dominates the solution up to x;5,4 <
0.15, while the population of TBA interacting simultaneously with both water and TBA (water-
TBA-TBA) remains the least across the mole fraction studied. The population denoting the
exclusive interaction of TBA with water (water-TBA-water) decreases with x;5,, Whereas
TBA-TBA-TBA, water-TBA-TBA, and non-H-bonded TBA populations increase, with
varying extent, upon successive addition of TBA in the aqueous solution. Interestingly, the
composition dependence of these populations in solutions with x5, < 0.04 is rather irregular
and somewhat different from that at higher mole fractions. We note here that the mixed H-
bonded population, TBA-TBA-water, remains within ~5% of the total population and appears
to be nearly-insensitive to x5, . When this rather weak dependence is magnified in the lower
panel, two peaks, one well-formed and the other somewhat diffused, are clearly visible at

x7pa~0.04 and ~0.10, respectively. This double-peak behaviour of the composition
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dependence becomes more prominent in the inset where the rate of change of population with

[PTBA-TBA-water

], Is shown as a function of x;5,4.
dxrpa

TBA mole fraction, d
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Figure 4.5: Upper panel: Composition dependent fraction of TBA molecules (in %) H-bonded
only to TBA (T-T), only to water (T-W), both to TBA and water (T-T-W), and not H-bonded
to any one of them (T). Lower panel: TBA population H-bonded to both TBA and water
molecules (T-T-W) are shown in an expanded scale. Inset depicts the composition dependent

slope of the T-T-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 for detecting 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 aqueous binary mixtures

and for confined water molecules near a charged interface™ ™,

The effects of TBA and its concentration on the tetrahedral H-bond network of water have been
studied via the tetrahedral order parameter (Q) defined as follows®:

Qi =1 = X1 Thejaa(cosBy + 1/3) and (@) = ——¥.:0; 42)

ater

where Q; is the tetrahedral order parameter of the i" water, 6; jk- the angle subtended by each
pair (designated by j and k) of the nearest four water molecules on the central i water molecule.
For a random and uniform distribution of these angles, Q = 0; for a perfect tetrahedral
structure, on the other hand, Q = 1. A schematic diagram for the general description of the
tetrahedral angle and three-dimensional tetrahedral structure of the H-bond network in the bulk
water is shown in Figure 4.A.3 (Appendix 4.A). The x5, dependent distribution of the
tetrahedral order parameter, P(Q), shown in Figure 4.A.4 (Appendix 4.A) reveals that the
tetrahedral water population (molecules that are tetrahedrally H-bonded) molecules are
increasingly transferred toward the less coordinated population upon successive addition of
TBA. This is also reflected in the distribution of angles among the central water and its
neighbouring water molecules, P(cos@), shown in Figure 4.A.5 (Appendix 4.A). Figure 4.6
depicts composition dependent ensemble-averaged tetrahedral order parameter for water in
aqueous TBA solutions. Ensemble averaged Q values are summarized in Table 4.B.11
(Appendix 4.B). For neat water™®, Q ~ 0.67. As TBA concentration increases, Q decreases,
suggesting amphiphile-induced partial disruption of water tetrahedrality. This has been
reported already in a number of simulation studies that involve aqueous binary mixtures of
alcohols.**"3 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,

M, is shown in the inset of Figure 4.6, which clearly indicates appreciable changes in the

dxrpa

water tetrahedrality at two TBA mole fractions; one is around 0.04 and the other ~0.12. More
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(Q)

|mportantly, makes a better visual representation of the deformation that the tetrahedral

H-bond network of water suffers while accommodating TBA without allowing macroscopic
de-mixing. The weak irregularity in the x5, dependence of Q becomes more evident in the
composition dependent slope, and correlates well with the x;5, dependence observed in the

relevant steady state and time-resolved spectroscopic measurements.
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Figure 4.6: Composition dependent ensemble-averaged 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 order parameter

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 accessing the surface
distribution functions (SDFs).5":"® This has been performed by using the TRAVIS software®?.
Composition dependent SDFs related to the spatial arrangements of water and TBA molecules
around a central TBA molecule is shown in Figure 4.7. The isosurfaces 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 summarized in Table 4.B.12 (Appendix 4.B). Figure 4.A.6 (left panel)
shows the x5, dependence of isovalues for TBA- TBA SDFs. Interestingly, these isovalues
qualitatively follow the trend of the composition dependent intensities of the first minima of
TBA-TBA shown in Figure 4.A.6 (right panel, Appendix 4.A). Note these isovalues
corresponds to the first minima found in g(r, 8, ¢) 77, As the present analysis involves only
the centre-of-mass of the concerned molecules, SDFs shown here would be less anisotropic

than those constructed after considering atomistic distribution functions.

In Figure 4.7 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 x4 < 0.04. Remaining TBA molecules are then found to surround
the water layer that had encapsulated the central TBA molecule. This suggests that TBA-TBA
direct contact at these low TBA concentrations is rare. However, this could not be verified in
neutron scattering measurements because of low signal-to-noise ratio. The number of H-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 4.6). For solutions with x5, =
0.06, water 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 at all compositions 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.A.2 (Appendix 4.A)). For solutions with x;5, > 0.06, 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.
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molecules allow very little interstitial space for water molecules, and as a result, the water
surface smears out. This corroborates with the composition dependent population of TBA
molecules that are not participating in H-bond formation with either water or TBA molecules
(see Figure 4.5).

4.3.5 Hydrogen Bond Relaxation Dynamics

To characterize TBA-water and water-water H-bond dynamics, we have monitored two H-
bond autocorrelation functions. The lifetime of a continuous H-bond has been calculated from
the time-correlation function, Sy (t)70.78.79,

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

Sup(t) = , (4.3)

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

The average continuous H-bond lifetime is then obtained via the time integration of Sy (t),

(%) = fooo dt Spp ().

The fluctuations (or variance) in these average timescales are calculated as follows

2 _ 20 (i (1))

o7, N1 : (4.4)

The simulated xr5, dependent (z/8) and the corresponding fluctuations are summarized
respectively in Table 4.B.13 (Appendix 4.B). Figure 4.8 shows the composition dependent
lifetime ((z¢'?)) and variance (o 2, ) for the continuous water-water, TBA-water and TBA-TBA
H-bond relaxation dynamics. The choice of these intra- and inter-species H-bond relaxations

arises from the simulated composition dependence of the population of the TBA molecules that
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are H-bonded simultaneously both with neighboring water and TBA molecules. It is interesting
to note that water-water H-bond relaxation time ((z[2)) shows appreciable fluctuations around
xrga ~ 0.1, whereas such fluctuations around this mole fraction are absent for TBA-water and
TBA-TBA continuous H-bond lifetimes (right panels). The individual intra-species lifetimes,
however, are larger by ~15-25% than their respective neat values and this is shown in Figure
4.A.7 (Appendix 4.A). The TBA-water H-bond lifetimes, on the other hand, are larger by ~40-
120% than the TBA-TBA neat value ((z}/8) = 0.26 ps for neat TBA) and reaches the water-
water neat value (((z"8) = 0.57 ps for neat water) at x5, ~ 0.1. This, when juxtaposed against
the x4 dependenceies of the measured average fluorescence lifetimes and/or rotational
correlation times, appears quite intriguing and suggests a novel interplay between the
amphiphile concentration dependent H-bond fluctuation dynamics and the excited state
population or rotational relaxations of a fluorescent solute probe dissolved in such a medium.

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

4.4 Conclusion

In summary, the present simulations find significant fluctuations in the water-water continuous
H-bond lifetime in the binary aqueous mixtures of TBA around 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. Such a finding is new and probably signals an interconnection
between the solution H-bond dynamics and fluorescence dynamics of a dissolved solute probe.
Previous works have established that the three-dimensional H-bond network structure of water
distorts to accommodate small amphiphilic molecules. However, no study was conducted to
probe the impact of such distortion on the H-bond relaxation dynamics and the average lifetime.
This study makes an attempt to address that concern and opens up a possibility for examining
this interconnection between the H-bond relaxation dynamics of aqueous mixtures and the

reactive and non-reactive 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 tetrahedral H-bond 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.

xrgq 001 [002 |003 |0.04 [(006 |010 [013 |0.15 [0.17 |0.20

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

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

Nwater

Table 4.B.2: Non-bonded force field parameters for all atom representation of TBA-TBA

interaction.
atoms &;(kJ /mol) a: (&) qi
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
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Table 4.B.3: Bonded (bonds and angle) force field parameters for TBA-TBA interaction.

Bonds Ko (k) jmol) &%) Roo( A Angles 73(61;{2/)7,101 B.q(deg)
O0—-H 2284 0.9292 H—0-Cy 195.4 111.28
0 — Cyp 1580 1.4164 0—=Cyp—0Cn 314.0 111.28
Co — Cep 923 15240 | Cn—Cop—Cn | 222.3 108.745
Cn — Hpy, 1294 1.111 Cep — Cn — Hpy 143.1 111.445
Hp—Cn—Hy | 1473 108.754
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Table 4.B.4: Torsional force field parameters for TBA-TBA interaction.

dihedral angle phase angle (deg) | Ko multiplicity
(kJ/mol)
H—0—-Cy —Cp 0 0.58 3
0—-Cyp—Cyp—Hpy 0 0.83 3
Cp — Cep — Cp — Hp 0 0.83 3

Table 4.B.5: Comparison between the experimental and simulated densities. Relative errors
(with respect to experiment) are also shown.

XTBA Present Experiments Relative Error
simulations (%)
0.01 996.56 990.41 0.049
0.02 994.30 984.98 0.394
0.03 983.48 980.15 0.152
0.04 978.44 975.61 0.174
0.06 971.20 965.05 0.45
0.10 913.86 942.10 2.99
0.13 897.70 | e | e
0.15 883.00 917.47 3.75
0.17 883.07 |  ceeeeem |
0.20 858.08 896.99 4.33
1.00 754.40 780.43 3.34
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Table 4.B.6: First peak heights (g(o)) of the TBA-TBA, TBA-water and water-water RDFs.

Xrga | TT TW WW
00 | = | = 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 4.05 0.63 4.99
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.B.7: Structural and dynamical parameters for neat TBA and neat water.

go) M TINZ i(ps) | <Q>
2%2%2)'0” Population
Y PH? (%)
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%)
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Table 4.B.8: Coordination Numbers (CN,,) of species y around species x within a distance
corresponding to the first minima of RDF (g,, (r)) and corresponding fraction of species
molecules within the same distance (BS)"). TT represents TBA-TBA, TW TBA-water and WW

water-water.

XTBA CNrr P5Y (%) CNrw | Piyy(%) CNww | P (%)
0.0 | e | mmeeee | e [ e 4.38 0.04
0.01 0.81 0.81 31.66 0.32 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 0.21 4.20 0.04
0.06 7.81 1.30 13.65 0.14 4.25 0.05
0.10 9.42 0.94 9.09 0.10 4.12 0.05
0.13 10.24 0.79 6.91 0.08 4.12 0.05
0.15 10.48 0.70 6.10 0.07 4.10 0.05
0.17 10.69 0.62 5.62 0.07 4.08 0.045
0.20 10.86 0.54 5.12 0.06 4.03 0.05
1.0 12.35 9.65 | e | e | e | e
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Table 4.B.9: Composition dependent average number of H-bonds between species i and j

J

(Nﬂ?) and population of participant (i) molecules (P/) in percentage.

XTBA N7E P{E (%) N7Zy P72y, (%) NP w PiiE (%)
00 | e | e | mmmeeee | eeeeee 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 e L T I T e
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Table 4.B.10: Population of TBA molecules participating in H-bonding with only TBA, only
water, both with TBA and water molecules. Population of TBA molecules not participating in

H-bond formation.

XTBA Only TBA | Only  water | Both TBA water | Not H bonded
(%) (%) (%) at all (%)
[PTBA—TBA] [PTBA—Water] [PTBA—TBA—water]
0.0 | e ] emeee | e 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 — e e
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Table 4.B.11: Composition dependent ensemble averaged tetrahedral order parameter < Q >

for water in aqueous TBA solutions.

XTBA <Q>
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 TBA-TBA and TBA-water surfaces.

XTBA Relative TBA-TBA 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 relaxation (Syz(t) ) times

< 7§, ; > and the corresponding variances.

XrBA <t > 0%, <TG w) > 0%, < Tty w) > oZ,
(ps) (ps) (ps)

0.01 0.2995 0.0337 0.4440 0.0135 0.6755 2.6395e-4
0.02 0.2873 0.0249 0.4600 2.8191e-3 0.7012 2.6823e-4
0.03 0.3163 7.4014e-4 0.5171 8.7367e-3 0.6814 1.1092e-3
0.04 0.3142 9.7095e-4 0.5180 9.5908e-3 0.6836 1.0434e-3
0.06 0.3256 9.3178e-5 0.5247 1.9547e-3 0.7108 5.7744e-4
0.10 0.3149 1.1143e-4 0.5684 1.6763e-3 0.7141 1.4026e-3
0.13 0.3216 1.3529¢e-4 0.5890 7.4551e-4 0.7005 7.0926e-4
0.15 0.3170 4.0624e-5 0.5240 1.1220e-3 0.6992 8.5090e-4
0.17 0.3171 2.6439%-5 0.6231 5.4704e-4 0.7162 8.7406e-4
0.20 0.3129 3.0964e-5 0.5977 7.7133e-4 0.6821 6.9798e-4
1.0 0.2582 | e | 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 occurring in it. Solvent polarity
is the other factor which can tune a reaction via modifying the reaction barrier.? In a two-
dimensional picture of a reaction barrier separating the reactant and the product surfaces, a
reactant molecule experiences solvent friction while crossing the barrier top. The downward
curvature of the barrier then decides the extent of coupling between the reaction rate and
solvent friction. In a non-Markovian rate theory,>* the friction experienced by the reactant is
not that exerted by the zero-frequency 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 top. If the barrier
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 on barrier top, 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 description®® of the reaction in the overdamped limit. For barrier-less
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

collective intermolecular modes and librations assume significant importance.
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For ultrafast reactions, such as, electron transfer reactions (ETRs), collective solvent modes
can indeed be critically important. This is probably reflected in the repeated observation of
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 polarization modes couple to the ETRs.
ETRs involve appreciable charge transfer (for example, Fe*? —» Fe*3) and it is difficult to
believe that solvent polarization can remain non-responsive to such charge transfer and the
subsequent stabilization via solvent reorganization. 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 available.’®* In this scheme, the generalized rate of solvent polarization contains the
wavenumber (k) and frequency (z) dependent solvent rotational (I (k, z)) and translational
(T (k, 2)) frictional kernels. The k — 0 and z — oo limits of these kernels then describe the
frictional response arising from the collective and inertial solvent modes. In the collective
wavenumber limit (k — 0), I'x(k = 0,z) has been connected to the frequency dependent
dielectric function, (z), 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 frequency 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, £, — n? . In DR experiments, this belongs

to the tera-Hertz regime of £(z).

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][PFe],
n~310 cP)*2, a common dipolar solvent (ethanol, n~1.08 cP)*® and an ionic deep eutectic
solvent (Acetamide+ LiBr, n~1950 cP).* experimental viscosities and dielectric constants of
these systems are summarized in Table 5.1. Rotational frictional kernel (I'z (k, z)) has been
calculated, 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, T (k, z) , to the frequency dependent dielectric function, e(z), is the following:*>/

2kgT _ zeole(2)—€co]
I[z+Tg(k,z)] - f(110;k—0)exn[E0—Ewo]

(5.1)

Where, &4 the dielectric constant in the high-frequency limit and | the moment of inertia.

f(110, k) is related to the orientational direct correlation function, c(100, k), through the

0
relation’®%® £(110,k) = 1 — (P4/, )c(110, k).

The necessary inputs for the calculations of I'z(k,z) are therefore as follows: (i) the
wavenumber dependent orientational static structure factor, c(110, k) and (ii) the experimental
dielectric relaxation data of these liquids. The orientational static structure factor for these
liquids is obtained from the mean spherical approximation (MSA) model?®? with proper
correction at k — 0, using the experimental static dielectric constant after approximating the
dipolar species as dipolar hard spheres.

The dielectric relaxation data used in the present calculations have been taken from various
measurements employing different frequency windows: (0.1 <v/GHz < 3000) for
[BMIM][PFs]?, (0.2 <v/GHz <50) for the ionic DESY, (0.2 <v/GHz <89) for
ethanol®. In those DR experiments, measured £(z) data were found to fit to the following
forms,

A£1 ASZ A83 A£4
—— 4 +— et
(1+(i2mvty)1-91)B1 * (1+i2mvty)  (A+i2mvTs)  Va2—V2+iy,v

e(v) =&, +
for [BMIM][PFe],

e(V) =&, + Z for (acetamide + LiBr) DES,

j= 1(1+1271'V i)’

e(V) = €p + Y= for ethanol.

j= 1(1+12m/ )
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Here t; denotes the relaxation time associated with the Ae; dispersion. a4 and 5, determine the

shape of a relaxation mode. In addition, z = 2miv. The experimental dielectric relaxation data

for these three systems are provided in Table 5.2.

The orientational dynamics is calculated through the following prescription216-1924-26 e
have calculated the reorientation time correlation function (RTCF) of rank ¢ by Laplace
transformation (£~1) of a frequency dependent term which is dependent on rotational kernel

found from Eq. 1. Laplace transform is then numerically obtained via the Stehfest algorithm.

L(6+1)kpT

— r-1
Co(t) =L [z + 2+ TR ()]

17t (5.2)

RTCFs for £ = 1and ¢ = 2 have been calculated from Eqg.2. Multi-exponential fits to the

simulated RTCFs then lead to the analytical estimation of the average reorientational

correlation times through time integration: 74, = [, dt C, (£)= %

It is evident from Table 5.3 that a considerable part of the high frequency dispersion, &, —
np?, have remained undetected in the present measurements for (Acetamide +LiBr) DES. This
means that the relevant calculations have completely missed the frictional contributions from

the ultrafast solvent modes.

In order to account for the missing high frequency dielectric dispersion in our calculations, we
have attributed this dispersion, &, —np2, to one or a couple of damped collective

intermolecular modes of the solvent as follows;10-12:2227

AS;
1+(zT) '] Fi

£(z) = € + Zi[ + [ASci 2% /(0% + 2% + zIN)] (5.3)
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where I, the damping constant, being approximately twice as large as the resonating frequency
Q, andAScy = £ — np?%. We expect a little variation in Q 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 dynamic solvation response in water.2

Measurements®> of £(z) in the frequency range of 0.1<z/GHz < 3000 have indicated
contributions from the IL collective modes around ~70-120 cm™* for several imidazolium ILs.
This has been assigned to cation CIM (restricted rotation or oscillatory motion). Terahertz time-
domain spectroscopic measurements?® involving metalocenium ILs have suggested that inter-
ion vibrations between the cations and anions and cation CIM are responsible for the observed
dynamics in the THz region. These studies also have revealed that the bands appearing in the
frequency range ~ 20-50 cm™ show the maximum amplitude. Optical heterodyne-detected
Raman-induced Kerr-effect spectroscopic (OHD-RIKES) study?®34 of several imidazolium
ILs have attributed the collective IL dynamics in this region to the collective intermolecular
modes of imidazolium ring at frequencies at 30, 65 and 100 cm™ corresponding to different
anionic configuration around cations. Interestingly, simulation studies®=" with finite number
of cations and anions (within ILs) have also suggested the collective dynamics in the THz
region (~30 cm™).

In the low frequency Kerr spectra® for DESs obtained via Fourier transforming the collected
Kerr transients, a characteristic band clearly appears for [0.78 CH;CONH, + 0.22 LiBr] DES.
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 molecules. This has motivated us to assign the resonating frequency at around
100 cm~1(~3 THz) for this DES for carrying out the dispersion, s, — np? , unaccounted for

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

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

System & 71 a, |Ag | T, | Agy | T3 | Agg Ty Agy | &
B1
11.8 [ 1406 0.0 [7.04|38.8|045|1.26|0.81|v,=2.77 |1.38]2.10
[BMIM][PFs] 0.37 THz
Ya=7.77
THz
Acetamide |23.6 | 715 133131 (3.0 |30 |14 (4.0 04 |56
+LiBr
Ethanol 24.3 161 20.2 133 |143(143|0.22 1.93
Table 5.3 Missing dispersion and frequency coverage of different experiments
System £ £ np? £, — Np? Frequency window
(employed in

experiments)

[BMIM][PFg] 118 [210 [1.9850 |0.115(1.18%) |0.1GHz-3 THz

(Acetamide+LiBr) |23.6 | 5.6 1.9796 | 3.62 (20.11%) 0.2GHz-50 GHz

Ethanol 2435 | 193 | 185 0.09 (0.4%) 0.1GHz-1.5THz
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5.3 Numerical Results and Discussion

5.3.1 Frequency dependent Rotational kernel, Tg(k — 0, z) employing experimental DR
data

Frequency dependent rotational frictional kernel, T'g (k, z), calculated via Eq. 1 in the limit of
zero wavenumber, is presented in Figure 5.1 for the three representative solvents. Available
experimental DR data'*?22® from Table 5.2 has been used in these calculations as inputs. Note
the available frequency coverage of all the three systems is not the same. The frequency
(horizontal axis) has been scaled with the highest frequency coverage of DR data of each
individual systems. For example, for DES, frequency has been scaled with 50 GHz — the
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 the other two solvents.

10000 llllIlllllllllllllllllllllllllllllllll

DES

100()"-

T (kc,2)

100

pasloa o bonabo o loualoualonslosFoasloey
0.1 0.2 03 04 05 0.6 0.7 08 0.9 1.0

/29

Figure 5.1: Frequency dependent rotational frictional kernel, Tgx(k = 0,z) , 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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It is now important to note that a significant amount of dispersion is missing in the DR data
summarized in Table 5.3. The most pronounced missing dispersion (~20% of the total available
dispersion) is for the DES studied here where the frequency window employed in the
measurements was 0.2 <v/GHz < 50. For IL and Ethanol, the missing components are
relatively smaller - ~1.2 % and ~0.4 %., respectively. This is the reason for the dramatic

difference in I'g(k — 0, z) between the DES and the other two solvents.

In order to address this issue, we have attributed the missing dispersion, as discussed earlier in
Section 2, to a CIM centered at 100 cm™? for all these three systems, and calculated I'g (k —
0, z). Numerical results after incorporating the missing high frequency dispersion are shown in
Figure 5.2. The inseparability of the calculated frictional kernels, particularly at higher
frequencies, is quite insightful. The near independence and/or strong decoupling of ETR on
solvent viscosity can now be explained in terms of nearly the same high frequency rotational
frictional response in these three solvents of widely different viscosities. It is also interesting
to note that, although the zero-frequency rotational friction (I (0)) for these three systems are
drastically different from each other (because it probes the zero-frequency dielectric constant,
o), the high frequency rotational response (Iz(e)) is quite small compared to the zero-

frequency value and comparable to each other (see Table 5.4).
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Figure 5.2: Frequency dependent rotational Kernel for three different systems obtained after
addition of ultrafast component to experimentally available dielectric relaxation (DR) data. X

axis has been scaled with 3 THz for all the systems.

Table 5.4: Zero frequency and high frequency rotational Kernel values for three systems
[BMIM][PFs], DES, and Ethanol.

System Ir'r(0) I'p(00)
IL ([BMIM][PFe]) 10000 29
DES (Acetamide + LiBr) 3206 30
Ethanol 169 30
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5.3.2 Reorientational time correlation Function of rank € = 1, C(t)

Next, we examine how addition of collective intermolecular modes influences analytically
evaluated reorientational timescales of these three systems. Reorientational time correlation
function RTCF of rank ¢ , C,(t) has been calculated via equation 5.2. First, we employed
experimentally available DR data as input to equation 5.2 and calculated C; (t). We present the
numerical results in Figure 5.3. These C; (t) decays have been found to fit to multi-exponential

functions of time.
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Figure 5.3: Normalized reorientational time correlation function (RTCF) of rank £ = 1 for the
three systems [BMIM][PF¢], DES, and ethanol obtained via equation 5.2 using the

experimentally available dielectric relaxation (DR) data as input parameters.

Next, following our earlier approach we have incorporated collective intermolecular mode at a
resonating frequency of 100 cm™? for the missing dielectric dispersion at high frequency. With
these modified DR data for these three solvents C; (t) decays have been calculated. Results are

shown in Figure 5.4.
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Figure 5.4: RTCF of rank £ = 1 for [BMIM][PFe], DES, and ethanol obtained via equation
5.2 after addition of CIM at 100 cm™ to the experimentally available DR data as input.
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The multi-exponential fit parameters corresponding to C;(t) with and without ultrafast
component along with available simulated parameters are presented in Table 5.5, Table 5.6 and

Table 5.7 for these three systems.

Table 5.5: Comparison of multi-exponential fit parameters of analytically calculated and

simulated C, (t) for deep eutectic system (DES).

DES without CIM with CIM Available
() Simulation Results®
a 0.022 0.1689 0.11
141 (PS) 93.545 0.1126 0.6
b 0.7420 0.1453 0.35
T, (ps) 732.60 4.8239 15.4
c 0.1549 0.2889 0.49
13 (PS) 73.74 50 52.9
d 0.0798 0.4385 0.05
T4 (PS) 1904.30 476.19 588.2
Tavg (ps) 708.93 ps 225 60.8

Data in Table 5.5 suggest that reorientation time predicted from our analytical study after

addition of CIM for the ionic DES agrees better with the available simulation prediction.

Table 5.6 reports the multi-exponential fit parameter for [BMIM][PFs] where missing

dispersion was comparatively smaller (~1.2%). The analytically predicted timescales with and
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without the CIM contribution to experimental DR data are similar because of the small missing
dispersion. The prediction of a nanosecond component (~2ns) in simulations can also be seen
in our analytical calculations (~1ns). However, the 40 ns component found in simulations is
completely absent. This inconsistency between theory and simulations may arise because of
the following reasons: (i) 40 ns timescale corresponds to a peak frequency in the mega-Hertz
(MHz) regime which has not been covered in the relevant DR measurements. Slow rotation of
a composite body may account for this relaxation timescale; and (ii) the interaction potential
employed for simulations of the IL may not be appropriate and therefore, this timescale might

be spurious.

Table 5.6: Comparison of multi-exponential fit parameters of analytically calculated and
simulated C; (t) for [BMIM][PFe].

lonic without with CIM | Simulation
Liquid | CIM Result*
Cy(t)
a 0.14 0.14 0.04
11 (pS) 1.38 1.22 107.5
b 0.25 0.22 0.06
T, (ps) 68 54 2000
c 0.54 0.57 0.85
T3 (pS) 1203 1002 38782
Tavg (PS) 667 583 34830
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Table 5.7 summarizes the calculated and simulated timescales associated with
C, (t) decay for ethanol. The analytically predicted timescales with and without the addition of
the CIM contribution are also found not to be very different because of the small missing
dispersion. Note that a better agreement appears between theory and simulations when the CIM

contribution is incorporated in the calculations.

Table 5.7: Comparison of multi-exponential fit parameters of analytically calculated and
simulated C; (t) for Ethanol.

Ethanol | Our Result [Our Result with UF Simulation
€. without UF Result*
a 0.11 0.1635
14 (ps) 0.20 0.1725
b 0.17 0.0471
T2 (p9) 2.84 1.82
c 0.025 0.1576
T3 (ps) 30.39 2.96
d 0.69 0.6312
14 (PS) 60.60 47.62
Tavg (PS) 43.45 30.30 27
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5.4 Conclusion

In this analytical study, we have investigated the origin behind the near-independence of rates
of electron transfer reaction (ETR) in solvents of widely different viscosities. Three differently
viscous media - an ionic liquid ([BMIM][PFe¢], n~310 cP), a dipolar solvent (ethanol,
1n~1.09 cP) and a high viscous deep eutectic solvent (acetamide+ LiBr, n~1950 cP) have been
chosen for the representative calculations. Rotational part of the solvent friction was calculated
employing the available experimental DR data. Missing dispersion (e, — n?) in the available
experimental DR data have been incorporated in our calculations via a CIM centered at 100
cm™. Subsequent calculations of Tz (x — 0, z) reveal that the high frequency values of this
frictional kernel are nearly identical, although their zero frequency values are very different.
This insensitivity of I'z(k = 0,z) in the limit of high frequency to medium viscosity can
explain the near-independence and/or strong decoupling of ETR rate from medium viscosity.
Calculated reorientational correlation functions for £ = 1 have been found to agree better with
simulation predictions after incorporating the CIM contribution to the available experimental
DR data.
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Chapter 6

Concluding Remarks and Future Problems

6.1 Concluding Remarks

The present Thesis summarizes a detailed investigation on hydrogen bonding structure and
dynamics of different aqueous amphiphilic solutions both in bulk and confined state via
molecular dynamics simulation studies. We also examined the near-independence of reaction
rates on viscosity for electron transfer reaction with an analytical approach. Aqueous
amphiphilic solutions like aqueous methanol, aqueous tertiary butyl alcohol (TBA) have been
studied in simulations. Moderate sized (diameter ~ 55 A) reverse micelle (RM) has been
considered while exploring the effect of confining geometry on neat water and aqueous
methanol solution structure and dynamics. Effect of confining geometry on solution hydrogen-
bonded structure and dynamics has been investigated extensively via global and local order of
orientation of water molecules and inter- and intra-species hydrogen bond lifetimes. Besides
all these, different spatio-temporal heterogeneity parameters also have been studied to explore
the effects of confinement geometry and chemical nature of surfactant (charged or neutral)
molecules. It has been found that the two-state model, namely ‘core-shell” model, for
describing confined water in aqueous RM is inadequate. Preferential solvation has been found
to be facilitated in aqueous alcohol solutions in presence of spherical confinement. Finally, we
analyzed the inter- and intra-species hydrogen bond times and corresponding fluctuation in
aqueous TBA solutions at very low to low alcohol concentrations. Interestingly, H-bond
lifetime fluctuations are found to be correlated with solute-centered reactive and non-reactive
relaxation dynamics. An analytical study also reveals how solvent friction which is coupled
only to high frequency collective solvent modes, can dictate reaction rates for the electron
transfer process. This study also explains near-independence of electron transfer rate in

solvents of widely different viscosities.

Since conclusions have been provided at the end of each of the chapters in this Thesis, we
refrain ourselves from providing conclusion separately. Instead, we discuss here a few relevant

and interesting problems which can be studied in the near future.
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6.2 Future Problems

6.2.1 Effects of confinement on structural and temporal heterogeneity of aqueous

methanol solutions: A Molecular Dynamics Simulation Study.

It has been explored! how preferential solvation gets facilitated and microscopic di-mixing
feature in methanol-water binary mixture become accentuated upon confinement in the relevant
simulation study. Although aqueous methanol system is not a macroscopically heterogeneous
system, they are microscopically heterogeneous. Till now no study has been performed to
explore composition dependent spatial and temporal heterogeneity of aqueous methanol
solutions. The effects of confinement on spatial and temporal heterogeneity of aqueous
methanol should be explored via all-atom molecular dynamic simulations in order to
understand the additional motional anomaly appearing from the confining surfaces. This
separation of individual impact on motional features would require simulations of neat and
binary mixtures — both in the bulk and under confinement. A composition dependence study,
ranging from extremely dilute to highly concentrated methanolic aqueous solutions, should

provide a detailed understanding.

6.2.2 How hydrogen Bond Lifetime distribution and corresponding fluctuations behave
around ‘dynamically’ anomalous composition of aqueous amphiphilic solutions: A

simulation study employing agueous TMU solution as a model system.

Experimental time resolved fluorescence spectroscopic studies®® have repeatedly reported an
abrupt change in composition dependent probe lifetime in aqueous amphiphilic solutions. The
origin is yet to be explored. To explore the origin behind this phenomenon, no simulation
studies have been reported till now. We have presented simulation results of aqueous TBA
solution in chapter 5, where we found unusual fluctuation in continuous water-water hydrogen
bonds lifetime at a composition where experimental studies predicted the abrupt change in
mole fraction dependent probe lifetimes. But it is still not clear how the continuous hydrogen
bond fluctuations (continuous water-water hydrogen bond timescale) can be correlated with
such long probe lifetimes which are of the order of hundreds of picoseconds. It will be
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interesting to explore different time correlation functions via molecular dynamic simulation
studies of aqueous tetramethylurea (TMU) solution at different TMU mole fractions.
Investigation of structural H-bond lifetimes and the associated fluctuations may provide an

important clue to this phenomenon.

6.2.3 Effect of cylindrical nanoconfinement on preferential solvation and microscopic di-
mixing in aqueous alcohol solutions: A simulation study for understanding basics of

targeted drug activation.

In chapter 2 of this thesis, we have presented simulated results’ on how preferential solvation
in agueous methanol solution gets facilitated under spherical confinement (Reverse micelle).
In the living world, this knowledge is really useful in the research of targeted drug delivery as
nearly every drug molecule has both hydrophobic and hydrophilic parts. These drugs get
activated depending on the chemical nature (pH) of the targeted regions. So, exploring how
this preferential solvation phenomenon gets affected due to cylindrical confinement
(resembling blood carrying nano-sized veins) will be an interesting topic. This can be done by
carrying out molecular dynamic simulations of aqueous methanol solutions within a cylindrical

nanopore.

6.2.4 Effect of size of alcohols on water tetrahedral Hydrogen bond structure: A

Molecular Dynamic Study exploring water structure at a very local level.

How the addition of alcohol perturbs water tetrahedral hydrogen bond structure is a
longstanding question. Numerous simulations and experimental studies®*? have been
performed to explore this interesting aspect. Two schools of thoughts have been proposed: one
that predicts®® water hydrogen bond structure gets enhanced upon addition of alcohol up to
certain concentration and another proposes water hydrogen bond structure remains pure water
like around alcohol molecules even at composition methanol: water (wt %) =7:3.1% This debate
is yet to be solved. It will be interesting to explore how the effects of the addition of alcohol
on water tetrahedral structure depend on alcohol hydrophobic chain length. Composition
dependent aqueous alcohol (which are miscible with water at all proportion) systems can be
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studied via all atom molecular dynamic simulations. The composition range for aqueous
alcohol solutions is an important choice. After choosing the composition range, simulations
can be run for different alcohols. It will be really interesting to see how tetrahedrality and
hydrogen bond dynamics changes for different alcohols. This study will also explore by how
miscibility feature and hydrogen bonding are interconnected, and how heterogeneity aspect
depends on the alkyl chain length — both in bulk and in binary aqueous mixtures. A similar
study can be extended for non-water mixtures, such as acetonitrile-alcohol and acetonitrile-
dioxane/tetrahydrofuran mixtures. One may also like to explore the difference between the
heterogeneity features on water structure and dynamics induced by a hydroxylic solvent (such

as alcohol) and a non-hydroxylic solvent (such as acetonitrile).
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Addendum |

Glucose-Water-Urea Deep Eutectics: How Water Structure and

Dynamics Alters in a Crowded Environment

Ad.1.1 Introduction

Search for environmentally less harmful solvent has led to the advent of new classes of solvents
such as room temperature ionic liquids?, gas-expanded liquids?, room-temperature supercritical
fluids®, and their aqueous binary mixtures and deep eutectic solvents (DESs)*®. It has been
found that the DESs are most efficient if aspects like biodegradability, flexibility in
transportation, ease of handling and less toxicity are considered. DESs are multicomponent
molten mixtures with a significantly lower liquidus temperature than the melting temperature
of each of the individual components. Deep depression of the freezing point of DESs is a
combined result of extensive inter-constituent H-bonding and the gain in entropy for being in
the liquid phase. Recently, naturally abundant DES (NADESSs) have received wide attention
because of the inherent greenness and eco-sustainability. These NADESs®>’® are based on
natural compounds like amino acids, organic acids, urea and sugars. There are numerous
experimental studies®®% which report various applications of different NADESs but study on

detailed interactions and dynamics of these NADES is still very few and at the nascent stage.

In this simulation study we considered an earlier reported! glucose based NADES which was
prepared by mixing glucose (CsH120¢), urea (NH2CONH?>), and water at the 6:4:1 weight ratio.
This system is very complex and highly hydrogen bonded. Different structural aspects probing
inter-and intra-species interactions have been studied. We explore the heterogeneity inherent
to this complex ‘metastable’ system. This study aims at close inspection of how water hydrogen
bonding structure and dynamics get affected in such a crowded environment where water is
present as a minor component. Here we present some of the initial results which will provide

a glimpse about the microstructure and dynamics of water in glucose based NADES.
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Ad. 1.2. Simulation Details

The DES system (Glucose: Urea: water = 6:4:1 wt %) was treated via the standard equilibrium
molecular dynamics simulation technique. Periodic boundary conditions? were employed to
eliminate size effects. The leap-frog algorithm®2 with a time-step of 2 fs was used to integrate
Newton’s equation of motions maintaining fixed bond lengths. -D glucose molecules were
modelled atall-atom level, keeping the bond lengths fixed but bond angles and dihedrals
flexible. Chair form of the 8-D glucose molecule was used during simulations as this form is
mostly available in nature. SPC/E™® model of water and all atom urea interaction potential were
used. OPLS-AA force field was used to define interaction parameters for glucose'**° and

ureal’ during simulations.

The functional form of the glucose and Urea FF is given by,

V(T) = Zbonds Kr(r - 7‘eq)z + Zangles KB (9 - eeq)z + {% [1 + COS(¢ + fl)] +
%[1 —cos(2¢ + f2)] + ? [1+ cos(3¢ + fs)]} + Yicj(qiqje®[rij + A/ 8 —

Cij /i

66 number of glucose molecules, 111 water and 133 urea molecules were considered according
to the weight percentage of experimentally prepared! DES. Packmol*® software was used to
build the initial cubic box with mentioned number of solvents uniformly. Starting configuration
was subjected to energy minimization with steepest-descent algorithm.'? Then the energy
minimised structure was subjected to number of NVT equilibration steps, starting at a higher
temp 500 K and then cooled down to 328 K in 50 K temperature step. Each of these runs were
500ps long. This cooling down process before NPT run was followed for better equilibration
of this highly viscous (255 cP)!! liquid at 328 K. Then a final NPT equilibration for 10ns was
carried out to find the equilibrated density of the simulated DES. A well converged density was
found in our simulation and it matches well with experimental density. During the NPT

equilibration temperature was maintained at 328 K using the v-rescale thermostat*® with 0.5 ps
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time-constant. Pressure was maintained at 1 bar using the Berendsen barostat?® with a time-
constant of 2 ps. A cut-off of 1.4 nm was applied for non-bonded interactions. Electrostatic

interactions were handled with highly efficient particle mess Ewald (PME) method®2.

Using the densities obtained from NPT run an additional NVT equilibration at 328 K was
carried out for better statistics before the final production run of 100 ns with NVT ensemble in
the same temperature. During the final NVT production run the trajectories were saved with a
time-gap of 0.1 ps. An additional NVT production run of 10 ns was considered with the pre-
equilibrated structure for H-bond dynamics analysis when we saved the trajectories and
velocities at every 0.01 ps time gap. All the bonds were kept constrained during the whole
simulation procedure using LINCS algorithm.*? For performing all the simulations reported
here, GROMACS 4.6.5 MD simulation package®!* was used. The simulated density (1.28
gm/cc) was found to be within 6% of error relative to the experimental density!! (1.3639

gm/cc). Glucose, water and Urea atomic representations are shown in scheme Ad.1.
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Scheme Ad.1: Atomic representations of glucose, urea and water molecules.
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Ad.1.3 Simulation Results

Ad.1.3.1 Structural Properties

Ad.1.3.1.1 Radial Distribution Functions (RDFs)

Figure Ad.1.1 shows interactions between different species within this DES. Upper panel
depicts oxygen-oxygen (OW-OW) interaction between the water molecules. For comparison,
oxygen-oxygen RDF for pure water is presented. A very high and more intense (~5 times) first
peak is found for OW-OW RDF, suggesting water clustering in this DES system. Middle
panel depicts the RDF between different atoms of water and urea. It is found that interaction
between water oxygen and urea hydrogen is negligible whereas interactions between water

oxygen and urea carbon, nitrogen and oxygen are quite similar.

Lower panel shows RDFs between water oxygen and glucose oxygen atoms. These results
suggest water oxygen and glucose ring oxygen (O0K). Oxygen atoms OON shows slightly
increased interaction than the ring oxygen whereas all other oxygen atoms are shows similar
interactions with water. These results suggest that the interaction between water oxygen and

glucose may be asymmetric.
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Figure Ad.1.1: Radial distribution function between different atoms of (a) water-water (b)

water -urea (c) water-glucose. For comparison, OW-OW RDF of neat water is presented in (a).
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Ad.1.3.1.2 Average number of hydrogen bonds between water molecules

Next, we calculate the average number of water-water hydrogen bonds per water molecule and
corresponding participation population of water in DES at 328 K. Analysis for neat water also
done at the same temperature for better comparison. The following prescription was used for
detecting hydrogen bonds between water molecules: a) the distance between the donor oxygen
atom and acceptor oxygen atom is less than 0.35 nm, b) the H-O (donor)-O (acceptor) angle is
less than 30°, and c) distance between O and H must be less than 0.28 nm. It is found that,
while in neat water system average water-water H bonds per water molecule is nearly 3.5, it
decreases to 1.62 in this DES. Interestingly, population of participant water molecules in water-
water H-bonding is found to be ~78 % (shown in figure Ad.1.2). Note that in neat water,
participation is ~100% for water molecules for water-water hydrogen bond formation.?®> We
can therefore speculate that 78% water molecules are participating in water-water H-bond
formation in addition to interacting with urea and glucose via H-bond interaction. The
remaining 22 % is solely forming H-bonds with glucose and/or urea. Detailed H-bonding

analysis results are still awaited.

78 % Participated
in WW H bonds

Figure Ad.1.2: Representation of participant and non-participant water population in the

formation of direct water-water H-bonds in glucose-urea-water DES under study.
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Ad.1.3.2 Dynamic Properties

Ad.1.3.2.1 Mean Squared Displacements (MSDs): Rattling-in-cage

Simulated center-of-mass mean square displacements (MSDs) for glucose, urea and water
molecules in [Glu+Ure+Wat] DES at 328 K are presented in Figure Ad.1.3 (upper panel).
MSDs exhibit t# dependence, and it is associated with three different regimes: (i) § = 2 at
initial times corresponds to inertial regime, (ii) f < 1 at intermediate time describes the sub-
diffusive regime and finally (iii) # = 1 at long time, confirming the diffusive regime. The upper
panel of Figure Ad.1.3 reveals the presence of sub-diffusive regime at the intermediate time
for component particles in this DES suggesting rattling in a cage motion. Presence of rattling-
in-cage motion suggests the presence of heterogeneous relaxation time scales in this DES. This
behaviour of simulated MSDs correlates well with the experimental observation®! of fractional
viscosity dependence of solute rotation times, (z,) « (n/T)P with p ~ 0.3 —0.5. The
simulated dynamic heterogeneity presented in the next section will provide further support to

this view.

Table Ad.1.1: Diffusion co-efficient values obtained from linear fitting the MSDs for glucose,

urea and water molecules in [Glu+Urea+Water] DES

Daiu Dure Dwat
(X 10~%m?sec?) (x 10~°m?/sec?) (X 10~°m?sec?)
[Glu+Ure+Wat] DES 1.197 0.727 0.133
Pure water (SPC/E) - - 3.255
at T=328 K

The power, B(t), in {|Ar(t)|?) o tB®, are presented in the lower panel of Figure Ad.1.3 after

accessing the targeted time dependence via the following relation,

B(D) = g [Inar? ()] (Ad1.1)
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Here, the MSDs will reach the diffusive limit (hydrodynamic limit), when g = 1. This Figure

clearly shows that the MSDs reach the diffusive regime ( 8 ~1) after a timescale of ~2 ns. We

have calculated the diffusion coefficients of glucose, urea and water by considering MSDs in

the diffusive limit through the Einstein relation?® and these values are summarized in Table

Ad.1.1. This result clearly shows that water diffusion in this DES is ~30 times slower than that

in neat bulk water.

lOOEIIIIIIIlTlIIlllIIII'IIIIIlIIl'l'lIIIIIIIIl'I_n_rl-lTrg
wh [Glu+Ure+Wat] DES b
E =
C T=328 K .
— 1 = —
Q E  Glucose
£ =
£ 0.1 B Urea
a T E Water
¥ 2] -
= o001 b

0.0001 L1 Illlull 1 1 II||I|.I L1 1 lllluj L et
107 10° 10! 102 10° 10*

1.6 T T T T T T T T T
L4 = [ Glu + Ure + Wat] DES —
12 - T=328K _
- ™
\:‘ -
a —
0.6 f Glucose
Urea .
“r Water ]
02 |- _
0.0 [ l : | \ I ' L L

0 2000 4000 6000 8000 10000
t(ps)

Figure Ad.1.3: MSDs of centre of mass of glucose, water and urea molecules in glucose-urea-

water DES at 328 K (upper panel). Time dependence of exponent (f) is shown in the lower

panel.
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Ad. 1.3.2.2 Non-Gaussian and new Non-Gaussian parameters

Next, we have calculated the non-Gaussian and the new non-Gaussian parameters for water,
urea and glucose molecules for a better view of the motional anomaly of the constituent

particles.

The non-Gaussian (a,(t)) and new non-Gaussian (y(t)) parameters are defined?’?® as,

3(r*())

a, (t) = W (Ad.1.2)
y () = $(6r2(0)) (5 z(t)> (Ad.L1.3)
where, (6r2(t))—( YN lar(®)]?)  and <6r2(t)>_< >N 7 (t)|2) Ary(t) is the

displacement of i-th particle at time duration t from any arbitrary time origin. a, (t) tracks those
particles whose displacements are longer than the predictions from the Gaussian distribution

of particle displacements. y(t) , on the other hand, is dominated by the particles executing

through the term (——). So, these two dynamic heterogeneity parameters provide information

ér 2( )
about relaxation rates in addition to collisional and diffusive relaxation timescales that are

inherent to otherwise homogeneous systems.
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Figure Ad.1.4: Non-Gaussian parameters (a,(t)) for glucose, water and urea COM

translational motion in the DES studied.

2.0

I
IIIIIIIIIIIIIIIIIII

|Glu+Ure+Wat| DES

T=328K
1.5
Glucose
Urea
Water

0.5
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10! 10° 101 102 10° 104
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Figure Ad.1.5: New non-Gaussian parameters (y(t)) for glucose, water and urea COM

translational motion in the DES studied.
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Figure Ad.1.4 and Figure Ad.1.5 depicts the non-Gaussian (a,(t)) and the new non-Gaussian

parameters (y(t)) respectively for constituent species of DES.

We find water becomes more heterogeneous within such crowded environment. Water non-
Gaussian timescale is found to be 75;~10ps and new non-Gaussian timescale yyz~100ps
within the DES. These timescales are dramatically slower than those for neat ambient water?®°
where both Ty and ¢ Were found to be ~1 ps. For urea and glucose molecules 7y;~500ps

whereas the 7,y is found to be in the nanosecond regme (~1 ns).
Ad. 1.3.2.3 Self-Scattering function and Four-point Dynamic Susceptibility

Next, we calculate Four-point dynamic susceptibility, x,(k,t) which measures the local
mobility fluctuations and spatial correlations among the particles having similar mobilities at
two space points over a certain period of time (t). x,(k, t) can be calculated from self-part of
the scattering function, F;(k,t) at the nearest neighbour ko = 2m via the following

description:33,

xa(k,t) = N[(F;(k, t)*) — (F,(k, 1))?] (Ad. 1.4)

where F;(k,t) = %2?21 cosk.(r;(t) — r;(0)) . Since the y,(k, t) tracks the correlation among

particles with similar mobilities for a certain duration of time, the maximum time over which
the particles remain correlated can be designated as t;*** and it is obtained from the peak

position of y,(k,t).
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Figure Ad.1.6: Self-scattering function for glucose, water and urea COM in this DES. The
same for neat ambient water is also shown for a comparison. Bullet marks indicate the 1/e

decay of the self-dynamic structure factor.

Figure Ad.1.6 depicts self-scattering function (self-dynamic structure factor) for water, urea
and glucose molecules. F; (k, t) for pure water is also presented for comparison. The 1/e decay
times for these decays are identified as the a-relaxation time scale, 7, and these are indicated
by bullet marks. In general, this timescale indicates the time at which particles come out from
cage and their displacements become truly random, initiating diffusive motion. For pure bulk
water it is around 0.6 ps, whereas water in DES system possess a timescale (z,) of 6 ps. For
urea 7, is found to be around 1ns whereas glucose molecules are found to be even slower,

Ta~ 2 NS.
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Figure Ad.1.7 represents four-point dynamic susceptibility y,(k,t) for all component

molecules of DES.

L llllllq I llllllll I rrrrn

[Glu + Ure + Wat] DES

T=328 K

x4(kat)

Glucose
10 Urea
Water
-7
10 Pure water
Ioﬂ L IIIIII|.I 1 IIIIIIII L IIIIII|II 1 IIIIIIII L L LiLum
10! 10° 10! 102 10° 104

t (ps)
Figure Ad.1.7: Four-point dynamic susceptibility (x,(k, t)) for glucose, water and urea COM
translational motion in this DES.

This figure clearly depicts the fact that water molecules become more correlated in crowded
environment of DES as ¢;*** increases from 1 ps to 20 ps in DES. Urea and glucose molecules
are found to be even more dynamically correlated than water molecules in DES. We find urea
molecules are correlated for the longest duration (t7***~2ns) among the three components
constituting this DES.
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Ad.1.3.2.4 Water hydrogen bond dynamics: Continuous and structural bond relaxations

Structural H-bond relaxation dynamics has been followed via the dynamic correlation function,
CHB (t), 34-36

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

Cup () = (Ad. 1.5)

The continuous hydrogen bond lifetime is calculated from the time-correlation
function, Sy (t),%+3¢

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

Sup(t) = (Ad. 1.6)

Detailed description of these parameters has been discussed before in chapters 3 and 4.

Water-water continuous hydrogen bond continuous relaxations in this DES and in pure water
are presented in Figure Ad.1.8. Multi-exponential fit parameters for the adequate description

of the simulated Sy (t) for pure water and water in DES are summarized in table Ad.1.2.

|Glu + Ure + wat] DES
0.8
T=328 K

0.6
water - water

SI IB( t)

0.4

0.2 A  DES

O  Pure water

IIIIIIIIIIIIIIIIII'

1 1 IIIII]I 11 1 II]IIII

0.0
0.01 0.1 1 10

t (ps)

Figure Ad.1.8: Continuous water-water H-bond relaxation (Syz(t)) in this DES and neat

ambient water.
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Table Ad.1.2: Multi-exponential fit parameters for continuous water-water hydrogen bonding

relaxation for DES and pure water.

Sugp(t) a, 71 (pS) a 7, (pS) asz 73 (ps) < Tipw >
(ps)

Neat ambient 0.18 |0.09 080 049 |- | o 0.42
water (pure
water)

Water in DES 0.15 |0.08 053 |0.53 0.32 1.63 0.82

The structural hydrogen bond relaxation (Cyg(t)) for water-water H-bonds are shown and
compared with neat ambient water in figure Ad.1.9. The corresponding multi-exponential fit
parameters and the average times are summarized in Table Ad.1.3. Structural water-water H-

bonds are found to be much slower in this DES than in pure ambient water.

Table Ad.1.3: Multi-exponential fit parameters for Structural water-water H-bond relaxation

dynamics for this DES and neat ambient water.

Cup(t) a; |t (ps) a, 7, (PS) as 73 (PS) < Tiyw >

(ps)

Neat ambient | 0.22 | 0.32 0.64 2.98 0.14 17.92 451
water (pure)
Water in DES | 0.20 | 0.78 0.36 27.17 0.44 287.53 137.11
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Figure Ad.1.9: Structural water-water hydrogen bonding relaxation (Cyg(t)) in this DES and

neat ambient water.
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