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Pathway to surface-induced phase transition of a confined fluid
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We perform Glauber dynamics Monte Carlo simulations of a lattice gas confined between drying walls to
model the dynamics that leads to the evaporation of water between extended hydrophobic surfaces. We find
direct evidence that the long and short wavelength fluctuations are the important features involved in the
evaporation process. These fluctuations correspond to capillary wave fluctuations in the emerging liquid-vapor
interfaces and to the formation of vapor tubes that bridge across the inteffa&663-651X%97)51512-1

PACS numbegps): 68.10.Jy, 64.70.Fx, 64.60.My

Confinement affects the phase behavior of a liquid. Folarge surface tension, and the proximity to the liquid-vapor
example, at ambient conditions, water at an extended ancbexistence lindi.e., the smallness af u).
ideal hydrophobic surfacéno forces of attraction between  Others have noted that physics of evaporation and surface
molecules and the surfaces predicted to exhibit a drying drying is pertinent to the interaction between extended hy-
transition[1]. Drying of a wall is tied to the physics of phase drophobic surfaces separated at distances large compared to
transition, i.e., it is akin to evaporation, making the liquid g typical bulk correlation length of a liquid. Macroscopic
move away from the surface with a denSity prOfile much |ik6thermodynamic$5], and mean field approa¢ﬁ] were used
that of the free vapor-liquid interface. Indeed, one expectsn these works. Molecular simulation studies are still re-
from general thermodynamic arguments that a liquid constricted to small simulation box, where a tendency of water
fined between two drying walls will be replaced by vapor,to escape from the hydrophobic environment has been ob-
due to competition between bulk energeti¢avoring the  served at very small separations, up to two molecular layers.
liquid phasg, and surface energeti¢éavoring the vapor  Note that, for specific conditions of the calculations, grand
Below some threshold separation the surface energetics Wilanonical Monte CarldGCMC) simulations of simple po-
dominate over the bulk energetiCS. The reduction of ||qU|d'tent|a| of Water[?] and constant pressure molecular dynam-
density between two solvated inert surfaces will lead to atics of RER Water[8] Captured spontaneous evaporation at
traction between them. This effect is of importance to thedistances consistent with E€l). The simulations confirm
hydrophobic attraction, especially if the tendency to evapothe pertinent physics at small separations of large hydropho-
rate can be induced by widely separated hydrophobic suljc objectq9]: liquid confined to one molecular layer, which
faces. prevents the molecules from having neighbors, vaporizes.

A comparison of bulk to surface energetics provides an Clearly, evaporation induced by confinement is a real
estimate of the range of surface separation where this effeghenomenon, but its extent and time scale can vary appre-
of confinement will become Significant. The critical diStanceciab|y depending upon the size and Shape of the Confining
D between planar walls of lateral size below which vapor  hydrophobic surfaces. Recent reports on hysteresis in surface

represents the stable phase is giver{Bly force measurementg3] indicate metastabilities associated
with first-order phase transitions. Macroscopic thermody-
D~2Ay/(pAu+bylL), (1) namics predict§5] that for a vapor bridge to grow to its

equilibrium size, a very high potential barrier must be over-
come, leading to astronomical time scales for the evaporation
where Ay=yy = yy,=—yc0¥, and we make use of to be observed in experimenfs0]. Yet, the phenomenon
Young-Dupreequation for relating the difference in wall/ does occur: at separations of about 10-20 nm, the two sur-
vapor and wall/liquid surface tension to the surface tensiofaces jump into contact, indicating the occurrence of sponta-
of the free liquid-vapor interfacey, and the contact angle neous cavitatiorj11]. Hence, there must be an alternative
6. . p is the number density of a liquidy » is the difference pathway for evaporation to occur. In this paper, we give
of the chemical potential of bulk liquid from liquid-gas co- evidence for a different mechanism for spontaneous cavita-
existence, and is a geometry dependent constant of thetion: we argue that it is the interfacial fluctuations that are
order of unity. For macroscopic surfaces, Eb). reduces to essential for relatively fast cavitation.
the well known resulf3,4] D~ 2A y/pA . For hydrophobic Our results are based upon an analysis of Glauber dynam-
surfaceqlarge 6.) in water at ambient conditions, vapor be- ics GCMC simulation of simple lattice gas model with
comes the thermodynamically stable phase at separations néarest-neighbor attractive interactioft2]. We consider
the order of 100 nm. The magnitude of the length at whichonly systems in which vapor represents the stable phase. Be-
confinement becomes relevant is a consequence of waterggnning with a slit filled with metastable liquid, we use simu-
lations to study the dynamics of cavitation. Because of ap-
parently very long range nature of the interaction, which is
* Author to whom correspondence should be addressed. Prese@kperimentally observed only betwesracroscopicsurfaces
address: Hilgard Hall-3110, UC Berkeley, CA 94720-3110. [13], any simulation would have to be carried out on systems
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consecutive timess (see text Enlarged portions of the cross sec-
FIG. 1. Cross sections of thB XL XL lattice gas system  tions show the appearan¢b) and disappearanc@) of a micro-
=12,L=512) confined between drying walls4=0.01¢, values of ~ scopic vapor tube, discussed in the text. System size and parameters
the parameters given in RéfL6]). Cells are black when occupied, as in Fig. 1.
and white when empty. Initial systeff passesis a slab of meta-
stable liquid with density 0.95. The drying surfaces induce evapopositioni is occupied(liquid), and is equal to zero if it is
ration by the pathway illustrated in the progression of cross sectioempty (gas. €, denotes the lattice gas surface-particle inter-
“snapshots” taken from a Glauber dynamics Monte Carlo simula-action, andu is chemical potential.=;, runs over all
tion. Number of passes is given on the left-hand side of each snamearest-neighbor pairs, aij _ g tace0Vver all 2x L2 surface
shot. sites. The lattice gas parameters, namely, the nearest-
neighbor interactior, the chemical potentigk, and the lat-
1II' e spacingg, are chosen such that at room temperature the
rresponding lattice gas exhibits high surface tension, close
roximity to vapor-liquid coexistence, and high incompress-
ibility. These are the three features that seem most pertinent

with prohibitively large lateral dimensions of surfaces. In
such a geometry even the fastest computers cannot curren
handle the necessary number of particles. Since a densi
profile associated with surface dryirid] contains a free
liquid-vapor interface, the dynamics may involve interfacial - : -
capillary wave fluctuationg4]. Therefore, periodic boundary for a liquid such as water at ambient °°”d"'¢“§]- .
conditions cannot resolve the problem because they cannot The space bgtwee_n the parallel surfaces is filled by a
capture density fluctuations with wavelength exceeding thglmple (_:Ublc lattice with Volum_(DX L.X L. In most of our
dimensions of the simulation cell. When studying the dy_calcula.tlons_we have used a S|mulat|on_pox of sizeX 522
namics of phase transitions in a slit geometry, we must havé<.51.2(In units ofa). The bO‘H”d?‘W conditions are chosen to
a model with lateral dimensions much larger than the sepa- imic the experl_men_tal setting In _the surfa_\ce force apparatus
ration between the confining surfaces for the transition to b 13]. In thex—'y q”ectlon, the canfined region 1s surroundgd
seen in a finite time of simulation. y t_he bulk liquid (niz_l at the boundary in the Iate'rlal di-
Lattice gas models provide a conventional framework forrection. The system is simulated _under the _condltl_ons of
computations at large length scales where molecular detaiffONStant temperature and chemical potential, using the
become unimportantl4]. The existing lattice gas simula- Glauber[.17] single spin-flip Monte Carlo algorithm, ‘.N'th
tions of a confined fluid have examined the equilibriumsurface fields that correspond to strongly hydrophobic sur-
phase behavior properti€5]. However, the way the phase [2c€S:€s=[(1+cos))/2]e=0.0le. N .
transition occurs, i.e., the mechanism of induced cavitation, !N our simulation, Fig. 1, the system is initially occupied,

has never been studied. The present calculations focus on thg~ filled with liquid. Because vapor is thermodynamically

kinetic pathway of the liquid-gas phase transition of a con-Stable in the confined region at this separaf{ib8], this ini-

fined fluid close to liquid-gas coexistence. Specifically, wetial configuration corresponds to meta.sta'ble liquid. A film qf
follow the evaporation process and try to identify the impor-VaPOr quickly develops between the liquid and each wall in
tant fluctuations that lead to cavity formation. about 200 passdd pass corresponds to 1 single-flip trial at

The lattice-gas Hamiltonian is given by each cell for the .entire systenin the present case the for-
mation of vapor film merely reflects the fact that liquid tends
to escape from interfacial region to the bulk phase in GCMC.

H:_5<ij>§bulk ni”i_fsiegface”i _MEi Ni, (@  These newly created liquid-gas interfaces undergo thermal
fluctuations. The fixed boundary conditions pin the interfaces
where the first term represents the interparticle interaction foat the edges. We identify long wavelength fluctuati¢cep-
a given set of occupation numbens n;=1 if the cell at illary waveg that contribute to the thermal roughness of the
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FIG. 3. Logarithm of the probability of finding occupied sites
in half-columns extending from either of the walls to the midplane
(dashed line in the inset; counting for the lower-half columns iswhere n(x,y,z2)=0,1 and ¢;,z;)= (1,D/2) or (D, D/2
illustrated. Different symbols denote different times of the simula- +1). Figure 3 contains the data for IB(h) vs h in a system
tion; lines are guides to the eye. System size and parameters of tiefore evaporatiorifrom a different run than presented in
lattice gas model are given in Fig. 1. Fig. 1. The peaks of the distributions are Gaussian. The
peak positions and the widths do not change with timenm-
ber of passes which means that the average interfacial po-
sitions and fluctuations do not change significantly. Prior to

water-vapor interfacefl9]. After 10* passes the liquid-gas €vaporation, forh<2, the distributions are approximately
interfaces are still fluctuating. When the two interfaces fi-€xponentiallinear on the logarithmic scalewWhen evapora-
nally touch each othefafter about 18 000 pas9es vapor tion beglns to occu(12 400 passe)sonly the probability of
cavity bridges across the surface and then expands to fill th@bserving half-empty columns$2(0), increases. When two
confined region. The system then evolves to its thermodybalf columns join, they form a vapor tuth€ig. 2b)].
namic stable statg20]. Figure 4 shows the effect of interfacial separation on
In Fig. 2 we show additional features that lead to evapo£vaporation. The probability of observing half empty col-
ration by presenting liquid density cross sections at consec{mns increases with decreasing separation between. su'rfaces.
tive times, from a different run than presented in Fig. 1. AtlogP(0) scales as- eD/kT [21]. When the two vapor-liquid
71, @ microscopic vapor “tube” forms across the two fluc- interfaces are close enough that the occurrence of vapor
tuating liquid-vapor interfaces. At,, the tube closes up and tubes becomes more frequent, evaporation oc(:amslden.
disappear§Fig. 2a)]. At 7,, the tube forms at another posi- increase |rP(0)]_When one of these tubes expands and fills
tion. This time, the tube expands and evaporation occurs df€ confined region.
75 [Fig. 2(b)]. We identify these short wavelength fluctua- N conclusion, our findings suggest the pathway to evapo-
tions as important features involved in the evaporation profation of a metastable liquid between drying walls is driven
cess: microscopic vapor tubes appear across the interfacéy_ quctuatlons_ of the liquid-gas interfaces that necessarily
and disappear at later times. When they expand the evapor@¥ist[1] at drying surface$23]. The early long-wavelength
tion takes place. The appearance of vapor tubes gives rise §29€[24], corresponding to a detachment of the fluid from
the interaction decaying exponentially with separation, adhe s_urface, is foIIowed_by short wavelength fluctuatl_ons es-
predicted by Fisher21]. These tubes contribute to the com- Sential for the evaporation process, so the evaporation path-
munication between the two liquid-gas interfag2g], espe- Way cannot be fully captured with interfacial modg2st] in
cially when the system is close to the transition state, i.e.Which short wavelength fluctuations are integrated out. Due
just before the evaporation occurs. To study the formation of® the incompressibility of water, the long wavelength fluc-

such tubes quantitatively let us defiR¢h) as the probability ~tuations of the two liquid-gas interfaces that we observe can
thath sites in a half column are occupiéBig. 3, insel: be correlated even at large distances, an effect relevant to

interpretations of long-ranged interaction between surfaces
separated by metastable liquid.

2 We are grateful to D. Chandler, M. E. Fisher, S. Marcelja,
P(h) =125 5( > ”(X'y’z)_h)’ 3 V- A Parsegian, and J. C. Wheeler for very helpful discus-
Xy \z=7 sions. This work was supported by the ONR and the NSF.
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