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Chapter 1 Introduction

Exploration of norequilibrium phenomena in complex chemical systems lies at the
heart of research in physical chemisthh & phr ase O6compl ex chemic
any multicomponent atomic or molecular systefncontaining interacting particles. Such
systems are ubiquitous in nature, for instance, fitnétlia in living systems host several
dissolved or dispersed organic and inorganic molecules. Trei@ounding us, which is a
vast reservoir of various molecules of different species, also falls into this catSgiations
of fluorescent dyes, electrolytes, biomacromolecules, like protein, DNA, different interfaces
and micellesall form instances ofomplex chemical systemBevelopment of such complex
materials with specific physical and chemical properties constitutes an important branch of
science and technology

In scientific literature the complex chemical systems are recognized by characteristic
static and dynamic properties observed over broad range of length and tinfeRatés
characteristic properties often lead highly specific and unique chemical phenomena,
controlled by the diverse coupling among the different length and timescales. With increasing
number of emergent complex chemical systems, molecular level understanding of their
properties and these phenoraeis becoming exceedingly importariExperiments allow
direct exploration of structure and dynamics over different space and timewandhe
theoretical approachesded by computational techniquefer scope to procure knowledge
essential for fundameait understandingof complex systems Various experimental
techniques have been employed in this regard, in conjunction with theory and compdtation
to extractstructural and functional information about numerous emergent complex chemical
systems during the past few decades.

The connection between the equilibrium struetand the underlying dynamics is an
important feature of the complex chemical systems. The dynamics of constituent molecules
in a system is determined by their spatial arrangements which are very important for their
functional properties. Here lies the nvation for the studies of neequilibrium processes in
these complex materials which ultimately help to characterize the relationship between
structure and functions. Different processes reveal different aspects of this relationship, of
which three mainlasses of nomquilibrium phenomena are discussed in the present thesis:
(i) solute rotation in different complex media, (ii) effects of nanometer scale confinement on

dynamics of solvation in fluids and (iii) conformational dynamics in biomacromolecules.
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We pursue the understanding of the above classes eéaqualibrium phenomena
using theoretical and computational approaches. For the analytical calculations we work
within theframework of mean field theory As the name suggests, Mean field thédtis a
theoretical frameworkvhich approximates the maipdy interactions im system by an
effective interaction so that any mol ecul e
Thus, it reduces a matfody problem into an effective of®dy problem and hence is
enormously advantageous for the mathematical simplicity igbrin. Mean field theory is
almost invariably the first approach adopted to explore @mgplex system. It is quite a
useful description if the spatial fluctuations in the system are not significant. Such
approximation leads to quantitative results whenrtinge of interactions is infinite. For our
purpose, we use the mean field theory to tthatlongrangedforces in the system. We
perform several computer simulations to support our analytical results. The simulations on
biomacromolecular systems aresbd on atomistic foreBeld based methods. All the
theoretical and simulation methods are described in the relevant chapters where they have

been employed.

In the three subsequent sections-1.3 of this chapter, we describe the backgrounds
and unresolve aspects of these processes in the relevant complex chemical systems. We also
briefly state our results and discuss the implicatidhe final section of this chapter gives an

outline of the remaining part of the thesis.

1.1 Dipolar solute rotation in differ ent media

Rotation of dissolved solute molecules in a fluid medium is a motion of fundamental
category. Such rotation depends directly on the ability of the immediate surroundings of the
solute to accommodate its new orientations. Any heterogeneity ienvieonment of the
solute is captured by these rotational motidrtaus thedynamics of solute rotation has been
one very important class of naguilibrium process that supply valuable information
regarding the nature of soluselvent coupling® and local environment of the solute. The
rotational dynamics of a molecular rotor is typically expressed in terms of the rate of angular
displacement around a specific molecular axis. For a spherical molecule ona findgie
rate of rotation, inverse of which gives the timescale of rotation. However, multiple
timescales also are observed if the molecule itself possesses different rotational degrees of
freedom, applicable for highly anisotropic molectfleand biomacromokules®. The
timescales can be lengthened if there is any specific interaction ngplexo formation
between the solute and the solvent molec@lés Thus, these rotational rates or the

associated timescales have proved useful tools to understand the local compactness of a
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medium at a length scale of the ordertdsd solute size. In addition such timescales often give

valuable idea about mechanisms of certain reactions, especially in biomolecules, since

binding can significantly retard these rotations.
zZ

Y

Figure 1.1: Rotation of a dipole . It is initially aligned to z -axis and then rotates about the

y-axis. grepresents the angular displacement with respect to its initial orientation

Figure 1.1 schematically shows the rotation of a dipole where the angular
displacement is marked gsa timedependent quantity, rate of change of which describes the
rate of rotation. Measurements of the time dependent fluorescence aniSatfopyrovides
a method to track the rotation of a fluorescent solute. In such experiments the solute is
excited using laser to create a dipole in a higher electronic state. This excited solute dipole
then gradually relaxes to equilibrium via diffusive rotatibmotion. The tim&lependent
fluorescence emission intensity for such a dipole is anisotropic which is expressed in terms of
r(t). The conventional probes used in these experiments are aromatic fluorescent molecules,
like coumarins, oxazines, anthracsmmad many more. The observé¢t) generally follows an
exponential decay, given Byp(-t/¢), with a characteristic time scale, for the solute
rotation. This is called the rotational correlation time, conventionally knasvthe rotation
time. Sometimes muhéxponential decays are observed when one obtains via the time
integration of the normalizedt), an averagée z, dominated by the longer time scale of the
decay.

There are three major classes @llivstudied solvent systemis the first class fall the
common liquid solvents having critical points much higher than ambient temperature (AT).
These are the conventional solvents including the dipolar liquids, both protic (water and
alcohols) and aprati(acetone, acetonitrile, chloroform, formamide etc.), and thedipmiar
ones, like, the hydrocarbons (cyclohexane, benzene, toluer® 8tcThe observed ; in

these solvents are a few tens of picosecqpdy Next class comprises of the supercritical
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fluids™ with the fluid critical temperature near AT. Some examples are fluoroform, ethane,
carbondioxide and nitrous oxid&". Average’ in these media are typically-B) ps.
Finally, there are ionic méal which are multicomponent systems themselves, namely, the
ionic liquids® where the observetl; are about few nanoseconds (ns), electrolyte soldfions

13 2l with ¢, about few hundreds of ps and so on. The most popular fluorescent probe

molecules have been the coumarin dyes, among which coumarin 153 is the one used mostly
due to itsnonreactive nature. It does not undergo any complexation with the solvent
molecules in any of the above three varieties of solvent systems, thus providing reliable

information about the local solvent structure and dynamics.

The averagef, of a solute is conventionally understood by the Stdkestein
Debye (SED) mod&1?2 It is a purely hydrodynamic model according to whibe average

t  for a spherical rotor, with volumé , in a medium of viscosity, is given under the stick

boundary condition by
tp=—2, (1.1)

where kg T, the Boltzmann constank) times the absolute temperatufdie conventional
SED model has received enormous success in describing solute ratatiommon polar
solventd, ionic liquids® electrolyte solutins™ and for biologically redvant moietie¥. In

particular,/7 increases with increasirsplvent density. Thus, 7 ; gets longer as increases.

supercritical
region

/

critical point

pressure

solid

subcritical region
vapour

temperature

Figure 1.2: Phase diagram of a fluid . The supercritical and sub -critical regions are shown.

The experimentally observed solvedgnsitydependence of  in the supercritical
fluids (Figure 1.2) is highly nontrivial. For instance, the observeég for Coumarin 153, a

dipolar solute, in supercritical fluoroform, a dipolar solvent, exhibit a-monotonic
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variationpassing through a maximum around 0.6rcand a minimum at = r, the critical
density, followed by a monotonic increase for r. . The SED model fails to explain this
complex density dependencéf 5. Our recent work, incorporating the solvent structural

effects and solutesolvent interactionsn the friction experienced by the rotating solute,
satisfactorily describes the anomaloussi~dependence of solute rotation within the SED

framework. The formulation and results are presented in chapter 2.

We exten@® %’ the above generalization of the SED model to answer the long
standing controversy on the decoupling of electrical part of rotational friction, termed as the
dielectric frictiorf®, from dipolar solute rotation in various liquid systermise controversy
stems from the experimental finding for the common dipolar li§uitie ionic liquidé® and
electrolyte solution$ that hydrodynamidimescale matchethe measured average rotation
times in these complex medighis is surprising, for tree experimentalbservations, suggest
negligible dielectric friction even in presence of strong electiostablutesolvent
interactions. Thicamot be explained by thexisting theorie® which predict appreciably
large dielectric friction. Our theory predicts a minimal contribution from the dialectr
friction, and thus provides a microscopic explanation of how the dielectric friction gets
decoupled from dipolar solute rotation in above liquid systerfis More importantly, our
analyses suggeéthe existencef a quasiuniversality in solute rotation for a wide variety of
solutesolvent combinations. We derive a maaon@ro relation connecting a set of
experimentally measurable quantities to the molecular arrangement of the solvent around a
dissolved solute, @l demonstrate that both the quasiversality and the domination of
hydrodynamics originate from one single source, that is, packing at-ligaidensity. These

calculations and results are given in chapter 3.

1.2 Solvation dynamics in nanoconfined fluids

Fluids under confinement represent a very important class of system relevant in
various branches of science and technology, from bidfdgytribology**. With increasing
importance of physical and chemical processes in confined eggfit’, fundamental
understanding of confinememduced effects on fluid properties has drawn considerable
attentiof* > If the confinement is comparable to molecular simeasuring a few
nanometers, the confined fluid undergoes drastic changes in static and dynamic ptbperties
47 while the dimensionality of the system crosses from three toltwstrong solvophilic
confinements particlenovements become sluggistt” “*compared to the bulk, while strong
solvophobic coriiements tend to make particles to move faster than in thé®btilkrhe
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understanding of this crossover in fluid properige®ne of the most challenging problems.

All the phenomena in nanoconfined fluids affect a broad range of physical and chemical
processes in confined metfi&’, ranging from extraction to catalysis in nanopores. Thus,
study of theconfinemeninduced changes in fluid properties is both pedagogically and
technologically important.

In a complex chemical system a fundamental step for most of the physical or chemical
process is the solvation of the participating s8fut®’ by the solvent molecules. Any
stabilizing interaction between a solute and surdmg solvent molecules is conventionally
termed as solvationThe organization of the solvent molecules around the satugenon
equilibrium process governed by the instantaneous solvent distribution and diffusion of the
solvent molecules. Confinement affects both the fluid distribution as well as the diffusion
significantly. Thus, solvation dynamiexperiencesuch confinement eftés when the solute
gets solvated in a confined fluikknowledgeon modifications in solvation dynamics under
confinement would supply valuable information on the possible changes in rates of various
solvationdependent processes.g.catalysis in nanosta pores,charge or protontransfer
reactionsandassociations of biomolecules

i & . ) =
\ J £ N\ \ ) \ S \ ) ( \\
o/ ( \ < & ( ) N . \
\ ) \ ) ~ & N
- W T - & - = = @ ) “”v/,\\

P [ R o P \ ( A\

a. Initial equilibrium state b. Non-equilibrium state C. New equilibrium state

Figure 1.3: Schematic representation of solvation dynamics. The solute (larger circle) is
perturbed from its (a) initial equ ilibrium solvated state via suddenly increasing its size
or changing the dipole moment (vertical arrows inside circles) to create a (b) non-
equilibrium situation. From this state the solvent molecules (smaller circles) move to
reorganize themselves to reac h a (c) new equilibrium state. Inset shows a schematic

solvent response function (t).

Solvation dynamics is typically studied (Figute) via perturbing an equilibrated
state of the solute and then measuring the time required for the solvent to reach a new
equilibrium state from the initial equilibrium distribution. This time neegd, termed as the
solvation time¢, is obtained in terms of the decay thswale(s) of the timet) dependent
solvent response functiGhS(t) which typically behaves likeexp(t/t) in the longtime

limit. Dynamics of solvation of manfjuorescentdyes have been widely studied in confined
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fluids. The general picture emerging out of the observations from both expefimamts
computer simulatio’$™ is as follows:In a buk fluid the solvation is typically complete
within tens ofps with one or two decay timescales St). In nanoconfined solvents, the
solvation may extend from hundreds of ps to even ns. Recent computer simtiiatials®
show such slowing of the solvation dynamics in various confined systems compared to the
bulk. The most strikingeature of this slowing down of solvation is that it happens in both
solvophilic as well as solvophobic confinements. There has beemalecularlevel
understandingdf this slowing down of solvation dynamiadue to geometrical constraints
imposed by theanfinement

The effects of confinement become more severe whethédremodynamic condition
of the bulkfluid phase surrounding theonfined media isn the sub-critical region (Figure
1.2) near liquidgas coexistencelhe natureof surface becomes vitdlere which leads to
changes in fluid phase behavitlir®> Although, here exist mangpplicationd®®® of the sub
critical liquids along with several studies on the surface induced phenthiéanot many
studieshave been performedo elucidate the roles ofubcritical solvents in solvation
processHowever, a simulation stuf{/has showrthat the density of theubecritical solvent
controls tke solvation behaviour.

Our studies highlight several aspects of confineArahiced changes in solvent
properties in absence and presence of solute to address above two classes of phenomena:

1. Dimensional crossover in flusd

In a recent work we havstudied® using extensive computer simulatiothe effects
of nanoscale confinement on a fluida slit geometrfar away from any coexistence point.
We explain the dimensional crossover, observed in experifiéfitin terms of modification
in the longwavelength behaviour of density response of the fluid due to geometrical
constraints. We also show that the confining potential significantly affects the crossover
behaviourln asolvophobicslit the fluctuatios increase as the confinement isdaeatronger.
On the other hand, insolvophilicconfinementhe fluctuation decreases significantly due to
largeattractionof the attractive walls under strong confinement.

2. Solvation dynamics under nanoconfinement

We also study the solvation dynamicsd confined geometry where the bulk fluid
phase surrounding the confinement is specified. Two different yguases are considered:

(@) Far away from phageansition We stud{y® via computer simulationghe
dynamics of solvation of a large solute in a fluid undanaometer scale confinement to

provide microscopic mechanisms of the slowing down observed earliefind/a single
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exponential§(t) both in bulk and confinement to show that two fundamentally different
aspects of the crossover is responsible for the slpwown inthe presence of two kinds of
walls. We show a sharp slowing down sdlvationdynamicsin solvophilic confinements due
to suppression of fluid diffusion in the presencealivophilic walls along with slow solvent
dynamicsdue to geometrical ecwtraints The solvation becomes slowénan in the bulk in
strongsolvophobic confinementss well, but noassharply asn thesolvophilic case. This is
due tothe competition between reduction d@imensionalityin solvent dynamics and faster
in-planesolventdiffusion.

(b) Near the liquiegas phaseoexistence We furthercarry out computer simulations
to study’ the dynamics of solvation of a solvophilic solute in a solvophobic confinement, the
confined solvent being equilibrium with bulk liquid close to liquidlas phase coexistence
far below the critical pointUnder these circumstances evaporation takes place inside the
pore,commonly known as capillary dryiffy If a solvophilic solute paitle is now inserted
in such a dried solvophobic pore the solute tends to wet the pore via capillary cond&hsation
posing a competitidi with the waltmediated drying effect. This competition dezsdthe
fluid diffusion in the pore taaffect solvation dynamics. We find that tls®lvent response
inside the solvophobic confinemeiior the solvophilic solutés bi-exponential as in the bulk
subcritical liquid. The observed solvation timescales areificantly smallerunder strong
confinement compared to the bulk timesdaldicating faster solvation in the porekhis is
due to a low density fluid phase created e competition betweerthe drying by
solvophobic walls andhe surfacemediated wettig by solvophilic solute. The solvation
timescale increases linearly with slit separation to approach the bulk value.

Details of #i the calculationsand resultson dimensional crossover and solvation

dynamics are included in chapter 4.

1.3 Conformational fluctuations in biomacromolecules

The biomacromolecules aheghly flexible systemswith a huge number of internal
degrees of freedom, havitige capability to adopt numerous conformations. The fluctuations
from one conformation to another plays very imtaot role in various biological processes
including molecular recognition, signal transduction, gene expression and °4&. on
Reversible conformational switching of different biomacromolecules are riemgoeven
technologically, for their application in several biosensing de{icés Nuclear Magnetic
Resonance (NMRjelaxation experimenty fluorescence correlation spectroscopy coupled
with Forster resonance energy tran€femultiphoton microscopy and paramagnetic
relaxation experiment have been employed to explore conformational dynamics of
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biomacromolecules. Molecular simulatiéh$ have been important in this regard yielding

microscopic information about conformational changes.

The primary focusof studies on conformations of biomaorolecules has been
identification ofa set of suitable variables to capture the conformational fluctuations. When a
biomacromolecule participates in a binding event witbther molecule both the binding
partners experience conformational chafityesiich stabilize the compl& These hanges
take place simultaneously at several pocldittributed over the entirsurface of the
biomacromolecule The handlingf such a large number of variablissextremely difficult.
Moreover, the interactiongn the system are also diverse, like vaer dVaals forces,
electrostatic and hydrophobic interactions. These factrder the full characterization of
the conformational fluctuations in biomacromolecules at microscopic level quite

challenging® ®’
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Metal-ion free Metal-ion bound Calmodulin-peptide complex
Calmodulin Calmodulin
(inactive (inactive)

Figure 1.4: Example of conformational changes for specific function. Four Calcium (Ca2+)-
ions (dots) bind to metal -free inactive Calmodulin, an eukaryotic cellular protein, and
activates it for binding to peptides. Thus, Calmodulin participates in various cellular

activities .

0
A f- C
B
Figure 1.5: lllustration of a dihedral angle . Here the dihedral g is defined as the angle
between the planes with atoms A, B, C and the plane with atoms B, C and D. g would

change as relative positions of A and D change via rotation around the bond between B

and C.
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Proteins are important biomacromolecules with a huge diversity of their structures
and functions. They often form complexes witnetations, ligands and tber
macromoleculé8 to adopt specific conformations for certain biologitaiction (Figure1.4).
Importance of various backberand sidehain dihedral anglé$as suitable conformational
variables have recently been highlighfetb describeprotein conformationsA dihedral
angle is given by the angle between two atomic planes constituted by four consecutive atoms
as illustrated in Figuré.5. By definition the dihedral angles are designed to trace the changes
in rotational degrees of freedom which govern the conformational fluctuations. Moreover, the
dihedrals a& coarsegrained variables which give an advantage over the normal mode
analyses with a significant reduction of number of working variabMess.use the dihedral

angles to describ®llowing equilibrium andhon-equilibrium aspects

1. Conformationakthermodynamics:

One significant aspect of the equilibrium conformational fluctuatiotfseisstimation
of thermodynamics of conformational changes upon complexation. This involves changes in
both conformational entropyDS,,,;) and free rergy (DG, ;) associated with the binding
event’. The experimental methods, likisothermal titration calorimetry (IT€) providing
the standard free energy and entropy changes of binding, can neither yield the confalmation
contributions nor resolve the changes at the level of individual variables or binding regions.

NMR relaxation experimenits®® provide an estimate dbS However, there has been no

conf *

establishedexperimental means of extractirdG_ . as yet except UV resonance Raman

conf
measurementsf conformational free energy landscafSeBlistograms of the dihedral angles,

obtained from atatom molecular dynamics simulation trajectories have been used to
estimate theDS

conf
DG, as welf® #2 However, all these methods have been computationally very demanding
and hence limitetb small and medium sizediomacromoleculesnly.

for proteind’. Several computational techniques exist to estimate the

We have recently develop€da theoretical approach, based on one dimensional

histogram of dihedral angles, to estimateG_ ,and DS_ for biomacromolecular

conf
complexes. These histograms are generated freatat molecular dynamics simulations of

the binding molecules in explicit solvent in their free and bound states. Our approach is
simple andcomputationally efficient compared to existing methods for its ability to provide
both DG_,,, and DS

conf is obtained from the
ratio of histogram maxima (equililim populations) in free and bound states, wheB&s,,

simultaneously from the same histograbG

conf conf

is estimated using the Gibbs formiflaMoreover,our method allows us testimate the
thermodynamic changes in thelimidual binding regions
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We first illustrate our studies for protepeptide binding where wshow that the
equilibrium fluctuations of dihedral anglerepresent the conformational thermodynamics
obtained from NMR relaxation experimefitsNext we considé? the caseof a protein
undergoingconformational changes upon binding to méaak'® ** We find different
thermodynamic changes in different metaiding sites where the ligands coordinating to the
metations play different roles in stabilizing the metah boundproteinstructure. Metalon
binding induce large thermdgnamic changes in distant part of the proteiso via
modification of secondary structural elements. The details of above method and the results

are presented in chapter 5.
2. Dynamic fluctuations of dihedral angles:

Apart from the equilibrium aspects, wepore'®® a very importannon-equilibrium
process allosteric regulatifiin biomacromolecular systems. Allosteric regulatioddfined
as communication among distant sites biomacromolecules which governs fundamental
cellular processes, ranging from metabolism to gene expre&ich. communication isna
inherentcapability of nearly all proteid$’ to regulatestructural and dynamical changes at
some partupon binding events at a distarpart. Understanding such lowlgstance
communication is a formidable experimental challenge, while the current theoretical
explanation utilizes simplified modéfs. We show that the distant site communications can
be probed directly from the tirdependent correlations among the dihedral angtes
different sites We illustrate thisfor binding of multiple metalons to a protein where
modifications in the dynamical correlation pattern upon the binding of +ioetsl are
interpreted in terms of allosteric regulatiowbich explain experimental observatioNge
also discuss the connemtis between our observations and the existing understanding of
allosteric regulation based shift of populatiors among various conformational stafEsAll

these calculations and results are also includetapter 5.

3. Changes at biomacromolecular Interface:

Another very important issue regarding biomacromolecular complexes is the changes

at the interface Recent experiment® %7

suggest that structural modifications at the
interfaces are vital for stability of the complexes and functions of the associated
biomacromolecules. Although several qualitatigpects about such interfaces are known
from structural data, quantification of the interfacial changes is lacking. In chapter 6 w

study®® in close detail the thermodynamics of conformational changes at thiadetaf a
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andDS

conf

proteinprotein complex. DG are calculatedrém the histograms of dihedral

conf
anglesto show that the binding at interface is dominated by strong electrostatic interactions.
We also show that the changeghe distributiorof interfacial water molecules give rise to a
substantial entropy contribution in binding of the proteins. The dynamics of the interfacial
water molecules get arrested which demonstrates tight binding at the interface.

1.4 Outline of the t hesis

The organization of the rest of this thesis is as follows: In chapter @ewalop the
molecular theory ordipolar solute rotation ina supercritical polar fluid to explain the
experimentally observedion-monotonic solvent density dependence of average rotation
times. We extend this theory in chapter 3 for dipolar solute rotatioraiious complex
media,including common dipolar liquids, ionic liquids and electrolyte solutions to resolve

the longstandingquestion regarding the role of dielectric friction in solute rotation.

In chapter 4 we provide a generic understanding for the experimentally observed
confinementinduced dimensional crossovervariousfluid properties. We also consider the
dynamic of solvation of a large solute in a nanoconfined fluid to explore microscopic
mechanisms of experimentally observed slowing down of solvation dynamics under
confinement. Further we predict the solvation behaviour in a solvophobic pore placed in a
subcritical bulk fluid near liquidgas coexistence, to capture the effects of competition

between drying by the solvophobic walls and wetting by the solvophilic solute

Chapters 5 and éonsiderconformationafluctuationsin biomacromolecular systems.
In chapter Swe presenbur histograrrbased method for estimation of entire conformational
thermodynamics of biomacromolecular complexation from histogram of dihedral angles. We
illustrate this method first for protejpeptide binding to show that dihedral histograndeed
provide the conformational thermodynamics obtained from NMR relaxation experiments.
Further, we consider metadn binding to a protein where, apart from the thermodynamics,
we also provide a route for direct probe of allosteric regulations via dgnaorelations
among dihedral angle€hapter 6 descrilsea study on biomacromolecular interfastere
we extend the histogratmased method for a protepmotein complex to highlight the
important interactions dominating the binding at the interface. ¥¥erglize the histogram
based method to compute interfacial water contributions to the thermodynamics. Estimation
of the changes in dynamics of interfacial water molecules demonstrates tight binding at the

biomacromolecular interface
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Chapter 2 Dipolar solute rotation in a supercritical polar
fluid

2.1 Introduction

A fluid phase slightly above the ghquid critical temperature (see Figure 1.2) is
broadly regarded as a supercritical (SC) fltidhey are highly compressible offering large
tunability of density by mild pressure variations. Pedagogically, the sedlessity
dependence of several requilibrium rate processes near room temperature, can be studied
in SC fluids like carbon dioxide, fluoroform, ethane etc. having critical testyre ;) close
to the room temperatuf®. Specificaly, rotational dynamics of aromatic solutes in a SC fluid
can supply valuable information regarding the nature of sshiteent coupling® and local
environment of the solute.

The r(t)-decay of Coumarinl53 (C153) in SC CHF(T=299 K)!* is single
exponential® for all solvent densities. The observeds nearly temperatussensitive with
a norrmonotonic variation between®ps as the fluid density) increases. In spite of large
uncertainties, there is@dear maximum neav, (= r/r.,r being the critical density of the
fluid) = 0.6 with /3~ 8 ps and a minimum around, =1.0with #3;~ 5 ps. Since? for a
fluid, including the SC fluids, in general monotonically increas@swith density, the
conventionaSED model (Eg. 1.1) fails to explain the above complex density dependence.

The SED model has two major drawbacks: (1) Being based on purely continuum
description of the molecular solvent, it does not consider the effects of solvent structure. The
SC fluidshave large compressibility. In a fluid composed of spherical molecules of diameter
S, the spatial arrangement of molecules can be described by the wave(k@aependent
static structure factar'*™ 2 s(ks). Note that the compressibility is the lomgwvelength
limit of S(ks). Therefore,S(ks) may have a crucial role in the observed complex density
dependence @f,. (2) The solutesolvent interaction has not been included in the above

model. Several workers attempféd® 1*¥1°

to incorporate the effects of soltgelvent
interaction on solute rotation. Especially, the concept of dielectric friétias been invoked

to address the hange in the friction experienced by a rotating polar solute, due to
electrostatic interactions. However, none of the above works conclusively support this
picture. Relatively recent wotk suggests that the additional friction due to sehdkent
interaction is atostbutabbrOoteffBhestatThi e
the enhanced solvestructure in the first solvation shEfiaround the solute due to electrical

interaction between the solute and the solvent molecules. Another interesting factor
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encouraging the inclien of solutes ol vent interaction is the
(LDA)*® #1121 ghserved during solvation in a SC solvent. As one approachesitibel

density from lowr ., the solvent density around a dissolved solute becomes much larger than
the bulk density of the SC solvent. This unusual enhancement of local density is termed as
the LDA. For C153 in SC CHEthe maximum irt ; and LDA occur§® around the same..

This LDA is an outcome of strong solus®lvent coupling overcoming large length scale
density fluctuations near critical point. Therefore, the sedoteent interaction may have a
significant role in solute rotation in a SC polar fluitbte amodified SED mdef *includes

the effects of solutsolvent interaction via two phenomenological parameters: a boundary

condition factor and a solute giefactor.

4= solvent dipole
solute dipole

A B
Figure 2.1: Pictorial description of solute -solvent interaction effects on solute rotation
Smaller circles with smaller arrows denote the solvent dipoles whereas larger circles
with larger arrows denote the solute dipole. (A) The equilibrium condition with solute in
its excited state. (B) After an angular displacement ( g) of the solute dipole in the

background of solvent molecules .

In this chaptewe introduce a molecat level theoretical framewofkto calculate the
tr of a dipolar solute in a dipolar fluid incorporating the contributions of both solvent
structure and the solusolvent dipolar interaction. Basically, the conventional SED theory is
used with a couple of ramifications: (1) The hydrodynamic viscasitg replaced with the
wave vector dependent viscosityks) of the fluid which brings inS(ks) directly into the
picture. This is done based on molecular hydrodynamic arguments leading to an analytical
expression ofa(ks) which is verified via MD simulations. We also show how to extract the
experimental”? for a SC fluid from A(ks). This modification to SED model captures
qualitatively the experimentgllobservechonttrivial density dependence @f; in SC CHE.
(2) The effect of the soluteolvent interaction is included by considering the rotational
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relaxation of the excited solute in fluorescence depolarization experiments. In such
experiments, anisotropy in polarization is created by phrtiting a dissolved solute. This
anisotropy in polarization subsequently relaxes to a new equilibrium via rotational diffusion
of the solute. Let us consider a small angular displacement obliite slipole from its final
solventequilibrated orientation in the background of the solvent dipoles (shown
schematically inFigure 2.1). The solute dipole would then tertd relax back to its
equilibrium orientation by rotational diffusion under the action of torque generated via the

solutesolvent interaction.

The organization of this chapter is as follows: In section 2.2 we describe the
theoretical formulatiosiof /(ks)for SC fluid. Section 2.3 shows the calculation of molecular
hydrodynamict ; of C153 in SC CHEfrom A(ks) . The effects of soluteolvent electrostatic
interactionsin ¢z are includedn section 2.4. We conclude in section 2.5. At the @fnithe
chapterthe appendices are given which include the details of theoretical calculations.

2.2 Wave vector dependent viscosity
In this section we introduce the molecular hydrodynamic descriptiom(laf) and
then illustrate the calculation for a normal liquid. The theory is verified by MD simulations

on a Lennardlones liquid. Finally, we calculatgks)for SC CHFE.
2.2.1 Molecular hydrodynamic description for normal liquid

According to molecular hydrodynamics, the transverse current autocorrelation
function C, (ks ,t) is definedfor a normal liquidas C. (ks ,t) = k2<jf(t)j;k(0)> where jX(t)
is the Fourier component of the transverse curiC, (ks,t) is known to berelated to the

shear viscosit# of the fluid"*:

C. (ks ,t) = nge " (2.2)

wheret denotes the timeu? =k?(k,T/m), 7=A/rm and m, the mass of a fluid molecule
Integrating both sides of EG.1 over the entire time rangee get the wave vector dependent
viscosity given by

R -1

C. (ks et 22)
u

D
[ERN

hlks)=""¢

2

D
S
DI,

Fi c k &for tlifusive motion states that the current:
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j(r,t)=-DDbr(r,t) (2.3)

where r(r,t) is the time dependemicroscopic solvent density at positionD being the
seltdiffusion coefficient of the fluid. Now, EQg2.3 yields in the Fourier space for the
transverse curren jl‘(t) =iKa Drk(t), k. being the transverse componenkaofparallel to z
axis). Multiplying both sides b j;“(0) and taking average over initial conditidHs we

obtain

(ix(®)i:(0)) =k2D*(r  (t)r_.(0))- 2.0)

It is knowrt** that: r,(t)=r,e®<t, r, being the Fourier component of the
microscopic = solvent density Inserting this in Eq. 24 leads to, (j(t)j:*(0))
=k?D?S(ks e ™", where static structure factdt, Skks)=(r,r_,). Thus, we reach at a

molecular hydrodynamic expressiorC, (ks,t), following its definitiort*

C. (ks,t)=k*(jX(t)i=*(0)) = k*k?D*S[ks )& ™" (2.5)
Putting Eq2.5in Eq.2.2 and performing thentegrationone obtains

_rkgT
h(ks)——kAzD Sks) (2.6)

We setk’? =6p r,(r being the bulk density and,, the molecular radius of the fluidp
arrive at the final expression of wave vector dependent viscosity,

— kBT
h(ks)= Dr. ks (2.7)

We can also derive the weakly interacting limit of diffuSidnom the expression df(ks):
The isothermal compressibility of the fididis given by ¢, =(rk,T)*lim,_, S(ks). So,
h(ks ~0)=k,T/6mr,DSks ~0) =1/(6m,Dr ¢). Rearranging this we gdd =G, /rc;

where G = r /6pr/1, a density dependent dissipative coefficient

Note that Eg2.7 yields
hiks )/n(kis ) = Slkis )/ Slks ) (2.8)

for wave vectorsks and Kis . In the longwavelengthks ~0 limit where S(ks) has a
minimunt** (inset, Figure 2.2a), an expansion yield#(ks ) (1- bkzsz) where b depends
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on the curvature ofS(ks) near ks ~0. Such smallks behaviourof h(ks) has been
reported earligf 1%

2.2.2 Molecular dynamics simulation

Both sides of Eg2.8 can be computed from Molecular Dynamics simulations which
can provide direct test of the wave vector dependent viscosity. We consider to this end, for
simplicity, a Lennardlones (LJ) system at normal liquid condition. The interactigarpial
between a pair of LJ liquid molecules at separatias given by 4d(s/r)*- (s/r)°], e
being the interaction strength param¥terOur simulation system involves 216 LJ particles
using the argon unit§'[e= 120 K in kgunit, diameters = 3.4 A and molecular mass 40
a.m.u], adopting microcanonicélxed number of particledl, volumeV and total energ¥)
ensembl&. A simple cubic simulation box is used of side= 6.46s with the periodic
bourdary condition on all sides. The density of the system is taken £t=0.8 and the
average temperature BT /e~ 0.8 (96 K). The equations of motion are integrated using the
Verlet algorithm®®, the timestep for integration being 0.028 ps.

We calculateri(ks ) from the simulation by E.2, with C, (ks ,t) =k?( jX(t)i:*(0))
and jX(t)=a v (t)e**, v/ (t) being the transverse component of the velocity ofithe
i
particle at timet and z(t), its z-coordinate at time. Finally, we can write:C, (ks,t)
:nga Vi (O)G'ik‘(o)a v; (t)eikz"(t)é. Here, the angular brackets represent an average over
. j

1000 independent initial configurationsS(ks) has been calculated from the Fourier

transform (FT) of the pair correlation functioh **3obtained via the simulations.
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Figure 2.2: Wave vector dependent viscosity and structure factors. (a) h(ks)/h(kmins)
(filled circles with error bars) and S(kmins)/S(ks) (open triangles, the solid line is

drawn only as a guide to the eyes) as a function of KS, both calculated from MD
simulation, for LJ liquid for 7 § =0.8 at 96K. Inset: S(ks) of the same system calculated
from our simulation. (b) S(ks) as function of ks for SC CHE at 310 K at two densities,
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r. =0.74 (the solid line) and at 7, =2.0 (the dotted line). Inset: Scaled compressibility
Fj of SC CHEat 310 K as a function of 7.

The finiteness of the simulated systsine restricts us to explore s ~0 limit*?*

The minimum accessible wave vector in our simulatiok, jss = 2o gL, L being the side

length of the simpleubic simulation box. The inset Figure 2.2a showsS(ks) from the
simulations.Figure 2.2a shows a comparison betwestks )/A(k....s) (circles with error

bars) andS(kmins)/S(ks)(open triangles), both computed from the simulations. Both the
plots are similar inappearance with almost the same rate of decrease from the maximum
value of unity at the smallest wave vector, which is consistent to the low wave vector
expansion. The discrepancy between the two plots is more pronounced for low wave vector

region which ould be due to finite size effects in the simulatiéhs

2.2.3 Extension to SC CHE

Hydrodynamic results ding insensitive to the detailed molecular interactions, we
expect the hydrodynamic description kfks ) in terms of S(ks) to be valid for SC polar
fluids also. We calculateS(ks) using the standard liquidtate theorl* and obtain its
ks ~0 limit as a theoretical estimate af; . Here, S(ks) is computed using the Ornstein
Zernike (0Z'* “2relation: Sks ) =[1- rC(ks)]™*, C(ks) being the Fourier transform (FT)
of C(r), the spatial direct correlation function of the fluid our calculatio we assume that
the solventsolvent interaction consists tfard corepart of diameters and along-ranged
dipolar contribution due to a dipole moment of magnitwdkcated at the centre of a solvent
moIecuIe.C(r) is expressed as a combination of the sheamged andong-rangedpart for
the polar fluid. For the former, we use tRercusYevick (PY)'*" *?form CP¥(r) for hard
spherepotential. The longangel part CLR(r) is considered within meadield approximation
where the mamypody correlations are replaced by a simple form based on thpgtaitials.
Here we deriveC'(r)from angle averagela y e r 6 s '*f'{dbased on standard dipolar

potential. Thus,

c(r)=c™(r)+c*(r) (29)
where Cc™(r)=c, +¢(r/s)+c,(r/s) forr<s
=0 forr>s (2.10)

and CR(r)=2nf /9K T)?r® (2.12)
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The three coefficients, ¢ and ¢z in CPY(r), are functions of the packirfgaction
p=(p/6)r &, and given by: c, =- (1+2p)2/(1- p)*, ¢ =6p(1+05p)?/(1- p)* and
c; =0.5pg,. Inset of Figure 2.2b shows c; (= ¢;n7/s®) for a typical isotherm. Our
estimate for the critical point from the divergence @fis: T, (=k,T.s*/n7) =0.29 and
r. =0.25 which are in good agreement with the experimental nuriefhe details of all
these calculations are given in Appendix A.

Subsequently, we perform calculations at a supercritical tempéefatike show the
calculatedS(ks ) of SC CHE (s = 3.5A)'"%in Figure2.2b at two densities above and below
r.. In general, two peaks can be observedSlis): one aroundks ~0 in a region
dominated by fluid compressibility and another arcksid- 2p, dictated by the molecular
packing. For lowr,, the peak atks ~0 predominates which gradually disappears with
increasingr , along with the concomitant enhancement of the pae#tmgn peak.

100 A
i A theory
80 A ® experiment .
E\ A
% 60 1 g
= ]
40 - e 4
] ? A
207 4 @ s
O “" T T T T
0.0 0.5 1.0 1.5 20

Figure 2.3: Shear viscosity of SCCHF. Experimental (circles) and theoretical (triangles)

hat 310 K as a function of r .

We use thisS(ks) and experimentally observed D to obtainh(ks) for SC CHE.
It is found that the experimentally observed shear viscosity of SG GHkell reproduced
(see Figure 2.3) by an integration ofh(ks) over the entire range of wave vectors:
h=(1/4p)i1(ks ) dks /fdks where, the factoll/4p takes care of the degeneracy of the
choice of the transverse direction. Here, for numerical purpose, the integration range was
taken fromks =0 up to ks =10. We note that a larger upper limit does not alter the value
of 4. The experimentally observed viscosifjis thus an averagmomentum transfer in a
given layer of fluid over all possible length scales. This rationalizes the extension of the

molecular hydrodynamic expression for theéks)for SC CHE.
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2.3 Generalization of SED model: Molecular hydrodynamic fr

Let us now consider the generalization of the SED theory via replaceméntpf
h(ks). Recalling the SED expression (Eq. 1.t% =/V, /ksT, we can define the rate of
rotational relaxatiomw =1/t =kgT/AV, . Introducing h(ks) we get the wave vector
dependent ratep(ks ) =kgT /A(ks)V,. Now, the different peaks B(ks) for SC CHF,
both sharp and broad, appearing at different regions of wave vectors, create different wave
vectorwindows for{ks). We average therlks) over the wave vectors under a given

structure factor peak to produce an average w,,, =i mks)dks /ijdks for the ath

av,a

peak. The rotation time for the th peak is therf, =1/w,, , . Here, each of the structure

ava *
factor peaks Kigure 2.20) will give rise to a time scale implying an oxedl multi-
exponential rotational relaxation. For example, at low density régjon1), S(ks) has a
single prominent peak arourks ~ 0 but no such peak at larger wave vectors. This implies a
singleexponential relaxationf ; being governed by the single peak. In thghkr density
region(rr >1), the relaxation would be {gixponential with two time scales because of two

peaks irS(ks), t rbeing a weighted average of the two. However, the present formalism

does not allowcalculating the weights of these separate time scales.

Figure2.4a shows botlf -, and 7, of C153(V, = 246 A% andexcited state dipole

momentrng = 13.4D)125in SC CHE at 310K as a function ofr, while the experimental data

at two temperatuse302K and 310K are shown in inset. At very low densitidss ~O0being

the only peak oS(ks), Frais the only relevant time scale. Interestingly, it shows all the
features of the experimental densdgpendence of rotation time with the maximum at
r. =059, agreeing qualitatively with the experimental data. Appearance of this maximum
can be explained by a minimum in compressibility (see insefFigire 2.2b). Such a
minimum also justifieshe LDA becoming maximum neay =0.6.7;,; becomes minimum

at . =1.03, with good agreement with the experimental finding. This minimum is explained

by the maximum in compressibiligt7, =1.03.
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Figure 2.4: Estimated rotation time data. (a) Molecular hydrodynamic rotation times of
C153 in SC CHFat 310 K as a function of 7 : Filled and open triangles represent the 7,
(from ks ~Opeak) and fr, (KS ~20 peak) respectively. Inset: The experimentally
observed time scales with error bars at 302K (filled) and 310 K (diamonds ), respectively.
(b) Rotation times after inclusion of solute -solvent polar interaction: Filled and open
circles represent the 7, and [g,respectively. Inset: the lower time scale of 7, and

[ r, the symbols being identical as before .

The packing dominated peak appears for densities ayové, giving rise tof,
thatincreases linearly with, . In this regime the packing dominated contributionSfis )
remains almost unchanged with density implyifig, = /D . According to the Enskog's
descriptiod™, D =[3/(8r $g(s))] (keT/om)"?for a fluid where g(s) is the radial
distribution function at contactnbeing the mass of a moleculg(s ) being weakly sensitive
to r, in this density regime, we gefz,  1/D” r.. Note that in the density range
O0<r, <16, fg; and fy, do not differ significantly from each other, althodgh <7,.
However, ', increases rapidly at very high densities > 1.6) where the fluid becomes
highly incompressible. The experimenta}in these densities does not show such rapid
increase, rather is comparable in trend Wjth.

2.4 Inclusion of solute -solvent interaction

It is evident from the earlier section that although the molecular hydrodynamic
timescdes successfully capturghe experimentally observedion-monotonic density
dependence, the timescale values are only qualitative. Therefore, we next include the
contributions from solutsolvent electrostatic interactions which could contribute
significantly. The torque on the solute dipole undergoing rotational relaxatsoshown in

Figure2.1, is determined by the electrostatic interaction endtdm) of the rotating photo
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excited dipolar solute as a function of its orientatiwith respect to the laboratory franze
-axis), due to the solvent dipoles in the first solvation shell (see Appendu(B).depends

on two factors: (1) the soluwolvent dipolar interaction potent‘i*ahnd (2) the solvent
orientation distribution in the first solvation shell. The solvent orientation is characterized by
rlo(t), the projectia of the solvent orientation distribution for spherical harmdniel.

Since we are considering the perturbation from the final equilibrium orientation of the solute
and relaxation back to the same equilibrium state, we usedaveped egation of motion

for all the relevant dynamical variables. Note that the solvent orientation distribution
undergoes relaxation as well, the rate being dictated by the solvent rotational diflysion
The fluctuating torque is then givesy - uU(g)/ug, whereU(q) = - uyr,(t)r, cosg (see
Appendix B) wherer, =1/4p, the bulk value of the orientation profile. The odamped
equation of motion (EOM) of the solute dipole;mcﬂy:— LU (g)/ug where G, is the
rotational frictional coefficiedt® 27 For small angular displacement from the final
equilibrium state and < D', the solution isg(t) = g(0)e **. Here w= Uy 4/1(0)/Gy, , the
angular frequency of rotation which is the relaxation rate of the orientational correlation
function. Hence, we identify  tr =Yw=AV,M /kgT wheré

M =p(6k, TR/ mm?*(L- 2nir/9k,T), Rbeing the solutsolvent interaction length in the
first solvation shell (see Appendix B). This expression is similar to the&¢pession, with

the friction experienced by the solute dipole being modified by a factaovl ofver the
hydrodynamic friction. Therefore, the solegelvent interaction contributes nawlditively to

the hydrodynamic friction. Now, inserting thes -dependence we get the modified wave
vector dependent rotational relaxation frequenfks ) =kgT/A(ks )V, M, and follow the
similar averaging over peaks (S(ks) to calculate the new time scalég, and/z,. To

calculateM we useR=R, +1,, R, and r, being the solute and solvent radii respectively.

A Note that the total solutesolvent interaction contains an orientation independent short
ranged component in addition to the asymmetric (dipolar) component given by. However, the
short-ranged component does not contribute to the torque acting on the solute because the
latter (torque) is determined by the angledependent interaction alone.

Y Here an obvious restriction arises, out of the mean field approximations we imposed in our
formulation, to allow only positive values of the factoM that, 2* 2n | 9kgT < 1.
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Figure 2.4b shows thef, and t,. The maximum inz., is now at 4 ps at

r. =0.59 and the minimum is at 3.24 psrat=1.03. The ¢, values ranges between 9 ps
and 16 ps forr, 2 1.6. Interestingly, the experimentdl, of C153 compares well to the

lower of the two calculated time scales. In particular the large time scale givén, pyhas
not been reported in the experiments fqr2 1.6. Thus identification off ; with 75, for

low density and that witlt 5, at high density produce semiantitative agreement with the

experimental data, shown in inset of Fig@ib.
2.5 Conclusion

In conclusion, we have developed a theoretical understanding of the rotational
relaxation, for large polar solutes in polar SC solvents, incorporating the solvent structure via
wave vector dependent shear viscosity and then the sallvtent interactionHere we
extend the SED picture to incorporate the molecular interactions explicitly. The SED model,
in its conventional form can qualitatively produce the experimental data with the simple

replacement of1 byh(ks). However, for a semguantitative agreement one needs to include

the solutesolvent interaction. Apart from extracting the time scales that compare well with
the experimental data, the present theory explains the possible causes behind this remarkable
density dependence of rotation of a polar solute in a SC polar fluid. In particular, the
rotational relaxation of the solute at low solvent densities is essentially governed by fluid
compressibility. We predict that at very high densities, where the packing demitie
solvent structure, the time scales increase linearly. We expect that a more explicit tfeatment
of the solutesolvent interaction would yield a better agreement to the experimental rotation
times. Even though we restrict our dission to rotation of C153 in SC fluoroform for the
availability of experimental data, the present theoretical framework is applicable to rotation
of a polar solute in a polar solvent in general. Moreover, such framework can be used to find
the rotation tne in other systems having different solatdvent interactions and different

solvent structures, like electrolytes, ionic liquids, to name only a few.
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Appendices

A. Determination of critical point of fluid and calculation of  §ks) of the SCiluid.
The critical point of the fluid is determin&d by the divergence of defined as

(1/"°Q"Ylimgoo"YQ). Therefore the inverse compressibilitp’y= 1/.5= 0 at the

critical point.§ks) has been calculated fro@(ks), the Fourier transform dZ(r). Theshort

rangedpart of C(r) is C™(r), defined in 2.2.3andthe longranged attractive pa@-R(r) for
the polar fluid is derivedl by angleaveraging the Mayer 6s *f dthcti o

C™R(r,q,qi)=[e *"29) - 1] where,v(r,g,qi) is the potential energyf interaction between
two fluid dipoles with orientatiorqg and giin the laboratory frame. We deri\xér,q,qi)from

the standard dipoldipole potentidf®, the potential energy ofiieraction between two fluid

dipolesgiven by
v(r, W)= ris[s & - 3 & G, 202

where, € =, q(q,f) being the unitary vector pointing along the direction of a fluid
dipole in the laboratory frameE(J,j) is the unit vector along, the separation vector

between two dipoles. We carry out the dot products and integrate over all the angular

coordinates/ and/ of the separation. We integrate over the azimuthal coordinateg, 7

of the dipoles also, tain only the polar coordinatesg&q', to get g& ¢
v(r,q,q') =- nf cosgcosy'/r® . We expand the exponential C*®(r,g,4") under mean field
theory’ approximation, retaining up to the quadratic term

CR(r,q.q)° - ov(r,q.q)+(v(r,9.9)), (2.13)

Finally, integratincC"*(r,g,g’)over ¢ and g'we fincC'R(r) = 2627 /or®.

0.12 4
0.08 -

0.04 -

0.00 A

004+
0.0 0.1 0.2 0.3 0.4

Figure Al: Estimation of critical point of a polar fluid . Plot of |3 as a function of 7 at
*, T* = 0.30 (the

three different temperatures, T* = 0.28 (the dash-dot curve) below the %
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dotted curve) above the 4, and at | = 4|’ = 0.29 (the solid curve). Note that, B; at 1

F7
becomes zero for r~ =0.25.

To calculate th&ks) of SC CHR (T,=299K)™'°, we use m=2.47D, higher than its

gas phase value of 1.65 (such high value is report€d) and s =3.5 A, also taken from
Song et df°. The ks ~0 mode is calculated analytically by integration @fr) over the

entire space. In FigurelA we show the plot d“,as a function of fluid density,” =7 § at

three different temperatureT™ = kBTs3/nf: one abovgT* = 0.30) and one belowT* =

0.28)the critical temperaturéy and another aty = 0.22 We get the critical density; =
0.25 which is fairly comparable with the corresponding experimental V&lwoé 0.2. The

othernonzero ks modes ofC(ks) has been calculated numerically.

B. Calculation of the interaction energy U(g) of the rotating solute.

Following similar treatment as described above, we can write down the dipolar

interaction potential\/dip(R,q, q'), between the solute dipolery) with polar orientationg

and a solvent dipolerf) with polar orientationg' (both in the laboratory frame) with a

separationR, as
Vup(RG.G") = - u, cosgeosy’, (2.14)

whereuy = ngn‘/RB’ .

As the solute relaxes back to its final equilibrium orientation, the solvent also relaxes.

The solvent relaxation is given by the equation of contiftliipr the solvent orientation

profile r(q',t):

wig.t), W _, (2.15)

j being the current associated with the rotational diffusion of the solvent, defined as:
j=-Dgrlg.tPp,m (2.16)

where mis the chemical potential an®g, the coefficient of rotational diffusion of the

solvent. We use the following definition fon:

a~(rig',
mz%, (2.17)
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F being the density functional free enefdyas a functional ofr(g',t). Also, we define

/’10('[), the projection of the solvent orientation distribution for spherical harnlonicas

r10(t) = ffi(cosg’)cosq' r(g'.t)/ 1 (2.18)
where r is the bulk value of the orientation profile given by =1/4p.

In the calculation of mfrom Eq. 2.17, we generalize the equilibrium density

functional** F for non-equilibrium fluctuations in the solvent orientation distribution. The

equilibrium free energy that describes equilibrium changes in the solvent orientation

distribution 7 (¢’) from its bulk valuer is:

bF[r(q)] = fi(cosa)r (g ')gnzﬁfr(‘j)g l§ %r”ﬂ(cosq')d(cosq")c(d.q")[f(q')- rolr(g?)- o]
+ bfi(cosg)r (g Vap(R ) (219

where, b =1/kgT and C(q‘,q") is the two particle direct orientational correlation function
between solvent molecules having orientatighsand g''. Note that the solvent molecules
also possess spherically symmetriteraction potential. However, the correlations due to
spherically symmetric potential are irrelevant fdg’). We simply replacer (g') by 7(g',t)

in Eq.2.19.

We use the mean fieitt expression foiC(g",¢")© - tv(g',g"") wherev(g',g") is the
long-ranged dipolar interaction potential between solvent molecules with separatigven
by

Nt cosg'cosy'

A (2.20)
r

vg.q7)=-
The solvenisolvent correlation is truncated at the mesarparticleseparationa, defined as
4 3
gpasr =1 (2.21)

where r denotes bulk solvent density. Using Eg4.6, 2.17 and2.19 we get

=0, 0. o gy g )sing- Dyl MR

: (2.22)
g

where/ =ryb fn/ag’ . From Eq2.22 we can easily arrive at,
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% =Dgroro(t)cosgi- Dgr,r,(t)u, cos2gi (2.23

where we have usetzi(q',t)/r0 =r10(t)cosq'. Inserting Eq2.23 in 2.15 we finally find a
solution for

r,o(t)=r,(0)e °. (2.24)

We now calculate the angle dependent interaction energy. Considering only the

solvent molecules in the first solvation shell, the ampendent interaction energy is given

by:
U(9) = V(R a.q)r (@ t)d(cosq) = - u, cosgffosq r (g, t)d(cosg)  (2.25)
Inserting Eq2.18in Eq.2.25we can write
U(g) =-u,r,(t)r, cosg (2.26)
The fluctuating torque on the solute dipole is then given piy (q)/uq. We recall the oar-

damped EOM of the solute dipdie

T wJ(q) 29
Go G v (2.27)

which with the help of ER.26 becomes in smaly limit,

;: . uororlo(t)q (2.29)
Gt
Therefore we find the solution:
e ' 2
glt) = g0)expg “2° froft et . 209)
e G’OI 0 u
Inserting Eq2.24in 2.29 we get
_ é uOrOrlo(O) - Dt
g(t) = g0)expe 2olof20 g oox )‘3 (2.30)
& GoDr {

As long ast <Dg', we can linearize the second exponential in £§0 to get
q(t) = q(O)exp[- Wt], wherew= Uofoflo(O)/qot . The rotational relaxation of the solute can
be characterized by the correlation functi@q(t) = <q(t)q(0)> where< > denotes an average

over initial angular orientations of the solute dipole in the laboratory frame. Insertion of the
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solution of q(t) here, gives:C, (t):<q(0)2>e'Wt. Now, comparing the relaxation of this

correlation function with the fluorescence depolarization, we identify the rotation time of the

solute ast =4/ W= Gy, /Uo7 7 15(0).

We now definerlo(O): I'1o Which is calculated by minimizindf[r(q')] in Eq.2.19

with respect tor(q'). The minimization conditiond E[r(q')]/d ,(q'):O yields within the
framework of classical density functional thedty{DFT):

@ = g Merl(R9) exp[ﬁj(cosq' lg.qXr(g)- ro}] (2.31)

Note that we are working at a temperature few percent (1~3%) above the critical point of the
solvent, where the fluctuations of solvent orientation is much less pronounceithdsarat

the critical point. In addition, the presence of moderate sshiteent dipolar interaction
(uo~kgT) further reduces the orientation fluctuations. In this limit of small solvent orientation

fluctuations, implyindr(q‘)- ro]/r0 < 4, we expandhe second exponential in the right

hand side of ER.31and retain only the linear term to obtain

1) - o) |+ iosg el N @) - o] 232

Using the mean field expression&{g',g")° - tvg',q"") again in Eq2.32we arrive at

@) =gt pieosy Mg aNrle)- )] @39

We now multiply both sides in E&33 by cosq', integrate and use E@sl8 and 2.19
yielding

- WVyp(RG) + fOb (0/7';
3

710 = ffl(cosg’)cosge fil(cosg')cos? ge ") (2.34)

Rearranging EqR.34 we get

Vg (R

ffl(cosg')cosge

l10=
1- r(’; mﬁj(cosq‘)cosz ge eolRA)

S

(2.35)
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Eq. 2.14 is then inserted in EQ.35. After this, linearization with respect g, subsequent
integrations and use of EQ.21 lead to the final expression of the required orientation

distribution

_ 2bu,/3
M= 2b Ao (2.36)
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Chapter 3 Dipolar solute rotation in liquid media: effect of
electrostatic solute -solvent interaction

3.1 Introduction

The SED modé&#*in Eq. 1.1 can be recast as

hyd

f, =_—tot_ 3.1
R ek,T !

where the hydrodynamic rotational frictish **° Gl = 64V, . Even though the conventional

SED model has received enmus success in describing solute rotation in common polar
solvent§, ionic liquid$®, electrolyte solutiord and for biologically relevant moieti#s it
completely breaks down while explaining the froonotonic density dependence bf
observed in supercritical fluids. Our generalizatioof the SED model, described in the
previous chapter, incorporating the solvent structural effects in the friction experienced by the
rotating solute rather satisfactorily describes then-monotonic densitydependence.
Following this approadh, the generalized expression of the hydrodynamic friction becomes:
(ks ) =6h(ks V, involving the wave vector dependent viscoifg(ks ) which contains
the molecular information of the solvent via the static structure fagftar)**%. The success
of the generalized SED model naturally raises the following question: Why does the simple
and purely hydrodynamic SED modebrks so well for complex media 0Bt’d(ks) takes into
account the solverdolvent interactions irS(ks), while the solutesolvent interactions enter
only throughV,, the excluded volume of the solvent due to the presence of the solute. Since
the friction arises due to the soltgelvent coupling at the molecular level, togal rotational
friction G,; should contain the effects frobwth the shortanged and longangedsolute

solvent interactions.

The solutesolvent longranged electrostatic interactions become operational when the
solute and the solvent are charged or having permanent electrical moment. Nee and
Zwanzid® explored, within a continuum model description, the connection between the
rotational friction and the dielectric response of a liquid. When a polar solute rotates in a
polar medium, there is a redistribution of the polarizafield generated by the solute in its
surrounding solvent. This redistribution is not instantaneous, rather takes time, thus imparting
a friction on the solute against the motio

29, 13e133

theoretical approach®s addressing DF included the solvent effects through

continwm dielectric constant and dielectric relaxation time. The solute in all these theories
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134136 consider an extended

has been a point dipole in a spherical cavity. Recent WdrfRs
charge distribution model (ECDM) of a soluteolecule where the constituent atoms with
individual partial charges are distributed in an asymmetric ellipsoidal cavity. In spite of
realistic elements, the ECDM received limited applications for two principal reasons: the
high sensitivity on the cavityadius®* and the somewhat arbitrary truncation of the number
of terms used in the expression of 'BF*** Both these factors are highly system specific,
varying for different solutsolvent combinations. Moreorehe solvent is still considered as

a dielectric continuum without any microscopic details.

Although the concept of DF has been a key to understanttansport®**? and
other norequilibrium phenomena in polar media in gerféréts role in solute rotation is still
a matter of considerable debfatgt) measurements of C153 in various polar liquids $how
that 7 increases lineayl with the solvation timef, and consequently, viscosity of the
solvent. SED model is found to warkjuite well in most of these cases; in a polar
medium is observed to be slightly larger than that in apwar medium of similar viscosity.
It is tempting to interpret the additional slowing dowr¥ gfin terms of extra DF operating in
the system. The conventional van der Zwan and Hynes (VZH) tHéonged widely to
estimate the dielectric contributions towards the rotational friction, shows that DF depends
linearly onts. Calculations for C153 in the aprosiolvents using this model yiéldielectric
contributions around 100% of the total friction. Similar estimation for the monohydroxy
alcohols indicates even larger contributions of DF due to latder the alcohols compared
to those for the aprimt solvents of similar polarity. However, the enhancement of
experimentalZ; is not as large as predicted by the existing DF theBrié¥ Such
discrepancy calls for a proper microscopic theory of DF on solute rotation.

The observations on dipolar solute rotation in ionic media, namely, ionic liquids (IL)
and the electrolyte solutions (ES) possessing interactions lemgrrangedthan dipolar
interactions, render the situation even more interesting. ILs are highly viscous and often has
ions containing large alkyl chail{§ and permanent dipole momé&Ht The dipolar solute
rotaion in ILs is then expected to be controlled by coupling between the medium viscosity
and solutdL dipole-dipole and dipolaon interactionsr(t)-measurements using fluorescent
probes report , ~ a few n§* *****8 one or two order of magnitude larger thhattin regular
liquid solvent&. The electrical interactions in an ES are very similar as in dipolar ILs. They
are more viscous compared to the neat liquid compbh&@unsequently, much slower solute
rotation (¢ x~ hundreds ops) is observed in an E&than in regular liquids.
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Systeméc investigations on dipolar probe C153 skdthat in the dipolar ILs thet -
is well explained by the SED model. In case of ES, the concentration depépdeaities, as
observe® using coumarin 334 (C334, another dipolar solute) in solutions of 4iNO
dimethyl sulphoxide (DMSO), are aatly reproduced by Ed.1 with solution viscosities as
inputs. These observations seem to suggest insignificant DF even in these ionic media. Given
the validity of tre SED description for solute rotation in common dipolar solvents, the
guestion then naturally arises: Is there a common mechanism that decouples the solute
rotation from the friction due to electrostatic solotedium interactions?

Recent computer simulans™ ***reveal that the enhancement@,, on asolute in a

di pol ar medium can be attributed to a stat
structure in the first solvation shell via soks@lvent electrostatic interactions. Keeping this
in mind, in the present chapter, we develop arétézal formalismi® to estimate the DF in a
polar medium due to increased solvent ordering around the solute \waghrangedsolute
sdvent interactions. The hydrodynamic friction has been taken into accoum(kjsa)
introduced in the previous chapter. We derive an expressioh.faf a dipolar solute in a
dipolar solvent, where the relevant paragnget have been obtained from microscopic
considerations. Both the solute and the solvent are treated as point dipoles embedded in the
centreof hard spheres to keep the calculation analytically tractable. Our main finding is that
the DF have marginal effects on solute rotation, allowing an overwhelming dominance of

" in ¢ . In this way, we provide a metular level explanation for the validity of the well
known SED description for solute rotation in common dipolar solvéles.generalizeéhe
molecular theoryo ILs and ES, with an emphasis on a possible common mechanism for the
decoupling between solutetation and DF. Our calculaticfishow that viscosity and; are
dominated by the packing drivereak of the experimentaS(ks). This motivates us to
consider only the packing driven peaks kas) for different media, obtained from
analytical liquid state theori€S. Our results agree well with the experimental data. Here we
again find negligible DF contributions to solute rotation.

This interesting similarity of DF for solute rotation in all the liquid media of varying
interaction could be attributed to the sh@mge repulsive interaction that governs the solvent
packing around the solute at liquid density. This leads us to constrquantity which
reflects the insensitivity of solute rotation to the details of sedateent interaction. This
factor, we term, the quasniversality factor and is defined ds=¢.r,D/V, where 1, and
D are respectively the molecular radius and the translationadiffeiéion coefficient of the
solvent. Note heref , and D are experimentally accessible quantities, wiilandV, can

be obtained from molecular modelling. is further connected to the microscopic solvent
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structure and thereby constitute a maanoro relation. We find that remains very similar

for a wide variation of soluteolvent interactions which confirms the quasiversality. The

reason behind this universality can be traced to the fact that solute rotation is governed by the
local friction which in turn is dominated/tihe packingdriven interactions.

The rest of chapter is organized as follows: Section 3.2 includes the calculations of

"4, the DF and finally? . for a dipolar solute in common dipolar solvents. The calculations

ot !
areextended in section 3.3 for the ionic media. Section 3.4 describes thaigivassality of
solute rotation in various liquid media. We conclude in section 3.5 and then present the

appendices containing the details of various calculations.

3.2 Common dipolar liquids

In this section we formulate our theory for common dipolar liquids. First, the

hyd
ot

calculations o and hydrodynamic contributions tg, are described. Next we show how

the DF can be included in the theory to calculgig. Finally thet ; are estimated with both
hydrodynamic and electrostatic contributions. The obtained theorétjcate compared with
the experimental data on C153 in common dipolar solvents.

3.2.1 Molecular hydrodynamic friction and hydrodynamic rotation times

Let us first calculate the rotation time for a dipolar solute in a dipolar liquid from the
molecular hydrodynamitriction T}t’d(ks). We consider the case of C153 in acetonitrile at
ambient condition as a representative example. From Eq. 2.7, the wave vector dependent
viscosity for a liquid solveAt in the limit of slip boundary conditidft, appropriate for
normal liquids, is: A(ks)=kgT/4,DSks). Here, we model acetonitrile as a fluid
consisting of hard spheres of diameter with central point dipole, of dipole moment
m=35D"%, S(ks) could be obtained experimentally vieeutron or xray scattering
experiments, computer simulations or liquid state theBfiess shen in the previous
chapter. Our calculat@(ks) from liquid state theories, shown in Figlg4, reveals the only

peak (nearesteighbou) around the wave vectcks © 2o which according to molecular

hydrodynamics, represent the governing wave vector modes for shear wawigiid™**>*

Therefore, the average viscosity is givei®h/7 = ffi(ks ) dks / ffks , integrating over the
wave vectors spanning the neanesighbourpeak. Using the values ¢, and D for
2

acetonitril& 2 we find 77 =0.29cP at 300K, which is close to the experimental shear

viscosity, 0.34 cP.
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2.0 q
for acetonitrile
1.6 1 at 300K

S(ko)

Figure 3.1: Representative s tatic structure factor of a common dipolar liquid acetonitrile .

One can usér in place of/ in the SED expression to estimate the hydrodynamic
rotation time: # 3 =nv, /kBT. t?can also be estimated from the wave vector dependent

rate of rotational relaxation ks )=kgT/A(ks)V,, as in the previous chapter. The

pl
average rate abtational relaxation is defined by integrating over the wave vectors under the

ks & 2p peak of S(ks): Wy, = ﬁﬁ/(ks)dks/ﬁdks . The average rotation time can then be

identified as:¢ ¥ =1/, . UsingV, = 246A° for C153, we find ;' =17ps and 19 ps from

the above two descriptions respectively, which are faster by ~ 20% from that measured (22
ps) in experimenfs Since the two descriptions produce results differing so little, for

simplicity, onwards we use the first one.
3.2.2 Friction due to long -ranged solute -solvent interaction

Let us now include théong-rangedsolutesolvent interactionin the total rotational
friction. The torque acting on a rotating dipolar solute, as shown in chapter 2,

f(t):- pJ (q)/uq where g is the timedependent soluterientation with respect to the
laboratory framez-axis, U(q) being the solverbrientation averaged solus®lvent dipolar
interaction potential energy For simplicity, we consider firshe solvent molecules in the
first solvation shell. The interaction potentwip(RS,q,qi) between the dipolar solute and a
dipolar solvent molecule at separatid® =r, +R,, integrated over all possible solvent

orientationgiand weighted by the solvent orientational densri(y‘,t) in the first solvation

shell, provides

U(g)=Vap (R, 4.¢)r (g, t)d(cosq) (32)
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where R, is the solute radius. Noté&J (q) has got implicit time dependence via the time
dependent solvent dens'rt(q',t). Vdip(RS,q,qi), for the photeexcited solute dipole

become®
Vo (R, 4,9") = - u, cosgcosg', (3.3)

where u, = ngﬂ‘/Rs3 the solutesolvent interaction strength. The normalized projection of

r(q',t) for spherical harmonick=1and m=0 is given by

r1olt) = fd(cosg )Y, (cosgi) (g )/ o (34)

where r,=1/4p, the bulk orientational solvent density. Hereﬂo(t) approximately

determines the solvent response towards the phatibation of the solute dipole, which is

proportional to the solvent polarization. Using E32-2.18, one obtains
U (C/) =" Uorlo(t)ro cosg (3.5)

The microscopic expression for the timependent total torque, in the limit of small angular

displacements, then becomes

f(t) = U/ 10(t)r 0SNG © Ugri(t)rog - 3.6)
The DF dG,; due to longrangedsolutesolvent interaction is subsequently determined by the
memory functiof™ **M |(t), the autecorrelation function of the timdependent fluctuating
torque which is the orthogonal projecttéh*>®of the total torqué (t). M (t) is related to the
autocorrelation function of the total torqué(t) = (f (t)f (0))/1 >(#0)#0)), by the Mori

Zwanzig formalism* 153

1 _ 1,
M(s) 7(s)

3.7)

0l

where M(s) and 7 (s) denote the Laplace transforms bf(t) and 7(t) respectively, at a

complex frequencys. Here,| denotes the moment of inertia of the rotating body about the

axis of rotation. Using the equipartition theorem weaobt

ft)= M, 3.8]

kT

which, after using EB.6, takes the following form
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£(1)= 78 (,0(0)r10(0)alt)a(0) 39)

Note thatf(t) has coupling between the fast mod@o(t), describing the orientational
relaxation of the solvent and slow mogé), describing the rotational motion of the solute.
For rotation of a massive and large polar solute ih patar solvents, the relaxation time
scales ofrlo(t) and q(t) are widely separated. Hence, under decoupling approxim#tion
one can write

2,2

f(t) ° L:;i;_? <f10(t)f10(0)><L7(t)C/(0)> , 3.0

Now, the lag in solvent response towards solute rotation can be linked to the solvent
reorganization time via the following approximate relatiq;@é(t) = rlO(O)e't/fS. Considering

the equation of motion fagwe find (Appendix A):

ft)=Be " (3.11)
2,2 2 o ~
where B :M and/ :% Ororlo(o) +l§
IkBT cC c';‘ot [s=
Insertion of the Laplace transform of By11: 7 (s)=B/(s- /), in Eq.3.7 leads to
~ Bs
M(s)=r—F 5" 3.1
S )~ 2

which can further be expressed as

M(s)= A 0 (3.13)

s, and s. being the roots of the equatios? - /s+B =0, given bys. = (/ ° /% 4By2.
Here s. gives a divergent exponential in- = limit, implying an unphysical situation.

Therefore, integrating around the polesat we have the inverse Laplace transform

M(t) = B e (3.14)
/?- 4B

Now, we calculatedG,, by the timeintegral of the memory functiov (t):
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315

In the limit of weak solutsolvent couplingi(e., /2 > B), insertion of the expressions 8f
and/ in Eq.3.15produces

-1
3(16)

Gy, = [ug7 0710(0)? g&loroflo(o) 1
° kT & Gy £ S

-O00O,

Eg.3.16 is a selfconsistent expression fag,, sinceG, = hyd +dG,, with solution given

by
[uoror10(O)” sy
2k T ot"s

Uy’ o7 10(0)?
Uofoflo(o)fs"' o - —[ : 20k;9l'( )] ls

Gy = 37)

Note Eq.3.17 connectsdG,, to the orientational static solvent structure around the solute,

I, and the average solvation timé,. The total friction now becomes

(Uof rlO(o))Zts 3

3.8
2kBT( YA 4 Ugr o7 10(0) )g 9

Gor =G4
é
Expansion of Eg3.18 in the weak solutsolvent coupling limit produces the following first

order term:

G dél. (Uof rlO(O))Z[S g (319)
6 2kgTIGY +uyroro(0) s )g

where r,,(0) = (2u, /3K, T)[1- 2177, /9, T]*, obtained in the Appendix B in the previous
chapter from a equilibrium DFT for the classical systemdeing the bulk solvent density.

Now, we recast E.19as
Gor =G 1+ 9] (320)

where J = (u, 747 ,(0)) 2. [2k T( 9+ Uy 7o 10 (O) )] ', the solutesolvent dipolar coupling

factor. Note that,J is essentially the ratioaqot/ t‘%d diminishing with increasing

hydrodynamic friction.
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Next, we extend our calculations to take into account the effects of sofedstules

beyond the first solvation shell around the solute. fille the expression of the coupling

factor  @ppendix B: J=(3r, | /80 TG +U, (0.1 where lo=

(20) ® kN ) [r10(k.0) and U ot) = - /3740 (20)* iVan (k) rsolk, ok . Here Vir(k)
and rlo(k,t) denotes the Fourier components of the sedolgent dipolar interaction

potential and the normalized solvent density distribution around the solute, respectively. We

calculaterlo(k,O) by using the DFT treatment (Appendix C).

In Figure 3.2a, we illustrate the behaviours 82°(k) and r4(k,0). These two

quantities govern the interaction terllﬂ%(O) and | ; to decide the values af . We consider
the case of C153 in acetonitrile, usinige excited state dipole moment of C153 td*be
m =14 D and van deWaals radiu§”R, = 3.9 A. Figure3.2a shows the plot oy\/;go(k)‘z

at different wave vectordt decays from maximum neds © Omode.We show in Figure
3.2b, the profile ofrlo(k) for the same system exhibiting a simits@haviourto ’Vci;o(k)‘z
From the nature of these two at different wasetors, it is quite clear that the dominant
electrical contributions towards the friction come from the loayelengthi.e. ks © Omode.

This actually reflects the loagnged nature of the soluselvent interaction.
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Figure 3.2: Angular components of solute -solvent interaction potential (a) ééo(ks)( and
solvent density around the solute (b) rlo(ks). Both are shown for C153 in acetonitrile, at

different wave vectors .

The details of estimated DF for C153 in various polar liquids, both aprotic and the

alcohols are presented in FiguB@8. Here the solvent parameters we use in our calculations

152, 1551 25, 160162 12
IDS, 5559’”;}5, 6016 5

are: the solven . static dielectric constan&'®, ro® and 2. For these
calculations, we replac O‘{d in Eq.3.20 by that averaged over the wave vector window

around the neareskighbourmodes. Figure.3a showsdG,, as a function off while the
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hydrodynamic par o{'d Is shown in Figur&.3b. Note the difference in scales of the vertical
axes in these two panels. We find that for most of the aprotic solvents DF is nearly zero
barring the cases of DMSO and propylene carbonate (@) &f which have dipole
moments larger than 4 D. The alcohols also exhibit comparatively larger DF. In Bigcrre

2-‘{0' = J which turn out to be too small in all the cases to generate

we show the ratiadG,, /
any considerable dielectric contributiohaccounts for at most ~2% of thetotal friction,
even for solvents like the alcohols supporting observations of Horng®.ei atloser
inspection reveals tha 0‘{" is always very large compared to the produigt in the

numerator ofJ , rendering it small.
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Figure 3.3: Friction data for common dipolar liquids.
hyd
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The solvation times have been taken from H orng et alé.
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Figure 3.4: Experimental 8 (circles) and calculated (triangles)

tr of C153 in aprotic polar

solvents and alcohols, as a function of experimental 8 £s. Colour codes same asFigure 3.3.

The best linear fit through the experimental points

3.2.3 Rotation times including DF

are shown by the dotted straight line

Let us now discuss the rotation times. We can rewrit8E2q.as
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te =tY1+7]. 3.2()

Figure 3.4 shows the experimenta(circles) and calculated (triangleg), of C153 in the

polar liquids depicted in Figui@3, as a function of experiments} . From the data in Figure

3.4, it is clear that the calculatetl; agree reasonably well with the experimental values.
Further, Figureé.4 indicates a linear dependefteé® betweent ; and ¢, shown by the best

fit line through the experimental data. Such behaviour can be rationalized by noting that in
general we haveGY® > J ,(O),, true for all the liquids we study here. Under these
circumstances, E®.21 can be approximated as

3rl
fo=tWiy DR 4 3.22)
TN agplkeT)

showing a linear dependence betwegn and f,. Typically in dipolar solventstis
proportional to solvent viscosity. So the linear dependence in B2 implies thatf is
also proportional td? which is observed in experiments. In most of the dipolar solvents, the
pre-factor of the term containing, is too small to contribute significantly th;. However,

if the prefactor is large due to large soltgelvent coupling this additional dependence could

be observed.

3.2.4 Comparison with earlier theories
Our estimated values of DF are smaller in magnitude than those obtained from the
VZH theory. The differences between the VZH and our results are more signféicahe

alcohol solvents. Interestingly, a common point of both the frameworks lies in the inclusion
of the solutesolvent interaction and, to determine the DF. In the VZH approach, the
solutesolvent interaction is incorporated inrries of experimentally observed fluorescence
stokes shift®. It has been experimentally observed that C153 exhibits |&rgém alcohol
solvents compared to the same in aprotic solvents of equivalent polarity, probably due to
solutesolvent specific interactions and/or sait«solvent interactions. It is to be mentioned
here that computer simulation studféhave indicated presence of such interactions, even

though effects of these interactions have not been reflected strongly in the solvatochromic
shift'?® of C153 in protic polar solvents. Therefore, the VZH description, based directly on

the Stokes shift values artd, predicts larger friction for alcohols than aprotic solvents. In

the present theory, the soltgelvent interactions are considered using a microscopic model



Chapter 3 48

of the interactions where in principle the Stokes shift values can also be used. It is indeed true

that in common to the VZH approach the DF in the present theory is related tqQ.the
However, the difference here is that the dependendg, is nonlinear and enters through a

self-consistent manner (E§.17). This nonlinear dependence an reduces the magnitude of
DF significantly compared to that predicted by the VZH approach. Even in the linearized

version (Eq3.22), the prefactor of f ; for these solutsolvent systemis rather small.
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Figure 3.5: Solute-solvent correlation for ionic solutes in dipolar solvent. ‘Céo(ks )‘ as a

function of kS, for ionic solutes in acetonitrile. The solute here is modelled as a hard
sphere with a unit positive charge embedded at the centre. We show the data for three

values of the solute radius with insignificant dependence for solutes larger than solvents

Similar selfconsistent treatment of DF, as in our calculation, done in the context of
ion-transport in a polar medium to obtain the'®E*? shows substantial contribution of the
long-ranged forces. The solus®lventlong-rangedinteraction in those cases is of idipole
type, much stronger compared to the dipdif@le interaction. Figure3.5 shows the

longitudinal component of wave vector dependent direct correlation fulfétith c (ks )

plotted for an ionic solute placed in acetonitrile. For a univalent cationic solute of size
2 2
comparable to C153, the value bﬁ,o(ks)( is about 1000 times larger thafv@go(ks)‘

(Figure3.2a) atks ° 0. Since the principal electrical contribution to friction arises from the

ks © Omode, clearly the DF would be important for ion translation but nstgguficant for

solute rotation in a dipolar solvent.

3.3 Generalization for ionic media

Here we generalize the theory developed in the previous section for the ionic solvents,

namely the IL and the ES to compute the DF. We follow similar steps as in sg@tidrirst

we consider the hydrodynamic contributions frdm(rks) and then extend the equations 3.2.2
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for IL and ES. Finally, the rotation times are calculated and compared with the experimental

data.

3.3.1 Wave vector dependent viscosity and molecular hydrodynamic  fr

We present our analyses based/fks )for ILs and ES in this section.

(a) lonic liquids

To calculateh(ks) for the ILs we need the structure factors. The total structure factor

Sei(ks) of an IL is obtained combining the partial structure factbrss, (ks):

Sei(ks) =4 /xx; S, (ks )wherex; is the mole fraction of thih ion (, j = 1 (cation) and 2
¥

(anion)). The experimentaﬁot(ks) of different ILs, measured via small angleray
scattering experimert§ *% are different from theS(ks) of normal liquid$™ due to pre

peaks at lower wave vectorO<ks <2p) apart from the packing driveks © 2o peak.
These prepeaks have also been observed in several simulation stddi2¢and are believed
to be manifestations of loaginge chargerdering in IL$"% The prepeak intensities vary
with alkyl chainlength as shown by giies on ILs with[Im:'] and [Pr,;'] cations (see
Tables for namé&® 1. Forn<8 typically one prepeak is present, whereas anothergeak
appears only fon2 8 and becomes stronger even than the othepgak forn=10.

We calculateh(ks) for three pyrollidinium ILs & = 4, 6 and 10) using the
experimentdf® S (ks), for which the experimental viscosities ard, are knowA’.
Considering the similarities of the experimentally observed ionic partial structure ¥&ttors
radii®® and selfdiffusivities'** 1’4 we define an average molecular radiys (r, +r,)/2 and
average selfliffusion coefficient D = (D, +D,)/2 for each IL, 1, and D, denoting the
radius and selfliffusion coefficient of ith ion. Therefore, for an IL
h(ks)=k,T /405, DS,,(ks). The viscosity contribution from the th peak inS,,(ks) is
calculated &, 77, = fh(ks)dks /fdk s integrating fromks =k to ks =k, covering
the entire peak. For instance, in cas§Ruf; |[Tf2N], we setk® =5.1 and kY’ = 7.4 for the

pre-peak, whilek® =7.4 andk{’ =110 for the ks © 2p peak.
The overall average viscosity is obtained7as ac,/7, where c, =h,/ah,, the

combiningweight factors and, , theheight of theath peak.Table3.1 shows that7 for the
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above three ILs agree reasonably well with their experimental viscosities=#@nd 6, we
find that theks © 2p peak contributiongre dominating (>85% of th# ), while it is the

major contributor(~50%) for n=10. These clearly showthe dominance of the nearest
neighbourmpeak over the prpeaks which is not surprising, for the viscosity is determined by

the momentum transfer between the adjacent layers. The molecular hydrodynamic friction,
rg,{d(ks):&/ph(ks), defines the wave vector dependent rate of rotational relaXation
mks)=KkgT/h(ks)V,. The corresponding average rate is defined ** as

w,, = fimks)dks /fidk s . The molecular hydrodynamic rotation time is then given by

tR =1Yw,, ° AV, /k;T. The calculatedt ** of C153 in these three ILs (TabBil) agree

well with the experimental d&th

The dominance of theks © 20 peak contributions inf calculated from the
experimental Sot(ks) indicates that the viscosity can be extracted from a model of the

ks © 2p peak in Stot(ks). To this end, we theoretically calculate tﬁgt(ks), using the

known Percusrevik form'* for shortranged repulsive interactions and treating the dong

|25, 26

ranged electrostatic interactions at the mield leve (Appendix C) that is known to

capture theks © 2p peak'! reasonably well. We consider the ILs to be composed of hard
spheres with unit point charges at centres, a dipolar ion having an additional central point

dipole. Further, we assume only dipolar cations and choose ILs havsenific interaction
with C153. Table3.1 shows that the7? and ¢t values for the three pyrrolidinium ILs
discussed above, calculatednfraghe ks © 2p peak of the theoreticaﬂim(ks) (numbers in
parenthesis), agree well with the experimental data.

Next we consider the ILs for which no experimeﬁg(ks) are available, focusing
only on theks © 2p peak. In Figure.6a, we illustrate the theoretic&, (ks ) and S, (ks)
for [Im41'][PFs ]. The calculateds values of these dipolar ILs (Tae) from theks © 2p

peak of Sot(ks) agree quite well with the experimertals which justify our model

calculations. The‘gydvalues (Table3.2) too are quite close to the respective experimégtal
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Table 3.1: Viscosities and l‘gydof C153 in three N-methyl( N-alkyl)pyrrolidinium ([Pr  ni*])

ILs with anion bis(trifluoromethylsulfonyl)imide ([Tf 2N']) at 298 K, whose experimental

structure factor sare known .

Name of ILs 7 (cP) 77, (cP) h(cP) Dh (%% [gyd te Dtr (%%, J
(cale)  fromkso  (expt) (ns) (ns)
2p peak (calc.)  (expt)
[Pras*][TfoN] 50 43(64)c 70 29(9)  3.0(38) 3.4 12(12)  0.0002
[Pre*][Tf2N] 57 49(66) 93 39(29) 3.4(3.9) 5.7 40(32)  0.0031
[Prios][Tf2N']e 155 78(111) 145  7(23)  9.2(6.6) 9.0 2(27) -
e - ﬁ\g -]
DR =100 Dig =t 2100

R

¢ The results in the parenthesis are from the theoretically calculated structure factors. In
addition, we use the dipole moment&4, static dielectric constantd’, ionic radii2® and self
diffusivities 174. 176 of the ILs for calculations.

d In this case, the dipole moment of the cation is too high (~ 1®)44 for the meantfield
approximation to be valid.

Table 3.2: Viscosities and rgy" of C153 in other ILs at 298 K.

Name of ILs /7 (cP) h(cP) Dh (¢ l‘gyd(ns) tL(ns) Dir ( %) J
(calc.) (expt) (calc.) (expt.)

[Ima[Tf2N] 33 41 20 2.0 2.6 23 0.0010
[Pract][TFN] 42 53 21 2.5 2.6 4 0.0002
[IM41*][BF4’] 52 75 31 3.1 4.3 28 0.0068
[Npsu*][TF2N] 71 105 32 4.2 4.4 5 0.0002
[Nipar2J[Tf2N']T 99 130 24 5.9 7.9 25 0.0002
[Nips1J[Tf2N'] 129 139 7 7.7 7.8 1 0.0021
[Ima*[PFs] 149 187 20 8.9 12.0 26 0.0024

a  The cation [Imys] is 1-Butyl-3-methylimidazolium and [Nipn11] is
(dimethyl)(isopropyl)(alkylammonium); the anion [BF 4] is tetrafluoroborate and ([PF’] is
hexafluorophosphate.
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Figure 3.6: The theoretical static structure factors . For (a) IL [Im 41"][PFs’] and (b) 0.5 M
LiNO; in DMSO at 298 K. In both cases we show the total as well as partial structure
factors. In panel a, the range over which we carry out the integrations on total structure
factor for calculation of viscosities is marked by the quantities k | and kg. In panel b, such
integration ranges are marked, for the ionic components by k , and for the dipolar
component by k. and kgr. In case of the electrolyte solutions the calculations are done
using the ionic radii 116 r1, r; and molecular radius 8 rs, dipole moment 125 m and static

dielectric constant 125 @ of DMSQ

(b) Electrolyte Solutions

Here we focus on the LINEDMSO solution since a systematic experimental
investigation on rotation of a neutral dipolar solute C334 in thissESailablé®. Moreover,
C334 does not show any soledelvent specific interaction in this ES. However, no
experimental or simulated structure factor of this ES system is known. Therefore, we model
this ES as a ternary mixtdfé of oppositely cheyedhard sphere representing the ions and
dipolar hard sphere representing the dipolar solvent to calculate$lp6<s) (Appendix D).
Here also thelongranged interactions are treated at the mdiatd level. The ionic
components (Figur8.6b) have only one significant mode arouks © O with no structure
neaks © 2p. This compressibility mode can be attributed to weak screening at low
concentrationso ~ 0.1-1 M here) leading to a small inverse Debye screening I&Hgth
kS ~1. The dipolar component in FiguBb is similar to theS(ks) for normal liquids.

The crosdgerms nearly vanish (FiguB6b) rendering only the self terms significant.

The partial viscosity /i, due to the ith component is defined as
71, = ih, (KG)okG / 5 kG where A, (kG)= k,T/4" DS, (ki). We fix al ks © 0 mode for

the ionic componentsiE1,2) and al ks © 20 mode for the dipolar solventi € 3).
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Integrating over the different ranges depicted in Figeb (ks =0 to ks =k, fori=1,2

and fromks =k _to ks =k for i =3), the average viscosity of theSE/7 =& x/1, where

X is the mole fraction of the th species. The calculateti (Figure 3.7a) at several

hyd

concentrations agree quite well with the experimental V|scd§|t'ébet of a solute in an

ES can be obtained &z " =4 x /w,,; where w,, =g, (ks )dks /¢ dkd, definal for the

avii avi

ith species in solution. The agreement of the calculatfvalues of C334 to the
experimentdf t » (Figure3.7b) is also quite wie Both /7 and deviate from the experimental

data at large values which can be attributed to formation of of-mirs, tripleions eté’,

modifying the average solvent structure.
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Figure 3.7: Viscosities and rotation times in ES. Comparison of (a) experimental and

hyd

calculated A of solutions of LINO 3 in DMSO and (b) experimental £ and calculated {3 of

C334 (V, =252 A3)13 in the solutions of LINO 3 in DMSO, both at 298 K. For these
calculations we calculate the concentration dependent ionic self -diffusivities D, using

Onsager equation 172 with ionic conductivities at infinite dilution 180 gs inputs.

3.3.2 Electrostatic contrib ution to frin ionic media

According to section 3.2.2, the DFXg,,) acting on a rotating dipolar solute can be

expressed &%

3rplgty
S RICHETRC

)
0Gy = Gy - G = JGo" = '2,¥“ g (3.23)

The solutesolvent interaction has been treated here at the 4fidenlevel replacing the
solutesolvent correlation simpliy the interaction potentidf. Equation3.23 clearly reveals

the nonlinear coupling between DF a}’. In addition, dG,, possesses complex

dependence dn, showing an implicit connection to solvent dielectric response. This is
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important because nowhere in this theory we explicitly configgcivith solvent polarization

reIaxation.Uo(O) incorporates all the important meditinteractions inadG,,. The overall

rotation time is given by E@®.21in terms ofJ.

In order to use the above formalism (BR1, 3.23), developed above for a dipolar
liquid, in case of IL and ES, we calculdlbo(o) andl , for these media and determiheFor

dipolar solute rotation in an IL we find (see Appendix E),

U (1) = - V3/40(20) °|ro YAk )rio(k, t)ck + 7o (k) rio(k, t)dk

+2p A5k r 2°(k, t)ok | (3.24)

where r, =1/4p. Vslilo(k) denotes the Fourier component of the interaction potential
between the solute and th# ionic species;rilo(k,t), the normalized projection of the local

density of theith species around the solute for spherical harmohied and m=0; and
Vsldlo(k), the Fourier component of the dipalgole part of the solutl interaction potential.
Similarly, for an ES (Appendix F)

Us(t)=-3/4p(2p)° e2/0a Fvaln (k. thak + 1, ”O(k)né"(k,t)dk’é (325

i=1,2
where the local ionic densities are denotechby=1 for cation and 2 for anion) and density
of the dipolar solvent bys. Here V:'(k) and V:!9k) correspond to solutien and solute

dipolar solvent interactions respectively.
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Figure 3.8: The wave vector dependent solvent density profiles around the solute . (a) IL
[Im 4 *][PF¢ ] and (b) 1M LiNO3 in DMSO at 298K.

We calculate the equilibrium solvent local densities using the classical DFT
(Appendix Q. Figure3d.8 illustratesrepresentative density profiles in IL and ES. The panel a
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shows thebehaviourof the dipolar cation densityllo(k,o) for [Im41'][PFs] around C153
(solute radiug, = 3.9A andexcited state dipole momemt =14 D)'*°. In panel b we show

the cationic density profilenllo(k,O) for 1M LiNO3 in DMSO around C334R; = 4.1A and
m =13 D) 141

We show the ratiaJ=aG,,/G2° for C153 in dipolafLs in Tables3.1 and 3.2,

ot

calculated using experimerﬁ%lllzsl‘s, mg and R. J does not exceed 1%, suggesting complete
domination of G*. Due to unavailability of experimental for C334 in LING-DMSO, we

use thet _(2.1 ns) observédfor C334 in 1M NaCl@-DMSO solution with similar viscosity

(4.7 cP¥! to that of 1M LINQ-DMSO (4.35 cP}¥. Here we find a very similat ~ 1% as in
the ILs. The calculated;s of C153 in ILs (Figure.9) are within 1% of the corresponding

2. Both the calculated arekperimentalf ; depend linearly orf ¢ indicating a viscosity

scaling of these average inverse rates, as observed for common dipolar Solvenése of

ES, for C334 in 1M LINGDMSO we calculatef;=328 ps, ~1% larger than the

hyd

corresponding ;" =325 ps.
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Figure 3.9: Rotation time data in ILs. The experimental (circles) ¢ with error bars and
calculated (triangles) ¢, of C153 in nine ionic liquids as functions of 7. The dotted line

represents the best linear fit through the experimental data

In dipolar liquids also we observe very smal{~1%) for dipolar solute rotatigh
Here we find in IL and ES, evdongrangedsolutesolvent electrostatic interactions fail to

generate appreciable DF. The reason can be demonstrated from Eq. 30. The criterion for
significantJ is: U - (O), > 6. Although in ILs we get ~2200times largerU " (0) than

its analogueJ 0(O) in dipolar liquid$® and much highet, than that in dipolar solvents, the
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product U " (O)¢ . (Figure 3.10a) is never comparable t§ (Figure 3.10b) which is also

very large (~1000 times of that in dipolar liquids) due to high medium viscosity. This
analysis also provides a microscopic explanation for the experimental observation that

dipolar solute rotation in ILs follow essentially the same dependence on the temperature
reduced viscosity /T ) as in the common dipolar solvefitsFor an ES at low electrolyte
concentration, the ieordering around the solute is smaller than that in an IL (Fi§8e
because of ion solvation by the dipolar medium. Consequemﬁ(o) is quite small so that

even subsequent multiplication by a laryefails to make the patuct dominate oveGY".

Consequently, th&3,, for a dipolar solute in an ES appears to be similar to that in a neat

dipolar medium but viscositgcaled.
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Figure 3.10: Components of friction in ILs. (a) The product U " (0)./k.T and (b)
G /k,T for C153 in nine ILs (marked in the figure by ~colours).

3.4 Quasi-universality of solute rotation in liquid solvents

The present calculations clearly showtttiee solutesolvent excluded volume and the

hydrodynamic viscosity are enough to understand the rotation of a spherical solute as the

long-rangedinteractions get decoupled. This decoupling leads us to write,r > =1/,
where 7, = ks )oks /Adk s . Using mks)=keT/h(ks )V, and

h(ks)=k,T/4mr,DSks ) one can write
| =tr, DIV, =145, =g (3.26)

where S,, = iS(ks Jks /fidks . This integral will be dominated by the peak 8{ks).

Equation 36 relates experimental quantities to the microscopic solvent structure and thus
constitutes a macrmicro relationship. Note, a similar relation as B@6 can be derived

from the SED expressiont, =/V,/k,T and Stoke€instein relatiof™ for seltdiffusion
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of a tagged solvent particl® = kT /4o /1 that / =t .r,D/V, =1/4p which follows from

Eqg.3.26with S,, =1, valid for extremely low density solvent condition.

First we calculatgy from the solvent structure factofsor ILs we calculates,, from
the weighted average (as in case/of of different peak contributions in the experimental
S..(ks). We find for the three pyrrolidinium ILg~ 0 . 0 &nd 00060 164, 6, 10
respectively, while from the theoreti(fﬁ(lt(ks)of the ILs, we @t g~ O .TBereforeg

appears to be similar for different ILs. Nearly the same valug(ef0.06) is obtained from
theoretical® S(ks) for liquid solvents of diverse interactions like hydrocarbons {non
dipolar), aprotic dipolar liquids and alcohols (protic dipoldn).fact g~ 0.06 even for a

purely hard sphere system indicating thas primarily determined by the palsive part of

the total interaction and is rather insensitive toltimgrrangednteractions.

We need to estimaté from experimental data to check its equality wghWe

consider neaspherical solutes with known, in above liquidsolvents and ILs. In Figure

3.11a, we show/ values for C153 as a function of, in different solvents. We usg and

Dto estimate/ for ILs, while ro, estimated from the van der Waals volufhesd
experimentdP? *> D are used for common liquidalthough the range of observed, in
common liquids is faly large (~ 16150 ps§, that of/ is quite narrow: 0.08.12. In ILs,
though the7, are much largétf /-range is fairly narrow (0.06.10). This remarkable

similarity and small spread df values for a sinlg solute C153 in solvents of such diverse

interactions clearly suggest a quansiversal character of C158tation in liquid media.

It is interesting to check if thisuastuniversalityof / holds even for nowlipolar
solutes. This is important becaugis expected to be insensitive to the microscopic details of
solutesolvent interactions. In Figurd11a, we show/ for two nondipolar solutes PT#
with / ~0.07-0.14 inliquids andDMDPP“**with / ~0.07-0.08 in three ILs. Thus, the quasi
universal nature holds here as well. Some hightyrspherical solutes exhibit different
regimes of this quasiniversality: /~0.090.20 for pyrenes and anthracenes in common
liquids' and /~0.020.05 for perylen¥® and aminoquinolifé’ in different ILs. These
variations may be partly attributed to the shape anisotropy and could be incorporated via

suitable shapéactors.
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Due to the difference in partial structure factors of different components in an ES one

needs to further gemalize the calculations df and g Here (, is given by: U,= ax/w,

where w,,, =7, (ks)dks /fdké, for the ith component in the medium. Using

av,i

¥, (ki)= kg T/, (kaV, andh, (ki)= keT/4" D;S; (ki) we find
/i:tR/\/p:(]/4p)?)(i/riDiSav,ii =gi. 3.87)

which connects solute properties,(andV ) to the medium properties: structure factors and

seltdiffusion coefficients. Figur8.11b shows the/ i values for C334, DMDPP and DEP
in LINO3-DMSO soluions at different concentratiomsalong withgijcomputed for the ES at
eachc. As c increases from 0.1 to 1M, the obsertedof all three solut€d **increasesthe
same trend being present iri. Here again/ i atc < 1M agree quite well witpi, while the

agreement worsens at higher concentrations presumably for changes in average solvent

structure forthe ionpairs, tripleions eté¢’® appearing at such concentrations.

0.24 4 mm hydrocarbons 8~
| = polar aprotic éiﬁf —_ A (C334
== alcohols v O v DMDPP
0.18 - = ionic liquids DMDPP ; 61 m DPP .
. ® = o ES s
< 0.12 - A m 4] ¢ =
' 8 vaem —o|a B 5
A A i - ) o]
0.06 A a R A < o b
ML LAY B b, B R bAL B 0 T T T T T T T T
1 10 100 1000 10000 000 025 050 075 1.00
1 (PS) ¢ (M)

Figure 3.11: Data on for various solute -solvent combinations. (a) / vs. £ plot for five
solutes: C153, PTP (p-terphenyl) and DMDPP  (2,5-dimethyl -1,4-dioxo -3,6-
diphenylpyrrolo[3,4 -c]pyrrole) in various liquid solvents: hydrocarbons (black), polar

aprotic (red), alcohols (green) and ionic liquids (blue). (b) Plot of /1 for three solutes
C334, DMDPP and DPP (1,4dioxo -3,6-diphenylpyrrolo[3,4 -c]pyrrole) as a function of cin
solutions of LINO 3 in DMSO at 298K along with the values of g'for the solvent. Here /'and
g' defined by Eq. 3.27 are made dimensionless by multiplying both with ~ SD, where Dj is
the self-diffusion coefficient of the dipolar solvent and s, the average molecular diameter

of the components in ES.
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3.5 Conclusion

In conclusion, in this chapter, we have developed a microscopic theory that
systematically includes the effects of solatdvent dipoledipole interactions and solvent
structure on average rotation time ofpalar solute in a polar solvent. We find that the
rotational relaxation of a dipolar solute in a polar medium is governed by the hydrodynamics,
having little dependence on the lerapged solutasolvent interaction. We thus provide a
molecular basis for th SED model which has been obtained from purely hydrodynamic

consideration.

We generalize our theory for ionic liquids and electrolyte solutions to show that

decoupling of DF from solute rotation occurs even in ionic media via thelimear

dependence dDF on G2 and an overwhelming domination ‘. The fact that repulsive

part of the interaction largely determines the liquid structure makes solute rotation insensitive
to the meatfield effect generated via the soltgelvent long-ranged interactions. This
insensitivity leads to quasiniversality n solute rotation and thus provides a microscopic
explanation for the experimental observation that dipolar solute rotation in ILs and ES follow
the same correlation as established for common dipolar solvents. Note, the present theory
considers only the &ate-solvent combinations with no specific interaction (such as H
bonding). The effects of shape anisotropies of solute and solvent molecules or solution
inhomogeneity are also ignored. Despite these lacunae, the present analytical scheme

provides a resotion to the debate regarding the role of DF in solute rotation.

Finally, the approach described in this chapter can be extended to rotation of realistic
solutes in any solvent in general. One needs to this end, a proper description of the solvent

static $ructure factor and an appropriate solstdvent interaction model. Generally, the

solutesolvent interaction can be expressed as: VQr - R|, q, q‘) =

a V'"(r - R[}™(cosg)Y,"(cosgi). Inclusion of the higher harmonick, (> > 1) will take

I3,15,m

care of the contriktions from the finite charge distributions over the solute and the solvent
molecules systematically. Similar expressions can be written for the fluctuating solvent
density and the solvesblvent static correlations. This kind ofodelling would be very

similar to the extended charge distribution mdfetonsidered earlier. Note that the coupling
parameted depends on a competition betwe@?,{d and the product 0(O)I‘S. The modified
treatment will affect the solutsolvent interaction strengmo(O), resulting in very different

value of the DF. However, the calculation scheme will be numerically quite intensisiggoo
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analytical simplicity of the present one. The scenario could be simplified for an uncharged

multipolar solute in a nedipolar solvent having only higher multipole moments. The seolute

solvent interaction ternv'l'ZmQr - R|) in such cases willall off quite fast as a function of

|r - R|. In such cases, the rotational friction will be dominated by the packing of the solvent

around the solute.

Appendices

A. Equation of motion and orientational correlation function for solute rotation

The EOM for solute rotation can be written as

y=- @), 3.28
Gud=" ", +x(t) (3.28)

Wherex(t) denotes the fluctuating torque arising out of all possible sources including short
ranged and longanged forces and the terms Horear in g. Heré' “Yx(t))=0 and
<X(t)x(0)>:2G,0thTd(t). Considering the initial equilibrium distribution of the solvent
around the rotating solute, we can write E§8in Fourier space:

111G q(W) = Ug10(0)roq(n) + x(w) | 3.29

and subsequently

2k T N 360

(g(wlg(- w)) = G + (Uo7 07 10(0)/ Gt ]

which, upon inverse Fourier transformation, becomes

3.81)

e @
— expS Y70710(0), 2 (332

(@0)}gl0) &  G. 1
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B. Calculation of the solute-solvent dipolar coupling factor J including

contributions from beyond the first solvation shell

Here we calculate the coupling factor after considering the solvent molecules in the
immediateneighbourhoodand beyond.To this end, we write the average dipolar solute

solvent interactionreergy as
U(g)=Vap [ - RLg.@)r (r,qit)drd(cosg) (333)
whereVdinr - R|,q,q') is spacedependent form of dipolar interaction potential between the

photoexcited solute dipole and a solvent dipole, with a separ#ﬁoﬁq. r(r,qi,t) denotes
the time dependent solvent density distribution. Her@and R denote the position vectors
of the solvent molecule and the solute molecule, respectively. M@wr - R|,q,q') can be

written ag®

Viip Qr - R|,q,q'): - ﬁcosqcosq‘. (3.34)

One can expanvdipﬂr - R|,q,q') as a function of spherical harmorits

Voo - Rlg.q)= a Veg"(r - RIN"(cosg)¥"(cosg) (3:39)
where
VAE (1 - R)= ¥ (f - Rl g (cosg)¥(cosgrld(cosg)acosgr). 239

As it turns out,V;QOQr - R|) is the leading component (‘y@ipﬂr - R|,q,q') that couples with

rlo(r ,t). Therefore, we obtain for the interaction energy
U(g)=./3/4p cosqﬁx/;éOQr - R|)rlo(r t)dr (3.37)

using® Y. (cosg) =/3/4p cosg . Setting,|R| =0, implying the solute being located at the

origin,we canwrite E3.37i n Fouri er space u¥ing the Par:
U(g) =/3/4p(20) ° cosgivVap (k)10 (k, t)ok (339

Eqg.3.38 can be rewritten as

U(g)=-U,(t)cosq (3.39)
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where

u o(t) =-J3/4p (2/3)'3ﬁ/$$°(k)flo(k,t)dk , 3.40)

the solutesolvent interaction strength, weighted by the solvent distribution. Therefore, the

torgue on the rotating solutedmmes
ft)° Uolthatt) (341)

in small g limit. The autocorrelation function df(t), under thedecoupling approximation:

71)= i 200 M) (ol ol kO] 342

-t/t

Here, for the solvent density modes we ugg(k,t) = rlo(k ,O)e *. For the autecorrelation

of the angular variable, througimalysis of the equation of motigAppendix A) we get
e Uy(0).2

(@0 & U(0)
(al)a0) "€ "Gu (343

whereU ,(0) = - /3/40(20) > AVg’(k )r10(a.0)dk . Using this normalized profile in E§.42,

we arrive at

f(t)=Be " (3.44)

Finally, we

_ 3, 110( Y 2 —géJO_(O) i
where B= —4p|kT(2p) ok Vi (k )( |r10(k,0)°  and /_geqot t

calculate the memory function as described earlier, usin@.BE4and derive the longange

i 000

part of the rotational friction:

_ 3y, 10(1¢ é—f 18
d-:‘}ot _M(ZP) dip )( |/’10 k 0)| Ot Zg . 3(45)
This leads to théollowing expression of total friction
3rplets 2
“yd + b_R A0 3.46
G =G o 249

where I =(2p) ® ok Oﬁrlf’(k)‘z|r10(k,o)|2. Therefore, the modified dipolar coupling

parameter]) becomes:
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_ '3rbl rl s )
8okgT(GH +U o (0) )

(3.47)

C. Calculation of r1o(k) for a dipolar liquid around the dipolar solute

To evaluate r,5(k) we evaluate ri,(r) using equilibrium DFT as described in
Appendix B of the previous chaptéFhe density functional free energﬁ{f(r,q') is given

by:

I OlIDOZ

[ (. = i dcosq’)r rqsn%; g E

-~ fir drid(cosg)d(cos - rivg a7 Yr (r.)- r/a0lr(iq)- 1. /4p]

+ bjr d(cosg)r (r,g N, (r - R.g=0,¢) (3.48)

where, CQr -r i|,q',q") is the two particle direct correlation function (DCF) between solvent

molecules at positions and rihaving orientationgy' and ¢"'. Minimization of F[r(r,q")],

with respect to the constraint féd solvent molecules
rdrd(cosg)r (r, @) =N, (349

yields @ B/d r+/(a/d Jiard(cosg)r(r.g)=0, / being the Lagrangeods

differentiations give

In%r(r/qgg: ffirid (cosg' X:Qr r.q'.q' Xr(r.q?)- r,/40}
Violr - RL)- / (3.50)

d|p
For small fluctuationsr (r,q)- r,/4p]/(r,/40)=d fr.q)/(r,/4p)< 4, Eq.350yields

% = prid(cosg"Ic(r - ri.g.qr(r.q")- r,/40)
- N, (r- RLg)- / (3.51)

Multiplying both sides of Eq3.51 by Ylo(cosqi), integrating overcosgi we obtain using
Eq2.18
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rr”(/rl * = fjirid(cosg(cosgii)Y? (cosgi)C(r - ri. ') kr.q)
- bfi(cosg )Y (cosqiN,,(r - R.q) (3.52)

Again, multiplying both sides of Eq3.52 by e ', integrating overr and using the
convolution theorerf?

f;b(;jpo = I’Tj(COSQ)d(COSC]ll)Y1 (COsq.) (k,q',q")f(k,q' )
- bif(cosq)Y(cosgiN,, (k.q") (353

Here the surviving component of the Fourier mode of the DC{k,q',q") is given by
C(k) = wc(r.gi.gii)e ™" Y, (cosgi)Y,’ (cosgii)drd(cosgi)d(cosgii). We can write within
meanfield approximatiof™ C(r,qi,gii)=C""(r)+C%(r) as inAppendix A of chapter 2.

C'R(r) is obtained by angtaveraging of C*(r,qgi,qgii) = (b Arr® )cosq.cosq“, denoting
the longranged paff. Finally, we get from EB.53,

flo(k) 110} 10
W =(rq /20)C(k)r10(k) - BV (k) (354)

whereVgo (k) = v30V3°(k). Rearrangement of E§.54leads to

- ryVi (k)

_ di
flO(k) - 1- fbcllo(lp)/8p2

(359

D. Calculation of the Static structure factors
() lonic liquid

We model an IL as a binary mixture of hard spheres HSach with a charge
embedded at the centre. For a dipolar ion, there is an additional dipole at the centre of the HS.
The spatial direct correlation functiéH **2 (SDCF) between thdth andjth ion (=1 for

cation, 2 foranion) can be written a<g; (r)=C,” (r)+C,"(r), wherec,""(r) is thehard
core part given by thePercusYevick form for binary mixture ofhard spherg®® and

r =|r; - r;|. Thelongrangedpart C; "% (r) is treated at theneanfield levef’. For simple
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ions: CijLR(r): - bgq /er , the standard Coulombic form. Fdre dipolar ions with dipole
momentmwe write C;*(r) =- bgq; /er +2bnf [9er® , g, the charge on thith ion and
e the dielectric constant of the medium. Here the second term denotes the dipolar part

calculated as in Appendix A of chapter 2.orF the iondipole interactions
C(r)=tg,m3p @, the projections of standard ialipole interaction potentidt’
v, (r):-(qinferz)cosqcosqibetween theith ion with polar anglegand jth dipolar ion
with orientationgi (both in the laboratory frame) for spherical harmorics1, |, =1and
m=0. From C; (r) we calculateC; (ks) and henc&; (ks), the partial structure factors

using the OZ relatii’. The total static structure factor is then obtained as:

S (ks)=a /x Xj S (ks ) wherex; is the mole fractiomf theith ion.
0]

(ii) Electrolyte solution

We model the solution of a 1:1 electrolyte to be a ternary mixture, the components
being the cations, the anions and the dipolar solvent molecules. Thdrawiens of the
ions are the same to maintain eleateutrality. We label the components in tledidwing
fashion: the cations as 1, the anions as 2 and the dipoles as 3. For salt concentrations 0.1M to

1M, the ionic molefractions turn out to be ~0.06101. As a result, thénard core

contributions are negligible to ionic SDCRy (r) (i,j :],2), owing to very small packing

fraction p. Here we use the hypernetted chain closure by Attard®talcalculate the idn

SDCFs, via solving the OZ relation. We use the asymptotic ‘f3rof total correlation

function h; (r)=- boa,e *" /er. Here, k:kD[l- (sz)2/2+(sz)3/6]_]/2, the modified

\ 12

. . : : Y|

screening length in terms of the inverse Debye screening fehgth = 2(4,0 lje)a Cay
€ i u

wheres is the average molecular diameter of the components in E§,dhd concentration
of the ith ion. The SDCFs for ionlipole (i,j =13) and the dipolalipole interactions
(i,j :3) are calculated as described in previous section.hHnd sphergart CinS(r) are

adopted from the work by Hoshino et’alon structure factors for a ternary mixturehafrd

sphers. S (ks)s are calculated using the method for ternary mixtures described in Hoshino

etalt’’,
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E. Calculation of dielectric friction
(1) lonic liquid

For an IL made of dipolar cation={l) and simpleanion {=2), the average solute

solvent interaction energy can be written, via an extension 8f&gas,
U(q)=\/%cosqlrO 219 - R|)r2(r,t)r + 7o 2 - R|)rF(r,t)r
+ 20/ 5(r - R)ri(r,t)ar | (3.56)
WhereVslimQr - R|) denotes the leading component of the interaction potential between the

dipolar solute and thih ionic species in the medium; ar\gldwqr - R|) the same between

dipolar solute and a dipolar ion. Settifg| =0, we can write Eq3.56 in Fourier space:
U(g) =+/3/40(20) cosqlr 21k ) r 2ok, t)ak + 7o fVE(k ) r2o(k, t)dk
+ 20 Y5k ) ik, t)ak (357)
Eq.3.57 can be expressed a
U(g)=-Ug (t)cosq (3.58)
where

UL (t) = - V3740 (20) *|ro Y32 r 22(c, t)dk + 7o (K ) r 22, t)dk

+ 20 5%k ) r1°(k, t)ok | (359)

the time dependensolutesolvent interaction strength, weighted by the solvent distribution.

Therefore, the torque on the rotating solute giverffty=- pU(g)/ug becomes
f(t)e Ug (thalt) (3.60)

in small g limit. The autocorrelation function dflt), under the decoupling approximation:

(U g [t 5 (0))glt)a(0)

| kT

£(t) =

(3.61)

wherel denotes the moment of inertia of the rotating body about the axis of rotation. We

now calculate{U o (t)J ;- (0)) and (g(t)g(0)) separately. We write
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IL IL — 3rb 63
U tus ()= il

<(fpk[rov;w(k)rr(k,t)+rov:;%k)rr(k,t)+ 194 r2(k, )
)riofkiit)+ rvir Pkit) +2vikir ki)) ) (362)

oo
Here, for the solvent density modes we us(k,t) = r*°(k,0)e s to get

3rylg “titg (3.63)

U tus ()= me

wherelr contains all the selfand crosgerms in Eq.3.62 resulting from the multiplication

Using the EOM (E.28) we arrive at
A IL
[
> Yo (O)tu (3.64)
Go 0

The rest of the treatment is similar to that for the dipolar lidlidsce all the

e
mre
é

multicomponent contributions are accounted fdirinVe get the DF

o (0) 1
G 1.

(3.69)

_3le

diot - 8ﬂ(BT

O Qo
BB
I ooy,

Eqg. 3.65 portrays the sel€onsistency fordG,, as G, = hyd +dG,, . Solution of Eq.3.65

leads to the following expression of total friction
-1

3r 0.t 1]
b RS U (3.66)

S
& 8ok, T(Gy +Ug (OF.)g

We find thatJ = (3,1 o . /80k, T)[G +U  (0)¢.] << 1 for all the ILs and hence we can

linearize Eq3.66to write

Go, = G[L+J]. 3.60)

hyd _ .J hyd

Hence’d';ot = QO( ~ ot

(ii) Electrolyte solution
In this case, we have three components: cation, anion and the dipolar liquid

Therefore, the average solgelvent interaction energy is given in Fourier space by
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U(9) = /3/4p (2p) * cosal2o 3k Jni°(k, t)dk + 20 f/59k )nio(k  t)ck
+ 7o FYA(k )k, t)ak | (3.69)

Here V2*9k) and V:!Yk) denote the Fourier components of the digole part and dipole

dipole part of the solutsolvent interactions, respectiveNote, here we use instead ofr;

to denote the densities of the componédatgiation3.68 can readily be written as

U(g)=-U>(t)cosq (3.69)

where

Us*(t)=-3/4p(20)” e2/9a Y.tk + 7o Ao Onio( ok (370)

i=1,2 u
The rest of the calculatios similar tothatfor IL to arrive at the same expression of DF as
Eq.3.65where the quantities that would be different @rg>(t) andlr.
E. Calculation of equilibrium solvent density profiles around solute
(1) lonic liquid

We get rilo(r) from DFT treatment similar as Appendix. Bhe free energy

F[r,(r.q)], is given by

161119 = o closg)r . o2 U VG- o8 i oo o g

- i drid(cosg)d(cosy )i - ri.g'. ) £(r.9)d £lrig)

- & ffir drid(cosg)d(cosg 1o, - riq".a) 1.1 £(ri)

-~ ffi drid(cosg)d(cosy )t r - 1. £(r )0 £(ri )
- %r”ﬂr drid(cosg)d(cosg")Cyy* (r - ri.q.q")d £(r.q)d 5(ri.qi)

+ bpfr d(cosg)r, (r.gVa (r - Rl.g=0.g) + bffr d(cosg)r,(r.g\V.(r - R.g=0.q)

+ b d(cosg)r,(r.gVo(r - R.g=0.¢) (3.71)
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where d¢(r.q)=[r,(r.q)- r,/40] and d5(r.q)=[r,(r.q)- r,], the superscripts
denoting the solvergolvent interaction typesi-d (dipole-dipole),i-i (ion-ion) andi-d (ion-

dipole). Note, foi=2, the polar angle =0 since it has no dipolehere ri1°(r) is defined by

the polar angle associated with the radius vector. Minimizatioﬁ[mf (rCl)] with regpect

to the constraints
fird(cosg)r (r.q) = N, 3.1

whereN; is the number ofth ion type in mediumN;=N, for electroneutrality) yields two
separate equations for two species. For the dipolar cation:

dB/d r+/,(a/d )fprd(cosq)r,(r.q) =0, 3.3

/1being the Lagr an ge®whichulimidpd)/ire/4p)< dyieldss p e ¢ i

|n2ér 1(;'47)' )§ "ri(/r;lz') = fpr id(cosg 15 - .00 ) (i)

+ frid(cosg)Cii (r - v, £lriqi) + i id(cos et r - vy ') 5(r i)

+ ppird(cosg )i (r - il q)d £(r i,m')+% firid(cosg)Cii (r - ri.g.9")d £(rigi)
- V(- Rlg=0.q)- V. (r - Rlg=0.q)- /.. 3(74)

Using the definitions in Eqz.18 for r*°(r) and Eq.3.36 for C“OQr - R|) in Eq. 3.74 we

obtain:

r22()= 2 ro@aplpprcs oo - i) o)+ et e - e i)

+%ﬁjr Lo - rif)riori)- ovi(r - R|)- ov2(r - R|)§ (3.75)
Next, in a similar fashion from E®.71and3.72we can write for the anion
dB/d 5+1,(d/d 5)ffrd(cosq)r,(r.q) =0, 3.76)

/I,being the Lagrangeds mul t i p376gives us,dhroughhe

the same analysis as described above for the cation that
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r3r)= rb\/%p o  Fir c” B - ri)rio(ri)- v - Rl)g (377

Now, Eq.3.75 and 3.77 are seliconsistent equations for’%(r) and r2°(r) respectively
which are solved iteratively using the appropriate DCFs. Finally, Fourier transform gives the

rk)s.

I
(ii) Electrolyte solution

For an ES, we can write down the free energy functional as

ol (9] = & pir dlcosen (. D8 18+ o alcosgnr, giin 108 8
i=12 6 C N g @(;3/4,0_ 0

& fiir drid(cosg)d(cosg )i (r - ri.q.q")ah (r.q')en, (riqi)

i,J=1,2(j21)

1
N

-~ ffi drid(cosg)d(cosg 1o r - i)t (r.@)eh (i)

- S & fir crid(cosg)d(cosg )5 (r - rig'.a)eh r.@)eh(ri)

i=1,2

+ b fr dlcosgn, (r.gVu(r - RLg=0.q)

+ b d(cosg )y (r,.g Vo (r - R.g=0,q) (3.79)

where ah r q [n r q -n J for the ions i=1,2) andch r q [n3 r q §/4pJ for
the dipolar solvent withn®being the bulk density for thiéth species. The minimization

conditions:
ffrd(cosg)r.(r.g)=N,, for the ions wherk;=N, (3.79)
and, ffird(cosg)n,(r,g) = N, for the dipolar solvent 3.80)

Minimization of free energy with respect to the constraints in3&§ and3.80 gives:

d B/avy +1,(a)/ah )frd(cosghn (r.q) =0, fori=1, 2,3 381)

/ibei ng t he Lagr athgpeciesRestod thereatment issvery dinolar to the

IL case. We finally arrive at the following selbnsistent expressions for the local densities:
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fori=1,2 @.82

)= 5V g oo - i) oveele - ) §

and

)= 2nt A e e - i) & e ol - ikl

i=1,2
- v - R|) (3.83)
Using DCFsobtained inAppendix G(ii), we solve Eq. 3.82 and3.83 in iterative manneto

obtain the spatiah®®(r) andthe Fourier comprentsn’®(k). Herewe have used an average

molecular diameter for all the components for simplicity.
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Chapter 4 Solvation dynamics in fluids under nano -meter
scale confinement

4.1 Introduction

Recently fluids in nanometer (nm) scale coefirens have drawn considerable
attention as important media various branches of science and technolody “**%. Several
experiments focus on tldmensional crossover from 3D to 2D behavialsserved when a
fluid is kept under a confinement of about a mman enclosed environmemiany static and
dynamic propertiesf the fluid alter dramaticalfyf compared to the bujkike selfdiffusion,
refractive index, mechanical relaxation and soSuch changes lead torfinementinduced

effectson physical and chemical processedluid phase

Confined water has been quite extensively studied in the recent past: Surface force
measurements show that water molecules confined to a film of three to four molecular
diameters (~ a nm) thickness, undergalering similar to a solfd. The mechanical
relaxation timecale,for dissipatingthe stressgainstan external strajrbecomes almost an
order of magnitude larg€rcompared to the corresponding bulk value under a confinement
less than a nm. The melting temperature of water drops significantly when confined in silica
nanopores of diameter ~ 3 nm as revealed by Rameattering measuremetifs Water
confined in reverse micellgRkM) of diameter ~ nm has a static dielectric constas)t34

t%” than the bulk value (~ 8%) Sudden jumps in theiscosity # and diffusion

times lowe
coefficientD have been observé&dn case of linear alkanes and alcohols in organosilicate
nancpores of diameter less than 2 nm. Measurements of refractive imjeand the
equilibrium film-thickness of cyclohexaneonfined within two mica platebave shown a
sudden transition from a 3D bulk fluid to a 2D adsorbate for gleparation around couple

of nm. This transition is accompaniedth significant enhancement in fluctuations mf
changes in phageansition temperatures and normalized enthalpies, lowering of critical
temperature and anomalous fast self diffulorlowe\er, the changes in fluid properties
under confinement depend on the nature of the confining potential. L{¢taale studied

water in subnanometer confinements where thescesity increases substantially in a
hydrophilic environment but having not so much effect in a hydrophobic confinement. There
have been a number of theoretical studies on confinement induced effects. Schoen and co
workers®® have reported on extensive grarghonical MonteCarlo (GCMC) simulatiotf

to calculate static properties of confined fluid and shows their sensitivity to the wall structure.

A weighted density functional theory of a 2D fluid has also been défRasia limiting case
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of the corresponding fuional for an inhomogeneous 3D fluid within linearized
approximation. The 3D to 2D crossover under confinement has been studied extensively near
the critical point®®*®2. However, the question how the confinemientuced crossover takes
place in various fluid propertieseven far fromcritical point, has remained largely

unaddressed.

The rates of various neequilibrium processeare also highly affectedh confined
media. Solvation is one such process which goveaaslyall chemical reactions in fluid
phasé *° Any stabilizing interaction leading to the organization of the solvent molecules
around a solute is conventionally termed as solvafibarefore study of solvation dynamics
(SD) under confinement isxtremely importantfor understanishg chemicalreactions in

confined media, ranging from catalysis in nanop8reschargetransfer in biomoleculég’.

Conventionally, SD is studied via monitoring the relaxation of solvent distribution
around the solute after a perturbation of the sedoteent interactiof?” > °* %*from an

existing equilibrium solvated stat€he solvent response to the perturbation is givéff by

_ DU(t)- DU (=)
SO DU (0)- DU () o
Here
Dlj(t) - F‘jsr[u pert(r - R)r(r,t)- Uunpe"(r - R)r(rnt=0). (42)

where U, .(r- R) and U _..(r- R) are the interaction potentials between the solute at

positionR and a solvent molecule at positiorbefore and after the perturbation(r,t) is

the timedependent local solvent densfaround the slute particle. Eg4.2 can berewritten

as

DU (t) = f°r{U yonlr - R/ (r,t)- 7 (r, t=0)]

- [U unpert(r - R) -U pert(r - R)]r(r, t= 0)} : 43)

Simple hydrodynamic resuffs show that the Fourier compents of[7(r,t)- r(r,t =0)]
decay asexp[- Dk’t] for wave vectok. Consequently, the solvent relaxation represented by

S(t) shows typical exponential dependetféeexp[-t/¢], ¢ being the solvation timescale,

governed primant by D. SinceD is dramatically altered in confinement, SD also is affected
by confinement.Several studies exist 08D of fluorescent dyes in confined fluids. The

confining frameworks have been divefsé® %% % for instance, solvophilic lipid vesicles
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and RM®* and solvophobic carbon nanotuffesolgel glasseS’ and silica nangores?. In

a bulk fluid ¢ is generally tens of % whereas irsolvophilic nanoconfinment$® *> ¢ may
extend from hundreds of ps to even ns. For instance, the longest timescale for a dye coumarin
480 turns out to be about 10 ns in spterwaterpools ofaqueous AOT (dioctyl sodium
sulfosuccinate) RMs (solvophilic) of-10 nm diameté?®, in sharp ontrast to a sups
solvation timescale observed for the same dye in bulk Watdthe solvation time for
coumarin dyesncrease typically by factor of 2 to 3 #mlvophobicnanoporeS® 2 Recent
computer simulation$™ also show such slowing of th8D in various confined systems
compared to the bulk. Although these studies bring out various aspects of solvation in
confinement in details, there is, as yet, no general understanding of how the confinement
induced changes in solvent properties bring about thewisio down of SD under

confinement.

The effects of confinement become severe when the thermodynamic condition of the
surrounding bulk fluid falls in theub-critical region of the phase diagraiffigure 1.2) It is
well known that presence of any surfacestically alters the phase behaviour okuat
critical fluid®® If a solvophobic surface is placed in a bslkxcritical liquid, close to the
liquid-gasphase coexistencd, stabilizes the coexistg low density gaphase in vicinity of
the surface. This surfageediated evaporation in a solvophobic pore is commonly known as
capillary drying®. The diffusion of the fluid molecules becomes much faster in a dried
solvophobic pore&eompared to the surrounding bulk liquid. On the other hand, a solvophilic
surface, placed in the bulk gas, induces the high density coexisting liquid phase near the
surface. This surfaemediated wetting inside a pore is called the capillary conden%tion
which slows down the fluid diffusion. The typical interfacial width between the gas and the
liquid phases induced by surfaces near the bulk pt@eestence extends to several Aths
292 that kecomes comparable to the size of the nanoconfinement. If a solvophilic solute
particle is inserted in a dried solvophobic nanoscale, gheesolute tends to wet the pore,
posing a competitidh 2°* 2*with the wall-mediateddrying. This competition decides the
fluid diffusion in the pore which in turn affects t&®. Therefore, the studies on how BB
responds to thisompetition would throw light on surfageduced effects on various physical
and chemicaprocesses in aubcritical nanoconfined solvenbespitemany applicatiorts>®
of the subecritical liquids and ®veral studieson @pillary drying and condensation

phenomeng’ °%¢

, therehave not beemany attemyis to elucidate the roles ub-critical
solvents in solvation procesBecentMD simulatiors”* on SD in a bulk Stockmayer fluid

showthat the density of theub-critical fluid phag controls the solvation behaviodius



Chapter 4 75

SD under confinement near bulk phaseexistence has remained largely unexplored to the

best of our knowledge.

In this chapter we study the three different aspects of nanoconfined fluids. First we
study, using computer simulations, the dimensional crossover in fluids under nanoscale
confinements where the surrounding bulk fluid is far away from any phase tramstidn
The wave vectork) dependent fluctuations in density govern majority of properties of a fluid
including static quantities likey and nAf*as well as longime dynamic quantities liké, D
andso fortH'’. Hence, the crossover in all such properties should be generically related to
that in density fluctuations. We calcul@the fluctuation in number of particlé$ in a slit of
parallel walls with a fixed volum¥ at absolute temperatuiieat the same chemical potential

mas in the bulk shown schematically in Figdré. The fluctuation is defined as
D=((N- (N)*)/(N), 4.4
the angular brackets representimgemble averages generated by GCMC simuldfidons

The generality of experimentally observed crossover, independent of system specific
details, leads us to consider a moddlfluid with model waltfluid potential tocapture
qualitatively the generic effect of confinement. We s¥iawatD undergoes a crossover from
3D to 2D behaviour without any accompanying phagasition below a confinement
extending only a few molecular diameters, measuring about @hensame length scale of
crossover observed in the experimeritee crossover irD can be understood from the
suppression of the density fluctuations in the system in direction perpendicular to the slit,
beyond the wavelength given by the length scalthefconfinement. The dynamic density
fluctuations, given in terms of the Van Hove correlation function (VHCF), computed from
MD simulations with initial conditions chosen from the GCMC configurations, also eXhibit
similar crossover in the iplane diffusivity D;. However, the crossover is dependent on the
confining potential: 3D to 2D crossover D and D for a fluid in solvophobic slit is
significantly different from that in solvophilic pore due to strong layering of the -fluid
particles neathe wall by large wall attraction in the later case. We relate our observations to

experimental observations on different fluid properties dependent on density fluctuations.

A %For instance, & of a dipolar fluid is related to the longwavelength limit of the dipole moment
density M(k) of the system (- 1&+ ( 1&) =4pr Ltxs. 0 M M8/ NkeT. Now, M(k) ~ r(k)
which connects @ with the long-wavelength limit of density fluctuation. The refractive index
n ©g, is also related to density fluctuations.
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Next we considerSD of a sphericalnonpolar solute in the confined LJ fluid.
Although SDin general getslower under confinement **there is a caveat in the existing
interpretation of the data.h& surrounding equilibrium bulghases have not been clearly
specified in all these casékhis leads us to consider the SD when the bulk is-spakified
Moreover, weobsere that D, suddenly exceeds the buelue in strong solvophobic
confinement, while D, becomes very small compared to bulk under strong solvophilic
confinement®. This promptsus to examine angubtle interplay between the heterogeneous
solvent distribution andD, leading to slowing down ofSD in confined geometry,
irrespective of the nature of the confining potential. The choice of galan systemo
study SDis not so retrictive, for the longime SD is primarily governed bynonpolar
interactions in the systéft. The model system also offers a scope to single out the effects of
confinement avoiding the various complicating factors of realistic st a phase point,
far away from any phase transition, we sfbthat two fundamentally different aspects of the
dimensional crossover are responsible for the confinemdoted slowing down of SD in
presence of two kinds of wall$he confined geometry reduces the solvent relaxation due to
restricted dynamics which alone slows down 8B. The reduced dimension of solvent
dynamics adds up to slowéd, in a solvophilic confinement to result in a sharp increase in
solvation timescale. On the other hamthwing down of the dynamics due teduced
dimensionality competes with the faster diffusion in a solvophobic slit, resulting in marginal
slowing down in solvation time.

Another phase point imker?’ at asubcritical temperature where tHkiid is confined
in a solvophobic slit in equilibrium with the bulub-critical liquid, close to liquiegas phase
coexistence. Her&D in confinement becomes faster compared to the bulk liquid, kdut no
driven by the gasike diffusion in the dried solvophobic pore. This can be explained as an
outcome of the competition between the wuadluced evaporation effedtying to make
diffusion fasterand condensation in the pore due the solvophilic sateteasingthe density
creating an opposite effe@D slows down linearly as the slit separation increases. Finally,
we discuss the implications of our results in the lightcohfinement effects owarious

chemical processes in confined geometry.

The restof the chapter is organized as follows: In section 4.2 we consider the
dimensional crossover in nanoscale confinements. Section 4.3 includes the studies on SD

under confinement. Then we conclude in section 4.4.
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Figure 4.1: System details and phase diagram. (a) Schematic diagram of the simulated slit
placed in bulk fluid. (b) r*(= )ss. m plots for bulk fluid at T*=2.0. The working phase -
point is point O! @=0{4, r*=0.67).

4.2 Dimensional crossover

In this section, we first present the details of the simulations. Then we discuss the
structure of the confined fluids in terms of density profiles andlane radial distribution
functions. Next, we consider the crossover behaviob iof different type of slits whicls

followed by the results of crossover i, .

4.2.1 Simulation details

For the studies on dimensional crossover, the model fluid is taken in a rectangular
simulation box with two parallgdlatesplaced at a separatidhon the z-axis atz=-H/2 and
z=H/2 (Figure4.1a), with fixed box lengths along andy axes [« = L, = 20s, s being the
particle diameter). Heréhe periodic boundary conditida applied along andy directions
only. We consider a truncated LJ potential with aaf@itradius L,/2 as theinterparticle
interaction: u, (r) :4el(s/r)12— (s/r)GJ, e being the interaction strength ang the
interparticle separation. Due to large eoff we have not added any corrections due to
truncation. The confining potential type is varied: hard walls only reflecting the colliding

particles; repulsive walls with ali-fluid interaction for a particle atz

U, (z- H/2)=4ei(s/|z- HI2)™ and attractive walls:  u, ,(z- H/2)
=4el|(s/|z- HI2)® - (s/|z- H/2)*| where ei=10e.
We calculate the fluid density profiles in the direction normal to the h&xi§)

given by r(2* = N(2)s*/Aqz where N(z2) is the number of particles in a particular fluid

segment a lbcatediad and A, tipe area of thex-y plane. We calculate the radial



Chapter 4 78

distributions functions (RDF)"*, describing the probability of finding two particles at a given

separation. The iplane 2D RDE® s defined asg(n) = <N(r”)/2pr”Dr”r'2D(z)n> for a layer
at z of width Dz (¢s) with n particles wherer;, = X% +y?, layerdensity r'ZD(z) =n/A.

For a wider layer @2 s), we compute the 3Dg(r)=<N(r)/4pr2Drr'3Dn> where

r =x*+y?+2?, layerdensity r i, =n/ ADz.

In the MD simulations, weadopt NVE ensemble (constarid, volumeV and total
energyE) usng the Verlet algorithrtf® to integrate the equations of motion with tistep
0.005 LJ units , = (ms¥a*’ 2 2.83 10% s for Argon wherem is the mass of Argon
atom)**. We calculateT from fluctuations of kinetic energy and?by inserting test
particles?®> The mean values of tHE and min MD runs agree to those of the GCMC
simulations. Furthermore, these quantities remain similar alsofferatit initial conditions
chosen from equilibrated GCMC configurationEhe self part of irplane VHCE®® are

computed:
G.(430 = WN)(a dy - ;@ +1}©). 4

wherer is the space variable parallel to the walls (aleiygplane) andd (t), the position of
the ith particle alongx-y plane at timet. In the longtime limit, the VHCF is Gaussian:

G, (r,t) © (1/ 4Dty exp[- 1,7 /4D ] .
4 2.2 Characterization of fluid structure under confinement

Figure 4.1b shows ther-mdiagram obtained from GCMC simulations for the bulk
fluid in absence of any solute. The diagram confirms that there is no phasigaré’ at LJ
temperaturd*(= kgT/e)=2.0wh e r e t h ewithpcbemical poténtidd® n77 (= mk,T)
= 0.4, represent the phase point of our interest for dimensional crossover. The behaviour of
r(2)* is shownin Figure4.2 for different wall types which exhibit layeringnsilar to those in
earlier studie® ® 8% \We characterize the structure of different layers from the RDFs.
Structurally, the wallhdjacent layers for any type of wall assume 2D behaviour as suggested
by g(ry), shown in Figuret.3a. For reflecting walls, dtl = 4s, the central region is a fluid
segment of one diameter width, the correspond(ng revealing 2D structure (Figure3b).

ForH > 4s, central region of uniform density appears which gets egtéad confinement is

relaxed. Wecalculate the 3my(r) in that region, for instancéz| <3 in Figure4.2c and|Z <6
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in Figure4.2e. Unlike the bulk 3Dg(r), the g(r) for the central region drops off wmall
values at larger till H = 10s (Figure 4.3c), characterizing a finite spatial extent
(perpendicular to the wallAt sufficiently largeH (H 2 12s), the central region approaches
the 3DIlimit with proper asymptotic behavioug(r) ~ 1 for lager. These features of the
central region are qualitatively same for the other wall types as well. Théoneakd central
region resembles the bulike innercore of water inside large reverse miceftésThe other
layers formed in beteen the central region and the wadljacent layers behave quite

similarly as a 2D fluid.
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Figure 4.2: Density profile in the slits : r(z)* in reflecting (solid), repulsive (dotted) and
attractive (dashed) slits for different H: (a), (b) 4s, (c), (d) 10s and (e), (f) 20 s. Dash-dot

lines mark the bulk density. Profiles shown here are for the half -slit width along z and

they are symmetric about z axis.
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Figure 4.3: Structure of fluid in confinement. (a) g(ry) for wall -adjacent layers at H= 10s
for reflecting (solid), repulsive (dashed), attractive (dash  -dot) slits and the pure 2D case
(dotted). g(r)s for the central region in a reflec ting slit at (b) H = 4s, along with pure 2D
g(ry) (dotted), (c) H = 8s (dotted), 10 s (dashed), 12 s dash-dot) , s #g8h-dot-dot) and
20s dash-dash-dash) .he Solid line represents the bulk 3D g(r).
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4.2.3 Crossover in equilibrium density fluctuations:  Reflecting and repulsive walls

The bulk 3D and 2D limits oD ,shown in Figuret.4a are evaluated from the bulk
simulations of a 3D fluid and 2D disks respectively at the sasnedT. Figure4.4a showsD
as a function oH for reflecting and repuige walls.D exhibits a clear 3D to 2D crossowuar

case of reflecting walls: A steep riselintakes place around a critical separatidp = 4s

where the structural crossover takes place in the central region as well. Similar crossover is
observed for the repulsive walls also. The intimate connection of crossoimaim the
structural changes at the central region is illustrated by Fiydioe showing the behaviour of

D calculated over the central regions. The striking similarity of these plots with those in
Figure4.4a confirms that the central fluidylar holds the key to this crossover. The constant
volume specific hedt> 2°°Cy as a function oH are featureless for both kind of walls (Figure
4.4c), ruling out any thermodynamic phasansition associated with the crossover. This
crossover irD qualitatively matches the sudden increase in fluctuations in refractive index of
cyclohexane confined between solvophobic mica plates withragon just below 2 nm (~

Hc), measured from surface force experim&htshus,H, matches with the length scale at

which the jumps irt, &, /1, D andn are observed in experimefits® 46 4/
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Figure 4.4: Different quantities in slits as functions of H: (a) D, reflecting (triangles:
simulation; dotted line: theory) and repulsive (circles: simulation; dashed line: theory);
(b) Din the central region, reflecting (triangles) and repulsive (circles). (c) G, reflecting

(triangles) and repulsive (circles)

The aossover inD aroundH; can be made more explicit within a simple theoretical
treatment focusing on the loiwggavelength cubff due to the confinemenb is given by the
long-wavelength ks © 0) limit of the static structure factd¥ks) in bulk''’. Sks) can be

calculated from the liquid direct correlation functicn) via the OZ reldon'*’. Within mean
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field approximations for LJ fluids, the(r) is splitinto correlations dueotthe shoranged
hard core given by the Percugevick form*** C"Y(r) for r<s and an attractive taiC-¥(r) =

- 4(dkgT)(s/r)® for r2s . In a slit geometry, we integrate OVEf in ¢(r) to yield c(2). We
compute S(kzs), k,being the transverse component of wave vector, using the OZ relation:

S(kzs) =[1- rc(k,s)] *wherer is the average fluid density in the slit obtained from GCMC
simulations. We ignore the density inhomogeneity near the walls which is a good
approximation hee, since the homogeneous central region, showing the crossover,
encompasses majority of the slit. The spatial integration for the Fourier Transfa(g) tof

calculatec(k,s ) becomes restricted asuns from zero tdd/2 corresponding ta minimum

wave vectork™s =2p/H . Here,Dis defined by the value (S(k;“‘“s). The comparison of

simulation and theoretical results for reflecting walls (Figuda) reveals nearly quantitative
agreement. This indicates that the crossover is a manifestation-aff auiong-wavelength
density fluctuations due to geometrical constraint. The repul$itveesults also show good
gualitative agreement between simulations and the theoretical estimate &4g)rd his is
because the fluid layers in this case are tmmaway from the walls due to their repulsive

nature, creating geometrical constraint similar to reflecting walls.

4.2.4 Crossover in dynamic density fluctuations: Reflecting and repulsive walls

The crossover shows up in the dynamic density fluctuations asaselemonstrated
in Figure4.5a by thelong-time (t ~ 100 times larger than the diffusion time scale required for

a tagged particle to traverse the length of its diametenpviour of - InG,(r,t) as a

function of rHZfor different values oH. The plots, shown for the reflecting slits, are straight

lines with slopes changing from 2D to 3D limit with a sudden change dbovels. Note

1/2

that the crossover i D, (= D,[m/s *€]"#) almost coincides with that iB. Dy, for both the

reflecting and repulsive walls (Figudebb), becone maximum at the smallest valuekbind
drops arounH = 6s to meet the bulk 3D value. Physically, under maximum confinement,
there is only one fluid layer resembling 2D fluid where the-diffision is faster compared

to the 3D situation. The iplane dffusivity drops, as the confinement is relaxed to

accommodate multiple fluid layers, due to contributions from Alatger diffusion. Figure
4.5¢ shows D|*| for the central layer which indicates that the crossove Dﬁﬁs primarily is

due to the central region. Similar faster diffusion than bulk have been observed for

cyclohexane in mica pores of a few nm width from NMR measuref&ntsr water in
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carbon nanotubes using flow measurenférasd in earlier simulatioR¥. This trend,
however, is absent in the shear viscosity data of water from Atomic Force Microscopy
(AFM) experiments with a hydrophobic graphite substfatehis could be due to the fact
that the geometry of a spherical tip sliding close to a planar solid does not reghesen

strong confinement limit.
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Figure 45: Dynamic density fluctuations in solvophobic slits . (a) long-time limit of
- InGg(r,t) vs. r”2 in reflecting slits for H = 3.5s tifangles) #s (circles), 6 s (dotted),
8s splid), 1 @ dashed) 16s dash-dot) and 20s dash-dot-dot) along  with  the
corresponding 2D (diamonds) and 3D (squares) limits. (b) Dﬁ for reflecting (triangles)

and repulsive (circles) slits. (c) Dﬁ of only the central region in a slit with reflecting

(triangles) and repulsive (circles) walls. (d) Layer wise value of DI*I in a slit of H=14 s with
reflecting (triangles) and repulsive (circles) walls. The left -most layer is the central
region and the right -most one is for the wall -adjacent layer. The middle one is for a layer

in between the two .

We extract the uplane diffusion coefficient for diffent layers as well. In Figure
4.5d we show the Dﬁ data for different layersor a reflecting and repulsive slit witdi=14s.

There are only three different layers present in the slits with these walls: the central region
the walladjacent layer and the layer in betwelearly 3D bulk like diffusion is observed in
the central region. The relatively fasterglane diffusion oberved in the wall adjacent layer

compared to the other layers is probably due to the fact that unlike other layers, the particles
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in this layer are in contact with the smooth wall in one side which makes the particles to

move faster compared to those whare in between two layers of particles.
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Figure 4.6: Different variables for the attractive slits as functions of  H: (a) D, (b) DI*I and
(c) calculated DlT(Hmin)/le(H)(squares) with a similar quantity A(H)/A(H . ) for

confined water 48 (diamonds) . (d) Layer wise value of DI*I in a slit of H=14 s with attractive

min

walls. The left -most layer is the central region and the right -most one is for the wall -

adjacent layer. The data in between are for the middle layers

4.2.5 Dependence of crossover on wall -fluid potential

Let us now consider the effect offfiegrent wallparticle interaction on the crossover.
The case of the attractive walls is different compared to the reflecting and repulsive walls.
Due to attractive nature of the walls, the density in the fluid layers close to the wall becomes
very high. Ths suppresses the fluctuation in the system which is reflected in very low values
of Din the extreme confinement limiHE3s) far from the bulk 2D value (Figuré.6a).
Unlike the reflecting and repulsive slits, h&gradually approaches the 3D limit for large
from low values. The dependence DBfon H (Figure 4.6a) agrees qualitately with the
observed trends im for the water pool confined inside hydrophilic cavities of RM&nder
the strong confinement: Dl*I is aboutan order of magnitudemaller for the attractive slit
(Figure4.6b), compared to those for the reflecting and repulsive walls. Variati D|*| as in
agreement with the earlier simulation reports on water in hydrophilic silica’pétédrigure
4.6¢ shows the trends of the inse of DI*I* gualitatively in agreement with the observations
of estimated viscosity4) of water confined between an AFM tip and hydrophilic surféces
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The layerwise diffusion is shown in Figuré6d for H=14s. Note, here we get five distinct
layers in total. Dl*| gradually decreases from the centralthe walladjacent layerThe
diffusivity in the central region is near the 3D bulk value while the particles in the high
density layer close to the wall are almost immobilized due to the attractiveflwichll
potential resulting in almost zero diffusivity

Z

z=-H/2
bulk 3

Figure 4.7: Schematic diagram of the simulated slit with solute. The LJ solute particle is
placed at the centre of the slit. The dotted line around solute marks its change in size as
the perturbation. (b) r* vs. mi plots for bulk fluid at T*=0.9 (triangles). The working
phase-point is B ( m1=- 3.7 and r*=0.79) .

4.3 Solvation dynamics under confinement

First we summarize the details of simulations and calculations. Then the results on
confinement effects on SD in solvophilic and solvophilic slits are presented to highlight
different mechanisms of slowing down. Afterwards, we show how SD is modifiedtfraim
in a bulk subcritical solvent, in presence of competition between drying effect of
solvophobic slit and wetting effect of solvophilic solute. Finally, we compare our results with
various realistic systems to discuss some future implications of Hegvaibions.

4.3.1 Simulation details

The simulated system f@D (Figure4.7a) is very similar to that in Figur&la with

the additional solute particle with diametes xed at the middle of the box. The solute is

solvophilic interacting with the solvent particles Wg|r - R|) =u,,;(|r - R|ag bs) where

a=+2and b=2, determined from thdorentzBerthelot mixing rule¥’. For the high
temperature studies we use same parameters as above fluratiteractions. For the low
temperature studie@-igure 4.7b) we set €i = 5ewhere our simulations are stable with the

solvophobic slits.
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To calculate th&q(t) we first run equilibrium MD from stored GCMC configurations
at theaveragemand T same as that of the respective GCMC fanafter equilibration of the
dynamics we increase the solute diameter by 5% (shown by dotted circle in &igaire
which acts as the perturbation to study 8i2 using Eq4.1. Such change in solutgze is
fundamental irany soluteexcitation process leading to chemical reactitiits". The solvent
is in equilibrium before the perturbation and relaxes to the new equilibaiten the
perturbation.The averages represented by the overhead lines id.Egequivalent to the
averages over solvent density as in EQ, are performed in simulation by averaging over
400 trajectories. Each such trajectory is generated from an equilibrium snapshot chosen from
the GCMC runsln general,(t) contains a shotime Gausian paft® followed by multi

exponential decay given by a exp[-t/#;] where thea s are the amplitudes arfds are the

associated decay timescales, obtained by suitable fitting procedure. The ertasirbeen

estimated from the error of the fitting parameters.
4.3.2 Mechanisms of confinement -induced slowing down

Let us now consider effects of confinement®D when the bulk fluid surrounding
the slits i s adtlb. Weabsetve twoAlilferemtrregiéns 3)unrbelk fluid
(solid line in Figured.8a): A shorttime (<Lps) Gaussian component is followed by a single
exponential decay dit), as shown in the inset of Figudea, having a timescalet ~ 5 ps
within the error barsKigure 4.8b). We ensure, as a check of consistency, that in all veses

get back théulk-behaviour as the walls are removed far a(tdt20s).

The single exponential behaviour §ft) remains similar in confined fluid as in the
bulk, shown in Figure4.8a by the dashed (solvophilic) and dottéblvophobic) lines.
However, theeffects of the confinement on the valuestaodre significant particularlyn
solvophilic slits compad to those in solvophobic onésgure4.8b showst-data along with
the error barsAs the solvophilic confinement is made stronger by redudifrpm H=20s, ¢
remains similar to that in the bulk up té&=5s We observe a sharp jump iharound
H~4s (circles in Figured.8b). At the strongest confinemerti€4s) we find f = psQvhich
is about four times slower than the bulk. Thislitatively matches with earlier observations
of SD* % At the strongst confinement the solute experiences the sharp layers with liquid
structure. The fluid diffusion in these layers would govern $i2 We have shown in
4.2.5that such strong layering in presence of the attractive (radsire4.2b) leads to slower

Djcompared to the bulk diffusiohe slowing down of is similar tothat inDy. However,
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the detailed featureshow qualitative diffeences D decreases gradudilyfrom the bulk3D
behavior with decrease id from 20s (Figure 4.6b), whereast valuesshow a sharp jump

under strong confinement conditions.

1.0 ~ — bulk
0.8 - a —— solvophilic 0.1

----- solvophobic
0.6 - | !
0.4 / S:;:z?\l:g T T T T
02 ..
0.0 A
-0.2 T T | T 1

single-exponential
[ & response
.

S(t)

Figure 4.8: Solvation data at point A : (a) St), in bulk (solid) and in solvophobic (dotted)
and solvophilic (dashed) slits with  H=12s. (b) ¢ as function of H, with the error bars, in
solvophobic (triangles) and solvophilic (circles) slits. The bulk timescale marked by

dashed line through the open circle with error bar .

Although the increase inin solvophobic slitss marginal(triangles in Figure!.8b), it
occurs aroundH=>5s, similar length scale where dimensional crossover has been shown in
4.2.3in solvophobic slitsWe find ¢ =p8 at the strongest confinemerti£5s) which is
slightly slower than the bulin agreement qualitatively witbarlier results *°¢ 2°%n SD in
solvophobic confiementsUnlike the solvophilic case there is no jump in thealues for
small H. Such marginal slowing down &D in the solvophobic slits is interesting for our
earlier results show that under similar conditidpgets faster than the bulk diffusidoy a

factor of two(Figure4.5b) with a sharp jump ati=5s.

The contrastingyualitative behaviors of and D) indicate that further confinement
induced effects arenportant to understan8D under strong confinements. The confinement
restricts the dwent motion in thez-direction, hinderingthe solvent relaxation in that
direction. For instance, e solvent forms distinct layers in the strongest solvophilic
confinement (Figuret.2a). Under strongest solvophobic confinement, the solvent forms a
single layer of about two diameter thickness inside the pore (Feiog All these layers
exhibit the fluid properties resemblirgquasi2D systerfi ® Thus, thesolvation ofsolute of
diameter 3 is due tosolvent response from tbe strong layers afestrictedz-motion. To
assess the possible effects of this reduced dimensional@pave simulate th&D from the

GCMC equilibrated snapshots of the gu2Bi system atH= 5 without the solvophobic
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walls. The system is shown schematically in Figife The solvophobic walls are removed
(Figure 4.9) so hat the particles do not feel any effect of wall. We updatexthed y
coordinates of the particles, but keep theardinates fixedThus, we completely cut off the
z-component of the solvent response. Then we ensure proper equilibration of the aystem i
the MD run with these restrictions and calculdtg as usual by averaging over hundreds of
trajectories. We find slower (3-times) SD here than the bulk 3D case. This observation
confirms that reduction of solvent response alargjrection alone leagl to the slower
solvation than bulk. In presence of solvophobic walls this slowing effect competes with the
higherin-planediffusivity resulting inmarginalincrease inz. In solvophilic slits this effect

adds up with slower diffusion resulting in much sharper change in

no wall and no
H=5c movement along z

Figure 4.9: Scheme for the system simulated to understand the effects of walls.
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Figure 4.10: S(t) and density profiles at point B. (a) Solvent response functions ), in
bulk (solid) and in solvophobic (dotted) slit with H=8s. Bi-exponential fits to both data
are shown: dash-dot line for the b ulk §t) and the dashed line for the ) in slit. The zero
line is highlighted in the figure. Inset, comparison of the logarithm of the fitted S(t) data
for the two cases. (b) Density profiles r(z)* in the same slit in presence (dotted) and

absence (solid) of solute.

4.3.3 Effects of drying -wetting competition on SD

Our studies orsD in solvophobic slits placed in a buskib-critical fluid near liquid
gas coexistence are performed audcritical isotherm aff*= 0.9 (Figure 4.7b) which is
well below the critical temperature of LJ fluidS{=1.3)"**. The liquidgas phase

coexistence accompanies a sharp change in density around the coexistence chemical
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A

potentiaf® 73, =-3.9. We considert =-3.7, just aboverm,, ( mar ked 6B6 i

4.7b), corresponding to liquid bulk phase.

Next we discuss thbehaviour ofbulk SD. St) for the bulk liquid phase has three
regions: the Gaussian component, followed by-expionential decay (the solid line in Figure
4.10a), with timescaleg; = 3.2 ps and, = 40 ps.Such behaviour of(t) has been observed
earlier for ambient nepolar solvent$™. ¢, has been interpreted as the timescale originated
from the solventage expansidh’ following the initial Gaussian response andas the

longer diffusive relaxation timescale.

50 -
40 Fo-cmooe oo
30 e
20 S
10 a
O T T . T T T U T T T
0.12 A
* __

7,(PS)

Qo.10

0.08 - bulk value * b
T

0 4 8 12 16 20
H/c
Figure 4.11: Solvation Data at point B. (a) solvation timescale t. in solvopho bic slits
placed in bulk sub -critical liquid . The dotted lines indicate the linear fit to the data. (b)
le at different H. A fit line is shown to highlight the 1/H dependence. The bulk limits are

marked in both panels by dashed line.

Let us now consider th8D data in a solvophobic slifThe observed(t) show bt
exponential decay as in the bulk liquid witthigh the slit is in equilibrium. We show one
such representative case for the strongest confined situd¢jgn8s, by the dotted line in
Figure4.10a. Here SD is somewhat faster than the bulk as is evident from the zero line in the
figure. This is also clear from the comparison of logarithm of the fiBddata in the inset
of Figure4.10a. The initial slopes in the inset reflect the smaller timescale which are similar
in the two casedderet; ~ 2 ps and,; ~ 14 ps which is about 148 of the value in the bulk
liquid. Interestingly, thisf; is considerably longer compared to the diffusive timescale in the
coexisting bulk gaphase (~ 1 ps) which is stabilized by the solvophobic slit in absence of
the solvopilic solute. This longer; occurs due to formation of a medtable fluid phase

(Figure4.7b) in the slit, with a density profile as shown by the dotted line in EigL0b, via
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competition between the wetting effect around the solvophilic solute and the drying effects
by the solvophobic walls. This competition enhances the mean darsidg the slit up to ~

0.45, much higher than the density at dried condition (~ 0.03) in the solvophobic slit without
the solute (solid line in Figur&10b), but mub lessthan the coexisting bulliquid density.

We now look at the effect of changikjon the timescales. Out of the two timescales
observed in theSt), #; is nearly unaffected by confinement, as observed in earlier
experiment®. It remains about-3 pswhich is very similar to that in the buit). However,

t, rises almost linearly wittH, approaching the bulkehaviour beyondH=16s (Figure
4.11a). Figure 4.11b shows that theD, in solvophobic slits, estimated in presence of the

solute attains maximum at the strongest confinement where the-dezwity in the sliis

minimum With increasingH, D, linearly decreaseas 1H (fit shown inFigure 4.11b) to
approach the bulk valubeyond H=16s The observations of largeD, in solvophobic

confinement compared to that in bulk liquid is qualitatively similar to our earlier
observation®.

The dependencesf D, and £, on H can be understood from simple qualitative

arguments. The diffusion of fluid molecules in weak interaction limit is giverDg\c;

where thec; is the isothermal compressibility a2 is the Stoke diffusion of a tagde
particle. By definition ¢, = - (1/V)(UP/ V), whereP is the pressre andV is the volume of

the system. If two walls are at separatitr2s, no solvent particle can enter the slit. For

2s, the available volume for the solvent particles in the Mx&*(H - 2s) . For lowH the
density in the pore is much smaller than the bulk liquid where we ignore the effect of
correlations. In such a caseg; =L*(H- 2s)/Nk,T. Therefore, we canwrite

D, = DoNksT/ L*(H - 2s) which indicates a H-dependence ob,, asshown by the fitted

I
line in Figure4.11b. Comparing the exponential behaviours[o{r,t)- 7 (r,t =0)] and St),

given in section 4.1, we can write=1/(Dk?). Since, the majority of the solvent response
comes from the solvent movements in the first few coordination spheres of the solute
corresponding taks ° 1, we getin slit geometrywhere the relevant diffusion is in planes

parallef® 21°

to the walls of the slits ° s?/D,. Thus we can writehere £, ° .<:2/DII
=521%(H - 25)/(D,Nk,T). This clearly indicates a linear relation betwégmndH as we

observe in Figurd.11a.
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4.3.4 Implications of the results

Let us now discuss various perspectives of our observations on confinement induced
changes irSD. The mechanisms of slowing 8D we bring out here would control various
chemical reactions in confined geometry. One important class of chemical reaction, for
instance, is chargeansfer (CT) or protoroupled electrotransfer in biological systerts.

Effects ofSD on rates of CT reactions have been studied widely in biomimetic systems, like,
RMs which shoW’ qualitatively similar slowing of rate as confinement becomes stronge
Although such systems, for instance, the fluorescent dyes in an associative solvent like water,
are very complex with complicated interactions, both the RM and the reacting species are
solvophilic. Our results on the solvophilic confinement show tha&t contribution to the
observed slowing down in the rates of CT reactions in these systems is due ®Dsiow
response to the suppression of fluid diffusion under strong confinement. Interestingly,
considering the four times slowing 8D in a slit geomey, one would expect ~12 times
slowing down in a confining framework in all directions, like that in a spherical RM which is
qualitatively similar to the experimentally observed (10 to 100 times) slowing*dofmid-

phase reactions in carbon nanosibaising metal nanoparticles as catalysts in alcohol
solvents, like, methanol have drawn lot of attention recently where the confining frameworks
are solvophobic. The reaction rates and the yields are found to be enhanced significantly in
the nantubes’ compared to the bulk. This phenomenon can be qualitatively explained from
our observations with solvophobic slits. H&B is slower, but the iplane fluid diffusion is

faster than the bulk case. As a result the reacting particles enceacte other at a faster

rate, even before they are solvated by the medium.

It would be inteesting to discuss our results of 4.3.3 light of the earlier
observations witlsubcritical water confined in solvophobic environment. Several sttfies
18 on the phaseehaviourand fluctuations of water molecules near hydrophobic surfaces in
nanoscale slits to show similar evaporation effects as we have seen here. However, the
presence of a single hydrophilic site re$ftsthe evaporation and leads to similar
competition we have observed. This competition has been inte¥fetédin terms of
changes in density fluctuatidrehaviourof water moleculesiear a hydrophobic surface via
the hydrophilic interaction which plays very important part in deciding the ghetsgviour
of water at a biomolecular interface. Our simplified model captures all these essential
physics. Our results reflect the dynamicapects of solvation affected by such competing
interactions. In general biomolecular surfaces are heterogeneous having both types of

interactions. Solvation plays very important role in associations of biomol&€uléere two
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such surfaces with competing interactions come in close vicinity. Our results on solvation
dynamics may be helpful to understand the kinetics of such biomolecular and
macromolecular associations. Moreover, the fixed solute approximation would be useful for
large solutes?, like the biomolecules and different macromolecules in general where the
movement of solute is much slower compared to the solvent molecules. The perturbation
chosen here in terms of change in solute size also dwdsel applicable for the
macromolecular solutes, since any perturbations leading to chemical reactions always

accompany changes in shape and conformation of the participating solvated species.

The most interesting aspect of our resultsSihunder solvophbic confinement, in
equilibrium with asub-critical bulk liquid, is the fasteBD under strong confinement and its
linear approach to bulk behaviour with increaskhgThis behaviour is in sharp contrast to
the confinement induced slowing down where thefioed fluid is far away from any phase
transition. Our results also clearly show that experimental observation of this slovéiy of
cannot be rationalized without precise specification of the surrounding equilibrium bulk fluid.
More interestingly, the $eation of solvophilic solute in a solvophobic pore in equilibrium
subcritical liquid near phaseoexistence offers a wonderful scope for tuning of solvation
timescales which may be useful in controlling chemical and physical processes in the
confined meth. In particular, thesubcritical liquid in solvophobic confinements, like,
carbon nanotubes, graphene nanochannelsgesamatrix, could be attractive media for
controlling the chemical reactions, namely, large scale catalysis, efnangéer, nanopécle
synthesis and physical processes, for instance, industrial scale separations and extractions,

and so on.
4.4 Conclusion

In conclusion, we have shown that the dimensional crossover in static density
fluctuations for a confined fluid can be understood from the modifications in- long
wavelength response of the fluid due to confinenmeeticed geometrical constraints. The
dynamc density fluctuations also show the signature of this crossover. Our results provide a
clear relation between the crossover of different physical properties and the length scale of
confinement although the detailed nature of the crossover is sensitithee toonfining
potential. Thus, we suggest a possible general mechanism for the crossover in large number

of diverse static and loagme dynamical quantities under confinement.

We also show that the SBf a solute in a nanoconfined fluid is affected thg

dimensional crossovein fluid properties In fact, two different aspects of crossover in
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solvophilic and solvophobic slits lead to different mechanisms of slowing down of SD
observed in several confined systems. There is sharp slowing daseifvafiontimescale in
solvophilic slits due tsuppressiomwf fluid diffusion by the attractive wallsn addition to the
restricted solvent dynamics in confining direction. The slowing down of SD is marginal
solvophobic slitswhich can be explained via a comiieh between two opposite effects:
reduction of dimensionality in solvertynamics and faster solvent diffusion in narrow
repulsive slits Experiments and further theoretical investigations are required to verify the
suggested mechanisms which could shedortant light on solvation dominated chemical
processes under confinement.

Finally we examine the effects on surfanduced phase transition on the SD of a
solute in a fluid confined in solvophobic environment when the bulksigberitical liquid
close to the liquiehas phase coexistence. The solvent responseespbnential as in the
bulk liquid. This happens due to the formation of a rs¢ddle high density phase by the
wetting induced by the solvophilic solute in competition with the dryiffgces of the
solvophobic walls. However, SD slows down linearly to approach the bulk character as the
confinement becomes weaker. Thus, we bring out clearly how geometric constraints, in
combination with the influences of the confining potential, naturesalute and the
thermodynamic state of the surrounding bulk fluid lead to a dramatic behavior of the SD in a
nanoconfined fluid. Our results would help in further theoretical and experimental
investigations on nanoconfined fluids with wefiecified surranding bulk fluid phase.
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Chapter 5 Conformational fluctuations in biomacromolecules

5.1 Introduction

Biomacromolecules are large flexible molecules which exist in numerous possible
conformations inbiological environments. Fluctuations among these conformations are of
fundamental importance from various perspectives, like, structure, function and applications.
Specific conformations are required for thermodynamic stability of biomacromolecules. One
classic example of such conformational fluctuation is the folding of proteins into its native
conformatio’”’. The biomacromolecules need to adopt suitable conformations in btnera
participate in molecular recognition, signal transduction, gene expression and®$d on
Furthermore, subtle conformational changes of different biomacromolecules have been
utilized in various nandiotechnological applicatioh “* 22! Thus, microscopic
understanding of conformational changes in biomacromolecules is important from both

biological and technological standpoints.

The biomacromolecules, like proteins, are characterized by a large numbirodli
degrees of freedom which specify the conformations. When a biomacromolecule binds with a
binding partnerthese large molecules themselves experience conformational changes, to
stabilize the compléX along with the changes in surrounding sol¥&n¥ot only that these
charges take place simultaneously over different binding regions consisting of large number
of conformational variabledut also the interactions between different groups of atoms are
diverse. A microscopic understanding of biomacromolecular binding at et ¢é¢ the
binding regions, essential for understanding most of the biophysical and biochemical

processes in detail, is thus one of the most challenging prd§iéms

The most important equilibrium aspedf conformational fluctuationsis the
thermodynamic characterizatiomcluding both entropy and freeenergy contributioris.
Experimentally, the binding entropy and the binding free energy for biomaleomhar
complexes have been measured by isothermal titration calorimetry®{ITF@wever, this
macroscopic method cannot yield the informatmm the changes of individual binding
regions. With the advent of NMR relaxation experim&itsto measure the conformational
entropy costs in biomacromolecular complexes, the role of conformational changes in the
binding regions has been emphasized. Computer simulations provide a useful route to extract
thermodynamic data at the mismmpic level in controlled manifér The computer

§22—225

simulation to estimate the conformational entropy from the normal nfédessociated
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with atomic vibrations or quasiarmonic (QH) analysés have been numerically very
challenging, while the approaches based on purely statistical scoring functions from the
crystal structure databad€s ?*° are devoid of microscopic details. Atomic Cartesian
coordinates often are not suitable to capture all possible bond rotations, thus providing poor
estimate$ of conformational entropy. Furthermore these methods are often limited due to

huge collective motional correlations inherent to changes in atomic Cartesian coordinates.

Recently, the protein dihedral dag have been widely used as the conformational
variables. Multidimensional histograms of the dihedral angle distributions have been
constructed to estimate the conformational enftopidiowever, such calculations are
computationally demanding thus limiting the applicability to small systems only. A detailed
approach’ incorporating correlations among the dihedral angles up to different order (pair
wise correlations, threpoint correlations and beyond) has shown that ~80% of the
conformational entropy for different small molecules dobk recovered by neglecting all
sorts of correlations. In biomacromolecules, the {ogged dihedral correlations have been
found® ' to be negligible except some shoahged correlations amgnthe sidechain
torsions. These observations practically illustrate the importance of completely reduced one
dimensional histograrfi$ ***based on a single dihedral angle. A recent M@ddo based
approacf® has considered a fixdshckbone implicit solvent model to probe the contributions
of sidechain entropies towards the binding entropy for preligand interactions. Their
estimates correlate quite well with the ITC d&tdor several Calmoduliarget peptide

complexes.

Accurate and efficient estimation obrcformational free energy is quite challenging
till date. The conformational states of a small biomacromolecule have been explored via UV
resonance Raman measurem®&nitherethe free energy difference between two states has
been calculated by the population ratios of those two states. Computational methodologies for
calculation of conformational free energies are of two types: 1) estimating the abssdute fr
energies of a conformational state; and 2) evaluating the free energy differences between two
states. One recent example of the former class is the reference system*thdthisdan
implicit solvent model based on the degtion of a reference system for a biomacromolecule
using the internal or Cartesian coordinates. Though this method gives good measures of
conformational free energies for dipeptides, application to larger systems is computationally
very costly. There ara number of methods belonging to the latter class. For instance, the
confinement methdd®, a variation of the normal mode analyses and deativated

morphing metho@® based on nephysical transformations between two conformational
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states where all the interactions are turned off before the changeeghibrium MD
simulationg® have been employed, based on differential fluctuation thédfetn evaluate

free energy differences with implicit solvent contributiongxplicit solvent MD
simulation$®® have also been used to calculate the free energy differences between two
conformational states of a polymer ahaiising a path variable connecting two states on the
configurational phase space. A Common limitation of all these approaches is their
inefficiency to study medium to large biomacromolecular systems and focus on individual

binding regions.

The dynamic corformational fluctuations control various fundamental non
equilibrium processs in biological systemsincluding allosteric regulatiorfs®. The
remarkable ability of biomacromolecules to transmit responses over large dissakioesn
as allosteric regulationvhich governs ahost of cellular processes, ranging from signal
transduction to gene expressidii*®. For example, binding of a ligand at oseibunit of a
protein affects the subsequent ligand binding at anahbunit through propagation of
change in protein shape or conformation far away from the first ligand bindifi§. kecent

44249

experimen indicate that even in absence of any structural changes, the-irghrzed

modifications of dynamic fluctuations of a protein can link two sites via allosteric regulation.

The current understanding of allosteric regulation is based on population shift
experienced by the biomacromolecule into different conformational ¥fat¥s **°upon
ligand binding. This shift occurs through the participation of a large number of dynamically
coupled conformational degrees of freedom. The simplest system showing dynamical
coupling are a set of coupled harmonic oscillators. Howetier conformational degrees of
freedom are much more complex in nature. In fact, experimental characterization of the
dynamic coupling among conformational degrees of freedom has been quite challenging,
despite several techniques to probe conformatioyabmiics of biomacromolecul€g®,
NMR experiments have been widely used to probe alldsteGhanges in intrinsic dynamics
at allosteric sites, observed via measurement of NMR relaxation rates of backbone motions,
have been a good marker of dynamitven allostery in proteid&® 2*> A solutionNMR
residual dipolar coupling analysisve shown that significant rotational motions of different
subdomains control the allosteric regulation in a kstmick proteiff?. Covariance analysis
of NMR chemical shifts has been ué€do sudy the coupling between residues which
participate in allosteric regulation in a protein during ligand binding events. Using this
method, other dynamiedriven allosteric networks have also been identified from the-inter
residue chemical shift correlatis. However, the nature of dynamic coupling among
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allosteric degrees of freedom revealing a complete molecular picture has remained &lusive.
microscopic characterization of dynamics of the conformational variables is thus of primary

importance to undemsid the allosteric events.

In the absence of detailed knowledge on dynamic coupling among the conformational
degrees of freedom, the processes responsible for population shift are taken to be Markovian
so that the transition to a conformational stgpends only on the previous 6teAlthough
the Markovian model has been tested for few biomacrom@ednlthe longime limit using
a Master equation approd®h its validity needs the knowledge of all the dynamical variables
associated with the procesS&swhich is a really difficult taskApart from the Markoian
model of population shift, various other techniques have been employed to understand the
mechanism ballosteric regulation in biomacromolecules. Many of the approatitésare
based on different netwotkodels of biomacromolecules to highlight allosteric pathways for
conformational transitions. Such models have also formed the basmormalmode
analyse®’ to describe allosterically regulated large domain motigmsuced byligand
binding in biomacromolecules. Despite revealing important insight to allosteric regdfation
%0 the coarsgrained network models lack any atomistic detibwever, here are a
number of atomistic approaches, likedel$®* ?**based orfluctuations ofdistances between
different parts in a biomacromolecylstructurebased statistical mechanical mddgbased
on large backbone and sidbain entropic contributions as driving factasf allosteric
transitionsin proteins statistical coupling analysi®® to map theequilibrium correlation
amongparts ofbiomacromoleculescrosscorrelation matricé8’ between position vectors of
C. atoms of different residugsforce distribution analysi§’; and investigatioA®® of
evolutionarily consered pathways ofallostericsignal transmission vianergy propagation
The distance fluctuation matrices and the correlation maps, although point at key allosteric
sites or correlated regions imiomacromoleculescannot reveal the nature of dynamic
correlation between allosterically coupled dynamical variables. Since tmadiomolecules
feature a wide distribution of timescales of various kinds of motions, the temporal behaviour
of such correlations could be very important for specific allosteric events occurring in a given
time-domain. Recent studigg® %0 105 269, 21%3ye shown that the dihedral angles are
convenient variables to microscopically describe conformations of biomacromolecules,
including the conformational thermodynanfitand allosteric regulation in proteffis 269 27

However, these studies do not dire@tidress the dynamic coupling of the dihedral angles.
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In the present chapter, vetudy both the equilibrium and naguilibrium aspects of
conformational fluctuations. Wextract thermodynamics of the conformational changes from
the onedimensionalhistograms of the dihedral angles. These histograms can be sampled
efficiently from the equilibrium trajectories from altom MD simulations of a
biomacromolecular complex and its components in their respective free states, all being in an
explicit solven. The connection between the underlying thermodynamics and the histogram
can be understood as follows: Since the histograms can be treated as the probability of
finding the system in a given conformation, they can be interpreted as given by the
Boltzmannfactors of the corresponding effective free energies; while the entropies are given
by the Gibbs formuf&. The histograrbased methoHBM)?23 can yield both the information
simultaneously from a single set of simulations, unlike the existing expensive computation
methodologies which provide the entropy and free energy separdiaigover, the HBM is
capable of yielding the conformational thermodynamics data for each binding regions in the

complex.

We apply the HBNF to experimentally well studied Calmodulreptide complexes.
Calcium (C&") saturated Calmodulin (CaM) is the primary mediator of target protein
activities responding to changes in intracellular calcium 1é{el8aM belongs to the class of
EF-handproteins.EFhand?is a helixloop-helix structural motif that generally bind<Cat*
ion via the loopCaM has two globular domains:-tdrminal (Ndomain) and the @erminal
domain (CGdomain). Each domain has two4BBnds, | and Il in the domain and IIl and IV
in the Gdomain (Figures.1a). Two domains areonnected via a linker region consisting of
29 residues (residues -82). Metatfree (apo) CaMupon C&*-saturation, undergoes subtle
conformational chang&$' ?"*in the metabound (holo) form(Figure 5.1a) with the linker
becoming a long heliand thusexposing the targdiinding hydrophobic faces of Caliér
target peptidéS. Moreover, the linker gets deformed to wrap arotimel peptides (Figure
5.1b) which are CaMbinding sequence®f large number ofproteins including several
regulatay enzyme%™ ?’®e.g protein kinases, phosphodiesterases, cyclases etc. Here we
consider five such peptides: Cabihding sequences o§mooth muscle myosin light chain
kinase (smMLCK3"’, theneuronal and endothelial nitric oxide synthases (nNOS and eNOS
respectively3’® the calmodulin kinase | (CaMKf) ard the calmodulin kinase kinase
(CaMKK)?"®. For all these CaMpeptide complexes the ITC d&t** 2""and conformational
entropy changegDS,,) measured via NMR relaxation experiments are krdvir 2% 8!
According to observations, the total changes in conformational ent@®$} ) is linearly
correlated with the total binding entroppg°.,) for the complexes. Recent wdtkshows
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that DS

conf

for CaM and the target peptidese linearly related to(DSfAe>, the average
changes in residueeighted methyl group ordgrarametersS/,. which describes the
rotational freedom of the methyl graupVe estimate DS, of the complexes and the
components correctly and recover the experimental observations. Further, we estimate the
conformational free energy cost of binding to predict different contributions of the individual
binding regims of CaM. Our calculations show that the deformations in linker helix to wrap
around the peptides cost huge free energy and entropy. The unfavourable changes are
outweighed by the favourable changes at different binding regions dominated by the
interactions among the charged residues and the hydrophobic residues.

- loop IV X 7.
da loop 11l fk/ ¥ Q. b AVAVE
~ /()‘ “( . loop I S €. P <
‘“;: 6. B \ v _,‘,’ loop IV e ((’)
L '\‘\ { ’ + ( LD ] (& Y 4
apo-CaM ¢, 4Ca? p K S Mg
& J -._" — Cee, « % \.
N . G327
v 1S € €, Ca N
i Bh ) WP {27 "1 4 \)
D~ \/.,....:. il s EAl g
/ 2 Q ) »
g t > T §~ €3 WNAS
T 4-")\ X ° —~——
loop 11 —ﬁ [ Toop1 loop | /(\:'/j holo-CaM  CaM-smMLCK complex

Figure 5.1: Binding events of CaM. (a) Apo- to holo- transition of CaM using cartoon
representations. The EF -hand loops are colo ured: | (purple), Il (yellow), Il (pink) and IV
(cyan). The part of linker that undergo loop to helix transformation is marked by circle.

(b) CaM bound to a target peptide (blue), smMLCK .

We also consider the €aion binding toapcCaM. Despite several experimenital
101 282 and theoretical studi®§ 2% on such binding eventsthe conformational
thermodynamics of CaM upon €don binding is largely unexplored. Using the HBM we
estimate the contributions from individual met@hding sites to the conformational
thermodynamics along with the role of the individual residues in bringing about the
thermodynamic changes in tkkenformation space. We finfdur metalion binding sites in
CaM have different conformational free energy anttopy changes with the major share of
the changes due to the coordinating residues to thei@®. The norcoordinating residues
in the vicinity of the binding sites also undergo thermodynamic chaWgedind substantial
thermodynamic changes ihe linker where modification of the secondary structural element
takes place(Figure 5.1a). Finally, we correlate these results with the experimentally

measured Inding data and discuss the broad implications of our studies.

The dynamic correlation between the requilibrium fluctuations of different

degrees of freedom have been studied in great detail viademendent correlation functions
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(TDCF) for various no-equilibrium systenfs 1** 2% 285The TDCF between two variables
describes how the changes in a physical quantity affect the other quantities after certain time.
The TDCF remains nerero till a timescale called dynamic correlation time Such TDCF

has not been explored in details in the context of dynamical variables associated with the
biomacromolecules. We extract the TDCF of the dihedral angles in a protein from the
temporal evolution of alatom MD trajectories. Our primary objeativs to probe directly the
dynamic correlation among the conformational variables participating in allosteric regulation.
We illustrate the TDCFs of the dihedral angles in the case Sfi@abinding to apeCaM

which is known to involve certain allostereents. We show that a number of dihedrals
exhibit longranged temporal correlation with nexponential behaviour. Furthersabset

of dynamically crossorrelated dihedrals of distant residues is affected via bindit@gdf

ions to CaM, indicating #ir involvement in allosteric regulatio®@ur approach, based on
dynamic correlations, provides a significant advancement to understand allosteric regulation

of biomacromolecules without any assumption on the underlying dynamical processes.

The rest of theoresent chapter is organized as follows: We describe the HBM for a
proteirtligand binding and its extensions in Section 5.2. The results on conformational
thermodynamics foicCaM-peptide complexesre presented, along with a prediction and
discussions on #arits and demerits of HBM in 5.3.o0@formational thermodynamicir
binding of C&* ions to CaMis considered in 5.4. Section 5.5 deals with the allosteric

regulations in CaM. We conclude in 5.6.

5.2 The histogram based method for conformational thermodynamics
In this section we illustrate the theoretical basis of HBM for preigand binding

and its extensions.

5.2.1 Protein -ligand binding
For a system with conformational variable {S’e]t, the normalized probability

distribution is given by:

P{x}) = 2 expl- H(x})/k,T] 51

wherekg is the Boltzmann constant, the absolute temperaturéi ({X, }) the Hamiltonian

andZ, the partition function fothe system. The reduced probability distribution for a given

conformational variabler can be obtained by integrating over the other variables ib.Eq.
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Pl =x) =¥ Z)ppal- H{x})/keTlalx - x)P dx = Z)expl- Glx)/k,T]  (52)

which defines the effective free ener@gg) or the potentiabf mean forc&™ associated with

X.

We considexx[ ¢ ) wheregandt are the dihedral angles for protgimnd ligand
respectively. Subsequently, we use the subsquifdt andl to indicate quantities associated
with the complex, the protein and the ligand respectively, while the superscaptsf to
denote the bouhand free state respectively. We define the following effective free energies
from Eq.5.2:

Prab) =Sl G5, ()/kT] P (q)=§em[- G{ (g)/koT]

and R'(r )_—exp[ £)/ksT] (5.3)
Therefore, the free energy change falue to complexation is

DG, .. (x) =-k Tlné' Pab) s (5.4)
con =- e— .
R FOTHOr

The correlation between any two dihedral angletith residue ang; of jth residue

is defined a¥

C,.(s)=(cosx @osxj)- (cosx )(cosxj) (5.5)

XXi

where th6:|i - j| and the angular brackets denote ensemble average. If correlations are

negligibly small, the conformational variables can be considered independent. Then we write,

G, (x)=G:(g)+GF(r)and P, (x) = PS(g) B° (¢ )to give us from Ecp.4:

&P (g)o eR°(t)e
() =-KeTINELT - KgTIng =4 5.6
Dol =T G ol "GR8 0

so that the thermodynamics is given separately in terms of the individual dihedralsuifiwe
over all the dihedral angles of protein and ligand we get the total conformational free energy
change:

pe c _
@ keTA In RO _pgpory +DGY ;. ]7)

. Pl . R'(©)
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We can expreddG) differently © illustrate the nature of approximations in our
calculations. Letz(x) be the partition function corresponding to effective free en&@y =
-ksT In z(x). Therefore,z(x) = expft G(X)/ksT) = P(X)Z, from Eg. 5.3, P(x) being the
probability distribution forx. Defining z(x) for the protein variableg and ligand variableg

in free and complex states we can write

rad(7)¥ ez’ (t)o_ . . P . P°(?)
- kgTIn Pe—u KeTINP & —Ty=-kTA NS ke TE In - (5.8)
762} (@) ‘&'t TG P@ T RO
which, using EQg5.7, simplifies to
ez°¢ a
DGE, = -k, T2 P 21O 8 (59

con e—
T e @2 (0
whereZ:(g) =P z,(g)and so on. The term in square brackets in53js the conformational
q

contribution to the equilibrium binding constant. Here we assume that the other degrees of
freedom like bond angles and bond vibrations change very little in the complex compared to
the free states and they are decoupled from thedd#h angles, thus cancelling out from the
ratio in Eq.5.9. The ratio of partition functions in E&.9 resembles that used earfférto

define the standard free energy of binding of a receptor to a ligand. However, we consider
here onlya restricted set of internal degrees of freedom associated with equilibrium
fluctuations of the dihedrals. Since we focus only on the conformational part of the
thermodynamics we do not consider the solvation components, although the effects of solvent
ondihedral distributions have been taken into account through explicit solvent molecules. We

also ignore the external contributions to the thermodynamics as in Marlo(X. et al
The normalized probability distribution of a protein dihedeais given by the
histogramsH ; (¢) andH ; (@) and that for a ligand dihedral bif () andH," (¢) in the bound

and the free state, respectively. They can be generated from equilibrium trajectories obtained
by molecular simulations. The peak of the histogi@defines the equilibrium value of the
relevant dihedralsThen the equilibum conformational free energy cost associated with any

protein dihedrabyis

DG5(q) = - KeTIN[H 1 (9)/ H e ()] (5.10)
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where the subscript O0Omaxd de atebateentistshiffecienma X i
since the population at the base of a peak is insignificah0%d) compared to that at the

maximum for a typical histogram.

The free energy contributions from the neighbourhood of the maximum can be

accounted for within a QH expsion about the maximum. We expand a histogrdeg

about the maximum ay= g, up to the quadratic terrhl(g)=H_ .- @/ 2Hi(9,)Q- g,)°

whereH i(g;) :|C(q0)|, the curvature near the maximum. Therefore, the effective free energy

for g can be written using E&.3 as:
G(g)/ksT == IN[H ., - 1/ 2C(G)(G~ G)°]- INZ. 511)
Equation5.11 can be rearranged to give(q)/ kT =- In[ZHmax][1+ Bx’] wherex=g- q,

andB=C(q,)/2H,,,,. For BX* < 4, we get G(g)/k,T =- In[zH,_ ]- BX?. This can be

further approximated a&(q)/k,T = - In[zH,,]- exp[- Bx*] +1 to yield
G(q)/ kT =- In[ezH,, ]- exp[- BX’] (5.12)

Considering contributions from af| Eq.5.12 can be written asé(q)/kBT =-In[eZH, ] -

A.’exp[- Bx*]dx. This integration essentially implies that the contributions around the peak

have been taken into accoatQH level. The integration gives the modified free energy

G(q)/ kT =- IN[ZH,__ exp(/p/ B) +1)]. 503)

The corresponding free energy difference is then

DGy (@)/KsT =~ IN[HE, (@) H @] - [0/ BE - [p7BY ) (5.14)
Similar expressions like E§.10and5.14 can be written for the ligand dihedrals as well.

For multtmodal histograms we compute the free energies by taking average,
weighted by the maximum values of the peaks. For a particular dihedtitih multi-modal
histograms in both free and complex states, the free energy cost is gigepDey, where

i
DG, =-KkgTIn(H ., /anm,-) representing the free energy cost for transition fritmpeak
in free state tgth peak in the complex statedan; = H | ;H o /(8 H oo T8 Hoo ), the
i i

max,j

respective weights.
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The conformational entropy for a particular dihedral can be estimated directly using

the Gibbs entropy formula, given for a dihedrdly

Seont(¥) =- kg @ H; (x)InH; (x) (5.19

where the sum is taken over the histogram bwgh a nonzero value oH;(x). Therefore,

the conformational entropy change for the dihedral is
DS,0ni() = - ko gl HEGAMHE(¥) - & H ()N H (). 5.16)
€i [ u

In the QHIimit, the entropy associated with the histogram of any dihexican be

expressed in terms of the entropy of a harmonic oscillator fitted to the peak. The frequency of

the oscillator of masgrand face constank is given byw =,/ k/ m=,/C/ m. So, entropy is

given byS_ (x) =kz[1+In(2ok, T/hyC/m],hbei ng t he Pl aGandbs coi

are the curvatures near maxima for the dihedistbgram in free and complexed states

respectively, we have
DS, (%) = (1 ks IN(C, /C,) (5.17)

For multipeak histograms QH entropies are obtained by weighted average over the peaks

with finite curvature around the maxima.

The thermodynamics of conformational changes of a given residue are finally

obtained by adding all the associated dihedral contributib@s,,, and DS

nt Of @ given
region are computed by adding the contributions of aldtees in that region. Similarly, the

total changes are calculated by adding all residue contributions.

5.2.2 Metal-ion binding to protein
We can write down the free energy cost for dihedrédr apce to holotransition of

the protein as

DGeont(@) = Groio(@) = Gapo@) = - ke TIN[P,,o(@)/ Poo(@)l 5(18)

where the respective states are indicated by the appropriate subscripts. To arrive 18 Eq.
we assume the total partition functidrof the system to remain unchanged in the- @l
the holestate. hese two states differ only by (i) the C@ns and (ii) a few added counter
ions that replace some water molecules to maintain condtaiithe replacement of water

molecules with ions may lead to differenceZietween apoand holestate. However, this
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difference is proportional to the ratio of fugacitiéf the added ions (including €3 and

replaced waters, given by =exp(m,, /k;T)expt M, /ksT) Wherends ar e chen
potentialsof the respective species. Since the densities of the iop9 @re too small, we

havem, ~Inr,, - - ©and hence~ 0, indicating that the difference thbetween the two

states can be safely neglected. This is further suppbstecery small difference in ionic
strengths between the af@aM system (0.26) and the heGaM system (0.29) simulated
here. The total free energy change is then

ttigtnf =- kBTa ln[PhoIo(q)/ Papo(Q)] . 5:(-9)
q

Here, the contributions from other variables like bond angles, bond vibrations etc. are
considered to remain similar in apand holestates since metan binding only alters the
secondary and/or tertiary structuretioé protein. Consequently, they get decoupled from the
dihedrals and their distributions cancel from the ratio in E&9. Thermodynamics of
solvation are nibconsidered as we focus only on the conformational changes. However, the
solventeffects on conformation have been incorporated via the explicit solvieatioral
equilibrium conformational free energy difference in terms of histograms is given from Eq.
5.19by

cont = = Ks T IN[HT(9) 1 H 55 (@)] 5.20)

q

The conformational entropy change for any dihedral is obtained from Hj.

D5,1(9) =~ ke g H*"(@)IN H*"(@) - & H"(@In H™"(@)y 5.21)

5.3 Conformational thermodynamics of CaM -peptide complexes

In this section we discuss the conformational thermodynamics of-&gitide
complexes. First we describe the details of the simulations. Then the results in the following
order are presented on methgirder parameters, dihedral correlations, histograms,
conformational entropy and conformational free enefgpen we discuss changes at different
binding regions, scaling between methyl order parameters and conformational entropy and
predictions using HBMFinally we discuss different merits, demerits and possible routes to
extend the HBM.
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5.3.1 Simulation details

For CaMpeptide complexes, we perform all atom MD simulation of the free protein,
free peptide and the complex in explicit water. Simulations are datie the NAMD
prograni®’ at 308K and 1 atm pressure in isotherisabaric NPT) ensemble under standard
protocol$®® using the CHARMM forcdield®® periodic bounda conditions and 1
femtosecond timatep. TIP3P model is used for solvent water molecules. Electroneutrality is
maintained via addition of count@ns (N& or CI). The particlenesh Ewald methé® is
used to treat theong-rangedelectrostatic forces. The initial configurations are chosen from
following protein data bank (PDB) entries: 1CDL (smMLCK), INIW (eNOS), 2060 (nNOS),
2L7L (CaMKIl), 1CKK (CaMKK) and 1CLL (free CaM). The peptide coordinates in the
complexes are taken as the initial configurations of the free peptide simulations. We keep the
number of total particles including water, pressure and temperature fixed for each case to
make thesimulated ensembles equivalent. We run 50 ns long simulations to capture most of
the protein motions and peptide motions relevant for binding. The equilibration is ensured in
any run by monitoring the root mean square deviation of the biomacromoledides) s
the Figure Al in AppendixWe analyze the data at two levels: First, we consider the
trajectories up to 10 nsince the conformational entropy is dominated primarily byrsib
sidechain motion§ ?* and calculate the histograms for the dihedral angles from
equilibrated configurations sampled beyond 2 ns. Subsequently, we consider the longer 50 ns
trajectory and compare data with thleorter run. The dihedral angles are calculated from
angle between the relevant atomic pl&hesiven by the Cartesian coordinates of the

associated atoms.

5.3.2 Methyl order parameters

By definition S2. of a methyl group increases from zero to unity as its rotation about
the longaxis gets restricted indicating lowering of entropye compareour calculated
methyl group (Figure A2) ordgrarameterS; (calc) (method in Appendix A) to the
experimental datr:SfAe(exp)75 in Figureb5.2a (CaM) ands.2b (peptide) for aepresentative
case: eNO&omplex. Most of the Ala, Met, Val and Thr methyls are close to the perfect
correlation line /. (exp)=S/.(calc)) or within theS’ (exp)=S;.(calcy 0.2 regon,

indicating reasonable agreement between the theoretical and experimental values. There are
some overestimations, mostly for the Leu methyls, as expected forficcdoased MD

simulation$® #°2 Results of other complexes are shown in Figure A3 and A4.
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Figure 5.2: Methyl order parameter data. S,\Z,leare shown for different types of methyls (a)

CaM and (b) peptide in the eNOScomplex. Here, the experimental data Sf,,e(exp)are
plotted against the theoretical S’ (cald)values. The straight lines show S7_(exp)=
S2.(cald) (solid), S (exp)=S;.(calc) +0.2 S2.(exp)=S/,.(calg)-0.2

(dashed) situations .

(dotted) and

5.3.3 Equilibrium correlations among dihedral angles

We choose the backbone dihedrilg and thesidechaindihedralsc, ¢, ¢3, ¢4 and
¢s. Figure5.3a-c show the equilibrium correlations (Ef5) among different dihedrals. The
correlation data amorgjfferent dihedraléh CaM (Figure5.3a) andpeptides Figure5.3b) in
various complexes and the crassrelations between CaM and peptide dihed(glgure
5.3c) indicate nearly zero correlations among the dihedrals which is consistent with the

earlier observatioft
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Figure 5.3: Equilibrium dihedral correlations and histograms.

(a-c) x-xijcorrelations

CXXi(S) (Eq. 55) where x and xj are dihedral angles from two residues and s is the
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difference between their locations. (a) Dihedrals of CaM in different complexes:

x =xi=f inthe eNOS-complex (solid line), y in smMLCK-complex (dashed), ¢: angles in

NNOScomplex (dotted) and ¢ in CaMKI-complex (dash -dot). (b) Dihedrals of peptides in

different complexes: x =xj=7 in the eNOS-complex (solid line), y in CaMKI-complex

(dashed), ¢: angles in smMLCK-complex (dotted) and ¢, in CaMKK-complex (dash -dot).

(b) Cross-correlations among side -chain dihedrals x from protein and xj from peptide:
X =Xi= ¢, in nNOS-complex (solid), ¢z in eNOScomplex (dashed), ¢ in CaMKI-complex

(dotted) and ¢ in CaMKK-complex (dash -dot). Representative histograms of (d) £ of
Glu45 of CaM in free and bound form in smMLCK -complex. The inset shows the near -peak
region for the free case. In each case three convergent histograms are shown in solid,

dashed and dotted lines sampled from different parts of the MD -trajectory ; (e) y of
Lys802 of smMLCK peptide in free (dotted) and CaM -bound form (solid). Multi -modal
histogram s are shown for (f) ¢, of CaM residue Leu69 in free and bound form in CaMKK

complex and (g) mf CaM residue Aspl118 in free and bound form in CaMKI complex .

10 1
| convergence of conformational entropy S_
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~ smMLCK bound to CaM
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Figure 54: The convergence of conformational entropy during the simulation. A
representative case of smMLCK complex is shown. The CaM and peptide contributions
individually remain almost invariant with time demonstrating the robustness of the
histogram technique. The errors in calculated Sonf for free CaM (0.05 kJ K-tmol-t) and for
CaM in the complex (0.04 kJ K-'mol-1) are quite small. The errors in the peptide -data are

nearly zero .

5.3.4 Histograms of dihedrals and convergence of thermodynamics

In absence of significant correlations, we consider the histograms of the individual
dihedals for the calculation of thermodynamics. The histograms are calculated over 10 sets
of equilibrated configurations each having 1000 samptesn different parts of the

trajectory Figure 5.3d shows three such histograms in free and complex states for the
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dihedral anglef of CaMresidue Glu45 in smMLCKomplex. he similarities of these
histograms indicate the convergence of thermodynamic quarditieslated based on them,
for instance, cdimrmational entropies (Figurg.4). Due to equivalence of the samples we
compute the overall changes in entragyd free energy via a flat average over the entire
equilibrium trajectory. All the backbone dihedrals exhibit sharply sipgkked histograms
with the maxima around the equilibrium values in the initial configuration (PDB
coordinates)Histograms ofy dihedral of a peptide residue Lys802 of smMLCK peptide are
shown in Figureb.3e. Multi-modal histograms have been mostly observed for theckidie
dihedrals asillustratedin Figure5.3f for ¢, of CaM residue Leu6@ndFigure5.3g for ¢, of
CaM residueAspl18,indicating different rotameric states.
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Figure 55: Conformational entropy data. (a-b) Comparison of theoretical and

experimental DSéZtnf for CaM-peptide binding plotted against the experimental t‘i’,ﬁd

from ITC measurements 233: (a) Calculated DSégtnf(Gibbs formula) from the 10 ns runs

(filled circles), the 50 ns runs (open circles) along with the experimental DSég;f(Marlow
et al™) (filled triangles). The lines represent the best linear fits: 10 ns (dashed), 50 ns
(dash-dot) and the experimental data (dotted). The stars represent the 50 ns DSég;fdata
in QH-limit. (b) Calculated DSéz;ffrom 10 ns simulations (filled circles) and 50 ns

simulations (open circles) using QH approximation. The best linear fits: 10 ns (dashed,
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m=0.39, R2=0.53) and 50 ns (dash-dot, m=0.47, R2=0.32). (c¢) The conformational entropy

contributions of the components from 50 ns run plotted against .- CaM contributions

(open squares) with the best fit line (dashed) and peptide contributions (open diamonds)
with the best fit line (dash -dot). The corre sponding experimental data 75 are also shown
for CaM contributions (filled squares) with the best fit line (solid) and pept ides (filled
diamonds) with best fit line (dotted).

5.3.5 Conformational entropy

In Figure5.5, we compare our calculated total conformational entrdpgs; of the
complexwith the available experimental results. First we consider the results calculated using
the Gibbs fomula (Eq.5.16) (Figure5.5a). Here we compare the 10 ns and 50 ns data with
the experimentaDSe: (filled triangles) reported iMarlow et al®. Both the theoretical and
experimentalDS}: . are plotted against the correspondibg®', from ITC**® showing linear
correlationsbetweenDS_,, and DS®,. The 10 ns data (filled circles) can account for the
experimental trend (filled triangles) except for CaMKI and CaMKK. However, the best fit
correlation line has slope m 0.3 and linear correlationoefficient R= 0.3 which are far
from the experimental data (m0.95 and R= 0.75). The 50 ns data (open circles) provide an
overall better estimate for all cases where the correlation lire It and R= 0.95) agree
quite well with the experimentabktha. One reason of the underestimation by the 10 ns data for
CaMKI and CaMKK could be the fact that the initial configurations for simulations in these
two cases are NMR determined structures. For other complexes the initial structures are from
crystallogaphic data where the 10 ns and 50 ns data hardly make any differenced@®R
generate an ensemble of structures, unlike the only structure obtained from crystallography.
Therefore, equilibration of the solutiodMR structures may not have been completed
properly in the 10 ns simulation run. FiguBssa further shows thaDS?,,from QH
approximation (Eq.5.17) (open stars) leads to underestim@at although the linear

tot

correlation betweeSy: andDS®', is observed here as well (Figus&b).
The DS, (in kJ K* mol™?) for all the sidechain dihedrals in the complexes showing

multi-peak histograms ar€0.43 (NNOS)- 0.23 (eNOS); 0.57 (CaMKI),- 0.56 (smMLCK)

and - 0.58 (CaMKK) obtained using the Gibbs formula. Suollti-modal histograms
contribute more than 60% of the total conformational entropy stabilizations of the complexes,
indicating the importance of the redistributions of populations among variousade
rotamers in the bindingn Figure5.5c, we report the contributions of the CaM and peptide

separately in the complexes, estimated from the 50 ns runs. The CaM contributions show
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good agreement between the theoretical (open squares) and the experimental data (filled
squares). The best fit theical line (dashed, mr 1.1, R = 0.88) almost quantitatively
matches the experimental correlation line (solid=m.0, R = 0.94Y>. We find CaM in

CaMKI to be entropically most stabilized and least stabilized in nNOS which support the
same experimental observatiéhdn the same line for the peptide, we get similar entropic

stabilization for all the cases.

? AGwm(CaM)
120 B
41 W AG,, (ITC) ‘
100 4  pR -AG,, (total) ¥4 '
[ oF = A
oA -AG,,, (CaM) \ N
1 [ -AG, (peptide) (, E 1?;‘0 +1.3 eNOS

CaMKK - >+13
y. (in kJ mol')

L~ S, (Cam)

.,\‘ ™

nNOS

CaMKI &
nNOS  eNOS CaMKI smMLCK CaMKK 40041040004 mem<.0.004 mmm >+0.004 (in kJ K- mol)

Figure 5.6: Conformational free energy data. (a) Calculated DGy . and the individual

protein and peptide contributions along with the experimental DG,tJ‘,’,Ed All data are in kJ

mol-1. Surface representations of CaM-peptide complexes showing the residue -wise (b)
DG.nt of CaM for the cases where the protein is most stabilized (CaMKK) and least
stabilized (eNOS); (c) DSons of CaM in most ordered (CaMKI) and disordered (nNOS)
complexes. The stabilized residues are green and destabilized ones are red. The residues

undergoing minor changes are white. Peptide is in violet cartoon representation

5.3.6 Conformational free energy

The total conformational free energy chang@®.:, calculated from histogram

maxima (Eq5.10) and the contributions of the components are shown in FigGaealong

with the experimental total binding #eenergy co$t®DGY',. The- DG, values fall in a

very narrow window (452 kJ mof"). Our estimated DG .also lie in asimilar range (27

47 kJ mot') for four complexes except CaMKK where the extent of stabilization is nearly
double. This separates out CaMKK from the others which may be a signature of its opposite
binding orientation compared to other four: While bindiagcaM, Nterminal of four of the
peptides interact with the-@rminal of CaM, except CaMKK for which-&@rminal of the
peptide interacts with the -drminal of the protein and so Bh We also estimate the
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contributions toDGY .due to finite width of the histograms using Bdl4, to be only 15%

conf

of the estimate from histogram maxima for all the complexes except smMLCK foln wiis

difference is ~15%. Although it seems frobG;;.,-datathat all the peptides exhibit similar

affinity to CaM, the conformational contributions of the components bring out a different
picture. The protein is conformationally mostsliaed in CaMKK-complex, while least
stabilized in eNOSomplex. The peptide, on the other hand, is stabilized similarly in all the

cases except in CaMki&omplex.

Table 5.1: Conformational thermodynamics of different highly stabilized peptide binding
regions of CaM in the complexes. The residue numbers according to the PDB indices are
listed. The conformational free energy and entropy contributions of these binding
regions are shown along with their percenta ges of charged and polar residue
contributions (CPRC) and hydrophobic residue contributions (HRC)

monf(k\] mOfl) Ds;onf(kJ Kl m0|'1)
peptide CaM residues
Total CPRC | HRC Total CPRC | HRC
(%) (%) (%) (%)
nNOS 11-19, 3641, 42-50, 84-92 -18 43 24 | -0. 31 29
eNOS 11-19, 117-123 - 6. 6 4 14 |-0. 76 4
7-10,36-41, 42-50, 52-55, 71-76, 84
CaMKI 92. 105116 - 32 57 26 |-0. 68 15
11-19, 36-41, 52-55, 84-92, 105-116,
SmMMLCK 117-123 - 9. 59 14 |-0. 65 12
7-10, 11-19. 36-41, 42-50, 52-55, 84
CaMKK 92, 105-116, 124128 -41 49 27 |-0. 49 22
DAPK2 11-19, 35, 3641, 42-50,124-128 -17 6 4 15 |-0. 55 23

5.3.7 Thermodynamics at individual binding regions

The thermodynamic changes at each protein residue are shown by surface
representations in Figur.6b-c for the most and least stabilized complexes, both free
energetically and entropically. In Figute6b, CaMKK and eNOS complexes are shown,
where thegreenresidues are stabilized, thred residues are destabilized and the white

residues undergo a marginal change in conformational free energy. In bigunge show
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the entropy changes for CaMKI and nNOS complexes whergrédenresidues are ordered
while theredresidues are disordered in the bound protein compared to the fre&Sstalay.
surface representatioshowing residudevel changesf the other complexes angcludedin
Figure Ab.

Next we examine closely the changes in the peptide binding regions (PBR) of CaM. If
any atom of a protein residue comes within a distance of 5A of a peptide atom, we consider
the corresponding residue to be part of the PBR. The thermodynamic contribution of a PBR is
obtained by summing over the contributions of the residues that are part of the PBR.
Different PBRs show different degree of thermodynamic stabilizations. Theessidinker
helix responsible for the wrapping the peptide, constitute the most destabilized PBRs. The
deformation ofinker helix occurs for different peptides at slightly different locations where a
coiled region is formed due to loss of secondgtrycture element. For instance, in nNOS
complex the coil is produced over the residues83 DGon= +19.8 kJ mot and DSeont =
+0.07 kJ K'mol™), whereas it is 736 for smMLCK OGgont= +11.7 kJ mot and DScont =
0.0 kJ K* mol®) and 7681 for CaM<K (DGgoni= +20.6 kJ mot and DSoni= +0.08 kJ K*
mol ™). For the other two complexes these regions are residu@3 &th the changes being
for eNOS DGeont = +15.6 kJ mot and DSgons = +0.08 kJ K mol™) and CaMKI PGeont =
+12.8 kJ mot andDSconr= +0.12 kJ K mol™).

The huge free energy cost at the destabilized PBR is compensated by the favourable
changes at the other PBRs and the peptides. The changes at the most stabilized PBRs for
different complexes are shown in TalBel. Furthermore, CaM being an acidic protein
interacting with all these peptides rich with basic residues, the electrostatic contributions are
also expected to play an important role. We analyze fsamcalculations the contributions
of these protenpeptide interactions in some highly stabilized PBRs. It is quite apparent from
Table5.1 that the charged and polar residuetdbntions dominate in all the cases, for both
conformational free energy as well as entropy. The highly stabilized common binding regions
in all the complexes are CaMsidues 1119 (EFKEAFSLF), 3641 (MRSLGQ), 4250
(NPTEAELQD), 5255 (INEV), 8492 (EIREAFRVF) and 105116 (LRHVMHNLGEKL).
Evidently, these PBRs are rich in charged (E, D, R, K, H) and polar (S, Q, N, T) residues
making it the dominating stabilizing factor in Cgdéptide complexes. Tabfl also shows
that there are stabilized residues with hydrophobic-aidens (F, A, L, I, V, M) as well,
undergoing substantial conformational stability in the binding, as pointed out earlier from
structural analysé3and recent NMR studi&¥.
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5.3.8 Scaling of conformational entropy with methyl order parameters
The agreement between our results @, and those oMarlow et al’”® has got a
strong implicationMarlow et al’® connects the NMR data ofDS;, ), the average changes

of residie weighted S/, to DS

conf

for several Calvpeptide complexes. By definition,

CaM 2 >pepﬂds

+ npep< . wherencaw andnpep are the numbers of residues

(DSt = Noam(DS¥e)

in CaM and peptide respective@Sﬁe>caM=<S{je>:aM-<S§Ie>faMand ( Ze>pep“d‘

peptide peptide

=(Se), - (S,

respective system. The underlying assumption is<tba§e> is a measure of conformational

where theaverage is taken over the available methyl groups in the

C

disorder at any residue so th&f_ is a dynamical proxy for conformational entropy. This

identification heavily relies on the linearity oD§?: - DS,,,) with experimentaI<DSf,,e> (

DS

sol

being the calculated solvent contributignas shown inFigure 5.7a (dotted line,

t

m=- 0.039) that leads to linear dependenc®8}; ; on <DS“249> with the same slope.
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Figure 5.7: Conformational entropy and methyl order parameters . (a) ( DSy - DS,,)),

taken from Marlow et al. 75, plotted against experimental 75 (triangles with error ba rs) and
our calculated (open circles) values of <DS,\24e> . CaMKK is an outlier to the experimental
best fit line (dotted, m= - 0.039, R=0.97) as well as the best fit through the calculated data

(dash-dot, m=-0.042, R=0.98). (b) Plot of - DS (circles) and - DH\ ./ T (squares) vs.

<DSA2Ae> from our calculations excluding CaMKK. Both the best fit lines (dash -dot for -
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DS ;and solid for - DH ./ T) have m=0.05. The solid symbols represent the data for

the CaM-DAPK2 complex.

We calculate<DSfAe> from our simulation data o1}, in order to check whether we

could recover the experimentally observed linearity betw@&sy' - DS,,) and<DSA2Ae>. The

Cal CaM
c f

estimation of(DS2,) from simulation is somewhat tricky. Althougs, " and (She)

peptide

peptide
> converge

and (Sf,)’

slowly with convergence achieved typically beyond 12 (FRsgure A6). Such slow

remain very similar over the entire equilibrium trajectc(@@

C

convergencas probably due to the presence of fewer methyl groups than in protein. The

convergence for smMLCK is the prest, for it has the least number (8) of methyl groups.

This slow convergence for peptides leads to pronounced variatic(nﬁEm> arising due to

large multiplicative factorsncam = 148 andnpep ~20). Therefore, v consider only théong-

time part of the trajectory to estimams;,). The (DSy,- DS,;) from Marlow et al® is

linear with air calculated(DS;,.) (dashdot line in Figures.7a, m= - 0.042) excluding the

data for CaMKK which is an outlier in the experimental plot as well. A microscopic

justification for the use of5/, as a dynamical proxy afonformational entropy in Marlow et
al” is provided by Figurés.7b showing the linearity between our estima@8". . (open

circles) from dihedral distributions and simulatéjrsje> (dashdot line) with very similar
slope (m = -0.050). Since, our calculate®@Gy: values are very similar for different

complexes except CaMKK, the conformational enthalpy chaib¥$, (= DG + TDS?

t
conf conf)

should also have the same linearity w{ths;,.) as DS, for thermodynamic consistency.
We find this indeed is the case in Figi@b, also showing the plot oPH2 /T values
(open squares) of the complexes, excluding the outlier CaMKK.

5.3.9 Prediction

We apply our approadio make predictions on the conformational thermodynamics of
binding of a target peptide fronteath associated protein kinase (DAPR2)o CaM.Here,
the S308D mutant of DAPK2 has been considered with a high resolution crystal structure
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(PDB ID 1ZUZ) and known ITC dataDG', = - 39.5kJ mol* and DS, =-0.28 kJ K*

ma™ at 300K¥*. However, nothing is known regarding the conformational entropies of this
system to the best of our knowledge. We perform 20 ns runs for this complex ancethe fre
peptide as we have seen earlier that shorter runs are sufficient to capture the conformational
thermodynamics if crystal structures are employed as starting configurations. The-residue

wiseS? data are given in FigurA7. We find DS, =- 1.29kJ K™ mol™ using the Gibbs
formula where the CaM and peptide contributions afe98 and-0.31 kJ K' mol*

respectively. TheDS{ value follow the same linear scaling witfDs;,) as the other

complexes as shown by the closed circle in FigLife. We getDGy:. = - 38.1 kJ mol* with
CaM and peptide contributions beind.5.4 and - 22.7 kJ mof, respectively. These free

energy values are very similar to the case of smMLCK. The calcultEf} . (filled square)

falls, just like DS

onf» ON the line drawn for other complexes in Figbréb. Residues 783
constitute the maximum destabilized PBR in DAR&&nplex with very similar changes as
earlier: DGeon = +21.2 kJ mot and DS.oni= +002 kJ K* mol™. Surface representations of
CaM-DAPK2-complex are included ifrigure A6 where contributions of different CaM
residues are showithe changes of highly stabilized PBRs are listed in Taldl@long with

the associated contributions of charged and hydrophobic residues.

5.3.10 The HBM: merits, demerits and extensions

Efficiency of any computational method depends on the simulation length to generate
a convergenthermodynamics. The present method is highly advantageous from that point of
view as indicated by the convergence of the histograms @mdraational entropy (Figure
5.4) obtained from different parts of trajectory. The convergence has been achieved with
shorter runs (10 ns) where initial configurations are taken from available crystal structures,
while longer runs (50 ns) are required for the solubiR derived initial structures. The
reduced histograms can also be generated from suitable model initial structures in the absence
of PDB structure. However, the equilibration may depend on how the initial conditions are

constructed.

As far as the efficiencpf the method used to extrablS,,;from the histograms is

concerned, both the Gibbs formula and -@bproximation are computationally comparable
when the dihedrals are uncorrelated. Although the Gibbs formula is more accurate, the QH

apprximation is often used for its simplicity and as a benchraok for analyses with
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probability distributions of conformational variables. However, the QH approximation
underestimate®S_, (in our studies. It may be stressed that we us&thepproximation to

incorporate the free energy contributions for conformations away from the equilibrium value
marked by histogram maxima. Such treatment is meaningful due to low weightage of those

conformations compared to the equilibrium conformation.

Experimentally, large amplitude rigid body domain motions have been observed for
CaM in time scales much longer than 53°n®ue to high conservation of the compact
structures among all the complexes these domain motions are not expected to vary much
from one to another. Such motions of time scale ~millised8nitsboth free and complex
states, would be decoupled from the-ssthighy localized sidechain motion&’ that control
the conformational thermodynamics. Even if we consider the entropy change associated with
such motions, given by the logarithm of the ratio of two Hrglquencies in free and complex

states, the contribution would be insignificant.

The uncaorelated dihedral angles reduce the computatmst enormously. However,
when the correlations of the conformational variables cannot be neglected, the correlation
matrix can be diagonalized to obtain the uncorrelated basis and used for the calctations.

any two conformational variableg and x; the covariance matrix is symmetric since

C, =C; . Therefore, one can determine a set of uncorrelated vari{a)Eleby diagonalizing

the covariance matrix,;i =a /;x; where[/;] is the transformation matrix found by the
i

eigenvalues. The maximum of a sharp histogram of a given variable is essentially equal to its

mean and the curvature given by the variance. ifiean of the transformed variable,

<)?,> =&/ (x;), the variancevar (X)) = /2Var( x) +ak /1 Covx; &x,).
J N

5.4 Conformational thermodynamics for Ca 2*-ion binding to CaM

In this section we consider the thermodynamics of conformational chéorg€st*-
ion binding to apeCaM. The equilibrium dihedral correlations and histograms ir apd
holo-CaM are shown in section 5.4.1. Overall thermodynamics and domain contributions are
discussed in 5.4.2. Then we present the contributions of thiebibeling loops in detail in
5.4.3. Changes in the linker in CaM are discussed in 5.4.4. We comment on generalization of

our observations for other proteins in section 5.4.5.
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5.4.1 Dihedral correlations and histograms

To study metalon binding to apeCaM we simulat from the PDB structure 1CFD
for apostate of CaM. The equilibrium correlatiofBigure 5.8a-b) among differentside
chaindihedrals in both apaand holeCaM turn out to be negligibl@~igure 5.8a), although
the backbone dihedrals shelortrangedcorrelationgFigure5.8b). In section 5.3.3 we have
shown hat one can ignore such correlations in the calculations of the thermodynamic

quantities. Accordingly, we treat the dihedrals as independent conformational v&tidbles

Some sample histograms of aamd holeCaM dihedral angles are shownFkigure
5.8c-f. Thebackbone dihedrdlistogramsgenerally have one sharp peak typically around the
values in PDB structure. This is illustrated in Figbr&c-d for 7 of a loop I residue Glu31
(Figure5.8c) andy of Thr79, residuén the linker (Figures.8d). We find significant increase
in the histogram peak value with reduction of width from -afm holostate indicating
increase in rigidity of the protein backbone due to binding t0.Cée C4&'-coordinating
sidechains are more prone to changes induced by fwgtal For instance, the-histogram
of C&* binding residue Asp133 (loop 1V) exhibits two broad peaks instpte (Figuré.8e)
each indicating a rotamer, while there is one sharp peak irstat®. For Ser81 in the loop
region of the linker helix in ap@aM (marked in Figuré.1), the ¢;-histogram (Figureb.8f)
shows a very similar behaviour as in Figs&8e. This observation demonstrates the

suppression of sidehain fluctuations induced by the binding of metes.
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Figure 5.8: Equilibrium dihedral correlations and histograms in apo- and holo-CaM
Cui(S) (Eq. 55) for (a) g=gi=f and (b) g=gi= ¢, in apo- and holo-CaM. Histograms
for dihedrals (c) £ (Glu3l), (d) y (Thr79), (e) c2 (Aspl133) and (f) c¢: (Ser81) in apo and

holo-CaM. Line description for all panels is same as in panel a .
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5.4.2 Overall thermodynamics data

The conformational thermodynamic changes have been calculated for thetdielo
with respect to the apstate. A negative value &8G.,nmeans stabilization in holstate than
in apostate, while positive values indicate destabilization. As faD@&s, IS concerned, a
negative value means ordering in hetate with respect to apo, while positg&...s suggest
disordering.We find DG = - 54.9 kJ mol for binding of four C&", nearly 30% of the
experimentally measured binding freeergy®. ThecorrespondingDS?: .= - 128.7 kJ mot
indicating substantial drop in conformational flexibility due to?Cainding. In absence of
any experimental data, we provide an alternative verification ofestimatedTDS;,; from
(DS}.) calculated from the simulatiofis We estimate(DS;,)=10.95 (detailed order
parameter data shown in Figuh8-A10 in Appendix). Using the theoretical value of the
slopé” (-0.05) of the linear dependence betweBBS;,, and (DS}.), we find TDSJ
=- 169 kJ mof which is close to the estimatd®S > .from dihedral histograms.

As far as the domaispecific data are concerned, we find theddmain of CaM

conformationally more stabilizedDG = -26.5 kJ mof) in presence of G4 ions

conf

compared to the @omain OG,... = - 1 5kJ Bnol'). This observation matches with the

conf

trend of domairwise binding free energies in earlier grafting experitf@rind isothermal
titration calorimetry measureméfit Entropically both domainget ordered when bound to

metations, Ndomain being more ordered S, 6 6kJ 3nol') compared to the -C

onf~

domain (TDS_,,=- 3 6kJ rholY).

onf —

5.4.3 Conformational changes of the Ca?2* binding loops

Figure5.9 summarizes the loewise data on conformational entropy chaﬁ'@;m
(L=1, I, Il and IV) (Figure5.9a) and free energy chand®Gy,, (Figure5.9b) of the cé-
ion binding to CaM. Loop |, Il and IV undergo conformational ordering and stabilization
upon C&" binding as indicated by negative values of baiBS;, .and DG, . Loop Il
however, shows a different trend. TA®S, -value of loop Il shows slight disordering
upon themetation binding, while theDG., . value indicates marginal stabilization,. The
finding of dfferent DGcLonfvaIues for the four loops is consistent with the earlier experimental
observation®® *°* of four different C&" binding constants for CaM, indicating different

affinities of the four EFhands.

Figure 5.9 also shows the contributions of different type of residues esetHoops
towards the respectiv@DSCLonf (Figure5.9a) and DGCLOnf (Figure5.9b). The trends are very
similar in both the panels for all the loops. In all cases except loop lll, the main change comes
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from the acidic residues, nearly all coordinating to**Cadowever, the ordering and
stabilization of the acidic residues in loop Il is nearly half of those observed in loops | and
IV. The basic residues in loops | are ordered and stabilized, while that in loop Il remains
almost unchanged. The residues withdiophobic sidechains and those with polar side

chains order and stabilize amply in loops I, Il and IV.
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Figure 5.9: Data of the four EF-hand loops. (a) TDS_and (b) DG showing the total

conf?

changes and contributions of different types of residues. The loop descriptions are: loop |

- residues 20-31 (amino acid sequence DKDGDGTITTKE), loop Il - residues 56-67
(sequence DADGNGTIDFPE), loop Il - residues 93-104 (sequence DKDGNGYISAAE) and
loop IV - residues 129 -140 (sequence DIDGDGQVNYEE)

Figure5.10 presents the residwise conformational entropy changTE@Siconf(Figure
5.10a), i being the residetindex, and conformational free energy chan@s\ . (Figure
5.10b) of the four EFhand loops using cartoon representations. Earlier studies have'$hown
84 that the stabilities of these loops depend heavily on their amino acid compositions and the
charge of the binding cation. Although the fourCainding loops of CaM are structurally
very similar and all of them show strong sequence conservation at three loop positions 1, 6
and 12, their conformational stabilizations upon binding &f @ee different as revealed on

closer inspection.

All of the four acidic residues in loop I: Asp20, Asp22, Asp24 and Glu31, coordinate
to C&", get ordered and stabilized. The only uncharged @mrdinating residue Thr26 also
undergoes high ordering and good stabilization. There are severabaahnating loops
residues as well which show thermodynamic changes. The basic residue Lys21, located
between acidic Asp20 and Asp22, also undergo favourable changes. The backbone between
Asp20 and Asp22 closes up somewhat upof” ®anding. This brings the sidehain of
Lys21, projecting outward perpendicularly to the kigzkbone in the apstate, within the

range of electrostatic interactions with the negatively chargedchaias of Asp20 and
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Asp22 in the holestate. The other basic residue Lys30 is also ordered abitlzgd, with its
sidechain drawn near the polar residue Thr29 undergoing favourable datipaje
interaction. Among the hydrophobic residues lle27, the structural linker with [Y8pgéts
ordered with a high stabilization.
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Figure 5.10: Cartoon representations of the EF -hand loops in holo -CaM to show the

residue -wise data. (a) TDSJ;Onf and (b) DG‘i:Onf (in kJ mol-1). The colours are described in
the figure .

In case of Loop I, the Gacoordinating ligands are acidic residues Asp56, Asp58,
Glu67 and the polar residues Asn60 and Thr62. All become ardg@n metalon binding,
but the extent of ordering is less compared to th&" €eordinating residues in loop I.
Maximum ordering is observed for Glu67, a bidentat& €aordinating ligand like Glu31 in
loop I. The smallerTDSéonfof Asp56 and Asp58, compared to their analogue Asp20 and
Asp22 in loop |, is probably due to absence of any basic residue in between them.
Interestingly, this is evident from the fact thEDS. values of Lys21 and Lys30 and the
excessTDS,

con

comparable to the difference TFDSCLOnf between loop Il and loop I. The fourth acidic residue

-of Asp20 and Asp22 over their analogues in loop Il add up-18.6-kJ mol*,

Asp64 though does not coordinate td Cgets orderetiighly because of the negative charge
on its sidechain pointing towards the €a Among other nomtoordinating residues, Ala57,
lle63 and Phe65, all of which are hydrophobic, also become conformationally more ordered

and stable compared to the agiate Figure5.10).

The TDS,,(~ +0.2kJ mol*) and DG, (~ - 2.4 kJ mol*) values of loop Il (Figure
5.9) suggest very different Eabinding behaviour compared to loops | and Il. One reason
could be the lack of any fourth negatively charged residue in this loop. This trend is
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supported bythe enhanced G&binding affinities observed by mutational studiésiia
increasing the number acidic residues in loop IlI. Flexibility of this loop increases upbn Ca
binding, indi@ted by the high disordering of €acoordinating residues Asp93, Tyr99 and
Glu104. Most ordered residue in this loop is*Cepordinating Asn97 which occupies the
same loop position as Asp24 in loop | and Asn60 in loop Il. The oth&r d@ardinating
resdue Asp95 also undergoes ordering and stabilization which is reflected in the movement
of its sidechain, for coordinating to G§ closer to the sidehain of Lys94 for favourable
interactions. The ordering of naoordinating residue 1100, the structuliak to loop IV, is

very small (Figurés.10a), while its stabilization is significant (Figusel0b).

The loop 1V, on the other hand, shows similar changes as loops | and Il. It has five
acidic residues, maximum among the loops. Four of them: Aspl129, Aspl131, Aspl33 and
Glu140, coordinate to Gaand become highly ordered and stabilized. The disordering and
instability of the fifth acidic residue Glul139, which is rooordinating, is due to the local
repulsive strain its sidehain experiences with that of Glul40. Such repulsions lead to
somewhatless stabilization of Glu140 compared to itsdbimain analogues Glu31 and
Glu67. Among other nceooordinating residues in this loop, ordering and stabilization of
GIn135 and that of Vall36, the structural link to loop dle also significantThe most
ordered residue here is Tyr138 (Fig&.@0a) whose stabilization is also high (Figéré0b).

The ordering factors here are: the reorientation of itsadén brining it neaPhe89gaining
substantial stacking interaction and favourattergedipole interactionswith Glu82 and
Glul40.

5.4.4 Changes in linker

The most striking conformational changeonpC&* binding to apeCaM occurs in the
linker (residues 6492), connecting the two domains, where a loop (the encircled region in
Figure5.1a) becomes helical in holstate helping CaM to expose its hydrophobic surface for
targetbinding. The metalinduced changes of the linker helix in CaM are quite substantial:

TDS - 4 4andDG

conf —

-13.3 kJ mot for all 29 residues in the linker. These values

conf:
account for ~34% offDS?: . and ~25% ofDG.: . for the whole protein. The majority of the

changes irinker helix come from the loop region that becomes helical upofi-Biading.

TDS. .=-20.5 andDG_ .= - 10.2 kJ mot for these six residues L account for ~46% of

conf — conf

TDS

con

. and ~77% ofDG,,,, estimated fotinker helix

con
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5.4.5 Generalization of results on metal -ion binding to protein

Due to appreciable similarity in sequence, structure and mode of function among
different EFhand proteins with CaM, our results on CaM can be useful to understand the
Cc&”* binding activities of the Effand proteins in general. It is well known tthiae EFhand
proteins, just like CaM, possess distinct domains containingpee pairs with different
Cc&* binding affinities. For instance, CalbindingDhas® two EFRhands, one of which,
having higher C& binding affinity than the other, is similar in composition and structure to
one of the EFhands in CKl. The other one is an unconventional-E&hd with the loop
containing 14 residues. Both the H8&nds in Parvalbumif® are homologous to those in
CaM and therefore, could be expected to exhibit similar affinities. CalbingirhBs®” six
EF-hands out of which four are high affinity sites foPCaroponinC and Centrin both have
four ERhand$® #*°distributed over the Nand G globular domains with a helix linking
them, just like CaM. They all undergo conformational changes updnb@aling which are
very similar to CaM. Another ERand protein S100A1 is, even, known to compete with
CaM for binding to the same tard®t The conformational entropy and free energy costs of
different key residues in CaM for €anduced conformational changes would be helpful for
understanding the stabilities and target related activities of analogous residues in these EF

hand proteins.

5.5 Allosteric regulations in Ca 2+ binding to CaM

In this ®ction we consider the allosteric regulations in-dpdiolotransition of CaM
upon binding of C# ions, via the TDCFs of dihedral angles which describe the dynamic
correlations. First, we describe in section 5.51 the calculations of the TDCFs. Tle oasul
TDCFs are presented in 5.5.2. Then we interpret the changes of TDCF pattern in terms of

allosteric regulations and connect our method to existimtgrstanding of allosterg 5.5.3.

5.5.1 Dynamic correlations between dihedral angles

We compute thalynamc fluctuations of dihedral angles of the residues in CaM in
both the ape and the holestates. The dihedral autorrelation function (DACF) of a
dihedralgof one residue is defined via the TDGF

C, £) =(((cosk(t)] - (cosg))(cosi(0)] - {cosq)))) (5.22)

whereg(t) andg( Oaje the values of the dihedral at titrend at timd = 0, respectivelyThe

dihedral crossorrelation function (DCCFE,_. (t) corresponds to the case wheand gjare

9qi

dihedral angles of two different residueBhe single angular brackets denote ensemble
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average, while double angular brackets represent average over 10000 independent initial

conditions** chosen from the equilibrated part of the MD trajectories.

5.5.2 Dihedral auto - and cross correlations in CaM

First, we characterize the nature of fluctuations of the dihedral angles over the
simulated MD trajectories with respect to their mean values in the simulated ensemble.
Figure5.11a shows a couple of sample distributiad$cosg) vs. cogy for the dihedraly of
lle27 and f of Met76 in ape(metation free) CaM. Such plots clearly show that the
fluctuations about the mean value are Gaussian. The mean values agree to the values of these

dihedral angles in the PDB structure.
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Figure 5.11: Statistics and correlations of dihedral angles. (a) The histograms H (cosg) for
the dihedral y of lle27 and f of Met76 in apo-CaM. (b) DACFsC, (t) for dihedral y of
lle27 and that for f of Met76, along with their exponential fits, all in apo -CaM. DCCFs
qui (t) for dihedrals of different pairs of CaM residues in apo (solid) and holo -states
(dotted): (a) y-y of Asp20 and Asp56, (b) 7- f of lle 27 and 1le63, (c) ci-c:1 of Serl01 and

Asnl137 and (d) ¢.-c¢; of Glul04 and Glu140. All the correlation functions are shown after

division with their values at t=0.

The majority of the dynamic correlation functions of the dihedrals show usual
exponential decdy" >>* ?®3with shorts (~ less tharl ns) which we designate as the absence
of dynamic correlation. There are, however, a number of cases where there are large

deviations from such behaviour. We show in FighrElb a couple of such cases, namely,
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DACEF for the same dihedrals for which the fluctuations have Gaussian distributions. The

for these cases are as long as about 15 ns. The solid lines in this plot exhibit the exponential
fits which makes it evident that these DACFs deviate from exponential decay. In particular,
both of them show antiorrelations which cannot be captured by the exponential functions.
The nonexponential character is exhibited by seveyat [PCCFs as can be seen from
Figure5.11c-f and Figureb.12. The typicalf for the DCCFs is around-@ ns. Although these

values are smaller than those for the DACFs, they are much larger compared to the timescales
of sidechain motions which are predominantly in the-sislregime.

It is interesting to compare the DCCFs in the-apal the holestates. Probing into the
doman-wise behaviour, we first consider theddmain. Figures.11c shows thgs - PCCF
between Asp20 (loop I) and Asp56 (loop II) for whick 3 ns in apestae, but the dynamic
crosscorrelation is absent in hoeform. The f - DCCF between the structurally linked
residue&™ 1le27 (loop 1) and 1le63 @op I1) in the apestate also has~ 3 ns which vanishes
in holo-state (Figurés.11d). In C-domain, only sidechain dihedrals shosignificant DCCFs.
In Figure5.11e weshow the DCCF of one such casegic; DCCF between Serl101 (loop I111)
and Asn137 (loop V) with similarin apastate, and dynamically uncorrelated in htdom.
However, opposite trend is shown in Figbt&lf by c,-c, DCCF between Glu104 (loop IlI)
and Glu140 (loop IV) which is significant in holo, but not in apo.
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Figure 5.12: Cross-correlations between dihedrals of linker and loops. DCCFquqi (t) for
dihedrals of different pairs of CaM residues in apo (solid) and holo -states (dotted): (a)

y- y of Met76 and Gly25, (b) 7-f of Lys77 and Lys94 (c) 7- f of Asp78 and Gly59, (d) 7- f of
Asp80 and 1l e63.
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Figure 5.13: Dynamic cross-correlation patterns in the loops. N-domain: (a) backbone and

(b) side -chain dihedrals. C-domain: (c) backbone and (d) side -chain dihedrals. Class A

(green) includes pairs of dihedrals correlated in apo -state, but not in holo. Class B (red)

includes correlated dihedral pairs in holo, but not in apo -state. One residue pair show
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Figure 5.14: Dynamic cross-correlation patterns between the dihedrals of li  nker and loop
residues. (a) Backbone and (b) side -chain dihedrals. The classification and colouring

schemes are similar to Figure 5.13.

Next we consider thBCCFs between the dihedrals of theé?Qzinding loop residues
and those from residues -8a@ of the linker helix in CaM which undergoes loop to helix
transition upon binding of Gaions to CaM(Figure5.1a). A few typical such DCCFs are

shown in Figureb.12 where g is a dihedral of one of the six residues86ad gj is a
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dihedral of a loop residue. In Figukel2a, we show thg/ - JDCCF between Met76 and
Gly25 (loop 1) which isnontrivial in apostate, but isnegligible in holeform. Similar
behaviour is observed for all other casés: DCCF between Lys77 and Lys94 (loop Ill) in
Figure5.12b, Asp78 and Gly59 (loop II) in Figurel2c and Asp80 and lle63 (loop Il) in
Figure5.12d.

We compare the overall dynamic cragsrelation patterns in Nand Gdomains in
Figure5.13in the apo and the holo states. We find two major classes of dipadrel Some
pair showsnontrivial dynamical crosgorrelation in the apstate which vanish in the holo
state, marked as class A (gre@mocred residues connected by green dots). There is another
group of dihedral pairs with opposite behaviour, namely, significant dynamical- cross
correlation in the holo state, but not in the apo state, which we mark as class B (collared red
and joined by ed dots). Apart from the classes A and B there are cases where the dihedrals
show similar or negligible dynamical correlation in both the-apond the holestate
(uncoloured residues). Figufel3a shows the dynamical correlations between backbone
dihedrals of loogresidues in the Mlomain. We observe the dominance of class A with
several pairs of residues, separated by -distances (R0A) and crossorrelated
dynamically via backbone. For instance, the distance between, th®i@s of Asp20 in loop
| and Asp56 in loop |l are 18, yet they showontrivial y - PCCF in apestate. Similarly,
significant f - DCCF is shown in apsetate by Thr28 in loop | and Asp@a loop II,
although G distance of these residues is as large a&.2@owever, among the sidghains in
N-domains (Figuré.13b), there are very few dynamicaiosscorrelations with two pairs in
class A (Asp22 in loop | with Asp58 in loop Il and 1le27 in loop | with 11e63 in loop II) and
one pair in class B (Thr29 in loop | with Phe65 in loop Il). d@nain, backbones are
totally uncorrelated in apstate shan in Figure5.13c. In contrast, some loagnged hole
state dynamical cros=orrelations build up here on the backbone (class B): Lys94 in loop I
and 1le130in loop IV with C, distance 19R; and Asp95 in loop Il and Asp131 in loop IV
with C, distance 208. Among the sidehain dihedrals in @omain (Figures.13d), we find
only two class A pairs: Tyr99 (loop IIl) and GIn135 (loop 1V) with @istance 9A; and
Ser101 (loop 1) and Asn137 (loop 1V) with, distance 11A. A good number o$ide-chain
dihedrals belong to class B. The behaviour of slteins of N97 and Aspl133 are mixed,

sincec;-¢; DCCF falls in class A, but,-¢c, DCCF in class B.

This linker region is about 280 A away from each of the four loops as shown in

Figure5.14a. We find that most of the backbone dihedraénd y of the residues of this
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loop-segment are dynamically cressrrelated in apastate with the backbone dihedrals of

the loop residues, but these correlations are absent in holo CaM (class A). This is clearly
shown in Figureb.14a for the linker residue Thr79 as a represgwe case. Only a few loop
residues show sidehain dynamical correlations with those of Thr79 (Figbifelb) of both

class A and B types. The situationvery similar for most of the other linker residues as well,

except the dihedrals of Ser81 which do not show dynamical-carsslation at all.

5.5.3 Dynamic dihedral correlations and allosteric regulations

The autocorrelation functions of dynamical varialdes known to show exponential
decay with time for a stationary, Gaussian
theoren®’. Since we construct the DACFs for the dihedral angles from equilibrated MD
trajectories the stationarity condition holds good. The histogram of the fluctuations of the
cosine of the dihedral angles (Figusella) shows that these fluctuations obey Gaussian
statistics. Thus, the neaxponential character of the DACFs (Fig&:é1b) indicates non
Markovian dynamical process of the dihedral fluctuations. TheNtarkovian behaviour
indicates persistent memory in the dynamical processes governing the dihedral fluctuations.
This should led to persistence in any dynamically coupled processes, as reflected in the
temporally norexponential andong-rangedDCCFs. In general slower DACFs than the
DCCFs would imply the participation of dynamical variables of different timescales in the

system.

Our calculations clearly highlight a dynamically coupled network of residues in apo
CaM: the Ndomain loops which are primarily correlated via the backbone, tden@in
loops, correlated via sidghains and the linker, correlated with the four loopsughothe
backbone. The estimatedfor different cases of cross correlations, compares well to the
signal transmission time of allosteric contPal Unlike shortranged correlations building up
the longrange corriations®®, we find in this network, that there are several caasselated
residues which are separated by large spatial distances (Bij8r@nd5.14). This indicates
long-ranged dynamic communication among different regions in the protein. Therefore, if
one part of the network is perturbed, other distant parts could be dynamitettedf®

Some of the known allosteric events in CaM can be rationalized from the changes in
dynamical coupling pattern between distant sites in class A. The consecutive binding of two
Cd" ions toa pair of EF-hands in general show positive cooperati¢fty,***°* such that
C&" binding to one Efhand loop assists the binding on the other. Theeaivity’™* of

consecutive binding of Ghions to a pair of Effands is thus an example of allosteric
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regulatiorf’ The dihedral angles of class A (green patches in Fig8), belonging to the
residues of adjacent Hkand loops in a given domain of CaM, take part in allosteric
cooperativity in C& binding. In case of Mlomain, the backbone dihedrals control the
cooperativity in binding of Cd ions. In the Gdomain, on the othiehand, class A consists of
the sidechain dihedrals indicating sidehain mediated cooperative binding (Fig&:&3d).
Thus, the mechanism of allostery is diffet between two adjacent loops for Bhd G
domain in apeCaM. Due to the dynamic nature of cooperative binding it is not surprising
that the equilibrium binding measureméfits *°* fail to show significant effect of
cooperativity. It is interestmthat the loops in both the domains do not show any significant
structural change between af@md the holeform. This illustrates dynamic allostery without
any structural change but via modification in dynamical fluctuations dueXob@mling, as
obseved for a class of proteiigand binding*! 244 24> 248. 249

The dynamic correlations between the loops and the linker suggest that the
perturbations at the linker should allosterically regulate binding in the loops. Experimental
observations have indestiown signature of this kind of regulatféri®* *®3 When one of the
domains is loaded with sand the linker wraps a target peptitiee binding affinity in the
other unloaded domain increases substantfailj’® compared to hok€aM. This clearly
stands for an instance of allosteric regulatéiC " binding in the loops via conformational

change in the linker.

Likewise, the changes in the loops would perturb the linker region. Upaing of
C&" ions in the EFhand loopsimportant conformational changés***occur in tfe linker of
the two domains in CaM (Figurela) far away from the metal binding sitds. apeCaM
(Figure5.1a) this linker is broken near the middle with a-sesidue (residues 7&L) loop,
which becomes helical in heldaM (circled region in Figure5.1a). This transformation
enables the CaM molecule to get into an open conformation exposing its hydrophobic
residues for binding the targe®ur data on DCCFs indicate that this also ina#asteric
regulatiorf®® the signal being transmitted via the backbone. Recent experifientggest
that the timescale of loop to helix transition is abodt @s for five to 20 residue peptides
which is comparable to the DCCF timescales we observe here. Unlike theévifding

domains, the allosteric regulation in the loop is associatédmarked structural changes.

We observe that the dynamic correlation pattern is different indtate compared to
the apestate. In particular, there are several dihedrals present in-tleen@in belonging to

class B (Figures.13c and d). Various experimental observatfdn®® **’have shown that
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several target peptides, binding to a particular domain of@aM, prefer the &@lomain to

the Ndomain which indiates greater activity of the-dbmain. Therefore, the class B
dihedrals in Gdomain may be signature of its higtarget binding activity compared to the
N-domain. This idea is substantiated by the fact that this communication is formed mainly
between tk dihedrals of sidehains which control the binding processes. The dynamically
crosscorrelated sidehains in the @lomain loops would have role in any allostery

associated with the peptide binding process.

Our studies indicate that the changes in dyinahcorrelation patterns reflect the
allosteric regulations, albeit via ndarkovian processes. The conventional Markovian
behaviour may be retrieved only in the large time fifhiafter the dynamical correlatis
have decayed sufficiently. This clearly shows the limitation of Markovian models to explain
allosteric regulation. In particular, the lotigne Markovian behaviour of dihedral
fluctuations assumed in earlier wotks3%®is not necessarily valid as shown by the DACFs
in our studés. The allosteric signalling timescale is much shorter (< 8 nisidicating that
the nonMarkovian dynamical behaviours, observed in our studies at these timescales, should
also be relevant in allosteric regtibn. Such noiMarkovian dynamics would be ubiquitous
in biomacromolecular systems where a host of complex and heterogeneous dynamical
processed® take place. The treatment of nbtarkovian dynamics is one of the most
challenging problems in neequilibrium statistical mechanié¥’. However, since we probe
directly the dynamical correlation among the conforamat! variables, our studies yield a
very general picture of allosteric regulation based on the changes of dynamical correlation
pattern, even if the underlying dynamical fluctuations may beNarkovian. Moreover,
unlike very long simulation trajectoriesquired to ensure the Markovian process, the non
equilibrium fluctuation of the dihedral angles can be captured with much shorter simulation
runs. The novelty of oumethodlies in the fact that we liberate the microscopic picture of
allosteric regulatio, with modest computational efforts, from the current Markovian
assumption$®. However, to study the allostery associated with slow domain motions one
would require very long simulations, although our methodnafiyesis should hold good in
such situations as well. Direct identification of allosterically regulated conformational
variables represents significant advancement in microscopic understanding of allostery in

biomacromolecules.

5.6 Conclusion
To summarize, we dve shown that the entire thermodynamic changes in

biomacromolecular conformations can be extracted from the distributions of the dihedral
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anglesusing the HBM We reproduce the experimentally observed correlation between the
conformational and binding eopies and quantify the thermodynamic contributions of
different binding regions for a number of Cagdptide complexes. The histograms would be
sensitive to any quantity that undergoes changes upon binding. Hence the present analysis
can suitably be extered to calculate thermodynamic changes in the solvent and any other
macromolecular complex like proteprotein, proteirDNA or proteinligand complexes. The
detailed thermodynamic information of the binding regions would enable us to identify the
prime spés of binding, facilitating the manipulation of the macromolecules required for

various applications such as drug design, drug delivery and so forth.

We employed the HBRf to also study the conformational thermodynamic fof‘Ca
ion binding to CaM. We estimate the quantitative information of conformational changes at
each residue including the different metal binding domains. Tiuerain undergoes a
higher conformationabrdering and stabilization compared to thel@nain. The CH ion
binding loops |, Il and IV are qualitatively similar with respect to conformational changes,
while loop Il is significantly different from them undergoing only nominal stabilization and
enhanced disorder due to theetation binding. Our results at the level of individual residues
indicate that the loop residues including those coordinating to the-imesatiominate the
overall changes in the loops. Apart from the loops, the ljnkeeraway from the metal
binding sitesundergoes substantial stabilization and ordering as it becomes hdlxgn
holo-state. One can readily apply the HBM to understand the microscopic picture of metal
ion binding induced changes in any protein tarelsterize different metal binding regions.

Finally, we show that the cosine of the dihedral angles for successive equilibrium
configurations sampled from MD runs forms a convenient-8er@s for calculations of the
dynamic correlations between the ditadangle&’. The dynamical correlation functions
yield the microscopic nature of coupling among different degrees of freedom belonging to
distant sites in biomacromolecules, highlighting their roles in allosteric regulafitwes.
extraction of dynamical correlation depends on the computation of convenierdetireg of
the associated dynamical variable. Such correlation functions can be extended to any set of
dynamical variables which may provide a unified microscopic insigbt norrequilibrium

phenomena in biological systems.
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Appendices
Calculation of order parameters

In order to calculate the loraxis order paramete®, of the sidechain methyl
groups in CaMpeptide complexes we follow the methods désd in Yang et & and
Krishnan et &°. One such methyl group s&ehematically shown in Figure A2. First, all the
backbone CA &-carbon) atoms in the equilibriuobonfigurations of the complex afigted to
the backbone CA atoms in the average structure calculated over the equilibrium trajectory.
This way the effect ofatation of the whole complex is removed. This is done using the VMD

prograni®. The resultant aligned configurations are then subjected to the calculat&fp of

values. The generalized order parameter for the methyldgisgis given by° the following

expression:
Spe = (3/2)%x2>2 +<y2>2 +<zz>2 +2(xy)* +2(y2)° +2<zx>28- 1/2

where x =sin(p - a)cosb, y=sin(p - a)sinb and z=cosp - a), a being the polar angle
and b, the dihedrabngleas shown in Figure A2. The angular brackets represent ensemble

averages over 10000 equilibrium configurations.

free CaM
1 —— nNOS-complex
8 - smMLCK-complex

RMSD/A

t/ns
Figure Al: Root mean square deviation (RMSD) during simulations . Free CaM and two
representative cases of the nNOS and smMLCK complex. Note the larger fluctuations in
case of free CaM as it is free to move in the solution. Fluctuations are suppressed a lot in
the complexes due to binding of the peptide which is evident from the RMSDs of the

complexes.
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Figure A2: Schematic representation of a side-chain methyl group . The associated polar

H

angle a and dihedral angle bare shown. Here A is the methyl carbon atom (A = CB for Ala,
CG or CD for lle, CD1 or CD2 for Leu, CE for Met, CG2 for Thr and CG1 or CG2 for Val). The

other atoms B, C and D represent other heavy atoms which are determined by the residue

identity .
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Figure A3: Methyl order parameter data. S,\Z,lefor NNOS complex and smMLCK complex are

shown (a,c) for CaM and (b,d) for the peptide. The symbol and line descriptions  are the

same as those in Figure 5.2.
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Figure A4: Methyl order parameter data.

S,\Z,,efor CaMKI complex and CaMKK complex are

shown (a,c) for CaM and (b,d) for the peptide. The symbol and line descriptions are the

same as those in Figure 5.2.
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Figure Ab5: Surface representations of six CaM-peptide complexes showing the residue -

wise (a) DGeont; (b) DSont of CaM.Two views separated by 180" rotation about vertical axis

are shown in each case. The stabilized residues are green and destabilized ones are red.

The residues undergoing minor changes are white. Peptide is in violet cartoon

representation .
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Figure A6: The time -variation of methyl order parameters. < S/ >and < S2_ >Pe'e

(average over available methyl groups) during the simulations for CaM and peptide in
several complexes. (a) For CaM in eNOS and smMLCK complexes. These values remain
similar throughout the entire equilibrium trajectory in both cases. (b) For the peptides in
eNOS and smMLCK complexes. Here convergence is slower than for protein. The
convergence in SmMLCK is poorer than eNOS. This could be attributed to the fact that this
peptide has only 8 methyls, which is fewest among all the peptides considered here. (c)
Data for DAPK2-complex. Here, the CaM-data are similar throughout the trajectory, while

the peptide -data converge beyond 12 ns.
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Figure A7: The methyl order parameters of CaM-DAPK2 complex. (a) CaM and the (b)
peptide data, predicted from our simulatio ns. The different types of methyl groups are

represented by different colours as shown in the legend
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Chapter 6 Thermodynamics of interfacial changes in a
protein -protein complex

6.1 Introduction

Biomacromolecules often share large interfacial Afe facilitate formation of
stable complexes. Recent experiméhtS® 3*suggest that structural modifications at the
interface play pivotal role at times both in the stability of such complexes and functional
activities'® of the associated biomacromolecules. From structural stitfiEs several
gualitative aspects, like formation of salt bridges and wateliated contacts, changes in
secondanstructure elements and so on, associated with the biomacromolecular interfaces
have been determined. However, there is hardly any quantification of the thermodynamics of
these interfacial changes. Quantitative infoipratabout the interface at the microscopic
level is of immense importance, not only for understanding the binding mechanism, but also
for development of functionally potent biomacromolecules via manipulation of the interfacial

interactiond'* 3%°

The interfacial changes in biomacromolecular complexes are primarily derived from
the onformational changes of the binding partners. The advancements with NMR relaxation
experiment¥® provide a scope of estimating the conformational entropy change for
biomacromolecular complexation. These measurements highlight the importance of
conformational changes in the binding interfac&imilarly, computer simulations offer a
very powerful tool to study the microscopic details of the biomacromolééfite®® # In
chapter 5we have shown that the conformational thermodynamics can be extracted from
various backbone and sidbain dihedral angles of the amino acid residues in a protein. The
equilibrium distributias of different dihedral angles in the complex and the free components
are calculated from alitom MD simulations. Comparing these distributions in the free and

the complexed states, one can estimate the changes in conformational eBBgpy @s
well as the conformational free enerdyG,,,,) for binding. Via this histogram based method

(HBM)® a comparableDS

nt @S deived from the NMR experiments, can easily be
calculated. The additional advantage of this methodology enables us to quantitative
estimatiofi® of the conformational changeat different binding regions for a number of

proteinpeptide complexes.

Other than the proteins or nucleic acids, theri@ioronolecular interface quite often

contains water molecules. These water molecules which could be integral parts of the
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interfaced'®, not only help in the formation of the hydrogen bonding between the
biomacromolecular chai§, but also modulate the specificity and the affinities of
binding***?°. Sometimes even a small number of water molecules are found to play key role
in driving the whole binding proce®s The thermodynamics for displacement of watera

model cavity with specific electrical property by an incoming ligand has been studied in

detaif?*%%

to reveal significant contribution of these interfacial water molecules in the
overall binding thermodynamics. In practice the situation in bionnaalecular interfaces are

very complex, with competition between the hydrophobic and hydrophilic interactions.

In the presentchapterwe apply the HBNF to quantify the termodynamics of
interfacial conformational changes ip@oteinprotein complex between an enzyme Nuclease
A (NucA) *** and its specific inhibitdf° NuiA, a protein (Figures.1). NucA, a sugar non
specific nuclease frotAnabaena spis one of the most active nucleases knSWwr?’from a
class of nucleases containing DRGH structure motif. These nucleagies} thee capacity to
hydrolyze nucleic acids without any baseferenc&’, are very important for their roles in
host defence mechanism&® providing nutrieits to host, DNAdrug binding®®, RNA
sequencing®, cellular apoptosf&* and so on. NuiA, an intrinsic inhibitor, deactivates NucA
specifically?® via formation of a 1:1 complé¥ with a high stability constant (> 1&17%)%%®
333 These enzymes require divalent mésal cofactor (like MA*, Mg®") at the activesite to
function The crystal structure data of the NubliA complex® reveals the conformational
changes of NucA and NuiA compared to their freamis®” 34 The crystal structure s
indicates the presence of water molecule mediated interactions at the interface, accompanied
by changes in tertiary structural fold of NuiAWe extend the HBM to estimate the
thermodynamic contributions due to the interfacial water molecules presém iNucA
NuiA complex.Here the relevant probability distribution is the pair distribution funttfon
g(r) for the water molecules which gives the probability of findingdeetresof mass of a

pair of molecules at given separation

Our data on DS__.and DG corroborate well with the known structural

conf conf
informatiort® 333 on the enzyménhibitor interfacial region (Figuré.1). The binding is
primarily dominated by electrostatic interactions at the interface, as indistgche high
ordering and stabilizations of the basic interfacial residues of NucA and acidic interfacial
residues of NuiA. From the generalization of the HBM for interfacial waters we also find that
the entropy cost due to the t®a molecules is substantial. These water molecules are
dynamically arrested at the locked jaw interface in NDAA complex which demonstrates

the tight binding of the inhibitor to the enzyme. Our results quantitatively bring out the local
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order and stdlities of the enzymenhibitor interaction sites due to complexation which has
been hitherto known only qualitatively from structural data. Moreover, the complete
microscopic picture from our calculation predicts some more residues which could be

importart in the inhibitor binding to the enzyme.

NucA C};
4 K202
1 \ /
) ) IK101
YR167 . ) )
FiH124 2\ ;
, IR N £~ \ R98\>
BTSN T35 g, V.
LA L0 )P % ST »-
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Figure 6.1: Cartoon representation of the NucA (white) z NuiA (violet ) complex. The side-
chains of the interfacial residues, col uored in purple, are shown using stick
representation. The region enclosed by dashed line, representing the interface, is
zoomed where the important basic NucA residues (regular labels) and acidic NuiA

residues (italicized labels) are shown

6.2 Methods

6.2.1 Simulation details

MD simulations offree NucA (PDB 1ZM8), free NuiA (PDB 1J57) and the NucA
NuiA complex (PDB 203B) are performed with explicit water and counter ions ak300
using same methods and protocols as described in the previous chapter. Thseitactive
divalent metaion of NucA in1ZM8 is Mrf*, while that in 203B is Mg. However, hardly
any difference is observ&d in the residue arrangements and cooriitimageometry around
Mg?* or Mn**. Therefore, we proceed with these available structures. We use 50 ns
trajectories for our analyses to compute the normalized histograms of the dihedral angles

from equilibrated configurations sampled beyond 10 ns.
6.2.2 Thermody namics from HBM

Extending Eg. 5.7 for NucAN) and NuiA (), the total conformational free energy

change for complexation can be written as:

DG = 8 DGioni(@) + & DGgori(?), 6.1)
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where [B(!:‘)nf(Q) =- kBT In[ H l(\:lmax (q)/ H lflmax(Q)] and

DGC'Om(t):-kBTIn[Hf’maX(z‘)/H,f’max(l‘)], g and ¢ are the dihedral angles dfi and |

respectivel y. Here the summations are over
maximum of histogram. Similarly, the conformational entropy ch¥hasing theGibbs

formula,

DS.on(9) =-Kel@ HE(@INHE (@) - & H (@) InH/ ()] (6.2)

i being the birindex of the histograms.

6.2.3 HBM for interfacial water molecules

Next we extend the HBM to estimate the free energy emitbpy costs associated
with the changes of interfacial water distribution. We calculétg for the interfacial water
(iw) molecules within 5 A of the interfacial residues in the comptEXr() ), and those within
5 A of the bindingregions of the free enzymay| (r)) and inhibitor @, (r)). Herer is the
separation between the-&@oms of two water molecules. The free energy cost is given by
straightforward extension of E.1:

DG,, = - kg T IN[G7 (N A 95 max (N 9 e (N (6.3)

where the peak values in the respectj(® are used. The correspondietropy cost {DS,,
) is obtained using the Gibbs formula as in &8

DS, =-ke[& 9°Ing’- & 9\, gy, +& 9/5Ing/ ] (64)

where the the sum has been taken overzao bins marked by the index
6.2.4 Dynamics of Interfacial water molecules

To capture any change in the dynamics of the asliteewaters §sw) we determine
their diffusion behavior from the sefpart of VanHove correlation function (VHCE)!

defined at timé as:
G.(r.1) =(1/Nasw)<a o - ri<0)+ri<t))>, 6.5)

whereN,swis the total number of active@te waters and, (t) represents the position vector of
the oxygen atom of thigh water molecule. The angular brackets here designate average over
10000 initial configurations. At lorgmes € ~ 100 times larger than the diffusion time scale

required for a tagged water to traverse the length of its diameter) thé-sel behaves like
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a Gaussialt': G(r,t)° (a(t)/ p)*?exp[- a(t)r?] where the timalependent parametext)
~ 1/4D s, Daswbeing the seHdiffusion coefficient of the water molecules. We plas(t) as
a function oft andDgsyis obtained from the slope of the best linear fit.

6.3 Results
The RMSD are followed in each simulation to ensure the equilibration (F&Rixe
The equilibrium correlations among different dihedral angles in the NNiA complex
turn out to be negligible (Figui®3) as in the previous chapter, so that we consider them as

independent conformational variables for the calculation of thermodynamics.
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Figure 6.2: RMSD of free NucA, NuiAand the complex as function of simulation time ( t).
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Figure 6.3: Simulation data on NucA -NuiA complex. (a) Variation of RMSD of free NucA,

free NuiA and the complex as functions of simulation time ( t). (b) Equilibrium gq -
gicorrelations among dihedral angles given by qui (S) where s denotes the separation

between the locations of the residues having dihedrals gand gi.

Few sample histograms of dihedral angles are shown in Fgyirghowing similar
behaviour, as in the previous chapter, for both backbone (F@dagb) and sidechain
(Figure 6.4c-d) dihedral angles. The peak values of the histograms generally increases upon

binding, indicating decrease in fluctuations of the dihedrals from free to the bound state.
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Multi-modalhistograms are observed here also as illustrated in Fégtaefor ¢; of Thr135

of NuiA which shows two broad peaks in free state, indicating two rotamers, reduce to one

sharp peak in the bound state after binding to asitgemetalion.
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Figure 6.4: Sample histograms of dihedrals of different residues in free and bound states
Histogram of (a) 7 in NucA residue Arg93, (b) y in NuiA residue Glu24, (c) c¢;in NucA
residue Asn155 and (d) histogram of ¢;in NuiA residue Thr135 .

After taking a close look at our data on histograms we elaborate different aspects of
the thermodynamic changes in the NuNAIA complex. Decrease in free energy indicates

gain in stabity, whereas drop in entropy suggests ordering.

Overall conformational changedNe estimate the total conformational free energy

cost of NUCANUiA complexationDG = - 138.2 kJ mot. NuiA gets stabilized by 8 9kJ 8

conf —

mol™* which is aboutdouble the contribution of NucA towarB&Y: .. Similarly, the total

conformational entropy cost for the Nud¥uiA complexationTDS = - 4 7 kJ réol".

The individual contribution by NucA is148.3 kJ mdf and that by NuiA is 323.3 kJ mdf,
again almost twice that of NucA as in conformational free energy contributions. The 240
residue protein NucA experiences a very sniXB_ . or TDS_ value per residue (< 1 kJ

mol™*) which quantifies the experimentally obsen/Hittle conformational change of NucA
upon inhibitor binding. On the other hand, for th@5 residue inhibitor protein NuiA, the

DG,,,; value per residue is small (< 1 kJ mMpbut theTDS,,; per residue is quite large (~

- 2.4 kJ mot).
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A large contribution to thdDS2: . in NUiA is due to the striking difference between

the tertiary structures of bound NuiA (Figu®a) and free NuiA (Figuré.5b), reflected in

the lowered spatial separation across the hiikgestructure of the molecule in the bound
state. This occurs via rotation of the longest helix in NuiA around the normal to its helical
axis to facilitate (ixoordination with the activeite of NucA via one end of the hinge and (i)

formation of a satbridge with NucA at the other end. The two helices constituting the -hinge
like structure become heavily ordered in the enzlamend form (Figures.5a): TDS, =
-19.7 kJ mof for the 12residue shorter helix (residueslB) and TDS,, =- 74.5 kJ mof

for the 20residue longer helix containing residues9® This stabilization is because of the
formation of a hydrophobic core in the space between these two helices in bound NuiA by the

sidechains of six residues as shown in Figéu&a. Each of these six residues participating in

this hydrophobic region undergoes huge orderiigS,  =- 4 to- 11 kJ mof) to result in a

total entropy change dfDS,, . =- 48.3 kJ mot, further stabilizing the hinge.

a to salt-bridge b
to active-site o

free NuiA

Figure 6.5: Cartoon representations of bound and free NuiA. (a) Enzyme bound NuiA and
(b) free NuiA showing the changes in the hinge -like region. The side-chains of the
residues forming a hydrophobic core between the two helices in the hinge are also shown

using stick representations .

Conformational changes at interfacé we now consider the conformational changes
associated with complexation, the igag which will definitely require attention is the
interface (Figures.l). The enzymenhibitor interface consists of the residues of NucA and
NuiA within 5A separatins. This is an opejaw like interface, consisting of: (i) the active
site of NucA, (ii) the second interactisite containing the saliridge and (iii) other NucA

and NuiA residues in contact through either direct or whatielged hydrogen bonding
























