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ABSTRACT: We study by molecular dynamics simulations the
driving force for the hydrophobic interaction between graphene
sheets of different sizes down to the atomic scale. Similar to the
prediction by Lum, Chandler, and Weeks for hard-sphere
solvation [J. Phys. Chem. B 1999, 103, 4570-4577], we find
the driving force to be length-scale dependent, despite the fact
that our model systems do not exhibit dewetting. For small
hydrophobic solutes, the association is purely entropic, while
enthalpy favors dissociation. The latter is demonstrated to arise
from the enhancement of hydrogen bonding between the water
molecules around small hydrophobes. On the other hand, the
attraction between large graphene sheets is dominated by enthalpy which mainly originates from direct solute-solute interactions.
The crossover length is found to be inside the range of 0.3-1.5 nm2 of the surface area of the hydrophobe that is eliminated in the
association process. In the large-scale regime, different thermodynamic properties are scalable with this change of surface area. In
particular, upon dimerization, a total and a water-induced stabilization of approximately 65 and 12 kJ/mol/nm2 are obtained,
respectively, and on average around one hydrogen bond is gained per 1 nm2 of graphene sheet association. Furthermore, the
potential of mean force between the sheets is also scalable except for interplate distances smaller than 0.64 nmwhich corresponds to
the region around the barrier for removing the last layer of water. It turns out that, as the surface area increases, the relative height of
the barrier for association decreases and the range of attraction increases. It is also shown that, around small hydrophobic solutes, the
lifetime of the hydrogen bonds is longer than in the bulk, while around large hydrophobes it is the same. Nevertheless, the
rearrangement of the hydrogen-bond network for both length-scale regimes is slower than in bulk water.

I. INTRODUCTION

Hydrophobic interactions, or the attractive forces between
nonpolar groups in water, play an important role in many
phenomena in nature, for example, in micelles and cell mem-
brane formation, acceptor-ligand binding, and stability of
protein structures.1 Nevertheless, for a long time the notion of
hydrophobicity has been elusive. This was mainly due to the
realization that the forces acting between hydrophobes are, in
part, not direct forces between particles, but are rather induced by
the surrounding aqueous medium. Water is famous for its
extensive network of hydrogen bonds. These hydrogen bonds
are much stronger than other intermolecular interactions, ren-
dering water an associative liquid. Consequently, one would
think that the attractive force between two nonpolar solutes in
water originates from the inability of water molecules next to the
solute to form as many hydrogen bonds as it can in bulk water.2

However, measurements of the thermodynamics of solvation
demonstrated that the forces between nonpolar organic com-
pounds in water are induced by entropy,3 and on the contrary,
the change in enthalpy upon solvation of many small nonpolar
solutes is negative.4 This entropy-induced hydrophobicity is in
line with the observation that the strength of the hydrophobic
interaction increases with temperature.

These developments were taken further by Frank and Evans5

who proposed that water molecules around hydrophobic solutes
arrange themselves in a quasi-crystalline structure, referred to as
an “iceberg”, in which there is less randomness. For many years,
the idea of an iceberg surrounding apolar solutes has been fueling
debates in the literature. In fact, as expressed by Blokzijl and
Engberts,4 the entire idea that the hydrophobic interactions are
entropy driven “gave chemists a genuine feeling of discomfort”.
In 1973, Stillinger6 proposed that water molecules around small
hydrophobes can maintain their hydrogen bond network while
around large hydrophobes they cannot, paving the road for
introducing enthalpy as a second driving force for hydrophobic
interactions. Lum,Chandler, andWeeks (LCW) quantified this idea
through their theory of hydrophobic solvation.7They predicted that
the crossover between small and large regime occurs on nanometer
length scale. This crossover length is about the range of interactions
between water molecules in the bulk. Subsequent computer simula-
tions reported that the excess Gibbs (free) energy of solvation of
small hard-sphere solutes (i.e., formation of cavities) in water scales
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approximately with the solute’s volume, whereas the excess Gibbs
energy of large solutes scale with solute’s surface area.8,9 These
results were also reproduced using scaled particle theory,10 and in
addition, it was argued that this crossover length also exists in other
liquids.

Water exhibits many anomalous properties, in which many, if
not all, can be attributed to the extent of its hydrogen bonding.
The hydrophobic effect is of no exception; that means it can be
attributed to the interruption of the hydrogen bond network by
the hydrophobic solute. In the small-scale regime the hydrogen
bonds are not lost but it cost entropy for water to maintain them.
In the large-scale regime, the water hydrogen bond network
cannot persist anymore and enthalpy is brought into play. What
is the origin of the entropy loss of water next to small hydro-
phobes? Certainly the term “iceberg” should not be understood
as if ice layers are surrounding the hydrophobes. Even the
formation of a rigid clathrate-like structure is controversial.11-13

Other arguments state that the possible configurations of hydro-
gen bonding between water molecules next to small hydro-
phobes are restricted.14,15 Although this is reasonable, it has not
been demonstrated yet. It is also intriguing to know whether the
same physical picture for the reduced entropy is applicable next
to large hydrophobes.

In this paper, we study the behavior of the hydrophobic
interaction between graphene sheets of varying sizes. As was
found for the solvation of hard-sphere solutes,7-9we observe the
mechanism for association to be length-scale dependent. The
crossover length is found to be in the range of 0.3-1.5 nm2 of the
surface area of the hydrophobe that is eliminated in the process.
The attractive force between small hydrophobes is induced
purely by entropy. In fact, the enthalpic part of the Gibbs energy
opposes association. This is because the number of hydrogen
bonds between water molecules surrounding small hydrophobes
is larger than in bulk water. On the other hand, for large sheets
the association is driven by both enthalpy and entropy with
relative contributions of 7 and 3, respectively, to the change in
the Gibbs energy. In this large-scale regime, the Gibbs energy of
association, as well as other thermodynamic properties, scale as
the change in the surface area of the hydrophobe exposed to the
solvent. The difference between small- and large-scale associa-
tion is the inability of the water molecules to maintain their
hydrogen bond network next to large surface, and indeed, we find
that on average one hydrogen bond is broken around 1 nm2 of
hydrophobic surface. The potential of mean force between large
graphene sheets is also scalable, except for interplate distances
smaller than 0.64 nm, which corresponds to the barrier of
removing the last water layer. For larger sheets, a relatively lower
barrier height for association and larger range of attraction are

observed. We further show that the dynamics of the hydrogen
bonds around small solutes is different from that around large
solutes. Hydrogen bonds around small hydrophobes live longer
than in the bulk, explaining the larger number of hydrogen bonds
found around these solutes. The rearrangement of hydrogen
bonds is also retarded in this case. On the other hand, around
large hydrophobes, the hydrogen bond lifetime is similar to that
in the bulk; however, the dynamics of rearranging the network is
slower.

II. METHODS

We study the driving force for the hydrophobic interaction
between two identical nonpolar hydrophobes of varying sizes.
The four largest hydrophobes (see Figure 1) are represented by a
graphene sheet that was prepared by cutting a rectangle from a
monolayer of hexagonal graphite structure with bond length of
0.142 nm. The smallest (described by a single atom, N = 1) and
the second smallest (N = 2) hydrophobes cannot be considered
as sheets of graphene; however, all the parameters taken (the LJ
values and the bond length) are the same as those used to
describe the graphene sheets. This was done in order to elucidate
the driving force of the hydrophobic association down to the
atomic scale, keeping the “chemical identity” of the constituting
carbon unit the same. The carbon-water Lennard-Jones (LJ)
parameters, σco = 0.319 nm and εco = 0.392 kJ/mol, were taken
from parametrization of the contact angle of water on graphite.16

These values were also used to extract the LJ parameters (using
the geometric combination rule) between two graphene carbon
atoms. During simulations, the positions of the hydrophobe
atoms are held fixed, interactions between atoms on the same
hydrophobe are excluded, and the orientation of the two planes
of the sheets (or the two bond vectors for N = 2) is parallel and
in-registry with respect to each other.

We used themolecular dynamics package GROMACS version
4.0.517 to perform all of the computer simulations with a time
step of 0.002 ps. In all cases, we solvated the two hydrophobes in
1520 water molecules described by the TIP4P-Ew model.18

Their bond distances and angle were constrained using the
SETTLE algorithm.19 The electrostatic forces were evaluated
by the particle-mesh Ewald method (with real-space cutoff of 1.0
nm, grid spacing of 0.12 nm, and quadratic interpolation) and the
LJ forces by a cutoff of 1.0 nm (with long-range dispersion
corrections for the energy and pressure). The system was
maintained at a constant temperature of 300 K by the velocity
rescaling thermostat20 and at a pressure of 1.0 bar by the
Berendsen thermostat.21

The potential of mean force (PMF) between the two hydro-
phobes was computed from the mean force acting on each of the

Figure 1. Models for hydrophobes of different sizes, and consequently different number of constituting atomic particles,N, prepared by rectangular cuts
of a graphene sheet. See Table 1 for the rectangular dimensions of the N g 28 plates.
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hydrophobes.22,23 Then the mean force acting between the
hydrophobes along their axis of separation (the z-axis) was
integrated as a function of the distance between the hydro-
phobes, d, to yield the Gibbs energy profile. As the PMF
represents only relative values, it was shifted such that the Gibbs
energy of the state at the largest separation (d = 1.86 nm)
corresponds to zero. To obtain the PMF for each hydrophobe,
we performed 70 simulations with different values of d, ranging
from 0.26 to 1.86 nm. At each distance, the system was
equilibrated for 6.0 ns and data collected for an additional 18.0
ns. The error in the quantities obtained from the simulations was
estimated using the block averaging method.24 The error in
determining the change in Gibbs energy, ΔG, between the
associated (d = 0.31 or 0.32 nm) and dissociated (d = 1.86
nm) states is obtained by integrating the mean forces plus/minus
their errors.

In order to achieve accurate analyses of the system at the
associated and dissociated states, we performed six additional
simulations at each of these points for 42.0 ns (thus, a combined
trajectory of 252.0 ns) for each N. This was necessary since the
change in enthalpy, which is calculated from the change in the
potential energy of the system,ΔH =ΔUþ pΔV, is obtained by
subtracting a large number from a similar large number. These six
simulations were considered statistically independent and there-
fore, the error estimate in this case was determined by the
standard error of the mean (obtained from the six simulations).
Note that the magnitude of the error calculated forΔU is at least
2 orders of magnitude larger than the term p|ΔV| and, therefore,
the latter can be safely ignored. We also run at d = 0.60 nm and
d = 0.70 nm 12 and 6, respectively, additional simulations of
42.0 ns each to obtain accurate density profiles of the oxygen
atoms of the water molecules along the z-axis, the axis perpendi-
cular to the plane of the graphene sheets.

We define the change in the solvent-excluded surface area,
ΔSESA, for the association reaction as the surface area of the
hydrophobe exposed to the solvent in its dimeric state minus the
SESA of the two monomers. Since for dimerization, this yields
negative values for ΔSESA, we plotted the different thermo-
dynamic properties as a function of-ΔSESA. The calculations of
the SESA for the associated and dissociated states were per-
formed using the MSMS program.25 The effective diameter
between the carbon atom and the probe solvent molecule were
taken form the location of the first maximum (r = 0.328 nm) in
the carbon(hydrophobe)-oxygen(water) radial distribution
function (RDF).

Two water molecules were considered to be hydrogen bonded
if the hydrogen-oxygen distance was smaller than 0.244 nm (the
first minimum in the corresponding bulk RDF), and the donor-
hydrogen-acceptor connectivity angle was larger than 150�. The
dynamics of the hydrogen bond lifetime between water mole-
cules around the hydrophobes was calculated by two different
autocorrelation functions26,27

CHBðtÞ ¼
Æhð0ÞhðtÞæ

Æhæ
ð1Þ

SHBðtÞ ¼
Æhð0ÞHðtÞæ

Æhæ
ð2Þ

The average in eqs 1 and 2 includes all pairs of water molecules
inside the first solvation shell of the hydrophobe. This was
determined by a cutoff distance of 0.50 nm between the oxygen

atom of water and the closest atom of the hydrophobe, a distance
equal to the location of the first minimum in the corresponding
RDF. The value of h(t) equals 1 if a particular pair of water
molecules is hydrogen bonded at time t, and otherwise 0. On the
other hand, H(t) equals to 1 only if a particular pair of water
molecules is continuously hydrogen bonded from time 0 to t.
Thus, the autocorrelation function SHB(t) does not consider re-
forming of bonds after they broke at intermediate times, while
CHB(t) does.

III. RESULTS AND DISCUSSION

Themodels of the different hydrophobes used in this study are
plotted in Figure 1. In these models, the number of graphene
carbon atoms, N, for each monomer range from 1 to 240. The
process that we are considering is the association (dimerization)
of two identical hydrophobes (H)

HþH h H2 ð3Þ

It is likely that, for large N, the thermodynamic properties of the
hydrophobic interactions will scale as a function of the size of the
area (of the hydrophobes) exposed to the solvent that is buried in
the association process. We computed the solvent-excluded
surface area for both sides of eq 3 and the corresponding change,
ΔSESA, for dimerization. For simplicity, we will use the value of
-ΔSESA as the scaling factor since it is positive for eq 3. The
results are shown in Table 1. In this range of model hydrophobes,
the change in the solvent-excluded surface area spans more than
2 orders of magnitude.

The potential of mean force (PMF) of bringing the two
hydrophobes from far apart into contact is displayed in Figure 2.
The upper and middle panels present, respectively, the total
(directþ induced) and induced PMFs. Important values derived
from these PMFs are given in Table 2. Specifically, the table
indicate explicitly the direct solute-solute, and solvent-induced,
contributions to the Gibbs energy of forming the contact and first
solvent-separated states, as well as, of the barrier height between
these two states relative to the first solvent-separated state (i.e.,
the barrier for removing the last water layer). The results shown
in Table 2 indicate that the relative contribution of the solvent-
induced interactions to the stability of the contact state is largest
forN = 1 and gradually decreases withN. For example, it is 100%
forN = 1while only 19% forN = 240. In fact, forN > 28 themajor

Table 1. Solvent-Excluded Surface Area (in nm2) of the
Different Hydrophobe (Graphene Sheet) Systems, Calculated
for the Monomeric and Dimeric States as Well as for the
Change in the Association Processa

N (carbons) x � y

2 � SESA

(monomer)

SESA

(dimer) -ΔSESA

1 0.678 0.633 0.045

2 0.967 0.881 0.086

6 1.761 1.470 0.291

28 0.710� 0.738 5.681 4.145 1.536

104 1.562� 1.476 16.173 10.490 5.683

240 2.414� 2.338 33.208 20.150 13.058
a ForNg 28, the x and y dimensions of the rectangular plate (in nm), as
measured by the center to center distance between two end atoms, are
also given.
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part of the stabilization of the contact pair is from direct solute-
solute interactions. In all cases, except forN = 1, the minimum of
the total PMF curve, which marks the equilibrium state for
association, is at d = 0.32 nm, while for N = 1 it is at d = 0.31 nm.
In earlier investigations, it has been observed that two hydro-
phobic surfaces that are brought into contact can display a drying

transition (at gap separations that can hold at least two water
layers) where the water confined between the two surfaces is
unstable in its liquid state and evaporates.28-32 However, for
graphene sheets the hydrophobe-water interaction is too strong
to support this transition,33,34 and accordingly, drying was not
observed in any of the cases studied. In the lower panel of
Figure 2, the induced PMFs scaled by -ΔSESA are shown. For
the systemsN = 1, 2, and 6 the PMFs are not scalable, but they are
all characterized by a relatively large barrier for association. For
N = 28, 104, and 240, the PMFs are scalable, except in the region
d < 0.64 nm, where the curves with larger N have a relatively
lower barrier for association and larger range of attraction (the
latter property is actually true for all N). The significance of the
scaled PMFs of the different model systems to produce a single
curve is that a PMF of one system can be predicted from the PMF
of another system. The results indicate that for the plates we
study here with N = 28, 104, and 240 this can be done down to
the interplate distance d = 0.64 nm, where smaller values
correspond to the ejection of the last water layer. See below
for an analysis on the origin of this phenomenon. Note that the
N = 6 and N = 28 PMFs are not scalable (figure is not shown).

Table 3 presents the results of the thermodynamics of the
association process. The Gibbs energy change, ΔG, is computed

Figure 2. Upper andmiddle panels: The total and induced potential of mean force, respectively, between two identical hydrophobes as a function of the
distance between their center of mass, d, for different model systems. The long axis of the hydrophobe (for N = 2), or the planes of the two graphene
sheets (forN > 2), are parallel and in-registry with respect to each other. In all cases, the equilibrium distance for the contact state occurs at d = 0.32 nm,
except for N = 1 where the minimum of the curve is at d = 0.31 nm. Lower panel: The induced PMFs scaled by the change in the surface area of the
hydrophobes exposed to the solvent (-ΔSESA).

Table 2. Summary of the Important Features of the PMFs
Shown in Figure 2a

contact state FSS state barrier height

N (carbons) direct induced direct induced direct induced

1 0.3 -3.0 -0.01 -0.4 -0.05 1.1

2 -0.4 -3.8 -0.04 -0.4 -0.1 1.9

6 -5.3 -6.2 -0.3 -0.2 -0.7 4.2

28 -52.8 -22.1 -3.2 -0.02 -3.8 12.0

104 -259.5 -55.0 -16.6 -2.5 -14.2 34.9

240 -658.0 -151.8 -42.7 -10.4 -25.0 35.3
aDirect solute-solute, and solvent-induced, contributions to the Gibbs
energy of forming the contact and first solvent-separated (FSS) states, as
well as, of the barrier height between these two states relative to the FSS
state are shown. All numbers are given in kJ/mol.
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by the difference of the value of the PMF in the dissociated state
(d = 1.86 nm) from that in the associated state (d = 0.31 nm for
N = 1, and d = 0.32 nm otherwise). In all cases, ΔG is negative
which means the systems favor association. The change in
enthalpy, ΔH, is calculated from the change in the potential
energy (the magnitude of the volume change between the two
states would make a negligible contribution to ΔH), and the
change in entropy was calculated from TΔS = ΔH - ΔG. The
results shown in Table 3 indicate that for N = 1, 2, and 6 the
driving force for hydrophobic association is purely entropic. In
fact, the change in enthalpy, as was found by experiments,4 favors
dissociation; however, it is overcome by the entropy change. On
the other hand, forNg 28, both entropy and enthalpy contribute
to the association of the hydrophobes. As the surface area of the
hydrophobe increases (i.e., for larger N), the relative contribu-
tion of the enthalpy to drive the association increases, and forN =
240, 70% of the Gibbs energy for dimerization is enthalpic. We
suspect that for larger N, not too far from N = 240, the relative
contribution of enthalpy and entropy will remain constant. [This
is because, once the fraction of the edge particles is negligible, the
number of water molecules that are perturbed due to the
graphene sheets will be proportional to the surface area of the
hydrophobe exposed to the solvent, and all changes in thermo-
dynamic properties will scale accordingly.] Note that the cross-
over in the driving force for hydrophobic interaction, from purely
entropic at small length scale of the hydrophobes to being
dominated by enthalpy for large hydrophobes, is in line with
theoretical predictions.6,7 Furthermore, the location of the cross-
over occurs for a value of 0.3 <-ΔSESA < 1.5 nm2, which is on
the same order as the crossover radius of 0.5-1 nm obtained
from the LCW theory,8,9 although this theory considered solva-
tion of hard objects that at large scale exhibit a drying transition.

As mentioned above, for large N, the change in Gibbs energy
for association is expected to scale as the surface area of the
hydrophobe that is eliminated in the process. This is true as long
as the thickness of the hydrophobe-water interface does not
change with the size of the graphene sheets. The PMF and,
consequently, the Gibbs energy change of the reaction can be
decomposed into a direct and an induced part (see below).
Figure 3a displays the curves of the total and induced changes in
Gibbs energy as a function of-ΔSESA. The scaling ofΔGinduced

by-ΔSESA yields a plateau for largeN. The plateau region starts
around N = 28, the size of hydrophobe which marks the onset of
the large scale behavior detected in Table 3 based on the entry of
the enthalpy as a driving force for association. However,
ΔGtotal/(-ΔSESA) does not (yet) display a plateau. The reason
is that the size of plates we used in the simulations are too small
for the direct part of the Gibbs energy change to scale as the
surface area of the graphene sheets. The value of ΔGdirect equals
the potential energy interaction between the sheets in the

associated state,

ΔGdirect ¼
XN

i¼ 1

ui ð4Þ

The sum in eq 4 is over all particles on one of the sheets, and ui is
the interaction energy of particle i on that sheet with all particles
on the other sheet. If ui is constant for all i thenΔGdirect will scale
with the surface area. However, particles at the edge will have
weaker interactions than particles in the middle of the plates, and
the fraction of the former decreases with the size of the hydro-
phobes. This explains why ΔGtotal/(-ΔSESA) in Figure 3a
continues to go down (toward stronger interactions) with an
increase in N. Nevertheless, above a certain size of the sheets the
fraction of the edge particles will not contribute significantly to
the sum in eq 4 and ΔGtotal will scale with the change in the
surface area. The values of the curves at large N indicate that
upon association of graphene sheets there is a water-induced
stabilization of ∼12 kJ/mol per 1 nm2 area of the sheets, and
the total stabilization can be extrapolated to approximately
65 kJ/mol/nm2.

Table 3. Thermodynamic Data for the Association Process of Two Identical Hydrophobesa

N (carbons) ΔG ΔH TΔS driving force for association

1 -2.7( 0.4 2.4( 0.8 5.1( 1.2 100% entropic

2 -4.2( 0.5 4.2( 0.9 8.4( 1.4 100% entropic

6 -11.5( 0.6 3.7( 1.1 15.2( 1.7 100% entropic

28 -74.9( 0.9 -23.1( 1.0 51.8( 1.9 31% enthalpic and 69% entropic

104 -314.5( 1.4 -200.8( 1.1 113.7( 2.5 64% enthalpic and 36% entropic

240 -809.7 ( 4.0 -563.2( 1.4 246.5 ( 5.4 70% enthalpic and 30% entropic
aAll energy units are in kJ/mol.

Figure 3. (a) Total and the induced Gibbs (free) energy difference of
the association process as a function of -ΔSESA. (b) The correspond-
ing change in the entropy, TΔS, of the system.
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The change in the entropy of the system scaled by-ΔSESA is
plotted in Figure 3b. This entropy change represents the change
in the entropy of the (interfacial) water molecules since the
hydrophobes degrees of freedom are frozen. The scaled entropy
change also reaches a constant value, however, the plateau region
starts only at N = 104. The curve indicates that relative to the
surface area that is buried in the reaction,TΔS is larger for smaller
hydrophobes (which also can be inferred from Table 3). For the
same reasonΔGdirect does not scale with the change in the surface
area, ΔH does not scale as well (graph not shown). We, there-
fore, plotted the change in enthalpy between the water molecules
for the association process,ΔHW-W, in Figure 4a (the change in
the water-solute enthalpy scaled by-ΔSESA is shown in Figure
2 of the Supporting Information). Similar to the behavior of ΔH
of the system, ΔHW-W is positive for N e 6, which means that
the reorganization energy between water molecules around the
hydrophobes opposes hydrophobic association. This is possible
if the hydrogen-bonding energy between water molecules sur-
rounding small hydrophobic solutes is larger than that in bulk
water. There are conflicting reports in the literature in regard to
the behavior of hydrogen bonds around small solutes. In one
study, it is argued that within the first shell around small
hydrophobes the distortions of hydrogen bonds from ideal
geometry are smaller than in bulk,35 while in another study it is
claimed that small hydrophobic groups are surrounded by a
loose, hydrogen-bonded cage of water molecules.36 In Figure 4b,
the change in the number of hydrogen bonds in the entire system
is plotted as a function of -ΔSESA. The graph shows that for
N e 6 more hydrogen bonds between the water molecules are
found in the dissociated state than in the associated state, and vice
versa for Ng 28. Thus, around small hydrophobic solutes there

are more, while around large hydrophobes there are less, hydro-
gen bonds than in bulk. The value of the curve at largeN indicates
that on average there is an increase of about one hydrogen bond
per 1 nm2 of graphene sheet association.

Bulk water molecules do not attain the maximum energy of
interaction with their neighbors due to thermal excitations and
the constant rearrangement of their hydrogen bond network. As
a result, the average number of hydrogen bonds per water
molecules at room temperature is smaller than four.37-40 How-
ever, these structural defects facilitate water reorientations and
hydrogen bonds rearrangements41-44 and thereby augment the
entropy. The reorientation time of water molecules around
hydrophobic solutes is known to be retarded relative to the
bulk.41,45-51 Is there, then, a difference in the slowing down of
the water dynamics around small hydrophobes compared to
large hydrophobes? In Figure 5a we plotted the autocorrelation
function of the hydrogen bonds, CHB(t), allowing bond breaking
at intermediate times, while in the calculation of the correlation
in Figure 5b, SHB(t), the hydrogen bonds are present continu-
ously (see Methods section). This was performed for N = 1 and
240, at gap separation of d = 1.86 nm (i.e., the dissociated state
where the plates do not influence each other), as well as for bulk
water. The results show that around small solutes the relaxation
of both correlation functions is slower than in the bulk, indicating
that the hydrogen bonds are more long-lived and rearrange
slower. The fact that these hydrogen bonds break less frequently
than in bulk is the reason why there is an enthalpic gain, and an
increase in the number of hydrogen bonds, for solvating small
hydrophobes in water (the positive enthalpies in Table 3 and the
negative values of ΔNHB in Figure 4b). Even when they break,
there is a higher probability to re-form a hydrogen bond between
the same pair of water molecules. This can be attributed to the
tangential orientation of the hydrogen bonds in the first solvation
shell around small solutes35,36 that restrict the possibilities of
rearranging their network. Around large hydrophobes, on the
other hand, only the relaxation ofCHB(t) is retarded compared to
bulk water. This means that, although the hydrogen bond life-
time is not longer, the rearrangement of the hydrogen bonds
network is slower than in bulk (since the hydrogen bonds are re-
formed with the same neighbors). We conjecture that the
difference in the behavior between small and large solutes stems
from the fact that at the interface with large hydrophobes there is
a decrease in the number of hydrogen bonds (see Figure 4b)
rendering the breaking of individual bonds easier (SHB(t) relaxes
faster). However, the oscillations in density34,52,53 and the strong
preferential orientation34,52,54-57 exhibited by watermolecules at
these surfaces reduce the possibilities of rearranging the hydro-
gen bonds network; thus, the relaxation of CHB(t) is similar to
that around small hydrophobes and slower than in bulk.

The diffusion of water molecules next to hydrophobes is also
known to be retarded.58-60 In Figure 5c we display the mean
squared displacement of the water molecules in the xy-plane
(parallel to the graphene surface) around N = 1 and N = 240 as
well as in bulk. The plots cover short times (the two-dimensional
diffusion coefficients,D, were calculated in the range of 2-18 ps)
since for longer times the water will diffuse away from the
hydrophobe. The figure indicates that water molecules in the
bulk diffuse faster than around hydrophobic solutes. As is the case
for the relaxation of the hydrogen bond correlation function,
CHB(t), the plots forN = 1 andN = 240 are very similar. Thus, the
reorientation time and diffusion are slower for water molecules
surrounding a carbon atom than they are in bulk. This can be

Figure 4. (a) Change in enthalpy between the solvent water molecules,
ΔHW-W, for the association process, and (b) the change in the number
of hydrogen bonds as a function of the change in the surface area
exposed to the solvent.
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explained through the mechanism of breaking a hydrogen bond
between water molecules. In order to diffuse or rotate, a water
molecule has to break some of the hydrogen bonds that it makes
with its neighbors. Since the strength of a hydrogen bond is much
larger than the magnitude of thermal fluctuations, it is unlikely
that a hydrogen bond will be broken without lowering its barrier
height. Such a mechanism has been reported in the literature41-43

in which a water molecule can break a hydrogen bond by
accepting a fifth water molecule to its first solvation shell forming
a bifurcated hydrogen bond. A water molecule surrounding a
carbon atom still has approximately four water molecules in its
first solvation shell. Therefore, it has lower possibilities that a fifth
water molecule from the second solvation shell will be able to
enter its first shell. As a consequence, the rate of breaking
hydrogen bonds, and thereby the rotation and diffusion, of this
molecule are slower than in bulk.61

The existence of a thin vapor layer, or density fluctuations,
around extended hydrophobic surfaces has been proposed7 and
reported experimentally for a hydrocarbon system.62 However,
other studies found no evidence for such behavior in systems that
are characterized even by a weak water-surface attractive
interactions.63-65 Analysis of the density profiles of the water
molecules along the axis perpendicular to the water/hydrophobe
interface in our model systems indicates stratification with a
pronounced first peak (see for example, the density profile for |z|
> 0.5 nm in Figure 6, b and c) precluding the possibility of a vapor

Figure 6. (a) Change in the total volume of the system for the
association process as a function of -ΔSESA. (b) Density profile of
the (oxygen atoms of) water molecules along the z-axis (which is
perpendicular to the plane of the graphene sheets), divided by the
average water density, at d = 0.60 nm. (c) Same as (b) but for d =
0.70 nm.

Figure 5. Hydrogen bond lifetime between water molecules next to the
hydrophobe and in bulk. In (a) the autocorrelation function, CHB(t),
counts also re-formed bonds (as defined in eq 1), while in (b) the
autocorrelation SHB(t) counts bonds that are only continuously existing
(defined in eq 2). In the latter, the curves for N = 240 and the bulk are
very similar. (c) The mean-squared displacement of the water molecules
in the xy-plane around the hydrophobe and in bulk, and the correspond-
ing two-dimensional diffusion constants. In all cases, the analysis was
performed around each plate in the dissociated state (d = 1.86 nm).
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layer. Nevertheless, the change in the total volume of the system,
ΔV, for association is negative. This is a result of the fact that the
hydrophobe-water contact distance is larger than the water-
water and hydrophobe-hydrophobe contact distances. The
value ofΔV scaled by the surface area that is eliminated is shown
in Figure 6a. A clear scalability with the change in the surface area
of the hydrophobe is observed, implying that extrapolation to
larger surfaces would yield interfacial waters with structure that is
similar to that obtained in this study.

A different situation occurs for water molecules that are
confined between the two plates. The first maximum in the
PMFs shown in Figure 2 is the Gibbs energy barrier for removing
the last layer of water between the two surfaces. ForN = 104, it is
located at a gap separation of 0.60 nm. The density of waters
along the z-axis for N = 6, 18, 104, and 240 at d = 0.60, and 0.70
nm is plotted in Figure 6, panels b and c, respectively. The graph
indicates that for d = 0.60 nm the water density between the two
surfaces (|z| < 0.2 nm) is reduced with increasing the plate size.
We therefore plotted in Figure 7 a superposition of the coordi-
nates of these interplate water molecules projected on the xy
plane. The water molecules in the N = 6, 28 systems exhibit a
different behavior than in theN = 104, 240 systems.While for the
smaller plates the water molecules reside throughout the inter-
plate lateral projected region (although inhomogeneity is already
noticeable at N = 28), for the larger plates the water molecules
exhibit much higher probability at the edges, and especially the
corners, of the plates. Note that, in all cases, an instantaneous
configuration of the interplate region can be an empty state that
gradually increases in the number of the confined water mole-
cules (see Figure 1 in the Supporting Information). The decrease
in stability of the confined liquid water for larger N is the reason
why the scaled (induced) PMFs in the range d < 0.64 nm display
a relatively lower barrier for association and larger range of
attraction as N increases (see Figure 2, lower panel). On the
other hand, for d = 0.70 nm, where the scaled PMFs for N = 28,
104, and 240 exhibit approximately the same value, the density of
the water molecules between the two plates is very similar
(Figure 6c) and homogeneous in the projection on the xy plane
(plots not shown).

IV. CONCLUSIONS

In this paper we performed computer simulations aiming to
obtain the thermodynamics of the hydrophobic interaction at
different length scales. The model systems chosen represent
rectangular cuts of a graphene sheet. It is shown that for small
solutes the attractive interaction is purely entropic. In fact,
enthalpy favors the dissociated state because there are more
hydrogen bonds around small solutes than in bulk. Above a

critical value of the change in surface area of the hydrophobe in
the association process (which we found to be in the range of
0.3-1.5 nm2), enthalpy enters as a second driving force for
attraction.With further increase of this change in surface area, the
relative contribution of enthalpy increases and become the
dominant factor. For the largest graphene sheets we studied,
70% of the change in Gibbs energy for association is enthalpic.
Increasing the plate size further is likely to exhibit a convergence
in the distribution of the Gibbs energy components (probably
not too far from the 7:3 ratio). These results are in sharp contrast
with previous molecular dynamics simulations which found the
driving force for nanoscopic graphene sheets association to be
purely entropic.66 Note that, in these simulations, the PMF as
well as the enthalpy and entropy were calculated by different
methods than those employed here.

The difference between small- and large-scale association is
the inability of the water molecules at the interface with large
surface to maintain their hydrogen bond network. We find that
on average one hydrogen bond is broken around 1 nm2 hydro-
phobic surface. The water-induced Gibbs energy for graphene
sheet association is about-12 kJ/mol/nm2, and is not the major
factor in the total stabilization (which is about -65 kJ/mol/
nm2). From this point of view, graphene sheets are not fully
representative for “hydrocarbon-like” system. Nevertheless, the
water-induced Gibbs energy for graphene sheets association is
negative as opposed to positive values obtained recently for
bicyclooctane, adamantane, and fullerene systems.67 It is very
likely that the strong LJ dispersion interactions between these
hydrophobes and water68 as well as the convex shape of their
hydrophobic surface69 are responsible for the fact that in these
systems water opposes association.

Furthermore, we showed that hydrogen bonds around small
hydrophobes live longer than in the bulk, explaining their larger
number around these solutes. Hydrogen-bond rearrangement is
also retarded in this case. On the other hand, around large
hydrophobes, the hydrogen bond lifetime is similar to that in the
bulk; however, the dynamics of rearranging the network is
slower. In the large-scale regime, the PMF of graphene sheets
can be scaled to yield a master curve, except for d < 0.64 nm, thus,
around the barrier of removing the last water layer. The decrease
in stability of the water molecules (in the liquid state) in this
confined gap with increasing plate size rationalizes the different
behavior of the scaled PMFs in this region. As a consequence, a
relatively lower barrier height for association and larger range of
attraction is observed for larger surfaces.
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Figure 1: The instantaneous number of water molecules between the two graphene sheets for N=28

as a function of time. The graph, which displays a short segment of the trajectory, indicates that an

instantaneous configuration of the interplate region can be an empty state that gradually increases in

the number of the confined water molecules.
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Figure 2: The change in enthalpy between water molecules and the hydrophobic solutes, ∆HW–S,

for the association process, scaled by the change in the surface area of the hydrophobes exposed to

the solvent (-∆SESA).
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