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Wetting films on chemically heterogeneous substrates
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Based on a microscopic density functional theory, we investigate the morphology of thin liquidlike wetting
films adsorbed on substrates endowed with well-defined chemical heterogeneities. As paradigmatic cases we
focus on a single chemical step and on a single stripe. In view of applications in microfluidics, the accuracy of
guiding liquids by chemical microchannels is discussed. Finally we give a general prescription of how to
investigate theoretically the wetting properties of substrates with arbitrary chemical structures.
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PACS numbds): 68.45.Gd, 68.10-m, 82.65.Dp

I. INTRODUCTION ing. Moreover, one would like to know which chemical and
structural architecture of the manmade surface is favorable
A large variety of experimental techniques has emergedor miniaturization. This requires decoding the relation be-
which allows one to endow solid substrates with stable, pertween the structural properties of the highly inhomogeneous
sistent, and well-defined lateral patterns of a geometrical or Aquids and the molecular interaction potentials of the fluid
chemical nature, or a combination ther¢df-6]. The spatial particles and of the various, specifically arranged substrate
extension of these regular structures ranges fromgthe particles.
scale down to nm. A major part of the application potential We address some of these issues for the case of thermal
of such manmade surfaces is based on their exposure to flequilibrium by suitable tools of statistical mechanics. Differ-
ids and their ability to imprint permanent, well-defined struc-ent theoretical models have already been applied to study
tures on adjacent soft matter encompassing simple anorganiarious basic properties of adsorption of liquids on struc-
and organic liquids as well as complex fluids such as polytured substrates. Exact virial theorems and compressibility
mer solutions or colloidal suspensio(see, e.g., Ref.7]). sum rules, as they can be formulated for fluids in contact
Here we are interested in planar, chemically structuredvith homogeneous walls, have also been derived for hetero-
surfaces. Recent experiments have explored the wetting amgkneous substratd27]. In this context phenomenological
adsorption properties of fluids and polymer solutions on suclinterface displacement and square-gradient modiels28—
heterogeneous surfades-15); some studies even have dem- 34], as well as lattice gas moddi35—37, highlight the gen-
onstrated the feasibility to control the growth of biological eral behavior of liquidlike wetting layers and their singular
systems by attaching them to structured surf4t6sl7, and  properties at surface or morphological phase transitions.
to recognize biological molecules, e.g., proteins, selectivelMore sophisticated theories such as density functional theo-
by bringing them into contact with nanostructured surfacesies|[38—43 and computer simulationd 1,44—47 have the
[18,19. In the context of microfluidic$20,21], one is inter-  potential to investigate in detail the role of microscopic in-
ested in guiding small quantities of valuable liquids to des-eractions, and to resolve the fine structures of the fluids
ignated sites where they can either be analyzed or undergmder consideration on a molecular scale. Whereas the
chemical reactions. This transportation problem can bdormer theories are based on severe simplifications and focus
solved by using microgrooves or microchannels. Alterna-on idealized systems on a macroscopic s¢ake, um and
tively, liquids can be guided along chemical lanes on flatlargep, the latter require high computational efforts such that
substrates. Such an integrated network can be used to buitthly rather small systems like pores and slits can be studied.
chemical chips and tiny chemical factoriésee, e.g., Ref. Our present analysis is supposed to provide a link between
[22]). This development has been greatly facilitated by thethese two approaches in that it keeps track of the microscopic
emergence of microcontact printifg3—264 as an important molecular interactions between the various constituents but
technique to cover solid substrates with designed chemicdéaves out fine structures on a molecular scale. This allows
patterns. With this technique one can create surface patterns to investigate liquidlike structures on a mesoscopic scale
which consist of regular monolayer patches composed of diffommensurate with the actual experimental system sizes. As
ferent chemical species. These patterns are anchored atbasic ingredients for the molecular interactions we adopt
homogeneous and flat substrate such that the resulting decoennard-Jones, i.e., long-ranged, interaction potentials.
rated surface remains flat on a molecular scale. Such a patciihese potentials are not only applicable for rare gases, but
work of, e.g., hydrophilic and hydrophobic areas with lateralalso resemble reliable effective potentials for molecules like
extensions in the submicrometer range can be designed wigmall alkanes or alcohol[€8].
high precision, and turns out to be rather robust. In order to provide the information and terminology re-
In view of the desired miniaturization of such structures aquired for the subsequent considerations in Sec. Il, we recall
question arises of the extent to which thermal fluctuationsome basic results for the wetting of flat and homogeneous
limit the ability to keep adsorbed liquids with high lateral substrate$49,50, and extend them to the case of homoge-
precision on the designated chemical patterns without spillneous substrates covered by a laterally homogeneous over-
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layer. In Sec. Il we present the theoretical basis for oulWe apply the Weeks-Chandler-Anders@iiCA) procedure
analysis of the wetting of chemically structured substrates|53] to split up this interaction into an attractive paif(r)
from which we derive many analytical and numerical resultsand a repulsive pab.(r). The latter gives rise to an effec-
in Secs. IV and V, respectively. These results extend antive, temperature dependent, hard sphere diameter
complete earlier studies which also focused on the mesos-

copic structure of liquidlike layers on heterogeneous sub- d(T):lelemdr(l—ex B d’rep(r))] 2.3
strateq38,51]. Our analysis is carried out within mean field kgT ' ’
theory without taking into account capillary wavelike fluc-

tuations and the strong fluctuations arising near criticawhich is inserted into the Carnahan-Starling approximation
points of the fluids. We focus our analysis on three paradigfor the free energy density of the hard-sphere f[&d],

matic chemical surface structures: a chemical step generated
by two adjacent quarter spaces filled with different materials, 4n—37
a chemical step generated by two different adjacent surface frs(p, T)=kgTp (1-7)?
layers covering a homogeneous substrate, and a chemical

stripe generated by a slab of different material immersed ifwhere = (7/6)p[d(T)]? is the dimensionless packing frac-
an otherwise homogeneous substrate orthogonal to the comion and\ is the thermal de Broglie wavelength.

mon fl_at surface. .Finally, in Sec. VI we extend our approac_h The attractive part of the interactiof,,(r) is approxi-
to arbitrary chemically structured substrates, and summarizgated by
our results in Sec. VII. Technical details of the substrate

2
In(pA%) — 1+

), (2.9

potentials and of the density functional description are pre- _ 4W00'f3 s o s
sented in Appendixes A and B, respectively. w(r)=———(rtof) ~, (2.9
aa
IIl. WETTING OF LATERALLY with
HOMOGENEOUS SUBSTRATES
. . - 32
A. Density functional theory WO:f 3d3rw(r)=f 3d3r ¢an(r)=—§\/§776f0?-
Our theoretical analysis is based on the following simple f f 2.6

[52] but nonetheless successf{$0] density functional
theory for a spatially inhomogeneous number densfty of  Although Eq. (2.5 does not strictly implement the WCA

fluid particles: procedure corresponding to EQ.2), it resembles it closely,
and offers the valuable advantage of reduced computational
Q([p(r)];T,M):f d3r fus(p(r),T) efforts because the form ofi(r) allows one to carry out
A

certain integrations ovew(r) analytically. For large particle
3 separations, one hasw(r — ) ~r ~®; the amplitude is cho-

+ fAd rEV(r) —ulp(r) sen such that the integrated strength equals that of the attrac-

tive contributiong,; obtained by the strict application of the
1 3 3, ~ , , WCA procedure. The third integral in Eq2.1) takes into

+§JAd rjAd rw(r=r"[)p(r)p(r’). account the attractive fluid interparticle interaction within

mean field theory based on E@.5).
(2.2

The minimum of Q[p(r)] with respect top(r) yields the B. Bulk phases

grand canonical free energy of the fluid corresponding to a In a bulk system the particle densipy, (wherey=1 and
prescribed temperatuiieand chemical potentigk. V(r) de-  y=g denote the liquid and vapor phase, respectivislspa-

notes the substrate potential, am¢t) is the attractive part of tially constant, leading tésee Eq(2.1)]
the fluid interparticle potentiald is the volume occupied by
the fluid particlesfys is the free energy density of a hard-
sphere reference fluid. This contribution takes into account
the repulsive part of the fluid interparticle potential within a ) ) )
local zensity papproximation Whifh neglgcts short-ranged‘o_r 'Fhe_ grgnd canonl_cal free energy _densny of a _t?u”f fluid.
particle-particle correlations. These correlations become imMinimization of ,, with respect g, yields the equilibrium
portant in the close vicinity of the substrate surface. Nonedensities. The conditions for liquid-vapor phase coexistence
theless Eq.2.1) has turned out to provide a very useful #=#o(T) are

description of wetting phenomena in the case when the ad-

1
Qolpy Tom)=fuslpy T+ 5Wops—ppy (2.7

sorbed liquidlike films are much thicker than the diameter & :% =0 and Qp(pg)=Qp(p)).
of the fluid particles. ap p=pq ap p=p|
The fluid particles are assumed to interact via a Lennard- (2.9

Jones potential

Off coexistence, i.e., fop+# g, only the liquid or vapor
phase is stable. In this case the density of the metastable
phase corresponds to the second local minimurf) pf

oi(r)=4e; (2.2

-]
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P uf  2(d+1)uS-(2d+1)ulf
p - 3 7
+0(z%), z>dg, (2.10

for the attractive potential. In Eq2.10 we have used the
% | relationsu’; "= 3g,u">. Moreover, the coefficients can be
0 Z=d, 24, =L, expressed_ in term_s of the paramgtep:ﬁs ar_1d oy s Of the
molecular interactions and the lattice spacgyg The repul-
FIG. 1. Sharp-kink approximation for the particle density distri- Sive contribution is
bution. At the positiorz=1, of the liquid-vapor interface there is a
steplike variation of the particle density between the bulk liquid ug u;'o

(p)) and the bulk vapor densityp(). At z=L, the density is trun- Vrep(Z): 9 + 10
cated in order to facilitate the thermodynamic limit. Due to the (z+(d+1)gy)” (z+(d+1)g,)

repulsion between the fluid and the substrate particles the particle 1 1 1 1
density vanishes for<d,,, giving rise to an excluded volume. ug [ Ufo R
2% (z+dg,)°® 7% (z+dg,)*™°
C. Wetting of laterally homogeneous substrates +0(z~ 11

Here we recall some basic results for wetting phenomena
(for reviews see, e.g., Refb0,55-58) as they follow from 9 .
Eq. (2.1) for a homogeneous substrate within the so-called :§+O(Z %, z>dg,. (2.1D
sharp-kink approximatiorisee Fig. 1 and Ref.50]). This
allows us to formulate our corresponding findings for sub- the case of a homogeneous substraft-:c, UiHZUi, V(2)
strates which are heterogeneous either in the direction nofaqyces to
mal to the surface or in lateral directions.

In the following we consider a flat substrate located in the u:
half spacew={r € R3|z<0}. The substrate is either homo- V(z2)=—2, —J] (2.12
geneous or composed of a homogeneous past={r 1=3 2z

3 _
ER‘_!{Zf R%%ij Ccilgfg} tz)); giffhe ??n(igcer?:r?]?czls:rfeaggslaly;er.rhe limit d—o corresponds to a homogeneous substrate
cosn_sisti of art?élgs I)cated on an orthorhombicplattice. Withcomposed of the chemical species of the surface layer.
P For the above model the full minimization of the func-

la:ctt'f:e Clpr.]tSt?r?ts:i tl'? thei dlrtectlo_n sz,y,z()j.th;)r reaso:ls ; tional in Eq.(2.1) with respect to the spatially inhomoge-
of simplicity the lattice constarg, Is assumed to be constant |, ous, smooth densiy(z) can be carried out only numeri-

throughout the whole substrate. The surface layer consists %ally However. it has turned out that the minimization

n=d+1 monolayers, with the uppermost and lowest MONOYastricted to the subspace of piecewise constant density pro-

layers located az=0 andz=—dg,, respectively. The the- g0 oovides a surprisingly accuraealytic account of the
oretical descriptiodEq. (2.1)] is identical for both substrate corregponding effegtive ?n){erface pote)rlwt[5|9,6(]. Within

types; it only differs with respect to the considered substrat(?hiS so-called sharp-kink approximatidfig. 1)
potentialV(z). The substrate acts as an inert spectator phase. e

H

The interaction potential between a fluid particle and an in- ~ oy — _ _ _
dividual substrate particle is also taken to be of Lennard- P(2)=0(z=d[O(=2)p+O(z=1)pe], (213
Jones type, pi and py are the number densities of the bulk liquid and

OHs 12 vapor phase, respective(gee Sec. Il B For u<ug, pg is

r ) taken to be the actual vapor density off coexistence,miisl
the density of the metastable liquid pha$®.denotes the
Heaviside step function, andis the thickness of the ad-

whereH and S denote the molecules v, andwg, respec- sorbed liquidlike wetting layer, i.ez=1 is the position of
tively. The substrate potential V(r)=V(z)=V,(z) the emerging liquid-vapor interface. In terms of the actual
+Vef2) follows as a laterally averaged pairwise sum of Smooth density distributiop(z) the position of the interface

&y s over all substrate particles, resulting in can be defined by, e.go(z=1)=3(pi+pg). The lengthd,
' takes into account the excluded volume for the centers of the

fluid particles due to the repulsive part of the substrate po-
ub uf! tential. We assume that,= (o, + o). The insertion of

(Z+(d+ 1)92)3 _(Z+(d+ 1)92)4 Eq. (2.13 into Eq. (2.1 yields

o1 1 ) S(1+ 1 ) Q2T i [WLIV])
N2 (z+dg)?) N2 (z+dgy? = AQy(pp:To) +AQ(p(2)]; T, [W1L[V]),

+O(Z_5) (214)

. (2.9

6
b s(r)=4ey s UHYS)

Vatt( 7)=—
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i.e., a decomposition of the grand canonical functional intocovered by a homogeneous surface layer does not depend on
bulk and surface contributiond. is the volume occupied by the properties of the surface layer but all subdominant terms
fluid particles. In the thermodynamic limit this is the half do. _ _ o
space{r=(r;,z) e R3|z>0}. A is the area of the substrate ~ The substrate is said to @mpletely weby the liquid
surface.(), is given by Eq.(2.7) whereas(); vields the Phase if, at coexistencAn =0, |o is infinite. Sincew(lo

so-called effective interface potenti@ly(|) =2)=0 one haso,4= 0y + 01y and §=0 for completely
wet substrates angl, < o+ 015 and6>0 for partially wet
QS([[)(Z)])=QS(I)=AQbI+crw|+cr|g+w(l). substrates. If aff=T,, the thickness o(T,u=pug) jumps

2.15 from a finite value forT<T,, to |g=0o for T>T,,, the sys-

' tem undergoes d&irst order wetting transition If the film
thickness grows continuously upon approaching the wetting
temperature, i.el(T—T,,,u= ug)— =, the system exhibits
a critical wetting transition The necessary condition for
critical wetting is thata,(T) changes sign at,, from a,(T
<T,<O0 to ay(T>T,)>0 and a3(T=T,)>0, ie., u,

. —(t4+3t3d,) pi(T,)>0. The critical wetting transition
t(z):f dz/j dr) w( /rﬁ+z’2) (2.16  temperature is given implicitly byt =t3p,(T,), of, equiva-
z R? lently, us=t;p(T,,) for a homogeneous substrate. Even with
an additional surface layer, which modifies the substrate po-
as the potential of a fluid particle interacting with a half tential in the vicinity of the substrate surface, the transition
space filled with the same fluid particles, within the abovetemperature of a critical wetting transition is determined only
sharp-kink approximation, for the substrate-liquid surfaceby the properties of the underlying homogeneous substrate
tension, one has wy . This implies that two substrates which differ only with
respect to their overlayers have the same wetting transition
1 o o temperature if the wetting transition is continuous. From the
o=~ Epff dz t(Z)+p|f dz 2) —dWQf)') above formulas one can infer that the occurrence of a critical
0 dw wetting transition on a planar and homogeneous substrate
(2.17 hinges on the subdominant contributionz * in the
asymptotic expansion o¥(z) for large z because for the
attractive fluid-fluid interaction as given by E@.5) t,=0
. andt;= —(2/3w)wocr?>0. It is possible to fulfill the neces-
Tlg=— %(Ap)zf dz 1(2) (2.18 sary cor_lditiora3(TW)>O for critical wetting by_choosin_g an
0 appropriate surface layer. In the case of critical wetting the
film thickness diverges ady(T 7"T,)=—3as/2a,~ (T,
for the liquid-vapor surface tension. THedependent part —T)*. Irrespective of the order of the wetting transition,
w(l) of the effective interface potential is given by upon approaching coexistence along a complete wetting iso-
therm one has |o(T>T,,Au\.0)=(2a,/AQ)"®
B B ~(Aw) Y3 For T>T, the Hamaker constart, is always
w('):Ap[mfI ; dz t(Z)—fI dz V(Z)+- (219 positive. The leading divergence lffor a complete wetting
W transition is independent of any different surface layer cov-
ering the substrate.

The first term in Eq(2.15 measures the cost in free energy
for forming a liquidlike wetting layer of thicknedsif in the
bulk the vapor is the stable phase. One B3, =ApAu
+O((Aw)?) whereA u= uo— . With

and

Minimization of the interfacial free energ¢(l) with re-

spect tol yields the equilibrium film thicknes$, and the IIl. MODELS FOR WETTING

substrate-vapor surface tensiod,,g=mingQy(l)=Qlo). OF STRUCTURED SUBSTRATES

From Young’s equation, for the contact angle one obtains

cos(l) =(owg—ow)/oig=1+w(lp)lay, Which is thermody- A. Simple chemical step

namically well defined only at two-phase coexistente As a basic element for more complicated structures, we

=0. ) first analyze the wetting properties of a substrate which ex-
From Egs.(2.5 and(2.16), one hast(z)=—Z=3t;z"),  nhibits a single, simple chemical st¢BC9, i.e., a flat sub-

and therefore strate composed of two adjacent quarter spaces filled with

different chemical specigsee Fig. 2, witm=). The sub-
a, strate particles occupy the half spawe={r € R%|z=<0} and
“’(I)Zgz Nk (220 e heterogeneity defines the positier 0. The system is
translationally invariant along the direction. The substrate
[Here we do not consider terms| ~5In| generated by van and the fluid particles interact via Lennard-Jones potentials

der Waals tails in the density profil€60(c)] which are not 6

12
captured by the ansatz in E@.13.] The coefficients of the b (r)=4e. (2) I , 3.1
leading terms ara,= (Ap/Z)(u';—t3p|), which is known as r r
the Hamaker constant, ands=(Ap/3)(2(d+1)u3—(2d  where the “+” and “ —" signs refer to substrate particles

+1)uj — (t,+3tzdy,)p)); for a homogeneous substrate with located in the quarter spaces. ={r € R¥|x>0/\z=0} and
uP=uj'=u; one hasas=(Ap/3)(u,;—(ts+3tzdy)p). We  w_={reR%x<0/\z<0}, respectively. The substrate po-
note that the Hamaker constant for a homogeneous substratntial V(x,2) =Va(X,2) + VefX,2), as obtained by a pair-
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z The quantitiesd,, = 3(o - + o) take into account the differ-

ent excluded volumes in the vicinity of the substrate surface.

Because of the rapid decay of the repulsive forakg,is

vapor taken to vary steplike ax=0 betweend,, andd,,. The
approximation used in Eq3.3) does not capture the fluid

. density oscillations very close to the substrate surface. How-

ever, these fine structures of the particle density are expected

to have only small effects if the liquidlike wetting films are

rather thick, as is the case in the vicinity of a critical or a

- 4

su . " : o

\\\\\\ complete wetting transition. The sharp-kink approximation
& Q\\\\\\\ yields an exact prediction .for the_ transition temperaflige _

of a critical wetting transition which remains unchanged if
FIG. 2. Morphologyi (x) of a liquidlike film which covers a flat, more sophisticated models are applié@]. Although within

heterogeneous substrdtayer chemical stepL.CS)]. The substrate  the sharp-kink approximation the predicted thickness of ad-
surface is located at=0. In genergl th_e substrate consists _of asorbed liquidlike wetting layers is not quantitatively accu-
homogeneous pattenoted ad) which is covered by two adja- rate, this approach is expected to capture the essential fea-
cent, semi-infinite surface layers composed of different chemica};res of the wetting phenomena as considered on the present
species ¢ and —) which form a sharp chemical boundary »at mesoscopic scale.
=0. The surface layer consists bf=d-+1 molecular monolayers 1o grand canonical free energy functional—which via
with 2 lattice spacingy, in the z direction. The limitn—ce corre- £ (3 375 3 functional of the functio(x) that describes
sponds to a substrate which exhibits a single simple chemical Stet?le local position of the liquid-vapor interface—can be sys-

(SCS. 15 =1(x— =) are the equilibrium film thicknesses of the tematically decomposed into bulk, surface, and line contri-
corresponding substrates composedHoplus a laterally homoge- butions: y P ’ ’

neous surface layer{ or —). We assume that covere_d by at _
ke ime, 6.1~ 1 The two substate hatvs are charso. 07021 T, iTW1 V)= T

Tsi/rg:r?w ibsyt:jallﬁzlraetrigne;isl:g\?gri\;?lltuiwﬁedgfeistg: c;trz?jdtrll;nnisa-tl;ahdeat TAQ( T [VV] VD
z=L, andx==*L,/2 in order to facilitate the proper thermody- +LyQ|([I(X)];T,,u,;[Vv],[V]).
approximation for thdateral profile. (3.9

I(x liquid I

Lt ! 1%

L2

namic limit. The long-dashed line corresponds to the sharp-kink

wise summation over all substrate particles, is given by EqsI he explicit expressions for these contributions are given in

(A2) and (A3) in Appendix A. In the limit|x| -, V(x,z) ~ Appendix B. In Eq.(3.4), A=L,L L, is the volume filled

spective homogeneous substrate: strate surface, and, is the linear extension of the chemical
step.Qy, given by Eq.(2.7), is the bulk free energy density

uiouloug ui-ug corresponding to the stable bulk vapor phase. The surface

V(X—+®,7)=— ——— 4 > 4 +O(x 4 contribution
(x= ) 2 A P 2x3 x5
1
ui-u; Qy(1.)=5[0 (1) + 0. ()] (3.5
=V.(2)+ o +O(x™%), (3.2
X

is the arithmetic mean of the surface free energy densities

where the coefficients of the subdominant terms omitted hergorrésponding to the substrates andw_ covered by lig-
depend orz. Thus the adsorbed liquidlike wetting film ex- U|dI|ke_f|Ims of thicknesd , andl _ Wh.ICh are exposed to the
hibits the asymptotic thicknessés for x—= and|_ for x ~ PotentialsV.,(z) andV_(z), respectivelysee Eq.(2.19].
. — o0 which are determined by the properties of the homo- = Minimizes the corresponding equati¢hl9, with pg and
geneous substratest” and “ —,” respectively. In general P1 @S the bulk_vapor phase and the metastable bulk liquid
one has to take into consideration two different wetting temPhase, respectively. _
peraturesT andT,, , one for each of the two semi-infinite, The line contribution(}, is due to the substrate heteroge-
homogeneous substrates. neity, and reads

With the substrate potenti&l(x,z) given, in principle the
functional in Eq.(2.1) can be minimized with respect to the
full density distributionp(x,z). However, this can only be . - .
done numi/arically, and I;équi)res a huge computationaxll effort-.rhe expressionr(d, 1) does not depend on tNhe profile
Therefore, we focus on low temperatures, which allows us td(X). Minimization of the nonlocal functional w[l(x)]
restrict the minimization to steplike profiles [which is given in Eq.(B4)] yields the equilibrium liquid-

vapor interface profild (x) and the line tension

QU0]=7(dy 1)+ @[1(X)]. (3.6)

p(x,2)=[O(—x)0(z—d,) +O(x)O(z—d;)] _
(T, )= minQ[I(x)]=Q[1(x)]. (3.7
K[pO((X)-2)+p®z—1(x)]. (3.3 T e !
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A gradient expansion ab[1(x)] in leading order leads to the
local functional w,f1(x)] [see Eq.(B9)] that provides a
prescription of how to express the functional expressions
given by a simple, phenomenological interface displacement

I{x
model in terms of the microscopic parameters of the under- _// ¥
lying molecular interactions. iqui

The Euler-Lagrange equatidiELE) following from the
functional derivative of the nonlocal functional(x)] is

S| sll(0)]
8l(X) 8l(X)

=AQy—Ap[pit(I(x)—dyp) = V(x,1(x))]

FIG. 3. Morphology of a liquidlike film which covers a flat

+1 (X,I_(X))+App|{t—(x,|—(x)—dvf,) substrate exhibiting a “chemical stripe{CST). A slab consisting
of chemical species denoted By is immersed in a homogeneous
—t_(x,l_(x)—d;\,)}zo, (3.9 — substrate. Thus in top view a chemical stripe with two sharp
chemical steps is formed. The slab extends from—a/2 to x
=a/2, i.e., the stripe width is. | _=1(|x|—) is the equilibrium

with t(x,2) given by Eq.(B7) and thickness of the liquidlike wetting film corresponding to the homo-

" 1) =100 - geneous substrate composed of ™ particles. In contrast to the
I(X,l(x))E(Ap)zf dx'f dz’ w(x—x",z"), SCS and LCS(compare Fig. 2 here both casek,>I_ and|,
—» 0 <|_—wherel . corresponds to the film thickness on the homoge-
(3.9 neous+ substrate—have to be considered. The slab and the em-
_ bedding substrate exhibit different excluded volurdgs The sys-

wherew(x,z) is given by Eq.(B8). The ELE is a nonlocal tem is translationally invariant in the direction and truncated at
integral equation for the functioh(x). Within the local ~z=L. andx==L,/2 in order to facilitate the proper thermody-
theory the double integral in E¢3.9) is replaced by a dif- namic limit.
ferential expression leading to

tioned in Sec. Il C, the leading contribution to the attractive

o (1(0)= aigl”(X) substrate potential is only determined by the underlying ho-
loc [1+('(x))?]32 mogeneous substrate, . Thus when both substrate halves
o L undergo a critical wetting transition there is only a single
=AQp—Ap[pit(1(x)—dy)—V(x,1(x))] common wetting temperatufg,, for the whole substrate be-
- - cause the Hamaker constant is only determineavpy
+App {t(x,1(x)—dy)—t(x,1(x)—dy)}. Far from the heterogeneity, for fixed, the potential

(3.10 V(x,z) asymptotically approaches the substrate potentials
V. (2) of the two semi-infinite, laterally homogeneous sub-
Equation(3.10 is often referred to as “augmented Young strate halves covered by a surface layer via
equation” [61].
3(d+1)(uy; —uy) 1

8 x4

B. Chemical step within a surface layer V(X—=%,2)=V.(2)+sgr(x)
The analysis in Sec. Il A requires that the substrate be

composed of two adjacent halves which themselves are ho-

mogeneous along both thxeandy directions. However, it is

not necessary that the substrate halves are chemically homo- | L. . .
geneous in the direction. Again the coefficients of the subdominant terms omitted here

This allows us to consider within the same formalism adepend orz. From Eq.(3.11) it follows that the wetting layer
homogeneous substraig, covered by a surface layer which thicknesd (x) a@symptoﬂcally app_roaches the constant values
itself is composed of two adjacent homogeneous Iayergt corresponding to the respective decorated substrate.
ws . ={re R3|x=0/\—dg,<z<0} of different chemical
species. In the following we refer to this type of substrate as
a layer chemical steLCS). The two halves of the layer
meet atx=0 (see Fig. 2 Both surface layers consist of As a third system we consider a substrate exhibiting a
=d+1 monolayers, with the uppermost and the lowestchemical stripgCST). The stripe is realized by insertion of a
monolayer located at=0 andz= —dg,, respectively. This slabwg={r e R?||x| <a/2/\z=0} of different chemical spe-
model mimics rather closely the kind of substrate inhomoge€ies + into an otherwise homogeneous substrate {r
neities generated by, e.g., microcontact printisge Sec.)l e R3|z=0} composed of particles denoted-as such that in
The expression for the substrate potentiék,z) of this sys- the top view a chemical stripe is formédee Fig. 3. The
tem is rather complicateldee Eqs(A4) and(A5)]. As men-  system is again translationally invariant in tiiedirection.

+0O(x7%). (3.11

C. Chemical stripe
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The substrate potentidl(—x,z)=V(x,z) is given by Egs. AQb—Ap[p|t(|_(X)—d+)—V(X|_(X))]
(A6) and (A7). For z fixed in the limit of large|x|, one has W ’

al2 T —d N
—App,f dx’ ) "dz W(x—x",2)

_ _ M. !
Us Uy Ug @ Uy—u —al () —d}

V(|X|—>00,Z):———¥+§—g— TM"‘O()FS)
Ny o
[o's) I ’ _| —
(3.12 +(Ap)2f dx’f D71y Wix—x".2')=0.
— 0

(where again only the coefficients of the subdominant terms (3.17
depend org), implying that the equilibrium liquid-vapor in-

terface is also symmetric with respectxe-0, i.e.,|(—X) The corresponding ELE within the local approximation
=1(x), and that it asymptotically approaches the constanfolocﬂ(x)] of Z)[I(x)] is

valuel _ for |x|— determined by the properties of the ho-

mogeneous, flat substrate For a wide stripe width one has AQp—Ap[pit(1(x)—di) = V(X,1(x))]
al2 I_(x)—d7 _
us u; Uug —Appf dx' | "dzw(x—x',2)
V(x,z)z——z——1+—2+(9(a*3), ) ar 1()—d
2 oz -
agl” (X
a>g, and |x|<a/2, (3.13 [1+ (1" (x))?]3?

In the following we always discuss the actual equilibrium
liquid-vapor interface profiles; therefore, we omit the over-
bar.

so that for small|x| the profile I(x) is close to the film
thicknessl , of a liquidlike film on the homogeneous and
planar+ substrate.
The sharp-kink density profile used for the analysis of the
CST is IV. PROPERTIES OF THE INTERFACIAL PROFILES
A. Curvature behavior

Within the local theory the ELE’s for the SCS, LCS, and

a B a N
p(x.2)= ®< IXI= E)G(Z_dWH@ §_|X|)®(Z_ dw)] CST determine the local curvatukgx) of the planar curve
| :
X[O1()~ 2+ 0@~ (x)pg]. @1y IOV
- K0 = —2 o) @
Insertingp(x,z) into Eq.(2.1) yields lg [14+[17(x)]2132 ' ' :
QA DT wW]L V)= AQy(pg To12) with
TAQ( T w W] [VD) U2 =80+ 2 EW) o sa @

Jz
+Ly QOO LT, s [WIL VD). .

(3.15 The “local” effective interface poEentiab(x,z;d\,—v) is given
by Eq.(B6). The functionC(x,z;d,,) takes into account the
difference betweerd,, and d,, i.e., it vanishes ford,,
=d,, and ford,, #d,, in the limit |x| - [see Eqs(3.10
gnd (3.18]. In the limit |[x|—< the linesz(x) defined im-
plicitly by U(x,z)=0 asymptotically approach those values
for which the functionAQyl + w.(l) [compare Eq(B2)] is
extremal with respect tb One of these values corresponds

The effect of the stripe on the liquid-vapor interface iSto the global minimum and thus is the equilibrium film thick-

captured by the line contribution to the free ener func-neSSIi' In addition to this, there may be more extremal
-ap oy Lo 9y values depending on whether the system is at or off coexist-
tional. This contribution reads

ence and on the type of wetting transition under consider-
ation. Sincd (x) asymptotically approaches the valuesfor
QI(x)]=7(dy, 1 _)+o[1(x)]. (3.16  |x|—w, it also approaches the contour line given by
U(x,z)=0 corresponding to the global minimum af(Q)|
+ o +w.(l). Figure 4 shows an example for the liti(x,2z)
Where~as m(d,.l-) [see Eq.(B14)] is independent of =0 on a SCS and the corresponding interfacial prdfilg
1(x), o[l(x)] [see Eq(B15)]is a functional ofi (x). Func-  for a thermodynamic state along a complete wetting iso-
tional differentiation of();[1(x)], i.e., of w[I(X)], yields the  therm. The sign of the curvature is given by the sign of
ELE U(x,z). The point wherd(x) and the lineU(x,z) =0 inter-

The surface contributiof ¢ (see Appendix Bis determined
by the properties of the homogeneous, flat substrafEhus,

in contrast to the SCS, here one only has to deal with on
wetting transition orw at T=T,, . The wetting transition on
the stripe partvg is suppressed due to the finite lateral ex-
tension of the stripe.



6926 C. BAUER AND S. DIETRICH PRE 60

are based on the assumption that the system is sufficiently
close to the wetting transition temperature or to two-phase
coexistence such thagx)>d,, , and thus

1 1

.......

105 T U(x,2) >0

.
wo |l

Since withl (x)>d,, , 1.>d,, , Eq.(4.4) can be used for
; ' inserting the ansatk(x)=1.+ §l(x) into its local version.
-400 200 0 200 400 Considering then the behavior of E@t.4) for large|x| and
exploiting the fact that.., which corresponds to the limit
|X|— <0, minimizes Eq.(B1), leads to the expansion

Y dw(X,l)
= AQp+ —— =1 (1oc)(X,1 (X)) (4.4
Z 10l ] I=1(x)
' for all three substrate types(x,l) is given by Eq.(B6)
o5 1 f U(x,2) <0 omitting the argumentd,, .

X/ o;

FIG. 4. Typical example for the shape of a liquid-vapor inter-
face of a liquidlike film covering a SCS or LC&ull line) and the

correspond_ing cont_our ”nU.().('Z):.O (dashed ling which sepa- with coefficientsa andb. The term~x~¢ stems from the
rates regions with positive interface curvaturéK(x,z) leading term inV(|X|—>OO)—V+(Z) [see Eqs(3.2), (3.1

=U(x,2)/4>0) from regions with negative curvature (x,z) and (3.12] which determines the value @i. The leading

<0) [see Egs(4.1) and(4.2)]. The intersection between both lines . . ) L
is the turning point of the interface profile. The interface profile asymptotic behavior of the solution of EG.5) is given by

shown here is calculated far* =kgT/e;=1.3 andAu* = A ul € b
=102 and is also displayed in Fig. 7. The substrate is a SCS with Sl(x)=——=x"2 (4.6)
the interaction parameters chosen such that the system exhibits a

o ; - o _ —% _
critical wetting transitions af,,” =1.0 andT,,” =12 onw.. and " \yiin the nonlocal theory the right-hand side is replaced by

w_, respectively(compare Fig. Y. Therefore, along the complete . : : : :
wetting isotherm T* =1.3A ) the functionsAQ,l + w (1) corre- }r(]i Ileidal?(gjx)g)rder inthe series expansion of the integral

sponding to the homogeneous and flat substratesandw_ each
exhibit only one extremal point, and there is only a single contour asl(x)+bx *=1(x,l .+ 5I(x))~xfﬁ, B>0. (4.7)
line U(x,z)=0 interpolating between these two extremal points. B
Thus the asymptotic solutiodl(x) in Eq. (4.7) for the

sect is the turning point of the profile. Due to this curvatureVDWT is equal to that obtained within the local thediyg.
behavior the function(x) for a SCS or a LCS is monoto- (4.6)] if the right-hand side in Eq(4.7) is subdominant as
nous. Analogously, for a CST(x) is monotonous in each of compared with the left-hand side, i.e. A «. For 8=« the
the intervalsx<0 andx>0. amplitude\ [see Eq.(4.3)] obtained from the local theory

In general the curvature behavior as predicted by the addiffers from that following from the nonlocal one. It turns
tual nonlocal theory is different from that obtained within the out that this is the case for the LCS. If one would hge
local approximation. However, in R462] we have demon- <« which, however, is not the case here, even the exponent
strated that the differences between the local and nonlocaif the power-law decay ofl (x) as obtained within the non-
results are negligible if the local curvature is small, as is thdocal theory would be different from that within the local
case for complete and critical wetting transitions. Thereforetheory, i.e., the VDWT would also differ qualitatively.
although the behavior of the integral expression in Eg<®) With the definitionl (x— ) =1, 8l .(x) for the SCS,
and(3.17) is not analytically transparent, we expect the cur-it follows that
vature behavior of the profiles upon approaching a critical or

asl(x)+bx “=o0g6l"(x), a>0, (4.5

complete wetting transition to be practically the same within | s 3 ith + _ |i a, —a,
the nonlocal and the local theories. Ol (X) = A gpieX with A=+ > . (4.8
B. Asymptotic behavior of the interface profiles in the case of a critical wetting transition on the semi-infinite,

Th otic f fth bstrat tent Ihomogeneous substrate, or w_. Along a complete wet-
€ asymptolic form 0 e substrate potentia ting isotherm the result is the same up to a numerical factor:
V(|x|—,z) of a heterogeneous substrate gives rise to a
behavior 14 at—as
S()=Nggmx 2 With A= ¥ = ———
* compx comp — g azt

[(|X| =)=+ 6l(x) with 8l(x)=Ax"¢ (4.3
(4.9

Both Egs.(4.8) and (4.9) are valid within the local and the
ol(x), which can be determined analytically for all three nonlocal theories, in agreement with RES1. For the LCS

substrate types SCS, LCS, and CST for those cases in whi gne f_mds a different power law which reflects the fact that
. . -far this type of substrate the lateral dependence of the poten-
parts of the substrate, considered per se in the correspondiry . : i
L " + tial enters only into the subdominant terms:
homogeneous limit, undergo a critical (" T,, ,Ax=0) or a

complete T>T,, ,Au\,0) wetting transition. These results Sl(x)=Ax"4, (4.10

of the interface profile with a characteristic exponenf\ is
the amplitude of the so-called van der Waals tQU®WT)
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with " liquid
9 1% 9 (Ap)? T LT T
* + — 0o 'w C
= (a;—az)|1— stg——— nonloca -
. 32|a2|( 3 3) 2'3 |a2| ( ) (a) ”o_r/_I_‘_‘Tr
Neiit= 9 1% vapor
3—2@(61;—&3_) (local)
(4.11)
M1 liquid
and a
T LT,
314 (Ap)? b) My ————
— =(al-a;) 1-3t P (nonloca) T
. 32a, * 3 % a, vapor -
)\Eomp: 3 4 Tw ToTv;
32 a__(a; —ag) (local. FIG. 5. Incomplete wetting of the substrate heatf 0 and com-

2 (4.12 plete wetting of the substrate half>0 can be obtained by ap-

proaching a thermodynamic stafEj(<T,<T,, ,Aux=0) on differ-
For both complete and critical wetting transitions, the localent thermodynamic paths in th& () plane. This is illustrated by
and the nonlocal theories yield the same power-law behavidhe corresponding schematic behavior of the equilibrium film thick-
but different amplitudes. Analogously, for the CST one findsnessl . . For reasons of simplicity, the coexistence cupugT) is

| (|x| =) =1_+ 8l(x), where straightened out@ Upon approaching(T,) along the isotherm
with TH<To<T,, |, diverges, whereak_ remains finite.(b) If

. _ 3a . a;_as— the temperJrature is_ increased a!ong coexiste,t_meeuo, asT ap-

Ol (X) = N\ gritX with A= — 2—I, — proachesT,, |, diverges, and is macroscopically large fBj,

9x ay <T<T,. |_ also increases but remains finite SinC&Ty<T,, .

(4.13  Both thermodynamic paths lead to the same final $fBero(To))
of the system, and thus to the same interfacial profile
1(x; To,mo(To)). This is also true if the wetting transition &f, is
first order; in this case ifb), | . would jump to infinity atT=T;', .

for critical wetting, and

a a; —a;
81(X)=Ngomp~*  with )‘comnglz1 - length &. For complete wetting of the substrate. this
* 2 (4.14 length is given by(compare Ref[63])
for a complete wetting transition on the substrateélhus the . d?w. 12 Tig
VDWT resolve the difference between the local and the non- &, comp— \/‘T_lg W | _’w 6at| =
local theories, for the LCS, but not for the SCS and CST. =1y = 2

On a laterally homogeneous and flat substrate the film ~(Ap)~23 (4.15
thickness is given by.. = 3a;/2|a, | for critical wetting, and ' '
by |~ (a,/Au)*® for complete wetting. For the derivation whereas, for a critical wetting transition,
of the expressions for the VDWT, we have used Ruse rela-
tions which do not hold forag =0 in the case of critical
wetting anda, =0 in the case of complete wetting, respec-
tively. In these cases of complete wettingTator of tricriti-
cal wetting higher-order terms have to be taken into accounwheret,,=(T,,—T)/T,, (compare Ref[64]). In the case that
in order to determine the amplitudes of the VDWT. Finally the substrate haliv, undergoes complete wetting and the
we note that due to the behavior of the curvaturé(a) —  substrate haliv_ incomplete wetting, we make the scaling
as stated in Sec. IV A—the signs of the amplitudes of theansatz
VDWT are fixed by sgn(, —1_).

+ Oig _
f\\icrit: il 5i/2~tW5/2, (4.16
3az

A =1 (A FOXTEfcomd AR))  (417)

C. Partial versus complete wetting of a chemical step for the evolution of the profild(x,Au>0) from a shape
The SCS and LCS allow one to realize thermodynamicvhich attains the constant valde in the limit x—c for
states for which one half of the substrate, say, is com- Ax>0 to the shape foAu=0 with [(x—=,Au=0)=o.
pletely wet, whereas the other half is only partially wet. SuchWith this ansatz and in the case when the slope of the profile
a state is realized fof, <To<T, andAx=0. The corre- IS Small such that the left-hand side of E&.10 can be
sponding interface profile does not depend on whether thifePlaced by its lowest-order expansiop!”(x), one obtains
state is reached along coexistende{T,,Ax=0) or along the differential equation

a complete wetting isothermT& Ty, A \,0) (see Fig. . 1—f(y)~E=D=(7=3)f"(y) 4.18
The liquid-vapor interface attains a finite value for x—
—o and diverges fox— oo, for the scaling functiorf(y) when the attractive fluid-fluid

The characteristic length scale for lateral variations of theand substrate-fluid interactions decayras; f(y—o)=1,
interfacial profilel (x) is the lateral height-height correlation independent of. This demonstrates that the above scaling
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' for the scaling functiomg(y), with g(y—0)=1 independent
of £. In the limit T /T, gﬁcm(T) diverges, and from the
08 1 behavior of the solution of Eq4.22 for y—0, one finds
=
S 06 ¢ ;
2 [(X—+0)= 70ritX2/( *2)
2 o4}
(K+ 2)2a+ 1(k+2)
02t with Y= 20'|g ) (4.23
0 + + + +
0 2 4 6 for T=T,,, so that, for{=6,
y +\ 1/5
FIG. 6. Scaling function§ andg as defined by Eqg4.17) and I(XHOC)=< > S ) x5 Ap=0T=T,<T,.
(4.2 calculated for Lennard-Jones potentials=(6). The scaling Tlg (4.24)

function f governs the evolution of the interface profile if the ther-
modynamic stateT, <T,<T, ,Au=0) at two-phase coexistence _ . )
is approached along an isothermi=£T,A): for this limitng ~ Figure 6 shows the scaling functigty) for {=6.
thermodynamic state the substrate ha#0 of a SCS or LCS is All these equations hold both for the SCS with
completely wet, whereas the substrate haif0 is only partially = (Ap/2)(us —tsp;) and ag =(Ap/3)(u, — (t,+3tzdy)p)
wet [see Fig. Ba)]. Analogously, the evolution of the interfacial and for the LCS with a2+=(Ap/2)(u'§'—t3p|) and aj
profile upon approaching a critical wetting transition @€ T, =(Ap/3)(2(d+ 1)u}—(2d+1)u?—(t4+ 3tgdy)p). The
<T,,,Au=0) along a path at coexistence, as shown in Fig),3s  scaling functions and g are independent of the thermody-
described by the scaling functia In the limity—0 one has(y  namical parameter§ and x and of the amplitudes of the
—0)~y*?andg(y—0)~y**. f(y) andg(y) attain the value 1 for \,ecyiar interactions. These dependences are completely
ye . gccording | to df(y*w)zl_f(‘/g_ %)3(‘5 absorbed intg| andl . . However f andg do depend on the
I(l))(e-%y) e’ +0(e ™) an gly—>)=1-6e e exponent of the power-law decay of the attractive interpar-

' ticle potentials. We note that the scaling functidrasmdg do
not take into account the lateral long-ranged VDWTI ©f)
(see Sec. IV B These VDWT give rise to additional small
corrections to the behavior ¢{y—«) andg(y—).

ansatz does indeed hold. In the linditw\\,0 which corre-
sponds togufcompﬂoo, i.e.,y—0, from the asymptotic behav-
ior of the solution of Eq(4.19 it follows that

_ 20(k+1 D. Partial versus complete wetting of a chemical stripe
[(X—%) = yeompX (et D) P g P

A similar analytic calculation to that in Sec. IV C can be

(k+1)2at | Yo+ D) carried out for the case of a CST with the parameters chosen
with  yeomp= 2—0 (4.19  such that at coexistencau=0 and a fixed temperature
Tlg T, <T<T, the outer area is only partially wet whereas the

o ) ] _stripe region is completely wet in the limat=co. It turns out
The coefficients in Eq(4.19 are defined by the asymptotic 4t the analytical solution for the shape of the profile in the

behavior of the effective interface potential, (I—=)  case of large is a semiellipse:
1/4 \/3272 i
7 X, (429

=a 1 7+a I “+0( *"1), where 6={—4 and k={
—3. For Lennard-Jones potentiats=2 andx=3, so that \/§
[(X;a—0)=\/=
a
i.e., the half axes ang.=a/2 andr,= (2a; / oy4) V*\/a/2. The
(4.20 corresponding excess coverage, in comparison with the case
a=0, scales a$' o (a—)~a®? In the limita— at both
This power law was predicted originally by de Genhgs; stripe boundarieg= +a/2, one recovers the square-root be-
the expression for the amplitude is in accordance with Refhavior given by Eq(4.20. In this limit the presence of the
[51]. Figure 6 shows the scaling functidifly) for {=6. second, distant boundary of the stripe gives rise to correc-
For the casd /' T,=T,, with the critical wetting transi- tions to this square-root behavior of the interfacial profile:
tion temperatureT,, on the substrate haif/, and Au=0,

2a;

0'|g

+\ 1/4
I(x—m):(g—lz) x¥2 Ap=0T,<T<T,.
9

the scaling ansatz 8a; | x X
la—oe) = —| Vx| 1- - pw((x/aﬁ) :
lg a
l(x—2,T) =1 (Mg & i T)) (4.21) (4.26
leads to the differential equation The expression in E(4.26) corresponds to a shifted coor-

dinate system in which the two boundaries of the stripe are
ay) € 3—g(y) E2=g"(y) (422 located atx=0 andx=a—».
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E. Retardation

Due to retardation for large separatiandispersion inter-
action potentials decay as ’ rather thanr ~© [48]. These
retardation effects become important for thick wetting layers.
Therefore they have to be taken into account in the discus-
sion of the VDWT and of the film morphology for the cross-
over between partially and completely wetted substrate parts.
For homogeneous and planar substrates in the retarded re-

WETTING FILMS ON CHEMICALLY HETEROGENEOL . . .

gime the substrate potential decays\§g> o) =—v,z *
—vsz %+ O(z%). If the interaction potential of the fluid
particles is also retarded one ha§z>o)=—s,z" 4
—s52 %+ 0(z%), so that the effective interface potential
turns into

(4.27

bs b, .
w(|>0'f)=|—3+|—4+(’)(| )

with  by=(Ap/3)(va—ssp)) and by=(Ap/d)(vs—(Ss
+4s,d,)p;). Thus for critical wetting I(T 7T,)=
—4b,4/3bs with b; changing sign aT=T,, and (A x\,0)
=(3b3/AQL) Y4~ (Au) Y4 along a complete wetting iso-
therm.

The substrate potential of a SC¥/(X,2)=V(X,2)
+ Vel X,2), With V4(x,2) in accordance with EA8), ap-
proaches

Vi Vg

z 2x*

Val X— £ ®,2) = — +0O(x" % (4.29

for large |x|. Equation(4.28 implies 8l . (x)=1(x— =)
—|,~x"* for the VDWT if the substratev. undergoes a
critical or complete wetting transition. Analogously, for the
LCS and CST one findél .. (x) =1 (x— %) —l.~x"°.

For =7, EQs.(4.19 and(4.23 imply

+\ 1/5
2503 ) x2/5

20’|g

|(xﬂoo)=( (4.29

in the case of complete wetting of, and partial wetting of
w_ (i.e., Ty <To<T, andAu=0) and
18b+ 1/6

4 ) X113

O'|g

|(xﬂoo)=( (4.30

at critical wetting(i.e., T, =To<T,, andAu=0).

V. NUMERICAL ANALYSIS
OF THE INTERFACE MORPHOLOGY

600 1= Ap* =10%
....... Ap* = 107
--- Au*=10°
a00 {~ Mw=10°
) —- Au*=10"
~
x
200 T eee——
0 } 4 }
-2x10° 0 2x10°
X/ o

FIG. 7. Shape of the liquid-vapor interface profile on a S&%
Fig. 2, with n=) along an isothermT*=1.3Au*), i.e., for
complete wetting of both substrates, andw_. The parameters
are chosen such that both substrates individually exhibit critical
wetting transitionsw, at T;=1.0 andw_ at T} =1.2: d, =0y,
us =2.07%07, uj =12.47%07, uj,=U;0,/9,=u; , and ug
=0.277;0} , whereasu; =0.809" . Therefore for the tempera-
ture chosen here at two-phase coexistence both substrate halves are
completely wet. The profiles shown here remain practically un-
changed if the local ELE in Eq3.10 is approximated further by
the square-gradient expression in Egl) or if the substrate poten-
tial V(x,z) is replaced by the steplike substrate poteriia(x,z)
=V, (20(X)+V_(2)0(—Xx).

dure for solving this nonlocal ELE leads to severe difficul-
ties. In Ref.[62] the numerical techniques for calculating
liquid-vapor interface profiles, and a comparison of the re-
sults as obtained within the nonlocal and the local theory, are
described in detall. It turns out that in general these differ-
ences are very small. Therefore, in the following we focus on
the numerical analysis of the local theory, keeping in mind
that these results are practically indistinguishable from those
following from the nonlocal theory although, in principle,
the latter is the more reliable one.

A. Chemical step

Figure 7 displays profiles of liquid-vapor interfaces for a
substrate with a chemical step undergoing complete wetting
of bothw, andw_. The parameters of the interactions are
chosen such that both substrates exhibit critical wetting tran-
sitionsw, at Ty =kgT,/€;=1.0 andw_ at T} =1.2. The

Although several properties of the liquid-vapor interfacesprofiles of the liquid-vapor interfaces are calculated Tor
can be determined analytically, even within the sharp-kink= 1.3>T,* and different values of\x. In the limit Ay

approximation the behavior &fx) over the whole range of
values and for arbitrary values dfand x can only be ob-

—0 both asymptotic film thicknessés diverge according
to |.~(Ax) Y3 The interface profile is extremely broad:;

tained numerically. Within the local theory for the SCS andwe note that the scales of the two axes differ by about three

LCS we solve the ELE given by E¢3.10); for the CST we
solve the ELE given by Eq3.18. The corresponding analy-

orders of magnitude.
The crossover of(x) from | _ to |, is governed by two

sis within the nonlocal theory requires that we numericallycharacteristic length scales, one for each substratevhalf

minimize the functional expressioa[l(x)] [see Eq.(B4)]

andw_ . Whereas along the isotherm the positiag| =< o;

instead of solving the corresponding ELE. The reason foof the turning point remains practically unchanged, the two

this is that, as pointed out in R462], the numerical proce-

pointsx, andx_, where the profild (x) deviates from its
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o 000 1 /_",...,...
T =098 .-

o A
) s+
\= 4 6_ .'/--’.
wr 1007 =  Tr=097 7
¢ % 100 | I .
21 100 + — &||+/Gf = 100 T =0.96 ]

- &/ | T:=095 7
100 T o A+ / Gf 50 ] T* o 90
w01 4 Ao . . T =080 |
10 10°  10°  10* 0.0 0 '

-10°  -5x10° 0 5x10° 10°
Ap/ g

FIG. 8. WidthsA. of the interface profiles ¢ ,A) shown in

Fig. 7 compared with the lateral height-height correlation lengths /G- 9 Shape of the liquid-vapor interface profile of a liquidlike
f\li determined by .. [full and dashed line, Eq4.15]. A is de- film across a SCS on a thermodynamic path at coexisténge

fined as that valugx| at whichl(x) starts to deviate from its re- fo with the temp(irilturéi* increasipgl towards the wetting transi-
spective asymptote. by 10% of|l . —| _|, and measures the lateral tion temperatureTy,=1.0 characteristic foboth su_bstratesw_i..
extension of the transition region of the interface profile. Kor The parameters are chosen such that the wetting transitions are

—0 bothA. and&” diverge according toXu) 22 as expected con}rinuous:uﬁ' anfl U are equal tai” as in Fig. 7, but withu;
for complete wetting transitions. =U,,=14.03%;0¢ andd,, are also as in Fig. 7. Therefore(T)

#1_(T), althoughT;,=T,, . Upon approaching the wetting transi-
asymptotes by 10% ofl . —1_|, diverge according to a tion temperature, both, and|_ diverge ast," with t,=(T,,
power law. The characteristic length scale of the latera-T)/Tw. Asin Fig. 7 the results are practically insensitive against
variation of the profile is governed by the lateral interfacial Using the square-gradient approximation or using a steplike varying
height-height correlation lengtfy given by Eq.(4.15. Fig- substrgte potential. We potg that here the scale of thes is about
ure 8 demonstrates that. and &j om, are proportional to three times larger than in Fig. 7.

each other.

Figure 9 shows liquid-vapor interface profiles calculated
for a SCS which exhibits a critical wetting transition &f,
=1.0 for both substrates  andw, . The interface profiles
have been obtained for differemtalong the thermodynamic
path T—T,,,Au=0). As before, the position of the turning
points remains fixed dixy|<o;, and the values ok, and <
x_ diverge forT—T,,, i.e.,| .—o0. Here the divergence of
X~ is determined bf‘fcm given by Eq.(4.16. From Fig. 10
it can be seen that also in the case of a critical wetting tran- -
sition x. and §Hi,cm are proportional to each other. \b

The behavior ofl (|x|—=) is ultimately determined by uF

o
~
<

X/ o;

which is the analog of a one-dimensional classical mechani-
cal equation of motion in a time-dependent external poten-
tial. Moreover, as an additional approximation the actual
substrate potential(x,z) with a smooth lateral variation of

the VDWT given in Eqs(4.8) and (4.9). However, it turns
out that these power-law tails ifx) become relevant only 10" 1 — & /6
for such large values gfk| where in factsl(x) is smaller ”_ f
than the numerical error. Therefore the analytically known T §|| / o
VDWT are numerically not accessible. o AJ/oG
As demonstrated in Ref62] the more general nonlocal 10° + +
theory can be approximated by the corresponding local A A_/Gf A
theory without losing significant quantitative accuracy. Since t t
the slopedl/dx is small, one can go even a step further and 0.01 0.05 0.1
within  the local theory replace the expression
JI+(dI7dx)%—1 by (dI/dX)%2, to be used in the local t,=(T, T)/T,

functional w1 (x)] [see Eqgs(B4) and (B9)]. This gives
rise to the ELE of a square-gradient theory:

FIG. 10. WidthsA. of the interface profiles ¢ ,A) corre-
sponding to the profiles shown in Fig. 9 as compared with the
") — _ A4ty lateral height-height correlation Iengtlgﬂf determined byl . [full
1gl" ()= A0 = Ap[pit((X) = dy) = V(X1 (x))] and dashed lines, Eq4.16)]. A. is defined as that valupx| at

7 Y, - hich I(x) starts to deviate from its respective asymptbteby
+ —dy)— - w + _
Appi{t1(X) = dy) = 106100 = dy )} 10% of [I . —1_|. Both A. and ¢ diverge agt,,*? for t,,—0, as
(5.9 expected for critical wetting transitions.
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FIG. 11. Liquid-vapor interface profiles across a SCS with the gig. 12. Liquid-vapor interface profiles on a LCS for different
parameters chosen such that both substrates individually exhib{ymbersn of monolayers in the inhomogeneous surface layer.
first-order wetting transitions, the substrate at T}~ 1.314(with =0 corresponds to the homogeneous substvaie whereasn
dy=0¢, U;=251307, Uy =Up=377C0f, and U == leads to a SCS with the substrate halwesandw_ . d,,, ul',
=0.33%07) and the substratev, at T;,~1.102 (with d,  anduM are chosen equal @, , u", andu_, as in Fig. 7, respec-

+ 3 + + 4 + ' '
=105, U3=3.71C07, Uy =U.=5.56607, and Us tively, such that both substrate halves exhibit a common critical
=0.87607). The system is at two-phase coexistenge=0. The  \etting transition aff;,* =T,,* = T*=1.2. The interaction param-
full and dashed lines correspond to the full smooth substrate potenrsters of the surface layers ag =110, u7 =1.0a!", and g,

tial V(x,2) and its steplike approximatiow..(x,z), respectively. In =g, . They do not affect the order of the wetting transition and its
both cases the local ELEEq. (3.10] and its square-gradient ap- transition temperature, but they lead to a difference betwe¢H)
proximation[Eq. (5.1)] yield practically the same results. andl_(T). The temperature is fixed a =1.1, i.e., both substrate

halves are only partially wet at coexistentg.=0. Moreover, we

V. [Egs. (A2) and (A3)] can be replaced by the steplike chooseA u* =1.5x 1078, As the number of monolayers in the sur-
potential V..(x,2) =0 (—x)V_(2) + O (x)V_(2). As it turns  face layem is increased, the interface profile for a SCS composed
out, both approximations have only negligible effects on the?f W andw_ evolves out of the flat profile for the homogeneous
numerical results for the interface profileee Figs. 7 and)9  Substratew, . Remarkably, a few adsorbed monolayers already
because for thick wetting films the width of the profix) ~ Nave a pronounced effect on the wetting film.
is much larger than the scale of the lateral variation of
V(X,2). layer | (x— *®)=I., as discussed in Sec. Il C, ah¢x)

Figure 11 shows liquid-vapor interface profiles for a SCSsmoothly and monotonously interpolates between them. Fig-
whose parameters are chosen such that first-order wettinge 12 displays a typical example of the influence of the
transitions occur affy,~1.102 andTy~1.314 onw, and thickness of the surface layer on the profilesl(x). This

w_, respectively. Here the liquidlike layers are very thin. system exhibits a critical wetting transition af,* =T, *
Therefore, the width of the profile is also rather small as_ *=12: we chooseT*=1.1 and Au*=1.5x10°.

compared to a system undergoing a critical or complete Wet\'/\/itrv1vout an overlayer(i.e., the number of inhomogeneous
ting transition. In this case the replacement of the smooth - U

. : . surface layersi=0) the system corresponds to the homoge-
substrate potentidV(x,z) by the steplike potentiaV..(x,z) S .
yields a detectable difference but without changing the quali—neous and planar substraﬁ@, - Asn is increased 'there s a
tative behavior. Although the applicability of the presemcr_ossover of(x) to the profile of a S_CS' The typical profile
sharp-kink approximation for such thin films certainly de- W'dths_ are — as for the SCS — given b_y Eqé.15 and
serves a caveat, we conclude that only in the case of a sul*-10 if one of the substrate halves exhibits a complete or a
strate potential, which gives rise to first-order wetting transi-Critical wetting transition, respectively. In the case of a first-
tions, is the transition region of the interface profile onorder wetting transition, i.e., for thin liquidlike layers the
structured substrates confined to a region of the order;of deviation ofl(x) from its asymptotes is confined to a region

around the heterogeneity. of the order ofo; aroundx=0.
From the analytical results for the VDWT one expects

that the profilel (x) for a LCS approaches its asymptotes

faster than in the case of a SCS, i.e., ¥ig|x| —»)~x"*
Section V A demonstrated that the properties of liquidlike [see Eqgs.(4.10—(4.12)] rather thanx 3 [Egs. (4.8) and

wetting layers on a SCS heterogeneity are determined to @.9)]. However, since as observed above, the VDWT be-

large extent by the asymptotic substrate potentaléz) of  come relevant only for very large values |od without af-

the semi-infinite substrate halvess0. This is also the case fecting the main deviation df(x) from | . aroundx=0, this

for the LCS. The wetting properties of the substrate halvesnore rapid decay is analytically accessible but does not play

x=0 give rise to the asymptotic thickness of the wettingan important role for the overall behavior k).

B. Chemical step within a surface layer
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FIG. 13. Liquid-vapor interface profiles across a LCS with the
substrate halk>0 completely wet and the substrate hetf 0 only
partially wet. The parameter, , uiH , u", andg, /g, are chosen as
in Fig. 12,u; =0.75!", and we considen=10 inhomogeneous
monolayers. With this choice of parameters the substrate half
>0 exhibits a critical wetting transition at,,* =1.2 whereas the
substrate hatk<<0 undergoes a weakly first-order wetting transition
at T, *~1.306, with the thicknesk_ of the liquidlike film of the
order of 1@r; in the vicinity of T,,* . The temperature is fixed at
T*=1.3 such that at coexistendeuw=0 the substrate hatk<0
remains partially wet. At coexistencgx) diverges according to
[(X—%) = Yeomx*? [see Egs(4.19 and (4.20]. As in the case of
the SCS, the width\ , of the interface profile fox>0 diverges
according to A ) %3 for Au—0; A_ remains finite even ak u
=0, for which it is of the order OEH‘~10“af . The inset provides
a magnified view of the region around=0. For Au—0 andx
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FIG. 14. Liquid-vapor interface profiles across a LCS along a
thermodynamic path at coexistenhg. =0 approaching the critical
wetting transition temperaturg,,* =1.2 of the substrate hal
>0. Here we choose the same valuesdgf u, andg,/g, as in
Figs. 12 and 13u;"=uf' andu; =0.92u". The latter choice in-
duces a weakly first-order wetting transition on the substrate half
x<0 atTy~1.216 with a thickness of the liquidlike wetting film of
the order of 10 slightly below the transition temperature. In the
limit T,7Ts, 1,(T) diverges as T,,—T) %, whereasl _(T) re-
mains finite. AtT=T,, one has the power-law behavit{x— =)
= y.ix?"° [see Eqgs(4.23 and (4.24)]. As in the case of the SCS,
the width A, of the interface fox>0 diverges ag,,*?, with t,,
=(T,—T)/T,;—0, whereasA_ remains finite even at,=0,
where it is of the order oE”’~10“crf. The inset provides a mag-
nified view of the region around=0. Fort,—0 andx—o the

— o0 the profiles exhibit scaling and are governed by the same scaRrofiles exhibit scaling and are governed by the same scaling func-

ing functionf(y) as the SCS$Eq. (4.17)].

The divergence of the functiol{x) for x—c, when the
substrate halk>0 is completely wet and the other substrate
half x<<0 is only partially wet, is given by Eq$4.19 and
(4.23 for T>T,, andT=T,, , respectively. This behavior is
shown in Figs. 13 and 14. The asymptotic behavior Xor
>0 of the profiles for smalA x and smallT,—T, respec-

tively, is in excellent agreement with the numerical solutions

of Egs.(4.18 and (4.22.

C. Chemical stripe

tion g(y) as the SCSEq. (4.2D)].

a critical wetting transition af;, = 1.2, whereas the homoge-
neous substrate corresponding to the insertedwlabxhib-
its a critical wetting transition &af};, = 1.0. We consider ther-
modynamic states along the complete wetting isothefin (
=1.1Apu), so that at coexistence the substrate as a whole is
only partially wet. The complete wetting transition ag; is
suppressed by the finite lateral extensiongf.

Figure 15 displays liquid-vapor interface profiles for dif-
ferent values ofA . The width of the transition regions at
X=*a/2 increases ad u becomes smaller. If this width is

First we analyze a CST for which the homogeneous subsmall compared with the widtl of the stripe region, the
stratew corresponding to the embedding substrate undergogwofile | (x) attains the equilibrium film thickneds on the
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FIG. 15. Liquid-vapor interface profiles on a CSflll lines). x/ G

The slabwg; is symmetric arouna=0, and forms a chemical stripe

at the substrate surface with a widdlio;=4000. The parameters FIG. 16. Change of the morphology of the liquid-vapor interface
for the substrate potential are chosen as in Fig. 7, i.e., the wholprofiles on a CST upon a variation of the stripe widthThe pro-
substrate undergoes a critical wetting transitionT§t=1.2. The files correspond t@/co¢=800, 2000, 4000, and 6000 from the in-
critical wetting transition aff};, = 1.0 corresponding to the slat, ner profile to the outer profile. The temperatdrend the interac-
is suppressed due to the finite lateral extension of the slab. Théon potentials are chosen as in Fig. 15 ahg* =104, i.e., the
profiles correspond to the temperatfeé=1.1 so that at coexist- interface profile fora=4000s; is the same as in Fig. 15. If the
enceA =0 the inhomogeneous substrate as a whole is only parstripe width is decreased the region whéfe) attains the equilib-
tially wet. Upon approaching coexistenge- u, the interface pro-  rium film thicknessl . (indicated by the dashed linshrinks and
file broadens. The dashed lines indicate the equilibrium filmultimately disappears. Only foa>a,, whereag~2A (1) is a
thicknesses corresponding to the flat and homogeneoasd — characteristic crossover width, dogx=0) attains the valué, .
substrate] . = for Au=0. If the width A, of the transition re-  One hasA . ~&/ (compare Fig. Band & = og/6a; 1% in the
gions nearx|=a/2 is small compared ta (as it is the case for limit Au—0, i.e.,| . —x [see Eq(4.15]. For the present system,
Au*=10"%), one had (x)=I in the middle of the stripe. & ~4700¢ andag~75007 .

stripe area. Therefore, d is large the profile for a CST is  structured surfaces in the context of microfluidics, this re-

approximately composed of two interfacial profiles corre-yeals for which materials and for which thermodynamic

sponding to two SCS’s locatedat —a/2 andx=+a/2. As  states a good performance without leakage can be expected.

the stripe widtha is decreased for fixed values dfand A In the strict sense of thermal equilibrium, so far only a

the region wherd(x) attains the valud_ . decreases, and few solid-fluid systems are known to exhibit a true first-order

ultimately vanishes aa becomes smaller than the width of wetting phase transition at coexistenteg., Hé on Cs

the transition region. This behavior is shown in Fig. 16. [65,66); up to now critical wetting has been observed only
Figure 17 presents interface profiles for a CST with theon fluid substratege.g., alkanes on aqueous solutions of salt

chemical species of the slab and the surrounding substratg glucose[67,68). The generic case is that fluids wet sub-

exchanged. Therefore, the substrate exhibits a critical wetstrates completely above the triple po[®0,69. Although

ting transition affy,= 1.0, and it is already completely wet at our theoretical framework is based on equilibrium statistical

coexistence as the temperature is raised toware 1.2. The  mechanics, the present model calculations for the morphol-

latter is the transition temperature of the critical wetting tran-ogy of wetting films can also be applied directly to nonvola-

sition on the homogeneous substrate correspondimgtolf tile liquids as long as their interaction with solid substrates

we chooseT*=1.1 and decreasAu, the whole substrate can be modeled by an appropriate effective interface poten-

undergoes a complete wetting transition and the “dent” in-tial w.(l). Alternatively, these potentials can be inferred

duced by the existence of the stripe-shaped heterogeneity é&mpirically from suitable experiment¢see, e.g., Refs.

smeared out. [70,71)). In this sense our conclusions are valid also for non-
The above analysis demonstrates that the liquid leaks owtolatile liquids adsorbed on ‘“hydrophilic” or “hydropho-

of the chemical stripe if, on the embedding material, the fluidbic” parts of an inhomogeneous substrate, for which a wide

is close to a complete or critical wetting transition. Figure 18range of wettability characteristics, beyond the strict equilib-

shows that this leaking is absent if, on the embedding matedum conditions, can be arranged.

rial, the fluid can form only a thin wetting film. This situation ~ The line tensionr-g7(a) associated with a chemical stripe

prevails if the outer material leads to a first-order wettingcan be written

transition atT,, , and the temperature is chosen such that

<T,, . Figure 18 corresponds to a CST for which the slab as Test@)=a(0y g— 0w_g) +27scst 67(a), (5.2

a homogeneous substrate also undergoes a first-order wetting?1 _ )

transition atT;, , with T, <T<T,, . The confinement of the Whereoy_g is the surface tension of the homogenesusr

liquid to the stripe is achieved both off and at two-phase— substrate in contact with the vapekcsis the line tension

coexistence. In view of practical applications of chemicallyassociated with a single SCS, afit{a) with, as it turns out,
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FIG. 17. Morphology of liquid-vapor interface profiles on a SST
with the same parameters as in Fig. 15 but with the chemical spe- FG, 18, Liquid-vapor interface profiles on a CST which under-
cies of the stripe and the surrounding region exchanged such thgjes a first-order wetting transition for a choice of temperature such
the slabw favorsthinnerliquidlike films than the embedding sub-  hat the substrate correspondingvig is completely wet*“hydro-
strate. Since the temperatuFé=1.1 is above the wetting transition ppilic* ) whereas the embedding substrate is only partially wet
temperature corresponding to the outer region the substrate as(@ess hydrophilic”). The parameters are chosen as in Fig. 11.
whole is completely wet at coexistendg.=0. Upon approaching  Therefore the outer region undergoes a first-order wetting transition

coexistence the equilibrium film thickneks corresponding to the 4 T, *~1.314, whereas the homogeneous substrate corresponding

surrounding substrate diverges, and the “dent” induced by theq y_ exhibits a first-order wetting transition at;* ~1.102. The

presence of the stripe deepens, though finally it is smeared out ar}gmperature is taken & =1.2, so thall;, <T<T,, . The width of

vanishes. Upon decreasinu, the depthl_—I(x=0) of the  ne sripe isa=4000, and the chemical potential is varied. Since

“dent” first increases, then reaiuezhes a maximum vallle  he equilibrium film thickness_ = (|x| ) is of the order ofr; ,

_l(og;5maX”“25‘7f at Au*~3x10"°, and finally vanishes as e jiquidiike “channel” is confined to the “hydrophilic” stripe

(Ap)=for Au\0. Since the width of the dent is governed Zt/’%’ the region without leaking. The shape of the liquidlike channel for

lateral correlation lengt com{Ax) which diverges asXu)™ %, A, =0 is in good agreement with the semielliptic shape given by

the depletion of the Coveraggexl’“(l*_l(o))nycomp induced by Eq. (4.25. If the stripe widtha is increased|(x=0) andl(x=0)

the stripedivergesas (Au) ", —|_ increase a®'? and the excess coverage supported by the
_ o _ stripe diverges aF o, ~a®?

Sr(a—»)~a 2 s the effective interaction between the two

line structures a distanca apart from each otherrcg(a)

generates a lateral force per unit length,

drcsa) 53 0.06 1
jJa '’ '

f(a)=—
acting on the stripe, and leading to a compression or dilation
which is balanced by the elastic forces of the substig&).
is defined such that a positive sign corresponds to a dilation
of the stripe. Our numerical results show that for large stripe
widths and independent of the wetting characteristics of the
materials under consideratiof{a) is practically constant
with f(a)=0y, g~ 0w, ¢+O(a™%); ie., in Eq.(5.2 for a
=40, the first contribution is the dominating ofigee Fig.
19). For solid substrates the force is expected to have prac- 0 2 4 6
tically no effect because the compressibility of the substrate /
is very small. However, for fluid substrates such as fluids a/ G
c_ove_r_ed with Langmuir-Blodgett films, the force can have_ 2 FIG. 19. Excess contributiofy(a) = —ddr(a)/da to the force
significant eﬁec,t' Therefore we propose. to t,eSt,th,'S e]ch(:F'\/eper unit length which acts on a chemical stripe. The system is the
force between line structures by adsorbing liquidlike wettingsame as in Fig. 18 but witli* =1.0, and at two-phase coexistence
films on a liquid substrate decorated with a Langmuir-5 ,=0. The total force isf(a)=fo+ fo(a), i.e., it is the sum of
Blodgett film which contains a stripe of different material. t_(a) and the constant contributidiz= o, 4~ Tw_g Which in the
The adsorbed wetting films will cause a change in the strip@resent example i§,~0.137%; /0. In the limit a*_mfex(a) de-

width depending on the compressibility of the Langmuir-cays a3, Both f, andf,, are positive, leading to a dilation of the
Blodgett films. Moreover, such experimental arrangementstripe.

0.04 T

0.02 1

fex(a) sz / 8f
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filled with fluid particles, and}, is the free energy density
of the bulk vapor phasgsee Eq.(2.7)]. The subdominant
contribution in Eq.(6.2) reads

Ql(r)]= fAdzfu{AQb'(fHHUw|(f|\ ;dy(ry))

+ 2P D+ @y 1 (s du(ry))
+C(ry, 1 (rp);Ldw(rp DY (6.3

where

2
Py *
FIG. 20. Sketch of a fluid film on a general chemical inhomo- Ty (r|;dy(r)=— ?f dz t(Z)JFPJ dz Mr)

geneity. The potentiaV(r|,z) of the arbitrarily structured substrate 0 dwlr)
[with ry=(x,y)] gives rise to a laterally varying exclusion length _ ()

” 14! . . dw(rp Qg (6.9
d,(r)) and a liguid-vapor interface shape described! fry). The
surface[r,z=1(r)] separates the liquidlike wetting layérelow)
from the bulk vapor phaséabove. The system is truncated at
==*L,2, y=*L,/2, andz=L, in order to facilitate the proper

can be interpreted as a local, spatially varying wall-liquid
surface tension. Equatiof6.4) is a generalization of Eq.
thermodynamic limit(This truncation gives rise to artificial surface (2,'1_7)' Zg(rpuLl (,r\l)]) is the surface free energy dgns_lty con-
and line tensions generated by these boundaiié® chemical in-  taining the cost in free energy for deforming the liquid-vapor
homogeneity of the substrate is not indicated. interface:

would facilitate probing our predictions concerning critical
wetting transitions, as reported in Ref&7] and [68], on
chemically structured substrates.

A 2
35y [P D =01 — %

VI. GENERAL MODEL FOR CHEMICALLY xf erH'f dzf'(r”)*'“”)
HETEROGENEOUS SUBSTRATES A o Jo

It is possible to generalize the methods developed within ><dz’\7v(|rH—r|i|,|z— Z’|) (6.5
the previous sections to substrates with arbitrary heterogene-
ities. The only required input is the substrate potential, whichyithin the nonlocal theory, and
in general is a functioV(r) of all coordinatesr=(r|,z)
=(x,Y,2), and approximately follows from the summation
of pair_potentiqls. The'subst_rate potenwr), ﬁogether with. Elugoc)(rH [(rpD =0 A+ Vil (ro)2 v (rH))Z (6.6)
the fluid-fluid interaction, gives rise to an interface profile
I(r)), which in general depends on both lateral coordinate%,[hin th S

. ; e local theory, wittV = (4, ,d,). The latter expres-

rj=(x.y) (see Fig. 2 We assume that the substrate is ﬂatsion is the leading te¥m of thHe ér::diey%t expansioniéfe’c).

and located in the half spage={r e R*|z<0}. We take into
account the excluded volume at the substrate surface by ir|1n Egs. (6.5 and(6.6) X,y does not depend on the absolute

. X . . . value ofl(r;) measured from the substrate surface, but only
troducing a spatially varyingl,,(r)). The insertion of the 4 . , S
sharp-kink density profile on the relative differencelr|)—I(r|) so thato4 is inde-

pendent ofl(r). Such additional dependences are brought
about by replacing the sharp-kink density profile in Egj1)
~ . by a smooth one whose tails are cut off by the surf@es,
P(f)—(Z—dw(fu))[('(fu)—z)f"+®(Z"(”\))’)926 y €9 Refs[72] and[73). As a generalization of EqB6)

into Eq.(2.1), and the decomposition @i[p] into bulk and .

subdominant contributions, yields o J(H\)idw(ru)):APPlf dz (2)
1(ry) —dy,(ry)

Q[p(N]=AQ(pg;T,u) +Qs(H(rp 1T, s [W]L[V]). —Apfx dz Mr) (6.7)
(6.2 I(rp

Concerning the expression férs, we consider the thermo- is the “local” effective interface potential for the effective
dynamic limit and omit artificial contributions which stem interaction between the substrate surface and the liquid-
from the truncation of the system.=L,L L, is the volume  vapor interface. Finally,
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C(ry M (rp;Ldy(rp=— 7[ dz t(Z)*l—mApf dzt(z)+ ?f dzrﬁf / dzf dv w(|ry=rql,|v])
0 dW(rH)—I(r”) A dW(r”)—dW(rH) z
—p.Apf der dzf dv W(Jry—r/].Iv]) 6.9
A dW(rH')—I(r”) z

takes into account the effects due to the lateral variation ofunctional theory(Sec. Il, Fig. 3, we have derived a system-

dy(ry). C vanishes fod,,(r|)=d,,=const.

atic decomposition of the grand canonical potential of a fluid

If the substrate contains inhomogeneities with large lineain contact with a chemically heterogeneous substrate into
extensions, i.e., the substrate is translationally invarianbulk, surface, and line contributions. The minimum of the
along one of the lateral directions, the subdominant contritagtter yields the equilibrium morphology of the adsorbed lig-
bution {25 decomposes into “true” surface and line contri- yidlike wetting films and the associated line tension within
butions as discussed above for the SCS, LCS, and CST. lhean field theory. As paradigmatic cases we have studied a
the absence of such an additional translational symmetry ON&mple chemical steSCS; see Fig. 2 fon—c, and Sec.

cannot identify a genuine line contribution.
The equilibrium liquid-vapor interface profilel (r))
minimizes (. Inserting I (r) into Qg renders a laterally

varying equilibrium wall-vapor surface tensiof,q(r) such
that

fdzfu Twg(r) = minQL1(rP]1=QJ1(r)], (6.9
A {rpy
where[see Eq(6.3)]

Tug() = AQpl (1)) + o (A (1) + 216 LT (rP D)

+ o), 1(r);dw(rP)+CGry, T (rpsLdw(rpD).
(6.10

Within the local theory and fod,(r)=d,,, Eqg.(6.10 re-
duces to

Tug(M) =AQl (1)) + oy(1)) + a1 VI+ (V)1 (r)))?

+o(r),1(r) (6.12)
with the corresponding ELE
Vi) ) do(r),1)
01gV | e | = AQp ——
T Weeeepd T i
=AQp—Appit(I(r)—dy)
+ApV(rH ,|_(I’H)). (6.12

This type of equation is often usge.g., in Ref.[32]) to

study the macroscopic properties of liquidlike wetting layers

microscopic basis for the underlying concept of a local, sp
tially varying surface tension as it is used in several studie

(e.g., in Refs[31-33).

VIl. SUMMARY

We have obtained the following main results.

Il A), a chemical step within a surface layer supported by a
homogeneous substraleCS; see Fig. 2 and Sec. lll)Band
a chemical stripdCST; see Fig. 3 and Sec. II)C

(2) Across a SCS the profiles of the liquid-vapor interface
of the liquidlike adsorbed wetting film morphology interpo-
late between their asymptotic values corresponding to the
wetting film thicknesses on the two individual, homogeneous
substrates forming the SG&igs. 7 and 9 The curvature of
the profiles changes sign near the position of the §kégp.

4). On each side of the step the lateral widih of this
transition region is governed by the corresponding lateral
correlation length¥; of the height-height correlation function
[see Figs. 8 and 10 and Edg.15 and (4.16)]. This width
diverges according to power laws which depend on whether
a complete or critical wetting transitiofFig. 5 is ap-
proached. Near these transitions the dependence of the pro-
files on the lateral coordinate and oné exhibits scaling
properties[Eqgs. (4.17) and (4.21)] with singular scaling
functions (Fig. 6) such that at the wetting transitions the
profiles diverge algebraically as function af [see Egs.
(4.19 and (4.23 and Figs. 13 and 14 The corresponding
amplitudes as well as those for the van der Waals tails of the
profiles[see Eqgs(4.8) and(4.9)] have been determined ana-
lytically. The various power laws are modified by retardation
(Sec. IV B. Near first-order wetting transitions the interface
profiles vary on a molecular scalEig. 11), and are sensitive

to the details of the laterally varying substrate potential.

(3) The morphology of the wetting film across a chemical
step within a surface lay€L.CS) is similar to that on a SCS.
The confinement of the chemical heterogeneity to a thin sur-
face layer leads to more rapidly decaying van der Waals tails
[Egs.(4.10—(4.12] as compared with the SCS and modified
amplitudes for the power-law divergences as functiorx of

S[§ee the discussion after E@t.24)]. The scaling functions

for the SCS and LCS are the same. The main structural fea-

Tures of the wetting film across a LCS are already induced by

very few heterogeneous surface monolayers on the substrate
(Fig. 12.

(4) If the chemical heterogeneity is confined to a stripe
(CST) complete wetting of the inner region is inhibited by an

(1) Based on the description of wetting phenomena orincompletely wetted outer regiofFig. 15. The leakage of
homogeneous substrates within the framework of densitghe liquid into the outer region is governed §ycorrespond-
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ing to the latter. Thus the tight confinement of the liquid toparticle and all substrate particles. To this end we assume
the stripe can be accomplished by choosing an embeddintfpat the molecules in the substrate are located at orthorhom-
outer material on which only thin wetting films can form. bic lattice sites with the lattice constardg, g,, andg, in

This confinement can be achieved even if the inner materighe x, y, andz directions, respectively. The leading contribu-
“prefers” macroscopically thick wetting films. In the latter tion from this summation corresponds to a three-dimensional
case and for wide stripes with width the interface profile integration over the substrate volume. The discrete sum gen-
has the shape of a semiellipggg. (4.25], and the excess erates in addition subdominant contributions which are pro-
coverage supported by the stripe scalea3s(Fig. 18. The  portional to powers of the lattice spacings. The substrate po-
perturbation of the interface profile near one step by the distential can be written as a sunV(x,z)=V_(X,2)

tant step has been determined analytically). (4.26], as  +V,.{x,2) of an attractive contribution and a repulsive con-
has the corresponding van der Waals tails characterizing thibution. In the attractive contribution we take into account
decay into the outer regidigs.(4.13 and(4.14]. Only for  the two leading orders of this power series, whereas the re-
sufficiently wide stripes can the film thickness on the stripepulsive contribution is modeled by a steplike crossover be-
attain the valué , for the corresponding homogeneous casetween the repulsive parts of the potentials of the correspond-
(Fig. 16. If, on the other hand, the outer region undergoes ang homogeneous, semi-infinite substrates. This assumption
complete or critical wetting transition but the inner regionis justified because the repulsive interaction decays very rap-
does not favor it, the thickening wetting film spills over into idly and is only significant forz<1.5¢0¢, wherez=0 de-

the stripe region and drags its wetting behavior along, leavaotes the position of the nuclei of the top substrate layer.
ing behind a denfFig. 17). The depth of the dent behaves  The different chemical species are distinguished -by
nonmonotonously as function of the undersaturafign Ul-  and —, denoting the different potential coefficients. If a ho-
timately, for Au—0 the depth of the dent vanishes and itsmogeneous substrate is covered by a heterogeneous surface
width diverges proportional tg, so that the net depletion of layer of finite thickness we denote its constituent molecules
the coverage caused by the stripe diverges\as)(“*>(Fig. by H. For the interparticle potential we adopt the Lennard-
dilation which is balanced by the elastic forces of the sub-

17). Jones form
(5) The dependence of the line tensiags(a) associated
O+ H 12 O+ H 6
r r '
strate. Except for small stripe widtlas- o; the constant con-
tribution fo=07,_g— 0\, ¢ IS the dominating one. The excess Under these conditions one finds, for a SCS, i.e., for two

with a chemical stripe on the stripe widéheads to a lateral
force per unit lengthf(a) = — drcg7(@)/da [Egs. (5.2 and

contribution f(a)=f(a)—fo(a) decays asfgq(a— =) adjacent quarter spaces, andw_ (see Fig. 2 withn= ),
~a 2 (Fig. 19. Whereas for solid substrates this force has

(A1)

(5.3)] acting on the stripe and leading to a compression or ¢ n(r)=4e. y

practically no effect, we expect that for liquidlike wetting L L
flms on a liquid substrate decorated with a Langmuir- o Uz fuz 1 uz—uz |l r\® 31
Blodgett film which contains a stripe of different material the Vat (%:2)=~— ) T 2 \xz] T2 xzr
force can become important. In this case the adsorbed wet-
ting films cause a detectable change in the stripe width de- uj+u, 1ouj-u [ x 1 x
pending on the compressibility of the Langmuir-Blodgett — i —t553
films. 2z 2 Z'r 27

(6) In Sec. VI we presented a systematic microscopic o1 1 7
derivation of the Euler-Lagrange equatiddq. (6.12] for a 44X At~ i+ i
liquidlike film adsorbed on an arbitrary chemically structured 2 x* \xr 2x?r3
substrate(Fig. 20. This approach also provides a micro- o

+0O(x Mz ", m+n=5), (A2)

scopic calculus for determining local, laterally varying wall-
vapor and wall-liquid surface tensiofigs.(6.4) and(6.10]
required for macroscopic analyses. Lateral inhomogeneitieg;ii  — 2+ 2 and

within the repulsive part of the substrate potential modify

these expressions with respect to what is expected intuitively

[see Eqs(6.7) and(6.10)]. _

Vi%s(x,z)zﬁ)(—x)u—ZJr@(x)
z

u+
= (A3)
Z
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APPENDIX A: POTENTIALS
OF HETEROGENEOUS SUBSTRATES
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1 1
z2 (z+dg,)®

H H + -
us Uy Uz +Ug

VLCS _ _
(z+(d+1)g)® (z+(d+1)gy)* 2

att (X,2)=—

u; +u, (1 o Uz —ug | 2x*+x%z 2+ 27 2x*+x?7%+ 27
2 \z4 (z+dgy)* 2 2x%2 % 2x32%r
Ujy — Uy [X(32242x%)  X(3Z2+2x%)| Us,—Us,|Z2(3x2+222)  z(3x?+27%)
2 22%3 27%r3 2 2x%r 8 2xr3
+0(x™ Mz " m+n=5), (A4)
wherez=(z+dg,), r=\x*+2%, r=vx*+z 2, and
ug
Vig (%,2)=Vi£3(2) = (AS)

The coefficientsuji and ujH correspond to the coefficients of the homogeneous, flat substrate covered by a homogeneous

surface layefsee Eqgs(2.10 and(2.11)], whereasul;” = ul"“g,/g,.
Finally, for the slabwg, immersed in a homogeneous substratésee Fig. 3 the summation yields

e e e B Ev-av] Rt B
z z X Y X Y
U —Ug | 2X*+ X222 +27*  2Y*+Y222+27%| u; —uy | X(3Z2+2X?)  Y(3Z2+2Y?)
4 BX3(X2+ 22) 12 - 2Y3(Y2+ 72)112 4 24(X2+22)3/2_24(Y2+22)3’2
+ - 2 2 2 2
Uy~ Uay| 2(3X°+22%)  2(3Y°+227) e
¥ » J,— =
4 X4(X2+ 2232 YA (Y2t 22)32 O(x Mz" " m+n=5), (A6)
where the abbreviation$ andY denoteX=x—a/2 andY=x+a/2, and
VETix,2)=0 |x|—E £+ E—|x| £ (A7)
rep (7 2] 9 2 59

with the coefficients defined as above for the SCS.
At large separations between a fluid particle and the substrate retardation effects set ingso ffiat-)~r ' [48]. In

this case the leading contribution W25 x,2) is

v _vgtvy vi-vg |1 2 arctarix/z) . arctariz/x)| 2 x*-3z2%2 8 X
al%,2)= 27* 2 |\xt 7 z* x* 3m A3 37 A(x2+7)
+0O(x Mz " m+n=5). (A8)
|
APPENDIX B: DECOMPOSITION OF THE GRAND where the effective interface potentials.(l) are given by
CANONICAL DENSITY FUNCTIONAL [compare with Eq(2.19]
1. Single chemical step
The sharp-kink ansaf£q. (3.3)] for Eq. (2.1) leads to the “’i(l):Ap{plﬁ_d:dz t(z)—fl dz Vi(z)]' (B2)
decomposition of the grand canonical free energy given by v
Egs.(3.4), (2.7), and(3.5), with Here we have omitted artificial contributions generated by

truncating the system; these contributions are discussed in
s =] | Ref. [51]. The surface contribution is that of two half sub-
Qs (1) =1:40p+ 0y, 1+ oig+ 0l 1), (B1) stratesw, andw_ covered by liquidlike wetting layers of
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thicknessl . and|_, which are exposed to the potentials takes into account the difference betwe# and d;, and
V. (2) andV_(2), respectively, of the corresponding semi- vanishes ford,,=d,, . The last contribution, with

infinite, homogeneous substrates. This defines a reference

system such that the deviation of the smooth pradf{be)

from the reference configuratiosee the dashed lines in — ® a

Figs. 2 and 3 due to thegheterogeneity and to the smooth w(x,2)= f_wdyM Xiy?+2z%), (B8)
crossover olV(x,z) fromV_(z) to V. (2), leads to the line

contribution describes the free energy of the deformed free liquid-vapor

interface. It is anonlocal functional ofl(x). A gradient ex-
pansion to the first order of this contribution yields the fourth

term of the correspondinkpcal functional w,d 1(X)]:

QL)I=7(dy 1)+ @ 1()]. (B3)

The term7(d,, ,1..), which is independent df(x), is given

in Egs.(B12), (B19), and(B20) in Ref.[51]. [We note that 1 % o o

there the plus sign of the last term in E@®20) must be ——(AP)ZJ dXJ dx J dz

replaced by a minus sighThe contribution which depends

functionally onl(x) reads )-1(x) —
Xfo Zw(|x—=x'|,|]z=2'|)

~ B * - o dl\?
o[l(X)]=AQp o+ fﬁwdx{w(x,l(X),dw) —>o|gf dx 1+ &) -1;. (B9)

—o(X,1.(X);dy)}

2. Chemical stripe

—App, f dxf =00~ Wdz t(x 2) The sharp-kink approximation of the density profile for
1(x)— d the CST is
_f J =00~ Wdztxz))
1(x)—d

a ) N
§_|X| ®(Z_dw)

;)(x,z)z[®(|x|—g)®(z—d;v)+®
! Ap)? d dx’ d
—3(4p) f XJ_m x Jo z X[O(1(x)—2)p;+ O (z—1(x))pg]. (B10)

X J"(X)_'(X/)dzf v_v(x—x’,z— z'), (B4) Insertion ofp(x,z) into Eq.(2.1) leads to the decomposition
0

wherel..(x)=1_©(—x)+1,0(x). The first term measures QCp(x2) T, wi[w],[V])
the cost in free energy for replacing a certain volume of _ . o~
vapor by the liquid phase. It is proportional to the excess =Alp(pg, Top) +AQS( T, i [WLIV])

coverage +L, Q)] T, ms[W1,[VD), (B11)

. with Q given by Eq.(2.7). The surface contribution stems
[o= J dx1(x) —1(x)], (B5) from the reference system which in the case of the CST is the
— structured substrate covered by a liquidlike layer of thickness
| _ that is exposed to the potentdl (z),

and vanishes at coexistenge= uy. The second term is the
integrated “local” effective interface potential

Qg(1-)=04 (1), (B12)
o with Q (1) defined by Eqs(B1) and(B2).
w(X,l;dW)=Ap[p|f_ dz t(z)— f dz X, Z)} The line contribution for the CST is given by

(B6)

_ _ o Q(x)]=1(dy | )+ o[1(x)], (B13
The third term, involving integrals of
and represents the free energy associated with the deviation
. . of [(x) from the asymptotic valué_, i.e., of the reference
t_(x,z)zj dx,f dz W(x’,z’), (B7) Ic(or;figuration. In Eq(B13) the first term does not depend on
z X):
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7(dy .| -)=—a(dy, —d >Q<'>—<d+—d‘>p|J dz t(z)— amfd"xdz V_(2)

T R N K e e

+p|f dxj% dz W(X,Z)—Apf dxf dz 6V(x,z), (B14)
— Jdgo —e i

with 8V(x,z)=V(x,2) —V_(z) andd;,(x) =0 (|x| —a/2)d,, + ® (a/2—|x|)d,, . The interpretation of the different terms in Eq.
(B14) is analogous to the SC@ompare Ref[51]). The second term in EqB13) depends or(x)

o[1(x)]=AQ TS+ fm dx{w(x,1(x);dy,)— o(x,]_;dy)}

ES a/2 1(x)—d. % I
+App, dx Jdz | dv w(x—=x",v)
— —a/2 1) —d,, z
1 5 [” “ “ 1(x)=1(x") —
—E(Ap) dx dx' | dz dz’ w(x—x",z—2'), (B15)
—w — 0 0

with

rg’= F dx{1(x)—1_]. (B16)

The interpretation of the first two terms is the same as for the SCS; the third term is generated by the difference of the excluded
volumes at the surfaces of the inner and outer regions, and vanistigs-ifi,, . The last term is the same as in EB4).

The corresponding local functional expressiopd!(x)] follows by replacing the last term in E¢B15) by the local
functional given in Eq(B9). We note that for all three substrate tyg&CS, LCS, and CSTthe functionalsw[l(x)] (and
therefore alsan,d 1(x)]) exhibit the same structure i, =d,,
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