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Nucleation in a slit pore
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We have employed density functional theory in statistical mechanics to study the nucleation of the
gas—liquid transition inside a slit pore. This is the simplest kind of pore, in which a fluid is confined
between two infinite and identical planar surfaces. Equilibrium capillary condensation in such
systems has been studied in the past. Here, we explore the kinetics of nucleation of the new phase
and show that the critical nucleus can either be attached to one of the planes or can bridge the two
planes, depending on the conditions of the experiment. We show that the macroscopic capillarity
approximation is not quantitatively accurate, but can provide a useful qualitative picture provided
that the line tension is incorporated. Comparisons are made with recent simulations of phase
transitions in slit pores. €2001 American Institute of Physic§DOI: 10.1063/1.1339223

I. INTRODUCTION dependent Landau—Ginzburg simulation of condensation in
The properties of fluids in porous media are important totWO dimz_ensions. . .
In this paper, we apply the methods of density functional

a variety of fields. Oil and water in rocks and sand are . - o
- . ] - heory to study the nucleation of the gas-liquid transition
familiar geological example; recent applications rely on the. ~. : :
. inside a slit pore. In earlier work, we have demonstrated the
transport of chemicals through porous catalysts and the pro-

. ) . ; . usefulness of this approximate statistical mechanical theory
duction of porous materials with particular electronic or

) . . . for studying both homogeneous nucleatiand heteroge-
structural properties. One way in which such materials are . s .

. . . o neous nucleation on planar substratéd/e show in the
characterized is through the investigation of the phase tran- ) .
sitions that fluids undergo inside their pores present paper that there is a crossover from a critical nucleus

Capillary condensation in nanoporous materials shows gttached to one of the planar surfacaslarge enough pore

range of phenomena much broader than is seen in the bumldths) to one that bridges the two surfacér narrow
enough pores

gas—liquid transition. The existence of nanometer length The outline of the paper is as follows. In Sec. Il we

scales in such pores leads to competition between ﬂuid—fluigescribe the densitv functional emploved and apoly it to the
and fluid—substrate forces that gives rise to entirely new Y ploy bply

phase behavior in which wetting and drying play a centralpr(.)blem of aslit pore. The eqU|_I|br|um phase d_|a_gram of a
role! Most of the work in this area to date has emphasizec]IUId between poregncluding capillary condensatioms pre-

o i sented in Sec. lll. Section IV then turns to the question of
equilibrium aspects of the phase transitions. L .
. L . heterogeneous nucleation in a pore, while Sec. V explores
The existence of large-scale hysteresis in capillary con; . . . ;
. S the same question from the macroscopic point of view of the
densation suggests, however, that dynamics is important as_ .~ . L : . .
. o . Capillarity approximation. Section VI concludes with a dis-
well. An understanding of phase transition dynamics at the "" . :
. . . gy cussion of further steps to be explored in the future.
simplest, single-pore, level is a necessary prerequisite for a
study of the more complex behavior that depends on por§ peNSITY FUNCTIONAL THEORY
topology and connectivity. Nucleation of first-order phase

transitions inside pores is a little-studied problem that is In order to obiain |nformat|on about cgp|l_lary C.OeX'St'
nonetheless a key ingredient for a full theory of fluids in ence and heterogeneous nucleation of a fluid in a slit pore, a

pores. Recently, this problem has attracted some intereéﬂeory for confined inhomogeneous fluids is required. For
' t

with an initial focus on slit pores in which fluids are confined at purpose, we consider a fluid conﬁned by tVYO pgrallel
between a pair of infinite flat plates. Yasuoktal? used adsorbing walls of are&g, unbounded in the two directions

molecular dynamics techniques to study condensation ilqarallel to the plates and held in equilibrium atgseparalion
relatively thick slit pores, whereas Bolhuis and Chantler by a fqrce applied externally. The grand potential of t.he Sys-
used molecular dynamics and Monte Carlo methods to stud m{} is assumed to be a functional of the local denpity)

the drying transition in narrow pores. Restageioal® ap- nd to have the forfi?

plied a macroscopic approa¢émploying the capillarity ap- K

proximation to predict the behavior of critical nuclei in both Q[P(r)]:f drlf[p(r)]—up(r)]+ Ef dr[Vp(r)]?

two and three dimensions, and then carried out a time-

+f P[p(r)]da, @
AS
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where f[p(r)] is the local Helmholtz free-energy density,

and where the square-gradient term accounts for the free- E(dP(Z)/dZ)2=Aw(P(Z))—Aw(Pm), (6)
energy cost associated with spatial variations of the density.

For a van der Waals fluid, the local Helmholtz free energyWhere

density is given by Aw(p(2))=w(p(2))— Qg IV="F(p(2)) — wp(2)+ P
@

flp]=kTp[Inp—1—In(1—bp)]—ap?, 2
. ' . andA w(p,,) is an integration constant. In the limit of infinite
wherek is Boltzmann’s constanf] |s_the absolute tempera- | separationA w(p,,) vanishes, but in general, it corre-
ture, anda andb are phenomenologlpal paramet_ers. The 'at'sponds to the value dfw(p(2)) at a point where the slope
ter parametersa andb, are chosen in order to include, re- f the profile is zero. In the special case of symmetrical walls
spectively, the effect of long-range attractive forces betweer@hoz h.=h, go=9g.=9), pm=p(L/2). It can be shown that
particles and the molecular size. the absolute value oAw(p,,) is a direct measure of the

The last term in the grand potential functional describedpagnitude of the solvation force between the two walls of
by Eq. (1), ®[p(r)], is introduced to take into account con- iy capillary*2

tributions due to fluid—solid interactions. We further assume  £quation(6) can be integrated again to generate an im-
that the interactions between the fluid and the confining wall$jicit expression for the density profije(z) as a function of
are sufficiently short ranged that their contributions to they,e separatio.
fre8e energy only depend on the densities at conggcand

2 12 Pm
oL (R) L=’ (Ao(p)—Aw(pm)
Po
®[po,pL]=~Nopo=3dops—NLpL— 39LPL, (3)
P
whereh, andh, represent the surface fields agglandg, + f L(Aw(p)—Aw(pm))*l’2 , (8
account for the possible enhancement of molecular interac- Pm

tions at the corresponding substratezat0 andz=L, re- wherep, andp, are determined, respectively, by
spectively.
P e aAwwa—Aw@mqﬂz

In this work we consider the limit in which the area of (dp/d2),_o=Ssign pm— po)
each platég goes to infinity, but the confined system is still K
in contact with a reservoir of fluid with the same temperature
T and chemical potentigk. The properties of the surround- (dp/dz)z_,_=sigr(p,_—pm)[
ing van der Waals fluid are hence well known: the fluid

2(Aw(pL)—Aw(pm))r’2
K :

exhibits two-phase coexistence between a liquid and a vapor - ©)
at temperatures lower than the critical vakig,=8a/27b. and the boundary conditions

The properties of egumbnum _m_ho_mogeneous states in K(dp/d2),— o= —ho—Gopo,
the system can be obtained by minimizing the grand poten- (10

tial functional in Eq.(1) with respect top(r). The corre- K(dp/dz),- =h_+g.p_ -
sponding density profiles satisfy the associated Euler

i "Equations(6) through(10) can also be used to calculate the
Lagrange equatidf

properties of any bulk phase in contact with a flat walkat
oQ[p(r)] dffp(r)] , =0. It is only necessary to consider the cage=g, =0 in
3o(1) = 03 n—KV<p(r)=0, (4) the limit L—c0.*> The corresponding surface tensions for the
p P coexisting bulk liquid and bulk gas in contact with the wall
that can be solved under appropriate boundary conditionsysi and ysg, respectively, can then be used together with
For any given interface of areA, the associated surface 7¥ig @and Young's equation
tensionvy is given by the grand potential excess per unit area Yoo~ YsI=Yig COS0 (11)

Ay=Q[p(r)]=Qy[p], (5  to calculate the bulk contact angk, at a single wall as
predicted by the model for given valuesuf, g,, andT.

whereQ[ p(r)] is the grand potential of the equilibrium den-

sity profile for the inhomogeneous system, afij[p]

=— PV_is th_e grand potential of the bulk uniform fluid in the IIl. CAPILLARY COEXISTENCE

reservoir (with pressureP) at the same temperature and

chemical potential. For the fluid confined in the capillary, the condensation
For the reservoir fluid, Eq4) can be solved using stan- of a liquid-like phase can occur at values of the external

dard numerical techniques to generate the density profiles fgrressureP that are either higher or lower thah,,;, depend-

the liquid—gas interface at a given temperature. The interfaing on the nature and strength of the interactions of the fluid

cial tension for this interfaceyq is then given by Eq(5) particles with the confining wall¥:® In either case, phase

with Q,/V=—Pg,, the bulk saturation pressure. For the coexistence between two inhomogeneous phases adsorbed in

particular case of the fluid confined between two planar inthe capillary is achieved when their corresponding excess

terfaces perpendicular to ttzeaxis and located a=0 and  grand potentials, as defined in E§), are equal. In the limit

z=L, one can integrate E@4) to obtairt''? L—o, the phase equilibria of the fluid should be determined
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by macroscopic considerations. In a first approximation, if 11 , . , . : . :

we think of a slit pore of volum&=AL immersed in a gas B“lif‘e:seivo‘fg o

at pressurd®, we can writé® I* =50 4.
AQg=ysA, (123 ]
AQ=—(P,—P)V+ y4A, (12b)

for the adsorbed gas and the adsorbed liquid phases, resper /T,
tively, in the capillary. A phase transition from one configu-
ration to the other will occur wheaQ =AQ,, or when the
pressure in the reservoir satisfies

P|_P:_(73g_ YSI)A/V:_ZMQ cost, /L, (13

where we have introduced Young's equatidtg. (11)]. If
we further assume that the liquid is incompressible and the
gas is close to ideahP=P,— P can be approximated by

AP~pKTIN(P/Pg=pkTIN(S), (14)

wherep, is the density of the liquid phase a®F P/Pgyis
the bulk supersaturation. By substituting E&¢) in Eq. (13) (a)
we derive the Kelvin equation for the pressure at which con-

densation occurs inside the capillary 0.4 1 : :
______________ Capillary Bino&al —o—
pIKTIN(S)=— 274 cosf, /L. (15) o5l £ CRehvin Eqoron,
As we can see, the Kelvin equation predicts that capillary .
condensation will occur at supersaturatidds 1 for fluids 02 T

with a bulk contact angle € §,< #/2, and in supersaturated
vapors §>1) for systems with higher contact angles. In
either case, the deviations from the condition of coexistence
in the reservoir become larger in the narrower pores. FotbAP/kT.
smaller values of or under wetting conditions, however, the -0.1
former macroscopic arguments do not apply and deviations
from the predictions of Eq(15) occur. -0.2
We have explored the conditions for capillary coexist-
ence in a slit pore with symmetrical wallb,=h, =h, g,
=g,.=g9) as a function of the width. as predicted by our

-0.3

04 4

model. The location of the binodal and spinodals for differ- | ... ... ...

ent values oL is a useful guide in analyzing the process of 05 . . . . L
nucleation inside the capillary. We have set the dimension- 0 01 02 03 04 05 06
less constank/(kT.b%3%)=4.0 in all our calculations; this  (b) 1/L*

value leads to reasonable estimates of the surface tension for ) ) )

real liquids at several temperatures. The value of the surfacgc, 8 foRe SEOEE 0 e Rt ee e e o

enhancement field has also been chosen to try to mimic the of the pores is expressed in reduced uhits=L/b'. (b) Phase diagram in

behavior of real fluids; in particular we sgt= —K/b, fol-  the (AP—1/L) plane for slit pores with surface fiel* =2.0 at a reduced

lowing Nakanishi and Fishét We will discuss the effect of temperaturel,=T/T,=0.5. Predictions from the Kelvin equation are rep-

different values of the surface fieltlon the behavior of the resented with a solid lineé,=74.83%). The metastability region is delim-

system, but our analysis will be restricted to value$ aind fted by the capillary spinodaliotted lines

T that lead to partial wetting (€ 6,< w/2) or partial drying

(m/2<6,<). All our numerical results are expressed in

reduced units, withb® as the unit of length ankT, The phase behavior of the system can also be studied by

=27a/8b as the unit of energyh* =h/kT,, L* =L/b'). reducing the separation of the walls while maintaining a con-
Figure Xa) depicts typical phase diagrams for the vanstant temperature. In this case, the reduction in the net

der Waals fluid in the reservoir and inside pores with twoamount of fluid—fluid interactions, combined with the stron-

different widths (h* =2.0 for the systems depicted in this ger effect of the solid—fluid interactions, leads to the disap-

figure). As predicted by other models analogous to dir§, pearance of the two-phase coexistence below a critical sepa-

the critical point shifts to lower temperaturesladecreases, ration L.. The corresponding phase diagram can be

while the critical density passes through a maximum in theepresented in a AP—1/L) plane, with AP=P,—P

same process. At fixed wall separatibnthe critical tem- ~p,kTIn(S as a measure of the supersaturation. Capillary
perature decreases when the surface figidincreased, with  coexistence between a liquid and a gas configuration defines
the shift being stronger for the narrower pores. a binodal line in this type of phase diagram, as shown in Fig.
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1(b) for the system witth* =2.0 at a reduced temperature The resulting Euler—Lagrange equation has the form
T,=0.5(corresponding to a bulk contact anglg=74.83°).

The density profiles of the coexisting phases in this particul flp(r)] —KV2p(r)

case correspond to an adsorbed gas-like phpsg dp(r)

>p(L/2)] and a desorbed liquid-like phag$e,<p(L/2)].

Results for the location of the liquid—vapor transition as pre- =kTIn(N)—kTIn( f
dicted by Eq.(13) have also been included in this figure. In 2
general, the predictions of the coexistence pressure using the
Kelvin equation tend to be fairly accurate except for the
smaller poresl(* <8).

Dotted lines in Fig. ) define the locus of the capillary which can be solved by a nonlinear multigrid method for
spinodals for the system. In analogy to bulk fluids, capillarygiven values ofN and T.!® Additional boundary conditions
spinodals can be defined as the limit of metastability forshould also be satisfied
liquid-like and gas-like inhomogeneous configurations inside
the pore'®” They delimit the regions where nucleation of K(dp/dz)z-0=~ho=Gopo,

dr[1—bp(r)]
RL

w

> e_[kap(r)/(l_bp(r))—zap(r)— KVZP(T)]/I(T , (19)

droplets or bubbles determines the kinetics of phase separa- K(dp/dz),_, =h, +g.p_, (209
tion in confined fluids. In our model, the location of the
capillary spinodals is associated with regions where the (dp/dr),—o=0. (20b)

grand potential excess has an inflection point as a function ofe \york of formation of the critical nucleus with a density
the contact density, profile p(r,Zz) is then given by the grand potential difference

(dy/dp)=0, A0 Awr=0p(r, 2]~ 0lpa(2)], @

with  given by Eq.(5). where Q[ p,(2)] is the grand potential of the surrounding

metastable phase with density(z) inside the capillary. The
thermodynamic properties of this phase can be obtained once
IV. HETEROGENEOUS NUCLEATION the chemical potential of the systemis evaluated through
) ) Eq. (18).
~ Nucleation of droplets or bubbles in a metastable con- e have followed the properties of critical nuclei inside
figuration inside the slit pore will occur on the walls of the ores of different widths as a function of the supersaturation
system except for highly repulsive surface fieldsying con- g Figure 2a) shows the evolution of the work of formation
ditions). Because of the symmetry of the walls and the sur-A o* for a system withh* =2.0 andL*=8.0 atT,=0.5.
face potential®[p,,p.], critical nuclei in the system are The neight of the barrier to nucleation diverges at the ther-
expected to have cylindrical symmetry, with their dens'tymodynamic condition for capillary coexisten¢g=0.8809
profiles depending on the distance perpendicular to one g this casg and goes to zero at the capillary spinodsl (
the substrate¢z) and on the radial distande) to the sym-  _ 5 496). ForS<1, where capillary condensation occurs in-
metry axis perpendicular to the walls. side the pore but the vapor is the stable phase in the bulk, the
Solutions to the Euler—Lagrange equat|&mu. (4)] rep-  strycture of the critical nucleus is always that of a liquid tube
resenting pritical nuclei in the open §ystem correspond tQ:onnecting the two plates of the capillary; we present a typi-
saddle points of the grand potential in EQ). The same ¢4 density profile for this kind of nucleus in Fig(. As the
solutions become minima of the Helmholtz free-enefy  gypersaturation is increased, the size of the cluster decreases
=+ pp when the total number of particles in the syst8m 54 starts getting thinner in its middle sectiffig. 3(b)],
is fixed>® In this case, the system can be thought of as beingi| it finally breaks into two pieces for thermodynamic
contained inside a cylindrical container limited by the walls gtates close to the spinodal.
of the capillary and by a perfectly nonwetting—nondrying  por states witts> 1, condensation inside the capillary is
curved surface with a radius of curvatuRemuch greater fayored over condensation in the bulk for slit pores with
than the radius of the nucledthe presence of this surface agractive and even moderately repulsive walls. For these su-
does not alter the distribution of matter in the systefthe  persaturated vapors, however, competition between conden-
restriction sation via a liquid tube and via the formation of a single
droplet attached to only one of the walls of the slit pore may
N= L RLP(f)df, (170 occur at high supersaturations. In wide pores, there is always
i a range of values of the supersaturation where two different
can be introduced into Ed4) to eliminate the dependence types of nuclei can be founfiFig. 2(a)]. Heterogeneous
on the chemical potentigk. In particular, the chemical po- nucleation via a single droplet is favored close to the spin-

tential for the van der Waals fluid can be rewrittefi as odal and down to a value &where liquid-like densities are
reached at the center of the capillary. Under such conditions,
u=KT In(N)—kTIn( f dr[1—bp(r)] nucleation of the new phase should likely proceed by means
2mRL of the formation of a droplet on a wall as suggested by recent

molecular dynamics simulatioisThe crossover between the

_ —bo(r))— 2an(r)—KV2 ; 2 ) | ETES
X @ [KTbp(N/(1=bp(r) =2ap(r) =KV ”“””‘T). (18 barrier to nucleation via a single droplet or via a liquid tube
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) FIG. 3. Density profilep(r,z) for critical liquid tubes in a slit pore with
(b) Te L*=8.0 and h*=2.0 at T,=0.5. (8 S=1.60, AQ*/kT=55.55, i,
) N o =169.0; (b) S=2.16, AQ*/kT=17.50,i,=101.0. Contours of constant
FIG. 2. Work of formationAQ* of critical clusters(liquid tubes and drop- density are shown as projections on thé=r/b3, z* = z/b'3) plane.

lets on a wall in a slit pore:.L* =8.0,h* =2.0,T,=0.5, as a function ofa)
supersaturatiof; (b) sizei,. The arrow in(b) points out the size difference
between the two types of clusters at the point of intersection of their corre-

sponding energy barriers i@). capillary spinodal. Results for the work of formation of the
critical clusters as a function of their sizg in a slit pore
with L* =8.0 are shown in Fig. (®).
For systems in which the value of the surface fiald
favors partial wetting (& 6,</2), the work of formation
of the critical tubes decreases with decreasing wall separa-
saturations, nucleation proceeds through the formation of 40N L at a given supersaturation, as lllustrated in Fig. 4 for
liquid bridge between the capillary walls. the fluuj with h* =2.0 (where we have alsp included, for
For most supersaturations, the size of the two types ofomparison, res_ults for the work of formation _of a droplet
clusters that can form inside the capillary, as measured bgdsorbed to a smgle _waII, and the energy barrier for_ homo-
the clusters’ excess number of particles eneous pucleatlon in the reservoir fI).ud:.or the wider
pores, critical clusters corresponding to a single droplet on a
) wall do not exist for supersaturations much lower than that at
ie= LwRLdf(p(X,Z)—PQ(Z)), (220 the intersection with the energy barrier for the critical liquid
tubes. As the width of the pore decreases, the capillary bin-
is very different. The single droplet solution tends to beodal and spinodal shift to lower supersaturations and there is
much bigger than the liquid tube except very close to thea critical value ofL below which the energy barriers for

occurs for values ofs for which the height of the critical
droplet measured perpendicular to the wall is still consider
ably smaller than the width of the poké& . For lower super-
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FIG. 4. Work of formationAQ* of critical clustergliquid tubes and single
droplet on a wa)l as a function of the supersaturati&f for slit pores of
various widthsL* (h* =2.0,T,=0.5. The energy barrier for homogeneous
nucleation in the bulk fluid is included in this figutdotted ling.

V. Talanquer and D. W. Oxtoby

with h*=0.5, corresponding to a bulk contact anglg
=132.419. In this type of pore, the energy difference at a
given S between the barrier to nucleation of the liquid tube
and the droplet in contact with one wall tends to be smaller
than the one observed under partial wetting conditions. For
these more repulsive pores, the tube-like critical cluster does
not thin out in its middle section at high supersaturations but
starts detaching from the walls. Close to the spinodal the
work of formation of a “free” critical cluster in the middle

of the pore becomes smaller than the energy cost of forming
a droplet on one of the wallsee Fig. 5.

We have also explored the properties of critical bubbles
formed in metastable liquids inside slit pores of various
widths. Analogous results to those just described apply to
this kind of system, where critical bubbles that resemble va-
por tubes connecting the two plates take the place of the
liquid bridges, as supported by recent computer simulafions.
The behavior of critical bubblegube-like and adsorbed on
one wal) under partial wetting(partial drying conditions
qualitatively resembles that of critical droplets under partial
drying (partial wetting conditions.

V. CAPILLARITY APPROXIMATION

nucleation of the liquid tube and the single droplet do not

intersect any longer. For pores narrower than the critical one,.

We will now compare our results to those generated by a

the liquid tube becomes the preferred path for nucleation ofiMPler model based on the “capillarity approximation”

the stable phase inside the capillary at all supersa’[urations.(C
When the interactions of the fluid with the walls of the

capillary are such that partial drying is favorea/2< 6,

A). The basic idea behind this model is to treat even the
small nucleating clusters as if they were macroscopic drop-
lets with surface tension. Suppose a droplet of liquid is in

<), the energy barrier for nucleation inside the slit porecOntact with one or two of the pore walls as well as with a

starts increasing as the width decreases, particularly for th

smaller pores at low supersaturatiqeee Fig. 5 for a system

140 T T T T

Drolplet onla wall
L*=10.0 &

120 -

80
AQ* /KT

60 -

20 -

FIG. 5. Work of formationAQ* of critical clustergliquid tubes and single
droplet on a wall as a function of the supersaturati8rfor slit pores with
two different widths(h* =0.5, T,=0.5). Results for the case of the single
droplet on a wall should only be compared to those of a slit pore With

=10.0; for the narrower pore, this type of cluster only exists over a very

limited range of supersaturatiofigery close to the spinodal

etastable vapor at pressupe the work of formation for
this configuratiof Eq. (21)] can be expressed as

AQ=—VAP+A|g"y|g+As|(7’s|_Ysg)+7'|-slg- (23

where AP=P,—P is the pressure difference between the
liquid in the droplet and the surrounding vapdf,is the
volume of the dropletd,; andAg, are the areas of condensed
phase in contact with the vapor and the substrates, respec-
tively, andris the line tension of the three-phase contact line
of lengthLg,.

In the particular case of a single droplet in contact with
one wall, the shape that minimizes the work of formatidn
is a spherical sector with a contact anglgiven by*°

Ysi— YsgT Vip COSO+ 0. (24

T j—

Rsing

The critical droplet that defines the barrier to nucleation
has a radiuR=2v,,/AP, and the height of this barrier can

be expressed & 2f
16’7T’)/|3 27Ty SING
AQdCfgp:g(A—P)ng(aH #, (25)
with
(2+c0os6)(1— cosh)?
f(9)= . (26)

4

For a critical liquid tube with cylindrical symmetry in
contact with two identical walls at=0 andz=L, the work
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of formation can be expressed in terms of the position of the 250 T . . < T
liquid—gas interfacet(z), in the following form? : \ CA, 7" =—0605-----
CAT=0—
AQ[r(2)] L2 '
—:—Apﬁj r(z)2dz+2my, W0
2 0 .
L/2
Xf r(z)(1+(dr(z)/dz)?)Y%dz 150 -
0
) AQ /KT
+ar(0)*(ys1— ¥sg) +2m71(0), (27)

wherer (0) is the radius of the liquid bridge at contact with wer

the walls. The shape of the critical nucleus can then be gen
erated by solving the differential equation associated with
the extremumdSAQ[r(z)]/6r(z)=0 under the boundary
conditions X
(dr(2)/dz) =0, (289 0 e

0.05 0.1 0.15 0.2 0.25 0.3 0.35 04

50

-
Ysi— Ysgt Y1 COSO+ ——=0, (28b) bAP/ET,

r0) FIG. 6. Comparison of the work of formatichQ* of critical clusters as
with  cosf=sind(dr(2/d2,-., and [r(0)+r(L/2)] predicted by the density functional thedFT) and the capillarity approxi-
-2y AP, The height of the barir o nucleaton for (e B e oo b o svrys
|IQUId_ tUbeAQtCuAe can then be CaICUIat(_ad by SUbS_tItUtmg the not included in the calculations are also shown in this figsmid lines.
solution to the Euler—Lagrange equatiofz) back into Eq.
(27). For all practical purposes, the shape of the critical
nucleus turns out to be very close to that of a meniscus with
cylindrical symmetry and local curvature=2/R (semicircu-
lar shapg whereR=L/(2 cos#) and@is given by Eq(28b).  tained in systems with positive values of(e.g.,g=0, h
Hence, the explicit expressions a2 andr (0) that can  >0). As was the case in our study of heterogeneous nucle-
be generated assuming a semicircular shape for any crogéion on a flat wall with a short-ranged potential, the predic-
section of the critical tube are very accurate. tions of CA for partially wetted systems follow closely those
In order to compare the results of our density functionalof DFT at low supersaturations when the line tension contri-
theory (DFT) with the predictions of the capillarity approxi- bution to the free energy is taken into account. However, the
mation for the van der Waals fluid, it is necessary to evaluat€apillary approach becomes less accurate as one approaches
not only the different interfacial tensiongy,ysi,ysq, for  the surface spinodals.
our model, but also the line tensionassociated with the The predictions of CA closely agree with those of DFT
three-phase contact line. When the coexisting liquid and gafor different widths of the slit pore, as illustrated in Figay
phases in the bulk fluid are placed in contact with one subfor a surface fielch* =2.0 (6,=74.83°) at constant super-
strate, the line tensionin a partially wet state is given By saturationAP. However, for systems with more repulsive
walls, in which the work of formation of the critical tubes is
r=min, limg_ f daQ[p(r)]— > iRy, (290  not a monotonic increasing function &f CA fails drasti-
== JAq 0 cally [see Fig. ), for the caseh* =0.5].
where the distanceR;; are the lengths of the three different d Thg results depicted in F|gs(§J and 1b) can b?. used to
etermine the nature and magnitude of the additional solva-

two-phase interfaces within the area of integration. The aregd | torce between the walls associated with the formation of
is chosen in a plane perpendicular to the three-phase conta&?

; L : : : e critical cluster at a given supersaturation. In this case, the
line, with sides perpendicular to any intersecting two-phase . C O
. 25 Solvation forceF g, is given by
interface:

Figure 6 shows the results of our calculations for the
work of formation of critical droplets inside a slit pore with ~ Fsow= —dAQ*/dL. (30
L*=10.0 andh* =2.0 atT,=0.5, using both DFT and CA.
We include results for both types of clusters, liquid tube andn partially wetted pores the solvation force is always attrac-
single droplet on a wall, at different values &P, taken as tive and increases with the width of the pore at cons&mit
a measure of the supersaturation. The inclusion of the effeddP. In more drying capillaries, like the ones illustrated in
of the line tension on the work of formation of critical clus- Fig. 7(b), the force is only attractiveR,<0) for the wider
ters seems to be crucial to generate reasonable predictiopsres, as illustrated in Fig. 8 for a system with=0.5. As
using CA (compare with the predicted barrier height whenwe can see in this figure, the predictions Fay,, of CA are
the line tension is assumed to be equal to zero in Biglfee  quantitatively different from those of DFT for all values lof
line tension for this particular system is negative’ (the better agreement with CA in the limit &0 is a mere
=7rbY¥KT,=—0.605, but similar results have been ob- coincidence for this particular case
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FIG. 8. Solvation force 4, at different wall separations* for a surface
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based approaches. The rarity of nucleation events under re-
alistic conditions makes direct simulation difficult. The
observational cluster method developed by Kusaka and
co-workeré® for simulation of nucleation uses configuration-
biased umbrella sampling to explore states that would not
often be seen in simple Monte Carlo simulations and thus to
map out the nucleation path. A key ingredient is the selection
of one or more order parameters, which emerge naturally
from density functional theory, for biasing the Monte Carlo
steps. A similar observation applies to the transition path
3 4 5 6 7 8 9 10 sampling method of Bolhuis and Chandfdfor example, in
(b) L+ the case of nucleation in a slit pore, where two different
types of critical nuclei can be found for supersaturati&ns
FIG. 7. (@ Cqmparison of the work of‘formatioAQ* _of critical liquid >1, the distinction between these two possible states could
tubes as predicted by DFT and CA at different pore widthsand constant . . . . . .
supersaturatior(a h* =2.0, AbP/KT,=0.1; (b) h* =0.5, APb/KT,=0.4. be established by using the difference in the fluid density at
each wall as an appropriate order paraméter, the differ-
ence would be zero for a symmetrical liquid tube, but not for
VI. DISCUSSION a single droplet attached to one of the walls
It will be interesting in the future to extend these calcu-

b tv?urndt?/\rl]snz flinct:ozalrncalﬁu:ﬁtlfnns fprrEd'C; da rfrg(?sﬁverlations from slit pores to cylindrical pores. Because of the
ctwee 0 nhucleatio echanisms tor condensafo change in symmetry, the nature of the critical nucleus for
drying) transitions in slit pores. For large enough wall sepa-

' . qrondensation and evaporation will be quite different in this
rations, nucleation occurs on one wall and the presence 0

the other is irrelevant; this limit reduces to the case of het£3S€: For a large enough cylindrical pore, the critical nucleus

erogeneous nucleation on a planar substrate. For smalfill P& @ cap on the inner surface of the pore, but for small
enough separations, however, the critical nucleus is a bridg@res it is not clear what the favored geometry will be. The
connecting the two walls. We have shown that the capillarit)ﬁature of the critical nucleus and its free energy in the simple
approximation provides a reasonable qualitative account dfase of a single pore need to be understood before other
most of our results, but only if the line tension is incorpo- aspects of capillary condensation that depend on fluid dy-

rated; more quantitative aspects are not predicted by thigamics or pore topology can be explored. An additional di-
macroscopic theaory. rection that can be effectively studied with density functional

One useful role for density functional theory is to sug-theory is the nucleation of condensation and bubble forma-
gest order parameters that can then be used in simulatiotion for fluid mixtures in pores.
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