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Cavity Expulsion and Weak Dewetting of Hydrophobic Solutes in Water
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Perturbation theory is used to study the solvation of nonpolar molecules in water, supporte
extensive computer simulations. Two contributions to the solvent-mediated solute-water interaction
identified: a cavity potential of mean force that transforms by a simple translation when the solute
changes, and a solute-size-independent cavity-expulsion potential. The latter results in weak dew
of the solute-water interface that can explain the approximate area dependence of solvation free en
with apparent surface tensions similar to macroscopic values. [S0031-9007(98)06064-5]

PACS numbers: 61.20.–p, 82.60.Lf, 87.15.Da, 87.15.Kg
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Hydrophobic interactions play an important role i
self-assembly phenomena in aqueous solutions, such
protein folding or the formation of membranes an
micelles. Scaled-particle theory [1–3], Pratt-Chandl
integral-equation theory [4], configurational entropy e
pansions [5], and recent theories based on cavity-size
tributions [6–8] and density fluctuations [9] have great
expanded our understanding of hydrophobic hydration
atomic length scales. However, the connection to me
scopic and macroscopic phenomena remains largely
explored. An exception is scaled-particle theory, whic
provides a basis for widely used phenomenological mo
els parametrizing solvation free energies as proportio
to surface areas.

The inhomogeneous structure of water in the vicini
of nonpolar solutes is the key to the thermodynamics
hydrophobic hydration. Here, we study the structure a
thermodynamics of hydrophobic hydration using perturb
tion theory supported by extensive computer simulati
data. Our ansatz for the solute-water oxygen radial d
tribution function (RDF) is

gswsrd ­ e2burep srd2bvsrd1Csrd, (1)

whereb21 ­ kBT with kB the Boltzmann constant and
T the temperature. The short-range repulsionurepsrd ob-
tained from Weeks-Chandler-Anderson (WCA) [10] sep
ration dominatesgswsrd at short distances,

urepsrd ­

Ω
uswsrd 1 esw for r , 21y6ssw ,
0 otherwise,

(2)

where the solute-water Lennard-Jones (LJ) interact
is uswsrd ­ 4eswfssswyrd12 2 ssswyrd6g ­ urepsrd 1

uattsrd. The renormalized potentialCsrd of the expo-
nential (EXP) perturbation model [11,12] corrects for th
weak attractions not considered in the WCA theory.
the limit of infinite solute dilution,Csrd corresponds to
the sum of the direct attractionuattsrd and interactions
transmitted by water molecules [12],

Csrd ­ 2buattsrd 2 brwuatt p hwwsrd . (3)

rw is the water density, andhwwsrd ­ gwwsrd 2 1, where
gwwsrd is the water-oxygen RDF. The asterisk indicate
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a three-dimensional convolution integral. Additional no
trivial contributions togswsrd are contained invsrd.

In the perturbation model Eq. (1), the free-ener
profile 2b21 ln gswsrd of a test water molecule as a
function of the distancer from the solute can be separate
into two terms: (1)urepsrd 2 b21Csrd; and (2) vsrd.
The former is identical to the ideal-gas resultuswsrd plus
solvent-mediated attractive interactionsrwuatt p hwwsrd.
The latter,vsrd, is approximately [and precisely so fo
uattsrd ­ 0] the free energy of bringing a test wate
molecule from infinity to a distancer from the solute
when that water molecule does not interact directly w
the solute but retains its interactions with other wa
molecules. This contribution is nontrivial; however, it i
expected to be relatively insensitive to the details of t
solute-water interactions for nonpolar solutes.

This insensitivity ofvsrd is indeed observed in exten
sive computer simulations of spherical LJ solutes of d
ferent sizes and attraction strengths in water [13]. F
those solutes, the RDF’sgswsrd of water oxygens are al-
most identical after radial translation according to the pe
position for solute diameters of less than about 0.5 n
(solute-solute LJ parametersss). This allows us to sepa-
rate the solvent-induced solute-water interactionvsrd into
two contributions,

vsrd ­ v0sr 2 r0d 1 Dvsr 2 r0d , (4)

where the cavity potential of mean force (CPMF)v0sr 2

r0d contains the solute-invariant part. Thus, solutes
different sizes and interactions with water have identic
CPMF’sv0sr 2 r0d after translation by a distancer0. The
remaining size and interaction dependence is contai
in Dvsr 2 r0d. The radial shiftr0 for a given solute is
chosen to be the distance where the solute-water repul
force 2≠urepy≠r equals 15 kJy(mol nm). r0 corresponds
accurately to the peak position in the solute-water oxyg
RDF’s gswsrd for small nonpolar solutes [16].

As shown in Fig. 1, thev0sr 2 r0d 1 Dvsr 2 r0d
curves are indeed identical within statistical errors af
translation byr0, except for distancesr & r0. In that
region, two effects compete: The solute volume becom
accessible to the test water molecule that does
© 1998 The American Physical Society 4193



VOLUME 80, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 11 MAY 1998

l,

-

k

in

iv
v

le
o
te
ti

d

in
e
b

g

r
)
t

r
ent
the
m
or

er

he
a-

of

te-
-

ow
for

ers

om
-2.5

-2

-1.5

-1

-0.5

0

0.5

-0.1 0 0.1 0.2 0.3 0.4 0.5

ω
0 

+
 ∆

ω
 (

kJ
 m

ol
-1

)

r (nm)

r0

σss

0

0.4

0.8

1.2

-0.1 -0.05 0 0.05 0.1

∆ω
 (

kJ
 m

ol
-1

)

 

σss

FIG. 1. Sum of CPMF and cavity-expulsion potentia
v0srd 1 Dvsrd, from simulation RDF data foress ­ 1 kJymol
and sss ­ 0.2, 0.25, . . . , 0.75 nm. The v0srd curve shown
with filled circles was fitted to data for solute diame
ters sss ­ 0.2, 0.25, . . . , 0.5 nm and interaction strengths
ess ­ 0.1, 0.2, . . . , 1.0 kJymol. The inset shows the cavity-
expulsion interactionDvsrd. Thick arrows indicate trends
with growing sss. r ­ 0 corresponds to the approximate pea
positionr0 of gswsrd.

interact with the solute, with the resulting free-energy ga
contained in the solute-size-independent CPMFv0srd.
However, the test water molecule also loses attract
interactions with the water phase, resulting in an effecti
“cavity-expulsion potential”Dvsrd that depends on solute
size. For small solutes, the cavity expulsion is negligib
as the test water molecule retains sufficient interacti
partners even at the center of the solute. For large solu
however, the loss can amount to as much as the nega
excess chemical potential2m0 of water, corresponding
to a transfer of the test water molecule from bulk liqui
water into vacuum.

We find thatDvsrd obtained from computer simulations
can be approximated by a potential that is shifted accord
to the local curvature of the solute-water interface (s
Fig. 1). Here, we use a form qualitatively suggested
the simulation data,Dvsrd ­ 20.5m0 erfcfsr 1 Drcdysg,
which is zero forr ! ` and 2m0 for r ! 2` (erfc is
the complementary error function;s ­ 0.135 nm) [19].
For spherical solutes, the cavity expulsion is centered
r0 2 Drc, just inside the solute.Drc is approximated by a
simple function of the curvature1yr0, Drc ø 0.216 nm 1

0.004 nmyr3
0 , with the coefficients obtained from a fit to

the available data. Thus, for small spherical solutes (lar
curvature), the shiftDrc is large and the cavity expulsion
Dvsrd is negligible in regions with appreciable wate
density. In contrast, for larger solutes (small curvature
the cavity expulsion results in weak dewetting of the solu
that increases with increasing solute size.Dvsrd curves
from simulation data usingess ­ 1 kJymol are shown
in the inset of Fig. 1. For a solute of diametersss ­
0.7 nm, there is already an appreciable effect atr ­ 0
corresponding to the peak position.
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Figure 2 shows solute-water oxygen RDF’s fo
various solute LJ parameters. We observe excell
agreement between the RDF’s calculated using
perturbation theory Eq. (1) and simulations. The botto
panel illustrates the effect of the cavity expulsion. F
a small solute (sss ­ 0.4 nm), the cavity expulsion has
no appreciable effect on the RDF’s; whereas for a larg
solute (sss ­ 0.7 nm), it results in an outward shift and
depression of the first peak in the RDF [20].

We can readily use the RDF model Eq. (1) to study t
thermodynamics of hydrophobic hydration. The deriv
tive of the excess chemical potentialm of the solute with
respect tosss can be expressed as a canonical average
the derivative of the solute-water interaction energyusw,µ

≠m

≠sss

∂
V ,T ,ess

­

ø
≠usw

≠sss

¿
­ 4prw

Z `

0
dr r2 gswsrd

3 2esws21
sw

∑
12

µ
ssw

r

∂12

2 6

µ
ssw

r

∂6∏
.

(5)

Water orientational degrees of freedom have been in
grated out exactly in Eq. (5). The derivative of the chem
ical potential with respect tosss is shown in Fig. 3.
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FIG. 2. Solute-water RDF’sgswsrd. Simulation data are
shown as filled circles (256 water molecules). Solid lines sh
the results of the perturbation theory Eq. (1). (a) Results
ess ­ 1 kJymol and sss ­ 0.2, 0.25, . . . , 0.75, 0.75 nm. For
united-atom models of hydrocarbons [22], typical LJ paramet
are 0.37 , sss , 0.4 nm and 0.5 , ess , 1.2 kJymol. (b)
Illustration of the effect of the cavity expulsion forsss ­ 0.4
and 0.7 nm. The dashed line shows the result obtained fr
Eq. (1) without cavity expulsion [i.e., withDvsrd ­ 0].
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FIG. 3. Derivative of the excess chemical potentialm of
LJ solutes with respect to the solute sizesss. Results
are shown foress ­ 0.1, 0.2, . . . , 1.0 kJymol, where a thick
arrow indicates the trend with growingess. The solid lines
are calculated from the perturbation theory Eq. (1). F
reference, simulation data are shown as filled circles foress ­
1.0 kJymol, with error bars indicating one standard deviatio
estimated from block averages. The corresponding≠my≠sss
without cavity expulsion [Dvsrd ­ 0] is shown as a dot-
dashed line. The results of surface-area models are show
dashed lines, with apparent surface tensionsgapp ­ 30, 50, and
70 dynycm (1 dynycm = 1023 Nym).

A comparison with data from simulations foress ­
1.0 kJymol shows excellent agreement with the pertu
bation theory. The≠my≠sss curves exhibit an approxi-
mately linear dependence onsss. However, the slope
depends on the LJ interaction strengthess. Interestingly,
the increase of≠my≠sss with sss is sublinear for large
solutes with largeess values. This could be a result of the
increasing softness of water-solute LJ interactions with
creasingsss at constantess. The sublinear growth may
also be an artifact of the approximate form used for t
cavity-expulsion potentialDvsrd [19].

Also included in Fig. 3 are chemical potentials calcu
lated from phenomenological area laws,m ø ps2

ssgapp,
for molecular surface areas4pssssy2d2. We find that
apparent surface tensionsgapp of about 40–60 dynycm
best describe the data, in agreement with experimen
surface tensions of 50 and 70 dynycm for water-alkane
and water-vapor interfaces, respectively. However, w
emphasize that using any single apparent surface t
sion results in considerable deviations from the observ
chemical potentials when the solute size and attract
strength are varied within the range ofsss # 0.7 nm
and ess # 1 kJymol considered here. Interestingly, th
surface-area model for a water-alkane surface tension
50 dynycm agrees precisely with the perturbation theo
result for ≠my≠sss for LJ parameterssss ­ 0.3905 nm
and ess ­ 0.494 kJymol corresponding to ansp3 CH2

group of ann-alkane in the parametrization of Jorgense
et al. [22]. This may not be a pure coincidence, but su
gests that cavity expulsion at macroscopic alkane-wa
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interfaces acts according to the molecules forming the s
face layer, rather than the alkane aggregate as a whole
other words, a single large LJ solute is not a realistic re
resentation of an alkane-water interface.

The effect of the cavity expulsion on the solvation the
modynamics is dramatic. Figure 3 shows the≠my≠sss

curve foress ­ 1 kJymol calculated from Eq. (1) without
cavity expulsion [Dvsrd ­ 0]. That curve shows a strong
upturn, indicative of a large volume contribution to th
solvation free energy. We conclude that the weak dew
ting observed in Fig. 2(b) upon inclusion ofDvsrd is
sufficient to change the solvation thermodynamics quali
tively, bringing it into better agreement with phenomeno
logical surface-area models.

We also calculated the apparent surface te
sions of the entirely repulsive soft-sphere mod
uswsrd ­ b21ss0yrd12 studied by Wallqvist and Berne
[23]. For 0.645 # s0 # 0.725 nm, we observe almost
perfect area dependence with an apparent surface ten
of about 83 dynycm. This value agrees well with the
surface tension of 81 dynycm obtained upon correcting
the explicit RER water simulation result of 108 dynycm
[23] for different liquid-vapor surface tensions o
SPCyE (75 dynycm) [24] and RER (100 dynycm) water
models [23].

The cavity expulsion introduced here provides a fir
step towards reconciling the dewetting of large har
sphere solutes proposed by Stillinger [1] with the sim
lation studies of soft interfaces [25], as well as larg
soft-sphere solutes [23]. Stillinger based his argume
for a vapor layer surrounding a large hard sphere im
mersed in water on the fact that the contact value
the RDF is small for liquid water,gswss1

swd ­ bpyr ø
2 3 1025. He also suggested that the water-vapor layer
wide on an atomic scale. The present theory favors we
dewetting with only a molecularly thin vapor layer sur
rounding nonpolar solutes. Interestingly, the maximu
cavity-expulsion potential,2m0, gives the correct magni-
tude for the contact value, expsbm0d ø bpyr. We note
that several assumptions entering the present analysis w
rant further examination: (1) We extrapolate the cavi
expulsion observed for small solutes (sss # 0.75 nm) to
macroscopic hard walls using Eq. (1). (2) The hydratio
of hard spheres is assumed to be conceptually similar
that of soft spheres with weak attractions. (3) The cav
expulsionDvsrd is assumed to be independent of attra
tive interactions forbesw & 1.

The present theory explains the reduction in height a
outward shift of the contact peak of the RDF’s for larg
solutes [23] and of the water density distribution near
soft wall [25] [see Fig. 2(b)], without the presence of
dewetting regime. When we focus on concave surfaces
the region between two large hydrophobic solutes at sh
distance, such as the system studied recently by Wallqv
and Berne [23], complete dewetting in that region can
explained qualitatively. The energetic cost of transferrin
4195
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a water molecule into a concave hydrophobic pocket
high, as that water molecule loses most of its interacti
partners. This corresponds to a strong cavity-expulsi
potential. The center of the cavity-expulsion potential ca
moveoutsidea nonpolar solute of aconcaveshape, where
concave is defined based on coarse-graining using a w
molecule as the size parameter. In such a coarse-grain
process, the narrow space between the two ellipsoids
short distance studied by Wallqvist and Berne [23] isinside
the region where the cavity expulsion acts.

The nature of the cavity-expulsion potential also allow
us to distinguish nonassociating liquids from water. F
the extreme case of a hard-sphere fluid, the exc
chemical potential in the bulk fluid is positive. This
results in an effective “cavity attraction” that was indee
observed, with the contact value of the hard-sphe
density at a wall being significantly higher than th
contact value of the bulk RDF [26]. Cavity expulsion
becomes relevant when attractive forces between solv
molecules gain importance. A density decrease at a w
resulting from increasing solvent-solvent attractions wa
for instance, observed for dipolar hard spheres at a h
wall [27].

We must be cautious in applying cavity expulsion an
weak dewetting to molecules or molecular assembli
such as proteins or micelles. The attractive interactio
(van der Waals and electrostatic) with interior atom
effectively reduce the cavity expulsion of the surfac
layer. The tendency to dewet a nonpolar region on
protein surface is correspondingly less pronounced.
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Garcı́a, Dr. Michael E. Paulaitis, and Dr. Henry S. Ash
baugh for many valuable discussions about hydropho
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the U.S. Department of Energy, supported through a L
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