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Liquid correlation across the walls in a slit pore: Effect on the wetting and drying transition
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The liquid structure next to the walls of a slit pore, immersed in a model simple liquid, is studied through a
liquid theory and grand canonical Monte Carlo simulations. A liquid correlation across slit walls, of finite
width, is found. This correlation modifies the structure and capillary partial wetting and drying transitions of
the nonhomogeneous fluid, when close to its liquid-vapor coexistence curve.
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In the study of interfacial phenomena of fluids abo
membranes or porous materials, little attention has been
in the literature to the fact that in any real situation t
boundary, that separates one side from the other or the
rior from the exterior, is of finite thickness. Explicit consid
eration of this fact reveals important phenomena, such as
violation of the local electroneutrality, in confined electroly
solutions@1#. It has also been shown that the concentrat
profiles of a charged fluid, in contact with both sides o
planar charged wall, are correlated@2#, and that this effect is
relevant to the ion-membrane interaction@3#. There is a
strong dependence of these two phenomena on the pore
t and on the thicknessd of the walls, particularly whent and
d approached values of the order of few ionic diamet
@1–3#. In the past one of us predicted that fluid-fluid corr
lation across the walls is also present when nonionic flu
such as inert gases or alkanes, are confined by a wall of fi
thickness@2#. In this work we study a nonionic fluid confine
by a slit pore, demonstrate this prediction, and show t
such correlation strongly affects the prewetting transitio
next to an attractive surface and the drying, or wetting
gas, next to a rigid wall. This is of utmost importance sinc
fundamental issue in epitaxial film growth, cell membran
biophysics, and colloidal science is the manner in which
adsorbed materials grow from unstructured gas next to a
face to the monolayer coverage and then to thick liquid film
The so-called partial wetting transitions are of particular i
portance in connection with gas chromatography separat
and purification.

For simplicity, the intermolecular potential is taken to
as a hard sphere potential plus a Yukawa tail:

u* ~r ![bu~r !5H `, r ,a

2KF

exp$2ZF~r /a21!%

r /a
, r>a.

~1!

This potential has the essential features of real molec
or model potentials, such as the Lennard Jones, and ha
advantage of having a simple semianalytical solution in
mean spherical approximation~MSA! @4,5#. In a consistent
manner, the particle-wall interaction potential was taken
that of a hard wall with an exponential tail:
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Vn* ~XW
n ![bVn~XW

n !52KW
n expH 2

ZW
n XW

n

a J . ~2!

In Eqs.~1! and~2!, r is the particles distance,a is the hard
sphere diameter,XW

n 5ux2xnu,x is the distance from the por
midplane, andxn is the position of the nth plane of the pa
ticles closest approach to the slit walls. That is, for a slit
width t, having walls of thicknessd, for the right wall x1
5h and x25h1a1d, and for the left wallx352x1 and
x452x2. Hereh5(t2a)/2, ZF , ZW

n , andKF and KW
n are

the adimensionalrange and potential depth parameters,
spectively, for the fluid-fluid and fluid-nth surface interaction
potentials. The wall-fluid potential is infinite within the har
cores. The net particle-slit potential is the sum over the f
walls V* (xW)5(n51

4 Vn* (xW).
The liquid concentration profile, as a function of the d

tance to the slit walls, is given in the three-point extensio
hypernetted chain/mean spherical approximation~TPE-
HNC/MSA! integral equation theory as@6# ln r(xW)/r5
2bV(xW)1*0

`@r(xW)2r#K(xW,y)dy, where K(xW ,y)
52p* uxW2yu

` scB(s)ds12p* uxW1yu
` scB(s)ds, cB(s) is the

bulk direct correlation function in the MSA approximatio
@4,5#. b51/kT andT is the temperature, andxW is the par-
ticle distance to the inner or outer surface of the right wall
the slit.r(xW) on the left side of the slit is by symmetry th
mirror image of the right side. We solved the TPE-HN
MSA theory for a variety of conditions close to the vapo
liquid coexistence region and present here only represe
tive results. The TPE-HNC/MSA theory has been shown
be in agreement with grand canonical Monte Carlo~GCMC!
results for charged fluids, confined by a charged slit@1# and a
charged, single wall@2#. The validity and limitations of a
Yukawa fluid have been reported elsewhere@7,8#. Therefore,
even though a better description of the bulk fluid, beyond
MSA could be possible and a still better description of t
nonhomogeneous fluid can be thought@6–8#, the TPE-HNC/
MSA theory has the correct physics for this complex syste
To ensure this we considered here a low density fluid,r*
[ra350.1, and a compromise reduced temperature ofT*
51/KF53, since for high temperatures and low densities
TPE-HNC/MSA is capable of describing all the features p
dicted by GCMC simulations, as indeed it is shown in Fig.
©2002 The American Physical Society02-1
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In Fig. 1 we present the TPE-HNC/MSA results for co
ditions close to the liquid-vapor coexistence curve of
homogeneous fluid, for a large pore,t510a, and infinitely
thick walls. Results fort5100a are identical. For these con
ditions there is no fluid correlation through the slit walls
between the two walls. Hence, Fig. 1 results are equivalen
those for a fluid next to a single, infinitely thick wall. W
show the local concentration profilesr* (xW) of a dense gas
with a bulk reduced density ofr* 50.1, for several reduced
temperatures, as a function ofxW . Here the range paramete
areZF5ZW51.8, KW510KF.

As the reduced temperature decreases from 10 to 1.8
gas wets the surface and molecular layers of liquid fo
about the solid surface, in a continuous, so called, wet
transition. For a temperature as low asT* 51.65 three layers
have already been formed. For lower temperatures, the
gral equation has no solution, something which is usua
indicative of a first-order transition of the bulk fluid. Th
inset shows our GCMC results for the same system.
qualitative agreement of the TPE-HNC/MSA theory with t
GCMC results is excellent. For high temperatures both
sults superimpose. For lower temperature the agreeme
only qualitative. This is to be expected since, the TPE-HN
MSA theory is well known to give too large contact value
particularly at low temperatures@2,6,7#. In fact, the vapor to
liquid transition in the GCMC occurs at slightly lower tem
peratures. Though not shown, for still lowerT* the GCMC
becomes unstable and the system structure evolves to th
the corresponding equilibrium bulk liquid next to an attra
tive wall. This general behavior has been reported w
Monte Carlo simulations of a Lennard-Jones model poten
@9,10# and by direct experimental observations@11–13#.

We now consider a planar slit pore, immersed into
Yukawa fluid at a bulk densityr* 50.1. The slit is of width

FIG. 1. TPE-HNC/MSA reduced concentration profile,r* (xW),
as a function of the distance to inner and outer wall surfaces, sh
ing the wetting transition of a Yukawa fluid next to a Yukawa a
tractive, very thick, wall. The bulk density isr* 50.1. ZF5ZW

51.8, KW
in510KF , KF51/T* . Each curve indicates the re

duced temperatureT* . The inset shows the corresponding GCM
simulation results.
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t, and is made of attractive walls, offinite thickness d. For
simplicity, in all the cases studied we kept the wall-flu
range parameterZW fixed at the value 1.8 for all the surface
In Fig. 2 we present results for a case where both inter
surfaces of the pore have associated a wall-fluid poten
depth parameter 10 times that of the fluid-fluid potenti
while both external surfaces are rigid, namely,KW

in510KF

andKW
out50. In this and subsequent figures, the profiles

the left (xW,0) correspond to the fluid inside the por
Those to the right (xW.0) correspond to the fluid outsid
the pore. The gap in the figures, though fixed, represents
variable distance from the inner to the outer planes of clos
approach of the right wall of the pore,d1a. That is,xW , is
measured from the left~right! surface of the wall, for the
inner ~outer! concentration profile. Figure 2 shows the effe
on wetting, of the range parameter of the fluid-fluid intera
tion ZF and of the thickness of the pore walls,d, for a wide
pore,t510a. For a wide pore, no correlation with the flui
adsorbed at the left wall is expected. ForZF51.8 the range
of the fluid potential is so short that very little effects a
detected for this temperature. The structure inside the po
independent of the wall thickness fromd5100a to d
50.5a.

Increasing the potential range by decreasingZF to 1.0
shows that the molecular correlation across the walls
hances the wetting layering on the inner attractive wall. T
is so because, sinceKW

out50, reducingd simply brings the
outside molecules closer to those inside the pore. For th
ness of order 10a no correlation is observed, i.e., we recov
the expected profiles for attractive~left! and hard~right!
walls. For wall thickness less than 0.25a no solution is ob-
tained, suggesting that the correlation across the walls co
induce the first-order bulk transition from gas to liquid. Th
profiles on the right hand side of the rigid wall show a co

w-

FIG. 2. TPE-HNC/MSAr* (xW), showing the effect of the
walls thicknessd and the potential rangeZF on the wetting transi-
tion of a Yukawa fluid confined by a pore with Yukawa attracti
inner walls. ZW

in5ZW
out51.8, KW

in510KF , KW
out50, r* 50.1, and

T* 53.0. The continuous curve~—-! is for ZF51.0 and the dashed
curve ~ ! for ZF51.8. Each curve indicates the wall widthd
in molecular diameters. We show only the profiles around the ri
wall.
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LIQUID CORRELATION ACROSS THE WALLS IN A . . . PHYSICAL REVIEW E65 061702
pling of the interaction of the external fluid with the intern
attractive surface and with the fluid wetting it. Ford510a
we see the drying of the attractive fluid next to a rigid surfa
as describe elsewhere@7# , which increases with increasin
fluid-fluid potential range. Decreasingd takes the right hand
side fluid from a drying to a wetting situation.

The effect of the inner fluid on the fluid outside is furth
demonstrated in Fig. 3, where we kept the same conditi
for the system as in Fig. 2, withZF51.0, but decreased th
size of the pore. Decreasing the pore size increases the
relation between the adsorbed liquid at both walls of the s
This correlation produces an increase of the local concen
tion in the enclosed inner fluid. As we can see, ford510a no
change is observed on the density profiles of the outs
fluid, as the pore becomes as narrow as three molecula
ameters. However, for a thin wall,d50.5a, the density pro-
files of the fluid outside are modified as the pore becom
narrower. On the other hand, the structure and, therefore
capillary adsorption, of the fluid inside the pore is influenc
by the correlation across the walls described here. Fo
given pore size, changing fromd510a ~dashed curves!,
where no correlation is possible, tod50.5a ~solid curves!
strongly modifies the capillary wetting transition.

FIG. 3. Effect of the pore sizet on the fluid-fluid correlation
across the slit walls.ZW

in5ZW
out51.8, ZF51.0, KW

in510KF , KW
out

50, r* 50.1, andT* 53.0. The continuous curve~—-! is for d
50.5a and the dashed curve~ ! for d510a. In each curve the
wall to wall distancet is indicated in molecular diametersa.
d
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Figure 4 shows the results for a Yukawa fluid with a
even longer fluid-fluid range,ZF50.75, enclosed betwee
two hard walls,KW

in5KW
out50. Here the walls simply divide

the fluid. Ford510a, where no correlation between the in
ner and outer fluids is present, we see only the effect of
wall-wall correlation. It is interesting that, contrary to th
results of Fig. 3, where the inner surfaces are attractive,
creasing the pore size decreasesr* (xW), and the drying is
attenuated. In general, the drying observed for a pore ot
510a is attenuated when the pore becomes smaller, du
the wall-wall correlation, or ford50.5a, due to the correla-
tion with the outside fluid.

The integral equation results presented here show for
first time, to the best of our knowledge, evidence of flu
fluid correlation across walls of finite width for a nonion
short-ranged fluid. We show how this correlation can aff
the structure and capillary wetting and drying transitions o
non homogeneous fluid close to its liquid-vapor coexiste
curve, something which could have interesting consequen
in colloidal science, thin films, and biophysical studies.

We gratefully acknowledge the support of CONACY
~L0077-E!, Mexico, CONICIT~G97000741!, Venezuela, and
FAPESP, Brazil.

FIG. 4. Effect of the correlation across the walls on the dryi
transition of a Yukawa fluid confined by two hard walls.ZW

in

5ZW
out51.8, ZF50.75, KW

in5KW
out50, r* 50.1, andT* 53.0. The

continuous curve~—-! is for d50.5a and the dashed curve
~ ! for d510a. In each curve the wall to wall distancet is
indicated in molecular diametersa.
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