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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, supported by
extensive computer simulations. Two contributions to the solvent-mediated solute-water interactions are
identified: a cavity potential of mean force that transforms by a simple translation when the solute size
changes, and a solute-size-independent cavity-expulsion potential. The latter results in weak dewetting
of the solute-water interface that can explain the approximate area dependence of solvation free energies
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

Hydrophobic interactions play an important role in a three-dimensional convolution integral. Additional non-
self-assembly phenomena in aqueous solutions, such #&svial contributions tog;,, () are contained i (r).
protein folding or the formation of membranes and In the perturbation model Eq. (1), the free-energy
micelles. Scaled-particle theory [1-3], Pratt-Chandlemprofile —8 !'Ing,,(r) of a test water molecule as a
integral-equation theory [4], configurational entropy ex-function of the distance from the solute can be separated
pansions [5], and recent theories based on cavity-size digato two terms: (1)u.,(r) — B~ 'C(r); and (2) w(r).
tributions [6—8] and density fluctuations [9] have greatly The former is identical to the ideal-gas resulf, (r) plus
expanded our understanding of hydrophobic hydration osolvent-mediated attractive interactiopg uaee * Ay (7).
atomic length scales. However, the connection to mescFhe latter,w(r), is approximately [and precisely so for
scopic and macroscopic phenomena remains largely ume,(r) = 0] the free energy of bringing a test water
explored. An exception is scaled-particle theory, whichmolecule from infinity to a distance from the solute
provides a basis for widely used phenomenological modwhen that water molecule does not interact directly with
els parametrizing solvation free energies as proportionghe solute but retains its interactions with other water
to surface areas. molecules. This contribution is nontrivial; however, it is

The inhomogeneous structure of water in the vicinityexpected to be relatively insensitive to the details of the
of nonpolar solutes is the key to the thermodynamics obolute-water interactions for nonpolar solutes.
hydrophobic hydration. Here, we study the structure and This insensitivity ofw () is indeed observed in exten-
thermodynamics of hydrophobic hydration using perturbasive computer simulations of spherical LJ solutes of dif-
tion theory supported by extensive computer simulatiorferent sizes and attraction strengths in water [13]. For
data. Our ansatz for the solute-water oxygen radial disthose solutes, the RDFg;,,, (r) of water oxygens are al-

tribution function (RDF) is most identical after radial translation according to the peak
(r) = ¢ s () =Bo()+C() 1 position for solute diameters of less than about 0.5 nm
Eswil) = € ’ (D) (solute-solute LJ parameter,,). This allows us to sepa-
where 8! = kgT with kg the Boltzmann constant and rate the solvent-induced solute-water interactidm) into

T the temperature. The short-range repulsiQp(r) ob-  two contributions,
tained from Weeks-Chandler-Anderson (WCA) [10] sepa- _ B B
ration dominateg,,, (r) at short distances, w(r) = wolr = ro) + Aw(r = ro), )
¢ 5176 where the cavity potential of mean force (CPMbk)(r —
rep (r) = {”Sw(r) T &y TOrr < Tsw> (2)  ro) contains the solute-invariant part. Thus, solutes of
0 otherwise different sizes and interactions with water have identical
where the solute-water Lennard-Jones (LJ) interactio€PMF'swo(r — ro) after translation by a distaneg. The
i g (r) = 4€4,[ (04 /1) — (040/r)®] = uwep(r) +  remaining size and interaction dependence is contained
u,t(r). The renormalized potential’(r) of the expo- in Aw(r — ry). The radial shiftry for a given solute is
nential (EXP) perturbation model [11,12] corrects for thechosen to be the distance where the solute-water repulsive
weak attractions not considered in the WCA theory. Inforce —du.,/dr equals 15 kd(molnm). r, corresponds
the limit of infinite solute dilution,C(r) corresponds to accurately to the peak position in the solute-water oxygen
the sum of the direct attraction,(r) and interactions RDF's g, (r) for small nonpolar solutes [16].
transmitted by water molecules [12], As shown in Fig. 1, thewo(r — r9) + Aw(r — rp)
clr) = — (r) — e 3) curves are indeed identical within statistical errors after
r Buau(r) = Bpwita * by (r). translation byry, except for distances < ro. In that
pw is the water density, and,,,(r) = g...(r) — 1, where region, two effects compete: The solute volume becomes
gww(r) is the water-oxygen RDF. The asterisk indicatesaccessible to the test water molecule that does not
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Figure 2 shows solute-water oxygen RDF's for
various solute LJ parameters. We observe excellent
agreement between the RDF's calculated using the
perturbation theory Eq. (1) and simulations. The bottom
panel illustrates the effect of the cavity expulsion. For
a small solute ¢,, = 0.4 nm), the cavity expulsion has
no appreciable effect on the RDF's; whereas for a larger
solute g, = 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 the
thermodynamics of hydrophobic hydration. The deriva-

tive of the excess chemical potentjalof the solute with
o1 0 0i1 sz oj3 of Y respect tasy; can be expressed as a canonical average of
r (nm) the derivative of the solute-water interaction eneugy,

FIG.1. Sum of CPMF and cavity-expulsion potential, [ du& _ [ OUsw — 4 wd 2 ()
wo(r) + Aw(r), from simulation RDF data foe,, = 1 kJ/mol 00 v e \oos/ TPw 0 rr8swil

and o, = 0.2,0.25,...,0.75 nm. The wo(r) curve shown
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with filled circles was fitted to data for solute diame- % 2 —1| 1o Tow 12 _ gl Tevw 0
ters oy = 02,0.25,...,0.5 nm and interaction strengths Esw T r r :
€5 = 0.1,0.2,...,1.0 kJ/mol. The inset shows the cavity-

expulsion interactionAw(r). Thick arrows indicate trends (5)

with growing oss. r = 0 corresponds to the approximate peak

positionro of gy, (r). Water orientational degrees of freedom have been inte-

grated out exactly in Eq. (5). The derivative of the chem-

interact with the solute, with the resulting free-energy gairical potential with respect tary, is shown in Fig. 3.
contained in the solute-size-independent CPMF(r).

However, the test water molecule also loses attractive o [
interactions with the water phase, resulting in an effective
“cavity-expulsion potential’A w (r) that depends on solute
size. For small solutes, the cavity expulsion is negligible 157
as the test water molecule retains sufficient interaction

(@) 1

partners even at the center of the solute. For large solutes, 3 1 |
however, the loss can amount to as much as the negativec’
excess chemical potentiat uy of water, corresponding
to a transfer of the test water molecule from bulk liquid 051
water into vacuum.
We find thatA w (r) obtained from computer simulations 0 : : : : :
Ogs =.0.4 nm OF

can be approximated by a potential that is shifted according 2r Py 0..=0.7 nm
to the local curvature of the solute-water interface (see \

Fig. 1). Here, we use a form qualitatively suggested by 15|
the simulation datad w (r) = —0.5u¢erfd(r + Ar.)/s],
which is zero forr — o« and —u for r — —« (erfc is

the complementary error function; = 0.135 nm) [19].

For spherical solutes, the cavity expulsion is centered at
ro — Ar., justinside the soluteAr, is approximated by a 05
simple function of the curvaturg/rg, Ar. = 0.216 nm +
0.004 nm/r3, with the coefficients obtained from a fit to , ,
the available data. Thus, for small spherical solutes (large 02 03 04 05 06 07 08 09 1
curvature), the shifi\r, is large and the cavity expulsion r (nm)

Aw(r) is negligible in regions with appreciable water pjg 5 gsojyte-water RDF’sg,,(r). Simulation data are
density. In contrast, for larger solutes (small curvature)shown as filled circles (256 water molecules). Solid lines show
the cavity expulsion results in weak dewetting of the solutehe results of the perturbation theory Eq. (1). (a) Results for

that increases with increasing solute siz&w(r) curves € = 1 kJ/mol and o, = 0.2,0.25,...,0.75,0.75 nm.  For

; ; ; — united-atom models of hydrocarbons [22], typical LJ parameters
from simulation data using,;, = 1 kJ/mol are shown are 037 < oy, < 04 nm and 0.5 < e, < 1.2 k)/mol.  (b)

Osw(n

in_the inset Of, Fig. 1. For a solutg of diameter, = lllustration of the effect of the cavity expulsion faer,, = 0.4
0.7 nm, there is already an appreciable effectrat 0 and 0.7 nm. The dashed line shows the result obtained from
corresponding to the peak position. Eqg. (1) without cavity expulsion [i.e., withw (r) = 0].

4194



VOLUME 80, NUMBER 19 PHYSICAL REVIEW LETTERS 11 My 1998

interfaces acts according to the molecules forming the sur-
face layer, rather than the alkane aggregate as a whole. In
other words, a single large LJ solute is not a realistic rep-
resentation of an alkane-water interface.

The effect of the cavity expulsion on the solvation ther-
modynamics is dramatic. Figure 3 shows the/do
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1
2 % curve fore;, = 1 kJ/mol calculated from Eq. (1) without
2 80T cavity expulsion fw(r) = 0]. That curve shows a strong
8 6o | upturn, indicative of a large volume contribution to the
E R solvation free energy. We conclude that the weak dewet-
40 ting observed in Fig. 2(b) upon inclusion &w(r) is
20 sufficient to change the solvation thermodynamics qualita-

02 03 04 05 0.6 0.7 tlvgly, bringing it into better agreement with phenomeno-
Ogs (NM) logical surface-area models.

o ) _ We also calculated the apparent surface ten-

FIG. 3. Derivative of the excess chemical potential of  gions of the entirely repulsive soft-sphere model

LJ solutes with respect to the solute size,. Results _ . .
are shown fore,, = (?.1,0.2,...,1.0 kJ/mol, \ﬁére a thick Usw(r) =B H(oo/r)" studied by Wallgvist and Berne

arrow indicates the trend with growing,. The solid lines [23]. For 0.645 = o = 0.725 nm, we observe almost
are calculated from the perturbation theory Eq. (1). Forperfect area dependence with an apparent surface tension
reference, simulation data are shown as filled circlesefpr= of about 83 dyricm. This value agrees well with the
1.0 kJ/mol, with error bars indicating one standard deviationgrface tension of 81 dyem obtained upon correcting

estimated from block averages. The correspondipg oo, o . )
without cavity expulsion Aw(r) = 0] is shown as a dot- the explicit RER water simulation result of 108 ¢fypm

dashed line. The results of surface-area models are shown &3] for different liquid-vapor surface tensions of
dashed lines, with apparent surface tensigps = 30, 50, and  SPG/E (75 dyrycm) [24] and RER (100 dyfcm) water

70 dynycm (1 dyrycm =103 N/m). models [23].
The cavity expulsion introduced here provides a first
A comparison with data from simulations fog,, =  step towards reconciling the dewetting of large hard-

1.0 kJ/mol shows excellent agreement with the pertur-sphere solutes proposed by Stillinger [1] with the simu-
bation theory. Thew/dos curves exhibit an approxi- lation studies of soft interfaces [25], as well as large
mately linear dependence an,,. However, the slope soft-sphere solutes [23]. Stillinger based his arguments
depends on the LJ interaction strength. Interestingly, for a vapor layer surrounding a large hard sphere im-
the increase obu/do with oy is sublinear for large mersed in water on the fact that the contact value of
solutes with large,, values. This could be a result of the the RDF is small for liquid waterg,,,(c},) = Bp/p =
increasing softness of water-solute LJ interactions with in2 X 107>, He also suggested that the water-vapor layer is
creasingo,; at constant,. The sublinear growth may wide on an atomic scale. The present theory favors weak
also be an artifact of the approximate form used for thedewetting with only a molecularly thin vapor layer sur-
cavity-expulsion potentiah o (r) [19]. rounding nonpolar solutes. Interestingly, the maximum
Also included in Fig. 3 are chemical potentials calcu-cavity-expulsion potentiak- uo, gives the correct magni-
lated from phenomenological area lawys,~ mo2 y.pp,  tude for the contact value, e§puo) =~ Bp/p. We note
for molecular surface areasm(o,,/2)*>. We find that that several assumptions entering the present analysis war-
apparent surface tensiong,, of about 40—60 dyfcm  rant further examination: (1) We extrapolate the cavity
best describe the data, in agreement with experimentaxpulsion observed for small solutes,{ = 0.75 nm) to
surface tensions of 50 and 70 digm for water-alkane macroscopic hard walls using Eqg. (1). (2) The hydration
and water-vapor interfaces, respectively. However, wef hard spheres is assumed to be conceptually similar to
emphasize that using any single apparent surface temhat of soft spheres with weak attractions. (3) The cavity
sion results in considerable deviations from the observedxpulsionAw(r) is assumed to be independent of attrac-
chemical potentials when the solute size and attractiotive interactions forB ey, < 1.
strength are varied within the range of;; = 0.7 nm The present theory explains the reduction in height and
and e;; = 1 kJ/mol considered here. Interestingly, the outward shift of the contact peak of the RDF's for large
surface-area model for a water-alkane surface tension @blutes [23] and of the water density distribution near a
50 dyn/cm agrees precisely with the perturbation theorysoft wall [25] [see Fig. 2(b)], without the presence of a
result forou/dos for LI parametersr,, = 0.3905 nm  dewetting regime. When we focus on concave surfaces or
and e,; = 0.494 kJ/mol corresponding to arp® CH, the region between two large hydrophobic solutes at short
group of ann-alkane in the parametrization of Jorgensendistance, such as the system studied recently by Wallgvist
et al. [22]. This may not be a pure coincidence, but sug-and Berne [23], complete dewetting in that region can be
gests that cavity expulsion at macroscopic alkane-wategxplained qualitatively. The energetic cost of transferring

4195



VOLUME 80, NUMBER 19

PHYSICAL REVIEW LETTERS

11 My 1998

a water molecule into a concave hydrophobic pocket i$10] J.D. Weeks, D. Chandler, and H.C. Andersen, J. Chem.

high, as that water molecule loses most of its interaction

Phys.54, 5237 (1971).

partners. This corresponds to a strong cavity-expulsiofitl] H.C. Andersen and D. Chandler, J. Chem. Pt%#5.1918

potential. The center of the cavity-expulsion potential can
moveoutsidea nonpolar solute of eoncaveshape, where
concave is defined based on coarse-graining using a watgr,
molecule as the size parameter. In such a coarse-graining
process, the narrow space between the two ellipsoids at
short distance studied by Wallgvist and Berne [23fg&de

the region where the cavity expulsion acts.

The nature of the cavity-expulsion potential also allows
us to distinguish nonassociating liquids from water. For
the extreme case of a hard-sphere fluid, the excess
chemical potential in the bulk fluid is positive. This
results in an effective “cavity attraction” that was indeed
observed, with the contact value of the hard-sphere
density at a wall being significantly higher than the
contact value of the bulk RDF [26]. Cavity expulsion

. 4
becomes relevant when attractive forces between solve ]t |

(1972).

[12] L.R. Pratt and D. Chandler, J. Chem. Phy® 3434

(1980).

3] All simulation results presented here are based on Monte

Carlo calculations of systems with 128 or 256 SEC
water molecules [14] and one LJ solute molecule. Ewald
summation was used (see Ref. [15] for more details).
Solute @, €,) and water LJ parameterso(, =
0.316556 nm, €,,, = 0.650170 kJ/mol) are combined
using Lorentz-Berthelot rulesio,, = 0.5(og + o)
and €, = (e,€,,)"%. Simulations for small sol-
utes @, = 04 nm) were performed in canonical
(T =298 K) ensembles with a constant total particle
density of 33.33 nm’. For larger solutes, the volume
was adjusted at the beginning of a simulation to give
pressures within=100 bars.

H.J.C. Berendsen, J.R. Grigera, and T.P. Straatsma, J.
Phys. Chem91, 6269 (1987).

molecules gain importance. A density decrease at a wajhs) G. Hummer, L.R. Pratt, and A. E. Gaagi). Phys. Chem.

resulting from increasing solvent-solvent attractions was,

100, 1206 (1996).

for instance, observed for dipolar hard spheres at a haideé] For nonspherical nonpolar solutes, the inhomogeneous wa-

wall [27].
We must be cautious in applying cavity expulsion and
weak dewetting to molecules or molecular assemblies
such as proteins or micelles. The attractive interactions
(van der Waals and electrostatic) with interior atoms
effectively reduce the cavity expulsion of the surface
layer. The tendency to dewet a nonpolar region on
protein surface is correspondingly less pronounced.

ter density is determined almost entirely by the closest site
of the solute [17,18]. This weak sensitivity of the water
structure to the overall solute size and shape motivates a
translationally invariant CPMF for nonspherical solute ge-
ometries as well.

[17] S. Garde, G. Hummer, A.E. GagliL. R. Pratt, and M. E.

Paulaitis, Phys. Rev. B3, R4310 (1996).

§18] H.S. Ashbaugh and M. E. Paulaitis, J. Phys. Chao,

1900 (1996).

We are indebted to Dr. Lawrence R. Pratt, Dr. Angel E.[19] Preliminary calculations of\w(r) from simulations us-

Garca, Dr. Michael E. Paulaitis, and Dr. Henry S. Ash-
baugh for many valuable discussions about hydrophobic
hydration. This work was done under the auspices of

ing perturbative methods indicate a softer inset for
r < ry, with the softness depending on the interfacial
curvature.

the U.S. Department of Energy, supported through a Lo§0] We note that the solute-water oxygen RDF for model

Alamos National Laboratory LDRD grant.

[1] F.H. Stillinger, J. Solut. Chen®, 141 (1973).

[2] H. Reiss, Adv. Chem. Phy®, 1 (1965).

[3] R.A. Pierotti, Chem. Rev76, 717 (1976).

[4] L.R. Pratt and D. Chandler, J. Chem. Phy, 3683
(2977).

[5] T. Lazaridis and M. E. Paulaitis, J. Phys. Che®6, 3847
(1992).

[6] A. Pohorille and L. R. Pratt, J. Am. Chem. Sdd 2 5066
(1990).

[7] G. Hummer, S. Garde, A.E. Gag;l A. Pohorille, and
L. R. Pratt, Proc. Natl. Acad. Sci. U.S.A3, 8951 (1996).

[8] S. Garde, G. Hummer, A.E. Gae;i M. E. Paulaitis, and
L.R. Pratt, Phys. Rev. Let?7, 4966 (1996).

[9] D. Chandler, Phys. Rev. E8, 2898 (1993).

4196

LJ solutes with parameters representative of krypton are
found in good agreement with recent extended x-ray
absorption fine structure spectroscopy (EXAFS) data [21].

[21] A. Filipponi, D.T. Bowron, C. Lobban, and J.L. Finney,

Phys. Rev. Lett79, 1293 (1997).

[22] W.L. Jorgensen, J.D. Madura, and C.J. Swenson, J. Am.

Chem. Soc106, 6638 (1984).

[23] A. Wallgvist and B.J. Berne, J. Phys. CheB9, 2885

(1995);99, 2893 (1995).

[24] J. Alejandre, D.J. Tildesley, and G.A. Chapela, J. Chem.

Phys.102, 4574 (1995).

[25] C.Y. Lee, J.A. McCammon, and P.J. Rossky, J. Chem.

Phys.80, 4448 (1984).

[26] I.K. Snook and D. Henderson, J. Chem. Ph§8. 2134

(1978).

[27] Z.X. Tang, L.E. Scriven, and H. T. Davis, J. Chem. Phys.

96, 4639 (1992).



