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Ultrathin fluid films confined to a chemically heterogeneous slit-shaped nanopore

Martin Schoen*
Institut für Theoretische Physik, Sekretariat PN 7-1, Fachbereich Physik, Technische Universita¨t Berlin, Hardenbergstraße 36,

D-10623 Berlin, Germany

Dennis J. Diestler†

Department of Agronomy, University of Nebraska–Lincoln, Lincoln, Nebraska 68583-0915
~Received 13 May 1997!

The properties of a molecularly thin film of Lennard-Jones~LJ! ~12,6! fluid confined to a chemically
heterogeneous slit-shaped pore were investigated by the grand canonical ensemble Monte Carlo~GCEMC!
method. The slit-shaped pore comprises two identical plane-parallel solid substrates, each of which consists of
alternating strips of LJ~12,6! solid of two types: strongly adsorbing and weakly adsorbing. With substrates
aligned so that strips of the same type oppose each other, GCEMC was used to compute equilibrium properties
of the film as functions of the distancesz between the substrates. Results are compared for two well depthse f s

of the LJ~12,6! potential between molecules in the film and those in the strongly adsorbing strip. Variations in
tensions, mean film density, and isothermal compressibility as functions ofsz are correlated with structural
changes in the film and with its phase behavior. In both cases, when the substrates are sufficiently close
together, liquid bridges exist between the opposing strong strips, surrounded by dilute gas over the weak ones.
The stronger substrate~i.e., the one with the greater value ofe f s! is capable of stabilizing a liquidlike phase that
fills the whole pore over a certain range ofsz , then abruptly evaporates beyond a critical value ofsz , to leave
nanodroplets clinging to the strong strips. For the weaker substrate, however, the liquid bridges collapse to
form nanodroplets directly, without the intermediate appearance of a liquid pore-filling phase.
@S1063-651X~97!07910-5#

PACS number~s!: 61.20.Ja, 61.20.Ne, 68.45.2v, 64.70.Fx
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I. INTRODUCTION

The deportment of fluids confined to spaces of molecu
or nanoscopic dimensions has profound consequences
natural phenomena such as the swelling of clay mine
@1,2# and the functioning of living cells@3#, as well as for
technological processes such as lubrication@4# and the
manufacture and operation of microscopic machines@5#. We
focus in this article on the properties of ultrathin fluid film
confined to a single, definitively characterized slit-shap
pore~i.e., a thin film of fluid sandwiched between two plan
parallel solid substrates!. Such films can be studied in th
laboratory more or less directly by means of the surfa
forces apparatus~SFA! @6–8#, the heart of which comprise
two parallel mica sheets that can be manipulated with ne
molecular precision. Analogous virtual investigations can
performed by computer simulation@9–11#. Indeed, the pri-
mary purpose of this paper is to present detailed result
such simulations of a slit-shaped pore whose walls
chemically patterned on the nanoscale.

With two exceptions@12,13# prior investigations have
dealt with walls that are smooth on the nanoscale. The fi
a pure substance, is assumed to be in thermodynamic e
librium with the bulk fluid at fixed temperatureT and pres-
sure. The mechanical state of the film, which is inhomo
neous and anisotropic, is specified by a set of strains~in the
simplest case, the distance between the walls,sz , and their
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lateral alignment or registry! or their conjugate stresses~the
normal stressTzz is conjugate tosz and the shear stress
conjugate to registry!. Here and below we take the film
substrate interface to be perpendicular to thez axis. The
applied load is observed~in both SFA measurements@14,15#
and simulations@9–11,16#! to oscillate between attractio
and repulsion with a period of about one diameter of the fi
molecule~s! as sz increases from 2s to about 10s at con-
stantT and chemical potentialm. Monte Carlo simulations in
the grand canonical ensemble~GCEMC, fixedT, m, andsz!
@9,10,17–19# and in the grand isostress ensemble@16,20,21#
demonstrate that the fluid piles up in layers parallel with
walls and that, in coincidence with the oscillations inTzz,
whole layers of fluid abruptly enter the pore. This stratific
tion, due to constraints on the packing of molecules aga
the rigid planar walls, thus accounts for the oscillatory d
pendence ofTzz on sz @22#. Grand canonical Monte Carlo
simulations@23,24# of a monatomic film between walls com
prising like atoms fixed in the configuration of the face ce
tered cubic~fcc! ~100! plane show that if the walls are in th
right registry they can induce freezing of a molecularly th
film. The frozen film resists shearing~i.e., the walls stick!
until a critical shear strain is surpassed, whereupon the
melts and the walls slip. This effect has been invoked
explain stick-slip lateral movement observed by the S
@25,26#.

Although SFA experiments referred to above, and
analogous computer simulations, involve substrates that
structurally and chemicallyhomogeneous~in lateral dimen-
sions! on the nanoscale, relatively recent advances in min
turization have made feasible the construction of substr
4427 © 1997 The American Physical Society
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4428 56MARTIN SCHOEN AND DENNIS J. DIESTLER
possessing prescribed heterogeneities@27,28#. It is therefore
of some urgency to investigate the influence of nanosc
heterogeneities on the behavior of a fluid film in a slit-shap
pore. Indeed, in an earlier GCEMC simulation@12# we ex-
amined the effects of nanoscalestructuralheterogeneity. We
took one wall to be a fcc~100! plane and the other a fc
~100! plane scored with regularly spaced rectilinear groo
severals wide. Film and wall molecules were assumed ide
tical. Whensz is fixed at about 2s and the walls are in prope
registry, the film comprises solid and fluid portions in the
modynamic equilibrium, that is, fluid-filled nanocapillarie
~the grooves! alternating with solid columns. Epitaxial freez
ing of the film is promoted by the molecular-scale templa
of the strips between the grooves, just as it is in the cas
walls structurally smooth on the nanoscale@19–24#. In the
grooves, however, the template is so weak that the film
mains fluid there. Thus it is clear that a purely structu
heterogeneity on the nanoscale can induce phase coexis
in confined films.

We present here results of a GCEMC study designed
determine whether strictlychemical heterogeneity on the
nanoscale might engender phase coexistence. Kochet al.
@29# briefly reviewed previous work on the nature of flu
layers adsorbed on single chemically patterned substrate
divorce chemical from structural effects, we adopted
simple chemically striped smooth-wall model~i.e., each wall
consists of strongly adsorbing strips alternating with wea
adsorbing ones!. Our notion is that film molecules shoul
tend to concentrate over the strong strips, leaving the
over the weak ones at lower density. In other words,
would expect the strong strips to become wet and the w
ones to remain dry. This would result in a nanoscopic liqu
vapor equilibrium, that is, liquid over the strong strips sep
rated from gas over the weak ones by interfaces paralle
the strips and perpendicular to the walls. A situation akin
the one just described has indeed been observed recent
Röcken and Tarazona@30#, who studied capillary condensa
tion in slit-shaped pores with chemically corrugated wa
using a simple lattice-gas model. In their model the wal
represented by a potential field that oscillates sinusoid
between attraction and repulsion in one transverse direc
(x) and extends about 1s from the plane of the wall.

II. THE MODEL

A. Mean-field description of the substrate potential

Our model system, sketched in Fig. 1, consists of a fi
composed of spherically symmetric molecules which is sa
wiched between the surfaces of two solid substrates.
substrate surfaces are planar, parallel, and separated
distancesz along thez axis of the coordinate system. Th
substrates are semi-infinite in thez direction, occupying the
half spacessz/2<z<` and 2`<z<2sz/2, and infinite in
the x andy directions. Each substrate comprises alternat
slabs of two types: strongly adsorbing and weakly adsorb
The ‘‘strong’’ and ‘‘weak’’ slabs have widthsds and dw ,
respectively, in thex direction and are infinite in they direc-
tion. The system is thus periodic in thex direction of period
ds1dw and is translationally invariant in they direction. In
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practice we take the system to be a finite piece of the fi
imposing periodic boundary conditions@31# on the planesx
56sx/2 andy56sy/2.

The substrates are in registry in that slabs of the sa
type are exactly opposite each other. Substrate atoms
assumed to be of the same ‘‘diameter’’~s! and to occupy the
sites of the fcc lattice@the substrate surfaces are taken to
~100! planes# having lattice constantl , which is taken to be
the same for both species. Thus substrate species are d
guished only by the strength of their interaction with fil
molecules. We assume the total potential energy to be a
of pairwise additive LJ~12,6! potentials, all of which have
the form

u~r !54eF S s

r D 12

2S s

r D 6G , ~1!

wheree is the well depth,s the molecular ‘‘diameter,’’ and
r the distance between the centers of a pair of particles~i.e.,
film molecules or substrate atoms!. For the interaction be-
tween a pair of film moleculese5e f f @i.e., uf f(r )#. The
nanoscale heterogeneity of the substrate is characterize
e5e f s @i.e., uf s(r )# for the interaction of a film molecule
with a substrate atom in the strong~central! slab, and bye
5e f w @i.e., uf w(r )# for the interaction of a film molecule
with a substrate atom in either of the two weak~outer! slabs
~see Fig. 1!. We takee f s>e f f ande f w!e f f ~see Sec. IV for
specific values!.

Since we are concerned in this article with the effects
chemical heterogeneity at the nanoscale on the behavio

FIG. 1. Scheme of a simple fluid confined by a chemically h
erogeneous model pore. Film molecules~gray spheres! are spheri-
cally symmetric. Each substrate consists of a sequence of cryst
graphic planes separated by a distanced l along thez axis. The
surface planes of the two opposite substrates are separated
distancesz . Periodic boundary conditions are imposed in thex and
y directions~see text!.
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the confined film, we expect the details of the atomic str
ture not to matter greatly for our purpose. Therefore
adopt a mean-field representation of the interaction of a
molecule with the substrate, which we obtain by averag
the film-substrate interaction potential over positions of s
strate atoms in thex-y plane. The resulting mean-field po
tential can be expressed as

F@k#~x,z;ds ,sx ,sz!

5nA (
m52`

`

(
m850

` E
2`

`

dy8H E
2sx/21msx

2ds/21msx
dx8uf w~ ur2r 8u!

1E
2ds/21msx

ds/21msx
dx8uf s~ ur2r 8u!

1E
ds/21msx

sx/21msx
dx8uf w~ ur2r 8u!J . ~2!

In Eq. ~2! nA52/l 2 is the areal density of the~100! plane of
the fcc lattice. The position of a film molecule is denoted
r andr 85(x8,y8,z856sz/26m8d l ) represents the positio
of a substrate atom, where2 refers to the lower (k51), 1
to the upper (k52) substrate, andd l is the spacing betwee
successive crystallographic planes in6z direction. We note
that since all features of the substrate at the atomic s
have been washed out inF@k#, our mean-field model canno
account properly for solid formation, which, according to t
discussion in Sec. I, is strongly influenced by the atom
structure of the substrate.

By interchanging the order of integration and introduci
the transformation

x8→x95x2x8,

y8→y95y2y8, ~3!

z8→z95z2~6sz/26m8d l !

we can rewrite the integrals on the right-hand side of Eq.~2!
as

E
a

b

dx8E
2`

`

dy8u~ ur2r 8u!

524eE
x2a

x2b

dx9E
2`

`

dy9F S s2

x921y921z92D 6

2S s2

x921y921z92D 3G , ~4!

wherea andb refer to integration limits andu ande corre-
spond touf s ande f s or to uf w ande f w , depending ona and
b. The definite integral overy9 can be found in standar
tabulations~see, for example, no. 60 in@32#!. Thus Eq.~4!
simplifies to
-
e

g
-

le

c

4eE
x2a

x2b

dx9E
2`

`

dy9F S s2

x921y921z92D 6

2S s2

x921y921z92D 3G
5

3pes

2 E
x2a

x2b

dx9@ I 1~x9,z9;ds ,sx ,sz!

2I 2~x9,z9;ds ,sx ,sz!#, ~5!

where

I 1~x9,z9!:5
21

32
AS s2

R D 11

~6!

and

I 2~x9,z9!:5AS s2

R D 5

, ~7!

with

R:5x921z92. ~8!

The remaining integration overx9 can also be carried ou
analytically ~see, for example, no. 244 in@32#!. A tiresome
computation yields

E
x2a

x2b

dx9I 1~x9,z9!5
21

32 Ex2a

x2b

dx9AS s2

R D 11

5:
21s

32
I 3~x9,z9;ds ,sx ,sz!U

x95x2a

x95x2b

5
21s

32

x9s10

9z92AR9 F11
8

7
S1

48

35
S21

64

35
S3

1
128

35
S4GU

x95x2a

x95x2b

~9!

and

E
x2a

x2b

dx9I 2~x9,z9!5E
x2a

x2b

dx9AS s2

R D 5

5:sI 4~x9,z9;ds ,sx ,sz!ux95x2a
x95x2b

5s
x9s4

3z92AR3
@112S#U

x95x2a

x95x2b

,

~10!

where the dimensionless quantityS is given by

S:5
R

z92 . ~11!

To simplify the expressions, we define the auxiliary functi
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D~x9,z9;ds ,sx ,sz!:5
21

32
I 3~x9,z9;ds ,sx ,sz!

2I 4~x9,z9;ds ,sx ,sz!. ~12!

Combining the expressions in Eqs.~2!, ~5!, ~9!, ~10!, and
~12!, we have finally for the potential energy of a film mo
ecule in the mean field of the substratek (51,2)

F@k#52
3p

2
nAs2 (

m52`

`

(
m850

` H ~e f w2e f s!

3DS x1
ds

2
2msx ,

sz

2
1m8d l 6zD

2~e f w2e f s!DS x2
ds

2
2msx ,

sz

2
1m8d l 6zD

2e f wFDS x1
sx

2
2msx ,

sz

2
1m8d l 6zD

2DS x2
sx

2
2msx ,

sz

2
1m8d l 6zD G J , ~13!

where the sign onz is chosen according to the conventio
1↔k51 and2↔k52 ~see Fig. 1!.

Before discussing the implementation of Eq.~13! in the
GCEMC simulation, we comment briefly on the properties
thewholefilm-substrate potentialF5F@1#1F@2# that follow
strictly from considerations of symmetry. When thez coor-
dinate of the film molecule is reflected through the mirr
planez50, 2z in the argumentsz95sz/21m8d l 6z of F@1#

changes to1z in the arguments ofF@2# and vice versa. Tha
is, F@1#(x,2z)→F@2#(x,z) and vice versa. The sumF is
therefore invariant under reflection in thez50 plane. Like-
wise,F is invariant under reflection in thex plane, although
the proof involves more subtle interconversions. For
ample, under the transformationx→2x the first term in
braces~for m! is converted into the second term in brac
~for 2m!. Likewise, the third term@in square brackets in Eq
~13!# is converted into the fourth term. Of course, since
potential is periodic inx, of periodsx , we need represent th
whole mean-field film-substrate potential in only one qua
rant ~say, 0<x<sx/2, 0<z<sz/2! of the x2z plane.

B. Computation of film-wall contribution
to configurational energy

The generation of a GCEMC Markov chain of configur
tions rNf :5$r1 ,r2 ,...,rNf

% is governed by the~change in!

configurational energy@33#, whereNf is the number of film
molecules. For the present system the configurational en
U can be written as

U5
1

2 (
i 51

Nf

(
j Þ i 51

Nf

uf f~r i j !1 (
k51

2

(
i 51

Nf

F@k#~xi ,zi ;ds ,sx ,sz!

5:UFF1UFS , ~14!

where uf f is given in Eq. ~1!, F@k# in Eq. ~13!, and r i j :
5ur i2r j u is the distance between the centers of film m
f

r

-

e

-

gy

-

eculesi and j located atr i and r j , respectively. Equation
~14! also defines the film-film and film-substrate contrib
tions UFF and UFS to U. To implement the expression fo
F@k# in Eq. ~13!, we truncate the infinite summations accor

ing to (m52`
` (m850

` →(m52M
M (m850

M8 , where integersM
and M 8 are large enough to yieldF@k# with a prescribed
precision. For a system size ofsx* :5sxs

21>10 and a lattice
spacing ofd l

* :5d l s2151.0, we find thatM52 and M 8
550 are large enough to giveF@k# to a precision of 0.3%
regardless of the position of a film molecule with respect
the substrate.

However, M and M 8 are still too large to employ the
truncated version of Eq.~13! directly in each GCEMC step
Tests show that forM52 andM 8550 the evaluation ofF@k#

for a single film molecule requires approximately the sam
amount of computer time as the computation ofUFF for
Nf5100, so that a GCEMC simulation of a typical length
106 or 107 configurations would be prohibitively expensiv
Instead of computingF@k# during each step of the GCEMC
simulation we adopted the following procedure. Prior to t
simulation we computedF@k# by the truncated version of Eq
~13! and stored it at the nodes of a square g
$xk ,zk%k51, . . . ,K in the quadrant 0<x<sx/2, 0<z<sz/2.
During the simulation the value ofF@k# at the the actual
~instantaneous! position (xi ,zi) of film molecule i ~which
does not necessarily coincide with any node! is obtained by
bilinear interpolation@34# among the values ofF@k# at the
four nearest-neighbor nodes of (xi ,zi).

We tested the interpolation scheme for a special cas
which F@k# can be readily evaluated during each GCEM
step. The substrate consists of a single, chemically homo
neous plane for which we sete f s5e f w5e f f . Thus the dis-
crete sum onm and piecewise integrations over the strips a
replaced by a single integration onx8 from 2` to `. The
summation onm8 also reduces to a single termm850. Un-
der these conditions Eq.~2! can be rewritten as

F@k#~z;sz!54e f fnAE
0

2p

dfE
0

`

dr rF S s2

r21z92D 6

2S s2

r21z92D 3G ~15!

in cylindrical coordinates, so that the integrations onf andr
can be carried out in closed form to yield

F@k#~z;sz!52pe f fnAs2F2

5 S s

z6sz/2
D 10

2S s

z6sz/2
D 4G ,

~16!

where ~1↔k51, 2↔k52!. Employing a mesh ofdx*
5dz* 50.025, corresponding toK57.63103 ~sx* 510, sz*
51.9! for the smallest substrate separation andK55.0
3104 ~sx* 510, sz* 512.50! for the largest, we compare~see
Table I! results obtained using the interpolation scheme@Eq.
~13!# with those based on direct evaluation of the poten
given by Eq. ~16!. It is noteworthy that the agreement
good, even for film-film (FF) and film-substrate (FS) con-
tributions to the normal component of the stress tensorTzz
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TABLE I. Comparison of interpolation@truncated version of Eq.~13!# and direct evaluation@Eq. ~16!# of
film-substrate potential energy for various properties of a film confined by substrates consisting of
chemically homogeneous planes. Entries, given in dimensionless units defined at the beginning of S
refer to simulations based on either direct evaluation~D! or interpolation~I!.

sz* 2m* ^N& 2^UFF* /N& 2^UFS* /N& 2Tzz,FF* 2Tzz,FS*

D I D I D I D I D I
3.00 9.56 98.6 98.5 3.676 3.668 2.920 2.912 1.09 1.10 0.21 0
2.70 9.46 79.7 79.8 3.086 3.088 3.021 3.013 2.45 2.44 3.16 3
2.20 9.26 50.3 50.3 2.103 2.113 4.860 4.858 0.42 0.4221.53 21.54
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~defined in Sec. III A!, which are particularly sensitive to
numerical inaccuracies in case the magnitude of these
tributions is small.

III. STATISTICAL THERMODYNAMICS
OF MOLECULARLY THIN FILMS

BETWEEN CHEMICALLY STRIPED WALLS

To compute thermomechanical properties of confin
films, we employ the grand canonical ensemble, in whic
thermodynamic equilibrium state of the film is unique
specified by temperatureT, chemical potentialm, and vol-
umeV5Asz . Thus the film is materially and thermally ope
to its environment, as is the film in a corresponding S
experiment. From a formal thermodynamic perspective
regard thesystemas a finite lamella of the~infinite! film
having dimensionssx3sy3sz @35,36#. The environment
therefore comprises the remainder of the film plus the s
strates. The lamella is bounded in the normal (z) direction by
the substrate surfaces and in the transverse directions by
pairs of planes~x56sx/2, y56sy/2!. Through movements
of the substrate and these planes, which function as im
nary pistons, the lamella can do work on its environment a
vice versa@36#. An infinitesimal, reversible transformation o
the lamella is governed by Gibbs’s fundamental relation
differential form @35,36#

dV52SdT2Nldm1Txxsyszdsx1Tyysxszdsy1Tzzsxsydsz

52SdT2Nldm1dW, ~17!

whereV:5U2TS2mNl is the grand potential,S is the en-
tropy, U is the internal energy,Nl is the number of mol-
ecules accommodated by the lamella, andTaa (a5x,y,z)
are diagonal elements of the stress tensorT associated with
the exchange of compressional work

dW5(
a

AaTaadsa ~18!

between the lamella and its environment. In Eq.~18! Aa is
the area of thea directed face of the lamella. The absence
off-diagonal elements ofT signifies that we ignore work du
to shear. Under the conditions of fixedT, m, sx , andsz , V is
a homogeneous function of degree one ofsy , so that Euler’s
theorem applied to Eq.~17! yields

V5TyyVl , ~19!

whereVl5sxsysz is the volume of the lamella.
n-

d
a

e

-

wo

i-
d

n

f

The linkage to the molecular scale is the well-known s
tistical thermodynamic relation@37#

V~T,m,Vl !52b21 ln J~T,m,Vl !, ~20!

whereb:51/kBT ~kB Boltzmann’s constant!, and

J~T,m,Vl !5 (
Nl50

`
exp@bmNl #

Nl !L
3Nl

ZNl
~T,Vl ! ~21!

is the grand canonical partition function for a classical s
tem in which the molecules possess only translational
grees of freedom. In Eq.~21! L denotes the thermal de Bro
glie wavelength@38# and

ZNl
~T,Vl !5E

V
l

Nl
drNl exp@2bU#

5)
i 51

Nl E
2sx/2

sx/2

dxiE
2sy/2

sy/2

dyiE
2sz/2

sz/2

dzi

3exp@2b~UFF1UFS!# ~22!

is the configurational integral.

A. Stress tensor

From Eq.~17! we have the purely thermodynamic expre
sion

AaTaa5S ]V

]sa
D

T,m,sb

. ~23!

Combining Eq.~23! with the statistical expressions given
Eqs.~20! and ~22!, we obtain

Taa52~AabJ!21 (
Nl50

`
exp@bmNl #

Nl !L
3Nl

S ]ZNl

]sa
D

T,sb

.

~24!

To evaluate the partial derivative of the configurational in
gral, we follow the procedure of Hill@39# and transform the
variables of integration in Eq.~22! according to

x→ x̃5xsx
21,

y→ ỹ5ysy
21,

z→ z̃5zsz
21 . ~25!
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Equation~24! can then be rewritten as

Taa52~AabJ!21 (
Nl50

`
exp@bmNl #

Nl !L
3Nl

3
]

]sa
F ~sxsysz!

Nl)
i 51

Nl E
21/2

1/2

dx̃iE
21/2

1/2

dỹiE
21/2

1/2

dz̃i

3exp@2b~UFF1UFS!#G . ~26!

Scaling via Eq.~25! affectsUFF through Eqs.~1!, ~14!, and

r i j 5@sx
2~ x̃i2 x̃ j !1sy

2~ ỹi2 ỹ j !1sz
2~ z̃i2 z̃j !#

1/2 ~27!

andUFS through Eqs.~13! and~14!. According to the prod-
uct rule, the differentiation in Eq.~26! yields three terms,
which we group as

Taa5Taa,FF1Taa,FS , ~28!

thus defining the film-film contribution by

Taa,FF52
^Nl&
bVl

1
1

2VlJ
(

Nl50

`
exp@bmNl #

Nl !L
3Nl

3E
V

l

Nl
drNl exp@2bU#(

i 51

Nl

(
j Þ i

Nl

u8~r i j !
a i j

2

r i j

52
^Nl&
bVl

1
1

VlJ
(

Nl50

`
exp@bmNl #

Nl !L
3Nl

3E
V

l

Nl
drNl exp@2bU#Waa

52
^Nl&
bVl

1
1

Vl
(

Nl50

` E
V

l

Nl
drNl f T,m,Vl

~rNl;Nl !Waa

52
^Nl&
bVl

1
^Waa&

Vl
. ~29!

In Eq. ~29! Waa is Clausius’ virial @39#, a i j :5a i2a j

~a5x, y or z!, anduf f8 (r ):5duf f /dr. The last line of Eq.
~29! implicitly defines the probability density functio
f T,m,Vl

(rNl;Nl) of the grand canonical ensemble. Similar
one finds for the film-substrate contribution in Eq.~28!

Txx,FS52
1

Vl
(

Nl50

` E
V

l

Nl
drNl f T,m,Vl

~rNl;Nl !F (
k51

2

(
i 51

Nl

xi f̄ x,i
@k#G

52
1

Vl
K (

k51

2

(
i 51

Nl

xi f̄ x,i
@k#L , ~30!

Tyy,FS50, ~31!

and
Tzz,FS52
1

Vl
E

V
l

Nl
drNl f T,m,Vl

~rNl;Nl !F (
k51

2

(
i 51

Nl S zi6
sz

2 D f̄ z,i
@k#G

52
1

Vl
K (

k51

2

(
i 51

Nl S zi6
sz

2 D f̄ z,i
@k#L . ~32!

In Eqs.~30! and ~32!

f̄ a,i
@k# :52

]F@k#~xi ,zi ;ds ,sx ,sz!

]a i
, a5x,z ~33!

is the a component of the force exerted by wallk on film
moleculei . The overbar is intended to stress the mean-fi
character of this force. In Eq.~31! Tyy,FS vanishes identically
becauseF@k# is independent ofy. Expressions forf̄ x,i

@k# and
f̄ z,i

@k# can be obtained directly from Eq.~13! by a straightfor-
ward, albeit algebraically laborious, derivation. The resu
are given in Eqs.~A1! and~A3! of the Appendix for the sake
of completeness.

A different expression forTzz can be obtained directly
from Eq. ~24! without the transformation of coordinate
Therefore it is convenient to recast the configuration integ
as @40#

ZNl
5E

2sz/2

sz/2

dz1g1 , ~34!

where

g1 :5E
2sx/2

sx/2

dx1E
2sy/2

sy/2

dy1)
i 52

Nl E
2sx/2

sx/2

dxi

3E
2sy/2

sy/2

dyiE
2sz/2

sz/2

dzi exp@2b~UFF1UFS!#.

~35!

By applying Leibniz’s rule for the differentiation of an inte
gral @41# it follows from Eqs.~22! and ~34! that

]ZNl

]sz
5E

2sz/2

sz/2

dz1

]g1

]sz
1

1

2
@g1~z15sz/2!1g1~z152sz/2!#.

~36!

The last two terms in Eq.~36! can be written more explicitly
as

E
2sx/2

sx/2

dx1E
2sy/2

sy/2

dy1)
i 52

Nl E
2sx/2

sx/2

dxiE
2sy/2

sy/2

dyiE
2sz/2

sz/2

dzi

3$exp@2bU~x1 ,y1 ,z15sz/2,x2 ,...,zNl
!#

1exp@2bU~x1 ,y1 ,z152sz/2,x2 ,...,zNl
!#%50 ~37!

because limz1→6sz/2
UFS5`, which is a consequence of th

divergence of the functionD @see Eqs.~9!–~13!# in that limit.
Replacingg1 by g2 , whereg2 is defined analogously tog1 ,
we may repeat the above argumentNl21 times, to obtain
finally
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Tzz52Az
21 (

Nl50

` E
V

l

Nl
drNl f T,m,Vl

~rNl;Nl !
]UFS

]sz

52Az
21 (

Nl50

` E
V

l

Nl
drNl f T,m,Vl

~rNl;Nl !

3 (
k51

2

(
i 51

Nl ]F@k#~xi ,zi ;ds ,s,sz!

]sz

5
1

2Az
(

Nl50

` E
V

l

Nl
drNl f T,m,Vl

~rNl;Nl !(
i 51

Nl

@ f̄ z,i
@1#2 f̄ z,i

@2##

5

K (
i 51

Nl

@ f̄ z,i
@1#2 f̄ z,i

@2##L
2Az

. ~38!

BecauseTaa is clearly expressed as the average force
erted on~unit area of! the substrate, we refer to Eq.~38! as
the ‘‘force’’ expression, whereas we term the previously d
rived form @Eqs. ~28! and ~29!–~32!# the ‘‘virial’’ expres-
sion. Force and virial expressions provide a useful check
the accuracy of the simulations because they invoke inde
dent computational routes to the same physical quantity~see
Table II!.

B. Tensions

For a subsequent discussion of phase behavior in sys
with interfaces, it is convenient to recast Eq.~18! in terms of
certain ‘‘tensions’’ related to various components ofT @42#.
If the substrate is chemically homogeneous these~interfacial!
tensions are related to the work associated with a chang
the area of the fluid-substrate interface. For the present
erogeneous substrate a ‘‘line’’ tension may also be defin
which is a measure of the work required to alter the length
the line of fluid-substrate contact at which the two homo
neous portions of the substrate meet~see Fig. 1!. Thus it is
convenient to transform the extensive variables in Eq.~18!
according to$sx ,sy ,sz%→$Vl ,Al ,Ll%, where the length of
the contact line isLl54sy . The definition ofAl is somewhat
less obvious. For instance, one may takeAl5Ai52sxsy or,

TABLE II. Normal component of the stress tensorTzz(sz) from
virial @Eqs. ~28!, ~29!–~32!# and force@Eq. ~38!# expressions for
m* 5211.50 ande f s* 51.00.

sz* Tzz* @Eq. ~38!# Tzz* @Eq. ~28!# Tzz,FF* Tzz,FS*

1.90 22.251 22.261 20.112 22.149
2.10 0.020 0.021 20.140 0.161
2.20 0.341 0.339 20.138 0.477
2.30 0.379 0.385 20.136 0.521
2.50 0.227 0.232 20.140 0.372
2.70 20.043 20.056 20.195 0.139
3.00 20.183 20.177 20.271 0.093
3.80 20.040 20.037 20.187 0.150
4.50 0.052 0.055 20.111 0.170
5.00 0.015 0.020 20.120 0.141

10.00 20.026 20.028 20.048 0.020
-

-

n
n-

ms

of
et-
d,
f
-

alternatively,Al5A'52szsy as the relevant interfacial are
@43#. However, in the limiting case of a chemically homog
neous substrateA' is not a physically relevant quantity. O
the other hand,Ai remains physically meaningful because
the presence of the substrate, regardless of whether
chemically structured or not. Thus we prefer the set of va
ables$Vl ,Ai ,Ll% and rewrite Eq.~18! as

dW5TzzdVl1
sz

2
~Txx2Tzz!dAi1

sxsz

4
~Tyy2Txx!dLl .

~39!

In terms of the new variables Eq.~17! can be recast as

dV52SdT2Nldm1gVdVl1g idAi1gLdLl , ~40!

where from Eqs.~17!, ~18!, and ~39! the tensions are given
by

gV5S ]V

]Vl
D

T,m,Ai ,Ll

5Tzz,

g i5S ]V

]Ai
D

T,m,Vl ,Ll

5
sz

2
~Txx2Tzz!,

gL5S ]V

]Ll
D

T,m,Vl ,Ai

5
sxsz

4
~Tyy2Txx!. ~41!

From Eq.~40! we have

V5gVVl1g iAi1gLLl , ~42!

which follows becauseV is a homogeneous function of de
gree one insy providedT,m,sx , and sz are held constant
Note that Eq.~42! reduces to Eq.~19! through the relations
given in Eq.~41!.

As the separation between the substrates becomes
large, the diagonal elements ofT must tend to the~negative!
bulk pressurePbulk . That is,

lim
sz→`

Taa52Pbulk . ~43!

Thus from Eqs.~19! and ~41!–~43! we deduce

lim
sz→`

g i

gL
52

2

sx
. ~44!

C. Isothermal compressibility

Phase behavior is conveniently characterized by the a
age film density as well as by fluctuations of the dens
which are reflected in the isothermal compressibility. To d
rive a molecular expression for the latter quantity we st
from the Gibbs-Duhem relation

052SdT2Nldm1~Txx2Tyy!Axdsx1~Tzz2Tyy!Azdsz

2Ayd~syTyy!, ~45!

which results from combining Eqs.~17! and~19!. Thus, fix-
ing T, sx , andsz , we have
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Nldm52Ayd~syTyy!. ~46!

If sy is also fixedm5m(Nl) andTyy5Tyy(Nl) and from Eq.
~46! we deduce

Nl S ]m

]Nl
D

T,sx ,sy ,sz

52S ]~syAyTyy!

]Nl
D

T,sx ,sy ,sz

. ~47!

The right-hand side of Eq.~47! can be expressed altern
tively as

2S ]~syAyTyy!

]Nl
D

T,sx ,sy ,sz

52S ]Tyy

]~Nl /syAy! D
T,sx ,sy ,sz

5
~syAy!2

Nl
S ]Tyy

]~syAy! D
T,sx ,Nl ,sz

5
Vl

Nl
kyy

21, ~48!

where the third line defines the isothermal compressibi
kyy . From Eq.~17! we have

S ]V

]m D
T,sx ,sy ,sz

52Nl ~49!

from which

S ]2V

]m2 D
T,sx ,sy ,sz

52S ]Nl

]m D
T,sx ,sy ,sz

~50!

immediately follows. Equations~20! and ~21! yield

S ]2V

]m2 D
T,sx ,sy ,sz

52bJ21 (
Nl50

`

Nl
2 exp@bmNl #

Nl !L
3Nl

ZNl

1bS J21 (
Nl50

`

Nl

exp@bmNl #

Nl !L
3Nl

ZNl D 2

52b~^Nl
2&2^Nl&

2!. ~51!

The desired molecular expression forkyy results finally from
combining Eqs.~47!, ~48!, ~50!, and~51! to get

kyy5bVl

^Nl
2&2^Nl&

2

^Nl&
2 . ~52!

Before turning to a discussion of the results, we emp
size that the lamella is a virtual construct introduced to d
tinguish precisely between thesystemand itsenvironmentin
a thermodynamic sense. The lamella could in principle c
stituteanypiece of the film. Henceforth, we take the lame
to coincide with the computational cell, settingNf5Nl , V
5Vl5sxsysz , andL5Ll54sy .

IV. RESULTS

Symbols with asterisks refer to reduced variables, wh
are unitless. The dimensionless units are based on the pa
eters of the LJ~12,6! potential for the film-film interaction:
y

-
-

-

h
m-

distance is given in units ofs; energy in units ofe f f ; tem-
perature in units ofe f fkB

21 . Everywhere in this paper nu
merical values are given in dimensionless units. In the
mainder of this paper we fix the following substra
parameters:sx* 510.0, ds* 54.0, e f w* 51023. Two different
strengths of interaction of the strongly adsorbing central s
with film molecules are employed, these being specified
e f s* 51.00 and 1.25. We also fixT* 51.00 andm* 5211.5,
for which the Lennard-Jones bulk phase is a gas with~n
average! number densityn̄bulk* 5^N&/V* 50.036.

A. Tensions and stratification

The various ‘‘tensions’’ introduced in Sec. III B are plo
ted as functions ofsz in Figs. 2 and 3. Fore f s* 51.00 and 1.25
the volume tensiongV in Fig. 2 is a damped oscillatory func
tion of substrate separation as in the case of a Lennard-J
fluid between chemically homogeneous substrates@11,22#.
Regardless of the value ofe f s* , gV reaches its limiting value
2Pbulk* 520.029@see Eq.~43!# within the range of substrate
separations studied. Changes ofe f s* affect only the amplitude
of the oscillations ofgV ; peak positions are largely una
tered. Oscillations ofgV are ‘‘fingerprints’’ of stratification,
that is, the tendency of film molecules to arrange themse
in individual strata parallel with the walls@21,22#. Stratifica-
tion is due to geometric constraints on the packing of sph

FIG. 2. ~a! Volume tensiongV* as a function of substrate sepa
ration sz* ; ~L! e f s* 51.00, ~1! e f s* 51.25. The horizontal solid line
corresponds to limsz→`Tzz* 52Pbulk* 520.029. ~b! Same as~a! but
for areal tensiong i* .
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56 4435ULTRATHIN FLUID FILMS CONFINED TO A . . .
cal molecules between planar substrates. Because peak
tions are essentially determined by these geome
constraints, one does not expect the structure ofgV(sz) to
depend significantly one f s* . Thus it is not surprising tha
neighboring peaks ofgV are separated by a distanceDsz*
.1, regardless ofe f s* .

In the chemically striped pore, however, the film is stra
fied only over the attractive central strip of the substrate
can be seen in Fig. 4 where we plot the local density

r@1#~x,z;ds ,sx ,sz!5
^N~x,z;ds ,sx ,sz!&

DxDzsy
, ~53!

where^N(x,z;ds ,sx ,sz)& is the average number of film mo
ecules whose centers are contained by the square pris
dimensionsDx3Dz3sy centered on (x,z) with Dx* 5Dz*
50.05. Sincer@1# must be symmetric about thex50 andz
50 planes, the plot shows only the upper right quadran
the x-z plane. Peaks inr@1#(x,z;ds ,sx ,sz) represent posi-
tions of molecular strata. The plot also indicates that str
fication diminishes over the central strip as the distance fr
the substrate increases and that it is absent over the repu
nonwetted outer strips. Thus for the substrate separatio
which Fig. 4 is based a stratified ‘‘liquid’’ bridges the ga
between the central strips of the two opposite substrates
is surrounded by a nearly homogeneous gas phase.

Stratification is also reflected in the areal tensiong i plot-
ted in Fig. 2~b! for the two values ofe f s* . However, maxima

FIG. 3. Same as Fig. 2, but for line tensiongL* .

FIG. 4. Local densityr@1#* (x,z;ds ,sx ,sz) as a function ofx/sx

and z/sz for sz* 55.40. Film-substrate interface is located atz/sz

50.5 with the wetted~central! and the nonwetted~outer! strips
ranging from 0.0<x/sx<0.2 and from 0.2,x/sx<0.5, respec-
tively. The plot is symmetric with respect to the planesx50 and
z50.
osi-
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in g i are out of phase by about half a period of the oscillat
compared withgV . Althoughg i seems to oscillate around
constant value of approximately20.5(e f s* 51.00) and
20.9(e f s* 51.25) for substrate separations (sz* &5.0) where
stratification is evident in the plots ofgV @cf. Fig. 2~a!#, a
significant increase ofg i is observed at larger substrate sep
rations of 5.2,sz* ,6.0 (e f s* 51.00) and sz* .8.5 (e f s*
51.25). This variation ofg i is also reflected in a paralle
plot of gL in Fig. 3, which suggests a marked dependence
the film’s behavior one f s* . For example, fore f s* 51.00 the
line tension decreases continuously over the range 5.2,sz*
,6.0 whereas fore f s* 51.25 it first rises to a plateau and the
drops discontinuously atsz* .8.5. These variations are mir
rored byg i , albeit rather dully, which suggests thatgL is the
more sensitive indicator of structural transformations acco
panying changes in the substrate separation.

Note that the ratiogL* /g i* 520.28 for sz* 512.5 (e f s*
51.00) andgL* /g i* 520.23 forsz* 511.0 (e f s* 51.25) which
is close to the theoretical value of20.2 for sx* 510.0 in the
large-system limit@see Eq.~44!#. Thus, for the largest sub
strate separations studied, the film may be viewed crudel
a bulk phase, in spite of the nonvanishing tensionsg i and
gL . They signal an anisotropy in the film caused by t
heterogeneity of the substrate, which persists indefinit
~i.e., assz→`!.

B. Phase behavior

The isothermal compressibilitykyy is plotted in Fig. 5 as
a function ofsz for e f s* 51.00 and 1.25. In both caseskyy(sz)
increases up tosz* .6.0. The compressibility fore f s* 51.25 is
smaller than fore f s* 51.00, indicating that the film is dense
for the more attractive central strip, as would be expect
The nonmonotonic dependence ofkyy on sz(sz* ,6.0) signi-
fies stratification of the film over the central strip~see Fig. 4!
@21,22#. In the vicinity of sz* 55.6 both compressibility
curves exhibit a large maximum. However, the curve
e f s* 51.00 decays monotonously to a value close to the b
compressibility kT

bulk* 544.60 for all sz* >6.0, while the
curve for e f s* 51.25 approaches a much smaller value ov

FIG. 5. Isothermal compressibilitykyy* as a function of substrate
separationsz* . ~L! e f s* 51.00, ~1! e f s* 51.25. The horizontal solid
line represents the isothermal compressibility of the Lennard-Jo
bulk phase atT* 51.00 andm* 5211.50.
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4436 56MARTIN SCHOEN AND DENNIS J. DIESTLER
the range 6.0<sz* ,8.4 corresponding to typical compres
ibilities of a dense Lennard-Jones liquid. Between 8.4,sz*
,8.6 the compressibility fore f s* 51.25 rises discontinuously
to the same bulklike value observed fore f s* 51.00.

We note that regardless of the value ofe f s* , kyy depends
significantly on the size of the computational cell in the
cinity of its first maximum. This is illustrated in Fig. 6
which displays density distributionsP(n) for various values
of sy , e f s* 51.25, andsz* 55.60, wheren:5Nf /V. For a suf-
ficiently large systemP(n) should be roughly a Gaussia
centered at the most probable densityñ @37#. It is easy to
verify that the standard deviationsn of P(n) in the Gaussian
limit is related tokyy via @37#

sn5n̄AkBT

Ay
kyysy

21/2, ~54!

wheren̄:5^Nf&/V. Likewise the height of the peakP(ñ) is
proportional toAsy. If sy* 510 the plot in Fig. 6 shows tha
the density distribution is not Gaussian but rather bimod
indicating that the system ‘‘oscillates’’ between high- a
low-density states. Assy increases the bimodal nature
P(n) gradually declines and forsy* >50.0, P(n) is Gaussian
with the required dependence of peak height and stan
deviation onsy . Thus, if we fit the theoretical expressio
P(n)5(A2psn)21 exp@2(n2n̄)2/2sn

2# to the curves shown
in Fig. 6, taking sn as a parameter withn̄5^Nf&/Aysy
5const at fixedAy , kyy is obtained from the slope of th
straight line sn5 f (sy

21/2) through the origin (sy* >50.0).
Data in the vicinity of the peaks ofkyy(sz) plotted in Fig. 5
are obtained by this procedure. However, fore f s* 51.00 a
small range 5.6<sz* <6.0 remains where the bimodal natu
of P(n) does not vanish completely even forsy* 5250, al-
though a clear but gradual tendency toward a Gaussia
observed over the range 100<sy* <250. Consequently, we
refrain from plottingkyy in Fig. 5 for e f s* 51.00 in the range
5.6<sz* <6.0. However, we should also point out that n
such system-size dependence is detected for other quan
such asT and n̄.

Additional light can be thrown on the nature of the pha
transformations responsible for variations inkyy by an ex-

FIG. 6. Normalized density distributionP(n* ) for various val-
ues ofsy* ; ~X! sy* 510, ~h! sy* 530, ~1! sy* 550, ~n! sy* 565, ~L!
sy* 5100. Solid lines represent a fit of a Gaussian toP(n).
l,

rd

is

ties

e

amination of the dependence of the mean densityn̄ on sz
~see Fig. 7!. In concordance with the tensions~Figs. 2 and 3!
and the local density~Fig. 4!, n̄(sz) is an oscillatory function
over the range of substrate separations where the film
stratified~Fig. 4!. In the vicinity of the maximum ofkyy(sz),
however,n̄(sz) shows a pronounced increase fore f s* 51.25
and a similarly strong decrease fore f s* 51.00. The discon-
tinuous change ofn̄(sz) aroundsz* .8.5 fore f s* 51.25 can be
interpreted as capillary condensation~or evaporation!, that is,
as a first-order phase transition analogous to condensatio
evaporation of a subcritical bulk fluid. Ancillary plots sho
that for sz* .6.0 (e f s* 51.00) andsz* .8.5 (e f s* 51.25) n̄(sz)
}sz

21 . In Sec. IV C it is shown that for these ranges ofsz*
the liquid bridge has collapsed, leaving ‘‘nanodroplets’’ o
the central strips in equilibrium with dilute gas. Assz in-
creases, the nanodroplets do not change. Hence^Nf(sz)& re-
mains approximately constant andn̄(sz) decays assz

21 .
For e f s* 51.25 andsz* in the range 5.8–8.4, a plot ofn̄(sz)

versussz can be well fitted by the expression

n̄~sz!5a1bsz
21 . ~55!

In this range ofsz the stratified structure of the liquid bridg
in the immediate vicinity of the substrates has been es
lished and new molecules are added to the homogene
inner portion of the bridge, whose density, given by

n̄inner5
^N~sz!&2^Nstrata&

Ai~sz2d!

5
n̄~sz!

12d/sz
2

dn̄strata

sz~12d/sz!
, ~56!

remains approximatelyconstant. In Eq. ~56! d stands for the
thickness of the stratified part of the film andn̄strata
5^Nstrata&/dAi for its mean density, which we assume to
constant. Rearrangement of Eq.~56! yields Eq.~55! with the
correspondences

a5n̄inner,

b52d~ n̄inner2n̄strata!. ~57!

FIG. 7. Same as Fig. 5, but for the film average densityn̄* . The
solid horizontal line corresponds to the bulk densityn̄bulk* 50.036.
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Finally, the maximum inkyy(sz) and the discontinuity for
e f s* 51.25 are unique features due to the chemical hetero
neity of the substrate. As we demonstrate elsewhere@44#,
neither the maximum nor the discontinuity occurs for t
chemically homogeneous substrate composed entirely o
ther ‘‘weak’’ ~i.e., ds50! or ‘‘strong’’ ~i.e., ds5sx , f
51.25! species.

C. Microscopic structure

Variations ofn̄, kyy , gL , g i , andgV are accompanied by
changes in the film’s microscopic structure, which can
visualized by contour maps of the local dens
r@1#(x,z;ds ,sx ,sz) @see Eq.~53!, Fig. 4# shown in Figs. 8
and 9. On account of the symmetry of the system, conto
are plotted only in the upper right quadrant of thex-z plane.
For e f s* 51.00 andsz* 55.25 Fig. 8~A! shows that the fluid is
stratified over the central strip (x/sx<0.2) and that the strata
become less distinct as their distance from the substrate
creases. A comparison with Fig. 5 shows that the subst
separation for Fig. 8~A! is smaller than the one wher
kyy(sz) assumes its maximum. Along a pathx/sx50.0 to
0.5, the densityr@1#(x,z50;ds ,sx ,sz) decreases steadily
Thus the film consists of a liquidlike ‘‘bridge,’’ stabilized b
opposing strong central strips of the two substrates and
rounded by a low-density gas. The interface between

FIG. 8. Contour maps of local densityr@1#(x,z;ds ,sx ,sz) for
e f s* 51.00 and substrate separations ofsz* 55.25 ~A!, 5.50~B!, 6.00
~C!, and 6.40~D!. Solid lines connect points (x,z) corresponding to

r@1#* (x,z;ds ,sx ,sz)5c, where values of constantc are indicated
by arrows.

FIG. 9. Same as Fig. 8, but fore f s* 51.25 and substrate separ
tions of sz* 55.40 ~A!, 6.20 ~B!, 8.40 ~C!, and 8.60~D!.
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bridge and the gas can be described in terms of a phen
enological model usually applied to the planar interface
tween coexisting bulk liquid and gas phases@45#. The nature
of the interface between the bridge and the gas is detaile
@44#.

As sz approaches the maximum ofkyy(sz) more closely
the bridge disappears gradually. For example, atsz* 55.50
@Fig. 8~B!# intersections of contour lines corresponding

r@1#* (x,z;ds ,sx ,sz)50.1, 0.2, and 0.3 with thex axis are
shifted to smaller values ofx/sx and stratification is less
pronounced. The latter is particularly evident from the co

tour r@1#* (x,z;ds ,sx ,sz)50.5 located approximately atz/sz

'0.1, which encloses a region in thex-z plane smaller at
sz* 55.50 than atsz* 55.25. Thus the interface between th
bridge and the gas phase forms a nanoscopic meniscus

As sz passes through the maximum inkyy(sz) ~see Fig. 5!
this tendency persists. For example, forsz* 56.00@Fig. 8~C!#
the liquid-gas interface is no longer observed. Note also
the contourr@1#* (x,z;ds ,sx ,sz)50.1 intersects thex axis at
increasingly smaller values ofx/sx over the range 5.25<sz*
<6.40. The contour maps forsz* 56.00 and 6.40@Fig. 8~D!#
reveal that the bridge has given way to nanodroplets lo
ized on the central strips of each substrate. However,
interaction of film molecules with this part of the substrate
so weak that the nanodroplets remain diffuse, as indicate
the contourr@1#* (x,z;ds ,sx ,sz)50.1, which still intersects
the x axis atsz* 56.40.

For e f s* 51.25 the maximum ofkyy(sz) corresponds to an
entirely different process, which is evident from the plots
Figs. 9~A! and 9~B!, where the contour maps o
r@1#(x,z;ds ,sx ,sz) are shown forsz* 55.40 andsz* 56.20~cf.
Fig. 5!. For sz* 55.40 the liquid bridge is reflected by th

contoursr@1#* (x,z;ds ,sx ,sz)50.20, 0.30, and 0.50 which
intersect thex axis@see Fig. 9~A!#. This situation is similar to
the one depicted fore f s* 51.00 in Figs. 8~A! and 8~B!. How-
ever, now the surrounding gas is at higher density beca
the contourr@1#* (x,z;ds ,sx ,sz)50.10 does not intersect th
x axis as in the case ofe f s* 51.00 @see Figs. 8~A! and 8~B!#.
As sz passes through the maximum ofkyy(sz) ~see Fig. 5!
the interface vanishes completely. The contours in Fig. 9~B!
now run parallel with thex axis ~and therefore parallel with
the substrate located atz/sz50.5!, indicating that the liquid
bridge induces some sort of ‘‘condensation’’ of the su
rounding gas phase beyond some critical substrate sep
tion. However, according to the plot ofn̄(sz) in Fig. 7, in
conjunction with the system-size dependence ofP(n) ~see
Fig. 6! this ‘‘condensation’’ does not seem to be an ordina
first-order phase transition. Rather it appears to be a cont
ous process during which the liquid bridge alone stabilize
fluid phase which is otherwise not supported by the nonw
ted ~i.e., purely repulsive! strip of the substrate.

As sz* increases beyond 6.2@see Fig. 9~C!# the fluid phase
in the vicinity of the nonwetted strips becomes more stab
as can be seen particularly from the conto
r@1#* (x,z;ds ,sx ,sz)50.5, which is not only more nearly
parallel with thex axis than in Fig. 9~B!, but also closer to
the substrate located atz/sz50.5. Finally, a comparison o
Figs. 5 and 7 with Figs. 9~C! and 9~D! shows that the dis-
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continuity in n̄(sz) andkyy(sz) at sz* .8.50 corresponds to a
first-order phase transition during which the fluid evapora
leaving behind again nanodroplets which are stabilized
tirely by the central wetted strip. Formation of nanodropl
is signaled in particular by the contour corresponding
r@1#* (x,z;ds ,sx ,sz)50.10, which bends backward to thez
axis, enclosing all contours corresponding to higher value
r@1#(x,z;ds ,sx ,sz). Because of the stronger interaction b
tween the film and the central strip the nanodroplet is be
defined than that observed in Figs. 8~C! and 8~D!.

V. SUMMARY AND CONCLUSIONS

In this article we investigated the behavior of a Lenna
Jones film confined between two chemically heterogene
substrates forming a slit-shaped nanopore. The substra
modeled as a periodic sequence of strongly adsorbing s
~of width ds! alternating with weakly adsorbing ones~of
width dw!. The thermodynamic state of the film is charact
ized by the~reduced! variablesT* , m* , sz* , ds* , dw* , e f s* ,
and e f w* . We fixedT* 51.00, m* 5211.50, ds* 54.00, dw*
56.00, ande f w* 50.001 and examined the dependence of
stresses, density, and isothermal compressibility onsz* for
two values ofe f s* ~1.00 and 1.25!, which measures the attrac
tion of film molecules for the strong strip relative to the
mutual attraction. The greatere f s* is, the stronger the attrac
tion is. Our findings can be summarized as follows.

~1! Molecularly thin films between chemically heterog
neous substrates are stratified~see Fig. 4!. However, stratifi-
cation is observed only between the ‘‘strong’’ strips of t
two opposite substrates, so that a liquid ‘‘bridge’’ exists
thermodynamic equilibrium with a surrounding gas pha
stabilized by the ‘‘weak’’ strips.

~2! On account of stratification, tensions~see Figs. 2 and
3! and mean density~see Fig. 7! oscillate as functions ofsz
with a period of approximately one ‘‘diameter’’ of the film
molecule. This behavior is qualitatively similar to that o
served for a Lennard-Jones film confined between che
cally homogeneous ‘‘strong’’ substrates@44#.

~3! A nonmonotonic increase and a maximum inkyy(sz)
~see Fig. 5!, which are not observed for a Lennard-Jones fi
confined by chemically homogeneous substrates@44#, are
due to the chemical heterogeneity of the substrate. The l
tion of the maximum is nearly independent ofe f s* . However,
a comparison withgL(sz) ~Fig. 3! and n̄(sz) ~Fig. 7! shows
that the maximum ofkyy(sz) corresponds to different pro
cesses, depending on the value ofe f s* . The microscopic
structure of the film, as revealed by contour maps ofr@1#

3(x,z;ds ,sx ,sz), shows that the maximum ofkyy(sz) cor-
responds to the formation of ‘‘nanodroplets’’ stabilized
the ‘‘strong’’ strips of the substrate fore f s* 51.00 and to the
formation of a dense fluid phase over the whole substrate
e f s* 51.25 ~Figs. 8 and 9!. Both processes result from a com
petition between the strong and ‘‘weak’’ strips of the hete
geneous substrate.

~4! Formation of a dense fluid phase over the whole s
strate is a continuous process as inferred from the continu
variation of n(sz) in the neighborhood of the maximum i
s,
n-
s
o

of
-
r

-
us

is
bs

-

e

e

i-

a-

or

-

-
us

kyy(sz) ~Figs. 5 and 7!. The pronounced system-size depe
dence ofP(n) ~Fig. 6! supports this notion.

~5! At larger separations fore f s* 51.25 the substrate can
not stabilize the liquidlike film, which evaporates. The tra
sition is first order, as indicated by discontinuities ingL ,
kyy , andn̄ ~Figs. 3, 5, and 7! and leaves behind ‘‘nanodrop
lets’’ adhering to the ‘‘strong’’ strips~Fig. 9!.

These results suggest the complex behavior to be expe
for the simplest sort of fluid films confined by substrat
possessing the simplest sort of chemical heterogeneity.
have superficially explored the dependence of this beha
on only one (e f s* ) of the seventhermodynamic state vari
ables. We expect that variations in the ratiosds /dw and
e f s /e f w would have similarly marked influences on th
film’s behavior.

An intriguing question beyond the scope of the curre
study is the behavior of the film under shear. Shear strain
be measured in terms of the relative displacement of the
substrates in thex direction. The shear stressTzx is the av-
eragex component of the force exerted by the film on un
interfacial area of the substrate@40#. It would be interesting
to compare thin films sheared between atomically smoo
but chemically nanostructured, substrates with films betw
substrates composed of discrete atoms of one species, so
the substrate is smooth on a nanoscale, a situation which
been studied extensively@16,20,21,40,46#. The ability of a
film between chemically heterogeneous, but infinitesima
smooth, substrates to sustain a nonvanishing shear s
likely depends on the strength of the interaction between fi
molecules and the strong strips of the substrate. On the o
hand, for substrates that are structured on the atomic s
but smooth on the nanoscale the influence of film-subst
attraction on shearing is known to be minor@40,46#; the con-
straints due to packing of film molecules between structu
substrates dictate the shearing behavior.

Finally, we draw attention to the interesting question
the critical behavior of thin films confined by chemical
heterogeneous substrates. Near the critical point the cor
tion length among film molecules can be of the order of
distance between the substrates. As a consequence the
cal point of the film is shifted to lower temperature compar
with the bulk phase. This effect, predicted by Nakanishi a
Fisher@47# on the basis of a lattice-gas model, has also b
observed in an experimental study@48# of adsorption of SF6
in controlled-pore glasses and in a recent computer sim
tion @49# of a Lennard-Jones film in mesoscopic model s
shaped pores composed of chemically homogeneous
strates. In@49# the depression of the critical temperature
correlated with variations of the microscopic structure of t
fluid. In the case of chemically striped substrates it would
interesting to study the liquid bridge-vapor interface in t
neighborhood of the bulk critical point.
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APPENDIX: FILM-SUBSTRATE FORCES

Here we present explicit formulas for the componentsf̄ x
@k#

and f̄ z
@k# of the forces exerted by the substrate on a fi

molecule located at a point (x,z). Starting from the mean
field representation of the film-substrate potential given
Eq. ~13! one has after tedious but straightforward algebra

f̄ x
@k#52

]F@k#

]x
5

3p

2
nAs2 (

m52`

`

(
m850

`

3H ~e f w2e f s!xS x1
ds

2
2msx ,

sz

2
1m8d l 6zD

2~e f w2e f s!xS x2
ds

2
2msx ,

sz

2
1m8d l 6zD

2e f wFxS x1
s

2
2msx ,

sz

2
1m8d l 6zD

2xS x2
s

2
2msx ,

sz

2
1m8d l 6zD G J , ~A1!

where the functionx is defined by

x~x9,z9!5I 1~x9,z9!2I 2~x9,z9! ~A2!

andI 1 andI 2 are defined by Eqs.~6! and~7!. The6 sign in
the second argument ofx in Eq. ~A1! is introduced to dis-
tinguish between the lower~1, k51! and the upper~2, k
52! substrate, respectively. Similarly, one obtains
ch

. A
y

n

f̄ z
@k#52

]F@k#

]z
5

3p

2
nAs2 (

m52`

`

(
m850

`

3H ~e f w2e f s!cS x1
ds

2
2msx ,

sz

2
1m8d l 6zD

2~e f w2e f s!cS x2
ds

2
2msx ,

sz

2
1m8d l 6zD

2e f wFcS x1
s

2
2msx ,

sz

2
1m8d l 6zD

2cS x2
s

2
2msx ,

sz

2
1m8d l 6zD G J , ~A3!

where

c~x9,z9;ds ,sx ,sz!5
21

32
K3~x9,z9;ds ,sx ,sz!

2K4~x9,z9;ds ,sx ,sz!, ~A4!

K3~x9,z9;ds ,sx ,sz!

52
2

9

x9s11

z93AR9 F11
8

7
S1

48

35
S21

64

35
S31

128

35
S4G

2
x9s11

z9AR11F11
8

7
S1

48

35
S21

64

35
S31

128

35
S4G

2
2

9

x93s11

z95AR9 F8

7
1

96

35
S1

192

35
S21

512

35
S3G , ~A5!

K4~x9,z9;ds ,sx ,sz!52
2

3

x9s5

z93AR3
~112S!

2
x9s5

z9AR5
~112S!

2
4

3

x93s5

z95AR3
. ~A6!

The quantityS in Eqs.~A5! and~A6! is defined by Eq.~11!.
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