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We have investigated changes in water properties when deforming an initially spherical cavity into an oblate
ellipsoid of equal volume in liquid water. The purely hydrophobic cavity has an initial thermal radius of
6.45 A and is flattened out to an oblate ellipse with a thickness corresponding to one layer of methane molecules.
The water—solute interactions are modeled by a repulsive, single-site Gay—Berne potential that preserves
the volume of the solute; water—water interactions are modeled using a pairwise additive potential. The
Gibbs free energy change, AG, of the aqueous solution was calculated using thermodynamic perturbation
theory. Comparison with the process of radially expanding a sphere shows that the free energy change cannot
consistently be interpreted as being solely proportional to an exposed solute area but contains terms involving
the curvature of the solute. As the meanings of exposed surface area and molecular curvature are not well-
defined concepts on the microscopic length scale, these terms have to be defined to yield a consistent
interpretation of the free energy data. The microscopic origin of the curvature dependence of the free energy
is traced back to changes in water—water interactions in the region immediately surrounding the solute. The
process of deforming the liquid around the hydrophobic pocket was found to be dominated by entropic
contributions. The free energy values do not contain any contributions arising from the deformation of the
hydrophobic solute itself nor any attractive solute—solvent term and thus cannot be compared directly with

hydrocarbon—water surface tension data.

1. Introduction

The hydrophobic solvation free energy of an arbitrary
molecular moiety has often been approximated by the product
of a solvation free energy per unit surface area and the exposed
surface area of the molecule.! In a particular parametrization,
this area is calculated by rolling a sphere of radius 1.4 A2 on
the solute molecule? and can be further corrected by the
introduction of a curvature-dependent term.>~> With this pro-
cedure the value for the free energy per A2 has been determined
from thermodynamic data on alkane solubilities, and a close
correspondence to the macroscopic hydrocarbon—water surface
tension has been found. Such attempts to reconcile the
macroscopic surface tension with microscopic theories of cavity
formation*~% have been criticized, due to the lack of a theoretical
basis for connecting the macroscopic and microscopic concept
of surface tension as well as for the volume correction terms
used to reevaluate the alkane solubility data.’—®

It is thus of considerable interest to use computer experiments
to explore the free energy of hydration of solutes with arbitrary
surfaces. The structure and equilibrium properties of water in
the hydration shell of small hydrophobic solute molecules!0~14
as well as at more extended hydrophobic surfaces'>~!° have been
studied in detail. Thermodynamic perturbation methods have
also been used in order to calculate the free energy of hydration
of small solutes.20:21

In this paper we simulate two different solute—water systems
using constant-pressure molecular dynamics using the newly
devised restricted effective representation (RER) model of water
which incorporates effective liquid state charges in a pairwise
additive potential, RER(pair).2?2 In one case we calculate the
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change in Gibbs free energy AG accompanying the deformation
of a large sphere into an oblate ellipsoid of increasing eccentric-
ity and indeed find that for large eccentricities AG becomes a
linear increasing function of surface area, although it is not linear
through the whole domain. The slope is found to be consider-
ably larger than the gas—liquid surface tension for the model
of water used in these simulations. The gas—liquid surface
tension for this water model was determined in a separate
molecular dynamics simulation of the equilibrium interface
between liquid water and its vapor.* In the other solute—water
system, we simulate the free energy change accompanying the
growth of a spherical particle starting at the same sphere size
used in the deformation study. Again, the AG is found to
depend linearly on the surface area albeit with approximately
double the slope of AG versus AA found in the deformation
simulation. In addition neither slope is the same as the gas—
liquid surface tension. This difference shows that one cannot
ignore shape effects of the cavity on the free energy. The data
for both the deformed sphere and the expanding sphere are found
to be fit well by an expression of the following form:

AG(RA) = AAR + yAA (1

where R is the average radius of curvature and .{ denotes the
area. The coefficient y is still significantly larger than the gas—
liquid surface tension. This indicates that the structure of the
water at the interface is much sharper than at the gas—liquid
interface. These experiments call into question the proposal
that water structure at the interface between a hard sphere and
water is very similar to the gas—liquid interface.?*2

2. Model System

The interaction between an idealized oblate, hydrophobic
ellipsoid and a water molecule is defined in such a way as to
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allow us to continuously vary the shape of the hydrophobic
object from a sphere of radius, 0o, to an oblate ellipsoid
corresponding roughly to a sheet of methane molecules. In this
deformation process the solute surface area increases but its
volume remains constant, thus enabling us to study the isolated
effect of shape changes on the free energy of solution. Since
we are primarily interested in the solvent response to the
hydrophobic object, we have chosen to use a purely repulsive
solute—water interaction, modeled as the repulsive part of the
Lennard-Jones interaction in the Gay—Berne potential,?6?7 for
the interaction between an ellipsoidal particle and a spherical
particle

O, 12
=) ?

where kT is the thermal energy, o(y; v) is an orientation-
dependent Lennard-Jones diameter,

g,

oy v) = 7 (3)

Q- cos’ v)
where the anisotropy parameter x is given by
x= (Un2 - UJ.Z)/ ‘7||2 @

and where the angle between the orientation of the major axis
of the ellipsoid, @, and the unit vector pointing from the center
of the ellipsoid to the oxygen atom of the water molecule, £, is

v = arccos(f+@) (5

The length of the oblate ellipse along the major, oy = L sinh u,
and minor, o, = L cosh u, axes is determined from

3
Oy

Llue)]’ = —— , (6)
cosh[u(e)] sinh[u(e)]
and
[ _ 2
ule) = 1 ln(—[M]) 7
2 e
together with
2 2 2
oy — 0, il
e = = (8)
o' +o} g ‘7”2 +o,?
At an eccentricity e = 0,
o(0; v) = g, )

and the model reduces to the repulsive Lennard-Jones interaction
between a spherical solute and a water molecule.

Thus, the potential is described by two parameters, y or e,
denoting the eccentricity of the ellipsoid and the radius of the
underlying undeformed spherical object, go. The volume
constraint that is satisfied by the ellipsoid is

470, _4no o,
3 3

(10)

The van der Waals area,”® defined by the hydrophobic solute—
water interaction traced out by r = a(y; v), is given by

Wallgvist and Berne

15 T T T Y T
e=0.00 —
e=-.28 ------
e=-.40 -
10 p e=-.60 - 1
e=-80 -~
5p J

'
o}
N )
sk .
10 .
15 . . . . .
a5 0 s 5 015

0
X/A
Figure 1. A cut through the equipotential surface, U, = kT, for various

values of the eccentricity, e. The unit cell used in the simulation is
drawn for comparison.

TABLE 1: Geometrical System Characteristics

e R, A — TydW, AZ oL, A O, A Vsolute, A3
Sphere Deformation into an Ellipse

0.0 6.450 522.8 6.450 6.450 1124
—0.1 6.461 523.7 6.033 6.669 1124
-0.2 6.496 526.7 5.635 6.901 1124
-0.3 6.555 532.1 5.247 7.151 1124
—04 6.643 540.6 4.863 7.428 1124
-0.5 6.768 5534 4472 7.746 1124
—0.6 6.945 5727 4.063 8.126 1124
=07 7.205 603.1 3.618 8.612 1124
-0.8 7.623 656.7 3.101 9.303 1124

Sphere Growth

0.0 6.450 5228 6.450 6.450 1124

0.0 6.650 555.7 6.650 6.650 1232

0.0 6.850 589.6 6.850 6.850 1346

0.0 7.050 624.6 7.050 7.050 1468

0.0 7.250 660.5 7.250 7.250 1596

aw _ 2 1 - 2 1+ ]
AN =270, [1+——Z—2X 1n(—241_x) (11)

The van der Waals area corresponds to the kT equipotential
surface of water—solute interactions. The average curvature
of this surface is given by

— 0, :
RV = —U[l . _arcsin xz] 12)
1=y

We have chosen a system that is large enough to superficially
mimic that of a small micelle, with o set to 6.45 A. Even
though the range of y can extend from 0 — —eo for an oblate
ellipsoid, we have restricted the range so that the most extended
shape is no thinner than one layer of methane molecules. For
a thinner object, water—water interactions above and below the
extended surface would give unphysical results. This restriction
gives the range of e that we are interested in as 0 — —0.8.
Thus, the most extended oblate shape has o, = 3.1 Aand gy =
9.3 A. In order to achieve full hydration for the extended oblate-
shaped hydrophobic solute, we use a simulation box of length
31 A. The hydrophobic object thus takes up 4% of the total
volume of the simulation cell. In Figure 1 we plot some
equipotential curves of the water—ellipsoid interaction model
for different values of the eccentricity. In Table 1 some geo-
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TABLE 2: RER(pair) Water—Water Potential Parameters®
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o, € qu, € C12, kJ/(mol A1?)

Cs, kJ/(mol AS)

Cs, kI/(mol A% Cs, kJ/mol w, A2 e A

—0.920 0.460 3500 000 —3100

15.0 —1.000 L5 45

2 The monomer geometry of the water molecules is given by a bond length of r, = 0.96 A and a bond angle of 6 = 104.52°. In order to recover
the potential energy in kJ/mol when using eq 20, 1/4meo should be set to 1389.0. The correction term to be added to the potential due to the

self-energy of the dipole moment, Vs, is 13.2 kJ/mol at 300 K.

metrical properties of the system in terms of the van der Waals
area and curvature are given.

3. Free Energy Calculations

Thermodynamic and statistical perturbation theory originally
due to Zwanzig? can be used to calculate relative and absolute
free energies for molecularly detailed systems (see for example
the review by Beveridge and DiCapua®). The Gibbs free energy
of a system with N particles at a given temperature, 7, and
pressure, P, is given by

G,=—kTIn A, (13)

where k is Boltzmann’s constant, Ag is the partition function
for the isobaric ensemble, written as a classical phase space
integral over the coordinates, g, momenta, p, and volume, v, of
the reference Hamiltonian, 5,

1 _
A= e Jdv dp dg e™ BT (14)

and A is Planck’s constant. We now introduce another Hamil-
tonian, 9,

Fy=FHy+ AV (15)

where AV is a perturbation of the Hamiltonian 5. Then the
change in free energy arising from the transformations 9% —
H, can be written as

f dv dp dq e'AV/kT e—(%+Pv)/kT

(16)

which is equivalent to averaging the exponential of the
perturbation, AV, in the reference system, i.e.,

AG=G,— Gy=—kTn

AG = —kT In{e"*"*Ty, (17)

The entropy change in the system can be evaluated from the
temperature derivative of the Gibbs free energy,

(AG

oT ),,: —AS (18)

Taking the temperature derivative of eq 16 and multiplying by
T yields an expression for the entropic contribution to the free

<‘%1.e_AWkT>O

—TAS = AG — ——————+
<e AV/kT)O

<5%>O (19)

4, Computational Procedures

In the simulation of the liquid water/solute system we used
936 water molecules in order to fully hydrate the deformable
hydrophobic solute. In order to reproduce liquidlike densities
for the bulk aqueous solution, this system was enclosed in a
periodically replicated cubic box with a side of 31.0 A. For
water—water interactions we have employed the RER model

of water, which incorporates effective liquid state charges in a
pairwise additive potential, RER(pair).?2 The effective pair
potential model is assigned a permanent dipole moment of 2.60
D. The functional choice of the pair potential portion of the
water—water potentials is

—_ C12 C6 C4 ~WFoo—r0?
Vel {IRL{R D) = —+ —+—+Ce +

rOO rOD rOO

atomns q ﬂ

(20)
aei’ﬂej 4ﬂ€0raﬂ

where {R;} denotes the coordinates of water molecule i, ry, is
the distance between oxygen atoms on water molecules i and j,
and ryg is the radial distance between two atoms on the ith and
jth water molecule. The total potential energy must be
parametrized for the polarization energy required to change the
charges from gas to liquid state charges, Vi.??323* The
parameter values are given in Table 2.

The equations of motion were integrated using the Rattle
version** of the velocity Verlet algorithm3’ in order to maintain
the internal bond lengths and bond angle constraints of the rigid
molecule. The time step was set to 2.0 fs. The hydrophobic
solute was not allowed to move but was kept fixed at the box
center. Temperatures were maintained at room temperature by
periodically rescaling the velocities. A constant pressure
molecular dynamics algorithm was used to maintain the pressure
at 1 bar.*> Both the translational and 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®

Two sets of simulations were performed, one in which a
spherical solute—water interaction was transformed into an
oblate ellipsoidal surface and one in which the spherical
symmetry was maintained but with an increase in radius. For
the ellipsoidal case a set of simulations between ¢ = 0.0 and e
= —(.8 was carried out in order to characterize the free energy
change according to eq 17. The eccentricity, e, was changed
in steps of —0.1 for the reference states, and the free energy
changes were accumulated in intervals of £0.02 for each
reference state. In the case of the expansion of the sphere, the
solute—water cavity, o(0; v), was changed between 6.45 and
7.25 A in steps of 0.20 A. Each reference system was
equilibrated for 10.0 ps, starting from the last configuration of
the preceding size. Thermodynamic averages were then cal-
culated by block averaging five simulations of 5.0 ps each. The
error in the free energy for the perturbed systems was estimated
as twice the standard deviation obtained from the block
averaging procedure,

N
2 (Xt - ){ave)2
n=1

errorin X = +2 21

NN-1

where X is the estimated property, Xay. is the average, and N is
the number of block averaged systems. As the perturbation
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Figure 2. Gibbs free energy change, AG, as a function of the van der
Waals area, .29V, for the processes of deforming a sphere into an
ellipsoid and for radially expanding a sphere. The choice of the van
der Waals area is an arbitrary choice.

TABLE 3: Free Energies

e R A AG, kJ/mol ~TAS, kJ/mol
Sphere Deformation into an Ellipse

0.0 6.450 0.0£0.0 0.0+0.0
-0.1 6.461 —04%15 —-2.1+46
-0.2 6.496 04 +£2.7 —-34+84
—0.3 6.555 24+34 09+93
—0.4 6.643 58=+39 74 +£10.6
—0.5 6.768 94443 133+ 114
—0.6 6.945 133 +4.8 187 +£12.3
-0.7 7.205 206 £5.0 304 +£157
-0.8 7.623 355+6.1 60.5 £17.2

Sphere Growth

0.0 6.450 0.0£0.0 0.0+0.0

0.0 6.650 217413 38.1+47

0.0 6.850 435+23 70.8 £6.0

0.0 7.050 664 +£34 1072 £8.2

0.0 7.250 89.6 £3.9 143.1+£95

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 using the error of the connecting
point.2037

Although the free energy perturbations are large on an
absolute scale, these values are much smaller when considering
the uniform nature of the perturbation. Thus, the change per
surface water molecule is still small and essentially uniform
over the entire surface.

5. Thermodynamic Properties

The calculated free energy changes with propagated error bars
are given in Table 3 and Figure 2 as a function of the change
in the van der Waals area for both systems. The free energy
penalty increases as the solute is deformed away from the
spherical shape. The large size of the solute precludes any
ordered clathrate hydrate structure, which is otherwise typical
for small nonpolar solutes, and the free energy change appears
smooth. The free energy change has a large entropic contribu-
tion, as calculated from eq 19 and given in Table 3. The main
component of the free energy change is thus entropic, consistent
with the general view of solvation of large nonpolar molecules.
The unfavorable entropy may be a consequence of the reduced
volume available to a water molecule at the surface rather then
arising from a more ordered structure of the water solution.
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Figure 3. A coordinate projection of 25 water configurations with a
hydrophobic solute (¢ = —0.8) present. The positions of water oxygen
atoms are plotted and give an illusion of a smeared 2D distribution.
Water molecules obscuring the solute have been removed, i.e., those
waters whose y coordinate is greater than |4.0] A. The apparent
crowding of water molecules at the ends of the ellipsoid is an artifact
of the projection. The equipotential surface for the water—solute
interactions is indicated by the line » = a(y; v), i.e., for Usw = kT.

The van der Waals area given in Table 1 corresponds to the
kT equipotential surface of water—ellipsoid interaction. If we
look at coordinate projections of the water configurations around
the most eccentric oblate ellipsoid, we get an idea of the shape
of the solute cavity. In Figure 3 we have generated a cross-
sectional picture of the oblate water cavity by removing the
obscuring water molecules in front of and in back of the solute.
The surrounding water cavity has the correct oblate shape, but
local ordering of the surface waters with respect to the hydrogen-
bonded bulk liquid prevents a completely smooth water cavity.
The indicated van der Waals surface is only one possible
definition of the solute area. However one defines the
microscopic surface area, it should reflect the resulting local
ordering at the solute/solvent interface.’® 40 This property of
the interface is not yet experimentally observable, and thus
detailed knowledge can be found only from a computer
simulation.

From Figure 2 we conclude that the free energy change of
the sphere growth exhibits a linear relationship between free
energy change and area change. The slope gives an effective
interfacial surface tension coefficient, y'2" = 1.0 x 10? dyn/
cm, between our model system and the hydrophobic solute. The
data from the sphere deformation simulations are noisier but
can also be interpreted as having an approximate linear
relationship between free energy and area, yielding a nyvW =
0.4 x 10 dyn/cm. No reasonable redefinition of the surface
area brings these two free energy coefficients into accord. From
this plot we conclude that the free energy of an oblate ellipsoid
is smaller than that of a sphere of the same surface area. Thus,
for the simple system considered here oblate ellipsoids will be
more soluble in water than spheres of the same surface area.

The reverisble work, AG, required to deform the surface as
a function of the change in the average radius of curvature R
(cf. eq 12) and area _{ can be written as*!

AG(R, A) = AAR + yA A (22)

where A4 and y are constants. The coefficient y has the same
units as an interfacial tension coefficient. The surface area .7,
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Figure 4. Predicted versus measured values of the free energy change
for the systems studied.
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Figure 5. 2D plot of the free energy change with respect to curvature
and area.

and the curvature of that area 1/R, have yet to be specified. A
third term involving pressure—volume work is negligible for
the dimensions of the systems studied here; e.g., a volume
change of 500 A3 at 1 atm pressure gives rise to a PAV
contribution of 0.03 kJ/mol. Of course, a pressure—volume term
does not appear in the sphere deformation experiment as it is
volume conserving. If the dimensions of the system were
macroscopically large, and the deformation is still volume
conserving, the area term will become the dominant contribution.
The change in free energy, AG, with respect to the initial
spherical volume with gy = 6.45 A involves three parameters,
or, A, and y, where Or defines the dividing surface and thus the
location of the surface area relative to the van der Waals area,

AG(R(67), AOP) = AAR(Gr) + yAASr)  (23)

A fit of this equation to both sets of data yields 6r = 0.665 A,
A = —116.5 kJ/(mol A), and y = 1.205 kJ/(mol A?) (or
equivalently ¥ = 1.9 x 10? dyn/cm) for our model system. The
predicted versus the measured values of the free energy change
are displayed in Figure 4. The free energy change is also given
as a 2D plot of the effective curvature of radius and area in
Figure 5. A more precise description of AG(R,.4) would
include an integration over the surface where each surface
element would pick up the local curvature contribution.’ It is
also possible to introduce corrections that would involve the
eccentricity explicitly,*?> but, given the uncertainties of the
collected data and the ability of eq 23 to reproduce the
observations, further refinement was not deemed expedient. In
the spherical case where the curvature is the inverse of the
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radius, we can write the free energy change as®

AGR, A) = yA[A{1 — a/R}] 24)

where a is a parameter on the order of the molecular size of
the curved object. From the fitted data, « is then found to be

7.7 é, which is comparable to the cavity size of 6.45 + or =
7.1 A.

The interfacial surface tension between water and the normal
alkanes, n-hexane through n-decane, is 50 dyn/cm at room
temperature.*> Our predicted values are thus too large. One
should keep in mind that our calculation does not address two
contributions, the van der Waals attraction between the solute
and water and the free energy penalty of rearranging the solute
itself from a sphere to a pancake. In principle, the latter part
could be estimated by calculating the free energy change of a
set of chain molecules enclosed by a constraining potential
mimicking the shape changes of the elliptical contortion. The
role of attractions between the solute and water can be gauged
by looking at the progression of the experimentally determined
interfacial tensions, ranging from 70 dyn/cm for the liquid water/
vapor through 50 dyn/cm for the water/oil interface, to the low
value of 8.5 dyn/cm for a water l-octanol system.** Thus,
attractive forces cause a lowering of the interfacial tension, but
even with a 30% reduction of the interfacial tension our model
predictions cannot be said to be quantitative.

Widom?* and Stillinger?> have suggested that the interface
between the water solution and a hydrophobic object is more
or less characterized by a thin vapor film, and thus the interfacial
tension should be determined by the same factors that govern
the interfacial tension between water and its vapor. The
measured liquid—vapor interfacial tension for our model
potential has been determined to be?® Yreraiy = 1.0 x 102
dyn/cm, which is very different from the solute—water y value
of 1.9 x 10? dyn/cm calculated above. This discrepancy may
result from differences in solvent structure around spherical and
ellipsoidal solute cavities or from the observation that these
solvent water molecules cannot be described by macroscopic
surface thermodynamic arguments.

Although it is possible to fit the data with a macroscopic
model, such a fit does not necessarily validate the connection
between microscopic and macroscopic properties. Indeed for
the small particles treated here, virtually any power of any
reasonably defined solute radius should yield a linear relation-
ship between the free energy change and that the radius, for
the deformation paths followed here.

6. Characterization of the Solvent

We investigate the distribution of water molecules in annular
ellipsoidal shells around the oblate solute molecule by determin-
ing the number of water molecules, AN, in a shell of annular
volume Av,

o
Av = An —”rZAr
30

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,



2890 J. Phys. Chem., Vol. 99, No. 9, 1995

_20_ AN
PN === (25)

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, o, = ), P(r) reduces to the ordinary radial
distribution function g®(r).

The distributions of water molecules around different hydro-
phobic solute particles are given in Figure 6. As expected, there
is a slight enhancement of water correlations just outside the
surface, enabling us to distinguish one hydration shell com-
mensurate with hydrophobic solvation of other nonpolar mol-
ecules.** In contrast,*> no discernible water structuring was
found around a hydrophobic cylinder composed of individual
methane molecules that were allowed to rearrange themselves
continuously and thus form a more malleable hydrophobic
surface. From the distributions in Figure 6, there appears to
be a close resemblance between the features of both the spherical
and elliptical hydration shells. The liquid—vapor interface of
pure water is given for comparison. At the vapor interface there
is no density enhancement, indicating a less strained interface,
qualitatively similar to the water/hydrocarbon interface made
up of individually unconstrained methane molecules.*

The interpretation of the coefficient multiplying the area
change in eq 23 as an interfacial tension is consistent with the
value (1.9 x 102 dyn/cm) being larger than for the water/vapor
system (1.0 x 102 dyn/cm). It is energetically more costly to
create an ordered interface, seen in the enhanced water densities
around the solutes in Figure 6, than to create the more
structurally relaxed interface between liquid and vapor. That
both types of interfaces shown in Figure 6 should have the same
interfacial tension cannot be justified from a microscopic point
of view.

In Figure 7 the solute—water radial distribution functions are
given. Here we see a gradual and uniform shift of the entire
distribution as a function of increasing solute size. This increase
is also reflected in the total volume of the system, given in Table
4. In the sphere growth experiments, at constant pressure, the
increase of the solute size leads to an increase in the total system
volume. The increase in the total volume roughly follows that
of the volume increase of the solute. At the largest radius
investigated, the volume increase of the solute corresponds to
about 16 water molecules. As expected, there is no significant
increase of the total system volume upon deformation of the
sphere into an ellipsoid. The fluctuation of the volume, ~60
A3, is comparable to the volume of two water molecules.

The number of water molecules associated with the first shell,
defined by o + dr, is given in Table 5 for the different shapes
of the solute. Although there is a consistent increase of water
molecules associated with the shell, this is only clearly
manifested for the systems with large area changes. One water
molecule with an effective size of g = 2.8, i.e., corresponding
to the first peak in the oxygen—oxygen pair correlation function
of pure water, would project an area of 76? ~ 25 A2 onto a flat
surface. Only for ellipsoids of large eccentricity will the change
in area be large enough to accommodate additional water
molecules into the shell. The roughly constant numbers of water
molecules in close contact with the solute is also reflected in
the similar values of the potential energy between the solute
and the surrounding water molecules given in Table 4.
Consequently, the free energy change per shell molecule, AG/
Nshell, 1S DOt constant but depends on the characteristics of the
solute surface.
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TABLE 4: Properties of the System

e R A Vigsiems A3 Usw, kJ/mol
Sphere Deformation into an Ellipse

0.0 6.450 28 680 =+ 60 63+4
—0.1 6.461 28 690 £ 60 61x5
-0.2 6.496 28 660 £ 60 60 £ 4
-0.3 6.555 28 660 £+ 70 59+4
—-04 6.643 28 640 £ 70 61+4
-0.5 6.768 28 630 £ 70 64+ 4
-0.6 6.945 28 670 + 60 55+4
-0.7 7.205 28 690 £+ 70 61+5
-0.8 7.623 28 650 + 60 62+5

Sphere Growth

0.0 6.450 28 690 + 60 634

0.0 6.650 28 750 + 60 59+4

0.0 6.850 28 890 + 50 63+ 4

0.0 7.050 29 070 £ 60 64 £ 4

0.0 7.250 29130+ 70 69+ 4

7. Conclusion

We have investigated the properties of a water—solute system
in which we deformed a hydrophobic solute from a sphere into
an essentially flat oblate ellipsoid of the same volume, corre-
sponding to a disk of molecules. A single-site water—solute
interaction model based on the Gay—Beme potential was
constructed with a soft repulsive core. The interaction depends
on the relative orientation of a water molecule with respect to
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TABLE 5: Interfacial Water Properties

e R A Niten € RA Nenen
Sphere Deformation into an Ellipse

0.0 6.450 23.14£03 -0.5 6.768 259+03
-0.1 6.461 222+0.3 —0.6 6.945 228+0.3
-0.2 6.496 228+0.3 -0.7 7.205 252+£03
-0.3 6.555 21.3+03 -0.8 7.623 28.0£0.3
-04 6.643 232+03

Sphere Growth

0.0 6.450 231403 0.0 7.050 240+03

0.0 6.650 22603 0.0 7.250 249+03

0.0 6.850 23.7+£03

the major axis of the solute. The solute volume is preserved
during the deformation because the deformation conserves the
solute volume. The solute-induced water cavity is smoothly
deformed between the two extremes by changing a single
parameter, namely, the eccentricity e. The core of the most
deformed solute corresponds to the repulsion a water molecule
experiences as it approaches a real methane sheet. The
deformation of the sphere into an oblate ellipsoid was also
compared to a system where a sphere was grown radially into
a set of successively large spheres.

To interpret the results, the free energy change was expanded
as a linear function of the radius of curvature and area of the
solute—water interface. This required the definition of the
location of the surface to be used as the proper interface. In
the study of cavity growth of Postma et al.?® a surface
corresponding to the van der Waals area was chosen when fitting
their results to the scaled particle results. From our results we
could not make a consistent interpretation using this surface.
Instead, the location of the interfacial dividing surface was found
by fitting it to be at the first maximum of the solute—water
pair-correlation function. A large free energy curvature depen-
dence was detected. If we interpret the coefficient multiplying
the change in area as an interfacial tension, we obtain a surface
tension of ¥ = 1.9 x 10% dyn/cm. This value is large compared
to the gas—liquid surface tension. y = 1.0 x 10% dyn/cm for
our water/vapor model. It should be noted that the gas—liquid
surface tension found from the RER model is large compared
to the experimental value of y = 0.75 x 102 dyn/cm. The force
field for RER water does not contain three-body dispersion
interactions or polarizability. Obviously, any solute—water
interfacial tension determined using the RER model will also
disagree with experiment for the same reasons. The important
thing to note here is the internal consistency. We compare the
coefficients for the same model of water and draw conclusions
from their differences.

From a microscopic point of view the free energy penalty of
maintaining water molecules at the interface is intimately
connected to how well such molecule can accommodate to an
unfavorable environment. The introduction of the inert solute
prevents an interfacial water molecule from forming an optimal
number of hydrogen bonds. In comparing the two processes
of either deforming a sphere into a ellipsoid or growing a sphere
into a larger sphere, we note that we are continuously changing
the relative orientations of interfacial waters and consequently
also their interaction energy with each other as well as with the
surrounding water molecules in the bulk. These properties
cannot generally be reduced to a function of curvature and area
depending on macroscopically measured coefficients without
taking into account the molecular nature of the interface.
Indeed, for nonvolume conserving systems approaching the
macroscopic limit the dominating term in the free energy
expression would have to be a PAV term. Still it would be of
interest to use the free energy values calculated here together
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with the curvature corrected area procedure developed by Honig
and co-workers*? to check for consistency.

This study calls into question estimates of the free energy of
hydrophobic hydration based on multiplying the solvent acces-
sible surface area by a constant free energy per unit area because
it shows, for the simple cases of the expansion and the de-
formation of a sphere, that different factors of free energy per
unit area are required for objects of different curvature. There
is clearly an important shape dependence not accounted for by
this approximation. Moreover, we have found that a hydro-
phobic oblate ellipsoid will be more soluble in water than a
hydrophobic sphere of the same surface area. We believe that
this conclusion is robust against different models of water.
Although the shape dependence of the free energy can be
formulated, to a first approximation, in terms of a curvature
dependence, we do not believe that such a macroscopic concept
may be generally applicable to more realistic solute—solvent
interactions.
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