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Computer Simulation of Hydrophobic Hydration Forces on Stacked Plates at Short Range
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The potential of mean force between two large parallel hydrophobic oblate ellipsoidal plates in liquid water
is determined by molecular dynamics. Each ellipsoid displaces approximately 40 water molecules and has
major and minor axes of 3.1 and 9.3 A, respectively, has a surface area of 650 A2, and interacts repulsively
with the solvent water molecules. The potential of mean force is calculated from thermodynamic perturbation
theory for a series of decreasing plate separations, using constant-pressure molecular dynamics. As the plates
are moved together, they are first separated by three water layers and then by two, but for shorter distances,
a dewetting transition occurs, and one water layer is never observed despite the fact that one can fit. As the
plates are brought together, there is a corresponding weak oscillation in the potential of mean force
corresponding to the removal of each water layer until the dewetting transition takes place, and for closer
separations, the surrounding water molecules induce a constant average attractive force of 25 (kJ/mol)/A
between the plates. This hydrophobic attraction is largely entropic in character, and the potential of mean
force is found to be proportional to the area of the water—vacuum surface in this dewetting regime. The
constant of proportionality is found to be smaller than the gas—liquid surface tension of the water model

used. There is a very strong short-range driving force toward contact pairing.

1. Introduction

The usual view of the hydrophobic interaction is based on a
simple picture.!~5 Because nonpolar molecules are relatively
insoluble in water, it is usually assumed that there is a
thermodynamic driving force in water that will drive two apolar
spheres together to a much greater degree than would be the
case if these two spheres were dissolved in a nonpolar solvent.
This driving force has two possible sources. The entropy of
solution of simple nonpolar solutes in water is negative (e.g.,
AS,. = —126 J/(mol deg)). Most of this entropic change
springs from the ordering of the water molecules in close
proximity to the solute molecule. Since two solute molecules
in contact will order fewer solvent molecules than two solvent-
separated solute molecules, the entropy change on bringing the
solute molecules from a large separation into contact should be
positive, and if enthalpy changes are unimportant, as they would
be for hard-sphere solutes, this change in relative separation
will lower the overall free energy of the solution. From this
point of view, the driving force for hydrophobic aggregation is
consistent with the solvent trying to minimize the exposed
surface area of the solute molecules. If the attractive interaction
between neighboring bulk water molecules is stronger than
between the solute molecule and water, enthalpic contributions
will increase this hydrophobic aggregation, and if it is weaker,
enthalpic contributions will decrease it.

As persuasive as this picture of hydrophobicity is, it has long
been known that computer simulations of inert gas molecules
as well as simple integral equation theories of solvation in water
give a different picture. As first surmised by Pratt and
Chandler®’ and as first shown by the computer simulations of
Pangali et al..%° we now know that solvent-separated pairing
of two “hard-sphere” inert gas particles in which the two spheres
reside in adjoining clathrate cages is at least as probable as the
contact pairing. This conclusion has been confirmed in later
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work.1022  Similarly, an inert gas particle prefers to be
separated from a flat wall by a layer of solvent.232* Thus, the
simple picture alluded to above does not appear to give the
whole truth. It should be noted that the simulations were
performed using fixed charge models of water (like ST2,2
TIP4P,%¢ SPC,7 etc.).

Solute molecules much larger than a water molecule should
induce a different hydration structure and orientation than small
solute molecules.?>2-3! In this paper, we investigate the
hydrophobic interaction between two large parallel oblate
ellipsoids or platelike “molecules” by determining the potential
of mean force between them as a function of their separation
in a fixed charge model of water. Each plate is large enough
to displace about 40 water molecules and to thus preclude the
formation of two adjoining clathrate cages. This study provides
a picture of hydration forces for distances closer than 15 A. In
an article in this issue, we report on the hydrophobic hydration
of one of these plate molecules.3? The long-range nature of
solvation forces found in experiments33~% cannot be addressed
in the present work due to limitations on system-size that can
adequately be simulated.

We find that the solvent-induced part of the potential of mean
force between the plates is strongly attractive at short separations
and a weakly undulating function of separation at larger
separations. Unlike the hydrophobic interaction of small apolar
spheres, the water induces a very strong contact pairing between
the large plates, probably because the water cannot support a
clathrate structure. We find that the space between the
molecules can be filled by two or more layers of water but never
less than two layers. When the plates are moved close enough
together that two water layers cannot fit between them, all of
the interstitial water molecules are expelled. The distance at
which this dewetting transition first occurs is called the
dewetting distance. For separations smaller than the dewetting
distance, the potential of mean force is found to be strongly
attractive and to be directly proportional to the area of the
vacuum—water interface formed by the void space between the
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plates with a constant of proportionality equal to 70% of the
independently determined®’ gas—water surface tension. The
hydrophobic driving force is due to the system’s need to
minimize the surface area of the cavity between the plates.

All of the simulations are based on a recently devised
potential model of the water—water interaction called the
reduced effective representation (RER).*C This model bears a
close family resemblance to central force models and exhibits
the typical features of liquid water, i.e., a liquid composed of
strong directional hydrogen bonds arranged in a loose tetrahedral
framework. Since it is basically these ingredients that charac-
terize liquid water, we believe that the results presented are
robust with respect to the water model.

2. Computational Procedures

In this paper, we study the interactions between two large
highly eccentric oblate ellipsoids and water. Since we are
primarily interested in the solvent response to the hydrophobic
ellipsoids, we have chosen to use a purely repulsive water—
ellipsoid interaction, modeled as the repulsive part of the
Lennard-Jones interaction of the Gay—Berne potential,*!:32

0'0 12
O = v

o(x;v) represents a modified Lennard-Jones ¢ parameter that
depends parametrically on the anisotropy, ¥, of the oblate
ellipsoid and on v, the angle between a vector from the center
of the hydrophobic object to a water oxygen atom, #, and the
major axis of the oblate ellipse, 1,

v = arccos(f * Q) 2)

The functional form of o(y;v) is that of an ellipse interacting
with a sphere,*

() = e ©)
alyw) =
11—y cos? v)'?
where ¥ is given by
7~
(== @
[

For y = 0, the ellipsoid becomes a sphere of solvent excluded
radius o(0;v) = R, and the model interactions then collapse into
the standard repulsive Lennard-Jones interaction. The potential
is described by the anisotropy of the ellipsoid and the radius of
the spherical object, R, which determines the volume of the
hydrophobic object. As an illustration, equipotential surfaces
(Usw = kT) are drawn in Figure 1. The volume of the ellipsoid
is the same for all solute—solvent interactions.

Our two hydrophobic plates are modeled by parameters, R
= 6.45 A and y = —8, that correspond to oblate ellipsoids with
0, =93 A and 0, = 3.1 A. This mimics an extended shape
that has the same thickness as one layer of methane molecules.
Each half side of this ellipse has an approximate surface area
of 325 A?, an area which would require ~25 water molecules
to fully hydrate it.

In the simulation of the liquid water—solute system, 1656
water molecules were used in order to fully hydrate the two
hydrophobic plates at their maximum separation. This allows
for a maximum hydrated conformation where three water layers
are accommodated between the plates. In Figure 2, a coordinate
projection of such a configuration is given. The interaction
between the solute molecules themselves need not be specified,
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Figure 1. Cut through the equipotential surface, Uy, = kT, in the plane
of the minor and major axes, for various values of the eccentricity, y,
given that R = 6.45 A. The solid of revolution around the major axis
remains the same during the contortion.
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Figure 2. Coordinate projection of the system where the ellipsoidal
objects are at a separation 7, = 15.5 A. Obscuring water molecules
have been removed, and the ellipsoids have been indicated by the
equipotential surface Uy, = kT. Three intervening water layers are
seen.

since it can be independently added to the free-energy curve.
For water—water interactions, we have employed the restricted
effective representation model of water which uses effective
liquid-state charges in a pairwise additive potential, RER(pair).*
By using partial charges located at the oxygen and hydrogen
sites, the effective pair-potential model is assigned a permanent
dipole moment of 2.60 D. The monomer geometry of the water
molecule is given by a bond length 7o = 0.96 A and a bond
angle g = 104.52°. The functional form of the water—water
potential is

C12 C6 CA —wi(roo—r:)?
UwW({Ri}p{Rj}) = —1;- + _6— + 4— -+ C’e (roo=r)®
Too Too Too

atoms qaqﬂ
— ()
aci,fej 4.7'[607'043

where {R;} denotes the coordinates of water molecule i, roo is
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TABLE 1: RER(pair) Water—Water Pair Potential Parameters*
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Cu, G, Cs, G,
go. e g € o, A kJ/(mol A12) kJ/(mol A%) kJ/(mol A% kJ/mol wi, A2 r A
—0.920 0.460 0.00 3500 000 —3100 15.0 —1.000 15 45

% In order to recover the potential energy in kJ/mol when using eq 5, 1/47we should be set to 1389.0. The correction term to be added to the
RER(pair) potential due to the self-energy of the dipole moment, Vi, is 13.2 kJ/mol at 300 K.

the distance between oxygen atoms on water i and j, and ryg is
the radial distance between two atoms on the ith and jth water
molecule. The total potential energy was adjusted for the energy
cost of creating the effective dipole moments, V. *0*3# The
parameter values for the water model are given in Table 1.

A constant-pressure molecular dynamics algorithm was used
in order to maintain the pressure at 1 bar.> The system is thus
enclosed in a periodically replicated cubic box with a variable
side length of approximately 37 A. The two oblate solute
molecules occupy approximately 4% of the total volume of the
simulation cell. The equations of motion were integrated using
the Rattle version*® of the velocity Verlet algorithm?*’ in order
to maintain the internal bond lengths and bond angle constraints
of the rigid molecule. A 2.0-fs time step was used. The solutes
were kept fixed at their specified separations, ;. Temperatures
were maintained at 300 K by periodically rescaling the
velocities. Both the translational and the rotational temperatures
were monitored so as to avoid a temperature imbalance between
these degrees of freedom. All interactions were spherically
truncated at half the box length, which has been shown to be
adequate in order to account for the long-range interactions in
most water properties.*3

Thermodynamic and statistical perturbation theory originally
due to Zwanzig*>® was used to calculate the relative free
energies for difference plate separations. The change in Gibbs
free energy between two systems 7o and r; containing N particles
at a given temperature, 7, and pressure, P, is given by

AG = G(r,) — Glry) = —kT In{e WVl Ty - (6)

where & is Boltzmann’s constant and the brackets indicates an
ensemble average of the exponential of the perturbation in the
reference system.

The entropy contribution to the free-energy change in the
system can be evaluated from the temperature derivative of the
Gibbs free energy to yield51-20

— AV/KT:
(He 0

—T8S = AG — (&, +{Hodo @

where 9 and 9% are the perturbed and the reference Hamil-
tonians, respectively. Even though this estimator is associated
with a large uncertainty as calculated from molecular simula-
tions, it is still useful to gauge the overall entropic response of
the system.

A set of simulations with the plate separation r; between 16.5
and 5.5 A was carried out in order to characterize the free-
energy change according to eq 6 and eq 7. The distance, r;,
was changed in steps of 0.5 A for the reference states, and the
free-energy changes were accumulated in intervals of £0.10 A
for each reference state. Each reference system was equilibrated
for 10.0 ps starting from an independent system. Thermody-
namic averages were then calculated from block-averaging five
simulations of 5.0 ps each. The error of the free energy for the
perturbed systems was estimated as twice the standard deviation
obtained from the block averaging procedure,

TABLE 2: Free-Energy Estimates

AG, —TAS, AG, —TAS,
reA  kJ/mol kKl/mol r, A kJ/mol kJ/mol
165 00=+25 0+9 105 +104=+34 +50=+12
160 —28+27 —-3+10 100 +80+33 +47+12
155 —38+29 —54+11 95 +25+33 +40=+12
150 —18+30 +6+11 90 —86+33 +24+12
145 +1.8+31 +18+11 85 —200+33 +8=+11
140 +48+33 424412 80 —322+32 -—-10+11
135 +63+31 +324+12 75 —460+31 —30+11
130 +79+32 +41+12 70 —580+28 —46=+10
125 +574+33 +41+12 65 -71.0+£28 —68=+9
120 +51+33 +37+12 60 —866+27 —93+9

115 454434 +39+12 55 -1002+25 —117+9
11.0 +88+34 +45%12

N 12
Z(Xz - Xavta)2

n=1
errorin X = 2| ——mM8M8M8M8— (8)
NN-1)

where X is the estimated property, Xav. is the average, and N is
the number of block-averaged systems. As the perturbation
technique estimates the change in free energy relative to each
reference system simulated, the total free-energy change has to
be reconstructed by connecting the individual free-energy curves
from each reference system. The error estimate of the free-
energy curve is then propagated forward and backward using
the error-of the connecting point.5!1=33

The total simulation time was approximately 700 CPU h using
an IBM RISC System/6000 Model 580 computer.

3. Results and Discussion

3.1. Thermodynamic Properties. The change in free
energy (or equivalently the potential of mean force) of the
system as a function of plate separation is given in Figure 3a
and Table 2. The maximum separation at 16.5 A has arbitrarily
been assigned a free energy of zero. The free-energy changes
can be put on an absolute basis if additional computer
experiments are done in order to evaluate the absolute free
energy of hydration for the solute, as we see at a separation of
rs=155A.

It is assumed in the following that for each plate separation,
the molecular dynamics run is sufficiently long that equilibrium
configurations of water are sampled. Thus, as the plates are
moved together “reversibly” from 16.5 A, a first minimum is
observed in AG(r) at 15.5 A. From the coordinate projection
of Figure 2, it is seen that at this separation, the system supports
three intervening water layers. In Figure 3b, this corresponds
to the solvent-induced force being zero. Further reduction in
plate separation is associated with a repulsive free-energy
change, and at a separation of 12 A, the third water layer is
completely expelled, as is evident from Figure 4. At this
separation, there is again a relative minimum in the free energy
(the solvent-induced force between the plates is zero because
in our model there is no van der Waals force between the plates).
We see in Table 3 that the physical properties of the system,
such as its average volume and the averaged potential energy
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Figure 3. (a, top) Free-energy change of different values for the plate
separation, 7, relative to the maximum separation at r, = 16.5 A. The
entropic contribution to the free-energy change. —TAS, is also
indicated. (b, bottom) Associated solvent-induced force, (F) = 6G/
dr,, derived from a.
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Figure 4. Coordinate projection similar to that of Figure 2 but at a
plate separation of 12.0 A. Two interstitial water layers are clearly
discernible.

of water—water and water—solute interactions, undergo only
small changes at these separations.

The potential of mean force for plates separations rs = 9.5 A
undulates. Locally stable solvent-separated configurations cor-
respond to the formation of integral numbers of water layers as
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TABLE 3: Properties of the Systems at 300 K and 1 bar

vol, Us, 107 (Usw = Vearp):? total
ro A 10% A3 kJ/mol kJ/mol of H,O nn
16.5 51.0 1.14 -41.0 51
16.0 51.0 1.17 —41.0 49
15.5 50.9 121 —41.0 52
15.0 50.9 1.25 ~40.9 55
14.5 50.8 1.19 —41.1 53
14.0 50.9 1.15 —~41.1 51
1355 51.0 1.16 —41.0 53
13.0 509 1.19 —41.0 54
12.5 51.0 1.15 ~41.0 51
12.0 51.0 1.13 —41.0 52
115 50.9 1.12 —41.1 52
11.0 50.9 1.21 ~41.0 53
10.5 50.9 1.20 —41.0 54
10.0 51.0 1.13 —-41.0 49
9.5 51.5 0.96 —41.1 39
9.0 515 0.90 —-410 40
8.5 51.5 0.89 —~40.9 38
8.0 516 0.77 —41.1 33
75 51.5 0.76 -41.0 36
7.0 514 0.81 —-41.1 39
6.5 514 0.76 —410 33
6.0 51.3 0.78 —41.1 34
55 51.2 0.78 —41.1 35

¢ The potential energy of the neat liquid is —41.6 kJ/mol.*° ¢ AU(r)
is defined as (Ua(rs) — Uin(16.5 A)) where the total potential energy
of the system is given by Uy = Usy + UwwlNw With Ny, = 1656 for the
simulated system. The error in the given quantities is as follows:
volume £0.05 x 103 A3; Uy, £0.03 x 102 kI/mol; Usw — Vier, £0.05
kJ/mol; total nn, +£2 molecules.
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Figure 5. Coordinate projection similar to that of Figure 2 but at a
plate separation of 9.5 A. All interstitial water molecules have now
been expelled from the space between the plates.

can be seen from Figures 2, 4, and 5. This is superficially
similar to the behavior of small apolar spherical solutes where
clathrate-like water cages have been thought to be responsible
for the stabilization of solvent-separated pairs. Thus, for
sufficiently large plates, where clathrate cages cannot form,
water layering provides a means of accommodating large flat
plates at specific distances which are integral number of the
diameter of a water molecule. Further investigation of the long-
range propagation of these water layers is hampered by the need
to study much larger systems.

The total number of water molecules in the first solvent shell
around the plates is also given in Table 3. A water molecule is
said to be in the first shell if it is within 0.665 A from the
equipotential surface given in Figure 1. As the plates are
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brought together, this number doesn’t change much until a
separation of 9.5 A is reached.

The plates when reversibly moved together to a separation
of 9.5 A expel the remaining interstitial water molecules. It
should be noted that the plates do not start overlapping until
they are closer than r; = ¢y = 3.1 A. Although a single water
layer can fit between the ellipsoids at the separation of 9.5 A,
a single water layer is not seen. Water molecules are instead
displaced from the slightly curved surface to the sides of the
ellipsoid and into the surrounding bulk fluid. In Figure 5, a
typical corresponding coordinate projection is given which
shows the empty hourglass-shaped void formed between the
plates. This dewetting transition probably occurs because
hydrogen bonding stabilizes the water layers between the plates,
and when only a single water layer can fit between the plates,
one loses sufficient hydrogen-bond energy to make it more
favorable for these water molecules to move into the bulk. It is
very likely that the dewetting transition is also entropically
driven. From Table 3, we can see that the response of the
system to the formation of the empty cavity is to increase the
total volume of the system (at constant pressure). The change
in volume corresponds to about 20 water molecules at 1.0 g/cm?,
which is roughly the number of water molecules that would
have been needed to form a single water layer between the plates
if one formed. Thus, the total volume accessible to the water
molecules remains essentially unchanged. With the removal
of the interstitial waters, the solute—water energies decrease
due to the smaller number of nearest-neighbor waters around
the plates. The plates are now less exposed to the surrounding
fluid. If the plates were brought to a separation of r; = 0, so
that they overlap, the solute—water energies would be reduced
by half compared to the solute—water energies at r; > 15 A,
where two fully developed hydration shells are present.

When the plates are brought close enough for the dewetting
transition (the ejection of the water molecules in the interstitial
region), there is a sharp decrease in AG(r). Associated with
this is a reduction in the number of water molecules in contact
with the plates and a concomitant decrease in the solute—water
interaction energy and the solute—water surface area. Once the
dewetting transition occurs with the formation of an interstitial
void region, the volume and surface area of the void region is
a continuously decreasing function of the plate separation (for
distances shorter than r, < 9.5 A); in this regime, the area of
contact between the plates and water remains constant. The
change in free energy is then approximately linear in the plate
separation and amounts to an apparent constant attractive force
of 25 (kJ/mol)/A between the solute plates. This force is solely
due to the presence of the solvent.

The void space between the plates decreases in volume as r;
decreases. This volume change can be approximated by a
cylindrical volume change by A%’= ¢,?Ar,. Similarly, the
change in exposed surface area can be approximated by A 4=
270, Ars. Both of these quantities are linear in the change of
plate separation. The decrease of the exposed surface area is
energetically favorable. In fact, an estimate of the surface
tension between the liquid—vapor interface of water can be made
from

AG
W= R g ©)

This gives an estimate of y1, to be 70 dyn/cm (0.44 (kJ/mol)/
A?), similar but not in agreement with the independently
measured value of 100 dyn/cm for a free planar surface of this
water model.?” Since the surface area of the hourglass-shaped
interface is smaller than the cylindrical estimate, use of the
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Figure 6. Distribution of water molecules along the surface normal

of the ellipsoids. The equipotential surface Uy, = kT is located at r =
0.0 in the figure.

correct surface area will give rise to a larger value of y;,—a
value closer to 100 dyn/cm. It can be argued that if the plate
is weakly hydrophobic, as in our case, the volume denied the
waters resembles a vacuous bubble and the free-energy cost of
maintaining the water—solute interface should closely resemble
that of the water liquid—vapor interface.>*> Of course, this
argument ignores the possibility that water orients differently
at planar than at nonplanar interfaces®? and there should then
be a curvature dependence of the surface tension. Since the
physical properties of the surface should depend on the shape
of the surface, it is virtually impossible to give an a priori
determination of the “surface tension”-like coefficient yy, in eq
9.

3.2. Hydrophobic Hydration. The distribution of water
molecules in annular ellipsoidal shells around the oblate solute
molecule was investigated by determining the number of water
molecules, AN, in a shell of annular volume

0
= 4—‘7E—Hr2Ar
3o

where r is the distance from the center of the oblate solute to
the beginning of the shell along a direction parallel to one of
the o, axes and Ar is the thickness of the shell. In essence,
each shell is labeled by r, the distance of closest approach of
its inner surface to the center of the solvent-excluded volume
of the ellipsoidal solute. We then define the relative density of
molecules in the shell,

Av

P(r)= gr_) = AV 10)
o QAv
where g is the bulk density. P(r) gives the relative water density
in a shell located at distance r from the ellipsoidal surface. For
a spherical solute, o0, = oy, P(r) reduces to the ordinary radial
distribution function g‘®(r).

In Figure 6, P(r) is plotted for three separations (r; = 15.5,
12.0, 10.0 A) of the stacked plates with intervening waters
surrounding the solutes and one (r; = 7.0 A) in which there are
none. Water is able to closely approach and even penetrate
slightly into the equipotential (U, = kT) surface, in accord with
the weakly repulsive interaction potential. No long-range
structural ordering is observed, and the distribution functions
approach their bulk value within 2 A of the surface. The
distribution of solvent molecules around the plates is similar
for all separations where the solutes are completely surrounded
by water molecules. There is no noticeable difference between
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P(r)’s at either free-energy minima or free-energy maxima.
Naturally, the distribution of waters is reduced at shorter
interplate distances when there are no intervening water
molecules between the plates, as for r, = 7.0 A. The
orientational distribution of shell waters was also investigated
with the same result that shell waters have virtually the same
orientational ordering at the solute interfaces regardless of the
plate—plate separation. This ordering is short ranged, and the
bulk orientation, a random orientation with respect to the surface,
is established immediately outside the first shell.

4. Conclusion

In this study, we have determined the potential of mean force
AG(r) as a function of plate separation between two large
parallel oblate ellipsoids, or platelike molecules, in water at
constant pressure. The volume of each ellipsoid displaces as
many as 40 water molecules. Each plate interacts repulsively
with each water molecule through a short-ranged potential
specified by eq 1. In effect, this potential disturbs the local
ordering of neighboring water molecules. The direct solvent
reorganization due to this cavity is found to be weak and does
not extend out to more than one solvation shell. As shown in
Figure 3a and Figures 2, 4, and 5, the relative minima in the
potential of mean force correspond to two or three water layers
between the plates. AG(r) decreases monotonically as the plates
are brought closer than 9.5 A. This is the distance at which
there is a dewetting transition (see Figure 5) in which all
interstitial water molecules are expelled; that is, one never
observes a monolayer of water between the plates. In this
dewetting regime, it is found that (a) the plates are separated
by a vacuous hole; (b) AG(r) is a linear function of the plate
separation; (c) the interfacial area between the vacuum and water
is, to a very good approximation, a linear function of the plate
separation; and (d) the potential of mean force, AG(r), is a linear
function of AA, the area of the interface between the vacuum
and liquid water,

AG = y,,AA (11)

where yy, is a constant of proportionality. In cgs units yy is
found to be 70 dyn/cm, which corresponds to a free energy per
A? of 0.44 kJ/mol. It is important to note, however, that the
water—vacuum interfacial area was estimated by approximating
the void region by a cylinder. In truth, it has an hourglass shape
and its surface area is smaller than that of the approximating
cylinder. Thus, the value of y;, reported is larger than would
be determined if an accurate value of the surface area were used
and it would be closer to the liquid—vapor surface tension which
we have determined to be ¥ = 100 dyn/cm for the RER model
of water.?” The plates are driven together by the solvent’s need
to minimize the solvent-exposed surface area, but this happens
only locally. Thus, the hydrophobic driving force appears to
arise from the need for the system to minimize the surface free
energy.

It is important to recognize that fixed-charge pair potential
models of water are not expected to have surface tensions in
agreement with experiment because these models do not include
many-body interactions. The gas—liquid surface tension for the
RER model has been determined as function of temperature.’’
At 300 K, we find that ¥ = 100 dyn/cm. By contrast, we have
determined that the SPC/E model*® has y = 55 dyn/cm, in close
agreement with the reported value of 59 dyn/cm®%> of the TIP4P
model.? None of these surface tension calculations include
Axilrod—Teller three-body dispersion interactions.®® In inert
fluids like Ar, it is known that these three-body interactions
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have a major effect on the surface tension. For example, Ar at
its triple point has a measured surface tension of y = 13 dyn/
cm, whereas simulations based only on an untruncated pair
potential yield y = 18 dyn/cm.*® When the Axilrod—Teller
terms are added to the two-body interactions, simulations yield
y = 13 dyn/cm,*® in agreement with experiment. Thus, three-
body terms reduce the surface tension from what pair interac-
tions predict (back of the envelope estimates for water give a
reduction of ~10 dyn/cm) and if introduced into the calculation
of the surface tension of water using the RER potential should
reduce it from 100 dyn/cm and thus bring it closer to the
experimental value for the air—water interface (y = 72 dyn/
cm). Nevertheless, our discussion of interfacial tensions and
the lack of agreement between the two coefficients reported in
the preceding paragraph is of theoretical interest only.

Because water molecules next to the interstitial vacuum
should behave similarly to water molecules next to the gas—
liquid interface, it could be expected that it would be the gas—
liquid surface tension that describes the process.”® However,
because this interface is not flat, we expect that curvature
corrections predicted by Tolman,56? and shown by us to be
important for small cavities,* would lead to an effective “surface
tension” that is different from the gas—liquid surface tension.
These differences are ascribed to the detailed nature of water
conformations at different surfaces. There appears to be no easy
way of correlating these effective surface tension coefficients
with the macroscopic surface tension.

The structure of water does not appear to be strongly
perturbed by the excluded volume of our hydrophobic solutes.
There are no strong structural or orientational perturbations
compared to correlations between water molecules in the neat
liquid. Bulk properties are reached within one water layer. Even
though the perturbation of the water structure per se is small,
each water molecule at the surface is penalized both energeti-
cally (lack of hydrogen bonds) and entropically (the locally
available volume is reduced). Itis the reduction of the water—
solute surface at the dewetting transition that contributes to the
large negative free energy (—TAS) immediately below 10 A.

It is important to note that all of the above conclusions would
be different if the simulations were instead carried out in a
constant volume ensemble. Then the 20 water molecules ejected
into the bulk solvent when the 2 ellipsoids are brought to 10 A
in the constant-pressure ensemble would not be ejected in the
constant-volume ensemble and the potential of mean force
would probably exhibit a repulsive behavior. Of course, if the
simulation volume were made large enough, the two ensembles
would give essentially the same results, but this would require
unfeasibly large volumes for practical simulations. Fortunately,
real experiments are carried out at constant pressure not constant
volume. For small molecular solutes, the differences between
isochoric and isobaric simulations will be negligible.

We believe that the observed behavior here will be robust
with respect to different water potentials.
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