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ABSTRACT
Changsun Eun: Molecular Dynamics Simulations Study of Hydrophilic and Hydrophobic

Interactions between Nanoscale Particles
(Under the direction of Max L. Berkowitz)

This dissertation presents our research on hydrophilic and hydrophobic
interactions performed using molecular dynamics (MD) simulations with nanoscale
model plates. Hydrophobic and hydrophilic interactions have been discussed in many
places of chemistry and biology to explain water-involved phenomena such as solute
aggregation and protein folding. However, until recently, the absence of appropriate
methodology and insufficient computing power has prevented quantitatively detailed
discussions of these phenomena. In this dissertation, we design model hydrophilic and
hydrophobic plates and use MD methodology to study the nature of the hydrophobic and
hydrophilic interactions. These plates are simple enough to be computationally accessible
but still applicable for understanding the essence of hydrophobic and hydrophilic
phenomena in nature. Since the hydrophobic and hydrophilic interactions are considered
to be medium effects involving water molecules, we extract this medium contribution
from the total interaction between two plates in water and analyze it. This analysis is
applied to the case of two interacting model lipid plates across water and it demonstrates
that the monotonic repulsive interaction between lipid bilayers, known as the hydration
force, originates from the water-induced interaction, and not from the steric repulsions

between the headgroups. Further detailed thermodynamic and hydrogen bonding analyses

il



indicate that strong plate-water interaction is responsible for the repulsive water-mediated
interaction. Interestingly, when we remove electric charges from the model lipid plate,
the repulsive character due to water changes to the attractive character and the overall
shape of the total interaction is very similar to typical hydrophobic interaction. We
investigate the hydrophobic property of the charge-removed model lipid plate by
comparing it with other hydrophobic plates based on the graphene plate model. From this
comparison, we find that the roughness of the surface enhances the hydrophobic
interaction. The graphene plates are also used to study the fluctuation of water between

hydrophobic plates, which is considered to be a signature of the hydrophobic interaction.
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Chapter 1:

Introduction

Water is the most abundant molecule in living organisms and it is believed to be
essential for all living systems. Molecular-level studies have shown that water plays a
very crucial role as a solvent or a biomolecule in biological processes and structuring
biological systems.'” Microscopically, water can interact with individual biomolecules
and affect their structure®™® or dynamic behavior.”'* It can also mediate the interaction
between two biomolecules, as in protein-DNA'' and protein-ligand interactions'?. In
particular the latter water-mediated interaction can induce large-scale molecular
assemblies such as multiprotein complex' and micelle/cell membrane'*, which are very
crucial components in living cells. However, the fundamental principles governing these
water-involved interactions have not yet been fully understood at the molecular level. For
example, the prediction of three-dimensional structure of proteins from amino acid
sequences, in which water-involved interaction plays an important role,’ is still a
challenging problem.'> The reason for this difficulty probably comes from the many-body
feature of water-involved interaction. For example, the interaction between two particles
in water is not simply a particle-particle interaction but a particle-water-particle
interaction, where many water molecules are involved while making a hydrogen bonding

network around the particles.



One of the ways to simplify this complication would be to define particles (or
molecules) as hydrophobic (“water-fearing”) or hydrophilic (“water-loving”) particles.
For example, instead of particle-water-particle interaction, we regard the interaction as
hydrophobic particle-hydrophobic particle interaction, or hydrophilic particle-hydrophilic
particle interaction and so on. In this way, we can reduce a many-body problem to a two-
body problem. Thus, it is important to characterize whether a particle is hydrophobic or
hydrophilic.

There are two common ways to determine the hydrophobicity/hydrophilicity of a
particle. One way is to measure the contact angle of a water droplet on the surface of the
particle and the other is to determine the solubility (or the solvation free energy) of the
particles. If a particle is large and flat enough, it would be ideal to perform the contact
angle measurement, but otherwise, the measurement of solubility would be ideal. These
methodologies with the concept of hydrophobicity/hydrophilicity have proven to be
useful, particularly in macroscale experiments. However, practically, when the size of the
system is reduced to the nanoscale level as in biomolecules in water, it is hard to use the
above methods to determine the hydrophobicity/hydrophilicity.'®!” Thus, hydrophobic
and hydrophilic concepts are not well-defined at the nanoscale level and the boundary
between them is vague in some cases; for example, CNT (carbon nanotube), which is
commonly believed to be hydrophobic because of the non-polar atoms, can be regarded
as hydrophilic in that it can hold water molecules inside it.'"® Moreover, at such a
microscopic scale, the interaction between a particle and water, determining
hydrophobicity/hydrophilicity, is highly dependent on the molecular details such as the

density of atoms, the roughness of particle’s surface,” the spatial arrangement of polar



atoms,” and the local geometry of the particle.”’ Complicating maters further, the
behaviors of a particle in water depend on the presence/absence of other particles in the
system. For example, water molecules between two plates could be depleted as in
hydrophobic cases, although each separate plate shows wetting next to the plates.?

The complex nature of hydrophobic and hydrophilic phenomena at the atomic
scale raises many scientific issues and has broadened the research field. Finding out what
molecular properties of a particle cause hydrophobic or hydrophilic behavior, as well as
making more clear and explicit definitions of hydrophobic/hydrophilic interactions are
some of the important issues in this field that have yet to be resolved. In this dissertation,

we study these issues systematically with model systems.

1.1 Scope of our study

The research fields associated with water are very broad and each field is a huge
subject. Even within the field of physical chemistry, for example, research areas include
water structures in phase diagram, the dynamics of water next to a hydrophobic particle,
the kinetics in the aggregation of hydrophobic particles, and other topics. Thus, we need
to clarify the scope of our study. Here, we are mainly interested in the interaction
between two nanoscale particles in water, as shown in Figure 1-1b. Although this type of
interaction is associated with the interactions in other types of systems, the study of the
cases presented in Figure 1-la and Figure 1-1c is beyond our scope. For example, we

focus on the hydrophobic interaction rather than the hydrophobic hydration.
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1.2 Goal of our study

Our primary goal is to understand the interaction between two nanoscale particles
in water from a unified viewpoint. This requires the unification of the hydrophobic and
hydrophilic interactions, which traditionally have been studied separately, into one single
framework. In order to do that, we adopt Ben-Naim’s definition of hydrophobic
interaction defined by the attractive water-mediated interaction” and extend it to the
discussion of hydrophilic interaction. We then apply this definition to our model study.
As an example of hydrophilic interaction, we first reexamine an old problem about the
origin of repulsive hydration force acting between two zwitterionic lipid bilayers.***
This study also resolves the controversy in the origin of the repulsion as to whether it is
due to the structured water or the molecular protrusion.’**” Then we devise a
hydrophobic case derived from the lipid bilayers. This allows us to directly compare both
cases of hydrophobic and hydrophilic interactions in one model system.

However, this hydrophobic model is not a typical hydrophobic particle in that the
model surface is rough. Thus, we consider a second system, a smooth-surface graphene
plate, as a more common type. The goal of the study with graphene is to systematically
investigate the nature of hydrophobic and hydrophilic interactions between two plates as
a function of the strength of water-graphene interaction. For this study, we use a smaller
size of graphene plate, compared to the hydrophobic model lipid bilayer, to reduce the
computational cost and to perform more MD simulations with different types of

2

“graphene.” Here, another objective is to consider the definition of hydrophobic
interaction defined by the water number fluctuations in the space between two

“graphene” plates.



The final objective is to understand the effect of the roughness of the surface on
the hydrophobic interaction between two particles, by comparing the cases of the

hydrophobic model lipid bilayer and the “graphene” plate.

1.3 Model systems in our study

In this dissertation, we design multiple model systems for different purposes of
study. But basically, they can be categorized into two groups as demonstrated by the
two columns of Figure 1-2. In Chapters 2 and 3, we use a model lipid bilayer named the
PC(Phosphatidylcholine)-headgroup plate, a hydrophilic plate which has polar
headgroups. This is shown in System A of Figure 1-2. This plate is used for the study of
the origin of the hydration force. In Chapter 4, we use graphene-based carbon plates
shown in Systems B, C and D of Figure 1-2 for the study of hydrophobic and
hydrophilic interactions. In Chapter 5, along with the above systems, we additionally
prepare the hydrophobic plate simply by removing charges from the PC-headgroup plate,
as in System E of Figure 1-2. Detailed descriptions of the model systems are given in

the methodology sections of the relevant chapters.
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Figure 1-2. Schemactic of the model systems employed in our study. The plates in
Systems A and E are based on a lipid biayer and the plates in Systems B, C and D are on
graphene. Note that polar and non-polar parts are represented by blue and green colors,
respectively. Here, the brightness of green colors in Systems B, C and D indicates the
strength of interaction between water and plate, with the strongest interaction in System

B and the weakest on in System D.



1.4 Outline of the dissertation

The initial motivation of our research is to understand the origin of the “hydration
force,” a repulsive interaction between zwitterionic lipid bilayers.*** This origin has
been explained by two prevailing theories. One theory is that the origin is due to the
structured water molecules next to the lipid bilayers and the other one is that it is due to
the protrusion of the headgroups of the lipid molecules. However, which one of these
theories is correct still remains unclear, and only some indirect experimental evidence
supporting the origin due to water exists.”® Thus, to resolve this issue clearly and to get a
more detailed molecular insight, we use molecular dynamics (MD) methodology. The
recent advances in computational methodologies and computing power allow us to revisit
this relatively old problem about the origin of the hydration force. Chapter 2 and Chapter
3 are devoted to this study.

In Chapter 2, we describe the details of our MD simulations and the model lipid
bilayer plate used in the study, which is a simplified representation of the original lipid
bilayers for computational advantage. First, we make sure that this model plate can
reproduce the characteristics of repulsive interaction observed in experiments. Then to
understand the origin, we separate the interaction, or the potential of mean force (PMF)
as a function of the interplate distance, into water-mediated interaction and direct
interaction. Also, we investigate the structure of the confined space between model plates
by calculating the density profiles of water and lipid headgroups, as well as the structural
changes of the confined water molecules by calculating the oxygen-hydrogen (OH) bond

orientations of water molecules.



In Chapter 3, we continue to the discussion of the origin of hydration force in
terms of thermodynamics. To determine if the origin is entropic or enthalpic, we perform
thermodynamic analysis by decomposing the PMF into entropic and enthalpic
components. Additionally, we consider the correlation between this thermodynamic
change and the change in hydrogen bonding analysis by conducting hydrogen bonding
analysis.

In another view, the interaction we study in Chapters 2 and 3 could be considered
as the interaction between hydrophilic surfaces. Interestingly, this allows us to study
another type of interaction, hydrophobic interaction. By noting that the hydrophilicity of
model plate comes from strong electrostatic interaction between the plate and water, we
are able to prepare a hydrophobic plate by simply removing all the charges from the plate.
Thus, we study the hydrophobic interaction between charge-removed model lipid bilayer
plates. However, since this charge-removed plate is unique in that it has non-polar lipid
headgroups, we also study how the roughness of the surface due to the non-polar
headgroups affects the hydrophobic interaction by comparing it to the interaction
between the corresponding plates without the headgroups, or smooth plates. These
smooth plates are graphene plates or the hydrophobic plates derived from the graphene
plates by reducing the interaction parameter between water and the plate. However the
hydrophobic or hydrophilic effect of these smooth plates has not been studied intensively
in terms of the hydrophobic interaction. Therefore, in Chapter 4 we first systematically
study the relation between hydrophobicity, defined by the water-plate interaction, and

hydrophobic interaction, in terms of PMF and the fluctuation of water in the confined



space, before we discuss the hydrophobic interaction of charge-removed plate in Chapter
5.

Chapter 4 investigates the hydrophobic and hydrophilic nature of the interaction
between ‘“graphene” plates, by calculating the PMF and the average number of water
molecules in the confined space between two plates. Particularly, the latter is associated
with the phenomenon known as dewetting transition. For a systematic study, we prepare
a series of “graphene” plates: strong hydrophobic, weak hydrophobic and weak
hydrophilic plates by adjusting the strength of the interaction between water and the plate.
Besides the attractive nature of water-mediated interaction, the large fluctuations in water
structure next to hydrophobic solutes is known as one of the hydrophobic effects. In this
chapter, we apply this idea to study the hydrophobic interaction and we examine this
property of fluctuation of water molecules between two plates, as a possible measure of
the hydrophobic interaction. We discuss and summarize the changes in the characteristics
of the PMFs as well as water number fluctuations in the interplate space, as functions of
the water-plate interaction.

In Chapter 5, we focus on the hydrophobic interaction between the model lipid
plates when all the charges of the plates are removed. First, we carry out the PMF
calculation to show that the (water-mediated) interaction is attractive, which is the
signature of a hydrophobic interaction. Then by comparing this case of rough surface
with the cases of smooth surface as in a “graphene” plate, we investigate if the roughness
can enhance the hydrophobic effect as is known from the contact angle measurements.

Also, we study the effect of flexibility of the surface on the interaction. Additionally, we
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investigate the correlation between the change in water-mediated interaction and the

change in the number of water molecules confined between two hydrophobic surfaces.
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Abstract

We performed molecular dynamics simulations on systems containing
phosphatidycholine headgroups attached to graphene plates (PC—headgroup plates)
immersed in water to study the interaction between phosphatidylcholine bilayers in water.
The potential of mean force (PMF) between PC—headgroup plates shows that the
interaction is repulsive. We observed three distinct regimes in the PMF depending on the
interplate distances: the small distance regime, intermediate distance regime, and large
distance regime. We believe that the repulsive interaction in the intermediate interplate
distance regime is associated with the hydration force due to the removal of water

molecules adjacent to the headgroups
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2.1 Introduction

Initial measurements of the interaction force acting between lecitin bilayers
demonstrated that this force is repulsive and that it could be fitted by an exponential
function with the characteristic exponential decay length, A, which was in the range of 3
A.2* This length scale inspired the idea that the nature of the force originated from the
presence of water molecules between the bilayers and that it was due to the induced
orientational polarization of water. For this reason, the force was named the hydration
force.” Subsequent experiments questioned the original idea that the total force has its
origin in water only; instead, they indicated that just a part of the force has. Thus,
according to McIntosh and Simon,*® the repulsive force acting between phospholipid
bilayers in water has three components: steric, hydration, and undulation. The steric
component is dominant at short separations between membrane surfaces (when the fluid
space between bilayers is below 0.4 nm), the hydration component is dominant at
intermediate separation distances (0.4—0.8 nm), and the undulation component is
dominant at larger separation distances (above 0.8 nm). The Marcelja and Radic
phenomenological theory® initiated a series of theoretical papers where an attempt was

23035 In some of the work, the idea that

made to clarify the nature of the hydration force.
the force has a hydration component has been completely abolished; instead, it was
proposed that the repulsive force acting between lipid bilayers is due to the protrusion of
lipid molecules.® Computer simulations were also performed to study the nature of the
force.’®*® Simulations of water next to lipid bilayers showed that indeed water in the

vicinity of the bilayers was polarized and that this polarization did not propagate over a

long distance.’® Therefore, these simulations painted a qualitative picture that was similar
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to the one obtained from the experiments of McIntosh and Simon. Simulations using the
grand canonical Monte Carlo ensemble were performed to calculate the force as a
function of distance at short distances.”®”’ Due to the complexity of the system, it was
observed that it is not simple to separate the total force into components and that the
values of the components were strongly depending on the force field used. To eliminate
such complexity and in search for generic features related to the influence of water on the
interaction between hydrophilic surfaces, Lu and Berkowitz proposed a simplified system
where they represented a bilayer as a graphene plate and “dressed” up the plate with
physical dipoles to represent the zwitterionic character of lipid molecules.***' Although
Lu and Berkowitz were able to illustrate some of the theoretical predictions that the force
depends on the distribution of dipoles on the surface of the bilayer,”” the major
shortcoming in their model was the rigid character of the dipoles. In this chapter, we
present simulations that, although again are performed on a simplified model of a bilayer,
are done using a more realistic model, where the headgroups of lipids are faithfully
reproduced and therefore allowed to move in response to the water motion, therefore

avoiding the main handicap present in the model of Lu and Berkowitz.
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2.2 System and Computation Details

We prepared our model phospholipid membrane surface by attaching 9
phosphatidylcholine (PC) headgroups to a graphene plate composed of 252 carbon atoms
with a distance of 0.14 nm between the carbon atoms. The oxygen atom at the end of the
phosphate group was bonded to the carbon atom of the graphene plate, but otherwise, the
PC headgroup could freely move (see Figure 2-1). The graphene plate dimensions we

used are 2.425 nm by 2.380 nm, so that the area per headgroup is 64 A”,
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Figure 2-1. Snapshot of the two PC—headgroup plates in water at an interplate distance of
2.4 nm. For clarity, the two plates are only shown. Carbon and united carbon with
hydrogen, nitrogen, phosphorus, and oxygen are colored in cyan, blue, tan, and red,

respectively.

To calculate the potential of mean force (PMF) as a function of the distance r

between the centers of two plates, we employed the thermodynamic perturbation method
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previously used to calculate the PMF between two graphene plates in water.* Therefore,
the states of the system were defined by this interplate distance, which was changed from
0.70 to 3.00 nm with an interval of 0.01 nm. The Gibbs free energy change between two
adjacent states specified by r; and r; at a given temperature T was calculated on the basis

_ (Ul = Ulra)) ey T _
kT In(e 7 assuming that the state of

of the following formula A8 =
I, is slightly perturbed from the state of r;. Here, kg is Boltzmann’s constant and U is the
potential energy of the system. The bracket denotes an ensemble average with respect to
the reference state of ry. Since, equivalently, the r; state can be considered as a perturbed
state from the state r,, we also calculated Ag, and took an average of Ag; and Ag, for the
final Gibbs free energy change between the two states. Finally, by summing up all of
these changes from a reference state to a given state defined by the interplate distance r
and assuming the PMF at the largest distance to have a value of zero, we obtained the
PMF as a function of interplate distance. The relation between the free energy and the
force acting between the plates is given by f = —og/or.

In order to evaluate the potential energies of each state and their perturbed states
for the PMF calculation and to calculate other physical quantities such as density profiles
of water, we carried out a series of MD simulations under NPT conditions. For each
interplate distance, the two prepared PC—headgroup plates were placed around the center
of a cubic simulation box at a designated interplate distance and subsequently solvated by
8800 water molecules. Periodic boundary conditions were applied to this system. The
simulation time for each MD run was 1 ns, and the trajectories from 500 ps to 1 ns were

used for the data analysis. During the runs, the box size was fluctuating around the values

of 6.5 nm by 6.5 nm by 6.5 nm to maintain the target pressure. The coordinates were
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saved every 1 ps, and a time step of 2 fs was used. The temperature and the pressure were
maintained at 298 K by a Nose—Hoover thermostat** and 1.0 bar by a
Parrinello-Rahman barostat,*® respectively. The coupling time constants for both are 0.5
ps. The particle mesh Ewald method*’ with a cutoff length of 0.9 nm was used for the
electrostatic interaction, and the same cutoff length was also used for the van der Waals
interaction. The SPC/E model was employed for water.”® The force field for the
phosphatidycholine headgroup was based on the palmitoyl-oleoyl-phosphatidylcholine
(POPC) force field from the Tieleman group
(http://moose.bio.ucalgary.ca/index.php?page =Structures_and Topologies), and that for
the graphene was from the G43al force field defined in GROMACS.* For vacuum
simulations, we used the NVT ensemble at the same temperature as in the NPT

simulation. We used GROMACS 3.3.1 to perform all of our MD simulations.

18



2.3. Results and Discussion

The calculated PMF as a function of the interplate distance between the
PC—headgroup plates is shown in Figure 2-2. As we can see from this figure, the plates
repel as the distance between them decreases. We also display the curve for the interplate
interaction when the water is not present in the system. In this case, the interaction has a
minimum at a distance around 1 nm, predicting a stable associated state. The observed
repulsive interaction between the plates immersed in water is opposite in character to the
so-called hydrophobic interaction, the interaction between hydrophobic particles in
water.”’ In our system, containing PC—headgroup plates in water, each headgroup is
charge neutral, but the charge distribution produces a nonzero dipole moment. Because of
the electrostatic interaction between the plates and water, the water density near the
headgroups increased. Therefore, we can call our plates “hydrophilic” plates, and we can
consider the interaction between them as an example of a water-mediated interaction

between two hydrophilic bodies.
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Figure 2-2. (a) PMFs between two PC—headgroup plates in water (solid line) and in a
vacuum (dotted line) as a function of the interplate distance defined as the distance
between two graphene plates. The PMFs at the largest separation of 2.99 nm are set to
zero. The original PMF values are rescaled by dividing them by the area of the plate and

the number of plates. (b) Logarithm of the PMF in water against the interplate distance.
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From Figure 2-2, we can see that our PMF curve can not be fitted to a single
exponential function. Following the ideas from the experiment, we attempted to fit it
piece-wise and noticed that three distinct fitting regimes exist, as illustrated in Figure 2-3:
a regime at small interplate distances (0.75—1.00 nm), intermediate interplate distances
(1.00—1.60 nm), and large interplate distances (1.70—2.40 nm). In the small interplate
distance regime, the PMF can be fitted to an exponential function exp(—Xx/A) with a
characteristic constant A = 0.809 A. In the intermediate interplate distance regime, the
PMF is also well fitted with an exponential function, but with a larger lambda, 2.95 A. In
the third, large distance regime, the PMF can also be fitted to an exponential with A =
7.82 A. Since the relationship between the force f and the PMF g is f = —8g/or, the forces

in the corresponding regimes are also exponential.
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Figure 2-3. Best fits for the three distinct regimes of the logarithm of PMF obtained by a
nonlinear curve fitting. The circles are the log PMF values for each interplate distance.
To get high correlation coefficients, we considered the data from 0.75 nm for the small
interplate distance regime (top panel) and we did not include the data between 1.6 and 1.7
nm, which corresponds to the boundary region between the intermediate interplate
distance regime (middle panel) and the large interplate distance regime (bottom panel). In
addition, we excluded the data beyond 2.40 nm for the large interplate distance regime.
The correlation coefficients for the small, intermediate, and large interplate distance
regimes are 0.99, 0.98, and 0.99, respectively. From the fitting curves, the characteristic
exponents (A) for the small, intermediate, and large interplate distances are 0.809, 2.95,

and 7.82 A, respectively.
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Because water plays such an important role in determining the shape of the PMF,
we also calculated the number of water molecules in the interplate space as a function of
the distance between plates (see Figure 2-4) and found that the average water density,
which is a slope of this curve, is a constant for the interplate distances above ~1.05 nm
and it corresponds to the normal water density of 1 g/cm’. The figure displays a clear
break in the slope for distances below ~1.05 nm. This confirms that the origin of the force
at distances above ~1.0 nm is quite different from the origin of the force below ~1.0 nm
of the interplate space. Moreover, the reduction of water density at distances below 1.0
nm indicates that at these distances the headgroups may already engage in steric

interactions.
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Figure 2-4. Number of water molecules in the interplate space, as a function of the
interplate distance. The value at each interplate distance represents the average number of
water molecules over the trajectory, and the corresponding error bar is calculated from

the standard deviation.
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To get more detailed information on densities, we calculated density profiles at
certain interplate distances. The water density profiles are displayed in Figure 2-5. From
the top panel of this figure, the water density profile at an interplate distance of 2.9 nm
clearly shows that there are three kinds of water molecules in the interplate space: water
molecules bound to the phosphates with the corresponding density peaks at —1.1 and 1.1
nm (we call this water phosphate water or inner water), water molecules next to choline
moieties of the phoshatidylcholine headgroups with the corresponding density peaks at
—0.85 and 0.85 nm (interfacial water), and water molecules interacting mostly with the
other water molecules occupying space between —0.7 and 0.7 nm. The latter shows no
density oscillations and has bulk-like density, and therefore, we call it bulk-like water. As
the second panel of Figure 2-5 clearly shows, when we start reducing the spacing
between plates, but still remain in the large interplate distance regime, bulk-like water
molecules are getting removed as the plates are brought together. When the distance
reaches a value of ~1.6 nm, most of the bulk-like water molecules are already removed
and the remaining water molecules are interfacial. These molecules significantly interact
with the phoshatidylcholine headgroups, and therefore, the free energy cost for removing
these water molecules is different from the one when the bulk-like water is removed. The
removal of mostly interfacial water molecules between the two PC—headgroup plates,
that occurs when the interplate distance is in the interval from 1.6 to 1.0 nm, is
responsible for the shape of the PMF at this distance interval. The profiles of water
density in this regime are displayed in the third panel of Figure 2-5. In this regime, we
observe that water density undergoes very substantial changes, from three peaks

corresponding to layering of the interfacial water to no interfacial water. When the
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interplate distance reaches a value of ~1.0 nm, only the phosphate waters remain in the
system (the last panel of Figure 2-5), and therefore, we expect that direct interactions
between headgroups significantly increase, as is also seen for the PMF in a vacuum
(Figure 2-2). Notice that, in the small interplate distance regime, as the interplate distance
decreases, the phosphate water molecules are removed and the two peaks in the water
density corresponding to this water are merged into one peak that eventually disappears.
Our water density plots clearly display a layering structure next to PC plates and their
headgroups, and this layering is reflected in the small oscillation we observe in the PMF

for the intermediate interplate distance regime (see the middle panel of Figure 2-3).
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Figure 2-5. Number of water molecules in the interplate space, as a function of the
interplate distance. The value at each interplate distance represents the average number of
water molecules over the trajectory, and the corresponding error bar is calculated from

the standard deviation.
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Since we expect that the origin of the repulsive force in the small interplate
distance regime is due to the strong steric interaction between the headgroups from each
plate, and also for the purpose of comparison between the experiments and our
simulations, we calculated the distribution of the z positions of the headgroups of each
plate, specifically, the positions of the center of mass (COM) of the phosphate group and
the COM of three end carbons of the choline group. The distributions of these
coordinates are shown in the upper panels of Figure 2-6a—d. Generally, the distributions
for phosphate groups are narrow, whereas the ones for choline are broad. From these
panels, we observe that the overlap of z coordinates between the three carbons of choline
is significantly increasing when the situation changes from the intermediate interplate
distance regime to the small interplate distance regime. This suggests that the steric
repulsion between the headgroups belonging to the different plates might be responsible
for the exponential decay of the PMF in the small interplate distance regime. At the same
time, the removal of the inner water molecules can still contribute to the interaction

between the plates at this regime.
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Figure 2-6. Superposition of the density profile of water (black) and the distributions of
COM of three end carbons of choline (red) and COM of phosphate (green) are shown in
the top panels at different interplate distances of 2.00 nm (a), 1.40 nm (b), 1.20 nm (c),
and 0.90 nm (d) and the distributions of the OH bond orientation of water molecules in
the bottom panels at the corresponding distances. The water density is normalized by the
density of bulk water and the distributions for choline and phosphate are normalized to
the value of unity. In the top panels, the abscissa corresponds to the z axis defined in the
same way as in Figure 2-5; units are in nanometers. The bottom panels depict a series of
the distributions for water in different regions, represented by different colors assigned
below the density profiles (the same color is used to depict the distribution of the color-
matched region). The distributions are grouped according to the characteristics of water:
phosphate water (dot—dashed line), interfacial water (dashed line), and bulk-like water

(solid line). The abscissa in the lower panels of part a—d corresponds to cos6.

From the distributions shown in Figure 2-6, we estimated the values for the
average distance along the z axis from the COM of the three carbons of the choline group
of one plate to those of the other plate. Also, we did the same estimate for the phosphate
groups. This analysis showed that the phosphate group is located 0.27 nm away from the
plate, and the COM of choline is 0.45 nm away from the plate. For the purpose of
comparison between the experiments and our simulations, we assume that the bilayer
edge is located at the COM of choline, i.e., at a distance ~0.45 nm from the plate location.
That means that when the interplate distance is 1.6 nm, the fluid interbilayer distance is

0.7 nm.
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To get a deeper understanding of the origin of the hydration force acting between
PC—headgroup plates, we calculated the orientational distributions of OH bonds of water
molecules (see Figure 2-6) and looked at the snapshots taken from the simulations
(Figure 2-7). To calculate the orientational distributions depending on the location of
water molecules in the space between plates, we sliced the interplate space into intervals
of 0.1 nm each along the z axis; the slice for the central bin corresponds to the interval
from —0.05 to 0.05 nm. In the distributions, 0 is the angle between the z axis (parallel to
the normal vectors of the plates) and the direction vector from the oxygen atom of a water
molecule to its hydrogen atom. Therefore, there are two 6’s for each water molecule. We
calculated cos 6 for the water molecules in a designated space (each slice) and then
computed a distribution. Here, cos = 0 indicates that the OH bond is perpendicular to
the z axis. In a large interplate distance regime, Figure 2-6a, the phosphate water
molecules are roughly parallel to the PC plate rather than perpendicular, while the
interfacial water molecules are situated in the opposite way. For the bulk-like water
molecules, there is no orientational preference displayed, as we expected. These
conclusions can also be confirmed by an inspection of the snapshot picture made at 1 ns
of the trajectory (Figure 2-7). In an intermediate interplate distance regime, we consider
the situation at distances in the middle of this regime, i.e., at distances of 1.4 and 1.2 nm.
As Figure 2-6b shows, the distributions for the phosphate and the interfacial water
molecules display the same tendency as for the corresponding waters from Figure 2-6a.
Note that in this case there is no bulk-like water present in the system. In the intermediate
interplate distance regime with one layer of interfacial water (1.2 nm), as Figure 2-6¢

shows, the pattern of the distribution for the phosphate water molecules is the same as
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seen in Figure 2-6a and b, but the one for the interfacial water is different from those of
Figure 2-6a and b. The presence of a single peak in the density profile of this water
implies that interfacial water molecules strongly interact with both plates, whereas
interfacial water molecules in cases described by Figure 2-6a and b mostly interact with
only one of the plates. This can be clearly seen from the snapshots in Figure 2-7b and c.
In a small interplate distance regime, Figure 2-6d, the pattern of distribution for the
phosphate water molecules is different from those of the Figure 2-6a, b, and ¢ cases. This
is because some water molecules are interacting with both plates, as it is in the case of the
interfacial water molecules from Figure 2-6¢. Also, since the main properties of water are
due to the presence of the hydrogen bonding network, we represent hydrogen bonds in
Figure 2-7. At a large interplate distance case, the left panel of Figure 2-7a clearly shows
that, while the bulk-like water molecules are oriented without any preferential direction,
one OH bond of the interfacial waters is likely to be oriented perpendicular to the plate.
The two OH bonds of the phosphate water molecules are situated almost parallel to the
plate in order to maximize hydrogen bonding interactions with the phosphates. The right
panel of Figure 2-7a presents the hydrogen bonding network between the phosphate
water molecules and the phosphates of PC headgroups. As we see, the phosphate water
molecules are located in between the PC headgroups and are interacting with the
phosphates. Figure 2-7b, which depicts the case of an intermediate interplate distance
regime at a separation of 1.4 nm, clearly demonstrates that the phosphate water molecules
(yellow) are almost parallel to the plates and the OH bonds of the interfacial water
molecules (green) are oriented perpendicular to the plates. Note that the interfacial water

molecules form two water layers and the orientations of the water molecules are
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symmetrical with respect to z = 0 (middle of the two plates). Contrary to the case of
Figure 2-7b, at an intermediate interplate distance regime at separation of 1.2 nm, shown
in Figure 2-7c, there is only one layer of the interfacial water molecules. These interfacial
water molecules (circled with cyan) are interacting with both interfaces, while the water
molecules in the case of Figure 2-7b are interacting with only one interface. For the case
of the small interplate distance regime in Figure 2-7d, some of the OH bonds of the
phosphate water molecules (circled with cyan) also make hydrogen bonds with the

molecules from the other plate.
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Figure 2-7. Snapshots of the interplate space at 1 ns of the trajectory at an interplate
distance of 2.00 nm (a), 1.40 nm (b), 1.20 nm (c), and 0.90 nm (d). The phosphate water
molecules, the interfacial water molecules, and the bulk-like water molecules are colored
in yellow, green, and orange, respectively. The red dotted lines represent hydrogen
bonds; we used for their definition a cutoff distance of 0.35 nm between a hydrogen bond
donor atom and a hydrogen bond acceptor atom and a cutoff angle of 30° for the
hydrogen—donor—acceptor angle. Due to the symmetry, we omit the right part of the
interplate space in the left panel of part a. The highlighted molecules with the cyan circles

in parts ¢ and d are discussed in the text.
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Finally, we would like to compare the observations from our simulations and
from the experiments. The force in our MD simulations and the measured force from
experiments have similar features: their action can be divided into three regimes fitted by
exponential functions. Even the location of the regimes is somewhat similar. In the
experiments of McIntosh and Simon, the hydration force regime appeared over distances
from 0.4 to 0.8 nm in the fluid thickness which is basically the distance from the edge of
one bilayer to the edge of the other bilayer.*® In our simulations, the hydration force
regime appeared when the range of interplate distances was from 1.0 to 1.6 nm. Since the
fluid thickness is very close to the z directional distance between the choline groups, and
these were 0.45 nm from the plates, our hydration force regime is corresponding to the
region from 0.1 to 0.7 nm in the fluid thickness. Despite some difference in the fluid
distance interval, which might come from the uncertainty in determining the fluid
thickness in both simulations and experiment and also the truncation of lipid tails and
absence of small scale protrusions in our model, the agreement on this issue between our
result and the experiment is quite good. The agreement on the value of the exponent may
depend on the quality of the fit of the curve to a multiexponential function, but for the
hydration region of the force, we get a value of A ~0.3 nm, the value often quoted as the

exponent of the decay in this force.”
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2.4 Conclusion

We model lipid bilayers as graphene plates decorated with flexible
phosphatidylcholine headgroups attached to them and study the behavior of the free
energy of interaction between these plates immersed in water as a function of distance
between plates. The interaction energy displays three regions similar to the regions
observed in the experiments, and like in the experiments, these regions can be fitted to
exponential curves. For the region when the fluid spacing between plates is large (in our
case, this happens when the fluid thickness is above 0.9 nm) and when there is bulk-like
water in the fluid space, the force is small. In the experiments, this force is mostly due to
the membrane undulations. In our simulations, the bilayer undulations, although present
due to the flexible nature of the headgroups, have very different character compared to
the ones in experimental bilayers. Our simulations clearly show the presence of the force
correlated to the removal of water structures, the so-called hydration force, when we
remove two to three layers of interfacial water, when the fluid space thickness is changed
from 0.7 to 0.1 nm. Once all of the interfacial water is removed, the steric factor due to
the overlap of the headgroups is mostly contributing to the interaction force, although
water is also still contributing, because some inner water remains in the system.
The main goal in this chapter is to show that even a simple model, as the one we chose, is
able to display the same features in the behavior of the interfacial force, as observed in
experiments measuring the force acting between lipid bilayers. Specifically, the force is
not a simple exponential force, but it can be represented as a force where different
regions are dominated by forces of different origin. We observed that the hydration force

is correlated to the removal of structured water in the interfacial space, and also observed

34



the restructuring of the hydrogen bonding network, as plates move toward each other and
therefore the contributions to the force will have energetic and entropic components.
These can be estimated by performing simulations at different temperatures, although the
results will be very sensitive to the numerical noise in the calculations. Direct interactions
between our surfaces that include the electrostatic interactions between the headgroups
and also van der Waals interactions between the opposing graphene plates and also
headgroups contribute to the force in the intermediate region, and the value of their
contributions to the total free energy can be calculated. We describe how to perform such
calculations in the Appendix. In Figure 2-8, we display the decomposition of the PMF
into the contributions from the direct interaction and from the water-mediated interaction.
As we can see from this decomposition, the direct interaction which consists of the van
der Waals and electrostatic interactions is attractive, and therefore, the water contribution
is repulsive for all separation distances. This means that even the long-ranged repulsive
character of the force, which is due to undulations in experiments, is due to water in our
simulations. From the form of the curve for the water-mediated interaction, we also can
conclude that water-mediated force is mostly active at the interval between 1.6 and 1.0
nm, in agreement with our previous conclusion obtained from the consideration of the
PMF. One should also understand that water indirectly influences the direct force by
changing the character of the fluctuations of the headgroups on the plates, and therefore,

it makes sense to call the total force in the intermediate interval the hydration force.
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Figure 2-8. Decomposition of the PMF (black) into the contributions from direct

interaction (red) and from water-mediated interaction (green)

Our simulations also show that protrusions are not needed to obtain the hydration
force, since the model excludes protrusions. Comparison of the results from this
simulation and previous work of Lu and Berkowitz also shows that flexibility of the
headgroups plays an important role. Due to this flexibility, proper boundary conditions
can be created to establish a nice hydrogen bonding network in water, while rigid dipoles
on the plates can produce frustrations for creation of the hydrogen bonding network
which results in a small hydration force. As we can see, although our model is still

relatively simple, it provides a useful insight into the phenomenon of the hydration force.
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Appendix
The Gibbs free energy change between two adjacent states specified by r; and r;

at a given temperature T was calculated on the basis of the following formula

— = Ur =T fkg T . . .
Ag, = —kgTInfe S assuming that the state of r, is slightly perturbed

from the state of ;.

Since the potential is a sum of pairwise additive interactions, we can separate U(r;) into
two terms, that is, U(r;) = u(r;) + w(r;). Here, u(r;) represents the interaction between the
atoms belonging to PC—headgroup plates, which does not explicitly depend on the

coordinates of water molecules, whereas W(r;) is dependent on the coordinates of water

molecules. Using this separation, we get
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ko In((A) + (B) = —kyT InfA){1 + ])

(B)
@ ( (A} where we denoted { e “C)UE KT Y and |

g U U DK T (oW )W DKT — 1)1, by (Al and (B, respectively. The first term in the
result above is the contribution from the direct interactions, and the second term is the
contribution from the water-mediated interactions. Therefore, we can define the first and

Ag, = Ag, 4+ Ag,.

second terms as AQ;qg and AQ;y, respectively, and get
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This result shows that the contribution from the direct interactions can be calculated by
using the same trajectories obtained from our calculations of the total PMF. Note that, in

the absence of water, Ag;w = 0, since W(r;) = w(r,) = 0. The water contribution can be

obtained as a difference between the total PMF and the direct contribution.
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Abstract

We present further analysis of a system containing two graphene plates with
attached phosphatidylcholine lipid headgroups embedded in water, which models a lipid
bilayer. In Chapter 2, we performed molecular dynamics simulations on this system,
calculated the potential of mean force (PMF) between plates (Eun, C.; Berkowitz, M. L. J.
Phys. Chem. B 2009, 113, 13222-13228), and also performed a structural analysis of
water in the confined space between the plates. Here, we perform thermodynamic
analysis of the PMF and, in addition to the previous analysis of water that considered
density plots and the OH bond orientational profiles, we perform hydrogen bonding
analysis of water. We show that the structural analysis of water is consistent with the

thermodynamic results we obtained for the PMF
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3.1 Introduction

The hydration force acting between neutral lipid bilayers was first measured by
LeNevue et al. in 1976.>* While initially it was assumed that the force is exponentially
decaying over the whole distance interval, more detailed measurements®' showed that the
force of interaction between neutral lipid bilayers in the liquid crystalline phase has three
regimes: a long-range regime when the fluid spacing between membranes exceeds ~1 nm
due to bilayer undulations, a short-range regime (when fluid spacing is below ~0.4 nm)
due to steric repulsion of bilayers, and, finally, the intermediate-range regime, which is
actually due to water and represents the proper “hydration” force. In addition to
experimental work, a large amount of theoretical and simulation work?>+>-0-32-34-36.38-40.532-
>> has been done to explain the nature of the hydration force. In Chapter 2, we performed
molecular dynamics simulations on a model system, where the neutral lipid bilayer was
represented as a graphene plate with attached phosphatidylcholine (PC) lipid headgroups,
which we called PC-headgroup plates.”® We used a model system to be able to efficiently
calculate the free energy (or the potential of mean force, PMF) of plate interaction as a
function of distance between plates and also to determine general principles related to the
structure of water that induces the hydration force.

Lately, a lot of attention has been devoted to understanding the nature of
interaction between hydrophobic particles.’®’® To study characteristics of a possible
hydrophobic interaction between nanoscale particles, Choudhury and Pettitt performed

simulations on a system containing two graphene plates immersed in water.”>**° To

40,41

study the interaction between model hydrophilic particles, Lu and Berkowitz™"" used the

graphene plates from the Choudhury and Pettitt simulations and assigned charges to

41



certain carbon atoms, so that the plates, while being neutral, had charges distributed on
them. To connect their study to the problem of the hydration force acting between lipid
bilayers, Lu and Berkowitz assigned charges in such a way that the charges, in a coarse-
grained fashion, represented the zwitterionic character of lipid bilayers, such as
dipalmitoylphosphatidylcholine (DPPC). The major shortcoming of the model used by
Lu and Berkowitz was the rigid character of the dipoles. In our previous work,”® we again
studied the interaction between model hydrophilic surfaces, though, this time, the
headgroups of lipids were faithfully represented and were allowed to move. Thus, our
system contained two graphene plates (2.425 nm x 2.380 nm) with nine
phosphatidylcholine (PC) headgroups attached to these plates, so that the area per
headgroup is 0.64 nm?, a value typical of the PC area observed in lipid bilayer

6162 The two plates separated by a certain

experiments® and computer simulations.
distance were immersed into a large simulation box containing 8800 SPC/E water*®
molecules. The schematic picture of the system simulated, including a more detailed

representation of the hydrophilic model plates and of the headgroup, is given in Figure 3-

l.
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Figure 3-1. (a) Schematic diagram of our model system with associated length scales. (b)
Snapshot of the PC-headgroup plates. (c) Detailed structure of the PC headgroup. The
numbers in parentheses represent the magnitudes of partial charges (in units of the

elementary charge, €).
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Our previous calculations showed that the PMF has a repulsive character over all
interplate distances. We also determined that the PMF has three regimes, and we were
able to fit each of these to an exponential function. In parallel to the total PMF
calculation, we also calculated the contributions to the free energy change due to the
direct interaction between the plates and the water-mediated interaction. The total PMF,
the direct contribution, and the water-mediated contribution are shown in Figure 3-2. We
determined that the small distance regime of the interaction, when the plates are at
distances below 1 nm and the fluid spacing below 0.1 nm, is due to steric repulsion
between the headgroups. The intermediate distance regime, when the interplate distance
is between 1 and 1.6 nm and the fluid spacing between 0.1 and 0.7 nm, is due to the
removal of water structured by the surfaces. Finally, the large distance regime was also
determined to be due to water in our simulation. In both the intermediate and large
distance regimes, the water-mediated contribution acts in opposition to the direct
contribution while the water-mediated contribution dominates. While both the water-
mediated and direct contributions are small and nearly cancel in the large distance regime,
the inset of Figure 3-2 with displayed error demonstrates that the total PMF in the large
distance regime is due to water, which indicates that water is still slightly disturbed when
the distance between the plates is in the range 1.6 to ~2.2 nm with a fluid spacing of 0.7
to ~1.3 nm. Since the long-range membrane undulation modes were not present in our
simulations due to computational restrictions, our PMF could not have an undulation
contribution. We also studied water properties by analyzing density profiles and

orientational distributions of OH bonds of water in the confined region and showed that
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structure of water is connected to the length scales of the three regimes observed in the

PMF.
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Figure 3-2. Decomposition of the PMF (black) into contributions from the direct
interaction (red) and from the water-mediated interaction (green). Inset is for large

interplate distances. Errors are represented by bars.

In this chapter, we further pursue our study of the nature of the PMF acting
between lipid bilayers by performing a thermodynamic analysis of this PMF. We also
perform an analysis of the hydrogen bonding network for water in confined space and
show that this analysis may explain why water contributes to the PMF in the long-range
regime. Our present work should be considered as complementary to our previous work

that used the same model.
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3.2 System and Computational Details

The same arrangement of the system as described in Chapter 2 is used in this
work, with a depiction of the system provided in Figure 3-1. Previously we calculated the
potential of mean force (PMF) between the two plates at thermodynamic conditions of P
= 1 bar and T = 298 K. For this purpose, we performed molecular dynamics (MD)
simulations on the system with plates fixed at a set of different interplate distances and
used thermodynamic perturbation method® to obtain the PMF curve. The interplate
distance was defined by the distance between two graphene plates. During the
simulations the box size fluctuated around values of 6.5 nm % 6.5 nm x 6.5 nm. For our

NPT simulations we used Nose—Hoover**®

temperature  coupling and
Parrinello-Rahman® pressure coupling algorithms. Electrostatic interaction was
calculated through the particle mesh Ewald method.*” More details about the preparation
of the system and molecular dynamics simulations were described in the previous chapter.

To separate the PMF into the enthalpy—entropy contributions, we used the

thermodynamic definition of entropy and employed the finite difference method™® for

its calculation:

AG(r, T+ dT) — AG(r,T)

dAG(r) f
{. dr Inp (3-1)

aT ]h'.P

I

—AS(r) = (

where AS(r) and AG(r) are the entropy and the Gibbs free energy changes from the
reference state (r = 2.99 nm, where the free energy was assumed to have a zero value), to
the state when the interplate distance had a value of r. In our calculation, the temperature
difference, dT, was 10 K, thus requiring us to carry out an additional simulation at 308 K.
Once we determined the entropy change, we calculated the enthalpy change, AH(r), by

using the equation
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AH(r) = AG(r) + TAS(r) (3-2)
Since PMF can be decomposed into contributions originating from the direct interaction

between plates and water-mediated interaction,’® as shown by eq 3-3:

"i(;{rj = "'j“"(‘:dircq:[":‘r.J + ﬁf;\'r’i'lh."f-mt'ﬂi.i'lh."d[r) (3_3)

we applied the finite difference method to each type of interaction and calculated
enthalpic and entropic contributions for both direct and water-mediated interactions as
well. In addition, to obtain a better understanding for the details involved in the enthalpy
change, we calculated the potential energy change with respect to the reference state
(AU(r)), directly from the MD simulation at each interplate distance r, and further
decomposed AU(r) into multiple terms:

AU(r) = &”clirm::{r} + &'E-"ru;mcr-lncdimcdUI]’ = ﬂi"fdlmﬂlﬂ +

AU, er—water ) T AUpe bt —water ) (3-4)
where AUgirect() and AUyater-mediated() are, respectively, the interaction potential energy
between the PC-headgroup plates and the potential energy involving water molecules,
which can be further separated into a water—water interaction (AUyater water(l)) and a
water—plate interaction (AUpcplate-water(I')). All terms except AUpcplate-water(I) are computed
directly from the simulations, and AUpcpiate-water(I') 1 determined from eq 3-4.

Analysis of the hydrogen bonding network is a key ingredient for understanding the
water—water and water—plate interactions. Therefore, we performed hydrogen bonding

analysis using the standard geometry criterion for hydrogen bonds (H-bonds). According

to this criterion, when the distance between oxygen atoms of the H-bond donor and the

H-bond acceptor (/OO is less than 0.35 nm and the angle between |OHI of the H-bond

donor and 1001 s less than 30° and the hydrogen—oxygen (H-bonded) distance is less
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than 0.245 nm, a hydrogen bond is considered to be formed.** Based on this criterion, we
calculated the profiles of the number of H-bonds per water molecule and the number of
H-bond donors/acceptors per water molecule. In that calculation, the position of the
oxygen atom in a water molecule is considered as the position of the water molecule.
Errors for the PMF and the enthalpy—entropy calculation were estimated by using the
block averaging method® and the standard error propagation method. For potential
energy calculations and hydrogen bond calculations, we simply considered the standard
deviation as an error.

All MD simulations were performed using the GROMACS 3.3.1* and GROMACS

3.3.3% suite of programs.
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3.3 Results and Discussion

3.3.1 Thermodynamics

Enthalpic and Entropic contributions

To understand the thermodynamic basis behind the repulsive character of the
interaction between our two hydrophilic plates immersed in water, we carried out
entropy—enthalpy analysis of the PMF curve through the use of eq 3-1. The result is
shown in Figure 3-3a. As we can see from this figure, while the enthalpic contribution is
unfavorable when we squeeze the water out from the space between the plates, the
entropic contribution is favorable (note that we plot the negative of the entropy change in

units of energy (—TAS(r))).
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Figure 3-3. (a) Enthalpic (red) and entropic (green) contributions to the PMF (black). (b)
Decomposition of the enthalpic contribution (red) into the direct interaction (blue) and
the water-mediated interaction (orange). (¢) Decomposition of the entropic contribution
(green) into the direct interaction (blue) and the water-mediated interaction (orange).

Errors are represented by bars.

For a more detailed understanding of the enthalpic and entropic parts of the PMF,
we separated the entropic and enthalpic contributions further into direct and water-
mediated contributions as depicted in Figures 3-3b and 3-3c. Figure 3-3b illustrates that
the enthalpy change is dominated by the water-mediated contribution that is unfavorable
due to removal of water from the interplate space. The direct contribution to the enthalpy
change is favorable for large and intermediate distances and unfavorable for small
distances; in its shape it is reminiscent of a van der Waals interaction as can be expected.
The behavior of the direct and the water-mediated components contributing to the
entropic part of the free energy change is shown in Figure 3-3c. As the figure shows, due
to the release of water into the bulk-like environment, the water-mediated contribution is
favorable at both intermediate and small distances. The direct contribution to entropy
change is unfavorable at intermediate distances, but it is favorable at small. This likely is
happening because, at intermediate distances, water restricts the conformational motion
of the headgroups to support its hydrogen bonding network. Release of water, when the
distance between plates decreases, removes the conformational constraints on these

headgroups; as a result, the entropy increases. It is very hard to judge what is happening
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in the large distance regime (at distances above 1.6 nm), since the error bars on Figure 3-
3c are large in this regime.

Overall, the results displayed in Figures 3-2 and 3-3 show that the enthalpy
change dominates the repulsive nature of the PMF. The results also show that the water-
mediated contribution determines the repulsive nature of the PMF in the intermediate
regime and that the water-mediated contribution is dominant for both entropy and

enthalpy changes in this regime.

Potential Energy Change

Why is the water-mediated contribution into enthalpy change positive as the
distance between plates decreases? To address this question, we need to perform a more
detailed investigation of AH(r). Since enthalpy has two components (internal energy and
a PV-work term, where P and V are pressure and volume of the system), we need to
consider the internal energy change (AE(r)) and the PV change (APV) with respect to the
reference state. The internal energy change can be directly calculated from the
simulations. Regarding the PV term, it can be determined either by subtracting AE(r)
from AH(r) or by direct calculation from the simulation. Since our simulations were done
at constant P, and since we observed that the volume change is very small, the APV term
can be neglected. Furthermore, since the temperature of the system is constant, the kinetic
energy change is zero and, thus, the internal energy change is equal to the potential
energy change. In summary, AH(r) = AE(r) = AU(r). Therefore, the enthalpy change can
be numerically calculated either from a difference between the free energy change and

entropy change or directly from the energy change; in fact, Zangi and Berne® used the
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latter method to calculate AH(r). Because our calculations contain numerical noise the
results for enthalpy change from the two methods are not identical, but are still quite
similar. Therefore, to examine the details of the enthalpy change, we examined the details
of the potential energy change.

The total potential energy can be considered to be a sum of two terms: the first
term due to the potential energy of interaction between two PC-headgroup plates
(AUgirect) and the second term involving water molecules (AUyater-mediated). FOr more
detailed analysis, we also performed a separation of AUyater-mediated 1Nt0 contributions
from AUpcplate-water ad AU yaier-water according to eq 3-4; these are depicted in Figure 3-4.
We observed that, as the interplate distance decreases, AUpcplate-water bEgINS to increase at
~1.6 nm and is saturated ~1 nm, whereas AUyaerwater decreases until the interplate
distance is ~1 nm and then increases. The increase of AUpcplate-water With the decrease of
the distance in the intermediate regime, especially in the distance interval from ~1.6 to ~
1.3 nm, is somewhat unexpected as the number of hydrogen bonds between water and
plates is not expected to change in this regime (see below). This increase, therefore, must
be due to the decrease in the number of water molecules that interact with the PC-

headgroups, but not through hydrogen bonding.
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Figure 3-4. Potential energy contribution involving water molecules (green), further
decomposed into the following two terms: potential energy of interaction between the
PC-headgroup plates and water (blue) and potential energy of interaction between water

molecules (orange). Error bars are obtained from standard deviation.

The observed behavior for the AUyaterwater 1S not difficult to explain. At the
intermediate separations, when the confined water molecules leave the interplate space
for the bulk, the potential energy for water—water interaction decreases because the
escaped water molecules interact with more water molecules in the bulk-like environment.
At small separations, the water—water potential energy increases, as some water
molecules (especially, waters next to phosphate groups) stay in the confined space due to
a strong interaction between water and the plate, and these water molecules are more and
more isolated from the water network as the interplate distance decreases.

From our analysis, we therefore conclude that in the intermediate distance regime

the increase in energy of water—plate interaction dominates over the decrease in
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water—water interaction energy: this balance is responsible for the observed positive
change in the water-mediated contribution into the enthalpy as the distance between

plates diminishes in the intermediate distance regime.

3.3.2 Hydrogen bonding analysis

In Chapter 2, we demonstrated that three different groups of water molecules exist
in the confined space between PC-headgroup plates. The first group contains water
molecules that are hydrogen bonded to phosphate groups of lipid headgroups and located
in close proximity to phosphates; thus these molecules were named accordingly as
phosphate waters. The second group contains water molecules around choline groups of
the headgroups, i.e., molecules at the headgroup/water interface, and therefore these
water molecules are named interfacial waters. Finally, the rest of the water molecules
situated further from the surfaces were named bulk-like waters, although, as we will see,
not all of them display bulk-like properties. We connected the different interaction
regimes to changes in the water structure and the amount of water in the different groups
mentioned above. It is clear that the thermodynamic changes we discussed in section are
also associated with the change of the hydrogen bonding network. Below, we present an
analysis of changes in the water hydrogen bonding network as the distance between
plates changes, and we also present the connection between these changes and the

thermodynamics of the system.
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Number of Hydrogen Bonds

Based on the criteria presented in section, we calculated the average numbers of
hydrogen bonds between the plates and water molecules, and between water molecules
themselves as functions of interplate distance. Note that this calculation was performed
for the entire space, and not only for the confined space, because the thermodynamic
changes discussed in section result from changes which occurred in and out of the
confined space. The results are reported in Figure 3-5. As we can see, the behavior of an
average number of hydrogen bonds formed between plates and water in Figure 3-5a and
the number of water—water hydrogen bonds from Figure 3-5b is consistent with the
behavior of water-mediated potential energy change from Figure 3-4. Indeed, in the
interval 1.6—1.3 nm, the number of water—plate hydrogen bonds does not change;
therefore, the increase in water—plate interaction energy in this interval is due to non-
hydrogen bonding energy change. The number of water—plate hydrogen bonds starts
diminishing when the distance gets below 1.3 nm, and consequently, the water—plate
interaction energy increases due to the loss of water—plate hydrogen bonding. The
number of water—water hydrogen bonds also does not change before the distance between
plates reaches 1.3 nm,; it is the change in the strength of hydrogen bonding that decreases
the energy of water—water interaction when the distance between plates is above 1.3 nm.
Below the distance of 1.3 nm, the number of water—water bonds increases, and therefore,
the corresponding energy decreases. When the interplate distance becomes smaller than 1
nm, the number of water—water hydrogen bonds decreases and the energy

correspondingly increases.
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Figure 3-5. (a) Average number of hydrogen bonds between the PC-headgroup plates and
water as a function of interplate distance. (b) Average number of hydrogen bonds
between water molecules as a function of interplate distance. For direct comparison with

Figure 3-3 we used the same colors. Error bars are obtained from standard deviation.

As we observed from Figure 3-5a, the decrease in the number of hydrogen bonds
begins at ~1.3 nm. This implies that some of the interfacial water molecules can also
make hydrogen bonds with the phosphate groups of the plates, as phosphate waters do.
Moreover, the fact that the strength of hydrogen bond between phosphates of the plate
and water molecules is stronger than that between water molecules®” can explain why the
contribution of AUpcplate-water INt0 AU yater-mediated at distances below 1.3 nm is larger than

the contribution of AUyater-water- This shows that the presence of PC headgroups strongly
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influences the structure of the water network; similar perturbation by polar headgroups to
the water hydrogen bond network is also observed in solutions containing micelles®® and

. 69,70
reverse micelles.”™

Hydrogen Bond Density Profiles

In Chapter 2 we performed density and orientational analyses of water between
the PC-headgroup plates. We observed that water has bulk-like properties in the middle
of the interplate space when the distance between plates is above 1.6 nm. At the same
time, we observed that the repulsive interaction is present at the distances beyond 1.6 nm
and it is also due to water. To understand the properties of water in the confined space
between the plates and in the hope to observe that confined water is different from bulk
water even when the interplate distance is beyond 1.6 nm, we calculated the average
number of hydrogen bonds per water molecule in the confined space. In this calculation,
all hydrogen bonds were taken into account, irrespective of whether the bonds were made
with the PC headgroups or with other water molecules. The results are displayed in
Figure 3-6. Here, the abscissa depicts the z axis of the system, which is perpendicular to
both plates. The z coordinate of the point at the center between the two plates is set to
zero and serves as a reference point. Thus, for example, if the two plates are at an
interplate distance of 2.0 nm, one plate is situated at —1.0 nm and the other is at 1.0 nm.
For comparison with the bulk water, water outside the plates (but confined in the xy

dimensions to the plate size) is also considered.
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Figure 3-6. Profiles of the number of hydrogen bonds per water molecule at the interplate

distances of 2.8 nm (a), 2.4 nm (b), 2.0 nm (c), 1.6 nm (d), 1.2 nm (e), and 0.8 nm (f).

Figure 3-6 indicates that the average number of hydrogen bonds per water
molecule in the bulk (outside the confined space) is around 3.5, which is consistent with
the previous calculation by Choudhury and Pettitt.** However, the number of hydrogen
bonds per water molecule in the confined space is generally less than 3.5, especially at
the intermediate and small separations (Figure 3-6d—f). We observed that the closer the
plates are and the more confined the water is, the more the structure of water deviates
from the bulk-like arrangement with its characteristic ~3.5 hydrogen bonds per water

molecule. We can also compare the shapes of the profiles in the interplate space obtained
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in this work with profiles obtained for the case of hydrophobic plates.* Although in both
cases the heights of the profiles in the confined region decrease as the interplate distance
decreases, in our case the decreasing height displays an undulating character, absent in
the hydrophobic case. Clearly, in our case, as in the hydrophobic case, the confined water
is restructured, but the water structure itself is different from the structure present in the
hydrophobic case due to the different boundary conditions provided by hydrophilic and
hydrophobic plates, respectively.

To better understand the details of the hydrogen bonding network in the confined
water, we performed an additional analysis by specifying the donor or acceptor character
of the hydrogen bond, i.e., by decomposing the number of hydrogen bonds per water
molecule into two components: number of donor bonds and number of acceptor bonds.
These numbers are equal for bulk water, but in the confined space between the plates, due
to a specific structure of the network, we cannot expect them to be equal. Moreover, we
expect the numbers to depend on the position along the z axis between the plates. Indeed,
since our PC-headgroup plates have H-bond acceptors due to phosphates, water
molecules next to the plates are mostly H-bond donors. However, for the confined water
molecules that are situated further away, the opportunity to make hydrogen bonds with
the phosphates decreases and, therefore, we expect the number of H-bond donors to
decrease, while the number of H-bond acceptors per water molecule increases. This is

indeed the situation, as one can see from Figure 3-7.
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Figure 3-7. Profiles of the numbers of hydrogen bond donors (black) and acceptors
(red) per water molecule at the interplate distances of 2.8 nm (a), 2.4 nm (b), 2.0 nm

(¢), 1.6 nm (d), 1.2 nm (e), and 0.8 nm (f).

Interestingly, the plots from Figure 3-7 allow us to perform a comparison of the
H-bond donor/acceptor character of water molecules next to either hydrophobic or
hydrophilic plates, since our PC-headgroup plate has both hydrophobic (outward with
respect to the confined space) and hydrophilic (inward) sides. Both sides have a common
feature in that they disturb the adjacent water structure, but in a very different way. The
disparity in acceptor/donor character for water next to the hydrophobic side is short

ranged (~0.25 nm), while the hydrophilic side has a longer range (~0.8 nm). From Figure
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3-7 we observed that, next to the hydrophobic side, the average number of H-bond
acceptors per water molecule is larger than the average number of H-bond donors. This
occurs because, as it was observed previously, one of the OH bonds of the water
molecule has a tendency to point toward the hydrophobic surface,’' therefore diminishing
its possibility to engage in hydrogen bonding as a H-bond donor. Contrary to this effect,
near the hydrophilic side of the plate (the side with the PC headgroups), the average
number of H-bond donors per water molecule is larger than the average number of H-
bond acceptors, because, as was already explained above, of the presence of phosphate
groups that accept hydrogen bonds from water. As we observed in Chapter 2, phosphate
waters are nearly parallel to the plates and, therefore, can donate both of their hydrogen
bonds to the plates; this is why the shoulders of hydrogen bond donor curves in Figure 3-
7a—c reach the value of ~2.

The hydrogen bonding density plots presented in Figure 3-7 from this chapter are
complementary to the number density and the orientational profile plots from the
previous chapter. Together, the plots provide a qualitative description of the water
structure in the interplate space. At large separations, such as the ones depicted in Figures
3-7a and 3-7b, real bulk-like water is present in the middle of the confined region.
However, when the distance between plates is reduced below 2.1 nm (Figure 3-7¢), the
discrepancy in the number of donors and acceptors per water molecules appears,
indicating that water starts deviating from having truly bulk-like characteristics. Note that
both density profiles and orientational properties of water in Chapter 2 showed visible
deviation from bulk-like properties only when the distance between plates was below 1.6

nm. The deviation of water from having true bulk properties at distances above 1.6 nm
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that hydrogen bonding profiles in Figure 3-7 display is consistent with our observation of
the large distance regime in the PMF. When the interplate distance is further reduced to
1.6 nm (see Figure 3-7d) and the intermediate distance regime of the PMF begins, the
water molecules in the confined space are strongly perturbed, as the OH bond orientation
and density profiles of water,”® as well as hydrogen bonding profiles, show. The
hydrogen bonding profile in Figure 3-7d is quite distinct from the profile of Figure 3-7¢
in that the average number of H-bond acceptors per water molecule is significantly
reduced, while the number for H-bond donors per water molecule is slightly increased.
Moreover, in the case when an interplate distance has a value of 1.2 nm, which also
belongs to the intermediate regime, further reduction in the number of H-bond acceptors
takes place, as shown in Figure 3-7e. This behavior can be understood by referring to the
results obtained in Chapter 2 by performing analyses of OH bond orientation of the
confined water and investigating the snapshots displaying the hydrogen bonding network
(see Figures 2-6 and 2-7). The large reduction in the number of H-bond acceptors and the
increase in the number of donors for water molecules in the middle of the confined space
are due to the spatial arrangement of waters that serve as “bridging” molecules between
phosphates from opposing plates. As the distance between plates is further reduced and
the small distance regime is reached (see Figure 3-7f), all interfacial water molecules are
expelled from the confined space. In this case, the hydrogen bonds between phosphates
and phosphate water molecules become unstable, and as a result, some OH bonds tend to
orient perpendicular to the plates (Figures 2-6d and 2-7d). Therefore, at the small
distance regime, some of the hydrogen bonds between the phosphate water molecules and

phosphates are broken, and the relative difference between the numbers of H-bond
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acceptors and donors per water molecule is reduced, compared to the cases depicted in
Figure 2-7d or 2-7e. However, the number of H-bond donors is still large because

phosphate groups from the opposing plates play also the role of a H-bond acceptor.

PC Headgroups and Hydrogen Bonding

We also studied in some detail the role of the phosphate of the PC headgroups in
the hydrogen bonding network. To determine which oxygen atoms (H-bond acceptors) of
the phosphate moiety are contributing the most to the hydrogen bonding network, we
calculated the contribution of each of the four oxygen atoms in the moiety to the
formation of hydrogen bonds with water molecules. The results are summarized in Table
3-1. We assigned them numbers from 1 to 4 according to their positions in the backbone,
which results in the equivalency of oxygen atoms 2 and 3 (see Figure 3-1c¢). Table 3-1
shows that oxygen atoms 2 and 3 of the phosphate contribute the most (~80%) to
hydrogen bonding, while the contribution of oxygen atom 1 is small (~20%) and the
contribution of the oxygen atom 4 is negligible. This is consistent with our previous
observation that the phosphate water molecules are positioned between phosphate groups

and make hydrogen bonds with the two oxygen atoms of the group (see Figure 2-7).

Interplate distance (nm) | oxygen atom 1 oxygen atom 2 oxygen atom 3
2.8 18.8 (£3.0) 80.8 (+4.8) 0.4 (+0.7)
2.4 19.9 (+2.7) 79.5 (+4.8) 0.6 (+0.7)
2.0 19.2 (+2.7) 80.5 (+4.9) 0.3 (+0.7)
1.6 19.1 (£3.0) 80.6 (+5.4) 0.3 (+0.7)
1.2 13.1 (+2.7) 86.5 (+4.6) 0.4 (+0.7)
0.8 16.6 (+9.4) 83.4 (£16.4) 0

Table 3-1. Contribution (in percentage) of each oxygen atom of the phosphates that are

involved in the hydrogen bonding network as a function of interplate distance.
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3.4 Summary and Conclusions

In summary, to explore the interaction between two zwitterionic lipid bilayers, we
modeled the bilayers as graphene plates decorated with phosphatidylcholine lipid
headgroups and calculated the PMF for the interplate interaction. As we showed in
Chapter 2, this simple model can qualitatively reproduce the interaction between lipid
bilayers. In this work, using MD simulations, we calculated the enthalpic and entropic
contributions to the PMF. Our result demonstrated that the enthalpic contribution (AH(r))
to the PMF is dominant over the entropic contribution (—TAS(r)). Perhaps one of the key
results from the thermodynamic analysis performed in this work is that the repulsive
interaction in the intermediate regime, which is associated with the proper “hydration”
force, is due to the loss of water involved in energetically favorable water—surface
interaction. We also performed a hydrogen bonding analysis of water in the confined
space between our surfaces. This analysis was complementary to our previous analysis in
Chapter 2, wherein we studied the orientational and density profiles of water in the
confined space. The present analysis produced results consistent with the previously
reported results on the structure of water between plates. In general, the results from three
different types of analysis involving water density plots, OH bond orientational plots, and
hydrogen bonding profiles were consistent with our calculated thermodynamic results.
Our detailed hydrogen bond analysis also revealed that water is still slightly perturbed
when the interplate distance is beyond 1.6 nm. This explains why we observed a long-
range regime in the PMF due to water, although it is important to mention here that, in

experiments, this regime will be dominated by the undulation force.
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Our previous results, together with the results of this chapter, show that during the
three regimes present in the PMF different types of water are removed from the space
between the plates. When the plates approach each other in the long-range regime, we
remove the “bulk-like” water, but, as we showed in this work not all of this water is
really bulk-like. In the midrange regime, or the proper “hydration force” regime, the
water organized by the surfaces is removed. Finally, when we reach the small-range
regime, the headgroups interact with directly each other and dominate the interaction,
forcing some of the remaining water in the headgroups to be expelled. Although water
most directly influences the interaction in the midrange regime, it also influences the
interaction in other regimes through its influence on the headgroup configurations.

The initial theoretical treatment of the hydration force performed by Marcelja and
Radic (MR)” had a phenomenological character and predicted an exponential decay for
the order parameter. While the original paper by MR did not specify the microscopic
origin of the order parameter, it was presumed that the order parameter was likely the
orientational polarization of water. We calculated the two types of orientational
polarization profiles for water, {cos 0(z)! and icos 0(z)!n(z), where n(z) is the normalized
(to bulk value) local density of water along the axis perpendicular to the plates. For the
large interplate regime, both profiles could be fitted to the functional form predicted by
the MR theory, but the fitting exponents were far out of the range observed in the decay
of the PMF. For the intermediate regime, the polarization profiles displayed oscillations
and the fit was poor. Moreover, the exponent of the fit also was not in agreement with the
one from the PMF. We conclude that the MR theory with orientational polarization as an

order parameter cannot explain the behavior of the interaction between our plates. The
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conclusion that orientational polarization cannot explain the interaction between
zwitterionic lipid bilayers has already been obtained previously, based on the results from

>*72 and also on theoretical analysis.>* Our present calculations confirm

earlier simulations
this.

As we already mentioned, the main cause of the repulsive interaction between two
bilayers in the intermediate distance regime (or proper hydration force regime) is due to
reduction in the favorable interactions between the plate and water molecules, especially
due to breaking strong hydrogen bonds between phosphates and water molecules. This
suggests that the ability of the phosphate moiety of PC headgroups to make hydrogen
bonds with water molecules is very crucial to generating the repulsive interaction
between two bilayers. Thus, besides removing water, we expect that a decrease in the
polarity of the phosphate moiety can also reduce the repulsive interaction in the hydration
force regime. For this reason, and considering the importance of understanding of the role

of electrostatic interaction, the direct comparison between the current system and the

charge-removed system is very interesting. This investigation is performed in Chapter 5.
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Abstract

We used molecular dynamics computer simulations to study the character of
interactions between two nanoscale graphene plates in water and also between plates
made of “carbon” atoms that have different interaction strength with water. Fluctuations
in the number of water molecules in the confined space between plates are qualitatively
similar when the plates are made of graphene or when the plates contain “carbon” atoms
with weaker “carbon”—water interaction strength. We also observed that these
fluctuations are strongly enhanced compared to the fluctuations observed next to a single
plate. If the character of water fluctuations in the confined space determines the character
of interactions, then it is possible to conclude that the interaction between graphene plates

in water is hydrophobic.
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4.1 Introduction
A while ago it was suggested that, while the hydrogen bonding in water around a
small hydrophobic region is maintained, it is disrupted around a large hydrophobic

region.” Recent studies™?2!#3-20-77477

of the hydrophobicity effect demonstrated that,
indeed, its manifestations including hydrophobic hydration and hydrophobic interactions
depend on the sizes of hydrophobic solute particles. If the size of the solute is small, so
that the hydrogen bonds around the solute are not significantly disrupted, one can use
information theory and scaled particle ideas to model hydrophobic hydrations and
interactions.”*’®’® In this case, the solvation free energy of the solute is proportional to
the solute volume and the hydrophobic interaction is determined by the entropic
component. When the size of hydrophobic particles is substantially large, so that the
particle disrupts the water hydrogen bonding network, the hydration free energy is
proportional to the area of the particle and the hydrophobic interaction free energy is
dominated by the enthalpic componen‘[.so’57’58 The crossover from one regime to the other
occurs at a certain particle size and it strongly depends on pressure and temperature of the
system: it is around 1 nm at ambient conditions.””*® Whereas the small-scale solute
hydration is explained by mostly considering statistical properties of cavities in bulk
water,” the large-scale solute hydration is explained by the change in the properties of
the particle—water interface.”® In cases when the larger solute—water interaction is
strongly dominated by a hard-core repulsion, the number of water molecules at the
interface is reduced and the interface is similar to the one between water and its vapor;

dewetting occurs next to the particle and it can be seen by inspecting the average water

density at the interface.® If the strength of the attractive force acting between the larger
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scale particle and water increases, the average water density at the interface also increases
and the surface of the particle is becoming wet. Nevertheless, the character of
fluctuations in the number of water molecules in a volume next to the surface is different
from the character of fluctuations in the same volume of bulk water.'”*** In bulk water
and next to hydrophilic surfaces, the fluctuations have a Gaussian character, whereas next
to hydrophobic surfaces these fluctuations display a fat tail toward a small number of
water molecules,* pointing out that it is easier to create cavities at the interface and that
the interface is softer. The increased ability to create cavities at the water interface was
previously demonstrated in simulations that studied water/nonpolar liquid interfaces.*
The softness of the water/hydrophobic particle interface can be also measured by the
magnitude of the second moment of fluctuations,*® which is proportional to the
compressibility when the probing volume is very large. Therefore, it was proposed that
the presence of large fluctuations in the number of water molecules at the interface can
serve as a signature of a hydrophobic hydration of the particle.** Can the same criterion,
related to the fluctuation in number of water molecules, be used to study the phenomenon
of hydrophobic interaction when two nanoscale particles approach each other in water?
To determine if the interaction between small-scale particles is hydrophobic, one
can study the behavior of different properties relevant to the interactions, such as osmotic
virial coefficients and its temperature dependence, although they provide an indirect way
to understand the solvent structure near apolar solutes and also are very sensitive to the
details of the effective solute—solute interaction at large separations.* But, perhaps, the
simplest and the most intuitively appealing definition of the hydrophobic interaction

follows from considering the work (free energy change), AG(R), of bringing two particles
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from an infinite separation to a distance R between fixed locations in particles, like their
centers of mass. If AG(R) in water has a notably deeper minimum at distance R = ¢ (o is
the diameter of the solute) than the minimum in other solvents, the interaction can be
considered to be hydrophobic.”® To eliminate the effect of direct interaction between
particles, one subtracts the potential of interaction between particles from the total work,
and obtains a quantity that measures the effect of the solvent on interaction, that is
5G(R)=AG(R)-U(R) (4-1)
Therefore, one can define hydrophobic interaction as the interaction that results in
a condition that 8G(o) < 0. It is also possible to adopt the same definition of hydrophobic
interaction to the case of larger scale particles, assuming that R is the distance between
surfaces, which is well defined when, for example, we consider interaction between rigid
model surfaces such as graphene plates. To study possible hydrophobic interaction
between two graphene plates, Choudhury and Pettitt” calculated the potential of mean
force between these plates interacting in water. The simulations showed that 6G was
positive at a large range of distances R including distance R = o, thus indicating that the
interaction between graphene plates is not hydrophobic, according to the definition given
above that uses eq 4-1. It is interesting that the value of 6G(c) allows the determination of
the surface tension and therefore the hydration character of the plate. 8G, the solvation
part of the free energy, is equal to 4y.sA when two plates are at infinite separation
(because four surfaces are solvated) and it is equal to 2yysA when the surfaces are at
distance o in their contact, where A is the area of the plate and vyys is the water—solid plate
surface tension. The difference in these free energies, which is 6G(0), is equal to —27yyA.

From this result we conclude that vy is negative, because 6G(c) > 0, and therefore the
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graphene plates are hydrophilic. The hydrophobic (or hydrophilic) character of a
graphene or any other surface can be also determined by considering the angle that a
water droplet makes with a surface, but as was pointed out, this is very hard to do when
the particle is nanoscopic in size.'” In this case it was shown that the hydrophobic
character of a surface can be determined by the fluctuation character of water next to the
surface and that next to hydrophobic surfaces the fluctuations in number of water
molecules are large.!” To follow up on this idea, we decided to check if the fluctuations in
the number of water molecules between surfaces can determine the character of the
interaction between such surfaces, that is, determine if the interaction is hydrophobic or
hydrophilic.

Therefore, we studied the potential of mean force (PMF) between two graphene
plates immersed in water and compared it to the PMF between two plates with strongly

reduced “carbon”—water interaction, so that the plates have a hydrophobic character.

72



4.2 Methods

To calculate the PMFs and changes in the fluctuations of water molecules in the
confined space between the plates, we performed molecular dynamics (MD) simulations
on seven different systems. In every system, we considered two plates of size 1.09 nm
x1.12 nm consisting of 60 “carbon” atoms in hexagonal arrangement immersed in a bath
of water containing 1800 water molecules. This size of the plates was chosen to be
identical with the size used in the simulation from ref ** so that we can perform a
comparison with that work. A choice of larger-sized plates would be more desirable but
would require much larger simulation effort due to the need to increase substantially the
number of water molecules in the simulations. We calculated the potential of mean force
(PMF or AG(R)) acting between plates as a function of the interplate distance, R. To
calculate the PMF we followed the procedure described in the article by Choudhury and
Pettitt (CP).* As we already mentioned, one of our seven systems we considered was
exactly the system from the CP article: two graphene plates in water. The other system
had the same geometric arrangement but differed in the strength of “carbon”—water
interaction, described by the Lennard—Jones potential. To modify the strength of this
interaction, we followed the strategy adopted in another work of CP** and modified the

99__ ¢

strength of the “carbon”*carbon” interaction parameter, .. Because the value of the

“carbon”—water interaction parameter is obtained by using the Lorentz—Berthelot

L 12
combination rule €, = (€cc€o0)

, the change in g, produces a change in &, (notice that
the value of &,,, the parameter for water oxygen—water oxygen interaction, remains fixed

in all cases). To make it possible to compare our results with the results reported in the

literature, we report the strength of the “carbon”water interaction parameter in the
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values of the “carbon”—*“carbon” interaction parameter. Thus, for the case of graphene we
used the value of g, = 0.3598 kJ/mol. In six other cases, the strength of “carbon”—water
interaction was different: it was stronger than for graphene—water in one case (g, = 1.0
kJ/mol), in four cases it was weaker (g, = 0.20, 0.15, 0.10, and 0.05 kJ/mol). For the
remaining case, when the potential of “carbon”—water interaction was considered to be
purely repulsive, we used the WCA scheme for potential separation™ based on & =
0.3598 kJ/mol. For water, we used the SPC/E model.*®

In our simulations, we used the NPT ensemble with Nose—Hoover

#% and Parrinello-Rahman pressure*® coupling algorithms for maintaining

temperature
298 K and 1 bar. Electrostatic interaction was calculated through the particle mesh Ewald
method*” with a cutoff length of 0.9 nm. The same length was used for the van der Waals
interaction cutoff. Periodic boundary conditions were employed. For the PMF calculation,
we carried out a series of simulations with different interplate distances from 0.3 to 1.4
nm. The system at an interplate distance of 1.4 nm was considered as the reference state
in the calculation. The total simulation time for each MD run was 2 ns and the trajectories
from 500 ps to 2 ns were used for data analysis. The coordinates were saved every 1 ps

and a time step was 2 fs. All MD simulations were carried out using the GROMACS 3.3.1

and 3.3.3 packages.”
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4.3 Results and Discussion

In part a of Figure 4-1, we present the plots that show how the free energies
AG(R) and 3G(R), and the plate—plate interaction energy U(R) change as a function of
distance between the plates as the strength of the “carbon”—water dispersion interaction
changes. We observe that the minimum of all AG(R) is at a distance ~0.34 nm, which
coincides with the value of 6. = 0.34 nm. As one can clearly see from part b of Figure 4-
1, the value at the minimum of AG(R) at R = ¢ is smaller than the minimum for U(R) (and
correspondingly 6G(c) > 0) in case of graphene plates, when the value for
“carbon”—water interaction is relatively high. Therefore, using the criteria based on the
sign of the solvent part of the PMF we may conclude that the interaction between
graphene plates is not hydrophobic, but weakly hydrophilic. In other cases, when
“carbon”—water interaction is weak the criterion based on the sign of 6G(R) predicts that
the interaction between “carbon” plates is hydrophobic. Do the fluctuations in number of
water molecules between plates confirm these conclusions about the character of the

interaction between plates?
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Figure 4-1. (a) Total PMF AG(R) (black solid line), direct interaction contribution U(R)
(green dot-dashed) and water-mediated interaction contribution 6G(R) (red dotted) as a
function of distance between “carbon” plates. Also shown is the average number of water
molecules (blue dashed) in the confined space. The numbers in each panel represent ecc.
(b) Water-mediated interaction contributions into the PMFs. The vertical line represents
occ = 0.34 nm. The PMFs display their minima at R = ~0.34 nm (above figure). The
intersection of 8G(R) curves with the vertical line at 0.34 nm gives the value of the

surface tension between the water and the “carbon” surface when the surface is wetted.

To study the fluctuations in the number of water molecules, in Figure 4-1a we
also present plots for the average number of water molecules ({N(R)!) in the rectangular
space between plates as a function of the interplate distance. We observe that for g
having values between 1.00 and 0.15 kJ/mol the {N(R)? plots display changes in slopes at
two different locations. When plates approach each other from a larger distance, the first
change in slope occurs in a region when the distance between plates is ~0.9 nm. The
water density plots (not shown) demonstrate that this happens when two water layers
confined between “carbon’ surfaces are reduced to one water layer. After that region, no
change in slope is observed, and, therefore, the number of water molecules in the
confined space remains constant. The next change in slope occurs at distances between
0.59 and 0.67 nm, depending on the strength of attraction between water and “carbon”
atoms. This region is followed up by a region where the number of water molecules in
the confined space is zero, corresponding to an absence of water from the space between

surfaces; this is consistent with the size restrictions imposed by water and “carbon” atoms,
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modulated by the presence of attractive interactions between them. The length interval
over which the final change in slope occurs is very small. For g, = 1.0 kJ/mol, the
transition from the situation when the space between plates is occupied by water to an
empty space is rather abrupt. The length of the transition region broadens, as the
attractive interaction decreases to a value of €., = 0.15 kJ/mol. The observation of water
trajectories in the space between plates shows that the disappearance of the last water
layer is accompanied by the instability of this layer, that is, large fluctuations in the
number of water molecules are present in the intervals around 0.6-0.65 nm. The
instability is present for g, = 0.3598, 0.20, and 0.15 kJ/mol but is absent for g, = 1.00
kJ/mol. Large fluctuations in the number of waters in the space between plates indicate
that this space can be dewetted. Indeed, this can be seen in Figure 4-2, where we show
the number of water molecules between plates as a function of time. We observe that at a
certain distance (which depends on the strength of the “carbon”—water interaction) the
space is filled up with water or it is empty. From part a of Figure 4-1 and parts a and b of
Figure 4-2, we observe that qualitative behavior of water molecules in cases with g, =

0.3598, 0.20, and 0.15 is very similar.
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Figure 4-2. Number of water molecules as a function of time for the cases of &
=0.3598 (a), 0.15 (b), 0.10 (c) and 0.05 kJ/mol (d) for different values of the interplate

distance.
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When the value of ¢ is reduced to 0.1 kJ/mol, the stable region corresponding to
one water layer between plates is not present any more. Once the interplate distance
reaches the value of R = ~0.9 nm, the onset of a broad instability region with a width
corresponding to the size of a water molecule is observed. Interestingly enough,
dewetting for certain time intervals is observed in the interplate space for any value of R
belonging to the instability region (part ¢ of Figure 4-2). When the value of & is further
reduced to 0.05 kJ/mol, the instability region is narrowed and now corresponds to the
location where a transition between two layers to one water layer occurred at higher &
(like € corresponding to graphene plates). For g, = 0.05 kJ/mol the dewetting is nearly
complete when the distance between plates is 0.8 nm, as one can see from part d of
Figure 4-2. In case when the “carbon”—water attractive interaction is absent (this situation
is described by WCA repulsive part of the potential), the instability region is pushed
further away toward interplate distances in the interval of 1.15—1.3 nm, corresponding to
distances when three water layers can be found between two graphene plates. Thus we
see that strongly hydrophobic surfaces indeed dehydrate the space between them, as can
be expected. Comparison between the results obtained for “carbon” plates with WCA
potential and plates with g, = 0.05 kJ/mol shows that a weak attraction between water
and the surface does not eliminate dehydration, only reduces its range. We find that even
a relatively strong “carbon”—water interaction, like in case of graphene, does not
eliminate dehydration between two graphene plates, although a single graphene plate is

hydrophilic.
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It was recently suggested that the hydrophobic character of the surface can be
determined by the character of fluctuations in the number N of water molecules in the
volume adjacent to the surface.'” Therefore we calculated the variance in these
fluctuations, 6*(N) = {N?} — {N}% next to the surface and, furthermore, in the confined
space between two surfaces. Initially, we calculated the values of the variance in the
volume next to one plate. These numbers are displayed in part a of Figure 4-3. Because
the volume where we calculate the variance is given by expression V = Ad that is just
proportional to distance d from the plate, we present the normalized variance 6*/{N! as a
function of a distance d. This normalized variance may be also considered as a measure
of local water compressibility. As we can see from part a of Figure 4-3, the character of
fluctuations next to the WCA plate differs substantially from fluctuations in water
number next to other plates, thus pointing out the strong hydrophobic character of the
WCA plate. The most interesting, of course, is to investigate the fluctuations in the
number of water molecules located in the space between plates. We present these
calculations in part b of Figure 4-3, where we show the normalized variance as a function
of interplate distance. As we can see from this figure, the values of local compressibility
are strongly enhanced in the region. Note that local compressibility values in the
instability regions are similar for graphene plates and plates with lower values of g, =

0.20 or 0.15 kJ/mol.
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Figure 4-3. (a) Normalized water number fluctuations in the space next to a single plate
for different values of e.. Negative sign for d indicates that the volume where
fluctuations are calculated is on the left side of one of the plates. From the water density
profiles we determined that when d = 0.5 nm, the probe volume includes the first layer
of water molecules next to the plate. (b) Normalized water number fluctuations in the

confined space between plates. The numbers in the legend represent ecc values.
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4.4 Conclusion

We present the summary of the results obtained from our seven simulations in

Table 4-1. As we can see the difference in the interpretation of the interaction between

plates exists for the case of graphene plates only. If we determine the character of

interactions between the plates by the sign of 6G(c) we need to conclude that graphene

plates containing ‘“carbon” atoms with relatively strong attraction between these atoms

and water have a hydrophilic character. The calculation of the free energy at contact

between plates when g is equal or below 0.20 kJ/mol shows that in these cases the plate

interaction is hydrophobic. When we consider the fluctuations of water between two

“carbon” plates, we observed that the character of these fluctuations is very similar when

the plates are graphene or when g, = 0.20 or 0.15 kJ/mol. Therefore, we may conclude

that interaction between graphene plates is hydrophobic.

Water-mediated

Interaction

Water Fluctuations

Character of

Fo interaction Large water fluctuations Transition Ciflltaer:ac(;[teiinolf
(kJ/mol) | 6G(o) base?d on the at the transition region region (nm) | based on water
sign of (two-state equilibrium) & Auctuation
5G ( O') uctuations
1.0 >0 Hydrophilic No N/A Hydrophilic
0.3598 >0 Hydrophilic (1 layer fs() layers) 0.61 Hydrophobic
0.20 <0 | Hydrophobic | | layeri‘fso layers) | 062063 | Hydrophobic
015 | <0 | Hydrophobic | . YF) | 0.64~067 | Hydrophobic
. Yes .
0.10 <0 Hydrophobic (2 layers <> 0 layers) 0.68 ~0.90 Hydrophobic
. Yes .
0.05 <0 Hydrophobic (2 layers <> 0 layers) 0.86 ~0.94 Hydrophobic
WCA . Yes .
(0.3598) <0 Hydrophobic (~ 2 layers <> 0 layers) 1.15~1.30 Hydrophobic
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Table 4-1. Summary of the main results from our simulations related to the character of
interaction between “carbon” plates in water and liquid-vapor equilibrium in the confined

space between the plates.

Why are strong fluctuations in water number present between graphene plates?
They are happening due to the collective effect, when the tendency to display fluctuations
next to one surface is strongly enhanced as surfaces approach each other. Therefore, two
graphene plates, each possibly hydrophilic as a separate plate, can be considered to be
engaged in a hydrophobic interaction when approaching each other.

We also carefully searched for the existence of vapor—liquid equilibrium for water
in the space between “carbon” plates and observed that it exists even in the case when
plates are made of graphene. When the interaction between a “carbon” plate and water is
weaker than the interaction between a graphene plate and water, the vapor—liquid
equilibrium is easier to observe and it shifts to larger interplate separation distance as the
plates are brought together. Clearly, the existence of liquid—vapor equilibrium and
presence of large fluctuations in water number between plates are closely related to each
other.

We also want to mention that although the systems studied by us are very similar
to the systems studied by CP,”** we reached different conclusions about the behavior of
water between graphene plates. In ref **, CP considered cases when the interplate
distance was fixed at a particular value of R = 0.68 nm, whereas they changed the
strength of “carbon”—water interaction. They concluded that when the interaction

strength was such that &, was in the region between 0.10 and 0.20 kJ/mol the space
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between plates was oscillating between dry and wet states. For graphene plates, they
concluded that the space between them was wet. In this chapter, by investigating the
transitions over the range of interplate distances, we found that the oscillations between
wet and dry states of the interplate region occur also in case of graphene plates, only at
slightly smaller separations (part a of Figure 4-2). This equilibrium between the vapor
and liquid states of water in the interplate space between graphene plates is exactly the
reason why we may designate the interaction between the plates to be hydrophobic.
Finally, we want to emphasize that hydrophobic phenomena are multifaceted, and
all their aspects, perhaps, cannot be adequately considered by one definition. In this
article, we demonstrated that using different definitions of hydrophobic interaction we
can conclude that interaction between graphene plates may be described either as
hydrophobic or as hydrophilic. If the behavior of the fluctuations in water between plates
can serve as a more appropriate criterion of the interaction hydrophobicity, we must

conclude that graphene interaction in water is hydrophobic.
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Abstract

We study some aspects of hydrophobic interaction between molecular rough and
flexible model surfaces. The model we use in this work is based on a model we used
previously (Eun, C.; Berkowitz, M. L. J. Phys. Chem. B 2009, 113, 13222-13228), when
we studied interaction between model patches of lipid membranes. Our original model
consisted of two interacting plates across water, containing polar headgroups of lipids
attached to graphene surfaces. The interaction between such plates can be considered to
be an example of a hydrophilic interaction. The modification into the model plates we
study here consist of a charge removal from the zwitterionic headgroups attached to the
plates. We observe that as a result of this procedure the plate character changes; it
becomes hydrophobic. We also observe from separating the total interaction (or potential
of mean force, PMF) between plates into the direct and the water-mediated interactions
that the latter changes from repulsion to attraction, clearly emphasizing the important role
of water as a medium. We investigate the effect of roughness and flexibility of the
headgroups on the interaction between plates and observe that in our case roughness
enhances the character of the hydrophobic interaction, consistent with other work that
studies roughness effect on hydrophobic hydration. In addition, we observe a dewetting
transition in a confined space between charge-removed plates, which serves as another
evidence for presence of a strong hydrophobic interaction. We also notice that there is a
shallow local minimum in the PMF in case of charge-removed plates, and we find that
this is associated with the configurational changes that flexible headgroups undergo as

two plates are brought together.
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5.1 Introduction

The properties of molecules solvated in water are greatly influenced by water
molecules surrounding them. For example, water induces creation of self-organized
assemblies such as micelles, monolayers and bilayers of amphiphilic molecules. A large
amount of effort was devoted to understanding the effect of water on the behavior of
solutes. Many useful ideas and concepts emerged as a result of this effort, including such
concepts as hydrophobicity (“water fearing”) and hydrophilicity (“water loving”).? If
molecules are considered to be hydrophobic, their solubility in water is low; such
molecules generally have a tendency to aggregate. If molecules are hydrophilic, the trend
is opposite. The hydrophobic interaction is attractive and the origin of this interaction is
due to water, and not the molecules themselves. This implies that to understand the nature
of hydrophobic interactions we need to separate the total interaction into the contributions
due to water and the contribution due to direct interaction; the latter may induce
aggregation of molecules even without the presence of water, e.g. in vacuum.” This
strategy should be also applied to the hydrophilic case, when one wants to understand
hydrophilic interactions. Since the interaction between two particles is usually described
by the potential of mean force (PMF), which is the free energy change along a certain
reaction coordinate, this PMF can be decomposed into the aforementioned two
contributions, whether the particles are rigid* or flexible.*®

Recently, we used this separation method of the PMF to study hydration force, the
monotonic repulsive interaction acting between lipid bilayers,”***® by performing
simulations on a simplified model of lipid bilayers.’® Since the surfaces of these model

bilayers contained polar headgroups that can be identified as hydrophilic, the interaction
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between them is an example of a hydrophilic interaction. In our study we found that the
origin of the hydration force is a repulsive water-mediated interaction, and not the direct
interaction due to the repulsion between bilayers originating from lipid protrusions.”**” In
our follow-up work® we observed that the repulsive interaction between our model lipid
bilayers is due to a strong attractive interaction between water and the bilayer. We also
observed that this attaction is correlated with the change in the hydrogen bonding
network formed between water and polar headgroups and also the change in the hydrogen
bonding network between water molecules. Notice that in our work, the hydrophilic
charged groups were flexible and that direct interaction between these headgroups was
attractive. Previously, Lu and Berkowitz used molecular dynamics (MD) simulations* to
calculate the water-mediated contributions to the PMFs for the interaction between two
rigid model plates with different fixed charge distributions on them. They observed that
water-mediated interaction depended on the charge-charge correlation between the plates
and that water-mediated interaction was repulsive for the cases when the interaction
between plates in vacuum was attractive. More recently, Hua et al.* studied similar
systems and they also observed similar repulsive water-mediated interaction. Overall, all
the previously mentioned studies illustrated that water-mediated contribution to the
typical hydrophilic interaction is repulsive.

What about the nature of the water-mediated contribution to the hydrophobic
interaction? Previous studies showed that water mediated interaction is monotonically
attractive when the interaction between water and the model rigid plate containing
“carbon”-like atoms in graphene geometry is purely repulsive.*”° Even some addition of

a weak attraction to “carbon”-water interaction does not change the character of the
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water-mediated interaction. When moderate attraction between “carbon” and water is
present it can change the character of the water mediated interaction substantially: it
starts oscillating and the interaction between plates may be considered as being
hydrophilic.”

As we mentioned above, according to our study of hydrophilic interactions using
model lipid bilayers,*® the strong interaction between polar headgroups and water
molecules is the reason for the repulsive water-mediated interaction. Thus, it is
reasonable to consider that the polarity of headgroups, responsible for the strong plate-
water interaction, is a key element in determining the character of water-mediated
interaction. In this chapter, we explicitly test this idea by removing charges from the
original hydrophilic plate, and by comparing the original water-mediated interaction with
the one from this charge-removed case. In fact, a similar idea of changing polarity by
adjusting the magnitude of charges has been used to study the effect of surface polarity
on water contact angle and interfacial water structure’’; however, not on the inter-surface
interaction.

Besides polarity, other factors could be important in characterizing
hydrophobic/hydrophilic properties; such as density and arrangement of polar/non-polar

40,8

particles*™ and surface morphology and/or surface roughness. It is now well-established

that roughness enhances the hydrophobicity of surfaces.”””® Remarkably, roughness can
induce superhydrophobicity, a state that the flat surface of the same material cannot

achieve. Nature uses roughness to achieve superhydrophobicity, as has been observed in

99,100 101

cases of lotus leaves or water striders’ legs.” This roughness effect is usually
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measured through contact angle; in particular, when the contact angle is above 150°, the
surface is normally considered to be superhydrophobic.'*

Two microscopic states for describing a water droplet on the rough surface were
suggested, called the Wenzel”> and Cassie-Baxter” states. To understand molecular
details related to description of these states, some MD simulations were

19,94,103-106
performed. "

Most of MD simulation studies on rough hydrophobic surfaces have
been focused on dewetting at a single rough hydrophobic surface, in particular,
calculating the contact angle of a water nanodroplet on the surface.'””*'%"1% Moreover,
the model surfaces used in those studies were rigid and displayed no flexibility. However,
to the best of our knowledge, the effect of roughness on the hydrophobic interaction has
rarely been discussed in a context of water properties in the confined space between two
rough surfaces, i.e. in terms of inter-surface interaction and dewetting transition.
Performing model studies of wetting/dewetting behavior of water on single rigid rough
surfaces is perhaps sufficient to study wetting of solid materials. However, in many
situations especially in a biological environment, roughness of hydrophobic surfaces,
such as protein surfaces, influences the hydrophobic interaction or dewetting transition
between two particles. In addition, many materials in nature are soft, so their surfaces are
flexible. Thus, by investigating hydrophobic interactions between our charge-removed
PC-headgroup plates we also study interactions between rough and flexible surfaces in
water. In addition, since the dewetting transition can be a signature of a hydrophobic

interaction,”” we will study the trajectories of molecular dynamics simulations to see if a

dewetting transition takes place in our hydrophobic model.
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In order to address the above mentioned issues, this chapter is organized in the
following way. In the Methodology section we describe the details of our systems and of
our molecular dynamics (MD) simulations. In the section after that we discuss the effect
of the headgroup polarity on the water-mediated interaction between two model lipid
bilayers and directly compare hydrophilic and hydrophobic interactions observed to act
between plates with charged and uncharged headgroups, correspondingly. After that we
study the hydrophobic behavior of our charge-removed model and compare the
hydrophobic interaction of the plates with flexible groups and the interactions between
smooth hydrophobic plates. Also, we consider the effect of roughness and flexibility on
hydrophobic interaction. In the final section, we summarize our findings with some

conclusions.
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5.2 Methodology

To discuss the water-mediated interaction acting between two hydrophilic
surfaces, we have used the results we obtained from our previous study of the hydration
force.® In that study, a model hydrophilic surface contained nine polar
phosphatidylcholine (PC) lipid headgroups were attached to a nanoscale graphene plate
(252 carbon atoms; 2.425 nm by 2.380 nm). We named the plate the PC-headgroup plate
and the details about this PC-headgroup plate are given in our previous paper.”® However,
to study water-mediated hydrophobic interaction between flexible surfaces we
constructed a hydrophobic plate closely related to the original PC-headgroup plate. This
hydrophobic plate, named the charge-removed PC-headgroup plate (CRPC plate), was
prepared by removing all the electric charges from the lipid headgroups in the original
PC-headgroup plate. Therefore, the interaction between the plate and water in this case
was just Lennard-Jones interaction.

To calculate the water-mediated interaction for the CRPC plates, we performed
MD simulations and employed the same methodology we used in our previous work.”®
Thus we calculated the potential of mean force (PMF) as a function of the interplate
distance by using thermodynamic perturbation method.”'"” Again, as in the previous
work, the interplate distance is defined as the distance from one graphene plate to the
other graphene plate. As previously, we decomposed the PMF into direct and water-
mediated contributions.”® The errors in the calculations were estimated using the block
averaging method® and the standard error propagation method.'*'%

In our MD simulations of the system with CRPC plates, we placed the plates into

a simulation box separated by a certain interplate distance and solvated them with 8800
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4445 and the

water molecules. We used the NPT ensemble. The Nose-Hoover temperature
Parrinello-Rahman pressure*® coupling algorithms (both with a coupling constant of 0.5
ps) were utilized for maintaining temperature at 298 K and pressure at 1 bar, respectively.
Electrostatic interaction was calculated through the particle mesh Ewald method.*” The
SPC/E model® was used for water. Periodic boundary conditions were employed. The
same interaction and the same simulation parameters from our previous study’® were also
used, except for the length of the simulation time. That is, when the interplate distances
were in a region between 1.68 nm and 1.82 nm the total simulation time for each distance
was 10 ns, to permit enough sampling, because we observed that a dewetting transition is
happening inside this region; otherwise the time of simulation runs was 1 ns. In our
calculations of the PMF and other physical quantities the data from the first 500 ps were
discarded.

To characterize the hydrophobic interaction between CRPC plates, we compared
the calculated PMF and its components with the calculations we performed previously on
a series of cases with simple graphene-like “carbon” plates that had no flexible
headgroups attached.” All these “carbon” plates had the geometry of a graphene plate.
We considered a series of simulations with “carbon™ plates, where every simulation
differed from the other by the strength of the Lennard-Jones (LJ) potential acting between
the “carbon” of the plate and water.”>* Seven systems where the LJ interaction was
moderately strong or weak were investigated. For these systems the water- “carbon”
interaction strength was determined through the use of the Lorentz-Berthelot combination

9 ¢

rules for the LJ parameters of “carbon”-‘“carbon” and oxygen-oxygen interaction,

. _ _ . . 90
1.e. &co =+/Ecc "€0o AN Oy =(0cc +050)/2 . As was mentioned previously,” we
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fixed the values of £,, and o, taken from the SPC/E water model, and o = 3.4A.
Note that for a realistic graphene plate, the LJ parameter .. was 0.3598 kJ/mol* and
for the other cases, &-. was 0.05, 0.10, 0.15, 0.20 and 1.00 kJ/mol. In addition, we

considered the case in which the LJ potential was purely repulsive as a limiting
hydrophobic case. For this, we used Weeks-Chandler-Andersen (WCA) separation

scheme® based on & =0.3598 kJ/mol.

For all types of “carbon” plate the reference state for the PMF (the state where the
value of the PMF is assumed to be zero) was at an interplate distance of 1.40 nm,
whereas the reference state for the PMF of PC-headgroup plates was at 2.99 nm. The
simulation time for systems with “carbon” plates for each interplate distance was 2 ns. In
these cases we also disregarded the first 500 ps of trajectories for the data analysis. For
the PMF calculations in “carbon” plate systems we used the 60-atom graphene-like plate
as Choudhury and Pettitt did.*’

All MD simulations were carried out using the GROMACS 3.3.1 and 3.3.3

packages.®
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5.3 Discussion

5.3.1 Role of the electrostatic interaction in hydrophilic interaction

From our previous study of the interaction between model lipid bilayer plates we
concluded that the repulsion between neutral lipid bilayers originates from the water-
mediated interaction™® (see Figure 5-la), and that this interaction is mainly due to the
increase of the potential energy of interaction between the model lipid plates and water
molecules, as two plates are brought together.*® In addition, the hydrogen bonding
analysis showed that this potential energy change is inversely correlated with the change
in the number of hydrogen bonds between the plates and water.*® All this implies that the
electrostatic interaction between the polar headgroup and water plays an important role in

the origin of repulsive or hydration force.
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Figure 5-1. Decomposition of the PMF (black) into contributions from the direct
interaction (red) and from the water-mediated interaction (green) between two PC-
headgroup plates (a) and between two charge-removed PC-headgroup plate (b). Insets are

for large interplate distances. Errors are represented by bars.
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To find out how much the electrostatic interaction contributes to the potential
energy of interaction between the plates and water, we calculated the electrostatic and the
LJ interaction contributions and displayed them on Figure 5-2. As we can see from this
Figure, the energy due to electrostatic interaction is dominant. This confirms our
suggestion that the electrostatic interaction between polar headgroups and water

molecules is so strong, that it requires work to remove water molecules when the two

3
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Figure 5-2. Contributions of electrostatic (red) and Lennard-Jones (green) interactions to
the potential energy interaction between the PC-headgroup plates and water molecules
(black). The electrostatic and Lennard-Jones energy changes between the plates and
water molecules were directly calculated from MD simulations and by summing up we
obtained total potential energy change. This plate-water potential change is exactly the
same with the one calculated via another route within numerical errors (see Figure 3-4.).

The error bars represent the standard deviations.
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5.3.2 Hydrophilic interaction vs. hydrophobic interaction

Since the electrostatic interaction is crucial for generating repulsive interactions
between PC-headgroup plates, we expect that if we remove the water-headgroup
electrostatic interaction, the repulsive character of interbilayer interaction would
disappear. To test this idea, we use our PC-headgroup plate again, but this time we
remove all electric charges from the plate and then calculate the interplate interaction.
Obviously, since the electrostatic interaction between the plate and water is absent now,
this weakens the water-plate interaction compared to the original hydrophilic plate. As
expected, the PMF for the interplate interaction between the charge-removed plates case
is not repulsive, but attractive (see Figure 5-1b). From the decomposition of the PMF we
notice that the attractive water-mediated interaction is responsible for the dramatic
change of the nature of PMF. As we discussed this in the Introduction, since the water-
mediated interaction is attractive, we can consider the interaction between CRPC plates
to be hydrophobic. Moreover, in fact, the overall shape of the PMF in Figure 5-1b looks
like the typical shape observed in other interaction with hydrophobic interaction. *7*!'1°

Besides performing the energetic analysis, we also examined the character of the
dewetting transition in the charge-removed case, which is considered to be another
signature of a hydrophobic interaction.”” In order to do that, we calculated the average
number of water molecules confined between the two CRPC plates. The result is shown
in Figure 5-3a. It suggests that the dewetting transition actually occurs in the shaded
narrow region (d=1.74~1.8 nm). In addition, the changes in instantaneous number of
water molecules in the confined space and the snapshots from the simulations provide us

with more clear evidence of the transition existence, as Figures 5-3b and 5-3c show. The
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transition does not seem to be complete, just partial. Particularly, we observe from Figure
5-3c that a large cavity forms inside the interplate space, and the thickness of the cavity
along the axis perpendicular to the plates is large enough to accommodate approximately

two layers of water molecules.
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Figure 5-3. (a) Average number of water molecules in the confined space between two
CRPC plates, the total PMF, the contribution of direct interaction into PMF, and the
contribution of water-mediated interaction. (b) Changes in the number of water
molecules in the confined space as functions of time at the distances of 1.82 nm (blue),
1.79 nm (red), 1.74 nm (black) and 1.7 nm (green). (¢) For the case of an interplate
distance of 1.79 nm, two snapshots taken at t = 3500ps (left) and t = 7800ps (right).
Carbon and united carbon with hydrogen, nitrogen, phosphorus, and oxygen are colored
in cyan, blue, tan and red, respectively. For clear representation, water molecules are

represented by yellow.

5.3.3 “Carbon” plates as reference hydrophobic plates.

Our CRPC plates containing flexible non-polar headgroups can be considered as
rough and flexible hydrophobic surfaces. To understand better how roughness and
flexibility affect the hydrophobic interaction, we compare this system with the system
containing two “carbon” plates that represent smooth and rigid surfaces. The reason why
we choose systems with “carbon™ plates, including graphene plates, as our reference
systems is that they have been relatively well-studied.”>***° Thus, such a comparison
study can help us to understand the common features characteristic for plates that interact
through hydrophobic interactions and unique properties of the charge-removed plates,
due to their roughness and flexibility of the attached groups.

Besides a graphene plate, for a systematic comparison, we considered six other
“carbon” plates, which have the same geometry as the graphene plate, but different

interaction strength for the water-plate interaction. The graphene plate we considered is
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not a typical hydrophobic plate since the contact angle for water with such a plate is

00111

around 9 and the water-mediated interaction between such plates is not purely

attractive™*’; moreover, the dewetting transition for water between graphene plates is

hardly observable.” The way we adjust the interaction strength for water-plate interaction,

or the plate hydrophobicity, is through variation in the value of ¢.., as described in

Methodology section. It was shown by Choudhury and Pettitt** that it is possible to
induce a pronounced dewetting transition for water between two graphene-like plates by
reducing the LJ parameter of “carbon”-water interaction. They performed their study only
at a particular interplate distance of 6.8 A , but it suggested that by controlling water-plate
interaction we may also control the strength of hydrophobic interaction.

To understand the dependence of the hydrophobic interaction on water-“carbon”
interaction strength, as well as the character of the character of the dewetting transition,
we previously performed MD simulations for a certain range of water-plate interactions
and for a range of interplate distances.” Figure 5-4a shows the PMFs and the average
numbers of water molecules in the confined space for different strengths of “carbon”-

“carbon” interaction. From the figure we see that as the value of ¢.. decreases from the

value of 1.00 kJ/mol to 0.05 kJ/mol, the water-mediated interaction becomes more
attractive, indicating stronger hydrophobic interaction acting between plates. Also, the
reduction of water-plate interaction strength affects the behavior of the average number
of water molecules. That is, the dewetting transition regions or vapor-liquid equilibrium
regions, characterized by the rapid changes in the number of water molecules (left shaded

region in Figure 5-4a), are getting broader and they shift towards larger distances. When

the “carbon”-water interaction is reduced (this corresponds to &, values of 0.10 and 0.05
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kJ/mol) the dewetting region and the transition region between one and two layers of
water (right shaded region in Figure 5-4a) are merged into one big region. For pure
repulsive potential (WCA) case, the transition occurs at much larger interplate distance.
Overall, the analysis of the average number of water molecules shows that as the
“carbon”-water interaction decreases, the character of hydrophobic interaction between
“carbon” plates increases and the dewetting transition regions become larger and the

region gets shifted towards larger interplate distances.
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Figure 5-4. (a) PMF (black filled square), direct interaction (black open square), and
water-mediated interaction (red triangle) of “carbon” (graphene-like) plates with different

water-plate interaction strength. The number in each panel represents .. . The blue

squares are for the average numbers of water molecules in the confined space. (b) The
PMF, its components and the number of water molecules as a function of distance

between CRPC plates. The interplate distance is replaced by the intercholine distance.

5.3.4 Hydrophobicity of the charge-removed PC-headgroup plate

For an appropriate comparison between CRPC plate and reference “carbon” plates
we calculate the number of water molecules per unit area of the “carbon” plate.
Furthermore, we calculate the distance between the CRPC plates as the distance between
opposing choline groups. This distance represents a better choice since the headgroups
are also parts of the plate and, as we observed, water hardly penetrates inside the
headgroups, in contrast to the case of PC-headgroup plate. Therefore, we determined that
the relationship between the interplate distance x (in nm) and intercholine distance y (in
nm) is Y =1.046x —1.034 with the correlation coefficient of 0.99. Using this relationship
we present in Figure 5-4b the PMF and the number of confined water molecules as a
function of the intercholine distance.

From the comparison of Figures 5-4a and 5-4b we notice that the interaction
between CRPC plates is similar to the interaction between “carbon” plates with a weak
“carbon”-water interaction (&, =0.05 kJ/mol), although the dewetting in charge-removed
case is only partial. This partial dewetting is due to the presence of water molecules at

the edges of the plate (see Figure 5-3c). Therefore, if we disregard this boundary effect
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and focus only on the central confined space (circled space in Figure 5-3c¢), the dewetting
transition can be considered as full dewetting transition.

To investigate the similarity furthermore, we calculated the averaged Lennard-
Jones potential energy between a plate and a single water molecule (Figure 5-5). For this
we performed a series of NVT simulations on a system containing 252-atom “carbon”
plate, so that its size is exactly the same, as the one used in the simulations of plates with
headgroups attached. In the case of the CRPC-headgroup plate we took an average of the
LJ interaction over the 200 ps trajectory keeping water at a given distance, because the
headgroups are fluctuating and so is the LJ interaction. In our calculations the plate-water
distance along the z-axis (perpendicular to the plate) in case of a “carbon” plate was
defined as the distance between the center of mass of the plate and the water molecule,
while the distance between the CRPC-headgroup plate and water it was the average
distance between the choline group and the water along the z-axis (see Figure 5-5a).
Since the surfaces of plates are inhomogeneous on the atomic scale, we considered five
different x-y positions of the water molecule (see Figure 5-5b) and calculated the average
of the LJ interactions over these configurations (Figures 5-5¢ and 5-5d). The results show
that when a water molecule approaches the CRPC plate, it is weakly interacting with the
plate. As a matter of fact, up to the comparable distance (~ 0.34 nm), the behavior of the
energy curve for the CRPC-water interaction is very similar to the behavior of the curve
for the LJ interaction between “carbon” plates and water, when “carbon” plates interact

weakly with water (&.. =0.05 and 0.10 kJ/mol), as Figure 5-5d shows. This result is

consistent with the results obtained from consideration of PMFs and dewetting transitions.

Note that the energy calculation we described is a rather crude calculation to understand
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hydrophobicity in terms of energy, since we considered only five different positions of

the water molecule.
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Figure 5-5. Plate-water Lennard-Jones (LJ) interaction. For a direct comparison with the
CRPC plate, we increased the plate size of “carbon” plates so that their area is the same
with the graphene plate of the CRPC plate, which is 4.7 times larger than the “carbon”
plate used in Figure 5-4a. (a) An initial configuration at a water-plate distance of 1.01 nm,
in which a water molecule is placed on the top of the center of the plate. (b) Five different
positions for sampling in the CRPC plate. The same sampling was also applied to each
case of “carbon” plate. (c) Plate-water LJ interaction of the CRPC plate as a function of
plate-water distance. The errors are obtained by calculating the standard deviation from
five samples. (d) Plate-water L] interactions as a function of the distance between the
plate and a water molecule for the “carbon” plates, and as a function of the distance
between the cholines and a water molecule for the CRPC plate. Inset is for showing plate-

water LJ interaction for smaller distances of the CRPC plate.

Finally, through the comparisons of the interaction between rough and flexible
CRPC-headgroup plates with seven cases of interaction between smooth and fixed
“carbon” plates, we conclude that the CRPC plate interaction is similar to a case with a
strong hydrophobic interaction between “carbon” plates. Thus, due to the attachment of
non-polar headgroups to a graphene plate, the hydrophobicity of the graphene plate is
significantly enhanced. However, before we discuss the roles of roughness and flexibility
due to the non-polar headgroups in detail, we want to discuss the correlation between

number density of the confined water and water-mediated interaction.

108



5.3.5 Number density of the confined water and water-mediated interaction

The comparison among the “carbon” plates themselves shows an interesting
aspect regarding the correlation between the change in the water-mediated interaction and
the change in the average number of water molecules. The detailed visual inspection on
Figure 5-4a suggests that when the system passes through the barriers in water-mediated
interaction (red triangles), it always bring to relatively rapid decreases in the average
number of water molecules (blue squares). For example, in the second top panel of Figure

5-4a for the realistic graphene model with &.. =0.3598 kJ/mol, the water-mediated

interaction has two barriers and these barrier regions are clearly associated with the
transition regions in the number of water molecules (the two shaded regions). Similarly,

for the model with .. =0.05 kJ/mol (second panel from the bottom), the system has one

barrier in the water-mediated contribution and therefore, one corresponding transition

region. Particularly, the transition in the latter case (&..=0.05 kJ/mol) is known as a

typical dewetting transition, in which an empty space is observed, where at least one or
two layers of water can fit in that space.''® Interestingly, this correlation is also noticed in
the CRPC plate (see Figure 5-3a or 5-4b). This may imply that such a correlation is one
of the general features appeared in hydrophobic system.

To explain this correlation in a simplest way, we may use the following equation
for the average number of water molecules in the carbon nanotube (CNT), derived under

the assumption that water molecules in the CNT is in equilibrium with bulk water. '*!!?

<N> = Poutc * V- e—ﬁ(ﬂ“—uﬁmk) ,
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where N is the number of water molecules inside the CNT and p,,, is the number

density of bulk water and V is the volume inside the CNT. 4 and g, are the local
excess chemical potentials defined as the negative free energy of removing a water
molecule from the inside of CNT and the bulk chemical potential, respectively.
P =1/k,T, where k; and T are the Boltzmann constant and temperature, respectively.

In the derivation, since it does not depend on the particular geometry of CNT, we can

apply this to our situation, in which water molecules are confined by two planar surfaces.

However, since in this case, we are interested in (N) as a function of d, interplate
distance, we can simply generalize the equation in the following way.
<N>(d) = Py d-A- g AU (D)

u >

Here, we use the fact that the volume (V) is the product of the area (A) of graphene-like
plate and the interplate distance (d). First, let us consider a simple case, where the excess

chemical potential of water in the confined space is equal to the one of bulk water. In this

case, the slope, <N>(d) / d, is simply p,, A and it is the same with the slope when we

consider the imaginary same space in bulk water. Probably, this corresponds to the case
when two plates are very largely separated and the confined water is essentially bulk-like.

Moreover, at these large separations, the water-mediated contribution to the PMF is

negligible. However, when the separation is small enough, <N >(d) depends on
TR () 7 Specifically, for example, if L5(d) > g ,
Peonfined = <N >(d) / (d-A) < Py » which means as the excess chemical potential increases

more water molecules are removed compared to the corresponding bulk case, so that the
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density is lower than the bulk density. Accordingly, this increase of excess chemical

potential ( z*(d) > x4, ) can affect the water-mediated interaction in the following way.
The water-mediated interaction has a contribution, G megiaea » ffom the (N)

confined water molecules in a confined volume V and it can be expressed as

~ Heonfined <N> , where 1. eq 1S the chemical potential of the confined water. By

further manipulating it with the above expression for <N >(d) , we can obtain the
following expression.

G yoter megiates ™ Hoonined <N> = (/ucet))(nfined + HUigninea ) <N>

= (ﬂg;nfined + /uéinfined + Moy = Mg ) <N >

= (/usgnfined ~ Moo + ,Ucignfined + Ly ) <N >

= (/ucet))(nfined — My + Mok ) <N >

1 pconine
:(—_ln fned +:ubulk]'<N>

B Pulk

Here, we used the definition of excess chemical potential 4™ : u = u®™ + ', where 1"
is the chemical potential of an ideal gas under the same conditions. And, obviously,
id id
Heonined = Houik -
ex

To understand this equation, again let us consider an ideal case of £ (d) = z,,

(OF Prontineg = Pyu )- I this case, Guote e 15 nothing but <N> - This is

corresponding to the free energy of bulk water in the imaginary volume V. In this sense,

the term g4, - <N> can be denoted by GPux e
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In fact, the quantity of Giomr™s i (d) — Grae e - oo (d) is directly related to our

water— water —mediated

calculation of water-mediated contribution to the PMF, G, _megiated (4) = Gater—mediated (°) »

as we can see below.

G confined diated (d) _ G bulk—like (d)

water—m water—mediated

fined bulk bulk bulk—lik
= Gvcv(z)irt]elrrfmediated (d) + (Gw:ter—mediated (d) - Gw:ter—mediated (d)) - Gw:ter—lmeediated (d)
fined bulk bulk bulk—lik
= (G\;:v(;rt]elrn—emediated (d) + Gwl;ter—mediated (d)) - (Gw:ter—mediated (d) + Gwl;ter—lmeediated (d))
bulk bulk—lik
= Gwater—mediated (d) - (Gwl;ter—mediated (d) + Gwl;ter—lmidiated (d))

=G

bulk bulk—like
water—mediated (d) - (Gwater—mediated (oo) + Gwater—mediated (OO))
= Gwater—mediated (d) - Gwater—mediated (oo)

Note that G (d) and Gl e (d) are different in that the former is the

water —mediated water —m
water-mediated contribution of free energy due to the bulk water outside the confined
space, which is defined by d and V, and the latter is the water-mediated contribution

when the confined water is bulk-like. Also, here, the symbol = represents the reference

. . . __  confined bulk
dlStaIlCG and we Sll’l’lply con51der that Gwater—mediated (d) - Gwater—mediated (d) + Gwater—mediated (d) .

And we used that if the confined water is truly bulk-like water, the total water-mediated
interaction does not depend on the interplate distance d.
By combining all things together, we are able to obtain the following expression

for water-mediated contribution.

1 pcon ine
Gwater—mediated (d) - Gwater—mediated (OO) = (_ —In A j ’ <N >
Pruik

Note that this relation works only when water molecules are in equilibrium with the bulk;

for example, in the case that the water molecules are strongly bound to the plate, those
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water molecules should be considered as a part of plate, not confined water molecules we
are discussing here.
Finally, by using this last equation, we can understand the inverse correlation

between density change and water-mediated contribution change. For example, if
4% (d) > w2, » then the slope of the plot of <N > versus d is greater than the slope of bulk
water and Peonfined < Pulk and
AG,er—mediated (4) = Gater —mediated (4) = Cuater —mediaed (22) > 0 (see Figure 5-6b). In the same
way, if  u®™(d) < g, , then the slope is less than the bulk water slope and
Peontined > Pouc AN AG | ier mediaeg (d) < 0 (see Figure 5-6¢). However, after dewetting

transition or in a vapor-liquid equilibrium, the relation does not hold. This is because the
water molecules in the confined space are not in equilibrium with the bulk and they are
thermodynamically unstable. In fact, the water number fluctuation is so large that the
statistics is significantly deviated from Gaussian statistics.”’ In other words, the dewetting

transition begins when the relation is broken.
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Figure 5-6. Schematic diagrams showing an inverse correlation between the changes in

AG = G er_megiarea (d) (red line) and (N)(d) (blue line), in the cases of 1™ (d) = pgy,

(@), 1% (d) > progy (b) and ™ (d) < pagy (©)-
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5.3.6 Role of roughness due to non-polar headgroups

Let us now discuss the effects of roughness due to the presence of non-polar
headgroups attached to the CRPC plate. As we can see from Figure 5-4, the water-
mediated attraction is stronger in the presence of the headgroups than in the case of bare
graphene plates. Moreover, the dewetting transition or vapor-liquid equilibrium takes
place when the interplate fluid space is larger (~ 0.8 nm in Figure 5-4b) in case of CRPC
plates compared to case of graphene plates (~0.6 nm in Figure 5-4a). Thus, as we already
mentioned, the roughness enhances hydrophobic interaction, and a proper comparison
can be made with plates containing “carbon” atoms with a low strength of water-plate

interaction (in our case for .. =0.05 kJ/mol).

To get more insight of why this is happening, we consider the snapshots of water
and calculate the water density profiles, especially in a region that is close to the
dewetting transition. The density profiles are shown in Figure 5-7a. Note that the change
of density profiles in the dewetting transition regime (d=1.74~1.8 nm) is correlated with
the large change in the average number of water molecules depicted in Figure 5-3a. After
the partial dewetting transition is completed (d < 1.74 nm), the water density in the
middle is significantly reduced and it forms a plateau, indicating the existence of some
residual water molecules. From the snapshots in Figure 5-3c, we understand that these
residual waters are the waters at the boundary of the confined space, which are
interacting with the bulk water. Because of this contribution, the density profiles of
CRPC plate for the confined space are quite different from the ones observed for the
systems with smooth graphene-like plates and shown in Figure 5-7b. However, since this

portion of density profile due to boundary water molecules (blue dotted rectangle in
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Figure 5-7a) is not of our main concern, we can disregard it and only concentrate on the

change in the middle region that is represented by a red dotted rectangle in Figure 5-7a.
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Figure 5-7. Water number density profiles for the system containing the CRPC plate (a)
and “carbon” plates (b). For clarity, only the water molecules in the x-y dimensions of the
plates are taken into account. The density profiles are normalized so that the values in
bulk water region are 1 and the z coordinate of middle point in the confined space is set to

be zero.

From Figure 5-7b we observe that water between the graphene plates (black,

Ecc =0.3598 kJ/mol) shows a strong layering structure, as the distance between plates

decreases. However, water between the CRPC plates does not show layering. Probably,
this is happening because the non-polar headgroups significantly disturb the smooth
geometry of the graphene plate (and thus water hydrogen bonding network next to the
plate) and do not allow stable water layers to form, as this is happening in the case of

smooth graphene plates. Water between “carbon” plates with ¢.. =0.05 kJ/mol and

between the CRPC plates show a similar behavior in the dewetting transition regime;

compare the changes depicted in the red box in Figure 5-7a and the changes of profiles in

the confined space from Figure 5-7b (d < 0.9 nm).

As we already observed, the presence of uncharged headgroups decreases water-
plate interaction, leading to a strong hydrophobicity. To investigate this in more detail,
we examine the snapshots again. The sideviews in Figure 5-3c clearly demonstrate that
water molecules do not penetrate inside the hydrophobic environment created between
graphene plates and the headgroups. For a quantitative analysis, we calculate the density
profiles for headgroups in Figure 5-8 and superpose them with the water density profiles

in Figure 5-7, to understand where water molecules are located. As we can see from
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Figures 5-8a and 5-8b, the density of water molecules close to carbon atoms of the plates
is low in case of the CRPC plates, when compared to the density in case of PC-headgroup
plates( compare the density peaks of water at z=-0.6nm). Thus, water molecules in the
center of the confined space between the CRPC plates cannot strongly interact with the
graphene parts (red box in Figure 5-8a) of the plates, and, therefore, the plate-water
interaction is relatively weak. The distance between the closest water to the graphene part
of the plate is around 0.5 nm (arrow in Figure 5-8a), which is much larger than

Oco (~0.33 nm). The reason why water is staying away from the graphene parts of the

CRPC plates is that there is no driving force to break water-water hydrogen bonds; for
the case of PC-headgroup case, this driving force is the strong electrostatic interaction
between water and the polar headgroup, which produces a relatively high water density
next to the graphene parts (see Figure 5-8c and 5-8d). Thus, water essentially does not
interact with the graphene parts of the plates, which results in the reduction of the
strength of the plate-water interaction in the CRPC plate case, compared to the pure

graphene case.
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Figure 5-8. Profiles for the number of water molecules represented by oxygen atom

(black), the center of mass (COM) of three end carbons of choline (red), and the COM of

phosphates (green) along the z axis (perpendicular to the graphene plates) of four cases.

(a) CRPC plates at an interplate distance of 1.86 nm, when water wets the plates. (b)

CRPC plates at 1.66 nm, when the system is a partially dry state. (c) PC-headgroup plates

at 1.86 nm. (d) PC-headgroup plates at 1.66 nm. Here, the profiles associated with

cholines and phosphates are normalized, so that the maximum values are 1, whereas for

water the plots are normalized by the number density of bulk water. The red and blue

dotted boxes in (a) indicate the regions where contributions from water molecules located

inside and outside of the spherical boundary region shown in Figure 5-3c. Note that in

each case the plates are located at the both ends of the z axis in the plots.
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] .
%9 used to describe

In fact, this situation strongly reminds us of a Cassie-Baxter state
wetting of the rough solid surface. Cassie-Baxter state occurs when the contact area between the
surface and water molecules is reduced due to roughness of the surface that effectively interacts
with water molecules decreases. Assuming that we deal with the Cassie-Baxter-like states in our

situation, we can quantify the degree of an effective interaction of the surface with water by

defining a simplified measure of an effective interaction strength, as an intrinsic quantity of the

plate. This measure, S , is estimated to be the total strength of interaction between the plate and

water divided by the total area of the plate.

total strength 2 total # of particles of type ix & e o
. — 1

S ,
eff area area

where &, iei)0 15 the LI parameter for interaction between the particle of type i
belonging to the plate and the oxygen atom of water. We calculated the values of S for

our systems and the results are summarized in Table 5-1. Although our calculations
represent just a rough estimate, the numbers we get show that indeed for CRPC plates

the S,; is relatively small, and corresponds to a value for which “carbon” plates are

strongly hydrophobic.
Model Se (kJ/mol/nm’)

“carbon”plate (&, =1.00 kJ/mol) 40.0

graphene plate (&, =0.3598 kJ/mol) 23.7

“carbon” plate ( &, =0.20 kJ/mol) 17.7

“carbon” plate ( & =0.15 kJ/mol) 15.3

“carbon” plate ( &, =0.10 kJ/mol) 12.5

“carbon” plate ( & =0.05 kJ/mol) 8.9
CRPC plate 11.6*

*In this calculation, the graphene part is excluded and the entire headgroups are included.

Table 5-1. Effective interaction strength for our model plates.
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5.3.7 Role of local flexibility due to non-polar headgroups

Since the length of a headgroup (composed of 11 of atoms and united atoms) is
relatively small compared to the graphene plate size and the one end atom of the
headgroup is fixed because it is attached to the plate, the effect of flexibility is relatively
small. However, we are able to capture this effect in the PMF curve. Specifically, it is
clearly seen in the shape of the curve for the direct interaction contribution to the PMF.
As we can notice from Figure 5-3a, the direct interaction between CRPC plates has,
besides the global minimum, a local minimum around d=1.5 nm, while the correspoidng
direct interaction between graphene plates does not have such a minimum (see open
circles in Figure 5-4a). To understand the existence of this minimum, we looked at some
snapshots from the simulations. These snapshots, shown in Figure 5-9a, indicate that the
minimum in the direct interaction curve is associated with the change of relative
orientations of the headgroups protruding from one plate with respect to the headgroups

of the other plate.
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Figure 5-9. (a) Snapshots taken at 1 ns for some selected interplate distances. The
perspective is perpendicular to the graphene plates. United carbon atoms (methyl groups
of choline moieties) are represented by van der Waals spheres. To distinguish two types
of the united atoms, depending on which plate they belong to, we use red and blue colors.
The graphene plates are parallel to the paper. (b) xy-dimensional radial distribution
functions of the red united carbon atoms of the bottom plate, with respect to the blue
united carbon atom of the top plate. (¢) Schematic diagrams for explaining why direct
interaction has a small barrier betweenl.3 nm and 1.5 nm. ry is a critical distance for the
repulsion between non-polar headgroups corresponding to the O parameter in LJ

interaction.

For a quantitative analysis of this reorientational motion we calculated a xy-
dimensional pair correlation function between the two groups of headgroups (specifically,
methyl groups of choline moieties; blue and red spheres in Figure 5-9a). The result is
shown in Figure 5-9b. It is clear that there is a conformational change when the distance
between CRPC plates is in the interval between 1.3 nm and 1.5 nm. Note that at these
distances the partial dewetting already took place and water does not play a significant
role. At larger separations (d > ~ 1.5 nm), the preferable configuration is such that blue
and red headgroups overlap in the xy plane, to maximize the van der Waals interaction
between them. Also, for the same reason, the headgroups in a dewetted state are a little
bit stretched along the z axis (see the red plots in Figure 5-8b). However, when the
headgroups are close enough (d < ~ 1.3 nm), such configuration is not preferable any

more, due to steric repulsion. Thus, in the regime of the intermediate separations, the

124



headgroups change their relative orientations, so they can avoid repulsion acting between
them. As a result, the overlaps in the xy plane disappear. This is explained using cartoons
in Figure 5-8c. Thus, due to flexibility of the headgroups, the system can reach a deeper

minimum in the direct interaction part of PMF.
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5.4 Summary and Conclusions

This study was initiated to understand the contribution of the electrostatic
interaction into a repulsive hydration force acting between two lipid bilayers. In order to
do this we studied the interaction between model lipid bilayers called PC-headgroup
plates and we directly calculated the contribution of electrostatic interaction to the
potential energy of interaction between these model bilayers and water molecules. The
latter interaction, as we previously established, is crucial in understanding the
thermodynamic origin of the hydration interaction.®® As another evidence for this
conclusion, we removed the electric charges from headgroup atoms and calculated the
free energy as a function of distance between the two now non-polar model bilayers.
Contrary to the case of the original model bilayers, the interbilayer interaction became
attractive. Therefore, we can firmly conclude that the repulsive interaction between the
PC-headgroup plates is originated from the electrostatic interaction between polar
headgroups and water molecules.

To understand how hydrophobic the interaction between our CRPC plates is, we
compared the results from the simulations with these plates to the results obtained from
simulations where the interaction between smooth plates containing “carbon’ atoms was
varied by varing the strength of “carbon”-water interaction. The comparison showed that
our CRPC plates are strongly hydrophobic. Attachment of hydrophobic groups to smooth
plates increased the plate hydrophobicity, because the groups created voids between
water and graphene surface and water molecules were not able to fill up these voids.
Therefore the state of water in our simulations with CRPC plates was similar to the

Cassie-Baxter state and this contributed to the increase of hydrophobicity of the interplate
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interaction. The flexibility of the plate headgroups also influenced the interaction, mostly
the direct interaction between the plates.

56,88,90 .
%7 we did not calculate

In this study and our previous studies on this subject,
the contract angle between the water droplet and our plates to determine the hydrophobic
(hydrophilic) character of the plate. We did not do it because our plates are small, and it
is very difficult to calculate accurately the microscopic contact angle of a water
nanodroplet. For example, in the 1 ns NVT simulations with 300 water molecules placed
on the plate at 298 K, a water nanodroplet moves around on the plate surface and
sometimes stays on the edges of the plate, instead of being in the middle of the plate (see
Figure 5-10b). This is most often happening in cases of strongly hydrophobic plates.
However, the snapshots shown in Figure 5-10 can give us an idea that the water
nanodroplet on the plate beads up or reduces its spread over the surface, as the “carbon”-
water interaction decreases. The shape of the water droplet on the charge-removed PC-
headgroup plate is similar to the shape in the cases of strong hydrophobic “carbon” plates
(see Figures 5-10b and 5-10f). Importantly, this trend of hydrophobicity on a single plate

is consistent with the trend of hydrophobic effects observed in interplate interaction and

dewetting transition between two plates.
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Figure 5-10. Snapshots taken at 1 ns for a water nanodroplet on the PC-headgroup plate

(a), the CRPC plate (b), the “carbon” plates with &..= 1.00 kJ/mol (c), &.. = 0.3598
kJ/mol (d), .. = 0.10 kJ/mol (e), and .. = 0.05 kJ/mol (f). For each case, the middle

snapshot is obtained by rotating the system in the left one by 90° around the z axis. The
rightmost snapshot represents a view from the top. According to the conventional
criterion based on the contact angle, it seems the plates of (b), (e) and (f) are

hydrophobic, while the plates of (a), (c) and (d) are hydrophilic.

Finally we would like to mention that the systems we studied here and

previously, *%%

especially the system containing the CRPC plates, may seem to be
somewhat artificial. Nevertheless, by systematic study of such systems and their
hierarchy (graphene plates, “carbon” plates with different water-“carbon” interaction
strength, dressing up the plates with zwitterionic headgroups, removing charges on the

headgroups) allowed us to understand the role of important factors in the phenomena of

hydrophobic and hydrophilic interactions.
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