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Ultrathin fluid films confined to a chemically heterogeneous slit-shaped nanopore
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The properties of a molecularly thin film of Lennard-Jor(&s) (12,6 fluid confined to a chemically
heterogeneous slit-shaped pore were investigated by the grand canonical ensemble MontéCENME)
method. The slit-shaped pore comprises two identical plane-parallel solid substrates, each of which consists of
alternating strips of L(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 distansg between the substrates. Results are compared for two well degths
of the LJ12,6) potential between molecules in the film and those in the strongly adsorbing strip. Variations in
tensions, mean film density, and isothermal compressibility as functioss afe 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 substratee., the one with the greater valuegf) is capable of stabilizing a liquidlike phase that
fills the whole pore over a certain rangesf, then abruptly evaporates beyond a critical valus,gfto 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.
[S1063-651%97)07910-3

PACS numbd(s): 61.20.Ja, 61.20.Ne, 68.45v, 64.70.Fx

I. INTRODUCTION lateral alignment or registjyor their conjugate stresséthe
normal stressT,, is conjugate tos, and the shear stress is
The deportment of fluids confined to spaces of moleculaconjugate to registlyy Here and below we take the film-
or nanoscopic dimensions has profound consequences feubstrate interface to be perpendicular to thaxis. The
natural phenomena such as the swelling of clay mineralspplied load is observe@ both SFA measurement$4,15
[1,2] and the functioning of living cell$3], as well as for and simulationd9-11,14) to oscillate between attraction
technological processes such as lubricatigl and the and repulsion with a period of about one diameter of the film
manufacture and operation of microscopic machjiigdsWe  molecule(o) ass, increases from @ to about 1@ at con-
focus in this article on the properties of ultrathin fluid films stantT and chemical potentigt. Monte Carlo simulations in
confined to a single, definitively characterized slit-shapedhe grand canonical ensemileCEMC, fixedT, u, ands,)
pore(i.e., a thin film of fluid sandwiched between two plane-[9,10,17-19 and in the grand isostress ensem|i6,20,2]
parallel solid substratgsSuch films can be studied in the demonstrate that the fluid piles up in layers parallel with the
laboratory more or less directly by means of the surfacewalls and that, in coincidence with the oscillationsTg,,
forces apparatu6SFA) [6-8], the heart of which comprises whole layers of fluid abruptly enter the pore. This stratifica-
two parallel mica sheets that can be manipulated with nearlyion, due to constraints on the packing of molecules against
molecular precision. Analogous virtual investigations can behe rigid planar walls, thus accounts for the oscillatory de-
performed by computer simulatidi®—11]. Indeed, the pri- pendence ofl,, on s, [22]. Grand canonical Monte Carlo
mary purpose of this paper is to present detailed results afimulationg 23,24 of a monatomic film between walls com-
such simulations of a slit-shaped pore whose walls ar@rising like atoms fixed in the configuration of the face cen-
chemically patterned on the nanoscale. tered cubidfcc) (100 plane show that if the walls are in the
With two exceptions[12,13 prior investigations have right registry they can induce freezing of a molecularly thin
dealt with walls that are smooth on the nanoscale. The filmfilm. The frozen film resists shearinge., the walls stick
a pure substance, is assumed to be in thermodynamic equintil a critical shear strain is surpassed, whereupon the film
librium with the bulk fluid at fixed temperaturg and pres- melts and the walls slip. This effect has been invoked to
sure. The mechanical state of the film, which is inhomogeexplain stick-slip lateral movement observed by the SFA
neous and anisotropic, is specified by a set of straimthe  [25,26.
simplest case, the distance between the walls,and their Although SFA experiments referred to above, and the
analogous computer simulations, involve substrates that are
structurally and chemicalljpomogeneousin lateral dimen-
*Electronic address: m.schoen@physik.tu-berlin.de siong on the nanoscale, relatively recent advances in minia-
TElectronic address: agro016@unlivm.unl.edu turization have made feasible the construction of substrates
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possessing prescribed heterogeneit®s28. It is therefore

of some urgency to investigate the influence of nanoscale
heterogeneities on the behavior of a fluid film in a slit-shaped
pore. Indeed, in an earlier GCEMC simulatifit?] we ex-
amined the effects of nanoscaieuctural heterogeneity. We
took one wall to be a fc€100 plane and the other a fcc
(100 plane scored with regularly spaced rectilinear grooves
severalo wide. Film and wall molecules were assumed iden-
tical. Whens, is fixed at about @ and the walls are in proper
registry, the film comprises solid and fluid portions in ther-
modynamic equilibrium, that is, fluid-filled nanocapillaries
(the groovepalternating with solid columns. Epitaxial freez-
ing of the film is promoted by the molecular-scale templates
of the strips between the grooves, just as it is in the case of
walls structurally smooth on the nanoscal&é9-24. In the
grooves, however, the template is so weak that the film re-
mains fluid there. Thus it is clear that a purely structural
heterogeneity on the nanoscale can induce phase coexistence
in confined films.

We present here results of a GCEMC study designed to
determine whether strictlichemical heterogeneity on the
nanoscale might engender phase coexistence. Kacii.

[29] briefly reviewed previous work on the nature of fluid  FIG. 1. Scheme of a simple fluid confined by a chemically het-
layers adsorbed on single chemically patterned substrates. Boogeneous model pore. Film moleculgsay sphergsare spheri-
divorce chemical from structural effects, we adopted acally symmetric. Each substrate consists of a sequence of crystallo-
simple chemically striped smooth-wall modek., each wall ~ graphic planes separated by a distadcealong thez axis. The
consists of strongly adsorbing strips alternating with weaklysurface planes of the two opposite substrates are separated by a
adsorbing ones Our notion is that film molecules should dlst_ancgsz. Periodic boundary conditions are imposed in xhend

tend to concentrate over the strong strips, leaving the filny directions(see text

over the weak ones at lower density. In other words, we

would expect the strong strips to become wet and the weaRractice we take the system to be a finite piece of the film,
ones to remain dry. This would result in a nanoscopic liquidimposing periodic boundary conditiofi81] on the plane
vapor equilibrium, that is, liquid over the strong strips sepa-= *S,/2 andy= *s,/2.

rated from gas over the weak ones by interfaces parallel to The substrates are in registry in that slabs of the same
the strips and perpendicular to the walls. A situation akin totype are exactly opposite each other. Substrate atoms are
the one just described has indeed been observed recently Bgsumed to be of the same “diametdd) and to occupy the
Rocken and Tarazong80], who studied capillary condensa- Sites of the fcc latticéthe substrate surfaces are taken to be
tion in slit-shaped pores with chemically corrugated walls(100 planeg having lattice constant’, which is taken to be
using a simple lattice-gas model. In their model the wall isthe same for both species. Thus substrate species are distin-
represented by a potential field that oscillates sinusoidallguished only by the strength of their interaction with film
between attraction and repulsion in one transverse directiofilolecules. We assume the total potential energy to be a sum
(x) and extends aboutsifrom the plane of the wall. of pairwise additive LL2,6 potentials, all of which have

the form
o122 [ \6
717

Our model system, sketched in Fig. 1, consists of a filmwheree is the well depthg the molecular “diameter,” and
composed of spherically symmetric molecules which is sandr the distance between the centers of a pair of partigles
wiched between the surfaces of two solid substrates. ThBim molecules or substrate atomd-or the interaction be-
substrate surfaces are planar, parallel, and separated byteen a pair of film moleculeg= € [i.e., us(r)]. The
distances, along thez axis of the coordinate system. The nanoscale heterogeneity of the substrate is characterized by
substrates are semi-infinite in tkzedirection, occupying the e= ¢, [i.e., Uss(r)] for the interaction of a film molecule
half spaces,/2<z<% and —»<z<—5,/2, and infinite in  with a substrate atom in the stroligentra) slab, and bye
the x andy directions. Each substrate comprises alternating= ¢;,, [i.e., u;,(r)] for the interaction of a film molecule
slabs of two types: strongly adsorbing and weakly adsorbingwith a substrate atom in either of the two we@kiten slabs

Il. THE MODEL u(r)=4e , (]

A. Mean-field description of the substrate potential

The “strong” and “weak” slabs have widthslg and d,, (see Fig. 1 We takee;s= €;; and €, < €57 (See Sec. IV for
respectively, in the direction and are infinite in the direc-  specific values
tion. The system is thus periodic in tledirection of period Since we are concerned in this article with the effects of

ds+d,, and is translationally invariant in the direction. In  chemical heterogeneity at the nanoscale on the behavior of
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2 6

the confined film, we expect the details of the atomic struc- x—b o o
ture not to matter greatly for our purpose. Therefore we 4e f dx’ J dy’ X y2T 77
X—a —

adopt a mean-field representation of the interaction of a film
molecule with the substrate, which we obtain by averaging o2 3
the film-substrate interaction potential over positions of sub- —(W)

. . . X"“4+y"e+z
strate atoms in th&-y plane. The resulting mean-field po-

tential can be expressed as 3mread [x-b
5 f dx"[11(x",Z2";ds,5¢,S;)
a

.
®Kl(x,z;dg,sy,S,)

_|2(X”,Z";ds,SX,SZ)], (5)
* il e —dg/2+ms,
=n, 2 dy’[j ) dx' U ([r=r']) where
m=-o _g J-—= —s,/2+ms,
21 0_2 11
dg/2+ms, "oy .
+J ) dx'ugg([r=r'|) 1(x".2"):= 35 V(E) (6)
—dg/2+ms,
Sy/2+ms, and
+f dx’ufw(|r—r’|)}. 2
dg/2+ms, 0_2 5
I2(X",2"):= (ﬁ) : (7)

In Eq.(2) ny=2//2 is the areal density of th 00 plane of
the fcc lattice. The position of a film molecule is denoted bywith
randr’=(x",y’,z2’==*s,/2=m'§,) represents the position
of a substrate atom, where refers to the lowerk=1), + Ri=x"?+27"2, (8)
to the upper K=2) substrate, and, is the spacing between o ] )
successive crystallographic planes+z direction. We note  The remaining integration over” can also be carried out
that since all features of the substrate at the atomic scafnalytically (see, for example, no. 244 [82]). A tiresome
have been washed out ¥, our mean-field model cannot Computation yields
account properly for solid formation, which, according to the I
discussion in Sec. |, is strongly influenced by the atomicf"_bdx,,I (X" Z,,):z_l fx_bdxﬁ (‘T )
structure of the substrate. a N 32

By interchanging the order of integration and introducing
the transformation

X— X—a

x"=x—b

=: §I3(x”,z”;ds,sx ,S;)

xX"=x—a
X —=X"=X—X,

2l X'¢™ 1480 48Ser 6453
! " ! - § 92”2@ 7 i—_j i—_j
y'—=y'=y-y’, (€)
128 ]| 7"
7 —7'=7—(*+s,/2=m'$)) * %SA} ©
xX"=x—a
we can rewrite the integrals on the right-hand side of @y. and
as
x—b x—b o 5
f dxr/lz(xu,zr/):f dX” _
fb e X—a X—a R
dx’f dy'u(jr=r’|) ,
a —® ::O'I4(X”,Z";ds,sx,SZ)|§//2§:Z
x—b % 0_2 6 "
=—4€f dX"J Y| | Sz "ot o
‘—a e X"“4+y"e+z =0c————=[1+25] ,
3z2R® ,
0_2 3 X"=x—a
|\ Ty } (4) (10
where the dimensionless quantiyis given by
wherea andb refer to integration limits and and e corre-
spond tou; and ;4 Or to us,, andey,, , depending ora and S— E (11)
b. The definite integral ovey” can be found in standard 7%

tabulations(see, for example, no. 60 {182]). Thus Eq.(4)
simplifies to To simplify the expressions, we define the auxiliary function
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eculesi and | located atr; andr;, respectively. Equation

(14) also defines the film-film and film-substrate contribu-
tions Ugr andUgg to U. To implement the expression for
—14(X",2"ds,8¢,8,). (12 @lkljp Eg. (13), we truncate the infinite summations accord-

. 0 ) M’ .
Combining the expressions in Eq®), (5), (9), (10), and MY 10 Em:—mzm/:o_’Emz—ME_m/:o' where integersv
(12), we have finally for the potential energy of a film mol- ad M’ are large enough to yiel®!) with a prescribed
ecule in the mean field of the substrat¢=1,2) precision. For a system size &f : =s,0~1=10 and a lattice
spacing of 6% := 6,0 1=1.0, we find thatM=2 andM’
=50 are large enough to giv@!¥! to a precision of 0.3%
(€rw— €ts) regardless of the position of a film molecule with respect to
the substrate.

21
A(X",Z";dg,Sy,S,): = 3—2I3(x”,z”;ds,sX ,S;)

3 oo o]
M—-Tn? 3 3
m==%m'=0

ds s, However,M and M’ are still too large to employ the
XAl x+ > ~Ms, §+m' o,z truncated version of Eq13) directly in each GCEMC step.
Tests show that foM =2 andM' =50 the evaluation ob*]
ds S, , for a single film molecule requires approximately the same
—(€rw— ffs)A<X_§_mS<' S tm 5/“:2) amount of computer time as the computation Wy for
N;=100, so that a GCEMC simulation of a typical length of
Sx S 10° or 10/ configurations would be prohibitively expensive.
~ € A X5 mms, 5 Mo, Ez Instead of computingb!®! during each step of the GCEMC
simulation we adopted trE% following procedure. Prior to the
N Se e simulation we computed ™! by the truncated version of Eq.
A(X 2 M%7 m 5/_2) ] (13 (13 and stored it at the nodes of a square grid

+<k=1 and—«k=2 (see Fig. 1 (instantaneoysposition (x;,z;) of film moleculei (which
Before discussing the implementation of E43) in the  does not necessarily coincide with any npieobtained by

GCEMC simulation, we comment briefly on the properties ofpijlinear interpolation34] among the values ob*! at the

thewholefilm-substrate potentiaI>=<I>[1]+<I>[2] that follow four nearest-neighbor nodes of;(z).

strictly from considerations of symmetry. When theoor- We tested the interpolation scheme for a special case in

dinate of the film molecule is reflected through the mirrorwhich ®X! can be readily evaluated during each GCEMC

planez=0, —z in the argumentg”=s,/2+m’§,+zof ) step. The substrate consists of a single, chemically homoge-

changes tor z in the arguments ob!? and vice versa. That neous plane for which we sets= e, = €r;. Thus the dis-

is, ®[t(x,—z) > ®?)(x,2) and vice versa. The sumb is  crete sum om and piecewise integrations over the strips are

therefore invariant under reflection in tze=0 plane. Like- replaced by a single integration oti from —oo to c. The

wise, @ is invariant under reflection in the plane, although summation orm’ also reduces to a single tenm’ =0. Un-

the proof involves more subtle interconversions. For ex-der these conditions E@2) can be rewritten as

ample, under the transformation— —x the first term in

braces(for m) is converted into the second term in braces K] 27 w g’ \®

(for —m). Likewise, the third ternfiin square brackets in Eq. o (Zisz):4€ff”AJ0 d‘f’fo dpp 2+27

(13)] is converted into the fourth term. Of course, since the

potential is periodic irx, of periods,, we need represent the

whole mean-field film-substrate potential in only one quad-

rant (say, O=sx<s,/2, 0<z=<s,/2) of the x—z plane.

0,2

p2+Z//2

3
} (15

in cylindrical coordinates, so that the integrationsgpandp
B. Computation of film-wall contribution can be carried out in closed form to yield

to configurational energy
10 4
The generation of a GCEMC Markov chain of configura- E g _ g
5\z=xs,/2 z+s,/2) |

tions er:={r1,r2,...,er} is governed by thegchange in

CD[k](Z;SZ) = 27T€fanU'2

configurational energ§33], whereN; is the number of film (16)
molecules. For the present system the configurational energy ] .
U can be written as Where (+ —k=1, ——k=2). Employing a mesh ofé;

=85 =0.025, corresponding t&=7.6x10° (s} =10, s}

1 2 N K =1.9 for the smallest substrate separation afe-5.0
U=s 21 J.g;l Uff(riJ)JrkZ:1 241 DH(xi,Zi;ds,5¢,S7) X 10% (sf =10, s¥ =12.50 for the largest, we comparsee
Table |) results obtained using the interpolation schdi&eg.

Nf  N¢

=:Upp+Ugg, (14 (13)] with those based on direct evaluation of the potential
given by Eq.(16). It is noteworthy that the agreement is
where ug is given in Eq.(1), ® in Eq. (13), andr;;:  good, even for film-film EF) and film-substrateRS) con-

=|ri—rj| is the distance between the centers of film mol-tributions to the normal component of the stress teriser
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TABLE I. Comparison of interpolatioftruncated version of Eq13)] and direct evaluatiofEg. (16)] of
film-substrate potential energy for various properties of a film confined by substrates consisting of single,
chemically homogeneous planes. Entries, given in dimensionless units defined at the beginning of Sec. IV,
refer to simulations based on either direct evaluatidhor interpolation(l).

s; —u* (N) —(UEe/N) —(Ugg/N) —Tiurr ~Tiurs

D | D I D I D I D I
3.00 9.56 98.6 985 3676 3668 2920 2912 1.09 1.10 0.21 0.20
2.70 9.46 79.7 798 3.086 3.088 3.021 3.013 245 244 3.16 3.20
2.20 9.26 50.3 50.3 2103 2113 4860 4.858 042 042153 -—1.54

(defined in Sec. Ill A, which are particularly sensitive to The linkage to the molecular scale is the well-known sta-
numerical inaccuracies in case the magnitude of these cotistical thermodynamic relatiof87]
tributions is small. =
Q(T,w,V)==6""In E(T,u,V)), (20)
lll. STATISTICAL THERMODYNAMICS
OF MOLECULARLY THIN FILMS
BETWEEN CHEMICALLY STRIPED WALLS * exfd BuN,]

To compute thermomechanical properties of confined :(T’M’V'):le’o NI ASN Zn (T V) @D

films, we employ the grand canonical ensemble, in which a
thermodynamic equilibrium state of the film is uniquely is the grand canonical partition function for a classical sys-
specified by temperatur€, chemical potentiaj, and vol-  tem in which the molecules possess only translational de-
umeV=As,. Thus the film is materially and thermally open grees of freedom. In Eq21) A denotes the thermal de Bro-
to its environment, as is the film in a corresponding SFAglie wavelengtt{38] and

experiment. From a formal thermodynamic perspective we

regard th_esyste_mas a finite lamella of the{infini.te) film Zx (T,V|)=f NdrN| exd — BU]

having dimensionss,xs,xs, [35,3¢. The environment ! v,

therefore comprises the remainder of the film plus the sub-

whereB: =1/kgT (kg Boltzmann's constaptand

N

strates. The lamella is bounded in the norn&ldirection by Sx/2 sy/2 §712

the substrate surfaces and in the transverse directions by two Ay J_S /zdxi f—sy/zdyi J_S /zdzi

pairs of planegx= *s,/2, y= *s,/2). Through movements ) ‘

of the substrate and these planes, which function as imagi- Xexg —B(Uge+Ugg)] (22

nary pistons, the lamella can do work on its environment and _ _ _
vice versd36]. An infinitesimal, reversible transformation of is the configurational integral.
the lamella is governed by Gibbs’s fundamental relation in

differential form[35,36] A. Stress tensor
A0 = — SAT-Nydu+ Ty8, 5,05+ Tyy5.5,ds, + T,:5,8,ds, SioErom Eq.(17) we have the purely thermodynamic expres-
=—SdT-N,du+dW, 1
idu 17 o 50 N
whereQ):=U—TS— uN, is the grand potentiak is the en- alaa a_a T 23
S

tropy, U is the internal energyl, is the number of mol-
ecules accommodated by the lamella, and, («=x,y,z) ~ Combining Eq.(23) with the statistical expressions given in
are diagonal elements of the stress tenBa@ssociated with  Egs. (20) and (22), we obtain
the exchange of compressional work
ﬁZN|>
ISa T,s.
(24)

L w exd BuN]
= — =)-1
dw=> A,T,.ds, (18) Taa=~(AcBZ) N,Z:o NTASN

between the lamella and its environment. In Etf) A, is
the area of ther directed face of the lamella. The absence of
off-diagonal elements of signifies that we ignore work due
to shear. Under the conditions of fix&d u, s,, ands,, ( is

To evaluate the partial derivative of the configurational inte-
gral, we follow the procedure of Hi[l39] and transform the
variables of integration in Eq22) according to

a homogeneous function of degree onesof so that Euler’s XX = sz—l
theorem applied to Eq17) yields ’
vy -1

Q=T,V, (19 Y=Y=ys o

= _ —1
whereV,=s,ss, is the volume of the lamella. Z—7=175, 7. (29
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Equation(24) can then be rewritten as

k=1i=
ex BuN]
Toa=—(ABE)" 12 WNll 1/2 M .
SRR PR @2
Ni g 12 12 Vilisri= 2) =
(stysz) lH f dyi f dz
-1/2 -1/2 -1 In Egs.(30) and(32)
_ [Kl(y. 7. -
xexq—/s(uFFwFs)]} (26 M= 22 0D Ly, ey

Scaling via Eq(25) affectsUgg through Eqs(1), (14), and is the « component of the force exerted by wallon film
moleculei. The overbar is intended to stress the mean-field
=[s2(X—X +Sy(y| Vi) +si(z-7Z)]¥* (27  character of this force. In E¢31) Ty rs vanishes identically
becauseb*l is independent of. Expressions forf[k] and
and U through Eqs(13) and (14). According to the prod- 0¥ can be obtained directly from E¢13) by a straightfor-
uct rule, the differentiation in Eq(26) yields three terms, ward albeit algebraically laborious, derivation. The results

which we group as are given in Eqs(Al) and(A3) of the Appendix for the sake
of completeness.
Toa=Taarrt TaafFs: (28 A different expression fofT,, can be obtained directly
from Eq. (24) without the transformation of coordinates.
thus defining the film-film contribution by Therefore it is convenient to recast the configuration integral
as[40]
T L E ex BuN|] 52
«FFT gy T 2VIE o NITASN Zy,= dz9;, (34
' ! —s,/2
NN a?
xf N‘der exd —BUIY, X u'(ry) r—” where
VI i=1 j#i ij
- $,/2 sy/2 Ny /2
<N|>+ ! E eXF[BMNl] gl::J'fsldelffslzdyliHZ ffsldei
BV VIENZe NpASN X Y - X
jsylzd fSZ/Zd F[ U U )]
X - cexd — + .
XJVN\der exq_ﬁu]waa 75)’/2 4 —S2 “ ﬁ a Fe
| (35
RN . R I |
YA V f drify , v, (rN:NpW,, By applying Leibniz’s rule for the differentiation of an inte-
BV I N= gral [41] it follows from Eqgs.(22) and(34) that
N, W,
- fBV> < V >' (29 aZN'—FZ/z dz %-Fl[ (21=5,42)+g1(21=—5,/2)]
[ [ gs, ) op A as, 5191(21=5; 91(21= —S/2) |.

In Eq. (29) W,, is Clausius’ virial [39], ajj:=aj—a; (36)

(a=x, y or z), andug(r): =dus; /dr. The last line of Eq.  The |ast two terms in Eq36) can be written more explicitly
(29 |mpI|C|tIy defines the probability density function zg
fTMV(r 1;N,) of the grand canonical ensemble. Similarly,

one finds for the film-substrate contribution in E88) 5,/2 5,12 Nirs 2 5,12 5,12
[ x| andl [* ax ™ ay [ aa

1 . 2 N —5,/2 —sy/2 1=2 J—s,/2 —sy/2 —s,2

TXXyFS:_lelzzo fVNlderfT,M,Vl(er;N|)|:k2 Z E(I X{exn:_BU(Xl!yllZ]_:SZ/ZlXZv'--!ZNl)]
|
1 2 N; o +eXF[_BU(Xllyllzl:_SZ/21X21'--1ZN|)]}:O (37)
=——< > xif£59>. (30)
Vilicii=a because lim .5 ,Urs=, which is a consequence of the

divergence of the functio [see Eqs(9)—(13)] in that limit.
Tyyrs=0, (3)  Replacingg; by g,, whereg, is defined analogously tg,,
we may repeat the above argumédjt—1 times, to obtain
and finally
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TABLE II. Normal component of the stress tensoi(s,) from  alternatively,A|=A, =2s,s, as the relevant interfacial area

virial [Egs. (28), (29)-(32)] and force[Eq. (38)] expressions for  [43]. However, in the limiting case of a chemically homoge-

w*=—11.50 andef,=1.00. neous substratd, is not a physically relevant quantity. On

- . . - - the other handA, remains physically meaningful because of

;  T3,[Eq.(38] T3, [Eq.(28)] Tozrr Tzzes  the presence of the substrate, regardless of whether it is

S,

1.90 _ 2051 2961 0112 —2.149 chemically structured or qot. Thus we prefer the set of vari-
210 0.020 0.021 0140 0.161 ables{V,,A;,L,} and rewrite Eq(18) as
2.20 0.341 0.339 —-0.138 0.477 s S.S
Z X~Z
2.30 0.379 0.385  —0.136 0.521 AW=T, AV + 2 (T To) dA+ == (Tyy = ToodLy .
2.50 0.227 0.232 —0.140 0.372 (39)
2.70 —0.043 —0.056 —0.195 0.139
3.00 —0.183 —0.177 —0.271 0.093  In terms of the new variables E¢l7) can be recast as
3.80 —0.040 —0.037 —-0.187 0.150
450 0.052 0.055  —0.111 0.170 dQ)=—SdT-Nidu+ydV,+ydA+ydL, (40
5.00 0.015 0.020 —0.120 0.141 . .
10.00 0026 0028 —0.048 0.020 \t/)v;ere from Eqs(17), (18), and(39) the tensions are given
. aQ) T
Ju W=\ N, = lzz
__ a1 N N;. Fs oV
Ter= = A, N|2:0 leldr oy (PN s, Ty L
o ( (99) SZ(T T
__ a1 N N;. Y=\ 5a = xx— 1zz)»
2 N [Kl(y. 5. - a0 SyS
aPM(x;,z;ds,S,5
X (xi.2;ds ) YL L= ((7_L = %(Tyy_Txx)- (41
k=1 i=1 Js; VTwv A
o N
1 Vo —E From Eq.(40) we have
! ! Q=yVi+yA+ L, (42)
N
El flU_l2l which follows becausé€) is a homogeneous function of de-
p [ Z,i z,i] . .
i=1 gree one ins, providedT,u,s,, ands, are held constant.
= 2A, . (38) Note that Eq.(42) reduces to Eq(19) through the relations

given in Eq.(41).
BecauseT,,, is clearly expressed as the average force ex- As the separation between the substrates becomes very
erted on(unit area of the substrate, we refer to E38) as  large, the diagonal elements Bfmust tend to thénegative
the “force” expression, whereas we term the previously de-bulk pressurePy, . That is,
rived form [Egs. (28) and (29)—(32)] the “virial” expres-
sion. Force and virial expressions provide a useful check on
the accuracy of the simulations because they invoke indepen-

dent computational routes to the same physical quafe#g  Thys from Eqs(19) and (41)—(43) we deduce
Table II).

lim Taa: - Pbulk- (43)

SZ—> o)

| jim =2 (44)
B. Tensions oy YL s,

For a subsequent discussion of phase behavior in systems
with interfaces, it is convenient to recast Ef8) in terms of
certain “tensions” related to various componentsTof42].

If the substrate is chemically homogeneous theserfacia) Phase behavior is conveniently characterized by the aver-
tensions are related to the work associated with a change @ge film density as well as by fluctuations of the density,
the area of the fluid-substrate interface. For the present hefthich are reflected in the isothermal compressibility. To de-
erogeneous substrate a “line” tension may also be defined’,ive a molecular eXpreSSion for the latter quantity we start
which is a measure of the work required to alter the length offom the Gibbs-Duhem relation

the line of fluid-substrate contact at which the two homoge-

neous portions of the substrate méste Fig. 1 Thus it is ¥ 0= ~SAT=Nidu+ (T Ty Adsct (T2~ Ty Ads,
convenient to transform the extensive variables in @®) —A/d(s,Ty,), (45)
according to{s,,sy,s,;}—{V,,A,L;}, where the length of

the contact line is.|=4s, . The definition ofA is somewhat which results from combining Eq$17) and(19). Thus, fix-
less obvious. For instance, one may t#e-A =2s,s, or, ingT, s,, ands,, we have

C. Isothermal compressibility
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Nidp=—A,d(s,Tyy). (46)

&
0.6 +
If s, is also fixedu=u(N,) andT,,=T,(N;) and from Eq. o4t . (a)
(46) we deduce o lis
’ @ 0+t
N L ad _[(syATyy) 4 o reo— %$%++++ e
Ny =N - R
T,S,,5y .S, LIEEVES oal %
The right-hand side of Eq47) can be expressed alterna- -6 4
tively as 0.8, +
(a(syAyTyy)) ( JITyy ) e
N, T8 8, J(N, /SyAy) T508,5, 2 4 6 8 10 12
Sy Sy Sy Sy s
_ (s,A))? ( aTyy ) .
N, o'?(SyAy) Tis N, s, 2.5 |
. sl (b)
I -1 1.5}
= — Ky, (48)
N i 1.0
where the third line defines the isothermal compressibility E o o+
Kyy. From Eq.(17) we have Rl e 6 o o s
705_0<>+<>%% 4+ +
Q) Sy ¥ b+ R
(_) =—N (49 SR IR
(9,LL T,sx,sy,sZ -1.5 4: #
from which 2 a 6 8 10 12
s,
o) N,
F =— {9— (50 FIG. 2. (@ Volume tensiomy{ as a function of substrate sepa-
Kl 1s0s, s, Klts.s,.s, rations ; (¢) ef=1.00, (+) ef;=1.25. The horizontal solid line
_ _ _ corresponds to lig) ... T;,= — Pjy= —0.029. (b) Same aga) but
immediately follows. Equation&0) and(21) yield for areal tensiony .
2 oo
(g) =—pgE~! 2 Nf%";:\‘\'d N distance is given in units of; energy in units ofe;;; tem-
Iu LIEHCRES N;=0 N EASH ! perature in units ofeffkgl. Everywhere in this paper nu-
. ) merical values are given in dimensionless units. In the re-
+ gl =1 eXFi,BMNJZ mainder of this paper we fix the following substrate
B\ = NZo L NJASN N parameterss} =10.0, d¥ =4.0, €,=10"3. Two different

5 strengths of interaction of the strongly adsorbing central strip
=—B{N; >—<N|>2)- (51 with film molecules are employed, these being specified by
€1s=1.00 and 1.25. We also fix* =1.00 andu* = —11.5,

The desired molecular expression fgy, results finally from ¢4 \vhich the Lennard-Jones bulk phase is a gas with a
combining Eqs(47), (48), (50), and(51) to get averagg number densityn}, .= (N)/V* =0.036.

C(ND=(N)?
Kyy= BV Nz (52) A. Tensions and stratification

Before turning to a discussion of the results. we empha The various “tensions” introduced in Sec. Il B are plot-
. g 10 a discussi SUTLS, W P3ad as functions of, in Figs. 2 and 3. Foef,=1.00 and 1.25
size that the lamella is a virtual construct introduced to dls-the volume tensiom, in Fid. 2 is a damped oscillatory func-
tinguish precisely between theystemand itsenvironmenin v 9. P y

a thermodynamic sense. The lamella could in principle Con'_uon of substrate separation as in the case of a Lennard-Jones

stituteany piece of the film. Henceforth, we take the lamella ];lqu'd bctjaltweenf tchhemllcally homogenesus .tsult')st'rtiéﬂds22|.
to coincide with the computational cell, settidg=N,, V eg*ar ess of the value efs, yv reaches 1is fimiting value
—V,=s.ss. andL=L,=4 — Phux= —0.029[see Eq(43)] within the range of substrate
| XYz 1 | Sy . . .
separations studied. Changes=§f affect only the amplitude
of the oscillations ofy,; peak positions are largely unal-
tered. Oscillations ofy,, are “fingerprints” of stratification,
Symbols with asterisks refer to reduced variables, whichthat is, the tendency of film molecules to arrange themselves
are unitless. The dimensionless units are based on the param-individual strata parallel with the wal[21,22. Stratifica-
eters of the LQL2,6 potential for the film-film interaction: tion is due to geometric constraints on the packing of spheri-

IV. RESULTS
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FIG. 3. Same as Fig. 2, but for line tensigfi . FIG. 5. Isothermal compressibilityy, as a function of substrate

separatiors; . (¢) €5s=1.00, (+) €fs=1.25. The horizontal solid
cal molecules between planar substrates. Because peak pasie represents the isothermal compressibility of the Lennard-Jones
tions are essentially determined by these geometrigulk phase af*=1.00 andu* =—11.50.
constraints, one does not expect the structurengfs,) to

depend significantly orefs. Thus it is not surprising that in y, are out of phase by about half a period of the oscillation
neighboring peaks ofy, are separated by a distandes} compared withyy, . Although y, seems to oscillate around a
=1, regardless o€;. constant value of approximately-0.5(efs=1.00) and
In the chemically striped pore, however, the film is strati- —0.9(e},=1.25) for substrate separations} 5.0) where
fied only over the attractive central strip of the substrate, astratification is evident in the plots of, [cf. Fig. 2a)], a
can be seen in Fig. 4 where we plot the local density significant increase of is observed at larger substrate sepa-
(N(X.Z:q.5,.5,)) rations of 5.2s;<6.0 (ef;=1.00) and s;=8.5 (ef
o osmere (53) =1.25). This variation ofy, is also reflected in a parallel
AxAzs, plot of y, in Fig. 3, which suggests a marked dependence of
the film’'s behavior onef,. For example, foref;=1.00 the

where(N(x,zds,s,.S,)) is the average nhumber of film m_oI- line tension decreases continuously over the range: &2
ecules whose centers are contained by the square prism g 6.0 whereas foef,=1.25 it first rises to a plateau and then

dimensionsAxxX AzXs, centered onx,z) with Ax* =Az* : . L )
—0.05. Sincep!?! must be symmetric about the=0 andz drops discontinuously & =8.5. These variations are mir-
L ][ored byy,, albeit rather dully, which suggests thgt is the

=0 planes, the plot shows only the upper right quadrant o A 4
the x-z plane. Peaks iplY(x,z:ds,s,,s,) represent posi- more sensitive |nd_|cator of structural transformauons accom-
) o s TX 2 panying changes in the substrate separation.

tions of molecular strata. The plot also indicates that strati- e a . N
fication diminishes over the central strip as the distance from \Ot€ that *the* ratioyL /v _*_0'28 for* S =125 (e,
the substrate increases and that it is absent over the repulsive L-00) andyi/» =—0.23 fors; =11.0 (Efs*: 1.25) which
nonwetted outer strips. Thus for the substrate separation di cl0se to the theoretical value 6f0.2 fors, =10.0 in the
which Fig. 4 is based a stratified “liquid” bridges the gap large-system limifsee Eq.(44)]. Thus, for the largest sub-
between the central strips of the two opposite substrates ariiraté separations studied, the film may be viewed crudely as
is surrounded by a nearly homogeneous gas phase. a bulk phase, in spite of the nonvanishing tensigpsand
Stratification is also reflected in the areal tensigrplot- .- They signal an anisotropy in the film caused by the

ted in Fig. 2b) for the two values ok%,. However, maxima ?eterogeneity) of the substrate, which persists indefinitely
i.e., ass,—»).

plM(x,z;dg,8,,5,) =

B. Phase behavior

The isothermal compressibility, is plotted in Fig. 5 as
a function ofs, for ef;=1.00 and 1.25. In both cases,(s,)
increases up te; =6.0. The compressibility foef;=1.25 is
smaller than foref,= 1.00, indicating that the film is denser
for the more attractive central strip, as would be expected.
The nonmonotonic dependencef, on s,(s; <6.0) signi-
fies stratification of the film over the central stfigee Fig. 4
and z/s, for s; =5.40. Film-substrate interface is locatedzas, [21.22. In 'the vicinity of S§ =5.6 both compressibility
=0.5 with the wetted(centra) and the nonwettedoutep strips Cgrves exhibit a large maximum. However, the curve for
ranging from 0.8sx/s,<0.2 and from 0.Zx/s,<0.5, respec- €fs—1.00 decays monotonously to a value close to the bulk
tively. The plot is symmetric with respect to the planes0 and  compressibility K7 =44.60 for all s}=6.0, while the
z=0. curve for ef,=1.25 approaches a much smaller value over

FIG. 4. Local densityp!*1"(x,z;ds,S,,S,) as a function ok/s,
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FIG. 6. Normalized density distributioR(n*) for various val- FIG. 7. Same as Fig. 5, but for the film average densfty The

ues ofsy ; (X) sy =10, () sy =30, (+) sy =50, (A) sy =65, () solid horizontal line corresponds to the bulk densify,=0.036.
s’y* =100. Solid lines represent a fit of a GaussiarP{m).

amination of the dependence of the mean densityn s,
the range 6.&s; <8.4 corresponding to typical compress- (see Fig. 7. In concordance with the tensioffsigs. 2 and 3
ibilities of a dense Lennard-Jones liquid. Between<8s4 and the local densityFig. 4), n(s,) is an oscillatory function
<8.6 the compressibility foef,=1.25 rises discontinuously over the range of substrate separations where the film is
to the same bulklike value observed fef,=1.00. stratified(Fig. 4). In the vicinity of the maximum okyy(S,),

We note that regardless of the valueef, «,, depends however,n(s,) shows a pronounced increase ffg=1.25
significantly on the size of the computational cell in the vi- and a similarly strong decrease fef,=1.00. The discon-
cinity of its first maximum. This is illustrated in Fig. 6, tinuous change afi(s,) arounds; =8.5 for e7;=1.25 can be
which displays density distributior(n) for various values interpreted as capillary condensati@n evaporatiop that is,
of s,, ef;=1.25, ands} =5.60, wheren:=N;/V. For asuf- asa first-order phase transition analogous to condensation or
ficienﬂy |arge Systen'P(n) should be rough|y a Gaussian eVaporation of a subcritical bulk fluid. Anci”ary plot_S show
centered at the most probable density37]. It is easy to  that fors; >6.0 (ef;=1.00) ands; >8.5 (efs=1.25) n(s,)
verify that the standard deviatian, of P(n) in the Gaussian =s; *. In Sec. IV C it is shown that for these rangessjf

limit is related tox,, via [37] the liquid bridge has collapsed, leaving “nanodroplets” on
the central strips in equilibrium with dilute gas. As in-
- /kB_TK T (54 creases, the nanodroplets do not change. H(elNcpele)) re-
n A, sy mains approximately constant angs,) decays as, ~.

For e};=1.25 ands} in the range 5.8-8.4, a plot of’s,)
wheren:=(N;)/V. Likewise the height of the peaR(n) is  versuss, can be well fitted by the expression
proportional to\/s—y. If sz,‘ =10 the plot in Fig. 6 shows that o
the density distribution is not Gaussian but rather bimodal, n(s, =a+ bsz_l. (55)
indicating that the system “oscillates” between high- and
low-density states. As, increases the bimodal nature of In this range ofs, the stratified structure of the liquid bridge
P(n) gradually declines and f& =50.0, P(n) is Gaussian in the immediate vicinity of the substrates has been estab-
with the required dependence of peak height and standadished and new molecules are added to the homogeneous
deviation ons,. Thus, if we fit the theoretical expression inner portion of the bridge, whose density, given by
P(n)=(y2ma,) ~* exd—(n—n)%20?] to the curves shown

in Fig. 6, taking o, as a parameter witm=(N¢)/As, —  (N(sp)) = {(Nstraa

=const at fixedA,, Ky is obtained from the slope of the Minner= A(s,— d)

straight line o= (s, V%) through the origin §=50.0). - .

Data in the vicinity of the peaks of,y(s,) plotted in Fig. 5 _N(s)  MNsyrana (56
are obtained by this procedure. However, fjt=1.00 a 1-6ls, s,(1-46ls,)’

small range 5.8s; <6.0 remains where the bimodal nature
of P(n) does not vanish completely even faj:zso, al- remains approximatelgonstant In Eq. (56) ¢ stands for the
though a clear but gradual tendency toward a Gaussian tickness of the stratified part of the film ang;aa
observed over the range 168} <250. Consequently, we =(Nsuad/ A, for its mean density, which we assume to be
refrain from plottings,, in Fig. 5 for ef,=1.00 in the range ~ constant. Rearrangement of B§) yields Eq.(55) with the
5.6<s*<6.0. However, we should also point out that no cOrrespondences
such system-size dependence is detected for other quantities _
such asT andn. a=Ninner;

Additional light can be thrown on the nature of the phase
transformations responsible for variations #p, by an ex- b= — 8(Nigner— Nstrata) - (57
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0.3 bridge and the gas can be described in terms of a phenom-
enological model usually applied to the planar interface be-

tween coexisting bulk liquid and gas pha$4S]. The nature

of the interface between the bridge and the gas is detailed in
[44].

As s, approaches the maximum af,(s,) more closely
the bridge disappears gradually. For examplesjat 5.50
[Fig. 8B)] intersections of contour lines corresponding to
p! " (x,z;ds,S,,5,)=0.1, 0.2, and 0.3 with th& axis are
shifted to smaller values of/s, and stratification is less
pronounced. The latter is particularly evident from the con-
tour p11* (x,z:ds,s, ,s,)=0.5 located approximately ai's,

FIG. 8. Contour maps of local densiptt(x,z;ds,s,,s,) for ~ =~0.1, which encloses a region in tlxez plane smaller at
€fs=1.00 and substrate separationssbf=5.25(A), 5.50(B), 6.00 s, =5.50 than ats; =5.25. Thus the interface between the
(C), and 6.400D). Solid lines connect pointx(z) corresponding to  pridge and the gas phase forms a nanoscopic meniscus.
plM* (x,z;ds,5,,5,)=c, where values of constamt are indicated As s, passes through the maximumag,(s,) (see Fig. 5
by arrows. this tendency persists. For example, $$r=6.00[Fig. 8C)]
the liquid-gas interface is no longer observed. Note also that

. Iilnally, the maximum iny,(s;) and the discontinuity for contourp!* (x,z;d, s, ,S,) = 0.1 intersects the axis at
efs.—1.25 are unique features due to the chemical heteroge"-1Creasing|y smaller values of's, over the range 5.25s*
neity of the substrate. As we demonstrate elsewiiésg, <6.40 Th ; p —XG 00 and 6.40F .8(D)Z]
neither the maximum nor the discontinuity occurs for the  ~-"" e contour maps fa =6.00 and 6.4QFig.

chemically homogeneous substrate composed entirely of efgveal that the bridge has given way to nanodroplets local-
ther “weak” (i.e., d,=0) or “strong” (i.e., dy=s,, f ized on the central strips of each substrate. However, the

— 1.25 species interaction of film molecules with this part of the substrate is

' ' so weak that the nanodroplets remain diffuse, as indicated by
the contourp!'l*(x,z;ds,s,,s,)=0.1, which still intersects
o - . the x axis ats} =6.40.

Variations ofn, «yy, v, 7, andyy are accompanied by For €7=1.25 the maximum ok,(s,) corresponds to an
changes in the film's microscopic structure, which can beentirely different process, which is evident from the plots in
visualized by contour maps of the local density Figs. gA) and 9B), where the contour maps of
p!*(x,z,ds,5,,s,) [see Eq.(53), Fig. 4] shown in Figs. 8 ,[1l(x z:d, s, ,s,) are shown fos* =5.40 ands* = 6.20(cf.
and 9. On accognt of the symmetry of the system, contourgig' 5). For s* =5.40 the liquid bridge is reflected by the
D e ppeT L LAt o 0 P, contoursy " (1,20 5,.5)~0.20, 030, and 050 i

fs— =~ z = 9. intersect thex axis[see Fig. 8A)]. This situation is similar to

stratified over the central strip{s,=<0.2) and that the strata ) % S
become less distinct as their distance from the substrate ir%he one depicted foefs—_l.oo n F_|gs. 8'6.‘) and SB)'. How-
r, now the surrounding gas is at higher density because

creases. A comparison with Fig. 5 shows that the substratg’® [17* )
separation for Fig. @) is smaller than the one where the contoun™™" (x,z;ds,Sy,s,) =0.10 does not intersect the

Ky,(S,) assumes its maximum. Along a patfis,=0.0 to X axis as in the case aff;=1.00[see Figs. &) and &B)].
0.5, the densityp!t(x,z=0;d,,s,,s,) decreases steadily. AS S, passes through the maximum &f,(s,) (see Fig. 3
Thus the film consists of a liquidlike “bridge,” stabilized by the interface vanishes completely. The contours in Fi) 9
opposing strong central strips of the two substrates and sufow run parallel with thex axis (and therefore parallel with

rounded by a low-density gas. The interface between théhe substrate located ats,=0.5), indicating that the liquid
bridge induces some sort of “condensation” of the sur-

7] 0 rounding gas phase beyond some critical substrate separa-
' tion. However, according to the plot @f(s,) in Fig. 7, in
conjunction with the system-size dependenceP6h) (see
Fig. 6) this “condensation” does not seem to be an ordinary
first-order phase transition. Rather it appears to be a continu-
ous process during which the liquid bridge alone stabilizes a
fluid phase which is otherwise not supported by the nonwet-
ted (i.e., purely repulsivestrip of the substrate.
As s} increases beyond 6[2ee Fig. €C)] the fluid phase
in the vicinity of the nonwetted strips becomes more stable,
as can be seen particularly from the contour
pl* (x,z:ds,s,,5,)=0.5, which is not only more nearly
parallel with thex axis than in Fig. @), but also closer to
FIG. 9. Same as Fig. 8, but feif,=1.25 and substrate separa- the substrate located ats,=0.5. Finally, a comparison of
tions ofs; =5.40(A), 6.20(B), 8.40(C), and 8.60(D). Figs. 5 and 7 with Figs. (€) and 9D) shows that the dis-

0.2 0.3 0.4
X /5

C. Microscopic structure

0.0 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.5
X/Sx X/sy
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continuity inn(s,) and Kkyy(S;) ats; =8.50 corresponds to a ky,(S,) (Figs. 5 and Y. The pronounced system-size depen-
first-order phase transition during which the fluid evaporatesglence ofP(n) (Fig. 6) supports this notion.

leaving behind again nanodroplets which are stabilized en- (5) At larger separations foef,=1.25 the substrate can-
tirely by the central wetted strip. Formation of nanodropletsnot stabilize the liquidlike film, which evaporates. The tran-
is signaled in particular by the contour corresponding tosition is first order, as indicated by discontinuities jp,

pl (x,z;dg,s, ,S,)=0.10, which bends backward to tze «yy, andn (Figs. 3, 5, and Vand leaves behind “nanodrop-
axis, enclosing all contours corresponding to higher values dets” adhering to the “strong” stripgFig. 9).

ptH(x,z;ds,s,,S,). Because of the stronger interaction be-

tween the film and the central strip the nanodroplet is bettef hese results suggest the complex behavior to be expected

defined than that observed in Fig$CB and §D). for the simplest sort of fluid films confined by substrates
possessing the simplest sort of chemical heterogeneity. We

have superficially explored the dependence of this behavior
V. SUMMARY AND CONCLUSIONS on only one €7, of the seventhermodynamic state vari-
ables. We expect that variations in the ratidg/d,, and
In this article we investigated the behavior of a Lennard-¢,_/¢;,, would have similarly marked influences on the
Jones film confined between two chemically heterogeneougim's behavior.
substrates forming a slit-shaped nanopore. The substrate is An intriguing question beyond the scope of the current
modeled as a periodic sequence of strongly adsorbing slalgudy is the behavior of the film under shear. Shear strain can
(of width do) alternating with weakly adsorbing ondef  be measured in terms of the relative displacement of the two
width d,,). The thermodynamic state of the film is character-substrates in the direction. The shear streds, is the av-
ized by the(reduced variablesT*, u*, s;, d3, di,, €fs,  eragex component of the force exerted by the film on unit
and €f,,. We fixed T*=1.00, u* =—11.50,d5 =4.00,d;, interfacial area of the substraté0]. It would be interesting
=6.00, andet,,=0.001 and examined the dependence of thdo compare thin films sheared between atomically smooth,
stresses, density, and isothermal compressibilitysprfor but chemically nanostructured, substrates with films between

two values ofe’, (1.00 and 1.25 which measures the attrac- substrates composed of discrete atoms of one species, so that

mutual attraction. The greatef; is, the stronger the attrac- P€en studied extensivefj16,20,21,40,4p The ability of a
tion is. Our findings can be summarized as follows. film between chemically heterogeneous, but infinitesimally
smooth, substrates to sustain a nonvanishing shear stress
. ) likely depends on the strength of the interaction between film
(1) Molecularly thin films between chemically heteroge- ngjecules and the strong strips of the substrate. On the other
neous substrates are stratifieete Fig. 4 However, stratifi-  panq for substrates that are structured on the atomic scale,
cation is observed only between the “strong” strips of the, ;+ smooth on the nanoscale the influence of film-substrate
two opposite substrates, so that a liquid “bridge” exists in 5yraction on shearing is known to be mifid,46; the con-
thermodynamic equilibrium with a surrounding gas phaseaints due to packing of film molecules between structured

stabilized by the “weak” strips. _ _ substrates dictate the shearing behavior.
(2) On account of stratification, tensiofsee Figs. 2 and Finally, we draw attention to the interesting question of

3) and mean densitsee Fig. 7 oscillate as functions &,  the ciitical behavior of thin films confined by chemically
with a period of approximately one “diameter” of the film peterogeneous substrates. Near the critical point the correla-
molecule. This behavior is qu_alltatlvely similar to that ob- tion length among film molecules can be of the order of the
served for a Lennard-Jones film confined between chemigisiance between the substrates. As a consequence the criti-
cally homogeneous “strong” substratp$d]. _ cal point of the film is shifted to lower temperature compared
(3) A nonmonotonic increase and a maximumu\(s,)  with the bulk phase. This effect, predicted by Nakanishi and

(see Fig. 3, which are not observed for a Lennard-Jones filmgisher[47] on the basis of a lattice-gas model, has also been
confined by chemically homogeneous substrd®®), are  gpserved in an experimental stuf4g] of adsorption of SE

due to the chemical heterogeneity of the substrate. The 10cq; controlled-pore glasses and in a recent computer simula-
tion of the maximum is nearly independentejf. However, o [49] of a Lennard-Jones film in mesoscopic model slit-
a comparison withy, (s,) (Fig. 3 andn(s,) (Fig. 7) shows  shaped pores composed of chemically homogeneous sub-
that the maximum of,,(s,) corresponds to different pro- strates. In49] the depression of the critical temperature is
cesses, depending on the value &ff. The microscopic correlated with variations of the microscopic structure of the
structure of the film, as revealed by contour mapspdf  fluid. In the case of chemically striped substrates it would be
X(X,z;ds,Sy,S,), shows that the maximum of,,(s,) cor- interesting to study the liquid bridge-vapor interface in the
responds to the formation of “nanodroplets” stabilized by neighborhood of the bulk critical point.
the “strong” strips of the substrate faff;=1.00 and to the
formation of a dense fluid phase over the whole substrate for
€;s=1.25(Figs. 8 and 9 Both processes result from a com-
petition between the strong and “weak” strips of the hetero- M.S. is grateful to the Deutsche Forschungsgemeinschaft
geneous substrate. (DFG) for financial support. D.J.D. acknowledges the sup-
(4) Formation of a dense fluid phase over the whole subport of the Office of Naval Research and the National Sci-
strate is a continuous process as inferred from the continuowence Foundation. Both authors are grateful to the North At-
variation of n(s,) in the neighborhood of the maximum in lantic Treaty Organization whose support has facilitated their
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APPENDIX: FILM-SUBSTRATE FORCES

Here we present explicit formulas for the componets — (€w— €ts) zp( —~ d— -ms, 5 +m 5/+z)
and fJ) of the forces exerted by the substrate on a film
molecule located at a poink{(z). Starting from the mean-
field representation of the film-substrate potential given in ~ Etw

S
x+——ms(, ‘rm’ 5/tz)
Eqg. (13) one has after tedious but straightforward algebra

2

¥

S
—1//(x———ms(, =+m’ 5/+z) ] (A3)
% % here
gl 3g W
M-S g’ 2, 2 21
m==-*m'=0 Pp(X",2";dg,5¢,S;,) = 37 Ks(x",Z2";ds,S,S;)
de
X{(efw_efs)X X+ 3 —me, +m' 5/+Z> —Ky(X",2",dg,5¢,S,),  (A4)

K3(X”aZ";ds »Sx ,Sz)

ds Sz ,
—(€rw— €)X X— 5 —ms, E+m o,z E ol

9 //3\/—

no_ll

8 48
1+-S+ —SZ+ —S3+ =5

64 128
35

S

S,
— Efwl X +——ms<, =—+m’ 5/+z)

2

X 8 48
1+ 5S+ =S+ S+ —=S*

64 128 }

s s, o R 777357 '35 35
—X(X—E—m&, Z+m’ 5/+z) ] (A1) Z'VR
2 x"3gtt 8+96 192 512 s3 A5
9 275R97 35 35 (A5)
where the functiory is defined by
)
g
Ka(x",z ;dS,SX ,Sz): - § z"s—ﬁ(l+ 2S)
X(XH,ZH):|1(XH,ZH)_|2(XH,ZH) (AZ) X”a-5
———=(1+29)
7' RS
andl, andl, are defined by Eqg6) and(7). The = sign in 4 x"35
the second argument gof in Eq. (Al) is introduced to dis- 3 ,,5\/_ (AB)
tinguish between the lowdrt+, k=1) and the uppef—, k
=2) substrate, respectively. Similarly, one obtains The quantityS in Egs.(A5) and(A6) is defined by Eq(11).
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