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Abstract

The entropy of water molecules plays a dominant role in various biological processes,
like protein folding and molecular recognition. Understanding the dependence of water
entropy on the surface topography and chemistry of biomolecular surfaces is necessary
to comprehend these processes. However, calculating water entropy from molecular dy-
namics simulation remains challenging due to the difficulty in sampling the large phase
space, even for a small system of water molecules within realistic time scales. Here, we
use the Single Water Entropy (SWE) approach to calculate water entropy, which utilizes
Permutation Reduction (PR) to reduce the phase space volume accessible to water. The
initial work involved the calculation of water entropy around homogeneous hydrophobic
model surfaces. Subsequently, our work was extended to incorporate chemistry in our
systems. We also calculated the dynamical properties of water molecules like velocity

and rotational autocorrelation functions.
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Chapter 1
Introduction

Water plays a dominant role in the structuring, dynamics, and functionality of biologi-
cal molecules. A wide range of biophysical processes, like protein folding, protein-ligand
binding, and lipid bilayer formation [1-3|, are driven by the hydrophobic effect (HE).
HE emerges from a balance between the entropy and enthalpy of the first few hydra-
tion layers surrounding the biological molecules, making it essential to understand the
thermodynamics of the solvation shell in order to gain a better understanding of these
processes.

In thermodynamic terms, it is Gibbs free energy (AG = AH - TAS) in an isothermal-
isobaric ensemble that governs the spontaneity of a process. Understanding the interplay
between entropy and enthalpy is useful to comprehend the process at the atomic or
molecular level, even though AG drives it. Usually, we are interested in the difference
in enthalpy between two systems. For incompressible systems at constant pressure, this
can be readily obtained by looking at differences in potential energy. Entropy is related
to atomic fluctuations, whose quantification is often challenging, especially for complex
systems like biological macromolecules and highly diffusive liquids like water. This diffi-
culty in entropy calculations arises because biological macromolecules have large degrees
of freedom, and diffusive liquids like water can access a large configuration space volume.

The entropy of water molecules within the biomolecular interface has intricate de-
pendencies on its size, topography, and polarity. Studying the water entropy around
homogeneous hydrophobic model surfaces provides a simplified framework, which may
serve as a basis for understanding more complex situations, such as hydration water sur-
rounding proteins, where additional factors like polarity and positions of the chemical
groups also come into play.

Several studies have investigated the role of surface geometry and polarity on water

entropy. For instance, around smaller and hydrophobic spherical solutes, water forms



a clathrate-like water arrangement, leading to a loss in entropy, whereas, around larger
solutes, a loosely hydrogen-bonded arrangement prevails [4, 5|. A crossover in entropy
behavior was observed. For graphitic sheets, an increase in the thickness of the sheet
results in water stabilization within the interface, with entropy playing an essential role
in stabilization [6]. Moreover, a decrease in entropy has been observed for water molecules
in the first hydration shell with increasing the charge of the ions [7].

Various methods have been used to calculate water entropy in the hydration shell.
Estimating entropic contributions to the hydration can be done using methods based
on the free energy of transfer between two phases. However, these methods estimate it
indirectly by considering the difference between free energy and enthalpy. Thus, a de-
tailed understanding of the entropic effects might not be reached. Traditional methods
like thermodynamic integration [8] are also used but lack spatial resolution. Spatially
resolved picture of solvent thermodynamics can be obtained using methods like inhomo-
geneous solvation theory (IST) [9], two-phase thermodynamics(2PT) [10], the spatially
resolved (grid-based) extension 3D-2PT [11], a three-dimensional (3D) grid-based adap-
tation (GIST) [12], and Per|Mut [13].

Since individual water molecules within the hydration shell contribute to the overall
water entropy, addressing the entropy of each water molecule becomes crucial. Even the
entropy of a single water molecule can impact the free energy of biophysical processes.
Thus, our study focuses on calculating single water molecule entropy using a method
developed within our group [14].

We initiated our work by calculating water entropy near model surfaces-inside the
cavity of varying depths and around hydrophobic sheets with different curvatures. Specif-
ically, we have analyzed the influence of cavity depth and curvature on hydrophobic slabs
and sheets, respectively. We then extended our study to incorporate chemical consider-
ations by studying water entropy around graphene-like sheets. Thus, we have examined
the effect of hydrophobicity by varying its interaction potential and the effect of sur-
face topography by varying its curvature values. Our study involved computing single
water translational and rotational entropy around these surfaces as a function of their
average distance. The entropy value inside the cavity was explained using interaction en-
ergy. The entropy around the hydrophobic and graphene-like sheets was compared with
the dynamical properties, like velocity autocorrelation functions (VACFs) and rotational

autocorrelation functions for water within the interface.



Chapter 2

Theory

2.1 Molecular Dynamics Simulations

A Molecular dynamics simulation is a computer simulation that can predict the positions
and velocities of a system of particles over time, thereby generating a trajectory. In md
simulations, the system is treated classically. An initial model of the system is obtained
from experimental techniques such as NMR, crystallographic, or homology modeling.
Newton’s law of motion calculates the forces acting on every atom at each time interval.
At each time step, forces on every atom are calculated, and then the spatial position and
velocity of each atom over time are obtained. The forces in md simulations are calculated
using molecular mechanical force fields obtained from Quantum-mechanical calculations

and certain experimental measurements.

d*X;
dt?

where X; represents the position of the ith atom, and V denotes the potential energy

due to the non-bonding and bonding interactions between atoms.

2.2 Single Water Entropy

For the calculation of single water entropy, we have used single water entropy (SWE)
approach, a method developed within our group [14], which involves reduction of the
configurational space volume of water first Permutation Reduction. Then, a quasihar-

monic approximation on each permuted water molecule is applied.



2.2.1 Permutation Reduction

The estimation of water entropy is not straightforward. Because of the diffusive nature of
water molecules, their configurational phase space volume is too large to be sampled by
current simulation techniques. Their configurational phase space density is also complex
to be fitted by Gaussian density approximations. Therefore, methods such as quasihar-
monic approximations [15], usually used for entropy calculations of biomolecules, cannot
be directly used here. To overcome these difficulties, the method of permutation of solvent
molecules, as suggested by Grubmiiller et al. [16] is utilized.

Permutation Reduction (PR) involves the relabelling of the indices of solvent molecules
for each trajectory frame x(t) such that the root mean square deviation (rmsd) between
the reference configuration and the permuted configuration is minimized. The rmsd is

given as:

> o () =il 22

where 7; is the reference configuration and () is chosen to map the configuration of

each frame z(t) to a new configuration which is close to the reference structure.

°
S 9
é @ @

REFERENCE TIME T AFTER PERMUTATION )

Figure 2.1: The First panel represents a reference frame, the second panel represents a
frame at time t, and the third panel represents the relabelling of the molecules based
on the proximity to the molecules in the reference frame. Here, the relabelling of the
molecules is presented as recoloring.



In this work, each water molecule is permuted separately using asymmetric permuta-
tion. So, each permuted water molecule moves only in a localized region and occupies a
different configurational volume with minimal overlap. Further, this permuted trajectory

is used for entropy calculations.

2.2.2 Entropy Estimation
Translational Entropy

The translational entropy of permuted water molecules can be approximated using quasi-
harmonic approximation. Within this approximation, the phase space density of the
trajectory x(t) is approximated by a multivariate Gaussian distribution. This distribu-

tion is given by:

A(z) = 1 o (@ (E)TC (@ () (2.3)
27N det(0)

where C is a 3 X 3 covariance matrix calculated as:

Cly = {(s — () (@) — {a)) (2.4)

A 3 x 3 covariance matrix of each particle is created, which corresponds to their
translational fluctuations along the x,y, and z directions. The eigenvalues ()\;, i=1-3,
obtained by diagonalisation of covariance matrix) of each covariance matrix corresponds
to the lengths of the principal axes of the ellipsoid formed by the permuted water molecule.

These eigenvalues are used to compute the corresponding frequency:

Finally, translational entropy is calculated using the following equation:
3

. —hw;
S =kp ) hﬁ“ —In (1 - e’“BT) (2.6)
i=1 kT (e*sT — 1)

where, h = h/27 is the plank constant, T is temperature and kp is the Boltzmann’s
constant.
The anharmonic contribution has been considered in the entropy calculations by using

a method based on kth nearest neighbor distances, following Numata et al. [17]



Rotational Entropy

The standard equation of entropy based on the angular distribution of individual per-
muted water molecules can be used to calculate the rotational entropy. The equation

used to calculate rotational entropy [18] is given:

Srot = —kB/p(H,X)cln {p (0, x) ¢} sin (2.7)

where p (6, x) is the angular distribution of a single water molecule, 6 is the angle between
the dipole vector and water oxygen to reference particle vector, and x is defined as the
angle between the vector joining the 2 hydrogens of water and the normal to the plane

defined by the reference particle-oxygen vector and the dipole vector.

2.2.3 Autocorrelation Functions
Velocity Autocorrelation Function

Diffusion coefficients of the water molecule can be calculated using the velocity autocor-

relation function using the Green-Kubo equation [19-21]:

D- é /O e (2.8)

where D is the diffusion coefficient, d is the dimensionality and C(t) is the velocity

autocorrelation function given by:
C(t) = (o(t) - v(0)) (2.9)

Rotational Autocorrelation Function

The rotational autocorrelation function for water molecules is computed by averaging
the autocorrelation of vectors perpendicular to each water molecular plane. C(t), is the

rotational autocorrelation function given by:

C(t)ror = (u(t) - u(0)) (2.10)

where # is defined as the unit vector perpendicular to the plane of a water molecule

at time t.
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2.2.4 Proximal Radial Distribution Function

The proximal radial distribution function calculates the probability of finding the solvent
molecules at distance r from the surface of solute. It gives the number density of solvent
molecules as a function of the distance from the nearest atom of the solute. The coordi-
nation number of the solvent atoms in the available volume N(r) and the available volume
V(r) with thickness A r (at a distance r from the nearest solute atom) are computed in
this function. Numerical density of the solvent p(r) = N(r)/V(r).

11



Chapter 3

Methods

3.1 System Preparation

The construction of the three sets of systems that we have studied is described below:

3.1.1 Slabs with Hydrophobic Cavity

We have constructed a slab of neutral particles aligned in a hexagonal close-packed (hcp)
grid with a lattice constant of 1.25 A. The cavity was constructed by deleting all the
atoms within a given volume from a central atom at the slab’s surface. Two systems with
the conical cavity of the same volume but depth of 5 and 10 A were studied.

The 5 and 10 A slabs were solvated with 5251 and 5291 water molecules, respectively.
SPC/E water model [22] was used for solvation. The attractions between water and the
surface were considered weak to mimic a hydrophobic system. Hence, Lennard-Jones
(LJ) parameter € = 0.478 kJ mol ™" and o = 0.3275 nm were used for the atomic species
of these surfaces. The slabs were placed at the center of the box and parallel to the xy

plane. The conical cavity lies along the z-axis.

12
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Figure 3.1: Hydrophobic slabs with cavities of depths 6 (A) and 10 (B) A in water. Only
500 water molecules are shown.

3.1.2 Hydrophobic Sheets

To model sheets exhibiting different curvatures, we have again placed atoms in a hexag-
onal pattern with a lattice constant of 1.25 A. We have studied three systems having
sheets with k = 0, 0.61, and 1.23 nm ™.

Figure 3.2: Hydrophobic sheets with curvature values (|x|): 0 (A), 0.61 (B), and 1.23 (C)

nm~! in water.
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Sheets having x = 0, 0.61, and 1.23 nm™~! were solvated with 7920, 4896, and 5061
water molecules. SPC/E water model was used. Lennard-Jones (LJ) parameter ¢ = 0.478
kJ mol™ and ¢ = 0.3275 nm was used for the atomic species of these hydrophobic sheets.
The flat sheet lay parallel to the xy plane. The length of the curved sheets lies along the

z-axis.

3.1.3 Graphene-like Sheets

To model Graphene-like sheets of different curvatures, we have utilized Visual Molecular
Dynamics (VMD) [23], a molecular modeling and visualization program. The Nanos-
tructure Builder Plugin allows the construction of single-walled nanotubes and graphene
sheets. Thus, we constructed an armchair graphene sheet parallel to the xy plane. Arm-
chair Carbon nanotubes (CNTs) with chiral index (n) = 12 and 24 were also constructed
with their length along the z-axis. The CNTs were cut in half to obtain corresponding
hCNTS (hemicylindrical carbon nanotubes). The curvatures of the hCNTs with n = 12
and 24 are 0.61, and 1.23 nm ™! respectively. Because of the chemical similarity between
graphene and hCNTs, these hCNTs may serve as graphene with curvature, |x| = 0.61

and 1.23 nm~!.
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Figure 3.3: Graphene-like sheets with curvature values (|x|): 0 (A), 0.61 (B), and 1.23
(C) nm™! in water.

We have described the C-C interactions in the sheet with the AMBER96 force field
[24] and the water-water interactions primarily with the rigid SPC/E water model. The
number of water molecules ranged from 3421 to 6421. The Lennard-Jones (LJ) parameters
for carbon-oxygen interactions are cgo = 0.3275 nm and eco = 0.478 kJ mol~! [25, 26].

To study the effect of hydrophobicities, we have tuned graphene-water interactions, u(r),

14



using the Weeks-Chandler-Andersen(WCA) scheme [27] as follows:

B 46((5)”_(5)%%) < 218
A PRV (G E D I .

where A is the scaling factor. A = 1 corresponds to the original LJ interactions,
while A\ = 0 corresponds to the repulsive WCA potential. So, we have studied each
graphene-like sheet with A=0, 0.5, and 1. Hence, we have studied 9 systems.

3.2 Simulation Details

In all the cases, Molecular Dynamics simulations were performed using GROMACS soft-
ware package [28]. Energy minimization was performed using the steepest descent algo-
rithm. The energy minimized system was then brought up to 300K using the Berendsen
thermostat. Afterward, an NPT equilibration at 300K temperature and 1 bar pressure
was performed for 10 ns utilizing the Berendsen thermostat and the Berendsen barostat
[29] respectively. The final production run was an NPT simulation 100 ns long using the
above-mentioned thermostat and barostat with an integrator timestep of 2fs. Configu-
rations were stored every 5 ps. The slabs, sheets, and hCNTS were kept rigid and fixed

throughout the simulation.

3.3 Entropy Calculation

For single water entropy calculations from the MD trajectory, the following steps were

followed:

i. We have first ordered the water molecules according to their distance from the

model surface. This step is done to reduce the water molecules to be permuted.

ii. Around 500 water molecules around the surface were permuted. Permutation Re-
duction was performed on individual water molecules by using oxygen-oxygen dis-

tance.
iii. Entropy calculations were performed over the permuted trajectory.

iv. Convergence of entropy for each water molecule was checked with time.

15



3.4 Computing Autocorrelation Functions
To compute the velocity and rotational autocorrelation functions:

i. We run a 20 ps simulation with a well-equilibrated configuration as our initial

configuration. We saved the configurations every 4 fs.

ii. As the water molecules change their positions throughout the simulation, we first
identified the water molecules that continuously reside within the interface for the

total simulation time.

iii. We computed normalized velocity and rotational autocorrelation functions for those

water molecules using Gromacs software.

3.5 Proximal Radial Distribution Function

To compute PRDF for water molecules with the sheet as the reference, we utilized Gro-
macs software. Since the behavior of water is different in both the concave (k<0) and
convex regions (k>0) of the sheet, we computed PRDF for water in both regions sep-
arately. In order to do so, we have first identified the water molecules that lie in the
concave and convex regions, respectively. Then, we computed PRDF for water molecules
in each region using the -surf flag in gmx rdf. We have used the permutated trajectory
for PRDF computation so that the water molecules initially in a region remain in the

same region.

3.6 Interaction Energy

The interaction energies of water molecules were determined by post-processing the md
trajectory with mdrun-rerun in Gromacs software. To minimize the disregard of the long-
range interactions in the rerun, the Coulomb and van der Waals distance cut-offs were

extended to 2.8 nm.

16



Chapter 4
Results and Discussion

We have calculated translational and rotational water entropy for:

e Slabs with hydrophobic cavities of different depth-to understand the effect of cavity
depth on water entropy.

e Hydrophobic sheets that vary in curvature-to understand the effect of curvature on

water entropy.

e Graphene-like sheets, with two cases analyzed separately. Firstly, sheets that vary
in interaction potential but have the same curvature. Secondly, sheets that vary in
curvature but contain the same interaction potential. Thus, we have studied the

effect of hydrophobicity and curvature on water entropy for graphene-like sheets.

4.1 Effect of Cavity

The water entropy calculations were performed for the systems containing slabs with
cavities of depth-5 and 10 AThe entropy values were found to converge with time. The
entropy calculations showed an increase in translational entropy inside the cavity. The
translational entropy calculated for water molecules as a function of their average dis-
tance from the cavity is shown in figure 4.1. Each point in the graph represents the
translational entropy of water molecules at a given distance. The TS, for the individual
water molecule inside the cavity was 6.10 and 5.92 kcal mol™" for the cavity of depth-5
and 10 A, respectively. We can observe from the figure that the translational entropy of
all water molecules converges to the bulk entropy value far away from the cavity. The
bulk entropy value is around 5.7 kcal mol™'. No significant effect was observed for the

rotational entropy of water molecules.

17
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Figure 4.1: Translational entropy (multiplied by T=300K, TS;.) of individual water
molecules as a function of their average distance from the hydrophobic cavity of depth
(a) 5 and (b) 10 A. No point for the initial values of average distance (nm) in both the
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figures represents the absence of water molecules in that region.

To explain the entropy values, we calculated the interaction energy of water molecules
present inside and far away from the cavity. The interaction energy of a water molecule

away from the cavity is around -92 kJ mol ™'

cavity of 5 A depth is due to less negative interaction energy.

18

The interaction energy was found to
be -67.90 and -84.26 kJ mol~! for water lying inside the cavity of depth 5 and 10 A

respectively. Therefore, higher entropy inside the cavity and more entropy gain in the



4.2 Effect of Curvature

The translational and rotational water entropy were calculated for the systems containing
hydrophobic sheets with curvature, |x|=0, 0.61, and 1.23 nm~!. The translational and
rotational entropy calculated for water molecules as a function of their average distance
from the sheet is shown in figure 4.2 and 4.3.

The entropy calculations showed higher translational entropy of the water molecules
closest to the sheet, which decreases with the distance from the sheet, finally converging
to the bulk value for flat (k=0 nm™!') and concave regions (k=-0.61 and -1.23 nm™!). In
comparison, the entropy values were less than the bulk value for water in convex regions
(k=0.61 and 1.23 nm™!). Hence, for a particular curvature value (|x|), water molecules in
the concave region had higher entropy than those in the convex region. Rotational entropy
was also higher for the water molecules in the flat and concave regions. The variation
of the entropy of the water molecules as a function of curvature is shown in figure 4.4,
indicating a decrease in water entropy from concave region (negative curvature) to convex
region (positive curvature).

Further, we studied the dynamic behavior of water within the interface. The normal-
ized velocity autocorrelation functions (VACFs) of water molecules within the interface
for |k]|=0, 0.614, and 1.229 nm~! are shown in the figure 4.5. We observed a decrease in
the depth of minima in the VACFs for water within the interface. As negative regions
in the VACF plots are associated with the reversals of the water molecule’s velocity due
to collisions with surrounding water; the decrease in depth indicates a less constrained
environment. This inference aligns with the decreased coordination numbers of water
molecules within the interface, as shown in the table 4.1. The bulk coordination number
is approximately 6.6. All the VACFs were found to decorrelate within 0.25 ps. We com-
puted the diffusion coefficient from the VACF, whose values are in the table 4.2. The
diffusion coefficient of water in the concave region exceeds the bulk diffusion coefficient,
while it is lower in the convex region, indicating higher mobility in the concave region
for each curvature. Similar to entropy values, the diffusion coefficient exhibited higher
values in the flat and concave regions, but lower values in the convex regions.

To understand the rotational behavior of the water molecules, we computed the rota-
tional autocorrelation function for molecules within the interface. Water molecules in the
concave and flat regions rotate faster, which can be observed by the faster decay in the

figure 4.5. The regions with faster decay were found to have higher rotational entropy.
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Figure 4.2: Translational entropy of individual water molecules as a function of their
average distance from the hydrophobic sheets of curvature (|x|): 0 (a), 0.61 (b), and 1.23
(c) nm~!. The entropy value is multiplied by the temperature, T=300 K. Vertical dashed
lines denote the position of the sheet, and the regions with no points denote the absence
of water molecules.
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Figure 4.3: Rotational entropy of individual water molecules as a function of their average
distance from the hydrophobic sheets of curvature (|x|): 0 (a), 0.61 (b), and 1.23 (c)
. The entropy value is multiplied by the temperature, T=300 K. Vertical dashed
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molecules in the first hydration layer as a function of the surface curvature, |x|. Each
point in the shaded region denotes lower water entropy than the bulk value. The convex
region is right to the vertical dashed lines, while the concave region is left to the dashed
lines.

Table 4.1: Coordination number for water molecules within the interface and bulk for
hydrophobic sheets with |x|=0, 0.61, and 1.23 nm~!. Across all curvature values, the
coordination number within the interface is lower than that in the bulk.

K (nm~1) Interface Coordination number
0 Interface 5.38
Bulk 6.66
0.61 Concave Interface 4.92
Convex Interface 5.43
Bulk 6.74
1.23 Concave Interface 5.03
Convex Interface 5.34
Bulk 6.66
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Figure 4.5: Velocity autocorrelation functions (left panel) and Rotational autocorrelation
functions (right panel) for water molecules within the interfaces (flat, concave, and con-
vex) as well as in bulk for sheets with curvature, |k|=0 (a and b), 0.61 (c and d), and

1.23 (e and f) nm™'.



Table 4.2: Comparison of water diffusion coefficients for sheets with |x|=0, 0.61, and
1.23 nm~!. Diffusion coefficients were obtained for water molecules within interfaces
(flat, concave, and convex) as well as in the bulk, analyzed over a 20 ps trajectory. The
diffusion coefficient increases from the bulk to the flat and concave interfaces. Water
within the concave interface has a higher diffusion coefficient than the convex interface.

k (nm™1) Interface Diffusion coefficient
(x 107 cm? sec™!)
0 Flat 2.26
Bulk 2.95
0.61 Concave 3.89
Convex 2.38
Bulk 2.69
1.23 Concave 3.77
Convex 2.14
Bulk 2.85

4.3 Effect of Hydrophobicity and Curvature

We have performed entropy calculations for all the systems containing graphene-like
sheets. The translational and rotational entropy of water as a function of its average
distance from the sheet is shown in the figure 4.6 and 4.7.

We first investigated the effect of sheet hydrophobicity on water entropy. This involved
comparing entropy around sheets with identical curvature (x) but varying hydrophobicity
(A). Specifically, we studied water entropy surrounding sheets with curvatures of |k| = 0,
0.61, and 1.23 nm~!. In all three cases, we observed consistent trends. Sheets with water-
sheet interactions corresponding to A = 0 exhibited the highest water entropy, followed
by A = 0.5 and A = 1.0. When \ was set to 1, the entropy of the closer water molecule
was initially lower, gradually approaching the bulk entropy value. However, for A = 0,
water entropy was higher near the sheet and decreased gradually to the bulk value. Water
entropy was slightly lower near the sheet for intermediate hydrophobicity (A = 0.5). We
observed that the effect of hydrophobicity was more pronounced for water in the concave
regions than in the convex regions.

Next, to understand the effect of the curvature of the sheet on water entropy, we
analyzed entropy around sheets with identical hydrophobicity but varying curvatures.
We studied three cases, the effect of curvature for A=0, 0.5, and 1.0. At A=1.0. water
entropy was higher near the convex region, followed by graphene and the concave region.

However, at A=0.5, water entropy near the concave and flat regions exhibited almost
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Figure 4.6: Translational entropy of individual water molecules as a function of their
average distance from the graphene-like sheets of curvature (|x|): 0 (a), 0.61 (b), and
1.23 (¢) nm™'. Each plot shows individual water entropy around sheets having water-
sheet interactions corresponding to A=0, 0.5, and 1.0. The entropy value is multiplied by
the temperature of 300 K.
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Figure 4.7: Rotational entropy of individual water molecules as a function of their av-
erage distance from the graphene-like sheets of curvature (|x|): 0 (a), 0.61 (b), and 1.23
Each plot shows individual water entropy around sheets having water-sheet
interactions corresponding to A=0, 0.5, and 1.0. The entropy value is multiplied by the

(c) nm~*.

temperature of 300 K.
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Figure 4.8: Total entropy change of individual water molecules in the first hydration layer
as a function of the surface curvature (|x|) and hydrophobicity (A). Each point in the
shaded region denotes lower water entropy than the bulk value. Right to the vertical
dashed lines is the convex region, while left to the dashed lines is the concave region.

similar values, with the convex region following. Finally, at A=0, we found that water in
the flat region has the highest entropy, followed by the concave and the convex regions.
The entropy of water in the first hydration layer as a function of surface curvature and
hydrophobicity is shown in figure 4.8; this layer is identified using PRDF, as seen in the
figure 4.9.

Further, we computed velocity autocorrelation functions for water molecules within
the interface. The normalized VACFs for the water within the interface are shown in the
figure 4.10. We can observe the change in the evolution of VACF with an increase in
the hydrophobicity. An increase in the hydrophobicity of the sheet results in a decrease
in the coordination number of the water molecules within the interface, leading to a
decrease in the depth of the minima. When we compared the VACFs for water within the
concave and convex regions, greater depth was observed for the VACFs corresponding to
the water in the convex region, which is supported by less coordination number in the
concave region, as can be seen in the table 4.3. The diffusion coefficient values for water
within the interface and in bulk are shown in the table 4.4. The diffusion coefficient
was higher for the sheets with A=0, followed by A=0.5 and A=1.0, across all values of
t. When we compared the diffusion coefficient in the concave and convex regions for
each system, it was higher in the concave region. So, increasing hydrophobicity results
in increased values of both the diffusion coefficient and water entropy. Both entropy
and diffusion coefficients are higher in the concave region for A=0 and 0.5. However, for

A=1.0, although the diffusion coefficient was higher in the concave region, the entropy

27



5000
5000
4000
.‘?4000 ‘?
[} 1]
5 5 3000
a 3000 a
g E 2000
g 2000 g
2 2
1000 1000
0 V]
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

Average distance (nm) Average distance (nm)

(a) (b)

5000

Number Density
N w N
=] o o
<] <] <]
=) =] =)

1000

-1.0 -0.5 0.0 0.5 1.0
Average distance (nm)

()

Figure 4.9: Proximal radial distribution functions for water molecules around graphene-
like sheets of curvature, |k|: 0 (a), 0.61 (b), and 1.23 (¢) nm™'. Each plot shows PRDF
for water molecules around sheets having water-sheet interactions corresponding to A=0,
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was higher in the convex region.

We also computed the rotational autocorrelation function for water molecules within
the interface, as shown in figure 4.11. We observed a faster decay in the correlation
function for molecules near sheets having water-sheet interactions corresponding to A=0,
followed by A=0.5 and A=0, which aligns with the rotational entropy values. We also
compared the rotational correlation functions for water in concave and convex regions
and observed a faster decay for water in the concave region. We had observed the same

trend for rotational entropy.
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Figure 4.10: Velocity autocorrelation functions for water molecules: (a) within the flat
interface for graphene-like sheets with curvature, |x|=0 nm™', (b and c) within concave
and convex interface for sheets with curvature, |x|= 0.61 nm™!, and (d and e) within
concave and convex interface for sheets with curvature, |x|=1.23 nm~'. Each plot shows
a correlation function for water molecules around sheets having water-sheet interactions
corresponding to A=0, 0.5, and 1.0.
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Table 4.3: Coordination number for water molecules within the interface and bulk for
sheets having different curvature (k=0, 0.61, and 1.23 nm~!) and hydrophobicity (A=0,
0.5, and 1.0). For all the sheets, the coordination number within the interface is lower
than that in the bulk.

A K Interface Coordination number
(i)
0 0 Flat 5.06
Bulk 6.41
0.61 Concave 4.97
Convex 5.41
Bulk 6.91
1.23 Concave 4.38
Convex 5.42
Bulk 6.78
0.5 0 Flat 5.11
Bulk 6.51
0.61 Concave 4.99
Convex 5.26
Bulk 6.54
1.23 Concave 5.46
Convex 5.62
Bulk 6.82
1.0 0 Flat 5.45
Bulk 6.25
0.61 Concave 5.34
Convex 5.61
Bulk 6.30
1.23 Concave 5.54
Convex 5.77
Bulk 6.69

31



Table 4.4: Comparison of water diffusion coefficients for sheets having different curvature
(k=0, 0.61, and 1.23 nm~!) and hydrophobicity (A=0, 0.5, and 1.0). Diffusion coefficients
were obtained for water molecules within interfaces (flat, concave, and convex) and in
the bulk, analyzed over a 20 ps trajectory.

A K Interface Diffusion coefficient
(nm~1) (x 107 cm? sec™)
0 0 Flat 3.38
Bulk 2.86
0.61 Concave 3.05
Convex 1.96
Bulk 2.50
1.23 Concave 2.08
Convex 2.22
Bulk 2.97
0.5 0 Flat 2.66
Bulk 2.81
0.61 Concave 2.20
Convex 1.56
Bulk 2.43
1.23 Concave 1.99
Convex 1.45
Bulk 2.67
1.0 0 Flat 1.84
Bulk 2.49
0.61 Concave 1.82
Convex 1.40
Bulk 2.94
1.23 Concave 1.60
Convex 1.55
Bulk 2.36
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Figure 4.11: Rotational autocorrelation functions for water molecules: (a) within the flat
interface for graphene-like sheets with curvature, |x|=0 nm™', (b and c) within concave
and convex interface for sheets with curvature, |x|= 0.61 nm™!, and (d and e) within
concave and convex interface for sheets with curvature, |x|=1.23 nm~'. Each plot shows
a correlation function for water molecules around sheets having water-sheet interactions
corresponding to A=0, 0.5, and 1.0.
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Chapter 5
Conclusion and Future Outlooks

Here, we have applied the Single Water Entropy (SWE) approach to calculate the trans-
lational and rotational entropy of water molecules within the cavity and surrounding
hydrophobic and graphene-like sheets. We have shown that the water inside the cavity
has a higher entropy value than bulk entropy. Water entropy inside the cavity of depth 5
A was higher compared to water entropy inside the cavity of 10 A, which can be explained
by less negative water-water interaction energy of water inside the cavity of depth 5 A. We
have also studied the effect of curvature on water entropy, showing a decrease in entropy
values from negative to positive curvature. Hence, the entropy of water molecules in the
concave region is higher than that in the convex region. We have calculated diffusion
coefficients and rotational autocorrelation functions that followed the same trend.

Incorporating chemical aspects into our analysis, we calculated water entropy around
graphene-like sheets. We have studied sheets with hydrophobicity corresponding to A=0
(repulsive WCA potential), 0.5, and 1.0 (LJ potential). We have shown that increasing
hydrophobicity results in higher entropy for all curvature values. We have observed
higher entropy in the concave region for A= 0 and 0.5, while lower entropy for A =
1.0. Increasing hydrophobicity also resulted in increase in diffusion coefficient values.
Diffusion coefficient was found to be higher in the concave regions for all the \ values.
Faster decay of the rotational autocorrelation function for hydrophobic systems aligned
with higher rotational entropy.

So, our study was initiated with entropy calculations around model hydrophobic sur-
faces and extended to incorporate chemical considerations. We could utilize this single
water entropy approach to study water entropy around many more model surfaces with
varying curvature and surface charge densities. Such studies would enhance our under-
standing of how these model surfaces influence water entropy, thereby contributing to a

deeper understanding of water behavior around macromolecules like proteins.
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