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Abstract

This thess is focused on understanding the nature of the perturbations on the structure and
dynamics of water as induced by electrolytes (chlorides of alkali metals), amphiphilic
molecules (DME, DMSO, alcohols etc.) and by hydrophobic ions (cations that contain
hydrophobic moieties: alkylammonium chlorides). Most of thegigsical processes in real
cellular environments are governed by electrostatic and/or hydrophobic interactions. We
investigate the individual as well as simultaneous effects of electrolytetyaindphobic
molecules on water network and dynamics. We have experimentally investigated the local H
bonded structure (using FTIR spectroscopy) and dynamics (using optical-grabg
spectroscopy) as well as the collective water networks along with tiperedive hydration
dynamics (using GHZHz spectroscopy). We have also implemented molecular dynamics
simulation technique to get a microscopic view of water structure and dynamics in presence
of DME moleculesForm MD simulation study, we capture notondonic character in the
single molecule water reorientation times. We found that there exist quite stdloleded

water clusters in all simulated water concentration mixtures (even in very low water
concentration). Water reorientations are found to ocauawcombination of large amplitude
angular jumps and diffusive motiondlith the understanding of the perturbations on water
networks, we studied the structure and hydration of a model protein bovine serum albumin
(BSA) in presence of esolutes and csdvents. The change in the protein native structure
has been determined using dynamic light scattering (DLS) and circular dichroism (CD)
spectroscopy techniques while the associated hydration dynamics is investigated with THz
spectroscopy. We aim to mimibtd real cellular environment as it contains hydrophilic,
hydrophobic and ionic charged species simultaneously. We found that while the alkali metal
cations do accelerate the collective dynamics of water, it hardly affects the protein structure
and its hydation dynamicssalt hydration and the BSA hydration act independently of each
other On the other hand, alcohols and alkylammonium cations do perturb the protein
structure significantly indicating that direpreferential hydrophobic interactions of these
molecules accelerate protein denaturation proces§esfound that there exist a delicate
balance between direct and indirect interactions, where electrolytes prefer to interact

indirectly and amphiphilic molecules perturbed with preferential hydrophotaactions.
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Fourier transform infrared spectroscopy
Guanidinium chloride

Gigahertz (10° Hz)
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L iquid waterat ambient conditions a disordered ensemble of highly polar molecules

Chapter

1. Introduction

which possesseseveral fascinatingnomalousaind complexproperties- Some of hese
are (a) anabnormaly largedielectric constantes ~ 80), (b) high melting point (273 K)(c)
high boiling point (~373 K),?> (d) high surface tensiong) high heat capacity,fX high
solubilisation capabilityand @) a solid phase that is less dense thahigtsd phase.Such
unusual properties of this smatitherwiseinnocent moleculeare linked with its unique
ability to forman intricate robustand dynamidhree dimensional tetrahedtaydrogen bond
(H-bond network®* Water moleculg one of the most abundant molecules in biophysical

systems,consists of two hydrogen atoms and an oxygen
atom attached through two covalent OH bonds. Being a -
high electronegative candidate comphte the hydrogen
atoms, the oxygen atom psilithe electron density awaj
from the two hydrogen atomAs a resultthe oxygen atom

enjoys apartial negative charge whereas the hydrog

atoms have partial positiveharge thatgives rise to two
electric dipole moments; both of them are directedatds

the oxygen aton{seeschene 1.1). These opposite partial

Scheme 1.1. Dipole moment
charges on oxygen and hydrogen atoms can also origin&teesentation of water molecule.

an attractive force betwearearbywater mokcules, known as 4dond. The unusuallyhigh
dielectric constanbf water may be explained as being due to a large liquid phase dipole
moment (~2.95 DJ° as well as aigh degree of correlation between neighbouring dipoles
which is maintained ¥ their transientH-bond network.” It is dueto the local Hbond
interactiors that makeiquid waterto possessarge dipole moment than its gas phasgs-~

1.85 D).In real ystems water s not found in its pure bulk forpratherfound being in a

micro-heterogeneousonfined environmenwater in restricted environment such as aqueous

8-15 1819

ionic solution®*° reversemicellar systems®*’ ionic liquids*®*® inside carbon nanotubesd
nanodroplet$®®* in contact with organic molecuf@g® andin most generabiological and

chemtal possesss™ show distinct propertieccompared tgpure watef*23° Perturbation of
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the Hbonded network mailts in temporal fluctuations whichare the origin d their
orientation relaxation@ranslations coupled witfotationg andare governed by the breaking
and making of Fbonds with random waiting periods. Hynes ef®af. first pictorically
demonstraté this restructuringwith wa i t and switch -booddwenb kno
mechanism.>**® According to this moded rotating water molecule breaks ebbind with an
overcoordinated first shell neighbour to formbénd with tke undercoordinated second
shell neighbouand this processivolvesa largeamplitude angular jum@Buch processes are
quite differeth from the conventionalDebye small step diffusion processHenceit is of
utmost importance to investigate thebdndednetwork structure of water and understand
their various inter and intra molecular interaction modes in such alsrddconfined
environmentascompareto that ofpure bulkwater.

Hydrogen bonds are particular types of dipdigole interactions where laydrogen
atom is sandwiched between two electro negative atoms and is covalently bound to one of
them. It had earlier been an issue of debate about the numbesarfdd formed by a single
water molecule. It has now been well established that each wastules can form four H
bonds (average coordination number ~3.5 in bulk water) with four other water molecules;
two as Hbond donor and two as-bbnd acceptot®® A small number of water molecules
could also remain single or isolated from others (zetmHhid). This fully connected extended
water network of pure water is dynamic in nature. In liquid water the molecules are too
restless to align in just the right wayith four other water molecules which results in the
jiggling motions of water. The Hbonds arecontinuousy breaking and formingvherethey
last anly for a few hundreds of fenmgeconds (fs)Generally in micreheterogeneous and/or
in confined environmestthe motions of the water network gets sluggish with an increase in
the Hbond lifetime. Water molecules residing at interfaces are often termed as hydration
water and they possess significantly altered properties due to specific interactions with the
solutes surfacesThese water molecules in the hydration layers around biomolecules also
control their structure and activify.

The way of interactions of water with hydrophobic and hydrophilic molecules are
different andundoubtedly the mogtritical and important phenomen that govers most of
the biological pocessesuch as protein foldirgnfolding, membrane formatioetc There
are three major types ofhoncovalent interactions electrostatics, hydrophobic and
hydrophilic (which includes dipolar, Hbonding,van der Waals interactions etc.) interactions
that governall possible mechanisms in bihysical system$:*?> Non-covalent interactios

(energy lesser than 30 kJ/mol) are basicalgak interactionsas compare to the covalent
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interactions (206800 kl/mol) The main aim of this research thesis issistematically

invesigate these interactions individuallfirst to have a detail understanding about the

situations whemmore than onénteradions are acting simultaneousigis mostly evidenced

in realbiophysical systemdt also emphaseson the detail studiesbout thevariousaspects

of solutesolute, solutesolvent and solvensolvent interaction patters. In the following

section we have discussed the nature of those interactions in detail.

Hofmeister Series

NHf  Cs* Rb* K* Na*  Li* H* Ca*t  Mg**

Weakly Hydrated < Hydrophobicity Strongly Hydrated

Protein Stabilizer <€ , - Protein Destabilizer
Protein Stability

SCN~™

Clo;

NO;

Weakly Hydrated ¢

-

Hydrophobicity

HPOZ~ S0Z-

Strongly Hydrated

Protein Destabilizer

3>  Protein Stabilizer

Protein Stability

Scheme 1.2The hydration and protein destabilization capability of the cations and the #&htmsiofmeister

series).

Longrange &ctrostatic interactionare based on the attractions of opposite charges

and a repulsion of like chargem dielectric medium it somehowgets we&ker due to

screening of the ions e mediumdependhg upon the dielectric constant of that particular

medium.Due to their polar naturevater molecules are excellent solvent candidditthe

ions. lonrwater interaction playimportant role in biologye.g. insignal transduction and

controlling the cell volumé&® Human cells contain negative potassium ions inside the cell and

positive sodiumions outside; averal biomoleculesuch as protein, DNA also contain

charges.These ioAwater interaction pattern can also changes the stability and solubility of

proteinsin the solution The phenomena in which the solubility of any molecules in water

decreased when electrolytes samples are added in the solution, is knii®aitiagoutn. A

century ago

effect and theability to saltout proteinmolecules (scheme 1.2

t he

g r ‘@ @rangesl thé ienbasedan ttheirfiyidroghabie i s t e

$>4" Thusit is very important

to studyaqueouselectrolytesolutionsthat can bemodellel to understandhe electrostatic

interactiors in real biological systenf®* lons that dissolve in water can strengthen the

water network(called as kosmotropeay well & can rapture the network structure of water

(chaotropes)owing to their specific nature of influence on the watemter network®>*

Introduction of charged ions forces the water molecules to fix themselves ar@tmnohth
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with electrostatic interactions by pointing one of its OH bonds toward an anion while its
dipole points away froma cation*>***® lons pull the weger molecules and hold#
electrostatically;as a result it breakthe water network structure, forming a sergid
hydration shell. As the salt concentration is increabegher numbers of water molecules
start interacting with the ions. For smallezesions; Li (the smallest radius among the alkali
metal cations)the effective charge density is very high; thus the largest effect is expected to
be observed in Li However, it stands also to consider the dighjele interaction among
the water moledles associated with the ion which limits the hydration shell thicRhass
eventually minimie the effect While many of thepreviows studies indicate that the effect of
ions is negligible beyond the first hydration shell, there are certain reports which indicate the
effect to be extended to the second and thiydration layers:>®*" It is important to
systematicallyunderstandsize and/or charge density dependent watger, ionwater and
ion-ion interactions. The main questitm address here sow the ions perturb the structure
as well as thelynamics of waterlt is still a matter of debate that what factors determine the
structure maker and breaker propertasd how far the perturbations extefidh chapter 4
we take the opportunity to investigate the collectivbdtid network and also the cooperative
hydration dynamics of water in presence of some monovalent S4i{t&>%62

Nonpolar moleculeslso known as hydrophobic molecule® not prefer to stay in
pure water This phenomenori s ¢ dydiophabic éffect***°*°® The associated free
energy of the system increasetem hydrophobic molecuke (called as hydrophobesye
addedin liquid water.Hydration of such hydrophobic molecules is associated with entropy
loss and heat capaciggetsanomalously highThis makesydration of hydrophobic molecule
thermodynamically unfavourable, famdys coined as fhydrophobic hydratioa
Hydrophobic interactiori$’? do notinvolve bondformatiors and crucially they are not based
on the attrative forces between moleculd®ather hydrophobic molecules hawaly a few or
no polar bondsand thus canot engagein H-bonds with polar water molecule3rue
hydrophobic moleculeare purely non polar arib notsolubilize inwater. So in presentay
research, amphiphilic molecules that contain both hydrophobic andgtylic moieties are
taken agnodel systemto understand théydrophobic effedin aqueous environment§he
H-bonding ability of water is a major concern in the role of hydropholea@mewn. There
are two types of hydrophobic effects) preferential hydrophobicinteraction and ii)
hydrophobic hydrationAmphiphilic moleculesggenerally consitsof some polar grougp(e.g.
oxygen atom, C=0 bond, S=0O bond;HObond) along with some hydrophobic groups

(mostly CH, group). Some of the amphiphilic molecsilsuch as 1limethoxy ethane
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(DME), dimethyl sulfoxide (DMSO), ethanol (EtOH), propanol (PrOH), tertiary butyl alcohol
(TBA) in aqueous solutions afgeen &ploited in this particularthesis In amphiphilic
molecules e polar moieties can form-bbnds with solvents like waterwhereasthe
hydrophobic groups assiste cooperative accumulation through hydrophobic hydrafits
phenomenon is often termeds A hydr ot axi s o0, where the pr
hydrophobic part of a molecule can sense the presence of other hydrophobic moieties.
Amphiphilic molecules dissolved in water force the water molecules to reorienspecific
arrangement around them compuhte bulk waterwhere theyare free to rotate and form-H
bonds in all directionsTo minimize the surface contact, these systanesforced to fam

cluster or aggregationof hydrophobic moleculesn a more orderedarrangementThis
enhanceswaterwater tetrahedral ordering and association of hydrophobic molecules in
aqueous solutimwhich eventuallygives rise tothe well-known filce-berg mode’ and/or
fihydrophobic hydratiormodeb, where hydrophobic groups aggregates to hide from water
and the water molecules surrounding thedlgphobic moieties create an -lilee clathrate
structure?®®467747>  preferential idrophobic interactions in  which the hydrophobic
molecules preferentially attack and bind to the hydrophobic part of another large molecule,
are one of the major driving forces fagrotein folding/unfolding, membrane formations,
molecular assembly recognitidh*?®>¢""®"® Such interactions are efficiently replicated in
binary aqueous mixtures as the physical properties of the system could easily be tuned by
varying the noraqueous solvent and theompositios.”® There has been a plethora of effort

put forward by researchers that has characterized various binary soiféfts has grossly

been concluded that these interactions aresp&eific in nature and depend on the solute
type and dimensiof®® Small amphiphilic solutes can fit themselves in a slightly deformed
cage of water whereas in large solutes wateleoules fail to uphold its Honding network

that results in a defect in the netwohk.chapter 5 & 7we have investigated the perturbation
produced by the amphiphilic molecule; DME on water structure and dynamics. We also
compare the findings with another amphiphilic molecule DMSQchipter § we take the
opportunity to study the effect of amphiphilmolecules (we have taken three alcohol
molecules with varying hydrophobicity) on the structure and hydration of the BSA protein.

In most of thebiological systemshe situatios aresomehowcomplicated Instead of
individual hydrophobic or hydrophilior dectrostaticinteractions there exist a subtle
interplay betweerall theseinteractions As for example, thereexist several organic and
inorganic compounds including macromolecules kkear, lipids, nucleic acids, proteins,

osmolytes in the intra arektra cellular environment$heseinteractions can be replicated in
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complex molecules whictortain bothelectric charge as well agter repelling hydrophobic
moieties some complexes areionic liquid$*®® and tetran-alkylammonium ions
O 60 , TAA) 167838788 Qying to their unique hydration behaviounetmolecules
have attracted the attention afesearchers to investigatbéeir effect onthe structure,
dynamics and activity of water anch diomolecules The main motivatiorof these studies
involvesto model systemwhich experienceombinations of hydrophilic, hydrophobic and
electrostatic interdions to gain enough information about the processes involved in real
systemgqseechapter §. The investigationof the interactions of these molecules with water
helps to understandthe effect of those molecules on proteinsaqueous environments
Interactions of these molecules with proteins include direct interacttbese hydrophobic
moleculespreferentially bindto the hydrophobic core of the proteins, and also the indirect
effect in which theyerturbthe water network structusroundprotens.?¥%°

Various experimental techniques have been employed through ages to examine the
structure and dynamics of bulk and confined water in heterogeneous environments; starting
from somevery basicsuch alNMR relaxation’* Fourier transform infrared=TIR),%? Raman
spectroscop*®*® X-ray diffraction? X-ray absorption spectroscofy, volumetric
thermodynamic measuremefitsand steady state fluorescence to stateéheart ultrafast
techniques likefs IR pumpprobe spectroscopy; # optical pumpprobe’”®® THz
spectroscopy’®'?” broadband dielectric spectroscofy/ 2D-IR vibrational echo
experiment$®?% optical Kerr rotation spectroscopy, vibrational sum frequency
generation spectroscofj’> various norlinear spectroscopy techniques etBeveral
theoretical and simulatiorprocedure¥®*'* are also utilized with those experimental
techniquesTo uncerstand the Fbond dynamics in water, it is essential to design experiments
which can provide information in a wide range (from tens of fs to a few ns) of timescale. It
often also beconsenecessary to employ more than one technique to probe the whole time
span.Ultrafast inferredinvestigation of stretching vibrational madean infer accurately
about the structural aspect of the watebdthding connectivitWWe have explicitly employed
FTIR and DRS techniques in this thesis to understasiibidl structure and dynamics of
water in presence of various-solutes and solvent3o have aime averagedinderstanding
about solvensolvent and solutsolvent intra ad intermolecular interactionsFTIR
spectroscopyis a very usefultechnique Frequencydependent OH stretching mode can
directly correlate to the local inter molecularbidnd network In this thesis, the #honded
configurationin various aqueous solutiomss been obtained usingTIR investigationby
measuring the @ stretching (3008800 cm'), O-D stretching (220@800 cn') and CN
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stretching (220@250 cm') modes in different physical systemsDielectric relaxation
spectroscopicl¥RS) studes probe the correlation of microscopic polarization of samatebs
could reved better understanding of hydrogen bonding and intermolecular interacfibiss
makes DRS a useful technique to monitmoperative processeSuch studiesan also
provide with information about the collective response of polarization relaxation of dipolar

solvents in terms of the complex permittivikg - Q

of the solutions

where- " is the real part of the dielectric functievhich is proportimal to the energy

stored reversibly in the system per peried, is the imaginary part of the complex

permittivity which is proportional to the energy dissipated per peridek dependency on the
angular frequencyw) of that complex dielectric function originates from different processes
such as (i) microscopic fluctuations of permanent molecular digatgional diffusion), (ii)
propagation of mobile charge carriers (translational diffusion of elestimles orons) and
(i) separation of charges at interfaces which gives rise to an additionaldnuhlaazation.
All of these specific processdmve their individual contributionstowardsthe frequency
dependent real and imaginary part of the complex digeftnctions.While both of these
techniqueanexplorethe Hbonding satus inside the solutignthe basic difference between
them is that the stretching mode of OH bond depends on the lotanding whereas DRS
study is global in natur&egarding tdheir sensitivityDRS is sensitive to the reorientation of
the dipole vector of the water molecules around the solute whereas it is tec@Hin case
of MIR studieg(schene 1.3).

Reorientation of water §pagrientation of water
dipole vector OH vector

Scheme 13. DRS probeghe reorientation of the permanent water dipole vector whereas MIR study probes the
rotation of the water OH hand.

Hydration dynamicsaround electrolytes, biologically important cosolents and
proteins has been measuredy two complementary techniquestHz time domain
spectroscopy(TTDS) and timeresolved fluorescence spectroscopyRFS). TRFS was

measured using pesolvedime-correlated single photon countif§CSPC) techniqu&~*’
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which manifests the stabilization or relaxation of an instantaneously created dipole by the
reorientation of the surrounding polar dipoles (watdifye structural stability and the
hydrodynamic diameter of proteins in aqueous medium and in presencesolutes have
been investigated withircular dichroism(CD) spectroscopy andynamic light scattering
(DLS) study.The principle objectivef this tresisis to understand the nature of the extended
three dimensional Hhonded networks of watar altered environment&esidesxperimental
investigations this thesisised all-atom classicalmolecular dynamics(MD) simulation
technique to obtain microscapiview about various Hhonded configurations, cluster
formation in presenceof hydrophobic solute particles, the tetrahedral structural order
parameter and the-blond breaking and making dynamical mechanisms of water molecules
in presence of amphiphilic kdes moleculesAnother aspect of this present thesial®to
discuss aboutow the perturbations of the hydration water by thesaotesand cesolvents
perturb the stabilit of a model proteibovine seum albumin(BSA).

The motivation and interest of this thesis is to model different interactions and
understand them in detail that present in various physical chemistry and biological systems.
The curiosity is on the effect of water structure and dynamics in presence of geste g
molecules as they found in real systems or maybe they can mimic the real biophysical
processes. To gain a broad understanding of the real interactions one has to first understand
the electrostatics, hydrophilic and hydrophobic interactions individusith this brief
introduction, the theses describe the findings and texpdan the individual interactions in
chapter 4, 5, 6 & 1n detail. And finally in chapter 8it discusessuch cases where all tiges
interactiors are present simultaneously aaldo compare such scenario with the individual

one This thesis consistf the followingtenchaptersasdescribedn brief.

Chapter 1 discusesa very generahtroduction and motiation behind this thesis workhe
discussions aboyprevious findings by other researchers are also deschbefly in the
introduction section of each chapter.

Chapter 2 is based on some relevant basiieories;working principles andnformation
aboutall the instrumentghathavebeenused in this thas

Chapter 3 provides a complete descriptianf the all-atom molecular dynamics (MD)
simulation methods and analysis protocols.

Chapter 4 describeghe effect ofmonovalent salt on the structure and dynamics of water. It
also discusseabout the perturbation produced by those ionsthe physical properties of

BSA protein.We investigated the secondary structure of the protein by CD spectroscopy and
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its hydrationby the state of the art THEDS. We found that the relaxation time constants of
waterdipolesin presence of sal@s obtained from the fitting of real and imaginary parts of
permittivity (€) show an acceleratagorientationdynamics which is an indirect support of

the structure breahkg ability of the ions. We also found that the shhlive negligible effect

on the structure of BSA, the salt hydration and protein hydration act independently.

Chapter 5 argueson the nature of hydration of aiologically important amphiphilic
moleculeDMEt o under stand t he phenomA&corbinatibnofi hy dr
experimental ancgimulation techniques are implemented to understand the heterogeneous
structure and dynamics of watBME binary mixtures in the whole concentration regidfe

try to correlate the experimental findings with that of simulation results.

Chapter 6 revealsthe studyof the prefeential hydrophobic interactions, where being a
hydrophobic candidate the alcohol molecules prefer to interact with the hydrophobic core of
the BSA protein molecules tha&nsureits rapture of the secondary structure and also its
hydration.

Chapter 7 compares about microscopic features of the contrasting hydration behaviours of
two amphiphilic molecules DME and DMSBeing a more polar candidate compare to DME
molecules, DMSO shows a morelddnding affinity towards water molecules.

Chapter 8 reveals the study of the effect cditions that contain sonfg/drophobicmoieties

along with a monovalent electrostatic charljealso compareghe results that aréound in

chapter 4due to thepresewe of electrostatic chargenly (monovalent cations)his chapter
combines the findings ahapter 4,5 & 7

Chapter 9 gives a very brief overview of how one can investigatenifezoscopic features of
transl ational and rotat i onwdtand pmpanmdetThis of |
chapter descr i be wdithm juppmodemedtuerrisn go ft hteh et rfia n s
bond partner exchange event$)also consist®f some results that can probe the dynamic
heterogeneity of the aqueous solutions of hydrophobic molecules.

Chapter 10 provides the summary of the present thesis and discussed about the current

findings. It also briefly discuss about some future plansahatcarperformin future.
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2. Instrumentation and the Underline Basic
Theories

This chapter discus some experimental techniques & methods, that are applied in chapte
4,5 & 6. It will briefly describe basic theories andinformation behind those techniques. To
explain the findings one should have clear concepts about the instrumentations and tt
underline physical processes involved.

Instruments

TCSPC Instrument THz Time Domain Spectroscopy

‘“‘-l

VNA (GHz Spectroscopy)

Densitometer Viscometer DLS Spectroscopy CD Spectl oscopy FTIR Spectroscopy

2.1. Experimental Techniques
2.1.1. Ultra Violet-Visible Spectrascopy(UV-Vis)

Here in this thesis th&V-Vis absorptionspectra araneasuredwith Shimadzu UW2600
spectrophotometevhereatungsteriamp (W) is used as visible light source and a deuterium
lamp (D) is used asn ultraviolet light source with a lamp interchangeveiength of 282
293 nm. Themonochromator consists of high performance blazed holographic gthtihg
candivide the beam of light into its component wavelengtihds a typical double beam
instrument; the light emanating from source is split into two be&@ng of them is used as
reference beam aritle other is thsample beam. A photomultiplier tube (PMT) is used as a
detector.

When continuous radiation passes through a material, a portion of the radiation may
be absorbed. If that occurs, the residualatain, when it is passed through a prism, yields a
spectrum with gaps in it, called an absorption spectBynabsobing the electromagnetic

radiation the molecules excitiEom lower energy electronic stat§) to higher energy state



Chapter 2: Instrumentation and the Underline Basic Theories

(Sy1). Suchelectronic transition ofray molecule is always associated with both vibrational and
rotational transitionsBut the electronicenergy states consisf a vast number oflosely
spacedotational and vibrational levethatnot everyspectrophotometer caiesolve Raher,

the instrument traces an envelope Th at 6 s &bboyptionspeetrundf a molecule
usually providesa broaddistributionbandwith a cential peakwavdengthwhere he major
transitionhappensRegarding the extent of absorption of aletule there is an empirical

equation known as Bediambert law as given below,
6 1 1'§0 - oa/(foragiven wavelength) (2.1)

where A is the #&sorption, |y is the intensity of light incident upon sample cellis the
intensity of | ight | eavi ngistheamlpricancentration of
solute andl is the length of sample cellhis absorptionis linearly proportional to the
concentration of the moleculéy and the path lengtth) of the absorbing medium.

2.1.2. Circular Dichroism (CD) Spectroscopy

CD data providedin the following chapters are measuredwith JASCO J3815. Spectro
polarimeter with a Peltier temperature controller agactvith that. A Xe-lamp is used aa
source oflight. N, is purged to remove {gas from the chamberCD is defined as the
difference in absorbance of ldfanded (L) and rightanded (R) circularly polarized light
andhave a norzero valuewhen a molecule contains one or more chiral chromophores (ligh

absorbing groups it.

60 6 _ 0 _ (2.2)
Mol ar el lipticity [d] 1is defined as,
— (deg cnf decmot?) (2.3)

whered ( mid ¢negQD in mdeg uniCy is the molar concentration of the samples the
path length of the cell in cm unit.

2.1.3. Steady State Fluorescence Spectroscopy

Steadystate emission spectra areasured with-luorolog, Horibalobin Yvon, Edison, NJ
(Model LFI-3751).0zone free XéArc lamp has been used as a source of coouisiwave
light. There are two monochromatbmshich are excitation and emission monochromator.

The reflection gratingsof the monochromatorcontain 1200 grooves/mm and are blazed at
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330 nm (excitation) and 500 nm (emissiohpese gratinggan giveexcitation wavelength

coveragdrom 220-600 nm and mission wavelength coverage 2980 nm.

2.1.4. Time-Resolved Fluorescence Spectroscopy (TRFS)

Picosecondesolved fluorescenééransients @ recorded using time correlated single photon
counting (TCSPC) techniqdeThe fluorescence decays were recorded withiTBSPC setup
(Edinburgh instruments, U.K.The instrument respon&enctions (IRFs) of the laser sources
at different excitation wavelengths varied from 60 ps to g8@~70 ps for the laser of
excitation wavelength 309 nm}-luorescencesignal from the samples was detected by a
photomultiplier after dispersion through grating monochromator. For all the transient
decays the polarizer in the emission side was adjusted to lmeagic angle(54.79 with
respect to the polarizat axis of the excitatiopulse

Solvation Dynamics:Generally the fluorescent probes are 4potar in its ground state, but
possesses a large dipole moment in the excited state. At t=0, when the fluorophore is excited
by the ultrafast (ps or fs duration) laser pulse, a dipole moment is created instantaneously in
its excited stateSince the electraa excitation is much faster than the nuclear motion of
atoms in molecules (according to Fra@kndon principle), the instantaneously excited probe

in the vicinity of the solvent molecules find themselves ireltively high energy
configuration As time passes, the solvent molecules begin to diffuse via rotation and
translation to get a new equilibrium position. Thus the fluorescent maxima gradually shift to
lower energy (longer wavelength) which results a time dependent fluorescence Stokes shift
(TDFSS). This wavelength dependency of the fluorescence decays manifests the solvation
dynamics.Time-resolved fluorescence solvation dynamics manifests the stabilization of the
instantaneously created solute dipoles (fluorophore) by the reorientation of the solvent
dipoles. We measure the wavelength dependent emission transientsflofotbphorein
soluion. Then we fit thosemissiontransient decays with exponential decay functiosisag

an iterative reconvolution leassquare algorithmUsing the transient fitting parameters and

the steady state emission spectk@ anstruct the corresponding tianesolved emission
spectra (TRES)sing equation 2.4, as given by,

B n n

B n n

‘ofd O n (2.4)

where L{n) is the steady state fluorescence intenditye TRES were used to construct the

normalised spectral shift correlation function defined as,
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00 —— (2.5)

wheren 1, n0 andn b are the emission maxima at tirgerg time t, and atinfinity
respectively. The time dependent solvation correlation func@tsare fitted using a bi
exponential decay function. The average solvation tircal@ilated agt O B &t . Further

details of the solvation dynamics and the data analysis procedube daund elsewher&.

2.1.5. Dynamic Light Scattering (DLS)

DLS, also known as photon correlation spectroscopy (PSC) or quasi elastic light scattering
(QELS) is one of the reliable technique to determine the hydrodynamic diameter of the
particle.DLS measurements were carried out withno S Malvernnstrument employig a

4mW HeNe LASER (&= 632.8 nm) equi ppedWhen t h ¢
light hits small particles compared to the wavelength, the light scatters in all directions
(Rayleigh scattering)For the monochromatic rad coherentlight, the scatteringntensity
fluctuates over time due to small molecules in solutions undergimgnian motionHence

the distance between the scatterers in the solution is constantly changing with time. This
scattered light then undergoes either constructive or destuatiterference by the
surrounding particles, and within this intensity fluctuation, information is contained about the
time scale of movement of the scatterekB.the scattered photons are collected at 173°
scattering anglé® The measured data in DLS experiment is the correlation ciive.
correlation curvecontainall of the informatiorregarding the diffusion of particles within the
sample. By fitting the correlation curve to an exponential function, the diffusion coefficient
(D) can be calculatedD( is proportional to the lifetime of the exponential decay).
Hydrodynamic diameter (Q of the particle is estimated from the intensity autocorrelation
function of the timedependent fluctuation in intensity. According to Stek#sstein (SE)
model, thedy is related to the viscosity and the diffusion coefficient of the solution as given

below,

Q — (26)

whereKg is the Boltzmann constant, T is the temperatdres the viscosity, and is the
translational diffusion coefficient. The viscosities of the solutions are taken from the

literature®®
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2.1.6. Fourier Transform Infrared (FTIR) Spectroscopy

Mid Infrared (MIR) Study: FTIR measurementsre performed on a JASCO FT300
spectrometer (transmission mode). Michelson interferoméderthe heart of FTIR
spectrometet It consists of a fixed mirrgra moving mirror and a beasplitter (BS. The
collimated IR beam from the source is partially transmitted to the moving mirror and partially
reflected to the fixed mirror by the besasplitter. The two IR beams are then reflected back to
the bearrsplitter by the mirrors. The detector then senses the tigadrbeam from the fixed
mirror and reflected beam from the moving mirror, simdtously. The two combined beams
interfere constructively or destructively depending on the wavelength of the light (or
frequency) and the optical path difference introdubgdhe moving mirror. The resulting
signal is called annterferogramwhich has the unique property that every data point (a
function of the moving mirror position) i@ information about every infrared frequency
which comes from the source. The measunéerierogram signal is then Fourier transfedn

to obtain the final spectrum. Each spectrum consist2@fstansand thespectral rangean

be varied fromL500to 4000 cm® (MIR region)acquired at 0.5 chhresolution.

Far Infrared (FIR) Study: FTIR spectrain far infrared regionwere recorded using a
VERTEX 80v FTIR Spectrometer (Bruker Optics) under nitrogen gas flow in the sample
compartment. The data were collected and processed) OPUS softwaref-or spectra
acquisition in the FIR region30-450 cm'), a mercurlamp served as an FIR source, a
liquid-heliumcooled silicon bolometer was used as a detector. All the measurements were
performed using a liquid cell (model Al145, Bruker Optics, diamond windows) with a

thickness of 28.5 + 0.3 um.

2.1.7. Terahertz (THz) Spectroscopy
Electromagnetic radiation has an elect(i® and magnetic field(@) that oscillates at

mutually perpendicular to its propagatiof® (vector @' ®. In the electromagnetic
spectrum, the gap in between microwaved @frared region, the combination of electronics
and optics ope-Br &dpthataspamserom FOT BHzao 10 THz. 1 THz
corresponds to a timescale of ~1'pa wavelength of 306m, a wave number of 33.3 &€m
Such energy is not enough for electronic transition. THz is in betweenithewave, which
probes the rotational motions of the molecules #mel IR, which is sensitive to the
vibrational motions. Such spectroscopic tool is useful in radio astronomy actidnastry

research. THz spectroscopy provides information on the collecthmnd dynarrcs.
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Rotational frequencies of light molecules and vibrational frequencies of large molecules with
many functional groups including some biological molecules have broad resonance in this
region. This sec al |ITéldlga@ ar i ses due t o ld acankenient f i
commercial spectrometers operating in this elusive spectral region. Due to the unavailability
of the efficient detectors the THz/microwave radiation coming from universe, different
galaxies and stars, also emitted from living objects are remadetected. The main
disadvantage with the electronic is that one cannot go beyond 0.3 THz due to the inherent
restriction of the fast electron oscillation time, and with the semiconductors materials one
cannot go below 10 THz. The conventional band gdpke semiconductors are of the order

of few electrorvolts (eV), an order of magnitude higher than the THz en&rgjis THz
radiation cannot be produced or detected by lasers or commercial photo diodes. The energy of
1 THz (16° Hz) photon is about 4.1 meV much smaller than the quantized thermal unit of
ksT (1 keT ~ 25 meV at room temperature, T = 300 K). So the quantiaddre of the
radiation can be neglected. Rather it can be think that THz regime is a natural bridge between
the classical and quantum description of the EM waves and their interaction with matter. In
the last 2680 years of extensive research people ten®st filled the Tera gap. There are
three different types of spectroscopic measurement techniques are availabdedagsy
namely i) THz time domain spectroscopy (FHRS), in which ground state propertigfsthe
sampled are measured in a finwasive vay ii) THz timeresolved spectroscopy (TRTS) and

iii) THz emission spectroscopy (TESh this thesis we are only interested on the JHDS

technique.

2.1.8. Terahertz Time Domain Spectroscopy (TTDS)

TTDS measurementsrea carried out in a commercial THgpectrophotometelTERA K8,

Menlo Systepd>®*A 780 nm Er doped fiber 1l aser hav
repetition rate of 100 MHz excites a THz emitter antehafproducex THz radiation having

a bandwidth up to 3.0 THz (>06dB). This THz radiation is then focused on sample and the
transmitted THz radiation is further focused on a THz detector antenna which i9gdied

probe laser beaifscheme 2.1.1)Both the THz antennas are gold dipoles with a dipole gap of
S5simdeposited on LT (|l ow temperature grown)

| i f et i mshetde-21.l2)ps) (
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Scheme2.l.l. Schematic diagram of Terahertz time domain
mirror, TPX polymer convex lenfialf wave plate and quarter wave plate respectively. Both the detector and
emitter are photo conductive antennas made of gold dipole deposited on GaAs semiconductor (low temperature

grown).

When laser light focuses on the gap, electron hole pairs ateadrd@ese chaegcarriers are
accelerated by a bias voltage (~20 V, 10 kHz) which is attached to the detector .almenna
this case, the fs laser pulses act transient switches to open the stored electric energy and
releases it in the form of the emissioh a time dependent THz fiely, (t) which is

proportional to the derivation of the current dengty.
o o ———— (2.7
0o 0 0Q0 (2.8)

By varying the time delay betwedime pump andhe probe beasthe amplitude and phase of

the THz electric field are measured as a function of time. Frequency dependent power and
phase of the transmitted pulse are then obtained using Fourier transform of the measured
electric field amplitude &,(t) (figure 2.1.1)
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Scheme2.l.2. THz generation and detection by using photo conducting antenna
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Figure 2.1.1. Fourier transforrad spectra of the transmitted THz signals through air, empty cell, water and 5M
LiCl aqueous solution.

2.1.9. Vector Network Analyser (GHz Frequency Region)

Dielectric relaxation (DR) in GHArequencyregime is measurewith PNA-L network
analyser with an open ended coaxial probe which is in direct contadihwsblutiors. Both

the magnitude ang@hase of the reflected power areasured byhe network analyseto
acquireinformation of real and imaginanyermittivity at each frequency sweepR study
probes the dipolar reorientation of all polar species in a particular frequency range in terms of
the complexdielectric constantgivenag ¢ | ¥ " f .Heretis the field frequency,

T F isthe real (imphase part) arid I is the imaginary (out of phase or dissipative part)
part of the total complex dielectric constafitphase stable coaxial cabkgonnected at the
measuremenport of thevector network analyse®VNA). Before each experiment i

calibrated with open air, shastandardsind water samples at%0
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2.1.10. Pump Probe Spectroscopy

To gain enough information about the reguilibrium excited state dynamjcthe transient
measurements becompopular in recent photphysical and photochemical research.
Femtosecond transient absorption techniqaesensitive and powerful technique to study the
ground and excited dynamics in aqueous medWsabuild thetransient Bsorptionfioptical
pump opt i setadin oy falwWeeude an excitation pulse to pump the dye molecule
from equilibrium ground state to the higher electronic excited states?(5. We have used
aregeneratively amplified Ti:sapphireear infrared (NIR)aser system (Libra HE, Newport,
USA, Inc.) with a central wavelength of 800 nm ultrashort pulses (4.2 mJ/pulse), operating at
1 kHz repetition rate with 40 fs pulse duratioibe amplified laser beam has divided into
two beams by usman ultrafast thin beam splitt¢schene 2.1.3). The transmitted pump
beam has then guided to the sample through a retro reflector optical delayNstapert,

Model: M-IMS600CC) withresolution of 6.67 fs to generate variable time delay between the
pump and the probe beam. Thpeobe beams guided to the sample direcilyst after the

pump beamWe determinethe zero delay by putting a BB®-BaB,0,) type-l crystal in the

focal pointof the two beamsThe pump and the probe beaars focused on a 1 mmith

quartz sample cell containing the dye solution by using a 10 cm focal lengéxi®ff
parabolic mirror. The intensity of the probe beam is modulated by a variable neutral density
filter (NDL-25G-2, Thor Labs, USA, Inc.). We kp the pump power ~100 tireehigher
compared to the probe power at the samphe ffansmitted probe beamsdetected by using

a silicon photodiode (DET10A, Thor Labs, USA). The output of the plhade s connected

with a lockin amplifier (SR830, Stanford research system, USA). modulate the pump
pulse we use an optical chopper (MC2000, Thor Labs, USA) in the pum la@nchoppers

kept at frequency 200 Hz to chop the pump beam and was used as a referencenin lock
amplifier. The data acquisition is performed as a functiathetdy with a LabVIEW progm.

The timeresolved tracesra fitted in IGOR software prograrDET210A photo diodeés used

as the detector to detect the probe pulse amplitude (Thor Lab). The spectral response of this

photo diode falls in the range of 200 100 nmwith a peak wavelength ~780 nm.
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Scheme 2..3. Ray diagram of theingle colour pmp probe setup. M represents the mirtors

211 . Methods and Underline Basic Theories

211 .1. Theory of Dielectric Polarization

Dielectric relaxation measurement is a robust and versatile techthigieneasures the
correlation among the dipoles present in the system, and can give informationtrebout
intermolecular interactions, the structure and dynamics of complex sysiachghe
cooperative processes at the molecular IEV8|.Here the time or frequency dependent
response of the samples with the varying electric fielcheasuré in terms of polarization
that is related to the oriaatton of the free charges atite dipoles in the system, that finally
gives rise to a dimemonless quantity, the complex dielectric const&atsic principles and
the underline theories about dielectric polarization are discussed in the following section.

Linear Dielectric Polarization in Static Electric Field

On the basis of electrical conductivity all the objects are classified into three classes:
conductors (substances that contain infinite supply of free charge carrigrsjyjators
(substances that do not contain any mobile charges),daidctric (materids contain
permanent or induced dipole momemipw the question here to askwhat happesto a

piece of dielectric material when it is placed in an external electric fietie substance

contains neutral atoms or nonpolar moleculesre occurs a chge displacement inside

dielectric materials that createsmacroscopic dipole momeni8j. The field will induce tiny
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dipole moments pointing in the direction of the field. If the material is made up with polar

molecules each permanent dipoles are foriwedrient in the direction of the fieldlhis

process is known as polarizatiai) ( Polarization is defined as the dipole momeb®=<per

unit volume of the sample

. b

P

(29

In presence of static electric field of strendhthe macroscopic polarization of linear
uniform dielectrics are proportional to the field (provid2@ not t@ strong).

® -.0 (2.10)

where 6 iIis the dielectric susceptibidigty o

the permittiity in free space (8.854 10*? C¥N.m?). The electric displacement (electric

induction) vector®can be writteras

® -0 ® - p .0 -0 (2.11)

D is also proportional t®. The new constargis the permittivity of the materiaHence the

relative dielectric permittivity odielectric constan{a dimensionless quantity) is givéay
- — Q p .. ltis also known asstatic dielectric permittivityor low-frequency
permittivity. In other way dielectric constant may be definghasfactor by which the force

bet ween two point charges decreases in the

the force between two point charges in air and inside material is,

0 — (2.12)
0 — (2.13)
0'QQ & WRedd I"WE 6——  — - (2.14)

In general it is a complex quantityidlectric polarization function depends on the frequency
of the applied electric field. The totpblarization appears due to the various polarization
mechanisms in different frequency regions. They aohgme 241.1): i) Orientation or
dipolar rotation polarization ii) Distortion (Atomic and Electronic) polarizatioand iii)

lonic polarization
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Scheme 2.11.1: Frequency dependent real and imaginary permittivity and corresponding processes: ionic,
dipolar relaxations and atomic, electronic resonarjeeference: Wikipedia]

Orientation Polarization (R): The dielectric materialmay contins permanent dipole
moments, which is mainly due to the unbalanced sharing of the electrons by atoms of the
molecule.In room temperature the dipoles are randomly oriented. So there is no net dipole
moment. In presence of external applied electric fielddipeles are forced to orient along

the field direction gives rise to a net dipole moment. That is known as orientational
polarization. The orientation of the dipoles can follow the periodic chang® ibfthe
frequency is lower than 1DHz. Usually anymolecule takes of the order of 1 ps time to
rotate within any fluid. So if the external electric fields switch over in frequency larger than
10" Hz then the orientational polarization ceased to contribute. Orientation polarization is
given by the volume ehsity of the permanent dipolé&s. Let us consider a sphere with

volume V comprised of dipolethen theorientation polarizationP,) can be written as,

®

(2.15)

Distortion Polarization The atomic (?) and electronic polarization () (distortion
polarization) areindependent of dipole orientation. Suppose a molecule contains positive and
negative toms. Due to the external fietthese positive and negative atoms or atom groups
displaced from each other resulting &t rdipole moment. This is known asomic

polarization (7). Its frequency falls in the infrared region 400" Hz). When a neutral
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atom is placed in an external field tbentreof the negative electron cloud displaced from the
positive nucleus. As a result a dipole is induced. This is known as electronic polarization. It

can follow the frequency in the visible and UV region'faI0*" Hz).

lonic Polarization (|P) In any ioniccrystal (such as NaCl) positive and negative ions are
displaced in the direction and opposite to the direction of the external electric field
respectively. That induces a macroscopic polarization, known as ionic polarization.
Distortion andionic polarizaion are sometimes called asluced polarization

Therefore the total polarizatio®Y is the sum of orientation polarizatiamdinduced
polarization

® ® P ® 0 (2.16)

Linear Dielectric Polarization in Time Dependent Electric Field:
The electric polarization induced by a static electric field is always in equilibrium with the
applied external electric field. But in dynamic case when a time dependent electric field is
switched onthe molecules take some times to achieve a certain vélpelarization. The
time dependent displacement vector is proportional to the time dependent applied electric
field is given by,

o 0Q (2.17)

@ o 00Q (2.18)
where] 1 is the phase difference between BandQfield. In line with the relationship
‘® -0Qin static case here also it can be written by introducing a complex frequency

dependent dielectric permittivity

-1 —'0 (2.19)

By using EullA@mésAir® IQa Miheeomplexielectric constant can be

written as,

-1 -1 e (220
where- 7 —ANGg - 7 —O0EBgh
O 7 o1 - - 1 andO A —_—
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211 .2. Dielectric Relaxation (DR)fiDebye Modeb
When thefield is suddenly removed the relaxation function or decay function or correlation

function of the dieletric polarization is given by,

%O  —— (2.21)

Pl

whered(t) is the time dependent polarization decay vector. For time dependent electric field

the time dependent displacement vector may be writter®as, - Q0 0. Any
material cannot be polarized instantaneously in response to the external dielckritt
depends on the response of the material to the external field. A more general formulation of

B(t) is given by,

Po - B @0 Q0
@0 - - 00 | B OO BN (2.2
wherel 0 is the dielectric response function of the matefalp - - Tp <« 0.

( a n @& ar&the dielectric permittivity at very low and high frequency, respectiiiélg.
frequency dependent complex permittivity] is related to the time derivativef the

relaxation function through Laplace transformafift

z

0 —e 0 (2.23)

whereb is the weltknown Laplace transformation operator is given by,

0'Q0 k'O . Q Q0Qo (2.24)

wheref(t) is any arbitrary time dependent function, @ "Qlandw® T

Equation 2.22yives equivalent information on dielectric relaxation properties of the
sample both in frequency domain and time domain measmtsirHence experimentally one
can measure the dielectric response in either time or frequency domain. For instance,
neglecting inertia effects let uassume thathe change of the polarization directly

proportional to its actual valuenly in first order§*

—P0 (2.25)

wheret is the characteristics relaxation time. Such dependency leads to exponential decay

of the macroscopic relaxationrfction or correlation function.
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0 Aob— (2.26)

Using equation 21 we canwrite the following relatios,

z

(2.27)

-1 - — (2.28)

This is known as thBebye relaxation modébr frequency dependent dielectric permittivity.
However only in rear cases such relaxation behaviour matchegxpétmentallyneasured
dielectricdata The Debye conjecture is simple and elegafence in many cases one has to
use a superposition of multi Debye functions with different relaxation tifrtes.dispersion

(real part) and the loss factors (imaginary contribution) are

- '| -

T B

The real part is a monotonically decreasing function whereas the imaginary paat has

maximumat] Pt .

2.1l .3. Generation and Detection of THz Radiation
Let 6s begi nknown Mdxwel dreatiomseotldctromagneticEM) field in free
space

1)@ —Gaussbs Law
2) P mMagnetic monopole doesndt exi st
3) ™ 0O —DFaradayés Law

4) o & 8 " - A mp e r e 0 #h thie Maxwell correction term

Inside matter the charge density of the medium may be expressed as a combination of the

charge density for the free electrons )( and due to thebound polarization charges
(" egp), P is the polarization density. The total charge density can also be
expressed as a combiitm of the conduction current density due to free electrés the

magnetization or bound current densit@ ( ® 0P, and the displacement or

28

——
| —



Chapter 2: Instrumentation and the Underline Basic Theories

polarization current densityy( —:). Sot he Maxwel | 6esmatteqaara t i 0O |
be written as,

1) eg® "

2) 8P T

3® Qo —

b

49 O & —
where, @ is the electric displacement currei@® ( - @ ), and'®is the magnetic field

strength '© @, 0B). Taking curl of the third equaon and combining the other

equations into the general wave equation as given below,

9 b 9

nQ —— 2 2 (2.29)

where,c0 ——. Thewave equation indicates that theare two time varying source term

for any electric field. One can change the curremtsidg or the polarization with time to
generateany field. There are various techniques available for generation and detection of
pulsed as well as continuous wave (CW) THz radiation based on photoconductive antenna
switch, nonlinear grstal, and air plasen This thesis is only concerned about the generation
and detectiorof pulsed THzwith photoconductive antenna switch where time dependent
current density is the source of THz radiation and with-limear crystal by electroptic

effect where a timdependent change of polarization is used as the source of THz pulse.

211.4. THz Measurement

THz (1 THz = 18° Hz = 1 ps') spectroscopyas recently been evolved as a potential and
sensitive tool to label free probe the s intermolecular collective damics of water
network which is otherwise wiped off in conventional spectroscopic techmigftrés The
GHz as well as MIR frequency range are limited to the imtodecular stretching band of
various moleculesind does not protrude into the global collective motlbmlso can gie
information about the hydrated water tlextends to more than ome two hydration layer
around molecule®. Such global collective information can only be realizsdthis THz
spectrometer that works in the THequency domaif’
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Data analysis:By varying the time delay between the probe and the pump bssotiof
2.1.8) the amplitude and phase of the THz electric field are measured as a function of time.
Frequency dependent power and phase of the transmitted pulse are obtained using Fourier
analyss of the measured electric field amplituBig;(t). This thesis usedTera K8, Menlo
System8THz TDS wherethe extractedrequency domain THz spectra in air is fairly smooth
with a high signal to noise ratio and minimal water absorption lines up to +Z5which
enables us to extract the optical parameters with high precision up to ~@Fibde 2.1.1)
Different optical parameters are extrachexin this frequency domain data suchadsorption
coefficientis given by

| _ (2.30)
wherelg(’ ) andlg(’ ) represent the intensities in air (reference) and in presence of sample,
indicates the sample thicknesshis ary, is a direct manifestation of the cooperative

dynamics of watet.?* °**® Therefractive index can be calculated by measuring the phase in

air andin sample,
g’ _ (2.31)
The imaginary refractive index,
o N — (2.32)
The frequency dependent red) (and imaginary &) dielectric constants of the samples are

extracted as; £ Q' and- ¢t ' Q' , where the complex refractive
index is given as,¢ ’ g’ ‘D0 . We have extracted all the parameters by
commercially availale TeraLyzer software

(http://lwww.menlosystems.com/productsAitne-domainsolutions/teralyzesingle).

2.11 .5. Dielectric Relaxation Fitting (GHz-THz Regime)

In section 2.11.2,this thesis already described about one of the dielectric relaxation models,
fiDebye Modal .To analyse multi componemomplex dipolar liquids one has to include
several dispersion steps related to different relaxation proc@¢sgshesis mainlgmployed
amultiple modeDebye modéf?*?° to describe thérequency dependent relaxatidgnamics

of the dipoles present in the systerAscording to the Bbye model, the complex frequency

dependent dielectric respor{s& - ' Q " ] can be described as:

4 - B (2.33)
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where,- is the permittivityin free space (=8.854 x TOF/m),] ¢pn is the angular
frequency,T is the relaxation time for thpth relaxation mode; is the static dielectric
constant,- are the dielectric constants for different relaxation processesjs the
extrapolated dielectric ostantat a very high frequencgnd m describes the number of
relaxation modeskor charged species the d.c. conductigtgreates an additional Ohmic
loss to the total polarizatiofi.The magnitude of induced polarizatioheach type of dipoles
Is given by the dispersion amplitudé&’ - - . The Debye modelwith m=1 is the

simplest case associated with a single relaxation mode that describes the total\Wwfibn.
the relaxation data of wat@nd other aqueous solutiois the THz frequency rangevith

triple Debyerelaxation modeis given by

-4 - B

- — (2.38)

The first mode describes the-operative rearrangement of the bilike water with strength
Si= Souk, andt 1=tpui (<9 ps)***+3*The second and thhkird terms correlate the large angular
rotations of water molecules (~200 fs) and thbdthd bending mode (~80 §).>°

In the GHz frequency regio(0.217 50 GHz)we employ doubleDebye relaxation
model One (~8 ps) mode corresponds to the cooperative relaxation of water whereas the

otherrelaxationmode is for the solute rotational mode.

4 - r t (2.35)

However, the most of the experimahtlata are better describe by rexponential relaxation
laws (nonDebye behaviour)BesidesDebye modelthere are some other model exist in the
literature that also can describe the frequency dependent relaxation pattern of the complex

dielectricfunction of liquids.Some of them ar&ole-Cole model®*>3®

4 - B — (2.35)
Cole-Davidsonmodel?’

g - - (2.37)
Havriliak-Negami(NH) model?®

-4 - — | ™ p (2.3)

and theDamped Harmonic Oscillatanodel,

8 - (2.39)

The symbols havtheir usual meanings.
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2.1 .6. Tetrahedral Hydrogen Bond Networks

H-bondis a weak electrostatic attractiohthe hydrogen atom towards tbhgygenatom of a
neighbouring water moleculeThese are stronger than van der Waals or digigele
interaction andveaker than covalent or ionic bondfsis generally a proton shared by two
lone electron pairsH-bond may be defined in mardifferent ways depending on their
geometrical criteria, energy consideration and also with orbital occuperiteyia**°
According to the geometrical criteria basedthe distancand angle isfia Hbond donor (D)

and an acceptor (A) are considered to bbddded if and only if (i) the distance between
them (R) is less than a cut off (R) and (ii) the angle (fowaterwater Hbond) between

the OH vector of water and the vector joining the two oxygen atpg)) is less than a cut

off (gcu)0. These cut off distances are evaluated from the radial distribution functions of the
D and A atoms. In energetic definitionat used the same distance condition but instead of
angle criteria there is an energyiterion that their interation energy must be less than
thresholdenergy (&). One water molecule can produce twebbhds through their tatoms
(H-bond donor) plus twéurther Hbonds through their oxygen atom utilizing theatdbms of

their neighbouring water moleculeshat creates the average structure of water network
(mesh) similar to a tetrahedral arrangeniéfft.Such local structuring of liquid water can be

def i ned itetrahedmlrorder pacaimeteii ( ssctoe 3.11.3for further details).

2.11.7. Cooperative Hydrogen Bond Network

The nonradditive nature of Fbonds is often termed as cooperativity. Two hydrogen bonds
may strengther{cooperative)or weaken(non-cooperative)each other depending on their
orientation structuresEach Hbond can assistsits neighbouring Hoond to get strongéf.

Each Hbondis affecteddue tothe presence of other: if one is removed the entire network
could get weaker; add one and the whole system could get strongger&uovity in any
interaction means the interaction (such as binding) witle site on a macromolecule
influence the interaction oanother site of the samrmeacromoleculeThe Hbond in water is
cooperative in nature where formation of one bond can assists the formation of several other
bonds and when one bond breaks typicaily whole clusters dissolvé8A long time back

Frank and We#® conform that Hbonding in any particular site of a molecule or ion fade the
strength of the neighbougrsite of the same naturEhere are various types of contributions

to this cooperative force. One of them is the long range electrostatic attraction or repulsion

between like and unlike charge distributioi$ie intermolecular foreebetween a pair of
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chages or dipolesmay modify due to presence of other species into the sysidm.
complexity arises due to the secondary interactions whiantd donors with positive charge
clouds and acceptor present in the same molecule. Repulsion béheedonoréaccetors
can destabilize #h H-bond strength between doracceptor, which also depends on the
specific position ad orientation of the don@¢ceptor The cooperativity of Fbonding also

inducesby thebinding in the active site and tlkenformational changef biological samples

Scheme 21.2. Hydrogen bonding in water

2.11 .8. Depolarization

Depolarization as measured by the change in the dielectric relaxation str&$jth (
signifies the alteration in the cooperative-bdnd structure of polar solventSypically
dielectric response strengthy( - - ) decreases as compare to the bulk strength when
one increase the concentration of the solute particles in the aqueous solution. The failure
of the water dipoles to follow and reorient themselves witlagplied oscillating electric

field generates depolarization. It has grossly been believed that there exist three reasons
behind such depolarizatidfi (a) Dilution effect:as one dissolve solute molecules in the
solution the effective concentration of water decreases than bulk wateKingiic
depolarization:if the solute particles contain charge, they move towards the external
electric field and hence the water molecules are forced to reorient via another local electric
field in the opposite direction to the external field, and StJtic depolarization:if the

water dipoles are #donded to the solute particles, they are forced to orient and/or attached
to the solute molecules. Such frozen water molecules fail to follow the external field and
cannot participate in the DR processEsis thesis tries to describe another possibility of

depolarization irchapter 7with specific explanations.
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2.1 .9. Investigation of the Secondary and Tertiary Structure of Protein by

CD Spectroscopy

CD spectroscopy is aseful and reliable tool to probe secondary and tertiary struobfires
proteins It can provideinformation about thgossibleconformational changes protein
moleculesdue to thepresence of macromolecular crowding or cosolvedit® i ¢ hr oi s mé
used todenote directional dependent light absorptiBar linearly or plane polarized light
the electric field of thephotons oscillain a plane, wherea®r circularly polarized light the
electric field vector traces out a helix about the propagation direatith constant
magnitude in timeThe combination of two circular polarised lights of equal magnitude with
w Tt phase differencgone that rotates in counter clockwise direction; the left handed
polarized and the other rotating in clockwise direction;riplet handed polarised light) can
produces a plane polarised liglitie interaction between a chiral molecule and left and right
handedpolarised waveare different.CD refers to the absorption difference of these two
components.

7

60 Y6 6 06 Y-au (2.40)

whereY- - -, from the BeetLambert law absorptio(see equation 2.1That will

happen only for chiral (optically active) chromophores. Chirality meansntiieculethat

cannot be superimposed on its mirror imaljeappearsdue to its intrinsic structure, for
example a carbon atom with four different substitutes, or may be the dihedral bonds are chiral
due to the dihedral angles of the-8S-C) chain. It may be covalently linked to any chiral
centre in the molecule, or & placed in an asymmetric environmdgr-UV region (1960260

nm) andnearUV region (256310 nm) are sensitive to the secondary and tertiary structures,
respecthieV ésheet, abdl random coil have amide bonds in different orientations at
different distances and thus give CD signals with different amplitudes of different signs as a
function of wavelength. For each pure secondary conformation the distinctive CD sgectrum
areshown inscheme 21.3. The CD spectra of-helices contain a negatiyeeak with two
separate maxima at 208 nm and 222 nm with comparable magnitude. The negative 222 nm
band arises due to the peptide p transition, while the 208 nm band results from the
exciton splitting of the lowest peptige p’ transition?’*® The farUV spectrum of protein
molecules is sensitive to their secondary structure that contains various pattern adch as
helix, b-sheet, random coil etcThe secondary structural analysis is done by deconvoluting

the CD spectra using CDNN software (http//bioinformatik.biochemtecihaite.de/cdnn).
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The near UV spectrum is due to the absorption of the aromatic residues (phenylalanine,

tyrosine, and tryptopn) and di sulphide bonds.

= Alpha helix
Beta sheet
e Random coil
e Turn

mean residue ellipticity (deg.cm**dmol™)

L) 1] L) T T L) L
180 190 200 210 220 230 240 250 260
Wavelength(nm)

Scheme 21 .3. Typical CD spectra for each secondary structure cofitent.

2.11 .10. Thermal Stability of Protein

With the CD spectroscopy, one can also investigate the temperature induce changes in the
folding and unfolding populations of jarotein moleculeAccording to twestate model of
thermal denaturation proces ¢ 0 AV MQQE 0 Jof LYPebteinfolded native form

of proteinis directly converted into denatured or unfolded stft€sThe corresponding

equilibrium constant for the unfolding proce&g)(can analytically be expressed as,

0 (2.41)

The native fraction™Q) of any protein can be calculated by the temperature dependent

spectroscopic study e.g., CD, fluoreace or UV. The native fraction is defined as,
. — (2.42)

where —h— AT A represent the optical property at a particular wavelength at any
temperature T, completely in its native sta§ and in the complete denaturethts O),

respectively. The change in Gibbs free energy in this unfolding process is given by,
YO  Y'YbE Y'Yat— (2.43)

whereR is the gas constant.
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2.11.11. OD Stretching mode

The hydroxyl OD stretchis extremely sensitive to local-bond environmentsThis OD
stretchingband is wide (~170 cthfull width at half maxima, FWHMYentred at ~2505 cm

! Thereason behind thiss, there exista large distribution in the lengths and the strength of
the Hbonds in aqueous solutionThe OD covalent bond can be thought of as a linear
harmonic oscillator, and the spring const@)ts given by

n — - (2.44)

wheremis the effective mass of oxygen (O) and deuterium (D) atomsn @nthe stretching

frequency of the OD oscillator.

~N

H H
' |
H O 'R R EERE -~ H—O
Strong H-bond k, <k,
H H
H—O wusn " e H—O
Weak H-bond

W

Scheme 2.114. Representation of the OD covalent bonds with tHeodds.

In presence of any solute molecules, if thddhds of any water or solute molecules
with the HOD molecule become stronger thise OD covalent bonds become weaker
(scheme 2.1K). Hencennpax shifted to lower frequency region (red side). Wheiiédbe H-
bond becomes weak OD covalent bond becomes strengimaxgoes to soméigher value
(blue shift). Now if the peak frequencyngay remains same but the width of the distribution

(FWHM) decreases, it indicates that the hydrogen borgtaitgs become more homogenous.
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Chapter

3. Molecular Dynamics Simulation Analysis
Protocol

This chapter describes about the molecular dynamics simulatiotechniques & methods that
are applied for the chapters 5 and. It will briefly describe basic principles and the analysis
protocols.

3.I. Simulation Details
A Il atomclassicalmolecular dynamic¢MD) simulations of DME and SPC/E waltér
binary mixturesvas performedn canonical ensemble (constant N, V,*® detailed
description of the force field parameters can be foimdhese referencé® The initial
configuratiors were built using Packmdland equilibrated in the NPT ensemblelaatm
pressure for 500 ps. Nostoover thermostitand barostdtwere used to control the
temperature and pressuwith time constants of 0.5 and 1.0 ps, respectively. Subsequently,
further equilibration of 1 ns followed by a production run of 5 ns was carried out in NVT
ensemble. MD simulations were performed using GROMACS (version 4.6.5) software
package using theconstant temperature and pressure methatisoonds were constined
using the LINCS algotiim?® Periodic boundary conditions were employed aih three
directionsand the equations of motismwere integrated using a time step of 1 fs employing
the velocity Verlet algorithm.The long ranged electrostatic interactions were calculated
using the particlanesh Ewald method with a real space-affitof 0.9 nm, a Fourier mesh
spacing of 0.12 nm, andfaurth-order interpolationHerethe unified atom models for DME
moleculeswere usedThe DME and watemolecules interacted viamotentialfunction that

consists of two types of interactions, bonded andbwrded interactions
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where, K is the lond constant withey is the equilibrium bond distance,qKs the angle
constant with the equilibrium angig, G.is the dihedral constanf is distance betweenth
and jth atoms with partial chargesand g, respectivelyThe first four term of equation 3.1
represents the bonded interactions and the last two terms represents thenchesh
interactionsThe short range van der Waals interactions are represented lynterdJones
(LJ) potential. The details of the forcegpameterization are given in the tal@lé¢.1. Every
simulated system consists of approximately 1000 molecules with different ratios of water and
DME molecule in a 4 nm cubical boXhe Lennardlones (LJ) interactions were computed
using a cubff of 1.4 nm Snapshots were saved in every 5 fs for further data analiyseto
note that theimulations were carried out at a fixed temperat2®8 K in order to avoid
complexity which may arises due to temperature change. We have corsputditferent
waterDME binary mixturesystems avariouswater mole fraction§X,,) correspondinglyX.,
~0.06, 0.25, 0.45, 0.70, 0.85 and .90

3.1l . Analysis Protocol

3.1l .1. Hydrogen Bonding

H-bonds can be defined in a number of ways based on geometric criteria, energy
consideration as well as orbital occupanyin order to identify the hydrogen bonded
clusters one first needs to decide a suitable criteria whether a given pair of water molecules
are hydogen bonded or noHerewe havechosenthe widely accepted geometric definition
(see scheme.B.1 for details)based on a distance (R) and an ang)ecfiteria According to

this definition, a Hbond donor (D) and an acceptor (A) molecules are considerbe H
bonded iff (i) the distance between D and A atomsJRs less than a cut off distance,&k

(~3.2 A for waterwater Hbond) at that certain time and (i) the angle between the OH vector
of water and the vector joining the two oxygen atonfiswaterwater or wateDME
molecules {o.o.n) is less thamuor (°30°). We have taken care of all the possibledtids
(waterwater and also water DME). The cut off distances were fixed from the radial
distribution functions (RDF)From the first minimaof the radial distribution function of
donor and acceptor atom one can fix thgwR To compute the spatial distribution of the
atoms of the molecules in all those binary mixtures we compute the radial distribution

functions (RDF) of various possiblaips of oxygen following the equation as given below,
Yoo ®1i1 1 O (3.2)

where [ is the distance between anthiand jth oxygen atoms.
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Scheme3.ll .1. Geometric criteria (both the distance and the angle criteria) of the definitiooohéi between
two neighbouring water molecules (left panel). The distances between the oxygen'atbtheQotating water
molecule and the oxygen atom of initiah (Ro-0a) and final @ (Ro-og) H-bond partners. The transition angle
is define as the angle between the projection of the O*H* vector on4BedR plane and the angle bisector of
plane QO Og (right panel).

We compute waterwater, waterDME and DMEDME RDFs from the MD

trajectores of all the atoms of all the mixture€onventionally Ry has been considered as

the distance at which the first minimum of the simulated radial distribution function (g(r))

(see figured.ll.1) for each DMEwater mixture systerappears. We have taken the value of

Rcutoff -

3.2 A that certainly covers the first hydration shell of DME for the whole

concentration rangén oxygen atom could belong either to a DME or to a water molecule.

The first peaks for the watevater and wateD M E

RDFOs

ar i

S e

Aand di st

3.12 A respectivelyln the mixture the position of the watBME peak remains almost

unaltered indicating that hydration of DME molecules could be achieved without significant
perturbation of Hbond network ofwater molecules. The first peak of DMEME RDF

occurs at 2.9A (figure 8.1), which is higher than that in waterater but smaller than that in

waterDME signifying hydrophobically induckaggregation of DME molecules.
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3.1l .2. Reorientation of water via Jump Mechanism

We compute the time evolution of the cosine of the angle made by of the backbone of any
one of the OH vector ofater molecules with the-axis of the simulation box (figurelB2).

Figure 3lI.2 clearly indicates that theater molecules executes diffusive reorientation along
with large amplitude angular jumps; sometinasdarge as90’. Such combine features of
large amplitude angular jumps sandwich with diffusive reorientations are quite different from
the traditionalDebyepicture of orientation in liquid water that led to the reinterpretation of
several previous findings (both experiment and simulation results)

The angular feature is a direct and clear proof of the large angular jump motions of
water orientation. However we made an elaborate attempt to have microscopic picture of the
jump orientations of water. It has been recently shown that both adbendsioraqueou¥
H-bonded fliids exhibit orientational jump reorientation®uring these jumps the
translational degrees of #dom of the rotating molecule and its initial and finabéhd
partnersare strongly coupled to therotational degrees of freedomuring the orientational
jump the initial Hbond acceptor recedes from the fitsgdration shell of the rotating
molecule © the seconaghell and the final Hbond acceptor movetowards the first shelh

from the seconghell.
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Figure 3.1.2. The time evolution of the cosine of the angle of the OH vector makes with-#ixés f the
simulation box of any randomly chosesmter molecule.

Our primary focus is to identify the large amplitude angular jumps and characterized
the Hbond breaking and forming events. To have the detail information about-boadd
partner exchange events we first tag each water molecule direacstep and identify its H
bond partner. There are several definition ebéhds based on geometric criteria, energy
consideration as well as orbital occupancy. Here we choose a widely accepted geometric
definition based on both distance between dondr ateptor (R ~ 3.0 A) along with

angle between the vector joining wateater or wateDME molecule {cuworr ©30°) cut off
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condition écheme 3.11.1). We develop -imouse code to label the-bbnd exchange events,
the initial and final Hbond partners, the starting and ending times of thmhtl switching
events. We assign two flag variables fl§gtime) and flag“(i,time) for each -th water
molecule at each simulation time steggheme 3.11.2). At any time t, if theth water
molecule donates HHond to the oxygen atom of theh water molecule via its one of the H
atom (say H) then we assign the value of fi&¢,time) is equal to jlf it donates Hbond to

the T oxygen atom or % oxygen atom of the jth DME molecule then fl&@,time) became
(Nwatmois * J) O (Nvatmois + Nome + J). If the central water molecule does not connected to any
water or DME molecule then the flag value eens zero. It is to note here the reason behind
the Hbond exchange is the thermal and density fluctuations; after breakingltbedHf the
central molecule again reconnects with the same molecule-bianH (librational motion),

we have not considereli$ as a successful-bbnd exchange event. These are notlaoRd
partner exchange event, so it is not connected with large amplitude jumps. We also tag each
time of the Hbond breaking as well as making. The same algorithm is followed,fatdth

of eachwater molecule. Thus in each step the flag variables signifies-tien#ing state of

the two Hatom of any water molecule. From the dynamics of this flag variables one can
easily compute further detail of the large amplitude angular jumps. Aaipid of ith water
molecule can undergo a jump from initial partner water or DME to final partner water or
DME. These jumps are labelled as hemolecular events (water to water (ww), DME to
DME (dd)) and heteronolecular jumps (water to DME (wd), and DME to wa(w)) jump.

In scheme 3.11.2 we try to provide pictorial representation of these different typesoiidi
exchange events where the rotating water molecule undergoeswasger(panel a), water
DME (panel b), DMEwater (panel c) and DMIBME (panel d) lage amplitude angular
jump. The microscopic jump time;jnp) is definel as the difference between ending and
starting times of a reorientational jumigup = tend- tstar), Similarly the waiting timetgyait) is

the time duration of the end time of théhijump and the starting time of the (i+h)jump
(scheme 3.11.2), wheredtis the last instant when the water molecule wesoHded with its
initial partner, and the end time.{) is the first instant when that is-bbnded to its final
partner. Sirmarly waiting time corresponding to any one of the OH vector of any water is the
time period on which that OH vector is connected to any water or DME molecule. Eventually
the molecules are not in rest at waiting periods since the librational or franagionbis
present at that time. In waiting periods the water molecule mhgrided or wait with any

water molecule or any DME molecule. We already reported the waiting time distributions
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and the waiting times calculated by fitting the ldige tail of thewaiting time distributions

with exponentially decay function.
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Scheme3.ll .2. The left panel describes all the four possible reorientational jumps (hydrogen bond exchange) of
any water molecule, (a) water to watawf), (b) water to DME \yd), (c) DME towater @w) and (d) DME to
DME (dd), jumps. The flag variable of any OH vector of any water molecule, and the jump and waiting times

are described in the right panel.

3.1 .3. Waiting Periods

Waiting time corresponding to any one of the OH vector of \aater is the time
period on which that OH vector is connected to any water or DME molecule. Truly speaking
the molecules areot in rest at waiting periodsncethe Hbond vibratios arepresent at that
time instant also. There are two optiongvailable: (i) waiting periods when the water
molecule is Hbonded to any water, arfil) when it is connected to any DME molecule. We
have analysed the waiting time distributions and the waiting times are calculated by fitting
those longime tails of the waiting tme distributions. The compted waiting time

distributions y(t) have been fitted to exponential time dependence of the form,
Wwo w 0Q (3.3)

where y,is a constant value, A is the amplitude of the exponential termtasdhe

chaacteristic timescale. The lofigne portion of the waiting time distributions were fitted to
the above form anttom the fitted parameter®ne can estimate the waiting periods of water
in that frameThe waiting time distribtions have been computed for the time intervals during
which a tagged water molecule iskddnded to another water and during those periods when
it is H-bonded to a DME.In figure 3.1.3 we provide a representatiwgaiting time

distributions computed fohe mixture for vinich the mole fraction of water»& 0.85.
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Figure 3.1.3. The waiting time distributionsat X, = 0.850f the rotating water molecule for the durations

during which the Fbond partner is a water molecule (blue line) and a Divfiecule (orange line). The waiting
time distribution considering all waiting times is the average distribution, denoted by the yellow line.

3.1l .4. Tetrahedral Order Parameter

H-bond interactions ensure that locally there is a tetrahedral arrangemeith tifie water
molecules surrounding the target molecule. To pithledocal tetrahedral water network of

theH-bonded water clustersre computéetrahedral order parameter(dj'*is defined as,

A B B Wéi P (34)

where N¢ U0 1 denotes the number of nearest neighbours of-theniater molecule,

/'ijk is the angle formed by the bond vectors connecting the oxygen atoms of moieantes

j (r;) and molecules and k(r, ). A perfect tetrahedral arrangement corresponds=t0,
whereas, an extreme nogtrahedral arrangement (random alignment of bonds) corresponds

to g=1. For bulk water (% = 1), p(g) is bimodal in natureAs X,is decreasedthe
population of p(q) systematically shifts from the location of the pegk~(0.09) for pure

water to lower and higher values qof This signifies a disruption of bulk water like
environments and a si mul t an eloiukg=0@ ppvwelbasanc e

disordered (g=1) local environmentsAfter normalising the distribution of the order

parameter ( N 1 QN p), we calculate the relative fraction of the population of three

regions ofg (seechapter 5for the results)We define,

. 8\ 4 o~
e . nnan

\ 8 W 4 o~
£ ., Nnan

& ., nnan (3.5)
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environment anddis for thetetrahedral disordered environment.

Table 31.1. DME force field parameters

LJ parameters
Atom types Cs (KJ.mol%) C1, (KJ.mol'nm™) Charge (e) | Mass Gmu)
C(Hs) 9.3547 x 10 3.6075 x 10 0.225 15.035
C(Hy) 5.9491 x 10 1.7912 x 10 0.225 14.027
¢} 2.0751 x 10 1.5127 x 10 -0.450 15.999
Modified atom pairs
Atom pair type Cs (KJ.mol™) C1, (KJ.mol'nm'?)
Obwmie-Ow 0.6082 x 10 0.5475 x10°
Bonds Distance (in nm)
C-C C-O
0.153 0.141
Bond angles
Angles 0 (deg) K ( KJ.mol* rad?)
C-C-O 109.5 418.68
C-0-C 109.5 501.22
Proper dihedrals
Dihedrals | C,( KJ.mol%) C: ( KJ.molY) C, ( KJ.mol%) Cs(KJ.mol) | C,(KJ.molY)
O-C-C-O -3.10 -0.74 -4.69 -6.87 154
C-0-C-C 1.12 -3.51 -2.54 0.03 4.90
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4. Effect of Monovalent Electrolytes on Water
Structure and Dynamics of Water and on a
Globular Protein

Experimental evidences of the ultrafast (suips to ps) collective hydrogen bond dynamics of water in the
extended hydration layers of alkali metal chloridesare provided using THz TTDS and FTIR
spectroscopic techniques. We detect the cooperative hydrogennidorestructuring dynamics of water
that occurs in ps to subps time with the TTDS technique in the terahertz frequency region (0-2.1 THz;
1070cm’) . The frequency dependent absorption coe
relaxation response time {) obtained by fitting both real and imaginary part of the dielectric constant
(U) using a triple Debye relaxation model . Th
of the salt shows an accelerated reorientation dynamicsshich, in turn, renders an indirect support for
the o6water structure breakingdé ability of tho
ion specific, depends on the cations radius and charge densities. Further we have studied the effec
these electrolytes on the structure and hydration dynamics of a model proteBSA and found that the
structure and hydration of the protein suffer negligible perturbation in presence of the alkali metal
chlorides. We also conclude that the hydration of themetal ions and the globular protein acts
independently of each other.

4.1. Introduction
H ydration of ions is a broad topic in physical chemistry and biolbmys dissolved in
water produce significantamount ofperturbation of thénydrogenbonded structure
Howeverthe extent othe perturbationis highly ion specifi¢? in nature Some of the ion
tend to strengthen theaterstructurewhereaghere are some ions which induce its rupture
also? It is the utmost important tonderstand these iemater interactions in biology and
chemistry since several biophysical and biochemical procesaes determinedy these
interactions™® There hae been extensive studies that highlight the hydration of salts;
however the challenges to sketch a molecular picture tonderstand how thesdectrolytes
perturbthe structure and dynamics of its surroundiidpondedwater network Structural
information of ion hydration has so far bemxaminedoy several research groups figutron
and Xray diffraction’ X-ray absorption spectroscopyIR and Raman specscopy* while
the corresponding dynamics has beewealed using various techniquidse fs IR pump
probe spectroscopy** broadband dielectric spectroscofy® two dimensional ZD) IR

vibrational echo experiment!® optical Kerr rotation spectroscoyas well as various
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methods ofomputer simulation studié$? Many ofthese studies point othat the effect of
ions is negligible beyond tirdirst hydration shell. Howeveahereareeffects that can extend
up to second andhird hydration layer$®?® The structuremaking (kosmotrope) and
structurebreaking (chaotrope) influence of ions on wdias been manifested as a delicate
balance between the waterater and iohwater interactions, that may vary considerably with
the size and charge density on the solute sudfem@erties

The network structures of the water are mainly governed by theingous
restructuring of its Fbonds.It is thereforeimportant torealizethe effect of ions on the H
bond breaking and making dynamics in water molecules within thertded network which
occurs in ps to sups timescale and leave theiacesin the elusve THz (=10° Hz)
frequency rangé*’ A few experimentasurveysexistin this frequency window to elidate
the collective Hbond dynamics in presence @ectrolytes by theresearchgroups of Bakker
et al’*?®3 and Havenith et a-* and Buchner et af**>** The solvation dynamics in
presence of ions is cooperative in nattivat depends strongly upon the hydration of the
counter ions alsd' A measuremenof the absorption coefficient in the frequency of ~2.5
THz coupled with MD simulation study by Havenith et*&f has established a stin
correlation between the observed sdlvatn  dy nami ¢ s mvdtiandof thelmetal 6 r a t
ions, which in turn isalsoion specificity. A recent study by Kondoh et*alconcluded the
structure breaking ability of mowalent metal ions. Recently #fitio MD simulation study
by Marx et af® probed the spectral responsdstize solvation shell arounibns in the
infrared and THz frequencggion Theyfoundthat the dipolar couplingsetween the solute
and the solvent moleculesd the dipolalipole correlations are theastimportant factos in
these frequency regions. Our group has initiated a systematic study to understand the
collective dynamics of water around some biologically important solutes like*urea
guanidinium hydrochloride (GdmCl)and alcohof® using dielectric relaxation (DR) stutly
“!in the THz frequency rang&Ve concluded thathe water structure bredrg ability of the
solutesmight influences the much debated denaturatienhanism oproteins.DR studies of
watercan probevarious dynamial modes associated with time scales extending from tens of
fs to several n¥ DR measuresthe frequency demelent behaviourof various optical
parameters (viz. refrage indexand absorption coefficient) owing to the failure of water
dipoles to reorient themselves accordancewith the applied oscillating electrical field
leading to depolarizatioue to thetechnical difficulties st of the earlier DR studies have

essentially been restricted to frequencies in the GHz range. Introduction of table top THz
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sourcesmakes it possible to accesstet collective networldynamics of water in recent
pastH43

We measure the THz responée3-2.1 THz) of aqueous solutions of alkali metal
chlorides MCI (where M = Li, Na, K and Cs) to understand the systematic effect of changing
the ionic radius and consequently the charge density of the cations on the collective solvation
dynamics of waterWe carefully choose Chsa common anionsince its size falls in the
middle in the monovalent anion$his allows us to investigate the effect predominantly by
the systematic variatioaf the charge density dhe metalcaions. The hydration nature of
the cations and the anions ateucturallyvery muchdifferent The cabnic hydration shells
are semrigid in nature where the rotatioof the water molecules does not lead to the
reorientation of the water diploe vectaraking the OH transition dipoles random. Whereas
in anionic hydration shell, the OH transition dipoles are fixed results with a randomization of
the water dipole moment. That makes théDR study mosy effective tounderline the
hydration around the positively charged ions making the contribution of the anions less
specific’ We extend our study to investigate the effect of these metal cations on a model
transport proteilBBSA. The effect of ions on proteins has traditionally been explained on the
basis of specific (Hineister) or norspecific (Coulombic) effectd*® Hoffmeister ions
could either behave as fAchaotropeso or Ako
concentrated on the compedit between the salt ions and water for interactions with the
protein surfaces. It has been concluded that monovalent cations having radius smaller than
1.06 A are repelled by hydrophobic surface while larger monovalent cations stick to the
surface’” Such conclusion has strongly been challenged on account of the unusual
hydrophobicity exhibited by some of these %8 Our aim is to explore whether the
perturbation of the collective water dynamics by metal ions leaves any imprint on the

structure and/or hydration pfotein

4.2. Materials and Methods

The monovalentsalts (LiCl, NaCl, KCI, CsCl)and theBSA protein were purchadefrom

Sigma Aldrichwith highest available puritandwere used without further purificatiofhe
agueoussolutionsof the monovalent salisere prepared usindgionizeMilli -Q water.To fix

the pH of the solutions at 7.0hd protein aqueous solutions reeprepared in sodium
phosphate buffer (10 MMFFTIR spectroscopyneasurements theMIRr egi on (22001
cm'Y) were carried out in a JASCO FTE300 spectrometer usirgrcular Caf windows

with a spacer thickness of 2Bn. HOD samples were prepared by vigorous mixing of 4%
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D,O in pure water. All the data represented here are difference absorbance spectrums with
pure water/salt gueous solutions are used r@gerence.Protein secondarystructure was
measured by th€D spectroscopyT TDSmeasurements of the salt solutions were carried out

in a commercial THz spectrophotometer (TERA K8, Menlo SystéM)To investigate the
dielectric relaxation responseewemploy the extensively usddebye modéf*°*°? that
describe the dynamics of water molecules in various salt solutiteshave used the
literature value®f some parameteis GHz range of the salts in aqueous solutitffs*>" to
fit our data in tripleDebye modelFurther details aboudhe instruments antthe methoalogy

can be foundn chapter2.

4.3. Results and Discussion

MIR Study: To understand of the water structure around metal ions, we study the MIR
spectra24002700 cnt) of theOD oscillators iraqueoussalt solutionsThe OD vibrational
stretch of HOD moleculeffigure 4.1 and 4.2)s an ideal tool to study solute hydratith.
These absorbance data explicitly involve the signature of water and the composition
dependent MIR features correspond to the changes in the structure of watdifféfeace
normalised absorption spectra of thgueoussalt solutions at different concentrations are
shown in figure4.1 For all themonovalentsalt solutionste peak frequency gets slightly
blue shifted compared to that of pure wate2509 cnt). The OD stretching spectra in pure
water are Gaussian in nature with the full width half maxima (FWHM) #€tri'. We plot

the frequency corresponding to the absorption maxinmyga and theFWHM of the MIR
spectrums with the concentration of thets in figure 4.2a and b respectively. It is evident
that npeax suffers progressiveblue shift with a nedy linear dependency on the salt
concentration. Tis is due to the asymmetric redistribution of thebbind strengths in
presence of the saft8®® The blue shifted narrower spectra indicate weakening of the-water

water tetrahedral bulk likeoordination in presence of thosalts.
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Figure 4.1. The FTIR absorption spectra of the OD stretch of HOD molecules in water and for various salt
solutions. The arrows represent increasing salt concentrations.

2530 r 165 ¢
(a) N (b)
g 2525} E 160 .v b g ] [
£ ps o = * ®
O °
< 2520} * = v
¥ e % e L A
& 7515 | & ® . A NaCl v
= ® E 150F w KCI A a
2510 [y CsCl
. . . . . \ 145 L . . . . \
0 1 2 3 4 5 0 1 2 3 4 5
[Salt] (M) [Salt] (M)

Figure 4.2.(a) Shift of the maximum absorption Frequency and (b) full width & half maxima of the absorption
spectra of the OD stretch of HOD molecules in different salts solutions.

THz TDS Study

A representatig transmitted THz pulse (inset) and the corresponding FFT sigrtArough
air, empty cell, water and 5 M LICl are depicted in figdr& The THz spectra in the
frequency domain in air is found to be fairly smooth with a higimai to noise ratio and

nominal water absorption lines up to ~ 2.5 THz which enables us to extract the optical
parameters with high precision up to ~ 2 THz.
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Figure 4.3. The inset shows representative THz signals in air, in presence of cell, water abiCI8NThe
corresponding FFT diagrams are shown in the main figure.

The extracted frequency dependent optical parameters, viz. refractive intleand(

absorption coefficienta(n) for various salt solution in the THz frequency region are shown

in figured.dad . A 6 T H%hasdeer @ses/éd in whielat souiofn) shows a higher
value tharawae(n), the effecbeing more prominent for larger cations.
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Figure 4.4. Frequency dependent absorption coefficiex(t)) and refractive index, nf (in the insets) of
aqueous solution of different salts (a) LiCl, (b) NacCl, (c) KCI, and (d) CsCl at diffeomgentrations.
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To obtain a more quantitative understanding, we plot the change in absorption
coefficient Oa = asowution- awater) Measured at 1 THaéefigure 4.5). Da does not effectively
change for the smallest cation®Lihowever, for the rest of the ions it increases almost
linearly with salt concentration. Such linearityla profile has previously been reportby
Havenith et. al. aroun@.4 THz using the same group of iofisThe slope of the curves
increases with the ionic radius of the catioe assume that the measu@gion has
cumulative contribution from pure water, cation, anion, and their respective hydration shells.

Thus, a simple three component model can be formulated as,
Yoo | % %o | %ol %o | %o | |

4.1
where, f stands for mole fractioy cadd6 astand for cation and anion whiiec andé a h 6
stand for the corresponding hydration terms, respectively. Neglecting the contribution of the
volume fraction of thecaions and anions towards the total volunf€;), equation4.1

simplifies to,
] — 1 — 1 - (4.2

Since the anion is fixed the second term in equati@contributes the same share for
each salt. Thu®a is expected to vary linearly with the salt concentration, the magnitude of
the slope being dependent on the teMasand ac.,. The observed linear increase [od
clearly identifies the increase in the number of ion associated hydrated water molecules and
that the hydration layers of individual ions do not overlap within the studied concentration
range. The ionic radii increases in the ordef K095 nm) <K (0.133 nm) <C$ (0.169
nm)" and their hydration number also followsatsimilar sequenc® Assuming that the ions
hydrate individually, the observed difference in the slapeNie’ and K (or CS) can be due
either to the increase W, or acn. However, the similarity in the slopes of 'Gsd K’ in spite
of their varied hydration number signifies a traufe between these two factors. It is also
worth mentioning here that the collective dynamics of water as probed in the THz frequency
domain extends several layersybnd the first solvation shelhd a mere consideration of the
first solvation shell hydratn while formulating equation4.1-4.2 is insufficient to account
for the observed changes in the THz domain.

53

——
| —



Chapter 4: Electrolytes

[Salt] (M)

Figure 4.5.The change in the absorption coefficiddd, measured at 1 THz dsnctionof salt concentration.

It is important to note that the dynamic hydration shell around ions which involves
rearrangement in the associatedbéhded network offers an absorption coefficient different
from that of pure watef As the salt concentration is increased larger numbers of water
molecules start interacting with the ions eventually increaair{gnL)* has the smallest
radius among the allkainetals and hence the effective charge density is also the highest,
therefore the largest effect is expected to be observed inHbwever, the dipokglipole
interaction among the water molecules associated with the ions limits the hydration shell

thicknes$® eventually producing a moderate effect only.

We found tha both real and imaginarypart of the permittivity increases with
increasing salt concentration.efit both thereal and the imaginary dielectric constant with a
triple Debye modelSome representative fitted curves are shown in figuad and the
fitting parameters are presented in tadblied.lV. It is important torememberthere that there
might remain an appreciable fraction of water molecules in the first solvation layer that
strongly bind to the ions which rotates rather slowly (inttireescale of tens to hundreds of
ps).*® But the dynamics of those first hydration shelltevamoleculesare not detectable in
THz domain. For pure water, we obtain the relaxation timescales of 8t9)p2Q7 fs (>),
and 71 fs 5).3%*" The ~9 ps and ~200 fs timescales associatedo the weltknown
cooperative rearrangement of thebbinded network and the small angular rotational modes
of individual polar water molecules, respectivél{® We also found another timescat@0

fs, has its origin rooted to the 60 &nf1.8 THz) vibrational band owing to the-hbnd
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bending and the related transverse acoustic phonons, which propagate in a direction normal to
the hydrogen bonds between two neighbouring water moleé(f2swe observe that,

t, gradually decreases with salt concentration (figured)4ti@at indicaies an accelerated
dynamics of the cooperative-bbnd rearrangement presence of the ions and consequently

i nvokes the notion of Astructure breaking
results. It is interesting to note that at a fixed concentration the maximum acceleration in
occurs in Naand K, which alsosupports the FTIR data. For'Land C$ the changes are
relatively smaller and comparable. The time stalsuffers only negligible change with salt
concentration (figure 4.8) which indicates a marginal change in the rotational modes of
individual water @oles within thewaternetwork corroborating earlier reports involving IR

pumpprobe studied?®°
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Figure 4.6.The real €) and imaginary dj;j) dielectric constants of various concentration of different salts (a)
LiCl, (b) NaCl, (c)KCI, (d) CsCl as a function of frequency. The dotted curves are for experimental and the
solid cuwe represents the fitted data.

We plot the first relaxation strengthY( - - ) with salt concentration in figure
4.7h The salt solutions produsenaller $ values compared to that of pure water, implying a
6depol ari zat i"“dorhedobspriee depomaezationnis partly kinetic in nature, in
which the water molecules are forced to reorient in the local electric field direction caused by

the movement and charge of the i6h< while on the other hand the local electric field of
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the ions binds water molecules resulting in gic@epolarizatiorf® The relative contribution

of these two terms towards the total depolarization is debatable and the dynamical
contribution has been considered to be significantly smaller compared to that of the static
term>’ The depolarization strength is found to follow the ordef~Cis'<Na'<K* which in

turn reciprocates the acceléoat in t; values (figure4.79. It is interesting to note that Li

and C$ produce comparable; ut distincta(n) profiles. Depolarization is essentially an
optimization of two opposing effects: formation of ion bound water and rupture of the
network wate structure. The high charge density of hiakes the first solvation shell water
molecules highly oriented, however, does not protrude into the subsequent layers of
hydration. The optimization is found to be the most efficient in the middle of the ial&tdi

group(K™) producing the most prominent ruptunethe extendechetwork dynamics

-
gl
»

m‘_' [ ] LiCl
v . = v NaCl
8 - . O 8 KCl
> v ® g v ®  CsCl
a7 Y Y e {n .
— v c
6 v 84 v -
51 (a) o | (b)
. . O goh . . . . L4
0 1 4 5 0 1 4 5

2 3 2 3
[Salt] (M) [Salt] (M)

Figure 4.7.(a) Time constan(t,) as function of salts concentratiob) Relaxation strength ¢pas a function of
salt concentration
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Figure 4.8.The Debye timescalg for various concentrations of LiCl, NaCl, KCI, and CsCl

We now investigate the effect of these salts onsé®ndary structure of a model
protein, BSAusing CD spectroscopy (figure 49 To get a comparative viewe include
HCI as it is a welknown denaturant agent to BSA™® Two representative CD spectra of
BSA in presence of 1M LiCl and HCI are depicted in figdra (insets). The secondary
structure of the protein does not suffer noticeable perturbation in the presence of LiCt, simila
results are also observed in the other metal cations. However, in case of HCI a noticeable
decrease in the CD signal is observed indicating a significant rupture of the secondary
structure of the protein. For a more quantitative insight we plot théveeltbundance of the
a-helix structure in the protein as a function of salt concentration (fify®e9. The relative
abundancea-helical structure in BSA is relatively high (~70%) and does not change
appreciably in presence of the metal cations. Howeledecreases drastically with a
concomitant increase in the random coil structure in presence’ ofhith signifies the
unfolding of the protein.

To determine the changes in the hydration structure of both the protein and the
cations, we measure the THzpense of BSA in presence of these salts. al(hg profile of

the protein solution lies lower than that of bulk water (figtu®, inset), which is intuitive
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considering the replacement of highly THz absorbing water molecules witalgtigely low
THz absorbingprotein molecules. However, the extent of the observed decreaseajhe
profile can only be explained by taking into consideration the solvation sheathe associated
with the protein surfacdsimilar to that for the salts in equation2y with the added
complexity that the volume of the protein is no longer negligible comparddetdotal
volumeV;. We plot thechange in protein hydratic@},= U, i U, wherea, is the absorption
coefficient of the protein while, is that of the salt solution onlyneasured at 1 THz at a
fixed cation concentration of 1 M (circles, figu4ed). All the Day, values are found to be
negativeand donot suffer noticeable change in presence of the metal cations. The observed
cation indpendency ofDayn values strongly correlate the unaltered CD spectra (fig9a,
the cations thus not only remain indifferent to the protein structure they also do not perturb
the hydration structure &SA. For H', however,Dap, is noticeably smaller #in that of pure
water. The observed change £, can be explained on the basis of the proton induced
rupture of the protein structure (figue9a , i nset) . Unf ol ding of
structure froma-helix to random coil expose the buribgidrophobic moiety of the protein
into bulk water which in turn considerably modifies the long range collective hydration
dynamics as the mode of interaction of the exposed hydrophobic amino acids are different
from the hydrophilic amino acids presenthe folded protein surface.

We alsoconsider the changes in the salt hydrateék,= L i U, whereas and a;, are
the absorption coefficients in presence and in absence of 1 M salt measured at 1 THz. We
plot adly, both in absence (open triangles) and in @nes (filled triangles) of 0.8 mM BSA
(figure 4.%). As evidenced from the figure all tladl, values are positive correlating the
0THz excessbd6 of t h e s44). alyg toes net whange appracwmbly(ins e e
presence of the protein corrobangtthe fact that ion and protein hydration stay independent
of one another. The small decrease observed iadihgn presence of the protein could be
accounted for considering the volume changes associated with the protein itself. It is,
however, intriging that an identical and negligible change is also observedinvikich
signifies that although Hinduces a considerable rupture of the protein hydratidwereas
the associated ion hydration remains nearly unaffected. This apparent ambiguity can be
understood in the light of protein denaturation mechanism by the solutes, which ironically is
still a much debated issi@The most extensively used protein denaturants like guanidinium
chloride and urea are classically explained to denature proteins either by directly binding to
the proteins or by modifying the properties of aqueous solutions. We have recently shown
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that Gdn€Cl does alter the collective water dynasiaround protein surface th@ays pivotal

role in the protein denaturatiSh The key mechanism of proton mediated protein unfolding
initiates with the ionization of the surfacepased amino acid residues of proteins which in
turn induces electrostatic interactions resulting in the unfolding of the protein. Our results
unambiguously reveal that similar to the monovalent metal cations, the collective hydration
dynamics of proton d@enot change much upon protein denaturation. The findings of the
present study could likely lead to a new avenue towards understanding the molecular
mechanism of the process involved. A detailed and systemic investigation in this topic is of

certain demand
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Figure 4.9.(a) Content ofa-Helix of BSA in presence of ions of different concentrations. Representative CD
signals of BSA in water (broken lines) and presence of 1M LiCl and HCI (solid lines) are shown in the insets.
(b) The inset showa(n) profile of water (broken line) and 0.8 mM BSA solution (solid line). The main figure
depicts the changes in protein hydration (circles) and ion hydration in absence (open triangle) andide prese
(solid triangle) of protein.

4.4.Summary

We have studied theffect of monovalent cations on the collective hydrationadyics of the

water dipoles anfbund that these ions unambiguously accelerate the cooperative hydrogen
bond dynamicslt affirms a positive support towards the most debated notion of these ions to
act as water structure breakers. The extent of this effect has been found to be mostly ion
specific, K being the most effective ion and a simple consideration of ionic charge density is
insufficient to account for the observed changes. It has also baeluded that the hydration
structure of the metal cations and the globular protein BSA act independent of each other. In
case of proton, however, the protein hydration gets significantly perturbed owing to its
unfolding, surprisingly keeping the protondmgtion unaltered. This observation is intriguing

in order to establish the molecular mechanism of proton induced denaturation of proteins.
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Table 4.1. Debye relaxation fitting parameters of aqueous solutions of LiCl at different concentrations

Lcny G S S S: t; (ps) t,(fs) ts(fs s (Sm')
0 199 75.27 0.475x0.03 1.41+0.1 8.89+0.10 20746 70.8 0.00
1 2.21 64.10 0.435+0.06 1.35+0.07 8.66+0.11 220+54 70.8 6.03
2 2.16 53.51 0.65£0.03 1.34+0.08 8.73£0.13 233t34 70.8 10.87
3 218 47.03 0.67+0.03 1.36%+0.08 7.64+0.11 223+35 70.8 14.12
4 2.24 40.87 0.846+0.05 1.40+0.09 7.69+0.12 234+28 70.8 16.11
5 2.26 32.09 0.979+0.03 1.53+0.06 6.94+0.16 239+28 70.8 16.00

Table 411. Debye relaxation fitting parameters of aqueous solutions of NaCl at difftaveo¢ntrations

[NaCll (M) & S S Ss t1 (ps) to(fs)  ts(fs s(Sm?)
0 1.99 75.27 0.475+0.03 1.41+0.10 8.89+0.10 20746 70.8 0.00
1 1.99 58.20 0.394+0.06 1.74+0.07 7.62+0.14 281190 70.8 8.26
2 2.07 51.66 0.556%£0.03 1.74+0.08 7.04+0.11 256+55 70.8 11.96
3 2.05 4497 0.671+0.03 1.86+0.08 6.63+0.10 249+43 70.8 16.02
4 2.07 36.58 0.857+£0.03 2.05 +0.06 6.46+0.12 261+33 70.8 21.60
5 2.05 32.83 0.891+0.03 2.30+0.06 6.01+0.04 274+35 70.8 22.29

Table 411l. Debye relaxation fitting parametersarfueous solutions of KCI atftéirent concentrations

[KCpv) G St S S t1(ps) t2 (fs) ts(fs s (Sm')
0 1.99 75.27 0.475%+0.03 1.41+0.09 8.89+0.10 207+46 70.8 0.00
1 195 63.11 0.627+0.06 1.54+0.07 7.66+0.11 225+39 70.8 913
15 2.03 56.09 0.762+0.03 1.44+0.08 6.92+0.07 201+27 70.8 12.70
2 1.95 52.62 0.960+0.03 1.46+0.08 6.84+0.07 201+21 70.8 18.98
3 191 4474 1.220+0.03 1.48+0.06 5.68+0.04 181+15 70.8 22.05
4 1.80 38.70 1.470+0.03 1.60+0.06 5.003+0.04 181+14 70.8 29.81
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Table 41V. Debye relaxation fitting parameters of aqueous solutions of CsCl at different concentrations

[cscpv) G S S Ss t, (ps) t,(fs) ts(fs s (Smb)
0 199 75.27 0.475+0.03 1.41+0.10 8.89%£0.10 207x46 70.8 0.00

1 2.21 66.29 1.163+0.06 0.66+0.07 8.76+0.08 288+21 70.8 10.36

2 2.23 58.38 1.864+0.03 0.21+ 0.08 8.68+0.08 270+14 70.8 22.36

3 2.19 50.24 2.364+0.05 0.21+0.08 8.14+0.08 281+06 70.8 30.00

4 2.02 44.49 2.726+x0.07 0.12+0.06 8.18+0.07 256+08 70.8 35.60
40.50

5 2.03 37.20 2.745%+0.02 0.39+0.10 7.80+0.09 283+07 70.8
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5. Investigation of the Heterogeneous Hydration
and Solvation Dynamics of Binary Mixtures of

Water and a Small Hydrophobic Molecule 1,2-
Dimethoxy Ethane

We explore properties of water (both structure and dynamics) in its binary mixtures with a small
hydrophobic molecule 1,2dimethoxy ethane with a combined experimental (Hz TDS (0.31.6 THz),

TCSPC and mid- and far-infrared FTIR spectroscopy) ard classical MD simulation study. Our aim is

to understand the evolution of the structure and dynamics of water over the entire concentratior
region. We found a nommonotonic nature in the cooperative hydrogen bond dynamics as well as ir
solvation dynamics of water as obtained from Debye relaxation of TTDS data and TCSP
measurements respectively. The concentration dependence of the reorientation times of wat
calculated from the MD simulations also captures such nomimonotonous character. The MD simulation
trajectories reveal presence of large amplitude angular jumps, which dominate the orientationa
relaxation. We rationalize the non-monotonous concentration dependent orientationablynamics by

identifying two different physical mechanisms which operate at high and low water concentratior|

regions.

5.1 Introduction

W

ater molecules, in most practical circumstances are found in rhiet@rogeneous

environments rather than in its pure bulk fotaguid water is a disordered ensemble

of highly polar moleculesit possesses severaharmingcomplex properties owing to its

threed

imensional intermolecular-Hondednetworks ™ which makesvatert o pl ay 6t h

role in many biphysical as well as bemical processes. Perturbation of such 4dond

network results in temporal fluctuations, which is the origin of their orientational relaxXations

that is

governed by the making and breakingHetbonds™® While the various dynamical

modes ofpure bulkwater has been well understobits behaviour in the vicinity of an

amphiphilic (i.e. partly hydrophilic and partly hydrophobic) molecule or macromolecular

fragment has still been a popular subjecicientificcommunity'® A proper apprehension of

O0hy
in the

dr ophobi moddiyd prime iinpomeadce in order to understand its behaviour

real biological milieuln this regard polymémwater bnary mixtures are of potential

interest since they could often mimic biological environm@énts

owing

The polymer poly (oxgthylene) (POE) is a perfect candidate to model such systems

to its varied conformational propertf€smphiphilic character and high solubility in
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water** The interaction pattern of water with POE changes with the composition of the
mixture® and this phenomenon provides with a unique opportunity to study water dynamics
in varied hydrophobic environmentvithout essentially altering the chemical nature of the
systemDME is the fortestether molecule and the building bloakisthe POE family'® The
choice of this solvent is justified from its unlimited solubilapd $ress free hydratiom

water which allowgrobingthe entireconcentratiomangein which water evolves from being

a solute to a solventOligomers of DME, namely PEO (or PEG), has tremendous
technological importance with wide spread applicatibifsmostly due to their water
solubility, flexible structure, nomeactivity and low toxicitylt has been shown that the H
bond distribution in watePEO and wateDME mixtures are comparable, and therefore,
studies on wateDME binary mixture could provide meaningful insightsoirthe otherwise
complex watepolymer interactiond’ Such small amphiphilic polymer units in aqueous
environments provides with a model platform for studying the highly debated phenomenon of
fhydr ophobi &2 ModeovartDME §Gs-O-CH,-CH,-O-CHs) is structurally
related to twowater insolublehydrophobicpolymers: poly(oxymethylene), with oneCH,

group less in the monomer unit, and p@yxytrimethylene), with oneCH, group more’
DME-water mixture has been a subject of various experimental investigations including

NMR relaxatior”® FTIR?® Raman spectroscopy®

volumetic and thermodynamic
measurement$aswell as severasimulation studied"*° Previous studies have revealed that
many macroscopic thermodynamic parameters of this binary mixture, e.g., vi§€gsitial
molar volumé® including some mimscopic parameters like diffusion coefficiéhpass
through an inflation point in the composition profile, which clearly identifies the micro
heterogeneous environment of the mixtures. While most of these aforementioned studies have
been carried out addressing the conformational changes of DMEssociated changes in
structure and dynamics have received comparatively lesser attention.

We explorethe (D stretching mode of water to investigate structure of waten its
mixture withDME at varied compositiongsing FTIR spectroscopy in the rid region.We
have also studieché collective vibrational modes of water which essentially leaves their
imprint in the farinfrared (FIR) frequency regionsing FTIR measurements. The evolution
of the cooperative dynansof water in the mixture is explored using TTDS technique in the
frequency window of 032 . 6 THz (1 T)HIAZDSSis adabel Bee wohthat can
probes the collective hydration dynamio$ water which extends beyond the first few
hydration layersand essentially leaves its imprint in this elusiuéz frequency regiori>*°

This technique thus offers a unique advantage to examine the fate ofbibvedeld network

( 6o )
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dynamics of water in otherwise less polar environments including lbaloiterface$®*

Various frequencydependent optical parametexs the solution such asabsorption
coefficient,a(n), complex refractive index, ' , complex dielectric constantsfn)) etc. can

be extracted from a single measurerfitmnd the dynamics of water cdme obtained
following a Debye relaxation modé&f The composiion of the mixture is varied carefully and
since one of our major emphases is on the low water content nelyemewater is expected

to be present mostly in its isolated form; such an environment experimentally reproduces the
not i dwydroghdbic Bydraond It has been observed that the collective dynamics of water
shows a normonotonous behaviour as a function of the mixture composition.

DR study providesinformation about the collective response of polarization
relaxation of dipolar solvest is often complemented by timeesolved fluorescence (TRF)
measurements which is moséesspecific in nature and could often found to be of better
relevarce for specific processes. Timesolved fluorescence spectroscopy (TRFS) manifests
the stabilization of insntaneously created solute dipoles (fluorophore) by the reorientation of
solvent dipolesWe study pgesolved solvation dynamics of DME/water binary mixtures
using coumarin 500 (C50%)as the fluorophoreWhile TRFS has extensively been employed

to understand unusual hydration in many bimaytures”>°

no such study is reported for the
DME-water mixtura. Since water can form-Hond to both neighbouring water as well as
DME, one could apprehend microscopic heterogeneity in the mixture, which in turn is
expected to provide its jpnint in the TRFS measurements.

In order to acquire &urther molecular level apprehension of midneterogeneity in
the Hbonded structurewe performall-atom classicalMD simulation of watedtDME mixed
systemsMD simulation is an incisive tool to study these binary mixtures as it provides a
complete molecular picture of microscopic mechanisms involved, at the same time it is also
possible to alculate quantities that can be directly compared with experimental
measurements:>® There exist omplementary theoreticdland MD simulation¥™° studies
thatlooks at the properties andthbnd connectivity of the solute (not water) molecules and
relate that to the static and dynamic anomalies anedeaiities of the mixtures. The MD
simulation results show that the structure of water evolves from lindan#led chains at
low water concentrations to a bulk tetrahedral like network structure at higher simulated
concentrations. Investigation of the concentration dependence of thedates associated
with the reorientational and translational motion calcathtfrom MD trajectories reveals a

nonmonotonic dependence on water concentration. We present an explanation of this

{67 )
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observed nomonotonicity by identifying two different physical mechanisms which manifest

at low and high water concenins.

5.2 Materials and Methods

DME, D,O and benzonitrile (PhCN) were purchased from Sigma Aldrich (stated purity 98%).
Binary solutionswere prepared usingeionizeMilli -Q water.All the experiments were done

in room temperatureMIR-FTIR spectroscopy measurements weeeorded in a JASCO
FTIR-6300 spectrometer using two GaWwindows (3 mm thickness) with the spacer
thickness of 25m, in the frequency!(CNesgetching modé) ai2 001
22502700 cmi (OD stretching mode)Samples were prepared by vigorous mixing of 2%
PhCN and 4% D,O with the binary mixtures. All the data represented here are difference
absorbance spectra where the absorption spectrums of the corresponding DME/water binary
mixtures were used as the refares.FTIR spectra in the FIR region (850 cni') were
recorded using VERTEX 80v under constant nitrogen gas flow. The samples were measured
with a liquid cell (model A145, Bruker Optics) with diamond windows, a cell path length of
28.5° 0.2mm, as defied by a Teflon spacer placed between two parallel windows. The FIR
spectra also correspond to the difference absordzeteeeen the measured absorbance of the
samples and the measured absorbance of pure.[BW#adystate emission spectra were
measured witta Jobin Yvon Fluorolog fluorimeter (Fluorom&). We used a neocovalent
fluorescent solvation prold@500at very low concentration (~#M). Time-resolved emission
measurements were performed using a previously desttitmamercially availabl@ CSPC
instrument with an overall instrument resge function (IRF) ~ 80 p§Ve performall-atom
classicalMD simulations of DME and SPC/E water binary mixtures using fbetd as
describedelsewheré®*** Further details about the instrumental as well as simulation

methods are availabie chapter 2 andchapter3.

5.3.Results andDiscussions

5.3.. Experimental Findings:

MIR (OD stretching)study:OD vibrationalstretchinMl R r egi on ('3efB@D 27 0 C
oscillatorsis highly sensitive to the strength of the local iretral intermolecular Hbond?>">®

is an ideal tool to study solute hydratidhis to rememberthat the difference absorbance
spectraeportednere(figure 5.31.1) involve explicitly the signature of watemnoleculesonly.

Figure 5.3.1.1a representshe OD stretching of HOD in pure water and in waBvE

mixtures at differenmole fraction of waterX,). Pure watelyields an broad (~170 cm
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FWHM) absorptiorband withpeakvalueat 2505 crit (designated as,).>® This peak sfiers

a progressive blue shiftith an associated asymmetric deformation of the absorption profile
as we increag DME content. These are especially prominent in the low water content
region>?%41% The gbserved blue shift can be explainederms of the reduction dhe
electric field along the D stretcli* as well as weakening of the-bbnd strengtt>® the
effect being more prominent in the low water content region where enhancedhaMEH

bond formation prevails.

In order to obtain a quantitative insigitiout the Hbonding statewe deconvolute the
absorption spectra of DMtvater mixtures intdahreeGaussian subands For a comparative
understanding we keep one peak fixed at 2505 coresponding to bulk waté?** Two
such representative spectra fof X 0.03 and 0.6 are presented in fig&8.1.1b. For the
systems with %2 0.8, the spectra can be fitted with two such Gaussiafbantls; apart from
the bulk water (2505 m™) band, a new blue shifted band appears (designate)as
furnishing the evidence of watefME H-bond formation which in turn weakens the water
water Hbonds. The frequencwy, gradually increases with decreasing ¥igure 5.3.1.1c)
which signifies arincrease in the number of DMEater Hbonds formation with increasing
DME content.In low water contentegion (X,¢0.6), the total spectra could only be fitted
considering a new band (designatedigsappearing around ~2610 ¢megion. This band is
associated with the vibrational stretch of isolated or uncoordinated water molecules that share
H-bonding with DME oxygen atoms only or water molecules that do not share-aopd
with any neighbouring molecufé®® The waterDME binary mixtures thus correspondo
three types of water molecules associated with three eliffésaussian peaks,, n, andn;.

The relative abundance of these three types of water could approximately be estimated by
calculating the relative area under ed8hussian bandhat contributes to the observed
spectra. The relative population profilepsovided in figure5.3.1.1d. We found that at high

water contenthe population is effectively governed by the bulk like watg) (vith a steady

growth of then, population Whereas, ifow water contentegionwater molecules contribute
primarily to theangdgamdeasi asrasaundtyhse cor
decreasebor these water concentrations.

At | ow DME concglt)raDMBnmp| € Oul8eOX f i t
slightly distorted etwork structure of liquid watei.he average maximum hydration number
per ether oxygen of DME is ~ 1%8as revealed previously by Brillouin light scattering and
sownd velocity measurementwhich corresponds to »%0.8. It can be concluded that in this
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region all the DME molecules are fully hydrated and can fit themselves in a slightly deformed

H-bonded water cag®©n further increase in the DME content the bulk watantribution

decreases considerably only to be compensated with a concomitant increase; iwdter

content and where the, population is modestly increased. It could be noted that with

increasing DME concentration the number of water molecules available to hydrate DME
molecules decreases. As a result the fullpdthded water network structure melts down to

form n, and n; wate molecules® At X,<0.1 then; water contributes significantly with

negligible abundancef bulk water. However, a notable abundance.diype of water even

in this small water content indicates the presence of discrete water ¢ffétedsich also

gets spport from the MD simulation results (see later).
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Figure 5.3.1.1 (&) FTIR absorption spectra of the OD stretch of HOD in water for water/DME mixtures at
different mole fractions of water (X ranging from 0.03 to 1.0. The arrow indicates increasing veatetent.

(b) Deconvoluted €D stretching spectrum of HOD in watBIME mixture at %,=0.03 and 0.6. The orange
broken line is centred at 2505 ¢rand corresponds to bulk water. The black broken line represents the overall
fitting. (c) Peak frequency, asa function of X,. (d) Relative population of different types of water present at
different water/DME mixing ratios.
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MIR (CN stretching)study: As discussed previousKTIR experiments in the mitR region
provide meaningful informatioaboutthe Hbonding status and can sense the polarity of the
environmenf®®’ Nitrile (C'N) is an efficient IR spectroscopic probe to investigage th
intermolecular interactions, solvent polarity, and formation of-cmralent Hbonding in
liquids®®. Figure 5.3.1.2a shows the MIR absorption spectra of PhCN in water/DME binary
mixtures at various ¢ DME being a relatively legsolar moleculed~7) can hardly form H
bond with its neighbouring PhCN molecules and the IR peak frequency )(for the
unbound CN molecules in DME continuum is observed-a229 crit. On the other hand,
the protic solvent water generously formsbhd with CN and the IR peak suffers noticeable
blue shift to appear at =2235 cnt. The IR peakripeay profile exhibits a nomonotonic
nature in the binary mixtures (figue3.1.2b). We observe that itow X,, region (from pure
DME to X,~0.6) npeaksuffers nominal red shift while on further addition of water, ab® 6
Npeak INCreases sharply (figurg.3.1.2b). The mixed system thus offers significant deviation
from the otherwise expecatddeal linear mixing behaviot®. IR characteristiof nitriles is

driven mostly by solvent induced changes in the local electric field of the envirafiffent

2236
~ (b) .
" 2234
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) =
& °
9 L 2232t
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Figure 5.3.1.2 (a) FTIR absorption spectra of CN stretch frequency of PhCN in Dldr solutions at
different mole fraction of water. (b) The absorption maxima are plotted as function of the mole fraction of water.

In conventional IR probes (e.g. OD or CO), as meeases water content, the probe
bond length increases due to the extensiMsokiding and eventually the IR peak frequency
suffers red shift®® However, the length of the strong triple covalent CN bond could hardly
be perturbed by relatively weak noovalent Hbonding. As water molecules form-thbnds
with the N terminal (Hbond acceptor) of PhCN, the partial charge difference between C and
N deaeases. Hence the effective dipole moment of CN decreases increasing the

corresponding potential energy which eventually leads to a blue shift of the IR peak
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frequency’® This rationale corroborates with the sharp increase in IR peglency in the
high X,, region.Whereas, alow X,, region,due to the confinement of water clusters in the
vicinity of DME clusters’ free water is less available to formbénds with PhCN. A modest
red shift is observed in this region doetlie increase in the polarity of the medium.

Steady state fluorescence stu®yeady state absorption spectra of C50¢ha watertDME
binary mixtures are shown in figurg.3.1.3. We found a progressive red shift of the

absorption peak with increasimgater content.

=
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Figure 5.3.1.3 Steady state absorption spectra of cumarin 500 fluorophore in-D&& binary mixtures.

Figure 5.3.1.4.The static dielectric constant of water/DME binary mixtures with different water concentration.

We also observea progressive red shift of the emission peak with increasing X
(figure 5.3.1.5. The emission maximum at 459 nm in pure DME appears at 499 njat X
0.9, which in turn is blue shifted compared to the 508 nm peak observed in puré’wéter

plot the peak maxima with & and found that the red shift is progressive but not linear. A
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distinct change in the slope is observed ga+X2. Such red shift has classically been
explained as the manifestation of increasing polarity @htixture.

To rationalized the polarity of the samples we plot the static dielectric cong)awmit (
each mixtures as a function of, Xfigure 5.3.1.4) and observe a nbnear change at %-0.6.
The nonmonotonous red shift of the emission peak thus dabeexplained solely on the
basis of the change in tligelectric constant in such-bbonded systenrather one also needs
to consider that DME has a capability to form extensiveoHAding with the neighbouring
water molecules through its two oxygen atomiich can cause the probe to be distributed in
different heterogeneous locations in the mixture and can influence the fluorescence
characteristics accordingly. We try to deconvulate the emission profile of C500 in the
mixtures with two Gaussian enveloge=eping the centre frequencies fixed at 459 nm (C500
in pure DME) and at 508 nm (C500 in pure water). The spectra could not be deconvoluted
into these sulbands with reasonable accuracy which unambiguously concludes that the probe

might also reside at theterfaces of DME and water.

450 500 550 600 650 700
Wavelength (nm)

Figure 5.3.1.5. Steady state emission spectra of cumarin 500 fluorophore in-WMEr binary mixtures.
Emission peak frequencies are plotted in inset agitmof mole fraction of water.

TRFS measurement#/e measure the wavelength dependent emission transients of C500 in
different DMEwater mixtures; the tiéxponential fits of these transients reveal that the decay
parameters in the blue end differ significantly than those in the redfignde(5.3.1.63,

which strongly indicates solvation of the prdBeJsing tre transient fitting parameters and

the steady state emission spectra wastruct the corresponding tianesolved emission
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spectra (TRES) (figurg.3.1.80). We, however, could not found mcgable differences in the
time-resolved spectra of C500 in theat liquids (DME and water).
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Figure 5.3.1.6. A representative decay and timesolved emission spectra (TRES) of the DME/water mixture at
Xw 0.6.

Solvation of fluoroprobes in neat polar solvents generally occurs in ps tpssub
timescale®’* which is undetectable in the TCSPC measurements. However, the molecular
heterogeneity in the mixed systems hinders the reorientation and/or translational diffusion of
the solvents which eventually retards the solvation process to produce considerable
dynamical Stokes shift be detected in TCSPC measurememl the C(t) curves &s
describel in chapter 2 are fitted biexponentially with time constants of sub hundred and a
few hundreds of ps (tabe3.1.1). It is to be noted that we miss igrsficant fraction of the
ultrafast fluorescence signal due to the limited resolution of the TCSPC setup. We estimate
the extent of the loss (instrumental resolution) of our setup using a methodology developed
by Fee and Maroncelff

no ! ! (5.1)

where H AT’A are the peak absorption frequency of polar and nonpolar solvent
and the emissive peak frequency of nonpolar solvent, respectively. We found ~70% of the
ultrafast signal, which arises from the bulk water, goes undetectedXtanld).

We calculate thewaerage solvation timetss and plot it against Xin figure 5.3.1.7.
<t> decreases first modestly (up t@=>0.6) and then sharplyrhe solvation profile can well
be rationalized in the light of MIR measurements. In loyw r&gion, water molecules are
ratherconfined and/or strongly donded in the DME continuum, as inferred from the MIR
measurements, which inhibits them to reorient and/or translate in response to the
instantaneously created C500 dipole resulting in slow solvation. In the QRigkgion (>0.9

the mixture contains DMifree water molecules as indicated by their ability to form
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extensive Hbond with the PhCN molecules (figute3.1.2a). Gradual increase inyXstarts
forming water molecules which are notlddnded to more than one DME moleculee($4D
simulation results) and can form large clusters with flexible structures around DME
molecules. Such water network acts in comparable manner to that of bulk water and are
available for the solvation of the excited C500 dipoles, which eventually aateslethe
solvation process (figurB.3.1.70). The increased missing fraction of the Stokes shift (table

5.3.1.]) is also a manifestation of the fact.
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Figure 5.3.1.7.Average solvation timescales as function of mole fraction of water.

FIR study:The energies corresponding to the intermolecular motions that arise due to the
fluctuations in the Fbond networkare lower than those of intraolecular covalent bonds
Their spectral signatures range correspogidi shifts to lower wavenumber regiofhe FR
(50-350 cm?) spectra gccasionallyreferred to as the connectivity bafjdof water in DME

water binary mixturat different compositions are shown in figlr8.1.8a Water, in the FIR
frequency range produces two characteristic peaks, one at ~2b@vkich is distinctly
collective in nature. Itorresponds to the hindered longitudinal motion of water molecules
along hydrogen bondsnd the other peak occurs at comparatively higher frequency ~650 cm
! The former peak arises due to acoustic branch (due to the hydrogen bond vibration) while
the latter mode one is in the optical band (due to librational motion of)whtés evident

from the figure5.3.1.8a that with increasing water concentration the absorbance increases
which corroborates our findings of increasing sidetlee water clustersFor a more
comprehensive understanding of the evolution of the netwarkctste of water, we
deconvolute the FIR spectra of different solutions and plot the peak frequency and the full
width at half maximum (FWHM) (see figure 5.3.1.8b) of the hydrogen bond stretching

vibration band (~at 200 ch), which is predominantly colléive in nature’’* At low water
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concentrations, the band is noticeably red shifted indicating an abundancenhetezolar
hydrogen bond formatio??.”> As the concentration of water increases this band gets blue
shifted, first sharply and then modestly, along with an increase in the FWHM. The initial
sharp blue shift indicates the progressive formation of homlecular hydrogen bonds
between water moledes (formation of water clusters) which then spread to form an overall
tetrahedral network. This evolution of the collective nature of hydrogen bond formation in

water is supported from the MD simulation studies also.
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Figure 5.3.1.8.(a) FIR Absorptiorspectrum of DME aqueous solutions at different mole fraction of watgr (X

the arrow indicates an increasing of water content. (b) The peak frequency of the hydrogen bond stretching
mode (~200 cm) in the mixed binary solvent as a function of water catregion. The corresponding change in

the FWHM is shown in the inset.

THz TDS study:The optical parameters of wat&ME mixtures obtained from TTDS
measuements Q.3-1.6 TH2 are summarized in figur®.3.1.9 The frequency dependent
absorption coefficienta(n), of water and DMBEwater mixtures are presented in figure
5.3.1.%. a(n) increases gradually with increasing,,Xthe observed increase can be
understood considering the replacement of low absorbing DMEecules with high THz
absorbing watef® In figure 5.3.1.%, we plot the absorption coefficient measured at 1 THz, as
a function of mole fraction of waterXfor the mixtures. One can estimate the absorption

coefficient @igea) for an ideal mixture frm the following relatiorf>?

| —B %d (5.2

wheref; is the volume fraction of theth speciesr eais the measured density of the mixture

and” B ®”.
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Figure 5.3.1.9. (a) Frequency dependent absorption coefficieajt ¢f waterDME mixtures. (b)a value
measured at 1 THz as a function gf. Xhe broken line represents calculageg, of the mixture assuming an

i deal mi xi ng. The

nset shows

t he

e Xt e tand onbgindne vi at

( ik} dielectric constant of watddME mixtures at different mole fractions of water in the THz region. The
solid lines represent the triple Debye relaxation fittings. (d) Debye relaxation time stalesd(t,) as a
function of X,. The broken line is a measure of cooperative hydrogen bond relaxation time of pure water. All
the arrows indicate increasing water mabecfion in the mixtures.

We include the value odigeq Values in the same plot. It is evident that the measured

values deviate significantly from the calculated ones, especially in the low water content

region. The inset of figurd.3.1.% shows the rative deviation ofi (Da=aigeararea) With Xy,

and the nonadeal behaviour of the mixture seems evident from it. Suchigwalities in the

low water concentration region has previously been observesaterdioxané' and water

acetonitrilé® mixtures. The deviation of this ideal behaviour at loyatso reciprocates the

MIR results which Bow clear evidence of the existence of isolated or uncoordinated water.

For high X, mixtures, the deviation & from ideality is marginalfigure 5.3.1.%, inset). It is

now interesting to investigate whether the observedideal to neaideal transitio would

also be reflected in the corresponding hydration dynamics.

The frequency dependent real and imaginary permittivity profiles of M2dHE

mixtures at different compositions are presented in figudel.oc. Both gea and gmg Show
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gradual increasavith increasing X, (in the direction of the arrow in figurg.3.1.%). The
complex dielectric profiles have been fitted using the tripébye relaxation modép’"’®
We fixed the static dielectric constarmt)(value from theliterature’® The fitted parameters
are presented in tabl3.1.2 Dielectric spectra of pure water in THz region reveals three
relaxation time scales of ~8 ps1), ~200 fs {2) and ~90 fs €3). The ~8 ps timescale
associated with the spontaneous restructuring of thertdl network®®* whereas the ~200 fs
timescale is due to either quick jumps of undeordinated water or a small angular rotation
precedng a large angle jumf® The ~80 fs timescale is related to the 60 cvibrational
band responsible for the-bbnd bending and the transverse acoustic phonons which
propagate in a direction normal to thebdinds from one water molecule to otf& We plot
t; andt, as a funtion of X, in figure 5.3.1.9. Thet, profile has two distinct features. For
Xw€0.6, thet; values lie well belowt 1 waer and increases linearly with increasing,.XAs
discussed earlier this mode is assigned to the cooperative relaxatiehoofdHhetworkand
at these concentrations the associated timescale is much smaller than that of pure water. This
occurs due to the rupture of the tetrahedrabddding network and is also observed for
reverse micellar waterpoBl.At such low water content the dynamics is found to-detignes
faster than the bulk water. This indicates the lack of any cooperatb@ntied network and
supports the notion of the formation of undeordinated water or the formation of some
dangling (H. These thoughts also are in agreement with ETIR measurements dn
simulation resultsWith increase in %, more water molecules participate in thebéhd
network which eventually forms larger water clusters and increbs®sin the region
Xw>0.6, an intriguing retardation of the dynamics compaoeldulk water, and at 0.85,
this slowest timescale becomes as large as ~12 ps. The retarddtiois worrelated with
DME hydration by solvent water molecules wherein DM&ter interaction slows down the
cooperative rearrangement of water network sindlar effect has previously been observed
for sucrose hydratioff.

In the moderate to high water concentration regiog? 0<3) the obtained, values
are more or less comparable to bulk water timescale and the changes are within the error bar
associated with the experimental measurements and the fitting programme. In thg low X
region the observed values tf are somewhat slowehan that oft,waes @ behaviour
contrary to what has been observed tfor This apparent dissimilarity can be rationalized
from the different origins of these two timescales. As mentioned earlier, while a cooperative

rearrangement is responsible foe timescaléd ;, t, essentially originate from a small angular
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rotation of water molecules followed by a jump. At Ioy,, the water molecules are
primarily bonded to one or more DME molecules, which pertipderthe small rotation

and jump dynamics and thwdowdownt,. At a higher X, when the formation of water
cluster predominates, the jump motion gradually gets easet} apghroaches; waer TTDS

studies thus establish the evolution of collective hydradiimamics as water switches from
being solute to a solvent in the mixture. Such transition can be explained by apprehending a
structural transition from small water clusters tolly grown H-bonded structure.

Table 5.3.1.1.Solvaion relaxation parameteiof G500 in DMEwater binary mixtures at different mole fraction
of water

Xw & t1 (ns) & t, (ns) <t (ms) Loss (%)
0.1 0.51 0.097 0.49 0.403 0.248 79
0.2 0.56 0.099 0.44 0.433 0.248 72
0.3 0.63 0.089 0.37 0.457 0.225 59
0.4 0.64 0.089 0.36 0.465 0.225 67
0.5 0.65 0.075 0.35 0.448 0.205 65
0.6 0.73 0.093 0.27 0.524 0.210 70
0.7 0.80 0.075 0.20 0.529 0.162 62.
0.8 0.87 0.075 0.13 0.528 0.126 72
0.9 0.42 0.080 0.59 0.128 0.108 90

Table 5.3.1.2. Triple Debye relaxation fitting parameters with error bars for wtdE mixtures at different
compositions. We have fixed the valueegfrom literature

Xw e t, (in ps) t, (in fs) t;(in fs)
0.03 8.29 3.28+0.02 374.5+15.7 88.00
0.05 8.55 3.22+0.02 267.7+£18.6 81.00
0.10 9.40 3.12+0.02 347.8£36.5 74.00
0.15 10.19 3.62+0.04 365.7+73.7 94.36
0.22 11.58 4.55+0.06 402.7£62.5 96.45
0.38 14.14 5.12+0.13 206.8+£71.0 71.00
0.49 18.22 6.46+0.05 289.0+£31.8 78.84
0.58 20.72 7.05+0.17 210.7461.9 76.32
0.79 36.80 11.40+0.32 262.4+60.6 84.00
0.85 47.46 12.78+0.32 252.9+46.8 78.07
0.93 62.55 12.06+0.27 273.7454.9 77.30
0.98 75.09 9.20+0.15 278.3£70.0 78.40
1.00 79.05 8.10+0.10 227.61£43.6 71.89
(g
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5.3.11. MD simulation study:
In order to obtain some microscopic insight into the concentration dependences, we have
performed aHatom classical MD simulatiostudy on the wateDME mixtures at several

concentrationg-or further details about the analysis methods pleasehapter3.

Scheme 5.3.1l.1Geometrical criteria of hydrogen bonding among water molecules.

Hydration structure To obtain a microscopic realization of the observed structural and
dynamical features, classical MD simulation of the DME/water binary mixtures is performed.
From the MD trajectories we compute the radial distribution functions (RDF) for various
possible pirs of oxygen atoms. The results are shown in figuBell.L An oxygen atom
could belong either to a DME or to a water molecule. The first peaks for thewattnand
watekDME RDF 6 s stancessoé 2.78 and 8.12 A respectivdly.the mixture the
position of the wateDME peak remains almost unaltered indicating that hydration of DME
molecules could be achieved without significant perturbation -bbhtl network of water
molecules. The fitspeak of DMEDME RDF occurs at 2.9A (figurg.3.11.1), which is higher

than that in watewater but smaller than that in waleME signifying hydrophobically

induced ggregation of DME molecules.

2.0 5
@ Xy = 0.06

60 | Xw=0251 ;5| 4t
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- 3}
% 40 b —— Xy =0.60 C.) 10} . OI
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Figure 5.3.11.1. Radial distribution functiorof (a) water oxygeioxygen, (b) water oxygeBPME oxygen, (c)
DME oxygenroxygen
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We

(water molecules) in the hydration shell of DME that are connected to the DME molecules

detbpediinat i @mh yidu rali @ romas theu matnber ad neighbours

through H-bonds. In figures.3.11.2a we display the hydration number of DME molecules as a
function of X,. We have used the geometrical critesehéme5.3.11.1) for deciding whether

a pair of molecules is#onded or notDetails of the Hoond criteria are mvided inchapter

3. The hydration number profile shows a nonlinear dependence,dfigdre 5.3.11.2a). In

the low X, region (<0.6), it increases slowly indicating towards a-dassical hydrophobic
hydration of DME? On the other hand, beyond,>0.6 it increases sharply as DME
molecules starts forming extensive-bldnds with water and consequently high content
(~80%) of open kbonded structures (see later) are produced. We also calculate the relative
abundance of the non-bbnded dangling OH bonds at different water concentrations (figure
5.3.1.2b). Dangling water mokules are identified as those which ardéhded through one

of its OHhand while the other ®l hand does not participate in anybidnd formatiotf2®8’

We found that the abundance of dangling bonds is presumably high with more than 20% of
water molecules to remain in the dangling state in the low to modegategon. With
increasing X, the relative population of the dangling water molecules decreases gradually.

181 (a) | £ (b)
S 16} R
: (@)]
S 14 * S 2
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Figure 5.3.11.2. (a) Water concentration dependent average hydration number of DME molecules. (b) The
abundance of the danglingthbnd.

Water candonate as well as can accepbbhds with any other water and/or DME
molecule, whereas DME molecules always act asokld acceptors. Aggregation of DME
molecules can create void spaces that could induce defectbandihg network. So it is of
utmost impatance to examine the relative percentage diodd weights. We tag each- H
bond formed by any water molecule in the mixture and group them in three possible
categories: bonded to water, bonded to DME and ndiottled or single (figure.3.11.3).

Water preérs to bind with neighbouring water molecules forming water clusters, however,

(e )
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water molecules in the vicinity of DME molecules could hardly connect to their polar

partners and thus prefer to remain single rather than connected to other DME molecules. This

eventually results in a considerable abundance of single anddokhitected water molecules

at low X, (figure 53.11.3). With increase in ¥ the relative population of these water

molecules decreases with a concomitant increase in-thendled water abundae.

100

’\5\ = H-bonded to water
2 80t H-bonded to DME
= Single
S
-%—) 60 "
- 40
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Q 20 t
I
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w

Figure 5.3.11.3. The relative percentage weight ofdénd of water as function of the mole fraction of water

(Xw).
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’.J

(a) close homo

°

JJ) k\ |
&I &

(b) close hetero

(c) open

Scheme 5.3.11.2.Various degrees of configuration of water molecules in the vicinity of DME molecules, (a)
close home structure, (b) close hetero structure and (c) open structure.

As observed in figure .8.1.2, at low X, there exist under coordinated water

molecules iIDME continuum with dangling OH bonds. These dangling water molecules are

connected to an oxygen atom of neighbouring DME viaodding, and correspondingly

unable to participate in bulk like-Bond network that results a sluggish solvation of C500

molecuks (figure5.3.1.7). For a detailed microscopic view we divide the hydration status into

——
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three different plausible configuration and identified the relative abundance of those-ocal H

bonded configurationscheme5.3.11.2): (a)ii ¢ | -b 8 mo s t ,inuwbith @ sirglé water

molecule is connected to two oxygen atoms of the same DME molecul@,qb)-bete®

st r u ¢ where & gingle water molecule binds to two oxygen atoms of two different DME
molecules,and (c)fi o p e n st in which one efothe @1 hands of a single water
molecule is connected to a DME oxygen atom, the othErrl@and does necessarily not bind

to DME, however, can bind to any neighbouring water molecule or could remain dangling as
well. We compute the relative population of all these configurations and the results are
represented in figur&.3.11.4. We found that the population of tlbosehomo structure is

rather low (<2 %) in the mixtures even in the very low water concentraticonsed?erhaps

the oxygeroxygen distance in DME molecule is not optimally fit for a single water molecule

to bridge them. The low abundance of such conformation also corroborates an earlier report

which concludes -3 water molecules to form chain like structures to bridge the two oxygen
atoms of a single DME molecufe

N
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Figure 5.3.11.4. Relative abundance of different structure of water molecules in the ajigseximate of DME
molecules.

It is also noted that the population cfosehomo structures diminishes with
increasing X, which is anticipated with the increasing abundance of water into the mixture.
At low X,,, the relative populations @foseheterois ~25% and that of the open structure is
~45%, however, with increasing,Xthe former decreases at the expense of the increase in
the population of thepenstructures. Relatively higheterostructure abundance at low, X
region suggests the encapsuatof water molecules within DME clusters. With increasing
Xw such clusters dissolve and DME gets essentially solvated by water molecules. At high X

no water molecule is #Bonded to more than one DME molecule (high abundancper
structure).
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Figure 5.3.11.5. The probability distributions of the number ofdldnds formed by any water molecule in the
whole concentration range.

Water molecule can donate tweldénds through its ¥itoms and/or can also accept
two H-bonds through the @tom. Hence it cahave a maximum coordination number of four
with an approximately tetrahedral arrangent@fit The possibility of the formation of
otherwise stable five member bifurcatedbbind structure is rather low in presence of
hydrophobic polymergdue to the defect and the fluctuation ofbbind networl® The
probability distribution of the number of-bonds made by individual water molecules can
provide with a better understanding of the hydration in presence of hydrophobic solutes. We
compute the probability distribution of the numioéH-bonds per water molecules in all the
mixtures (figure5.3.11.5). These Hbonds are formed with neighbouring water and/or DME
molecules present in the mixture. At low water concentratigy~(R8.06) at least 10% of the
total water population form no-Hond (remain as single, see figur8.8.3); perhaps these
water molecules get arrested in the hydrophobic framework of DME molecular clusters. At
low X,, water molecules preferentially stay either in dangling form or in twoohded
structures. The negiigle abundance of three or four-bdbnded structure unambiguously
confirms the lack of tetrahedral connectivity and abundance of linear water clusters at these
concentrationsAt moderate to high ) the water molecules start connecting with each other
and form percolating water clusters around DME molecules. The relative growth of the three
and four member water signifies the completion of the -blik tetrahedrality of the water
network.

In order tovisualize how the local environment around water molecules changes with X
we study the properties of clusters of the water molecules at various simulated

concentrations. We have used a modified version of the algorithm by Stoddard et al.

[ e)



Chapter 5: Hydrophobic Molecules

(applying the angle ctaff condition along with distance coff) to identify the largest H

bonded clusters appearing at leaimulated concentratioit very low water concentration

(Xw ~ 0.06) we find linear water clusters which contain up to six water molecules forming H
bonded chains. Snapshots of the largest water cluster for each simulated concentration are
shown in figwe 53.11.6. The Hbonding structure of these linear clusters supports the
inference drawn from the FTIR and TTDS experiments which concluded the existence of
water clusters having dangling OH bondigure 5.3.11.b). As X, increases larger sized

water clsters appear with increasing tetrahedral coordination among neighbouring water
molecules resulting in nelmear structures. At ¥=0.25 we observe water clusters with more
complex topologies, where cyclic pentamers of water are a part of the clustdualyesne

observes bulk like tetrahedrally correlated water clusters upon increage in X

Figure 5.3.11.6. The largest water clusters observed at each simulated concentration. The concentrations of
water are mentioned in the respee panels.
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Figure 5.3.11.7. (&) The variation of the fraction of coordinated watey,(Fand the fraction of single water
(Fs.w) (in inset), (b) the span of the largest water cluster and the number of clusters in the system (in inset) as a
function of the mole fractionfavater, X,

In order toacquirethe microscopic parameters which characterize these water clusters
we have cfadtianoflc@otdieated wafer ¢ry) @figure 5.3.11.7a) which is defined
as the ratio of the number of water molecules inléingest cluster to the total number of
water mol ecul es. Wectionafsieagleavhtar () c@éigure u3.llada, e d A
in inset) that is the ratio of the number of water molecules that are-bohéed to any other
water molecule to thetd number of water molecule$o estimate the spatial extent of these
water <cl ust er s, clusteespacawhch is tthe datio tofhthee ,longést possible
linear dimension of the largest cluster and the diagonal length of the simulation box. The
calcdated values of these parameters are shown in figuBH.7a and basfunction of X,.
In figure5.31.7b (i nset ) we fladionef cludtes mumberhdddwnt hfa t i s
ratio of the total number of water clusters in the system to the numbetef molecules. At
low X,, region, the fraction of uweoordinated water molecule is high enough and that
corroborates the MIROD stretchingresults (figure 5.3.1.1d). The appearance of different
vibrational bands ofvater in the FIR spectrunfigure 5.3.1.8) can be rationalized by the
observation of the small chain like water clusters. These clusters eventually grow with
increasing water concentration. It is evident that betwegr B.6 to 0.8 almost 94% of the
total water molecules become the member of the largest water cluster family that nearly spans
the whole simulations box. By visually inspecting the dynamics of these clusters we observed
that they remain Hbonded upto ~5 td0 ps. The snapshots of the water clusters at various
water concentrations indicate that a percolation like transition takes plage~ad.X to 0.8,
where the largest water cluster spans the whole simulation box. Percolating water clusters are

known to tave important consequences on the functioning of biological moletifes.
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multi-body correlations, we expect that the concentrdtroascaleswvill also exhibit the non
monotonicity dependency with wateconcentration The orientational time correlation

function (tcf) are computed by using the following expres¥ith
0 0 06 M o (5.3

whereP; is the f-rank Legendre polynomial antl is an unit vector along the Gbbnd
direction vector. The relaxation dynamics of these OH vectors-éxgmnential in nature
with two distinct time scales, one shorter (faster timescale -1 @4) and another larger

timescale in the range of {8 ps).

The computed orientational correlation functions provide very important guideline for
interpreting the timescales obtain from expemts. The anisotropy decay measured from
pumpprobe IR spectroscopy’ approximately correlate with the time dependence f) C
and the correspondingmescales agree well with the experimental resiiswe have
calculated the first and the second rank orientational time correlation functi@gpar@ G(t)
and the results aréaewn in figure5.3.11.9a and ¢ and the correspondinggxponential fitting
parameters are presented in tabfeS8.1l.1 and 5.3.11.2 respectively. The concentration
dependent time scales extracted frorexponential fits of these OCF are presented irréigu
5.3.11.9b and d.The two timescales associated with the orientational correlation functions
(reorientation relaxation) show neononotonic dependence with X This behaviour
qualitatively mimics the experimental scenakide try to figure out microscaop reasons for

this observed nemonotonic behaviour.
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Figure 5.3.1.9. (a) the 1 order and (c) the "2 order aientational time correlation functiod ©

U ¢ m o0 ,whereRisthe nth order Legendre polynomial andithe rotating OH bond direction,
are calculated with the ensemble of all OH bonds from MD simulation. Taepoinentially fitted timescale of
the £ (b) and 2° order (d)tocr

The single molecule reorientation behaviour of molecules in liquid watatshag/n
peculiar features, owing to the extensive hydrogen bonding in water. It has been shown in a
set of very important publicatioh®*% that driven bythe fluctuations in the hydrogen bond
coordination, water molecules reorient via a combination of orientational diffusion and large
amplitude angular jumps. This picture of molecular reorientation is quite different from the
traditional Debye picture of rentation and has led to the reinterpretation of several
experimental data, particularly the understanding of the elasiic neutron scattering
(QENS) spectra of liquid watéf* It has been recently shown that both aqu&oaisd non
aqueou¥? H-bonded fluids exhibit orientational jumps and during these jumps the
translational degrees of freedom of the rotating molecule and its initial and fihahdH
acceptor are strongly coupled to the rotational degrees of freedom of the orienting molecule
and one cannot occur without influencing the other one. During the orientational jump the
initial H-bond acceptor recedes from the fingdrationshell of the rotating molecule to the
second and the final-Hondacceptor moves in from the second to tihst §hell.

The ratios of the timescales associated with the decay of the orientational correlation

functions provide an important insight into the detailed nature of the orientational dynamics.
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For purely diffusive reorientational motion the tiseale associated with theth order
orientational correlation function is related to the rotational diffusional constant (D) by the

following relation®>2

T — (5.4

This implies that for purely diffusive (Debye like) reorientational prodassratio of the
characteristic timescales of decay of the first and second order reorientational correlation
functions is 3% In the present system the ratio of the longer timescales associated with
Cy(t) and G(t) is found to be ~ 2 for all the simtéal concentrations (see table 5.3.11.8)
value which indicates a marked deviation from the Debye diffusion model and indioates
presence of large amplitude angular jumps, This points to a-doak of the picture of
continuous hydrodynamic reorientation at short timescales and these orientational jumps are
observed in aqueous (bulk water, confined wateionic solution&™ etc.) and noraqueous
(deepeutectic mixture€>'% jonic liquids®’ etc.) liquids”® Although the deviation of the
ratio of the longer timescales from three is a rough pointer towards the presence of
orientational jumps, a conclusive proof of the exise of the jump reorientations is
presented in figur&.3.11.10. Panel (a) depicts the timevolution of the distances between the
oxygen atom of the rotating water molecule and the oxygen atom of its initial (shown in black
line) and final (red lineH-bond partners. Panel (a), inset, depicts the-@wwdution of the
projection of the CH” vector on the QO Og plane (seehapter 3for definition of this angle)
and clearly shows that the O*H* vector suddenly rotates via an angle of almost 80 degrees
during a time of about a few hundreds of fs. This clearly shows that the orientational
dynamics proceeds by the jump reorientations. These average trajectories indicate that the
initial H-bond accepting water molecule recedes from the first hydration ehék tsecond,
simultaneously the final ##ond acceptor water molecule moves in from the second hydration
shell to the first. The angular reorientation of theHOvector occurs in phase with the
hydration layer exchange translations, thus exhibiting thienéxof rotatiortranslation
coupling in these system®

The timescale associated with the orientational dynamics is provided by a
combination of two timescales, one is the waiting time between orientational jumps
(exchange of Fbond acceptors)ma another, of relatively lesser importance, the timescale
associated with reorientations during periods when the hydrogen bond connectivity is
intact®®!°* By following the OH bonds of each individual water molecule in time, we have

identified the periods of orientational jumps (during which a rapid exchange-bafntt

90

——
| —



Chapter 5: Hydrophobic Molecules

acceptors occur ~ 100 fs) and the much longer periods (~several ps) of waiting between two
consecutive orientational jump eveniEhe most important quantity is the waiting time
distributions that a molecule waits for timg lhetween successive jumps. In other way we
may think that every jump is followed by a wHit. During the waiting times the local
connectivity of the tagged water molecule remains intact. Since the present syateimais/
mixture, the tagged water molecule can bédtded to another water and/or a DME
molecule during the periods of waiting. Thus the waiting times of the OH bonds of the tagged
water molecules can be grouped into two different categories, (a) whetaghbed water
molecule is Hbonded to another water and (b) when the tagged water moleculeosded
to a DME molecule. The waiting time distributiaf the OH bonds of wateare shown in
chapter 9

The waiting time distribution is an exponential dhat also indicates that the jump
originates from a Poissonian proceBy. fitting the longtime tails of these waiting time
distributions to an exponentiadnctionof t i me, we obtain the <cor
ti meso at each S i. nFiglirea 3.3lIdiOb  shows cteen ¢comcantratiann s
dependence of the mean waiting time. The average waiting time distribution and the
corresponding mean average waiting times have been calculated at each concentration by not
differentiating between the two typed waiting time intervals. All waiting time intervals
have been included in these calculations. The detailed procedure used for the computation of
the waiting time is provided ichapter 3'°®
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Figure 5.3.11.10. Water molecules performing large amplitude angular jump orientation. (a) The left panel
shows the distance from the centre water molecule to the inikiadnd partner (black line), and the finat H
bond partner (red line). The time evolution of the tramsiaingle is shown in insefa representativad for X,,
0.85)(b) The average waiting timgreen symbglandthe waiting timeof the rotating water molecule when it is
H-bonded to waterb{ue symbo) and DME (ed symbo) for various water concentrations.

To understad the noAmonotonic dependence of the reorientation times on the
concentration of water one has to appreciate that two competing mechanisms are at work.

When one starts from high water concentrationg,~X1, the reorientational dynamics is
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dominated by tb waterwater waiting times due to the presence of more wateer H
bonds than wateDME H-bonds. The watewater waiting time is longer than the wa2ME
waiting times at dlsimulated concentrationsiqure 5.3.11.10b). Incidentally, this underlines
the hydrophobic nature of DME molecules as a given water molecule prefers to-stay H
bonded with another water molecule rather than a DME molecule. At these concentrations,
the water dynamics slows down in the vicinity of the DME molecules due to theh#dct t
these molecules fail to find other suitable water molecules with which it can felsonés
leading to longer waiting times. It has been shown in refetthteat a transition state
excluded volume theory leads to a quantitative understanding of the rotational slowdown of
water in the vicinity of hydrophobic solutes.

At moderate to low water concentrations, the dynamics of water molecules accelerate.
The acceleration of the water dynamics can be understood by the behaviour of the average
waiting time shown in figur&.3.11.10. The average waiting time smoothly interpolates from
the blue dots (watewater waiting time) to the red (watBME waiting time) upon
decreasing . At low X, there are many more watbME H-bonds and thus the average
waiting time is essentially governéy the wateitDME waiting time. These effects thus lead
to the acceleration of water orientational dynamics in the moderate to low water

concentrations, in line with what has been observed in the TTDS experiment.

5.4. Summary

The structure and dynamics whter in its binary mixture with a less polar liquid DME are
investigated by both experimental as well @smputer simulation study. MIRFTIR
measurements reveal the existence of uederdinated water molecules in DME continuum
with dangling GH bonds atow water concentrations. With increasing, Kulk like water
evolves with the establishment ofbhdnded network. FIR FTIR measurements identify the
different vibrational bands of water in the low, Xegion; at higher water concentration these
bands merge to form the wéthown collective band at ~ 200 &mThis band exhibits a
considerable red shift in DME continuum and then is progressively blue shifted with
increasing water concentration. The eotive Hbond relaxation dynamics, as determined
from Debye relaxationn THz region, is found to be accelerated in the loywr&gion while

at X, ~ 0.8 region it is intriguingly slower than that of pure water. We have identified the
local structure of wateclusters that appear in various concentration regimes via MD
simulations. Wefound thatthese Hbonded water clusterare quite stable anelxist at all

simulated concentrations. We also observe similarmonotonic dependence in the water
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reorientationtimes, calculated from the MD simulations. Water reorientations are found to
occur via a combination of large amplitude angular jumps and diffusive reorientations. We
observe a nomonotonic concentration dependence of the simulated reorientation tinsescale
The slowing down of the orientations at high water concentrations is due to slelwgerdH
exchanges in the vicinity of the DME molecules. At lower water concentrations, there is a
complete breakdown of the tetrahedrabbhd structure in water and thméscale associated

with the orientational dynamics is dominated by Ww&BtE waiting times, which is much

less than the watavater waiting time. This abundance of waBVIE H-bond, lead to an
acceleration of the rotational dynamics at these concentsatida think that such interplay

of two different physical mechanisms to understand the concentration dependence of

reorientation times should be a universal feature of any aqueous binary mixture.

Table 5.3.11.1. Bi-exponential fitting parameters of th& drder time correlation function;@) of OH vector for
waterDME mixtures at different compositions.

Xw A1 t1(ps) Az t2 (ps)

0.06 0.51 4.35:0.00849 0.32 0.88t0.00528
0.25 0.59 6.54:0.00818 0.28 1.24+0.00566
0.45 0.57 7.52£0.01263 0.30 1.58t0.00769
0.60 0.63 6.72£0.00924 0.24 1.46:0.00835
0.70 0.67 6.81+0.00841 0.22 1.44:0.00878
0.85 0.67 6.7Gt0.0092 0.22 1.61+0.01012
0.90 0.74 5.58t0.00375 0.16 1.11+0.00615
1.00 0.86 3.99:0.00201 0.08 0.29:0.00191

Table 5.3.11.2. Bi-exponential fittingparameters of the"®order time correlation function,&) of OH vector for
waterDME mixtures at different compositions.

Xw A1 t1(ps) Az t2 (ps)

0.06 0.40 2.11+0.00534 0.31 0.26t0.00233
0.25 0.43 3.46£0.00649 0.31 0.5Gt0.00314
0.45 0.43 4.000.00771 0.32 0.62:0.00365
0.60 0.47 3.81+0.00583 0.29 0.55:0.00322
0.70 0.51 3.73:0.0045 0.27 0.49:0.00283
0.85 0.52 3.56t0.00421 0.27 0.5Gt0.00283
0.90 0.52 3.24t0.00416 0.27 0.51+0.00291
1.00 0.66 2.01+0.00224 0.21 0.22:0.00157

93

——
| —



Chapter 5: Hydrophobic Molecules

Table 5.3.11.3. Ratio of thefitted time scales of*land 29 order tcf.

Xw 0.06 0.25 0.45 0.60 0.70 0.85 0.90 1.00

Ratio of the longer 2.06 1.89 1.88 1.77 1.83 1.88 1.72 1.99
time scales

Ratio of the shorter 3.38 2.45 2.55 2.63 2.91 3.22 2.15 1.32
time scales
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Chapter

6. Non-monotonous Hydration Behaviour of
Bovine Serum Albumin in Alcohol-Water Binary
Mixtures: A THz Spectroscopic Investigation

We report the experimental observation on normonotonous change in the collective hydration dBSA

in presence of alcohols of varying carbon chain lengths: ethanol;@@opanol and t-butanol (TBA) using

THz TDSt echni que. We measure the THz absor pt ifiodn
that U f | uct uwith al®holpcencentatibn at a fixédyprotein concentration. For a fixed
alcohol concentration, increase in protein concensition shows anormon ot onous c¢chan
decreases rapidly, and then increases f o-hdiote
random coil transition of the protein secondary structure is revealed from CD spectroscopic
measurement,the effect being more prominent in TBA. The anomalous change in the hydration is
delicate balance between the various interactions preseim the three component system.

6.1. Introduction

A ddition of smallguestmolecules often brings abonbticeable changes in the structure
and functionality of proteins®® These cesolvents can preferentially solvate certain

segnents of proteins, thereby perturbing the hydration network at the protein suiifaee

preferential hydration of protein in presence ofsobvents may be regarded as a result of the

delicate balance of three different contributiomsepulsiorand an attraction betweerotein

and cosolvent, and the steric exclusion of thes@wentsact i ng as <cl assi

Cca

this regard watealcohol binary mixtures have evoked a considerable attention in recent past

owing to thé various anomalous behavisuwhich is foundto be dependent on the chain

length and the hydrophobicity of the alcohdfsAnomalous hydration behaviour of alan$
has extensively been studied using various experimental and simulation techhiduess
been concluded that the conventional

experimental result$resence of hydrophobic moieties of alcohol are found to bemstpe

for the unusual rotational mobility of wat¥r

i

c e

Alcohol-water mixtures are not homogeneous throughout the entire concentration

range'® the heterogeneity arises due todmplete mixing as a result of cluster formation as

well as selfaggregation of the alcohal8Being amphiphilic in nature, alcohol molecules can
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induce opposite effects in watevhile the hydrophilic part can form favourablehdnds
with water, the hydrophobic part tend to saffgregate and disrupt the water structure by
hydrophobic hydratioh” These two opposingffects combine together to modify the
extensive Hbond network of water depending upon the composition of the binary mixtures
The extent of heterogeity is found to be dependent on the hydrophobic nature of the
alcohol e.qg. it is observed that watebutyl alcohol (TBA) shows strong cluster formation at
a relatively low alcohol concentration cpared to that in wategthanol (EtOH) and water
methanol (MeOH) mixture¥ The effect of such inhomogeneous mixing is expected to affect
the longrange collective Fbond dynamics of water which leaves its imprint in the elusive
THz frequency regimé&' Some recent reports on the aqueous solutions of a series of alcohols
have indeed identified long range structural heterogeneity in the mixffes combined
THz spectroscopic and MD simulation study from our group has also established a non
monotons dynamics of watedimethoxy ethane (DME) mixturé

The inherent heterogeneity of watdcohol mixture makes the study of biomolecular
hydration in such binary solvents even more complex. There have been a few experimental
and simulabn reports investigating the effect of different alcohols on protein structural
perturbatior*?® It was known for long that at low concentrations alcohols stabilize proteins
as a result of preferential solvation of alcoholspattein surface, addition of alcohol
induces propensity od-helical formation in certain class of proteiffé®° the effect being
dependent on the carbon chain length of alcohdis. darbon chain promotes the tramsiti
according to their size, the hydroxyl group suppresses Ahdtigh alcohol concentration,
proteins get destabilized and could even get precipitated due to alcohol binding to the active
sites of proteins; also the selfjgregation of alcohols might ioporate protein
molecules®**? Recent fluorescence correlati@pectroscopy (FCS) measurements on a
model protein lysozyme by the group of Bhattacharyya &tarld MD simulation studies on
chicken villin headpiece (HB6) by the group of Bagchi et @.have unambiguously
established strong modulat of the protein hydrodynamic radius as a function of ethanol
concentration due to the interaction and preferential binding of the alcohol to the active sites
of the proteins. The protein structure exhibits a unique oscillating fluctuation due to the
different concentration dependent binding modes of alcohols with the prbéast of these
earlier studies were concerned to the changes of the protein structure while the associated
hydration remained mostly unaddressed. It therefore stands interesting to investigage wheth

the aforementioned changes in the protein conformational behaviour also get manifested in
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the hydration behaviour of the proteins. In this present study, we have investigated the effect
of three different alcohols: ethanol (EtOH)pBpanol (2PrOH) aml tertbutanol (TBA) on a

model proteinBSA. The choice of the alcohols lies on their unlimited water solubility
irrespective of the progressively increased carbon chain length. The protein BSA is
responsible for the transport of various nutrients in alsijr@and is structurally analogous to

the humarserumalbumin(HSA). The crystal structure ofiis protein is well established It

also has been studied extemsly as a model protein for protein stability, folding, and
denaturatiori*® and is found to be responsive of the addition of variousotates in its
aqueous solutiaf? 2. In a recent stud§ the effect of ethanol on BSA has been found to be
bimodal; the abundance of secondary structural cortas been found to be dependent on
ethanol concentration, which in turn is contrary to other proteins like lysdzgmmmelittir?®.

This makes a systematic study on the effect of alcohols on BSA interédtmgbtain
structural information of BSA in presence of the alcohols ughiy spectroscopy. The
hydration dynamics is obtained using THRS technique thats able to probe the tational

and vibrational dynamics of molecules in the frequency range &f UHz. It covers part of

the farinfrared region of the electromagnetic spectrum and probes molecular motions arising
from intermolecular interactions, in particular hydrogen #ei*%*" THz spectroscopy
measurements of agueous systems provide with pivotal information on the various collective
vibrational modes of water which occur in hundreds of fs to tens of ps timescale. This
technique has successfully been employed to extract hydration dynamics in both binary
mixture$®?**? as well as in biomolecul@d***>*® |n this present contribution, we aim to
address the issue that how the addition of alcohols modulate the structure as well as the
hydration assoated with a model protein. The results could be found helpful in
pharmaceutical applications as alcohols are used as the solvent of various drugs and

understanding how biomolecules interact with alcohols serves as a prerequisite for that

6.2. Materialsand Methods

BSA (lyophilized powder, > 98% Purity), HPLC grade alcohols, namely, ethanol (EtGH), 2
propanol (2PrOH) and tertiary butanol (TBAgreprocured from Sigmaldrich and ae used

as receivedDeionize Milli-Q water is used for preparation of #xgueous solutions.gdieous

BSA solutiors areprepared in MilliQ wateralso. We kept BSA concentration as 1 mg-ml

for alcohol concentration dependent study. For the protein concentration dependent study we
fixed the alcohol concentration (alcohol 5% mplerepared 30 mg Mistock solution of the

protein and the desired concentrations were achieved through dildlidghe measurements
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arecarried ait at room temperature (~293K). Gheasurements in the farv (200-250 nm)

and neatUV (250-350 nm) regiorwere recorded in a JASC@EB15 spectropolarimeter using
quartz cuvettes of 1 mm and 10 mm path length, respectively. The sample scan speed was
kept at 50 nm min with response time of 2 sec. Three CD spectra were recorded in
continuous mode and averagémt each CD experiment. THZDS measurements were
carried out in a commercial THz spectrophotometer (TERA K8, Menlo Syst&f{sjurther

details about the instruments and the underline ndstban be found ichapter 2

6.3. Results and Discussions

CD measurement3he secondary structure of BSA in presence of alcohofséstigated by

CD spectroscopyn the far UV region (20@50 nm) (figure6.1a-c). Two negative bands
appearing in the fadV region (at 208 and 222 nm) typify the predominant secondary

( ~ 6 0 MalicalGtructure of BSA® The intensity of CD signal is found to decrease with
increasing alcohol concentration. At higher alcohol concentration #pesif the CD profile

gets significantly perturbed compared to that in the native state. To investigate the tertiary
structure of the protein we measure the CD profiles in the-Waregion (250350 nm)

(figure 6.1d-f). We notice two minima at 261 and 268 along with a shoulder at 287 nm.
These peaks correspond to the transitions of the tryptophan residues of the protein and thus
provide information on the tertiary structure of the protein. We notice that with increasing
alcohol concentration the intehsbf the two minima decreases and ake%./0.1 these two

peaks disappear. This indicates a considerable perturbation of the protein tertiary structure as
a result of its binding with the alcohols. The intensity of these two minima also varies with
thevariation of thehydrophobicity of the alcohols.
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Figure 6.1 CD spectra of BSA in three different alcohols, namely, EtO#rQH, TBA. The changes of
secondary structure of BSA in different alcohol are shown in figur@)LEtOH (b) 2PrOH and(c) TBA
respectively. The changes of the tertiary structure of BSA in presence of alcohol for threatdiffesbol are
shown in figure (d) EtOH, (e)-PrOH andf) TBA respectively.

For a better comprehension of the effect of alcohols on BSA we plot thegG#al at
208 and 222 nm as a function of alcohol concentration (fiGui®b). It is evident that in
both the cases the CD signal decreases rapidly with alcohol concentration; at any fixed
alcohol concentration the changes are found to be alcohol spetibwing the sequence
TBA>2-PrOH>EtOH, which exactly also corroborates the extent of hydrophobic content of
the alcohols. We calculate the relative content of the secondary structures as a function of

alcohol concentration (figurds2c-€).
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Figure 6.2 The changes of CD signal at (a) 208 nm and (b) 222 nm as a function of alcohol concentration
EtOH, 2PrOH and TBA. The relative changes in thdelix (c), b-sheet (d) and random coil (e) content are
alsoshown.

We find

structured random coils. This suggests an exposure of the hydrophobic moieties of the protein

t hat t-Helix dearbases chastlycaethe ekpensé of relatively non

towards the solvent. Such a decrease irathelical content isn contrast with other proteins

like lysozymé?, b-lactoglobulirf’ or melittin.?® The results are indicative of the specific
nature of the protetalcohol interaction; while in some cases alcohol induces volume
exclusion to stabilize the helical content, it may also solvate the hydrophobic side chains and
destabilize the helical contenAs alcohol molecules are introduced into aqueous BSA
solution they serve as a good saithiremasingf or
concentration, alcohol molecules actively bind to the protein surface replacing hydaseed

and subsequently produatrong perturbation in the protein structure as it exposes its
hydrophobic residues towards the alcohols. During this process the more structured helical
structures convert into random coils, the effect being more intense for more hydrophobic
alcohols.

TTDS masurementsWe study the hydration dynamics of alcofadter binary mixtures

(figure 6.3). The frequency dependent absorption coefficia(n)) in the THz region
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correlates the cooperative hydrogen bond dynamics of water as it manifests the density of
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states of molecules undergoing such motftns

~
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Figure 6.3: The THz absorption coefficieng ( rofy EtOHwater binary mixtures as a function of EtOH
concentration (arrow indicates decreasing of water content).
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Figure 6.4 (@)Repr esent ed
al cohol mo |l e
shown in (b).

Water has very highabsorbance in this frequency region compared to other

fraction.

U measured
The

de@utTheeckanges ibh @ s

-\vagey imarg nixtureaat a fainctidbnHok
i ndiaeat e

moleculeé®® °! which provides a unique advantage to identify the changes ese th

fo
t

parameter and extract information on the alteration in hydration dynamics. Our previous

studies concluded that monovalent Salgt as water structure breakers whereas a structure

making trend is more evident in otherwise naive or protsiabilizing polymers® We

measure the THz frequency dependent parameters of different aleateolmixtures (figure

6.3). Figure6.4a depicts the absorption coefficient measured at 1foHall the three binary

mixtures. With increasing alcohol concentratipn expectedly decreases, the extent of

decrease follows the order >

> hhigher the carbon chain length, lower is
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the absorption coefficienThe order is anticipated from the increasing size as well as the

i ncreasing hydrophobi ci t Yeaasdumirig lareideah onixiegool | e .

the components| —B % ’ where %o is the volume fraction fothe ith

speciesf real IS the measured density of the mixture dnd B ®” , wefound that the
measured values of U devi af(brekenslihes io figgré.ga), f r o m
specially for TBA. A similar nondeal mixing behaiour has also been observed in water
DME, % waterdioxané? binary mixtures. For a better apprehension we plot the relative
change ima (Da=ajgeararea) as a function of alcohol concentration (figérdb). We observe
decent banges irDa for EtOH and PrOHthe change is found to be drastic in TBAter
mixture. In a recent THz study Li et?reported a belshapeda profile in alcoholwater
binary mixtures using MeOH, EtOH and PrOH. The obsen@dideality emanates either
from the formation of defects in the hydrogen bonding network of water or alatwudiol
aggregation and formation of clathrditee structure o more likely due to a delicate interplay
between all these factors. It has been reported that the entropy of the -alatdroiixture
increases far less than that expected for an ideal solution of randomly mixed molecules
which supports their strong mutual interaction as has also beenogatgu in the unusual
changes in volume and density®’ The marked deviation in TBA is perhaps rooted in its
large size and the presence of hydrophobic butyl groups which sets imtehmalecular
aggregations (even at 5% TBA concentration) thereby inducing incomplete mixing with

water>®

We measure the frequency dependenf agueous BSA solutions [at a fixed protein
concentration of 1 mg il in presence of alcoholsgme representative profiles are shown
in figure 6.5). The protein concentration is low enough to avoid-agtregation. It is
observed that protein solutions have lowén) than that of pure water as intuited from the

fact of replacing high absorbing tea molecules with proteing®

105 J

——



Chapter 6: Hydrophobic Molecules

w
o
o

200

100

Absorption Coefficient (cm )

0.5 1.0 15 2.0
Frequency (THz)

Figure 6.5: The THz absorption coefficieny ( ©f)BSA in presence (dotted line) and absence (solid line) of
EtOH as a function of EtOH concentration (arrow indicates decreasing of water content.
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Figure 6.6.The relative terahertz absorption coefficient (at 1 TH23/4,) in presence of BSA as a function of
alcohol concentration for (a) EtOH (b)P*OH and (c) TBA. The dotted lines are guide to the eyes.

We observe that the THz absorption of protemieralcohol mixtures do not change

linearly and to obtain a better apprehension we plot the relative change in absorption (defined

|

as, ) a a function of alcohol concentratiofigire
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6.6). The parameteba/a, bears the signature of protein hydration explicififhe nature of

all the curves deviate strongly from linearity and show an unusual oscillating trend. A simple
threecomponent model (watelcohotprotein) does not suffice to explain the observed trend

as has also been obsed in DMSQwaterlysozyme mixtureé® It is also worth noting that

the oscillating feature is distinct for different alcohols; EiOH and PrOH the parameter
oscillates between positive and negative valuedDaf whereas, for TBA, it is always
negative. To understand the fluctuations it is important to consider that the overall hydration
dynamics is a delicate balance between cdimgeinteractions: alcohols preferentially
solvate the protein surface and deplete the hydration layer, this in turn increases the
abundance of bulk water. Considering that the absorbance of hydrated and bulk water is
differenf®*® t hi s f act or | e a.dvloreoteo witla progriesaive gaédition of @
al cohol the proteinds buried par twhganweeXxpo
observe an increase in the random coil content at the expense of more stradieteal
content) increasing the nguolar solvent accessible surface area (SASA). This facilitates
alcohol binding at the protein surface. This process is ogpmga@ possible alcohallcohol
selfaggregation which certainly modifies the hydration dynamics in binary mix(figese

6.4). An additional factor comes in the form of the alcohol induced size variation of the
protein. Recent MD simulation studies bfi@sh et al. report that the gyration radiug) @& a
globular protein chicken villin headpiece (¥¥8) exhibits an oscillating behaviour as a
function of ethanol concentratiGRA similar behaviour has experimentallgdn realized by
Chattoraj et al. who reported on the oscillating size of lysozyme as a function of EtOH
concentratiorf* The fluctuation in the protein size has been explained on the basis of a
delicate balance between the alcealmiohol and alcohgprotein interactions.nterestingly

we also notice an identical fluctuation on the hydration dynamics, with the oscillating pattern
varying with the increased hydrophobicity of the alcohol. The periodic retardation and
acceleration of hydration dynamics is perhaps caused byesouteractive interactions of

the various factors described earlier. While the preferential alcohol accumulation at the
protein surface and enhancement in the protein size de@gtse wateralcohol or alcohel

alcohol aggregation and reduction in fitetein size increase.

To further investigate the effect of alcohol on protein hydration we study the protein
concentration dependent THz absorption in Ed@&ter and TBAwater mixtures keeping the
alcohol concentration fixed at 5% (mol%). Concentrattbe p e nden't U of B S
mixtures (averages in the 0935 THz range, in this frequency window water does not
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show any characteristic vibrational signature anthcreases monotonically) are shown in

figure 6.7.
170
. 190 } @ (b)
T % 160 | %
% 180 } 150 # }
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5 170 | % 1401 %
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0 5 10 15 20 0 5 10 15 20
[BSA] (mg mI™) [BSA] (mg ml™)

Figure 6.7.a measured at 1 THz as a function of BSA concentration and% of (a) EtOH and (b) TBA.

We observe an intriguing nenonot onous c¢change in U as
concentration. It is important to note here that THz absorption of BSAvater has
previously been carried out by Xu et®&land Bye et a°* where in both these studies the
authors reported a monotonous decreas@ iwith protein concentration. According to
previous reports a three component model is better approach to explain protein hydration
which takes into consideration the THz accessible extended hydration sheathe around
biomolecule$%®® However, in this present study, the system is more complex due to the
presence of alcohol as a third component. @hes. protein concentration profile can be
divided into three distinct segments (figu6€): in the low alcohol concentration regian
decreases rapidly (region 1), then it increases modestly (region 2) followed by a shallow
decrease (region 3) after passingotlgh a maximum. The profile in the high protein
concentration regions resemble the concentration dependent THz profile reported“earlier
For TBA, the pattern remains almost the same, however, with a distinct rise at ~2"mg ml
BSA concentration after a sharp fall (figuderb). A simple replacement of polar solvents
with protein molecules only provides with a linear decreasa iand is, ther®re, not
sufficient for explaining the complex nature of the curves. To describe the observed unusual
nornrmonotonous nature of the profile we need to consider the various interactions involved
between the different components. It should be noted hera thfatvateralcohol mixture is
lower than that of pure water, and the difference increases with increasing cagion c
length of the alcoholsfigure 6.4). Also at this low alcohol concentration (5% mol), the

protein is modestly unfolded with 55% and 4@%elical content compared to that of 60% in
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pure water, with a proportionate increase in the random coil content. This leads the protein to

expose a fraction afs otherwise buried hydrophabresidues towards the solvent.

The initial steep decrease (feg 1) is intuited to the replacement of high absorbing
polar binary solvent with protein molecules. As protein is introduced into ‘akdeinol
binary mixture the preferential binding of alcohols at the protein surface disrupts the
apparently present watalcohol or alcohehlcohol clusters in the mixture. The effect is more
prominent in TBA due to its higher affinity to bind the alcehmmluced exposed hydrophobic
surface (higher content of random coil, figl8& as well as the noepolar SASA of the
protein.®® An optimizing effect between these two opposing contributions brings about the
i ncreased U'pmtein i PBA.nSimce the total alcohol concentration is low,
beyond a certain protein concentration waséarts predominantly solvating the protein
surface over alcohol , & @rafion2y Ehisincremdelijealth st a
slightly lower concentration of protein in TBA compared to that in EtOH. As protein
concentration is increased sufficiently, the hydration layers of proteins start overlapping and
a starts decreasing slowfy (region 3). The onset of this decrease occurs at a lower
concentration in TBA than in EtOH as the protein molecule is more unfolded and enlarged
compared to that in 5% EtOH (figufe2). At even higher protein concentration the protein

molecules aggregate apdecipitate out.

6.4. Summary

We report hydration behaviour of a model protein BSA in various aleshtdr binary
mixtures. CD spectroscopic study indicates that the content of different secondary structures
of BSA change as a function of alcohol concentration and carbon chain [EMG8. studies

of the alcohoclwater binary mixtures indicate a strong deviation df from ideality which

is a manifestation of making and breaking ebbhds, watealcohol cluster formation and
alcohotlalcohol aggregation. We observed a fluctuatingnge in the protein hydration as a
function of alcohol. Concentration dependent study of protein solution in 5% mole- EtOH
and TBAwater solutions indicated a nomonotonic behaviour of protein hydration. The
experimentally observed nanonotonicity in theprotein hydration in intriguing and the
inherent complexity of the wat@lcohol mixture makes an overall apprehension difficult. A
detailed simulation considering all the paiise interations is certainly of demand.
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Chapter

7. Contrasting Hydration Behaviour of DME and
DMSO

Addition of colsolvents could introduce perturbation in the Hbond dynamics of water and the extent of
perturbation is mostly dependent on the Hbond formation affinity of the respective cosolvent We

compare the Hbonding status and explore the contrasting hydration behaviours of two hydrophobic
molecules DME and DMSO using two complementary experimental techniques to compare glob
(through dielectric relaxation study in the GHz-THz frequency domain) and local (through FTIR and

degeneratepump-probe study) hydration environment and dynamics in the two binary mixtures. Due to
the presence of an electronegative sulfur atom DMSO tends to form-blonds with polar water molecules
and subsequently forms various stable mDMSO:nHO H-bonded clusters. DME, owing to its higher
carbon content and being a planer molecule, the steric obstacles screen thebéhd acceptor oxygen
atoms and struggles to form Hbonds. Rather DME is more inclined toform hydrophobic aggregates
resulting in a random orientation of water around those hydrophobic interfaces. The difference in the
affinity of H -bond formation and selfaggregation is expected to modulate the hydration dynamics.

7.1. Introduction

D elicate balance between hydrophilic and hydrophobic interaction plays the central

role in most of the biwhemical and bigphysical processes such as protein

folding/unfolding, membrane formations, molecular assembly recogrifiorBuch
interactions could effectively be replicated in binary agueous mixtures as the physical
properties of such systems could easily be tuned by varying the nature of thqueaus
solvent as well as their compositidhere have been a plethora of efforts put forward by
researchers tgharacterize various binary solvents. It has grossly been concluded that the
interactions are neapecific in nature and depend on the solute type and dimefidfon.
Small amphiphilic solutes cdit themselves in a slightly deformed cage of water whereas in
large solutes water molecules fail to uphold ithdhding network that results in a defect in
the network. The Hbond strength of the percolating three dimensional tetrahedral networks
of wate is greaterthan 20 kJ mét; about ten times larger than room temperature thermal
energy (~ 2.5 kJ md) that constitute its robust liquid structdfé® These water networks
are perturbed when some guestsotvents are added in water. Depending on the nature
(polarity and water affinity) of the esolvents, they may or may not participate in the H
bonding with water. As a results there exist miceterg@eneity in the solution, which is
certainly control by the clusters of similar species with additional possibility -bbridl
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formation with different specie’§.Dynamics of water in such complex systems eventually
differs from the bulk dynamics, and therefore it is important to investigate how the various
physical properties of the mixture modulate the dynamics as the compositions are
systematically kered.

The affinity of water to form Hbonds with polar segments is the key to induce
hydrophobic phenomenon, as hydrophobic groups accumulate to form clusters to avoid
interaction with polar water molecul&s:® Such molecules force water molecules to reorient
in a specific arrangement aroundem so as to minimize the surface contact area in
comparison to bulk water where they are free to rotate and febmnis in all directions.

This results in the formation of various sizes of clusters in the solution with an associated
otherwise unusual empy loss and high heat capacity g&inSometimes hydrophobic
molecules create void space in watetwork by breaking the adjacentlidnds to their
surface’ A similar situation is apprehended for water molecules in confined environment or
at the interface of large hydrophobic residues. Owing to the composition dependent
heterogeneous nature and the tendency ofasslfciation, small hydrophabmolecules are

of interest as they can partly mimic the real extra cellular environment. To model such
scenario we have considered aqueous mixtures of two amphiphilic, less polar cosolvents
(compare to water)DME and DMSO. The difference in their struat is, DME is an in

plane molecule offer larger hydrophobicity (four carbon atoms) as compare to DMSO (two
carbons) which is an owtf-plane molecule (trigonal bipyramidal shapeYhus the Hbond
acceptor oxygen atoms in DME are more screened bygaitson molecules, whereas in
DMSO the electronegative SO bond is open and accessible to water. That makes these two
molecules to display different water affinity. In a previous study by Bakker ¥rhals
concluded that acetone molecule has pronouncedoplgdbic effect compare to DMSO
molecule in their agueous solutions, although they are very much similar in their molecular
structure. It is also to note here that DME undergoes several conformational modifications
with different polarity as one change theater content (%) in the solutiorf*?* The
prefaence and stability of those conformations depend solely on the urgebofiding®

The binary solutions of DME and DMSO with water often produce-idealities and
anomalous composition dependent behaviors in various physical parath&t&rsThe
infinite miscibility of both of the cosolvents with water at room temperature makes these
binary mixtures a beneficial candidate to compare thmhtled interactions and dynamics as
wate changes from being a minor component (solute) to a major component (solvent). It is to

note that water can act as bothbbind donor as well as acceptor whereas the cosolvents
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DMSO (polar aprotic solvent) and DME (ngolar solvent) are only ##ond acceptrs. This
difference gives rise to various ntinear properties in these two binary mixture solutions. In
spite being comparable in size, the presence of S=O bond in DMS0) (makes this very
molecule considerably polar compared to that of DME/]. Thus one expects the hydration
dynamics of water to vary accordingly in their aqueous mixtures. The intriguing question is
that whether the polaronpolar interactions dominate over hydrophobic accumulation or
not.1|33-37

The deactivation of the ultrafast excitethte dynamics in the form of the energy
dissipation of that excited molecules strongly depend on the physical parameters such as
viscosity, density, refractive index, thermal diffusivity, thermal conductivity etc of the local
environment of the solutio§*° It certainly controls to choose the exact deactivation
pathways and can infer the-tbnding status between the speéfesfter excitation of any
molecule with a short femtosecond (fs) light pulse, it can relax to the groatedrstseveral
pathways that includes vibrational as well as electronic relax&tidRumpprobe
spectroscopy can accomplishes to appraise the dynamics of a molecule in ground, excited, or
both ground and excited staféé? It was also observed that the deactivation process also
modulate as result of the formation ofldnding between the species present in soldtisn.
stronger Hbond tried to slow down the deactivation process relative to weakéer tvie
measure the transient excited state deaabiwatiynamics of cyanine dye with single color
pumpprobe technique that is mainly governed by the ground state bleaching mecHanisms.
The transient decay can exactly infer about the redistribution of the ground state populati
of the cyanine molecules. Besides probing the ultrafast transient decay dynamics, OD
stretching mode and the combination band (liberation & bending) of the water in those binary
mixtures in the mieR region are also explored to understand the loebbhtl status of the
mixtures?®*® The associatk fast and efficient couplings of water networks with solutes,
which are very much collective in nature are difficult to realize in the conventional IR
spectroscopy, is recoverable in the DR study. DR study has proven to be sensitive on the
hydration dynargs. It can provide the rotational dynamics of the dipolar species. DR study
can probe the ultrafast collective dynamics of thbddd network in the extended hydration
layers around the solute surfaéé® The change in long range cooperative hydration in the
surroundings of hydrophobic surfaces leave their imprints in the GHz frequency region.
However, DR measurements in GHz region are unable to precisely probe the ultrafast

component of the collective watrelaxation. Thus we also extend our study to the elusive
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THz frequency window. THz spectroscopy is a potential tool to label free determination of
the collective hydration dynamics of water around complex syst&thsOne major
advantage of this spectroscopic tool is that it measure both the amplitude and the phase of the
transmitted THz radiation in a single experiment enabling one to estimate various optical
parameters (e.g. absorption coefficiea}, (compkx refractive index (n), complex dielectric
constant € etc.)>® This combined spectroscopic investigation bringsvéod the contrasting

hydrationbehaviourin these two binary mixtures.

7.2. Materials and Methods

DME, DMSO and indocyanine dye (IR125kcherne 7.1) were purchased from Sigma
Aldrich (~99% pure) and used without further purification. The aqueous solutiens
prepared in deionizk Milli -Q water. All the experiments were carried dat room
temperatureWe measured the FTIR spectaad DR measurement (65D GHz) with a
JASCO FTIR6300 spectromet&t®® andPNA- L network analyzer (N5230C) with an open
ended coaxial probe8%070E}*, respectively The coaxial dielectric probe measures the
amplitude and the phase of the reflected poWwke real and imaginary parf the dielectric
constants in this GHz frequency region were fitted with a sidgleye modelThe THzTDS
experiments were carried out in a commercial THz spectrophotometer (TERA K8, Menlo
System). The complex THz dielectric functions are fitted with a mulif@bye dielectric
relaxationmodel The transient absorption measurements with fs uésal were performed
using a home builbptical pump optical probsetupwith a 1 mm cuvette kept exactly at the
overlap region of the two bearmls. order to avoid the dye aggregation its concentration was
kept very low and fixed throughout. Further detabout the instruments and the underline

methods are provided thapter 2.

Scheme7.1: Molecular structure of the Indocyanine dye1R5.
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7.3. Results and Discussions

FTIR measurementdVe measure the vibrational stretching mode of the OD oscillator
(2% D,O in the pure water/cosolvent mixtures), which appears in the-2200 cm'
window, as a function of Xin both the mixtures (figur@.1).>> As a water molecule form
H-bond to its neighboring water molecules or cosolvents, the OH bonds of that water

molecule get weaker as thelidnd gets stronger and vigersa®>4°°

DME-Water

Norm. Abs. (a.u.)

DMSO-Water

2400 2500 2600 2700 2500 2600 2700
-1 K
Wavenumber (cm™) Wavenumber (cm™)

Figure 7.1. O-D stretching frequency ofa) HODDME and (b) HOBDMSO mixtures at different mixing
ratios. The arrow indicates increasing water mole fractiqy) {Xthe mixture.

Keeping in mind this reciprocal relation, one can conclude the strengthening or
weakening of intemolecular Hbond strength by measuring theDOvibrational stretch of
HOD molecules. Pure water has a broad specttufiy5 cnmi') with the frequency
maximum at ~2505 cih (figure 7.1).***” We compare the #sonding structure of water
around DME and DMSO molecules through Gbetching modes that can probe the
solute hydration and local-bBonding status. Both DMivater and DMS@water binary
mixtures display loss of intensity with blue shifted spectra with decreasjingl®vever,
the extent of the shift is different; the effdmeing severe in DME compared to that in
DMSO (figure 7.2). In general, such blue shift in the peak frequency characterizes an
increasing force constant of the OD oscillator which in turn manifests weakening of the
intermolecular Hbond strengtii*®*° In DMSO, the shift is small (from 2535 ¢hto
2506 cm') and the spectral pattern suffers only modest alteration. In case of DME,
however, the shift is considerable with an associated change in the spectral features. In
pure DME, the spectrum is highlasymmetric (peak at 2600 & addition of water
produces ~40 cthred shift along with a gradual Gaussian like distribution of the

spectrum. It is also observed that the DM&ter IR spectrum gets deformed
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asymmetrically, specially in the DME rich regi, while such change is only subtle in
DMSO-water mixtures. This identifies the dissimilarddnding mode of water with DME
and DMSO; while water Hbonds to DME through the ether connected oxygen, it binds to
DMSO through sulfur connected oxygen. The asyatric distortions observed in the high
frequency region are due to the redistribution of coordination numbers as welbh@siH
strengths. The MIR results thus show that addition esaleents induces heterogeneity in

the mixture, but in different ways.

A A DMSO
2650 | ® DME

2600 |9 A

peak

2550 A

2500 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure 7.2. The peak frequencynfe,) of the midIR spectra of G stretch in HOBDME and HODDMSO
mixtures.

Dielectric Relaxation Study:

(a) GHz frequency regiorthe real permittivity and the dielectric loss for pure water and
for the aqueous solutions of DMSO and DME are shown in figi8da-d). Pure water
produces a dielectric loss peak at ~20 G¥ZIn pure DMSO the peak appears at ~8 GHz
with a reduced intensity compared to that of water while in DME it appears at ~38 GHz
with a highly reduced intensity. In watBIMSO mixture, the dielectric loss peak suffers
an initial decrease in the ge&requency with a progressive increase in the intensity with
increasing Xy up to 0.8 (peak frequency ~35 GHz), beyond which a blue shift is observed
(figure 7.4a). In DME-water mixture also we observe a similar trend. Similar observations

have previouslyeen observed for tetramethylueater mixture$?
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Figure 7.3. Real and imaginary parts of dielectric constant(s) of (a,b) viz#8O and (c,d) wateDME
mixtures at different ¥ (mentioned in the corresponding figures). The frequency region extend$ f2erb0
GHz and 0.3 1.6 THz.

Figure 7.4. (a) The peak frequency of the imaginary dielectric constantf (bP1 (symbol) and the single
Debye fitted time constants (dotteédds) for watetDMSO and wateDME mixtures as a function of X

Figure 7.5a shows the ColeCole plot ofthe imaginary andeal permittivity for the
three pure solvents. We obtain sesimcular curves for all the pure solvents which
unambiguouslyconfirms the single exponential decay pattern of the solvent relaXation.
The radiuses of these seanmicles manifestthe overall polarity which decreases from
water to DMSO to DME. The seraircular symmetry is not conserved if we include the
THz frequency region, and this region is, therefore, fitted using multiple expandecay

functions We observesimilar semicircular curves in case of all the solvent mixtures
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