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Molecular simulation is used to elucidate hydrophobic interaction at atmospheric pressure where
liquid water between apolar walls imetastablewith respect to capillary evaporation. The steep
increase of the estimated activation barrier of evaporation with surface—surface separation explains
the apparent stability of the liquid at distances more than an order of magnitude below the
thermodynamic threshold of evaporation. Solvation by metastable liquid results in a short-ranged
oscillatory repulsion which gives rise to an irreversible potential barrier between approaching walls.
The barrier increases with external pressure in accord with measured pressure-induced slowing of
conformational transitions of biopolymers with strong hydrophobic interactions. At a sufficiently
small separation, the force abruptly turns attractive signaling nucleation of the vapor phase. This
behavior is consistent with the cavitation-induced hysteresis observed in a number of surface—force
measurements for strongly hydrophobic surfaces at ambient condition200® American Institute

of Physics. [DOI: 10.1063/1.1386926

I. INTRODUCTION coarse-grainétd’ waterlike models predicted the existence
_ _ ) of an activation barrier separating the vapor and liquid
Hydrophobic effects influence a wide range of molecularpnases. The barrier can be sufficiently high to lead to the
phenomena in aqueous solutions, from gas solubility to demetastability of the liquid phase over experimentally relevant
tergency, formation of membranes, and protein foldifd:  timed®-13 ynless the wall-wall separation is reduced to a
tractive interaction between extended hydrophobic solutes ig,, [0(10)] molecular layerd Interpretations of kinetic as-
assqciated vyith surface 'dewettin.g yvhich occurs bglow a C”tipects of hydrophobicity, including the well known hysteresis
cal interparticle separationi;. Within a coarse-grained de- i, g rface-force-apparatus measureméhtthus warrant a
scription and for planar geometry, is approximately given  mqjecular-level description which has so far not been pro-
by the Kelvin equatiord.~2(ywi— yw,)/pAu, Wherepis  \iged.
the liquid number densityy is the difference of the chemi- Molecular simulation studies have elucidated several
cal potential of the liquid from liquid/gas coexistence value,¢oatures of confined waté%23-3° However many of these
v is the interfacial free energy, and subscriptsl, andv g gies were concerned with hydrophilic confinements, and
denote .the walls and the mtervenlngl liquid or vapor pha}seomy a few were performed using opéronstant pressure or
respectively. For strongly hydrophob|E solutes and ambientpemical potential ensemble suitable to consider capillary
conditions, with the bulk pressurB,=1atm, andpAux  gyaporation or equilibrium with bulk liquid. The first simu-
~Py, the distanced, bel%\g\v ‘Z’YE'Ch the vapor phase is fa- |ation study of confined water performed in topen en-
vored is of the order of TOA. _semble(GCMC), used® the BBL model of wateél® (surface
Spontaneous cavitation of water between hydrophobigengion +, | close to 50 mJ/A) between parallel hard walls
surfaces has long been discussed in the context of measus ik pressur®,~ 2% 10° atm. Evaporation was observed
able surface forces.® While a number of surface-force ap- at wall—wall distancesl below about 5 A. a value close to
paratus measurements reveal capillary evaporation betwegge estimate from the Kelvin equati¢approximately valigt
apolar surfaces, others point to the presence of liquid watet; yivend). Similarly, the isotonic ensemble simulations for
at separations much smaller than allowed by the KelVingpc model of water. also between hard walls ancPat
equation'®~3The presence of liquid water in narrow apolar _ 1.5x 10° atm. have ,shown evaporation belaiw10 A3
confinement is rationalized by kinetic'a'rgume‘hff 1N pue to the small value ., at high external pressugtarge
addition to liquid-stabilizing effects of finite lateral sfzand Aw) considered in these two studies, the observed liquid
partial hydrophilicity’® of the surfaces. In theoretic analyses, phase in contact with hard walls was thermodynamically
similar metastabilities have been considered in contexts of; pie At low pressureP,<10atm, on the other hand, the
simple quids%8‘21andl also water in a wetting confineméﬁt, simulations of SPC and SPC/E water between hard walls that
but not for the drying sce.n%rgl:glgf our present Interest,q nerformed at the preliminary stage of this work, resulted
Continuum-analytic calculatiofis™™ and simulations for j, eyaporation at all trial separatiorts, Molecular dynamics
simulation of water between hard ellipsoids of lateral size of
dElectronic mail: db@Iolita.cchem.berkeley.edu about 18 A at ambient pressure showed evaporation at the
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wall-wall distance of~1—2 molecular layer¥’ This result, at cubic box sizé.=18 A, and for the spherical cutoff given
again, is close to the estimate from the Kelvin equation wherby Eq.(2) of Ref. 38, the above two states are characterized
used in its generalized fofhthat accounts for the reduction by excess chemical potentiajs.,/ksT=—10.596 at the
of d; due to finite lateral size of the confinement. lower, and—9.87 at the higheP,,. Clearly, the appropriate

In the present article, we report the fieghbient pressure values of chemical potential depend slightly on the cutoff of
results obtained in systematic opé@rand Canonicalen-  the intermolecular potential, the system size, and the bound-
semble simulations for the structure and for the solvatiorary conditions. While our code includes a two-dimensional
force between apolar plates with weak wall/water attractiorEwald-sum routin€ from previous studie¥) computer time
that mimics hydrocarbon surfac&sWe consider separations restrictions due to slow convergence of density and pressure
from contact to 60 A. For bulk pressuRy,=0+10atm we precluded the application of this computation intensive tech-
identify slit widths where liquid water persists in an initially nique in systematic calculations. As the optimal practical al-
filled pore in a metastable state. Molecular simulation is usedernative, we use periodic conditions in lateral directions,
to estimate the free energy barriéor a set of distancegshat  combined with spherical cutoff for water—water interactions
prevents or slows capillary evaporation. We also considedescribed by Eq(2) of Ref. 38. The lateral size of the simu-
situations when the liquid phase is stabilized by elevatedation box,L,, at small and moderate wall-wall separations,
pressureP,~ 10> atm. We show that the potential betweend, was held at 18 A. For highed, L,y Was gradually in-
approaching hydrophobic domains separatedr®tastable creased to retain an approximately cubic shape of the water
liquid features a maximum which has to be crossed beforslab, reaching 36 A al=50A. This size of the box corre-
the surfaces are attracted to contact. The peak increases wihonds to~2x10° molecules, the most allowed by our
external pressure in a similar way as the drying barrier foromputational resources. While not as accurate as Ewald
the reversible interaction of apolar solutes or residues of summatiorf>*°the above description has been shdtn be

smaller sizét*? more reliable than the Minimum Image and Cylindrical-
Cutoff alternatives although the truncation of the long-
Il. MODEL AND METHOD ranged tail in water-water potentials might slightly affect the

fcalculated interplate force. The low pressure value of excess
chemical potential we use is in reasonable agreement with
e reported resulfe,/kgT=—10.05+0.1, obtainetf°! at
most identical conditions for bulk TIP4P model of water.

A serious difficulty in simulations of confined water is a
very slow relaxation of fluctuations in liquid density
profiles®®°3 The long-lived asymmetry in density profifés
leads to considerable differences in pressures exerted on the

two walls as purely diffusive molecular motion proves insuf-

Uiw(Ziw) =alzp,—clZ3,, (1)  ficient for rapid equilibration. This difficulty was overcome
where a=4mpec'¥45=2.7x10"7JA°,  c=15a/20° by imp_lementir_lg collective moves (_)f water molec_ules corre-
—1.265< 10" 193 A3, p is the number density of C atoms of spongimg_to S|multan_e0us translation of all particles along
the hydrocarbon, and and - are the Lennard-Jones param- the direction perpendicular to the walls. Acceptance of these

eters describing the average interaction between hydrocarbcmov.eS was controlled. by theousual Metropolis crlterlor_l. In-
CH,, groups and the oxygen atom of waterfThe solvation cluding a small fraction {19%) of the above collective
pressureP(d), acting on either wall at slit widtd is de- moves resulted in rapid equilibration of density profiles and

termined as the difference between the average force per uri cyred Fhe symmetry' of mean pressures on the two walls.
area exerted on the wall by all water molecuiesthe slit, While reliable calculations could not have been completed

P(d), and bulk pressur®,=P(x). Direct Lennard-Jones without the above maodification, long runs were still neces-

forces between opposite wdfisadd the termP,~a’ d~° sary to obtain accurate pressure averages over the fluctuating
—¢' d°3 where a’'~1.04x10" A atm énhd c'~2.8 number of molecules in the system. With straightforward

x10* A3atm corresponding to the Hamaker constat GCMC acceptance of particle exchange typically around
=6mc’ ~5.3x 10" 2 J. The sunP,+ P,=P, represents the 0.01_5%(up to_four times higher in very narrow Ilqwd film _
total pressure on either wall related to measured surfacg‘e time required to reduce the statistical error in solvation
forces through Derjaguin approximatié‘ﬁ. pressure to about 10 atm is5.10 attempted movegper
Using Grand Canonical Ensemble Monte Carlopartlcle or close to 18 attempted moves for a typical run.
Using a configuration-bias technique for particle exch&hge

simulations?’*® the confined liquid is held in an apparent h onlv three trial orfentations. th . e g
equilibrium with bulk reservoir characterized by a chemical V'™ Only three tnial orientations, the acceptance Is increase
by about a factor of 2.

potential, u. Two states of bulk water that we considered
correspond to bulk pressureP,=0*=10atm or 1000
+10atm, densities 0.9930.01gcm?® and 1.03-0.01
gcm 3, and reduced isothermal compressibilitiggT « In Fig. 1(a) we present density profiles in confined liquid
=0.063 (experimental value is 0.062and 0.058, respec- films for a wide range of slit widths at fixed chemical poten-
tively. P, corresponds to the large distance limit of the pres-+ial corresponding to the ambient pressuPg=0=+ 10 atm.
sure acting on the inner surfaces of the walls. For SPC watefor wall-wall separationd>13.5 A, we find the metastable

We study the behavior of three-point, SPC model o
watef® confined between smooth parallel walls. In the ab-
sence of the confinement and at ambient temperature aﬁq
pressure, SPC water whose critical temperature589 K, is a
known to exist in a stable liquid staté.The walls of the
confinement mimic a hydrophobic material with integrated
Lennard-Jone$9-3) interaction between a wall and the oxy-
gen atom of water located at distargg from the surface,

lll. RESULTS AND DISCUSSION
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scribe equilibrium situations where the liquid is stabiliZet
due to finite lateral size of apolar particles.

The layering of confined liquid is most pronounced at
small wall-wall distancesy, decaying withd in a weakly
oscillatory manner because the density amplitudes peak at
slit widths corresponding to integer multiples of molecular
layers. This behavior affects the distance dependence of the
solvation pressureR, which varies roughly in parallel with
the height of the liquid density peaks next to the walls. Be-
yond the separations of about six to seven molecular layers,
the interfacial density profiles attain an asymptdisingle
wall) form that does not change upon further increase in the
wall-wall separation. This behavior differs from the recent
finding of Sakuraiet al, where a flattening of density peaks

0 20 15 o - 15 30 at increased separations abalre 50 A was observetf The
(@) ZIA] difference is, most likely, due to the use in Ref. 39 of closed
(NVT) ensemble that does not provide a reliable determina-
tion of the number of water molecules as a function of the
20 —JVM%MWL width of the slit. The present results cannot test recent theo-
va ‘\! retic prediction3 based on differentpurely repulsivée wall/
, N water interaction.
15 L A N —M"‘Vq_ Figures 2Za) and Zb) show the dependence of calculated
_J C”*—“\/L pressureP(d) on either surface as a function of the wall—
- - _J R:\)/\L wall separationd. Despite the unavoidable statistical noise,
S 10 1 j A - the present results show pressure oscillations with the num-
NN = ber of peaks roughly consistent with molecular layering of
- — /\ﬂ/\/t water next to the walls. Statistical errors are likely respon-
5 | JyWL sible for observed fluctuations in period lengths of pressure
j /XK/\A; profiles. For our simulated system, the solvation pressure,
- J/”\‘/ﬂ ,_ P,=P(d)—P(«), between walls wetted by metastable in-
0 ‘ L Y \ l ‘ tervening liquid is mostly repulsive. It gives rise to a low
-25 -12 0 12 25 free energy barrier to be crossed before the liquid phase is
(b) z[A] replaced by vapor at smatl. The occurence of a qualita-

tively similar barrier has been occasionally indicated in mea-

FIG. 1. Density profilegdistribution functiony g(z), of oxygen atoms of  gyrements of surface forces between strongly hyrophobic
water molecules in a film of metastable liquid confined between parallel . . - - .
hydrocarbon walls at ambient conditiota), or at the elevated pressure surfaces, e.g. in Fig. 4 of Ref. 54, and in the inset of Fig.

P,~10% atm (b). z is the coordinate perpendicular to the walls. 9(b) of Ref. 55 but the origin of the effect has so far not been
unambiguously identified. Apart from the differences be-
tween the experimental and model systems, direct compari-

liquid to persist over all practical simulation times when thesons are difficult for two reasons. On the experimental side,
initial GCMC state is a pre-equilibrated water-filled pore. the presence of impurities such as dissolved gases can enable
Belowd~12.7 A (about 7.9 A accessible to centers of watercavitation at increased interplate separations. In simulations,
molecule$, we consistently observe capillary evaporation.on the other hand, the use of a finite lateral size of the sample
The threshold width accommodates about three moleculazombined with periodic boundary conditions has been ar-
layers of water. Figure (b) shows results from similar cal- gued to produce an opposite effé€tComputationally fea-
culations for the high pressurB,~ 10° atm. Here the liquid sible increase of the simulation box is not sufficient to rule
regularly evaporated at the threshold distadee9 A (two  out eventual size effects expected only upon a major
molecular layerswhich is roughly consistent with the pre- increas&’ in the lateral area of the system. Integration of
diction of the (equilibrium) Kelvin equation for givenP,,. solvation pressure profiles shown in Fig. 2 with resped to

As d; scales approximately a%;l, and the accuracy of the indicates barrier heights of5.8 and~11 mJ/nt for bulk

Kelvin equation only improves with increasiry,?! it is pressures of-0, and~10® atm, respectively. These values

clear that vapor represents the thermodynamically stablare an order of magnitude smaller than the reduction in the

state of water at the lower pressufg,=0=10 atm, forall surface free energy upon bringing the two apolar surfaces in
confinement widthsl considered in our simulation. contact®>3%4° The pressure-induced increase in the free-
Experimental evidence suggests the metastable liquignergy barrier between extended apolar domains is reminis-
state is often present in realistic situations and is likely tocent of the pressure effect on the potential of mean force
determine the force profiles between strongly hydrophobidetween spherical apolar solutes considered in the frame-
particles in surface-force-apparatus measurentémt8Our  work of information theory? The theory relates the
results pertain to this scenario and also approximately desbservedf' slowdown of protein conformational dynamics to
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FIG. 2. Distance dependence of the pressure the confined liquid exerts on hydrocarbon walls at bulk Pges8ues, or 17 atm (b). Statistical uncertainty

for calculated pressure is about 10 afig). displays the net pressure comprised of the solvation term and direct wall-wall interaction at ambient conditions.
(d) shows calculated fluctuations in the number of molec(l(edsz)—(N)z]/N as a function of the width separating the walls #5~0 (diamond$ or

~10° atm (circles. In (a), (b), and(d), symbols denote GCMC simulation results, and dashed curves are a guide to the eye.

pressure-induced increase in the free energy barrier asso@pproaches the reduced isothermal compressibility of the
ated with a reversible removébr restoring of the aqueous fluid. In confinement, it can be used to estimate the activa-
film between hydrophobic residues. Despite a differention barrier associated with a critical density fluctuation that
mechanism, our results suggest a similar pressure depetriggers capillary evaporation. For this purpose, we treat the
dence for the kinetics of association of exposed hydrophobifluctuation in the number of moleculesN=N—(N) at a
domains of partly folded protein molecules. fixed wall-wall separationd, as a characteristic order pa-
Figure Zc) illustrates the distance dependence of the netameter that changes along the liquid—vapor transition
pressure on the walls determined as the sum of the solvatigpath®® For wall-wall distancesd=13, 16, 19, or 22 A,
pressure atP,~0x10atm, Fig. 2a), and the direct OSNt=(N;—(N))=-27%3,-57+4, —73.5t6, or —90+8
Lennard-Jones interaction between adjacent pldgs,P;  corresponded to situations where a pre-equilibrated system
+P;,. Integration of the pressure curve in FigcR how-  was equally likely to evaporate or to return to the average
ever, cannot be used to estimate the wall/liquid interfaciavalue of N in the liquid state(N), characteristic of given
tension as it corresponds to an irreversible process of varyingeparationd. To a rough approximation, the states with
the wall-wall distance; it lacks information about the free- =N can be identified with the peaks of the transition barri-
energy drop upon the liquid-vapor transition. At elevateders. Values oN at each wall-wall separatiod, were de-
pressureP,~10° atm, on the other hand, the calculated sol-termined from the outcome of a series of 10—20 open en-
vation pressure shown in Fig(t8 corresponds to a revers- semble ,V,T) simulation runs performed for each of a set
ible or nearly reversible path. Here, integrationRyfgives  of different initial values ofN. Initial states for these runs
the free energy change 6f80 mJ/nf and hence the apparent were generated by first equilibrating the system at a fixed
hydrocarbon/water surface tension of 40nf)/ma value initial value of N<(N) using closed lVT) simulations. A
close to experimental determinatiofs. trial run was interrupted when the system evaporated or re-
In Fig. 2(d) we present the fluctuations in the number of gained the average liquid density characteristic of giden
molecules[(N?)—(N)?]/N as a function of the thickness of Plotting the evaporation probability as a function of initil
the water film. For large wall—wall separations, this quantityenabled us to obtaih; as the value oN where the prob-
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