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We use Glauber dynamics Monte Carlo simulations and umbrella sampling techniques of a lattice gas model
for confined water to validate the continuum estimates for the scaling of the activation barrier for evaporation
with intersurface separation and barrier dependence on surface composition. Although thermal fluctuations
significantly reduce the absolute values of activation barriers,∆G*, we find a scaling exponent (ν ) 1.9 (
0.1) that agrees within statistical limits with the saddle-point approximation,∆G* ∝ D2. Devising a method
to measure a microscopic analogue of the contact angleθ from simulations, we find good agreement with the
continuum prediction,∆G* ∝ 1/cosθ. Combining the known result for the magnitude of the activation barrier
and the evaporation rate of molecular water in a specified molecular confinement (Leung, K.; Luzar, A.;
Bratko, D. Phys. ReV. Lett. 2003, 90, 065502-1) with the present scaling results allows us to predict the
kinetic viability of the expulsion of water over a range of length scales and between arbitrary physically and
chemically modified hydrophobic surfaces characterized by contact angles above 90°.

I. Introduction

When liquid is confined between weakly attractive lyophobic
surfaces characterized with contact angles above 90° and the
confining distance is sufficiently small, it should spontaneously
evaporate.1 The evaporation transition of a confined liquid and
its possible consequence for the attractive force have been noted
for some time.2-6 In these papers, it has been suggested that
the primary driving force toward the assembly of large
hydrophobic surfaces is associated with evaporation induced
by apolar confinement. The issues of the spontaneous evapora-
tion of water between mesoscopic hydrophobic surfaces thus
pertain to problems of adhesion and the formation of self-
assembly.1

Spontaneous evaporation is controlled by competition be-
tween bulk energetics (that favors the liquid phase) and surface
energetics (that favors the vapor phase). This liquid-to-vapor
transition occurs when the grand potential of the confined liquid
and confined vapor are comparable:5

whereV = AwD is the volume of the confined region,Aw ∝ L2

is the area of the wall, andA ∝ LD is the area of the liquid/
vapor interface. TheAγ term is relevant because of finite lateral
size. For an incompressible fluid, the difference in the bulk
pressure,P, and the pressure of the coexisting vapor,Pv, is
approximated byF∆µ7 (whereF is the number density of the
liquid and∆µ is the difference in the chemical potential of bulk
liquid from the value at liquid-gas coexistence).

From the above equality, we derived5 the general expression
for the critical threshold distance for the spontaneous expulsion
of a liquid confined between surfaces of finite lateral size,L:

where

is the Young equation1 relating the difference in wall/vapor and
wall/liquid surface tension to the surface tension of the free
liquid-vapor interface,γ, and the contact angleθ. b is a
geometry-dependent constant on the order of unity. Equation 2
shows that for (laterally) small confinements the critical
separation approaches the confinement lateral size,Dc ) O(L).
Recently, others have used an analogous equation (eq 2) to study
the dewetting-induced collapse of ellipsoidal hydrophobic
particles.8 For macroscopic surfaces,L f ∞, eq 2 reduces to
the well-known Kelvin equation,D ≈ 2∆γ/F∆µ.9 Dzubiella and
Hansen10 discussed a different generalization of Kelvin equation
that incorporates the effect of the electric field, which in addition
to thePV term tends to suppress water expulsion. Their extended
expression enables studies of phase instability between charged
particles such as ionic colloids.

Macroscopic thermodynamics thus predicts that when we
have two nonpolar surfaces immersed in a liquid and bring them
closer together at a critical distanceDc, liquid will be replaced
by vapor, and this effect is shown schematically in Figure 1
(solid curve). If we plot the density in the confinement,FD, going
from large to small surface separation, then the density drops
from liquid to vapor density at a critical distanceDc given by
eq 2.

For water confined between hydrocarbon surfaces (character-
ized by a contact angle of∼110°1) and at ambient conditions,
this transition is predicted to occur at a threshold separation on
the order of 102 nm. However, this large distance, predicted by
thermodynamics, is not supported by experiments that directly
measure forces between hydrocarbon surfaces immersed in
water.11 Such experiments detect liquid water at much smaller
separations, well belowDc. Indeed, cavitation phenomena have
been observed only at or close to contact with the surface force
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Ωl ≈ -PV + 2Awγwl ) ΩV ≈ -PVV + 2AwγwV + Aγ (1)

Dc = 2∆γ
F∆µ + (bγ/L)

(2)

∆γ ≡ γwl - γwV ) -γ cosθ (3)

19859J. Phys. Chem. B2004,108,19859-19866

10.1021/jp0470703 CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/22/2004



apparatus (SFA) where the refractive index measurements allow
the unambiguous detection of vapor between the surfaces.11 In
other cases, cavitation or the presence of vapor can often be
inferred although there is sometimes considerable uncertainty
in the correct interpretation of the experimentally determined
force curves.11 It follows that the force between hydrophobic
surfaces is, strictly speaking, often measured under nonequi-
librium conditions.11

The above experimental findings suggest that higher density
persists at much smaller separations than predicted by thermo-
dynamics (dotted curve in Figure 1). Thus, in addition to the
equilibrium threshold separation,Dc, the kinetic threshold
separation,Dc

k, comes into play. Liquid water in this regime
(betweenDc andDc

k, Figure 1) is metastable.12

The reason for metastability is a considerable activation
barrier for confinement-induced evaporation.13-16 Such activa-
tion barriers are inaccessible to direct measurements. There have
been recent attempts to deduce activation barriers indirectly for
capillary evaporation from measurements at high pressure.17 The
elevated pressurePin was applied to push water into mesoporous
hydrophobic material to determine the extrusion pressure,Pex

< Pin, under which evaporation from the pores becomes
kinetically viable. Such an experiment works for conditions
where evaporation is rapid and pressure is required to prevent
it. Using a mean-field model that incorporated a negative line-
tension term, the authors were able to obtain barrier heights
and extrusion pressures consistent with their experiment.17

In silico experiments (i.e., computer simulations) are well
suited to address the problem of when spontaneous evaporation
is kinetically viable under ambient conditions. There were
previous attempts to study water in narrow hydrophobic
confinements by open-ensemble molecular simulations2,8,15,18-24

capable of capturing capillary evaporation and equilibrium with
the bulk water phase. Although metastable liquid phases
observed in some of these studies highlighted the importance
of kinetic barriers between liquid and vapor phases, few of them
elucidated dynamic aspects of confinement-induced evapora-
tion.5,7,14-16,25-30

Molecular dynamics simulations to study evaporation are still
limited to surface separations too small to determine the kinetic

threshold distance,Dc
k (Figure 1). Specialized simulation algo-

rithms such as the use of the gliding-plane boundary condi-
tions23,31 may accelerate the kinetics artificially to allow the
system thermodynamics to be studied more efficiently. Facili-
tated evaporation obtained by such a technique at a water film
thickness of∼5 nm23 is, however, not indicative of real
evaporation kinetics that would be attainable by molecular
dynamics.

The computational strategy we adopt to answer the question
of when the expulsion of water from hydrophobic confinement
is viable at all length scales and at different surface compositions
is as follows. First, we do a molecular simulation at a plate
separationD of several molecular diameters and a specified
molecular confinement to determine the activation barrier height
and nucleation rate. Next, we use a coarse-grained description
of the liquid to assess the scaling of barrier height with surface
separation,D, and with varying contact angleθ. In our
simulations, we consider model surfaces with contact angles
ranging from those characteristic of hydrocarbons and fluoro-
carbons (∼110°)1 to rain-repellant coatings (∼160°).33 Numer-
ical prediction regarding the nucleation times at larger separa-
tions should provide pertinent information for distances that can
be considered in surface force apparatus (SFA) measurements.
Until recently, such measurements have not been possible below
∼5 nm. SFA experiments using the high-speed camera to test
for time-dependent effects such as microcavity formation during
hydrophobic interaction are underway.32

In our recent work,16 we reported the first explicit computa-
tion of ∆G* and the absolute rate of water evaporation from
hydrocarbon-like confinement using atomistic simulations. The
advent of high-speed computers and the development of new
algorithms25 enabled us to determine the magnitude of the barrier
and kinetics of the drying transition events. We used a
combination of grand canonical Monte Carlo (GCMC) and
molecular dynamics (MD) to compute the free-energy barrier
for forming a vapor tube bridging between the two surfaces
and the rates of emptying a hydrocarbon-like pore using a
reactive flux formalism.34,35We considered surface separations
of about four molecular diameters (1.4 nm), the width shown
to exceed the limit of mechanical instability (spinodal) for a
given range of surface-water interaction strength.15,36For water
film four molecular diameters thick, we found an activation
barrier of∼18.7kBT and a vapor nucleation rate of the order of
105 nm2 s-1. As a consequence, we found a rapid expulsion of
water from a narrow (∼1 nm) confinement, taking about 10µs
to see one evaporation event per nanometer-sized area. Extend-
ing the simulations to length scales accessible to experiments
(e.g., SFA) requires a larger interplate separation to be
considered, and we have to rely on coarse-grained modeling.

We reported on using the newly developed umbrella sampling/
Monte Carlo algorithms25 in conjunction with a coarse-grained
model of confined aqueous systems14 that enable systematic
studies of activation barriers for capillary evaporation at
increased surface separations. We demonstrated that fluctuations
in the shape of the vapor pocket/tube significantly reduced the
activation free energy of tube formation.25 This result highlighted
the limitations of the saddle-point approximation,13,37,38which
calculates activation free energies by considering a single
transition-state geometry.

The interesting question remains of whether shape fluctuations
reflect on the scaling of the activation barrier for vapor tube
formation with surface separation as well. Continuum theories
predict that∆G* grows approximately asγD2.13,37The deviation
of the scaling exponent from 2 could also indicate that there

Figure 1. Fluid densityFD vs intersurface separationD. This schematic
profiles reflect the stable liquid confined between two lyophobic
surfaces on the right and the stable vapor on the left.Dc andDc

k denote
thermodynamic and kinetic threshold, respectively, for the spontaneous
evaporation of a confined liquid that is metastable in between.
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are other factors in addition to surface work. For example, in
their recent study, Lefevre et al.17 showed that nucleation
energetics may involve a contribution to∆Ω proportional to
separationD. Depending on its magnitude, the presence of a
line-tension40 term linear inD may be reflected in the nonqua-
dratic scaling of∆G* with D. It is important to learn the
conditions under which a single term will dominate the scaling
of the activation barrier with surface separationD. Another
interesting question is concerned with the dependence of the
barrier on surface hydrophobicity and with the validity of an
approximate analytic relation between the barrier height and
contact angle of confining surfaces.42

To answer these questions, in the present work we extended
the previous method25 that allows us to compute the vapor tube
formation free-energy barrier at larger intersurface separations
and smaller values of contact angles. We use Glauber dynamics
Monte Carlo41 simulations for a lattice gas, whose parameters
are tuned to the thermodynamic properties of water.14

On the basis of simulation results, we find that whereas
fluctuations in the shape of the vapor pocket lower∆G* at larger
surface separation the scaling exponent is not visibly affected.
Thermal fluctuations seem to reduce interfacial free energy for
all shapes and sizes similarly. Furthermore, we confirmed that
for the range of contact angles we considered the activation
barriers vary with the contact angle in close agreement with
the prediction of a simple mean-field approximation.42

II. Simulation Details

A. Model. The confined liquid is modeled by a 3D lattice
gas on a cubic lattice of sizeL × L × D. The nearest-neighbor
lattice gas Hamiltonian is given by

whereni ) 0, 1 represents vapor/liquidlike sites. The lattice
gas parameters, specifically, the nearest-neighbor interactionε,
the chemical potentialµ, and the lattice spacinga, are chosen
to match the surface tension and isothermal compressibility of
water at ambient conditions (T ) 298 K andP ) 1 atm). Model
parameters that reproduce desired properties are estimated14 by
employing the quasi-chemical (mean-field) approximation due
to Guggenheim:43,44 a ) 0.193 nm,ε ≈ 2a2γ ) 1.2646kBT,
andµ ) -6ε/2 + 1.84247× 10-4kBT.

We vary the surface fieldεi
s from 10 to 35% of the bulk

field ε to mimic water next to ideal, virtually repulsive walls or
an oily surface. The surface size effect is taken into account by
varying the lateral surface size,L, from 64 to 256 in units of
lattice spacing.

Periodic boundary conditions are applied in the lateral
directions (x, y). The confined liquid is thus bounded by a liquid
layer outside the simulation box and is at equilibrium with a
bulk reservoir at a given temperatureT and chemical potential
µ. According to this choice, the surfaces are finite objects
immersed in bulk liquid, as in an experimental/natural setting.
The Metropolis sampling scheme is used in all Monte Carlo
runs.45 An accelerated Monte Carlo scheme46 has also been
attempted. However, at our temperature (far away from the
critical temperature of the lattice gas) and in our slablike
geometry, it is found that this algorithm does not lead to an
appreciable increase in simulation speed.

B. Activation Barriers. We have successfully developed a
constrained umbrella sampling technique to compute∆G* to
evaporation in a confined fluid.25 We have chosen the size of

the vapor pocket,Nc, in the middle of the liquid layer as the
reaction coordinate and have imposed various constraints to
facilitate the sampling of our metastable system. For all technical
details, the reader is referred to ref 25. A vapor tube imposes a
geometric constraint in which a continuous path of vapor must
exist to connect the two surfaces.∆G for a vapor tube of a
certain size (the omission of the asterisk means that the tube is
not necessarily at the transition state) is referenced to the
metastable confined liquid layer without tubes penetrating it.
The topologies of the reference and final states are therefore
different. To apply umbrella sampling, we used a forward-
backward sampling scheme to interpolate between the two states.
In the process, we found that the thermal fluctuations were
important and that not imposing the geometric constraint
associated with a vapor tube actually decreased∆G* because
of tunneling.49

Our choice of the reaction coordinate is equivalent to the one
traditionally used in studying nucleation (vapor-to-liquid transi-
tion). The validity of this choice in the present case (liquid-to-
vapor transition) was discussed in the previous work25 and has
further been confirmed by recent simulations performed on the
small system size of Lennard-Jones particles using transition-
path sampling.50 The dynamical path-sampling methods47,48

determine (rather than assume) the reaction coordinate but are
too costly to apply to the large lattice gas systems of interest.
Furthermore, our atomistic simulations on a smaller system
reveal16 a diffusive barrier crossing51 of the liquid-to-vapor
transition, a situation that poses additional restrictions for using
such methods.52

It turns out that our umbrella sampling method25 is adequate
for D up to∼16 solvent layers (depending on the magnitude of

H ) -ε∑
〈ij 〉

ninj - ∑
i∈surface

εi
sni - µ∑

i

ni (4)

Figure 2. Spontaneous vapor pocket shape transformations forD/a )
14, wherea is the lattice spacing of molecular size along the reaction
coordinateNc, the size of the vapor pocket. (Top) (a-c) umbrella
sampling windows used to calculate the free-energy profile,∆G/kBT.
ForD/a > 14, transformations are no longer spontaneous, and umbrella
sampling (or multicanonical sampling) forNu, the number of empty
lattice sites above or below the vapor pocket, within each window is
required. (Bottom) probability distributions ofNu for (a) bubble, (b)
wedge, and (c) tube vapor pocket geometries.
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surface-liquid attraction,εs). In this regime, spontaneous shape
fluctuations suffice for the size-induced transformation between
the bubble, wedge (pocket penetrating one liquid-vapor
interface), and tube (pocket penetrating both interfaces) geom-
etries (Figure 2). However, to investigate barrier scaling with
D, especially forD > 16 solvent layers, and higher values of
liquid-surface attraction, an additional problem is encoun-
tered: our simulations atD exceeding∼16 reveal the presence
of a few distinct low-energy domains in configuration space
(for a fixed pocket size). These domains are separated by
increasingly unfavorable regions that prevent the ergodic
sampling of pocket geometries. The problem of efficiently
sampling the shape fluctuations is circumvented by using a
second series of umbrella samplings within each vapor pocket
size window. The coordinate of the second umbrella sampling
is the number of empty lattice sites above and below the vapor
pocket,Nu (Figure 2). By computing the free-energy profiles
as a function of this localized number of empty sites, the relative
contributions of the bubble, wedge, and tube geometries to each
vapor pocket size window are determined.

This is a computationally expensive route. To alleviate
computational costs, we considered a variation of multicanonical
sampling by artificially reducing the barriers between geometric
transformations (i.e., different favorable pocket geometries)
according to the algorithm of Besold et al.53 The method
involves the use of shape functions, which are added to the
model Hamiltonian to level out the free-energy barriers between
favorable geometries. We add to our usual lattice gas Hamil-
tonian (eq 4) a shape function,f (Nu, Nc) with Heff ) H + f (Nu,
Nc). This proved to be sufficient because our calculations
indicate two shape transitions (bubble to wedge and wedge to
tube) that turned out to be sequential (Figure 2).

C. Contact Angle Estimates. We need to connect the
microscopic interaction parameterεs with an observable measure
of surface/liquid interfacial free energy. Thus, at each surface-
liquid attraction we explicitly compute the apparent contact angle
θ for a liquid droplet between two adjacent surfaces (Figure 3)
using mass-conserving dynamics. We obtain a smooth liquid-
vapor interface by averaging over the lattice gas configurations
over 50 000 passes and over the dimension perpendicular to
the interface (z). The simulation cell for computing the contact
angle is periodic in thex andy directions and is confined by
two walls andz ) D + 1 (with the lattice spacing used as the
unit of length). In view of the discrete (on-lattice) representation
we use, the contact angleθ (i.e., the angle between the droplet/
vapor interface and the wall at the wall surface) is approximated
by θ = arccos(∆/x(∆2 + 1)), where∆ denotes the average
difference between lateral positions of the droplet/vapor interface
(relative to the droplet center) in the second and first layers of
the interfacial liquid (i.e., forz ) 1 andz ) 2 or for z ) D -
1 andz ) D). For ∆ ) 0, the contact angle is 90°. For ∆ ) ∞,
it is either 0 or 180°.

The geometry and proper averaging allow for the extraction
of θ as a function ofεs, but large values of contact angles (θ >
150°) are harder to determine accurately. The difficult part is
the defining of the mean interface position. Some averaging
has to be performed; otherwise, for each configuration, the
fluctuations are too large to define a meaningful interface. We
average over 10 or 20 slabs in they direction for each pass. A
majority sum rule is used. If more than 50% of the slabs under
averaging contain a liquid particle at a particularx position,
then that position is considered to be liquidlike. Otherwise, it
is vaporlike. This averaging distance does not strongly affect
the results except in cases of large contact angles. In those cases
where the mean occupation number at the wall-liquid interface
is 〈n〉 < 0.5, averaging over a large enough number of slabs
along they direction will eventually make all sites vaporlike
because of the majority rule. In these cases, the results are
somewhat dependent on the averaging method.

III. Results and Discussion

A. Activation Barriers: Magnitudes. Figure 4 represents
the simulated∆G* under the constraint of a fixed lateral position
of the cavity center of mass forL ) 64 andεs ) 0.1ε (10%
hydrophilicity). We compare activation barriers for evaporation
as a function of intersurface separation obtained via umbrella
sampling/MC calculations,∆GMC

/ , with those estimated from
the saddle-point approximation,∆GMF

/ .37 A regime at which
the saddle-point estimate is easily obtained in the form of a
closed expression is one for very high contact angles where

Figure 3. Geometrical construction used to estimate the apparent contact angleθ at each surface-liquid attraction,εs, from simulation using
mass-conserving dynamics for a liquid droplet between two adjacent surfaces. (Left) cross section of a liquid droplet between surfaces before
averaging. (Right) cross section of a liquid droplet between surfaces with in-plane averaging.

Figure 4. Activation barriers as functions of the distance between
extended hydrophobic surfaces (L ) 64, εs ) 0.1ε) in units of lattice
spacing,a, for saddle-point estimates (O), ∆G* ∝ (D - 2lh)2, wherelh
is the mean vapor film thickness, and umbrella sampling calculations
(4). Note that even at these virtually repulsive hydrophobic surfaces
and P ) 1 atm, the vapor film that develops next to surfaces with
average thicknesslh is less than about one lattice spacing (one solvent
layer) thick.14,56,57
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surfaces are shielded by a thin vaporlike film of average
thicknesslh.54 The geometry of a vapor tube is an hourglass-
like object narrow at the waist that widens into cones that merge
with the vapor films adjacent to the surfaces.5,37 For such cases
of virtually repulsive surfaces where cosθ ≈ -1, the activation
barrier for vapor tube formation is approximated by∆G* )
πγ(D - 2lh)2/6.37 In the case of weakly attractive hydrophobic
surfaces that we simulated and at ambient presure,lh is around
one solvent layer,14 in qualitative agreement with other theoreti-
cal work55,57as well as some experiments.56 Using the simulation
value for lh,14 the continuum theory37 consistently exceeds the
simulation results (Figure 4). The absolute difference between
the results of the two methods increases with the interplate
separation, which will result in a huge underestimation of
evaporation rates predicted by the mean-field theory at large
D. At first, these results seem counterintuitive because one
would expect continuum theory to perform better at larger length
scales. However, asD is increased, there are more possibilities
for how the vapor tube really forms. In other words, the effect
of fluctuations in the shape of the vapor pocket/tube increases
with interplate separation. Contrary to the assumption in all
continuum estimates of the tube-formation free energy, it is not
necessary to have unity probability of tube formation at all times.
The shape fluctuations of a vapor tube help reduce the free
energy of vapor tube formation. Results presented in Figure 4
demonstrate the importance of fluctuations in the shape of the
vapor pocket/tube, the reduction in the free energy of tube
formation increasing roughly in proportion with the magnitude
of the barrier.

B. Activation Barriers: Scaling with Intersurface Separa-
tion. The difference∆GMF

/ - ∆GMC
/ ) ∆ ∆Gfl

/, where∆ ∆Gfl
/

accounts for fluctuations in the shape of the vapor pocket,
increases with the size of the tube (Figure 4). Our simulations
are intended to show whether these fluctuations reflect on the
scaling of the activation barrier for tube formation and if so,
how much.

When simulation is used to study the barrier scaling withD,
we need to ascertain that our results correspond to the asymptotic
limit of large L, whereD , L, and the scaling exponent is
independent ofL. Because possibleL dependence is most
pronounced for surfaces with the highest contact angles, we
present a comparison of two sets of results, one forL/a ) 64
and one forL/a ) 128, atεs ) 0.1ε, the most hydrophobic
surfaces we considered. Because of unfavorable surface-liquid
interaction, these surfaces are separated from the liquid by a
thin vapor layer.5,6,14,54,58The effect ofL on ∆G* stems from
the variation of the capillary wave amplitude corresponding to
the fluctuation of the vapor/liquid interface that varies with
surface size approximately asL ln L.39 A wider vapor film
results in a smaller distance that the vapor tube has to bridge to
initiate the evaporation process, thus lowering∆G*. This is
exactly what our previous simulations14,25 have shown.∆G*
becomes less dependent onL when surfaces become more
hydrophilic (stronger surface-liquid attraction) because hydro-
philicity suppresses the formation of the surface vapor film.59,60

On the basis of small differences between the curves forL/a )
64 and 128, shown in Figure 5, it is clear that the sizeL/a )
256 we use in the remaining, less hydrophobic cases is sufficient
to secure asymptotic (largeL) behavior.

As discussed above, in evaluating the results presented in
Figure 5, the thickness of the interfacial vapor film,lh of
approximately one solvent layer, cannot be neglected, and
scaling of∆G* with (D - 2lh), not onlyD, applies.37 The usual

mean-field scaling of∆G* ≈ D2 is recovered for large enough
D, whenD . 2lh.

In Figure 6, we present the scaling of the activation barrier
at different values of hydrophilicity (surface-water attraction)
of confining surfaces from 20 to 35%. The corresponding
contact angles obtained from simulation are∼135 and∼109°
(see the next section); the curve with 10% attraction and an
estimated contact angle of∼165° for L/a ) 128 from Figure 5
is included for comparison. In all cases, we observe activation
barrier scaling very close to that predicted by the saddle-point
approximation,13 ∆G* ∝ D2. These results suggest∆∆Gfl

/ to
be approximately proportional to the area of the vapor tube and
henceD2 such that the shape fluctuations reduce∆G* without
affecting the scaling exponent. It is not clear if small but
consistent deviations from exponent 2 reflect numerical uncer-
tainties or are related to shape fluctuations and other effects

Figure 5. Scaling of activation barriers for vapor tube formation with
intersurface separation at different lateral sizes of surfaces,L, in units
of lattice spacinga ) 0.193 nm and liquid-surface attractionεs )
0.1ε. ×, L/a ) 64, slope≈ 2.3. O, L/a ) 128, slope≈ 2.1. Note that
with these virtually repulsive hydrophobic surfaces true scaling applies
to D - 2lh and not toD alone.37 Taking into account the values oflh
from ref 14 brings the scaling exponents down from 2.3 and 2.1 to 2.1
and 2.0.

Figure 6. Scaling of activation barriers for vapor tube formation with
intersurface separation with varying liquid-surface attraction,εs, that
progressively gives lower contact angles,θ. ×, L/a ) 128,εs ) 0.1ε,
θ ≈ 165°, slope≈ 2.1. ), L/a ) 256, εs ) 0.2ε, θ ≈ 136°, slope≈
1.9.+, L/a ) 256,εs ) 0.35ε, θ ≈ 109°, slope≈ 1.9.O, SPC63 water
for infinite plate geometry and for simulated contact angleθ ≈ 135(
5 taken from ref 16 for comparison.
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such as the line-tension work,17,61and dependence of interfacial
tension described by the Tolman length.54

Our results indicate that the surface tension term strongly
dominates other possible contributions to∆G*. A recent study
by Lefevre et al.17 highlighted the importance of the line-tension
term, but this contribution is most important for objects
comparable to molecular size. The same authors17 discuss the
role of the pressure (PV) term, which is important at highP. At
extreme pressure, this term could lead to cubic scaling of∆G*
with D. For the largest critical vapor cavity we considered (i.e.,
for D/a ) 10 andεs ) 0.35ε), we estimated thePV* term to be
∼0.85kBT, and the activation barrier for such a case is∼100kBT
(Figure 6). Therefore, we conclude that at ambient conditions
in which we are interested, thePV term cannot be significant.

In Figure 6, we also compare the estimated activation barriers
from a coarse-grained model of water to those for molecular
water62 confined between hydrocarbon plates15,63,64 (contact
angle ∼135° ( 5)16 at a molecular-scale thickness of the
confined water slab of 1.1 nm that we used in our previous
work.16 We find satisfactory agreement (circle in Figure 6). This
result looks promising for using a coarse-grained description
of a molecular solvent confined between detailed surfaces,
including biological ones.65 Such studies can provide the first
insight into whether cooperative hydrophobic dewetting between
model hydrocarbon surfaces plays any role in protein aggrega-
tion and folding, for example.8 The few available all-atom
molecular dynamics simulations concerned with this phenom-
enon in biological systems seem to be contradictory.66-68

Discussions of confinement-induced evaporation require one
to make an important distinction between different criteria used
to characterize hydrophobicity. For cavitation in any system to
take place, the contact angle must be above 90°. When only
short-range interactions are present, this requirement is equiva-
lent to having the ratio of the surface/water and water/water
attraction,εs/ε, below 0.5. In the literature, a less stringent or
weaker condition of hydrophobicity for surfaces to attract water
less than water attracts itself is often invoked.69,70This condition
suffices to promote hydrophobic association but not for capillary
evaporation. Note that it would be very hard to identify a
biological surface to fulfill the first criterion, but there are an
abundance of surfaces that fulfill the second one. For sure, the
molecular roughness71 and hydrophobic/hydrophilic heterogene-
ity14 and electrostatic effects10,68 add to the complexity of the
problem.

C. Role of the Contact Angle.The values forθ obtained
with the method described in section IIC are listed in Table 1.

The method we use is similar in spirit to the one proposed by
Hautman and Klein.72 These authors developed an elegant
approach to estimate microscopic analogues of contact angles
via molecular dynamics simulations. It is interesting that both
calculationssthe present one on the coarse-grained level and
the one by Hautman and Klein on the molecular level72s
consistently overestimate the contact angles’ values based on
experiments for water/hydrocarbon surfaces1 by about 20%. Our
earlier molecular simulation16 using the identical water potential
as that in ref 72 and coarse-grained hydrocarbon Lennard-Jones-
like interactions also yielded a contact angle that was∼20%
higher than expected. In the case of molecular simulations, it
has been suggested72 that the discrepancy might be due to highly
idealized hydrophobic surfaces in both papers. Real hydrocarbon
chains are polar and polarizable, and including such effects into
the model would likely decrease the calculated angles in both
cases.72 Taking into account other work62,73 suggests that an
important source of discrepancy might be due to line tension,
with positive line tension73 making contact angles larger.

In Table 1, we compare apparent contact angles from our
simulations with the ones predicted using the Young relation
(eq 3), along with the assumption thatγ ≈ ε/2a2: - cosθ )
1 - (2εs/ε). Note the satisfactory agreement at small contact
angle values, but a greater deviation is apparent at higher values.
This observation would be consistent with smaller statistical
accuracy at largeθ. However, virtually repulsive surfaces
characterized by high contact angles (in our case 165°) face
vaporlike dewetting layers (films).5,6,55,59In this case, thermal
fluctuations are particularly important because of capillary-
wavelike fluctuations,5 and the geometric construction used in
the calculation of contact angles becomes rather vague.

A comparison of scaling curves for different contact angles
reveals virtually identical scaling at all values ofθ (Figure 6).
For this to be possible, activation barriers should vary with the
contact angle in a consistent way, independently of intersurface
separationD.

For small pressures such as the ambient pressureP ≈ 1 atm
and neglecting the shape variation withθ, ∆G* is expected to
vary as∼γD2/cos θ.42 Our results for activation barriers at
contact angles ofθ ) 109 and 135° are in excellent agreement
with this prediction (Table 2). The ratios of calculated barriers
at the two contact angles forD/a ) 6, 8, or 10 fall within(5%
of the theoretical prediction,∆G*(D, 109°)/∆G*(D, 136°) )
cos(136°)/cos(109°) ) 2.21 (Table 2). The presence of vapor
films that develop at extremely hydrophobic model surfaces
(e.g., the model case withεs ) 0.1 ε, θ ) 165° and shown in
Figures 5,6) preclude the use of the above relationship at such
artificial conditions unless the reduction in the liquid layer
thickness is taken into account. Upon inclusion of this effect,
the barrier change associated with the increase inθ from 136
to 165° conforms to predicted scaling with cosθ.42 Note that
this scaling is within(5% of the theoretical prediction only
when contact angles are calculated by considering thermal
fluctuations.

TABLE 1: Contact Angles θ for Surfaces with Different
Water/Surface Interactions Es

a,b

εs/ε θMC θY

0.1 165( 10 143
0.2 136( 5 127
0.35 109( 5 107.5

a Given as fractions of water/water contact energy,ε. b Subscripts
MC and Y denote the Monte Carlo simulation results and predictions
from the Young equation, respectively.

TABLE 2: Activation Barriers for Evaporation at Surface Separations D ) 6, 8, or 10 Lattice Spacings and Contact Angles
Obtained from Monte Carlo Simulations, θMC ) 136 or 109°a

D/a ∆G*(D, 136°)/kBT ∆G*(D, 109°)/kBT
∆G*(D, 109°)/
∆G*(D, 136°)

∆G*(D, 109°) cos(109°)/
∆G*(D, 136°) cos(136°)

6 17.3( 0.4 36.2( 0.6 2.09 0.95
8 28.4( 0.8 66( 1 2.32 1.05

10 44( 1 102( 1.5 2.32 1.05

a At all distances, the ratio of the barriers for the two contact angles agrees within 5% with the approximate mean-field prediction,41

∆G* ≈ 1/cosθ.
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Extrapolation from intermediate to lower contact angles
(closer to 90°) enables us to estimate∆G* at conditions where
critical cavity sizes and barrier magnitudes make simulations
impractical even within the coarse-grained model we use. This
regime is important because low contact angles slightly above
90° are characteristic of many hydrophobic surfaces observed
in nature. If the relation∆G* ≈ 1/cosθ42 is approximately valid,
then reducing the contact angle from say 110 to 100° nearly
doubles the barrier to evaporation. In view of barrier values for
θ ) 109° presented in Figure 6, it is clear that in most naturally
occurring systems we cannot expect to observe spontaneous
evaporation except from molecular-sized confinement.

IV. Conclusions

We find that the nucleation barrier for water evaporation
increases with the confinement width with apparent scaling
exponentν ) 1.9 ( 0.1. Within numerical uncertainty, it is
close to the exponent predicted from the saddle-point ap-
proximation.13 Fluctuations in the shape of the vapor pocket
are found to reduce the absolute values of activation barriers
significantly. These fluctuations might also have some effect
on the scaling exponent. However, any systematic deviations
from mean-field scaling exponent 2 are too small to be
distinguished from the numerical inaccuracy of the method.
Simplified models for the grand potentialΩ also consider the
existence of terms with a linear, quadratic, and cubic dependence
on intersurface separationD.17 These terms are associated with
line and surface tension and pressure work, respectively.
Obviously, the scaling cannot exactly apply unless one term is
dominant. We find that for low pressures such as ambient
pressure studied here, only the surface term can significantly
exceed all others.

The rapid scaling of the activation barrier implies that in many
practical situations in nature the height of the activation barrier
for evaporation can lead to a strong metastability of the confined
liquid phase. It also implies that hydrophobic interaction can
be under kinetic, in addition to thermodynamic, control. The
results shed light on the inability of equilibrium arguments to
explain force measurements with SFA for strongly hydrophobic
surfaces immersed in water. As is often the case, the results
mean that it will be very difficult to prove experimentally that
water expulsion occurs as two hydrophobic surfaces come
together.74 When detected so far,11 cavitation/evaporation occurs
only very, very close to contact, and any experimentally
observed long-range attraction is likely due to other phenomena.

In agreement with the mean-field prediction,42 we find that
the results for the nucleation barrier between specified surfaces
can be used to estimate the barrier for confinement with arbitrary
contact angles,θ > 90°. Important surface characteristics
ignored in our present study are surface roughness and possible
nonuniform composition because ideally smooth and uniform
surfaces are rarely found in biology or in practical materials.
Depending on the pattern of hydrophilic patch distribution on
hydrophobic surfaces, we have shown that a small change in
surface composition can have a strong effect on the dynamics
of capillary drying.14 Furthermore, hydrophobic properties can
be significantly enhanced by increasing the roughness of the
surface. Superhydrophobic surfaces, characterized by contact
angles above 150°, require both appropriate surface roughness
and low surface energy. Fractal structures have been reported
to effectively enhance the hydrophobicity of a solid surface.75

Although the consequences of macroscopic roughness are rather
well understood,76,77 less is known about roughness effects on
molecular and mesoscopic levels. It appears likely that the line-

tension effect can be significantly enhanced with increasing
molecular-scale roughness of the material. One of the conse-
quences would be a change in the scaling of the activation
barrier to evaporation, a question we will address in future work.
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