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Recent studies of inhomogeneous associating fluids are reviewed. The presentation is restricted
to the case of the adsorption of dimerizing fluids on solid surfaces. Structureless and crystalline
surfaces, which are both reactive and nonreactive, are considered. The integral equation methods
are our basic tool but some results of Monte Carlo simulations are given as well.
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I. INTRODUCTION

In this paper we intend to review and summarize some
recent developments in the theory of inhomogeneous as-
sociating fluids. In addition, some original results are
presented and some problems which must be solved in
future studies are discussed.

Inhomogeneous associating fluids, abbreviated in what
follows as TAFs, represent a challenging subject of inves-
tigation in statistical mechanics. Several important prob-
lems of chemistry and chemical engineering involve IAFs.
Adsorption and coadsorption, chemisorption and corro-
sion, heterogeneous catalysis on crystalline and noncrys-
talline materials, chemical reactions at gas-liquid and
liquid—liquid intefaces are particular examples involving
inhomogeneous chemically associating (reacting) fluids.
Such TAFs are difficult to study. They combine all the
complexity of the description of the bulk associating flu-
ids with the additional difficulties of the interface.

The phenomena which occur in TAFs are much richer
than those which take place in the bulk. These phenom-
ena are complex because of nonassociative interactions
and of the specific features of the associative interac-
tions and of inhomogeneity. Therefore, it is necessary to
introduce simplifications which provide the possibility of
obtaining an analytical or a numerical solution. Only the
simplest models of IAFs which give insight on a restricted
set of interfacial phenomena have been studied. However,
a successful desription of adsorption can be reached, even
within the framework of such simplified theoretical pro-
cedures. In this study we restrict ourselves to the case
of an associating fluid in contact with the solid surface.
Association in a liquid-liquid interface is not considered.

The theory of TAFs has benefited from the methods
and results of the theory of the bulk associating fluids
(AFs). It is a rapidly developing area, especially during
the last decade. The most important earlier contribu-
tions are due to Andersen, Chandler and Pratt, Hgye
and Olaussen [1-3]. In 1984 Cummings and Stell [4]

and Wertheim [5] initiated systematic studies of asso-
ciating bulk fluids. In Ref. [4], and subsequent series
of papers of Stell and collaborators [6-8], a model of
hard spheres with a spherically symmetric associative
potential has been examined by means of the standard
Ornstein-Zernike (OZ) equation with standard liquid
state closures. This approach was applied immediately
to ionic associating fluids by Rasaiah et al. [9-12]; later
more sophisticated models with electrostatic interactions
have been studied [13, 14].

However, subsequent developments showed that the
usual liquid state closures lead to deviations from the
law of mass action and are not completely adequate
for the calculation of the degree of association on the
strength of associative interaction and the density of the
fluid. To overcome this difficulty, Stell and Zhou [15-
17] have proposed a thermodynamic scheme to evaluate
the equilibrium association constant. If one focuses on
the determination of the structural properties, this ther-
modynamic scheme must be introduced into the theory.
Particular examples of this approach are the extended
mean spherical approximation (EMSA) and the “site-
site” EMSA which uses the “site—site” OZ equation re-
formulated for the particle—particle correlations and for
the incomplete association [18-20]. These approxima-
tions have been used for the heterogeneous dimerization
reaction (A + B = AB).

The theory of Wertheim [5, 21-23] is constructed in a
different way. It uses a fugacity expansion as a corner-
stone, in contrast to the method briefly reviewed above.
Diagrammatic expansions of the grand partition sum and
one-particle distribution function then permit the dis-
tinction of the densities of the nonbonded and bonded
particles. The OZ equation is reformulated in terms of
these densities and an OZ-like equation results. The
particle—particle correlation functions are given as linear
combinations of the partial correlation functions which
correspond to those nonbonded and bonded species. This
theory has been exploited extensively by different groups
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to study nonionic and ionic associating systems in a set
of recent publications [24-29]. Originally the theory of
Wertheim was developed for a highly directional asso-
ciative interactions. Later, Stell and Kalyuzhnyi have ex-
tended this approach for a spherically symmetric inter-
actions [20, 30]. We will not make a detailed overview of
the theory of the bulk systems as our aim is to discuss
TAFs.

The study of TAF’s has been initiated very recently.
Different methods have been applied. Kierlik and Rosin-
berg [31-33] have constructed a density functional ap-
proach for TAFs on the basis of Wertheim’s theory.
However, they considered only systems in which the
monomers cannot penetrate each other, i.e. there is no
contraction of the volume during the formation of mul-
timers. Similar dimerizing models have been considered
in Refs. [34, 35] by means of the associative analogue of
the Henderson—Abraham-Barker (HAB) integral equa-
tion [36, 37]. We have investigated those models which
permit a contraction of the volume of dimers in respect
to the monomers [38-46]. These models are reviewed in
the present paper.

Two levels of the description of inhomogeneous sim-
ple fluids [37] have been developed, namely the singlet
level theory (SLT) and the pair level theory (PLT). The
SLT is simpler than the PLT and, as a result, has been
most frequently applied to TAFs. To our best knowledge,
the only attept to implement the PLT for IAF's has been
undertaken in Ref. [46]. Therefore, in what follows we
emphasize the SLT and the results obtained from this
method. Structureless and crystalline surfaces are dis-
cussed in detail. The PLT is discussed more briefly. In
addition, we present some Monte Carlo simulation re-
sults.

II. SINGLET LEVEL THEORY FOR
DIMERIZING FLUIDS ON THE
NONCRYSTALLINE SURFACES

A. General consideration

The singlet level theory is the most straightforward
way to obtain the density profiles (DPs). We shall use it
in this and following sections. The models under study
are described by the following potential energy

ST Unn(ri)+ Y. D Un(z), (21)

m,n=A,B i<j m=A,B i

Upot =

where the first term is the potential energy of the bulk
fluid and the second term corresponds to the fluid—
surface interactions. It is chosen as

Um(z)z{oo’ 2=0

0, 250 (22)

i.e. we study the associating fluid near a hard wall.

o6

The planar, impenetrable, wall is formed as a result
of a limiting procedure in which the concentration of the
wall particle species is taken to tend to zero whereas
the diameter of the wall particles tends to infinity [36].
This is the so-called wall limit which provides the singlet
level description of the interfacial properties. The singlet
level Percus—Yevick (PY1) and singlet hypernetted chain
equation (HNC1) are the most popular approximations
for the DPs. They read, respectively

Ym(r1) = 1 (2.3)
30 pn [ dracin(| 1112 Dl ()70 (x2) 1),
Y (r1) (2.4)

= exp{z pn/erCmn(| r3—ro |)[yn(r2)7n(r2) - 1]}7

where y,,(r) is the one-particle cavity distribution
function, v,,(r) is the Boltzmann factor, 7, (r) =
exp[—BUn(r)], and c¢pn(r) are the direct correlation
functions of the bulk fluid. The HNC approximation con-
sists in setting the bridge function, B(r), equal to zero.
The ¢, (r) represent the only input necessary to obtain
the DPs, py(r), pin(T) = pmgm(r) = pmym (r)vm(r). Be-
fore describing the models for the bulk associating fluids
it is worth noting that for the d-like (sticky) associa-
tive interactions, used in the majority of the previous
studies, the direct correlation functions contain a term
proportional to the )—function which must be treated an-
alytically while solving the Egs. (2.3), (2.4) numerically.
This d-type interaction results from the transformation
proposed by Baxter [47] which is employed to yield an
analytical solution of the model AF. In the case of a
square well associative interaction, the singlet level can
be solved numerically without difficulty. We prefer to
use the square well interaction and a numerical solution
of the integral equations for the TAFs, because numeri-
cal methods are required when more sophisticated forms
for the interparticle and particle—surface interactions are
considered.

B. Bulk input into the singlet level theory

We focus on the model of Cummings and Stell [4] pro-
posed for heterogeneous association, A + B = AB. It is
defined by the following interaction potentials

oo, r<of

UAA(T) = UBB(T) = { 0, r>o0r° (2.5)

and

Uag(r) = Upal(r) (2.6)
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(00, r < Ly — 0.5w
—ep, Lp — 05w <r < Ly +0.5w

Em,s Ly + 05w <r <oy

L 0, r> 0oy

where 04 = op = o is the diameter of the spherically
symmetric monomers (without any loss of generality we
assume oy = 1). The associative interaction between the
A and B species has the form of a square well with
the width w located at the bonding distance Lj. The
strength of the associative interaction is given by the
depth of the square well ;. The height of the square
mound &, is chosen to satisfy the condition e=?*» ~ 0.
The associative interaction is spherically symmetric and
for Ly+0.5w < 1/2, steric saturation occurs at the dimer
level, i.e. higher order complexes are not formed. This
model has been solved analytically under equimolar con-
ditions (pa = ps = p/2, p is the total density of parti-

cles) by means of the Percus—Yevick (PY) approximation
[4], the extended mean spherical approximation (EMSA)
[20], a reformulated site-site EMSA, and the associative
Percus—Yevick approximation (APY) [5]. An analytical
solution can be obtained only by a transformation of the
square well potential to a delta function. However, as
mentioned above, the importance of obtaining an ana-
lytical solution decreases if one needs to apply the bulk
direct correlation functions in Egs. (2.3), (2.4) because
even for quite simple fluid-solid potentials, Eqgs. (2.3),
(2.4) must be solved numerically. A numerical solution
of the equations for the bulk model is more convenient
when the square well associative interaction is in the form
given by Eq. (2.6). However, we have performed calcula-
tions of the DPs for the models with intracore sticky po-
tential by using the PY approximation [38—41]. In order
to omit problems arising in the evaluation of the degree
of association, a more sophisticated theory provided by
the EMSA has been applied [43]. The EMSA consists of
the OZ equation

o (712) = ennr12) = 3 pi. [ deahne(ria)enn(r), (2.7)
k
and closure relations
B (1) = =1 + (1 = 61nn) Ay S(r—Ly),r <1 (2.8)
mn\T") = mn 47TL%\/m r b),T > .
3[Ab(1 — 5mn) + 5mn] -K
Cmn(r) = (=1)%mn e Krr>1, 2.9
= T T T o 29
where K is the correlation length dependent on the de- B (F) = n Winn(T) r<1 (2.11)
gree of dimerization Ay in the following way m VPmbn ’ '
3(1 — A2 and
K2 = (7’;) (2.10)
ot o)
Cmn(r) = ———== 1 > 1, (2.12)

The EMSA requires the degree of dimerization A,
as an input parameter. We calculate it according to
the scheme used in Ref. [20] and modified for a two-
component case (see [43] for more details). The direct
correlation functions obtained from the numerical solu-
tion of the EMSA are then used in the PY1 approxima-
tion to calculate the DPs.

The reformulated “site-site” EMSA (SSEMSA) ap-
proximation is a more refined treatment. Actually, Eqgs.

(2.8) and (2.9) constitute a simplified version of the
SSEMSA. The SSEMSA comprises following closures

PmbPn

where Wpn(r) = (1 = Spmn) Ay F @) (r) /Koy is the in-
tramolecular structure factor under off-confinement con-
ditions [19], F(@9)(r) = fap(r) — fXIBS) (r) is the differ-
ence between the Mayer functions of the model with as-
sociative interactions and a corresponding hard sphere
model [20]. The parameter Ko is the equilibrium asso-
ciation constant of dimerization reaction at infinite dilu-
tion. It can be expressed in terms of the parameters of
the square—well associative interaction as follows [4]
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Kop = geﬁ% [12L2w + w®]. (2.13)

The elements of the reverse matrix in Eq. (2.12) are cal-
culated numerically for the square—well associative inter-
action. Actually, the EMSA closure given by Eq. (2.9) in-
cludes the long-range asymptotics of the SSEMSA, Eq.
(2.12). The EMSA and SSEMSA results coincide for high
densities. The EMSA becomes less adequate at lower
densities , in contrast to the SSEMSA which agrees well
with the simulation data for a wide range of densities
[20].

The SSEMSA is the most sophisticated approach de-
veloped within the framework of the theory of Stell et
al. for the description of structural properties. It can be
used successfully as input into the singlet level equations
for the density profiles. Some of the results which involve
the bulk SSEMSA are presented in the next section.

As we have noted in the description of the interparticle
interactions, when Ly 4+ 0.5w > 0.5 the spherically sym-
metric associative interaction in the models for homo-
geneous and heterogeneous association [4] allow for the
formation of not only dimers but also of chain-like and
branched structures made of monomeric units. To gen-
erate longer dimers without chains and branched struc-
tures, one must use a highly directional associative in-
teraction.

Therefore it is worth discussing the model for asso-
ciation which comprises a highly directional associative
interaction and serves to demonstrate an application of
the theory of Wertheim. Study homogeneous associa-
tion for simplicity. Consider in contrast to the intra-
core nonsticky associative shell investigated above, a one-
component shielded sticky point model for an associating
fluid. This was introduced originally in Refs. [5, 48] and
has been studied by us near a hard wall in Ref. [42]. It is
characterized by the following interparticle interaction

U(1,2) = U (| r12 ) + U (215), (2.14)
where z12 =| ria2 + d(Q1) — d(Q2) |, d(Q) denotes
the position and orientation of the interaction site lo-

cated inside a hard core of the particles determined by
urel(| e ),

00, r1a < Ly
U (e ) =18 em, Ly <2 <oy,  (2.15)
0, T2 > 0f
and where the associative potential is
(as) _ ) € T <a
U (x) { 0, z>a° (2.16)

Some of the notation has been introduced before and
need not be explained again. The parameter a describes
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the range of action of the associative potential. In order
to ensure steric saturation at the dimer level, one must
choose the bonding distance Ly, the position of the intra-
core site d (d =| d |) and range of associative potential a
in a specific manner, namely Ly < 2d+a < Ly—(2—/3)d.
This model permits an analytical solution in the delta
function limit (see, eg. [48] for more detail), which is
similar to the transformation of a square well into the
d—type potential according to the recipe of Baxter [47].
An analytic solution has been obtained using Wertheim’s
theory in the associative Percus—Yevick approximation.
This provides partial pair correlation functions hqeg(r)
(a, 3 = 0,1 for nondimerized and dimerized particles,
respectively) which form the familiar total correlation
function

h(T‘) = hog(’l‘)
+(1 — Ab)h(n (T‘) + (]. — Ab)2h11(7‘).

(2.17)

As previously, Ay is the degree of dimerization. One can
apply either h(r) or ¢(r) as an input for the singlet level
theory of associating fluids.

Usually the direct correlation function is used for nu-
merical solutions because it is shorter-ranged than the
pair correlation function. The direct correlation function
follows from the numerical solution of the standard OZ
equation with the given h(r). This is the scheme applied
in Ref. [42] to evaluate the DPs of particles near a hard
wall and in a slit-like pores.

With these comments we terminate the description of
the bulk models. In the next section the density pro-
files obtained for models with different forms of the one-
dimensional external field U,,(z) are discussed.

C. Density profiles for associating fluids near
structureless surfaces

Consider first the case of a hard wall. This is the sim-
plest model which includes the geometrical constraints of
the solid surface. We postpone investigation of more so-
phisticated fluid-solid interactions (Yukawa type, etc.).
The hard wall case is determined by U, (z) given by
Eq. (2.2), i.e. a nonassociative hard wall is located at
z = 0. The nonassociative adsorption on the idealized
structureless surface is studied. The DPs of a heteroge-
neously dimerizing fluid (the model of Cummings and
Stell [4]) are presented in Figs 1 and 2. They have
been calculated within the framework of the PY1/EMSA
and HNC1/EMSA approximations. We have chosen here
Ly = 0.42.

The model is studied at high densities (p = 0.646
(Fig. 1) and p = 0.821 (Fig. 2)) and high degrees of
dimerization (Bep = 4.25, see Fig. 1 of Ref. [43]). There-
fore, possible inaccuracies of the EMSA are minimized. A
comparison with our MC simulation data [49] shows that,
in general, the PY1 and HNC1 approximations provide
an adequate description of the DPs. Some inaccuracies
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are observed in the vicinity of the wall. It is worth not-
ing that for increasing density, the contact adsorption of
the AF under study increases, similarly to the case of a
hard sphere fluid. The oscillating behaviour of the DPs
for high packing fractions and for high degrees of asso-
ciation reflects the tendency for the formation of a mul-
tilayer structure near a hard wall. The cusp at z & Ly,
demonstrates the presence of dimer species in the ad-
layer. A comparison with the MC data shows that the
HNC1/EMSA approximation overestimates the contact
value of the DP whereas the PY1/EMSA underestimates
it slightly. In general the PY1 approximation is prefer-
able.

22

Fig. 1. The total local density p(z) for p = 0.646 and
Be, = 4.25. The solid line is for PY1/EMSA, the dashed
line is for HNC1/EMSA, the squares are the MC simulation
results [23].
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2.4

p(z)

Fig. 2. The same as in Fig. 1 at p = 0.821.

We have already discussed the effect of association on
the DPs for this model in the PY1/PY and PY1/HNC
approximations [38, 39]. The contact value of the DPs is
lower for an associated fluid compared to a hard sphere
fluid. For the states of incomplete association monomers
adsorb easier on the wall than the dimers. However, for
a highly dimerized fluid, such as presented in Figs. 1 and
2, the adlayer is mainly composed of the dimer species

which prefer to lie parallel to the wall plane. This fol-
lows from the position of the cusp. One cannot discuss
the lateral correlations in detail when only the DPs are
available. It is worth noting that the simulation data
show that some of the dimers are tilted with respect to
the surface which results in a shift into the bulk of the
position of the center of mass of the dimers [49]. In gen-
eral, the correlations in the normal direction decay faster
for the increasing dimerization. This effect, in particular,
leads to a weak oscillation of the solvation force for the
associated fluids in slit-like pores [50].

It is of special interest for various chemical problems to
formulate a more sophisticated model for the bulk fluid—
solid interactions. In particular, an interplay between the
attractive and repulsive interactions would lead to the
possibility of wetting. Here, we would like to focus on
another issue, namely on the penetrability of the surface.
Modelling of penetrability is important in different appli-
cations. For example, in experimental studies of colloidal
systems, the surface of a colloid is often made by means
of a chemical reaction at the interface [51]. In general,
surface chemical reactions represent a novel fascinating
subject of research.

On the other hand, even in the absence of a sur-
face chemical reaction, the incorporation of certain bulk
species into the composite penetrable interfacial region
would lead to the behaviour of the solvation force be-
tween the solid surfaces which is similar to experiment
[52]. As an initial step in the study of the effects of pene-
trability, we consider a simple model of a finite gaussian
barrier for the particle-surface interactions [53] which
has been used for the case of simple fluids [54]. It is cho-
sen in the form of

U (2) = him[1+ 2w~ | 2 )°]7L, (2.18)

where w is the halfwidth of the barrier located at z =
0. The parameter h,, denotes the height of the bar-
rier for the species m. The DPs for the model defined
by Egs. (2.5), (2.6) and (2.18) are calculated by using
the HNC1/EMSA approximation. The HNC1 is used
because it is successful for simple fluids in the pres-
ence of penetrable barriers [54]. The DPs are shown in
Figs. 3 and 4. We assume hy = hg = h for simplic-
ity and transparency of analysis and consider a dense
(p = 0.57) highly dimerized fluid (Bep, = 4.0, A, = 0.879
for Ly = 0.42). In the case of a wide barrier (Fig. 3,
w = 1.42 which coincides with dimer length) one ob-
serves a maximum of the DP at z = 0 in spite of a maxi-
mum repulsion at the center of the barrier. However, the
value of the DP at z = 0 is higher for a hard sphere
fluid, reflecting a higher penetrability of the monomeric
units compared to the dimers. The first maximum of the
DP outside the barrier is of the same order for the hard
sphere and the highly associated fluid. The decay of cor-
relations outside the barrier is somewhat faster for the
highly dimerized fluid. With increasing strength of repul-
sion, the height of the local maximum at the center of
barrier decreases. It decreases faster for a highly dimer-
ized fluid.
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1.65 .

9(2)

0.55

0.00

Fig. 3. Density profiles of particles inside and near the isolated barrier for hard spheres (dashed curves) and highly dimerized

1.65

0.55

0.00 : :
2

fluid (solid curves) for p = 0.57, w = 1.42, h =1 (a) and h =4 (b).
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1.4

0.7

J

0 1 2 3 4

0.0

Fig. 4. Density profiles of particles inside and near the isolated barrier for hard spheres (dashed curves) and highly dimerized

fluid (solid curves) for p = 0.57, w = 0.5, h = 1(a) and h = 4(b).

For a narrow barrier (w = 0.5, Fig. 4), there is no
local maximum of the density in the center of barrier.
This local maximum arises only for barriers whose width
is commensurate with the length of dimer species. Also a
difference in the height of the first maximum of the DP
outside barrier is observed for the hard sphere and the
highly dimerized fluid. The dimers prefer to be adsorbed
on the surface of the barrier and are mostly parallel to
the surface. It is worth noting that there is no cusp on
the DP, in contrast to the case of a hard wall. In general,
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the different penetrability of the monomeric and multi-
mer species can be used to form adlayer with specific
composition.

Now let us proceed and describe the DPs which follow
from the application of Wertheim’s theory for a model
of homogeneous association near a hard wall defined
by Eqgs. (2.14)-(2.16). Actually here we pursue different
goals. As it has been discussed in the introduction, a uni-
versal theory for the bulk associating fluids which is suc-
cessful for a wide range of densities is not available. The
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DPs for the different models discussed above correspond
to high densities. The two-density formalism developed
within the framework of Wertheim’s theory [5] is success-
ful for low densities. In Figs. 5 and 6 we show the results
for the DPs calculated in the PY1/APY approximation.

9(2)

0 0.5 1 1.5 2
z
Fig. 5. The dependence of the normalized density profiles
g(z) on Kop. The bulk fluid density is p = 0.1, Ly, = 0.5. The

curves from the bottom at z = 0 are for Ko, = 1000, 100, 50,
20, 10, 5, 1 and 0.

Fig. 6. The dependence of the normalized density profiles
g(2) on p evaluated for Ko, = 5, Ly = 0.5. The curves from
the bottom at z = 0 are for p = 0.2, 0.4, 0.5, 0.6, 0.7 and
0.75.

The dependence of the normalized DPs g(z) on the
strength of the associative interaction for the model with
Ly = 0.5 is presented in Fig. 5. Similarly to other asso-
ciating fluids a small extent of the particle—wall correla-
tions is observed. The cusp at z = L; indicates the pres-
ence of the dimerized species in the adlayer. An impor-
tant effect worth discussing is the decrease of the contact
value of the DPs for increasing level of dimerization. For
a highly dimerized fluid at low density, the contact value
of the DP on the wall can become less than unity, i.e. the
so-called depletion of the profile is observed. For higher
densities, a lowering of the contact value of the DP on
the wall is obtained at increasing level of dimerization.

As expected, at fixed strength of association (fixed Kop),
longer range of the fluid—wall correlation is observed for
increasing density. For higher densities the packing effect
prevails and the role of association is weaker. As before,
association is manifested by the cusp at L; (Fig. 6), even
in the presence of multilayer structure due to the pack-
ing effects. In general, the contact values for the DPs of
the shorter dimers are lower compared with the case of
longer dimers.

It is worth discussing briefly another important issue
which results from the application of Wertheim’s the-
ory, that we had not realized previously. It is possible to
treat the associating fluid—solid interactions in detail and
distinguish between the effects of the bonded and non-
bonded species in the contact adlayer and in the vicinity
of the surface. This information is probably less impor-
tant in thermodynamic aspect (for example, the adsorp-
tion isotherms resulting from both contributions). How-
ever, it gives an insight into the structure of the adlayer
and its composition. It is possible to develop associative
closures for the fluid—solid interactions which distinguish
betweeen the bonded and nonbonded species and as a re-
sult one could discuss a number of dimers, for example,
over a specific position on the surface.

III. SINGLET LEVEL THEORY FOR
DIMERIZING FLUIDS IN CONTACT WITH
CRYSTALLINE SURFACES

A. General consideration

In this section we use the basic equations for the den-
sity profiles, given by Eqs. (2.3), (2.4) using the PY1 and
HNC1 approximation. However, with crystalline surfaces
it is necessary to develop additional procedures. We focus
on the PY1 equation because its transformation for crys-
talline surfaces is more straightforward and contains less
technical details. The HNC1 implementation for crys-
talline surfaces is more cumbersome. It has been pre-
sented recently in our paper [40] and we omit that pro-
cedure for the sake of brevity. Consider nonassociative
crystalline surfaces first , where there is no associative
interaction between the fluid particles and atoms which
constitute the solid subsystem. In this presentation we
follow the method of Steele [55]. It is assumed that the
summation of interactions between a given fluid particle
and all the atoms of the solid leads to the formation of
effective potentials between the fluid particle and solid
as a whole. The potential energy of these interactions is
given as

(3.1)

Urd = 3" > Unl(r)).

m=A,B j

The fluid-solid potentials U,,(r;) are periodic functions
in the surface plane. Thus Uy, (r;) = Up(r; + 1), where
1 =lia; + lsas, aj,as, are two-dimensional unit lattice
vectors and Iy, 15 are integers. Following to Steele [55], the
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nonassociative interaction potential between the spheri-
cally symmetric particles of the bulk fluid and solid sur-
face are given as

%Umm) = Bno(z) + X Y Bra(2)) fils1,50), (3.2)
8 >0

where the first term describes the interaction averaged
over the solid atoms and the second term represents all
the effects due to the crystalline symmetry of the surface.
For all the details concerning these potentials we refer to
Ref. [55]. The distance between the fluid particle and the
surface is measured in dimensional units, i.e. in terms of
the length of the unit lattice vector. The parameter x
can be used to magnify or decrease energetic effects of
periodicity. The functions f;(s1,s2) have been given by
Steele for some types of the crystalline lattices. We shall
use also the estimates of Steele for the energy parameter
Efs.

Because of the periodicity of the crystal surface plane,
all the functions which characterize the position of the
fluid particle over the surface can be expanded into a
two-dimensional Fourier series

Um(r5) =Y mqlz;) exp(—iqt;),

q>0

(3.3)

where ¢, (r;) stands for ym,(r;) or vm(r;) and pm(r;),
as appropriate. The vector t is the two-dimensional
translation vector in the plane parallel to the surface,
t =s1a; + ssas in which s1,s2 range from 0 to 1 as
the position of a fluid particle moves over a unit sur-
face cell. The vector q is the reciprocal lattice vector,
q =27(q1b1 +¢2bs),where by, by are two-dimensional re-
ciprocal lattice unit vectors and ¢, g> are integers. In-
verse transformation of Eq. (3.3) yields the expansion
coefficients

Ym.,q(25) = as_1 /dtjeiqtfwm(rj), (3.4)

where as is the area of the unit lattice cell. Using the
transformation (21), the PY1 equation is rewritten in
the form

Ym,a(2i) = pdq,0 + (3.5)

S Y o / 02 (55 Vs (2 e i3 | 1),

qi1+a2=qn=A,B

where

a,=1-2rm Z pn/drr20mn(r), (3.6)

n=A,B

and

62

(3.7)

Cmn (Zij ; q)

=2 Z pn/drr,]g(qr)cmn([zfj 4212,

n=A,B

and where Jo(gr) is the Bessel function of the first kind.
Due to the properties of the direct and reciprocal lattices
Eq. (3.5) can be made more simple. The expansion coef-
ficients in Eq. (3.3) depend only on the magnitude of the
vector q. Therefore the expansion for the cavity function
ym(2) can be written in the form of a series, ordered by
the increasing value of the wave vector. The expansion
for the cavity function can be presented in the form [40,
41, 56]

Ym(r) = ym,O(Z) + Zme(z)fl(Sl:SQ)a

>1

(3.8)

where the functions f;(s1, s2) have been given in Ref. [55]
for (100) and (111) fcc lattice planes and for graphite
basal plane. In what follows we shall present some of the
results for (100) lattice plane. For the technical details
of the calculations and the explicit form of particle—solid
interactions see Refs. [40, 41, 55].

B. Density profiles

The DPs are presented for the model of heterogeneous
dimerization due to Cummings and Stell [4]. The fluid
is in contact with the (100) solid surface. For simplicity,
we restrict our attention to the case where the bulk fluid
particles and solid atoms are of equal size and L, = 0.5.
The DPs were calculated by using the PY1/PY approx-
imation and are shown in Figs. 7 and 8. We assumed
that the interactions of both the bulk species with the
surface are identical, Therefore the DPs of each species
are equal. The effect of a strong fluid—solid interaction
and that of dimerization can be discussed using the DPs
shown in Fig. 7. For a small degree of dimerization and
a relatively low packing fraction (see the figure caption)
the structure of the adlayer is different from that for a
high degree of dimerization. The effect of dimerization
leads to a decrease in the height of the first maximum of
the DP over the adsorbing site position s of the unit lat-
tice cell. The dimers prefer to adsorb over this position
compared with the saddle point sp and atom a positions.
The dimers prefer to be normal to the surface plane, in
contrast to the case of a dimerized fluid in contact with
a hard wall. However, as follows from the increase of the
first maxima over the sp and a positions for increasing
dimerization, the tilted orientations of dimers adsorbed
in the s position are also probable. The normal correla-
tions decay rapidly at this density and a multilayer struc-
ture of the adlayer is not observed. The effect of the pe-
riodicity of the crystalline lattice plays an important role
on the shape of the DPs (see Fig. 8). It is evident that an
increase of the strength of periodicity of the fluid—solid
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interactions leads to the expulsion of the dimer species
from the atom positions. The dimerized particles prefer
to be adsorbed over the s and sp positions of the unit
lattice cell. The effect of a high packing fraction results
in the formation of the structure which is different from
that for a hard sphere fluid.

In all the studies discussed above only the nonasso-
ciative adsorption of bulk species on the crystalline sur-
faces has been considered. Localization of the species in
the adlayer is generated solely by nonassociative inter-
actions between the fluid particles and the atoms of the
surface. A more sophisticated model which includes as-
sociative adsorption on the crystalline lattices has been

8 T T
\

go| s\ sp a
6 | | 1\ ]

‘: Spe-—--0;-—--9Sp

: *® a
4 t sp .
2t 4
0 1

1 2 z* 3

proposed recently in Ref. [57]. We refer to this model
as to the model for localized site adsorption. Associative
adsorption is characterized by a high degree of localiza-
tion of adsorbed monomers and dimers as a consequence
of a strong bonding between the bulk species and solid
atoms. In this model the interaction between the bulk
fluid particles and solid is taken in the form

U (r) =Up(2) + UL (x), (3.9)

where the first term is chosen as a hard wall potential
whereas the second is given as

g(n) '
61 /3 1

1 2 ¢+ 3

Fig. 7. The normalized density profiles g(z) as a function of distance from the surface obtained for Bes, = 0.25, x = 1,
p=0.191 L, = 0.5 and for Ko, = 0.131, weak dimerization (part a) and for K¢, = 13.1, high dimerization (part b). The labels
s, sp and a denote the (s), (sp) and (a) positions, respectively. The inset in part a shows the surface lattice unit cell and the

location of the (s), (sp) and (a) positions.
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Fig. 8. The normalized density profiles g(z) obtained for Befs = 0.05, p = 0.764, Ko, = 13.1, and for x = 1 (part a) and

X = 2 (part b). The nomenclature of the lines is as in Fig. 7.
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(0, |r|< Ls —0.5w

—es, Ls —0.5w <|r|< Ls + 0.5w
U,Sf})(r) = 0ma
Em,s L+05w<|r|<1

L 0, |r|>1

(3.10)

where L; is the bonding distance for the fluid—solid inter-
action and d;; denotes the Kronecker symbol. The other
notation coincides with those for the model of Cum-
mings and Stell [4]. The strength of the fluid-solid en-
ergy is given by the energy parameter €,. The poten-
tial U (r) is a periodic function in the crystal plane,
ie. U (r) = {a) (r + 1), where 1is the two-dimensional
translation vector. The parameter L, determines the
type of the complexes of the bulk fluid particles and sur-
face atoms which are formed. In the following calcula-
tions we have used the SSEMSA approach to describe
the bulk model of Cummings and Stell for the hetero-
geneous asssociation [4] and the PY1 approximation to
evaluate the profiles. The surface atoms in what follows
will be denoted as S,.

The results for the DPs are presented in Figs. 9—11.

All correspond to Bes; = 2.0 and the width of the square
well w = 0.05. The bulk model is taken at the den-
sity p = 0.668 and L, = 0.475 and for fBe, = 1.0 and
Ber = 3.0. These values for the bulk bonding energy
provide a highly dimerized fluid with A, = 0.559 and
Ay = 0.784 respectively. In Fig. 9 we present the case of
a (100) lattice plane and different bonding lengths, L.
For small L, ( Ly = 0.425 and fBe, = 3.0, Fig. 9a), an
intraparticle peak over atom position which corresponds
to A — S, bonding is observed. Such adsorption is usu-
ally called on-top localized site adsorption. However, the
monomer A can be tilted with respect to the normal to
the surface plane. The dimers AB cannot adsorb asso-
ciatively due to the chosen values of the bonding length.
Two intraparticle peaks arise for a larger bonding dis-
tance Ly ( Ly = 0.65 and fBe, = 1.0, Fig. 9b). In this
case we identify them as A — S,, BA—S,, and A —25,,
BA — 2S5, bonding. The first intraparticle peak corre-
sponds to the on-top monomer and on-top dimer adsorp-
tion whereas the second (over sp position) corresponds to
the two-fold bridging site adsorption of the monomer A
and dimer AB. It is worth noting that for small bonding
distances the species profiles do not differ by the inter-
particle terms and, therefore, we present the profiles for
A particles only. In Fig. 9c three intraparticle peaks are
present for Ly = 0.9 (B¢, = 3.0). The intraparticle peak

4 | 4 T 4 I
a ] b c
3 - 3 3+
~ & i
S 2t | 2 | 2 |
1L | N I
| ¥ 1
0 0.5 1.0 15 20 0 05 1.0 15 20 0 05 1.0 15 20

z

Z Z

Fig. 9. Density profiles of A particles over the unit lattice cell of (100) surface. Nomenclature of the lines is the following:
a position — solid line, sp — dashed line, s — short dashed line. Part a is for B¢, = 3 and L; = 0.425 (the intraparticle peak
is multiplied by 0.5). Part b is for 8¢, =1 and Ls = 0.65 (the intraparticle peak at sp position is multiplied by 0.1 and at a
position is scaled as previously). Part ¢ is for e, = 3 and L; = 0.9 (the intraparticle peak over s position is multiplied by
0.01 whereas over the sp position and a position are scaled as previously). In Figs. 9—11 L, = 0.475.
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Fig. 10. Density profiles of A and B particles over the unit lattice cell of (100) surface (left and right panel, respectively)
for Bep, =1 and Ls = 0.9. Nomenclature of the lines is as in Fig. 9 (the intraparticle peaks are scaled as in Fig. 9¢).
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Fig. 11. Density profiles of A and B particles over the unit
lattice cell of (111) surface plane (left and right panels in each
part, respectively) for Bg, = 1 and Ls = 0.425 (part a) and
for Bey, = 3 and L, = 0.635 (part b). Nomenclature of the
lines is as in Fig. 9.

0 i
0 05 1

over the s position corresponds to A — 4S,, BA — 4S5,
bonding which are called the four-fold hollow site adsorp-
tion of the monomer and dimer. In all the cases decribed
above, it could be seen that nonassociatively adsorbed
dimers prefer to locate over the s position of the unit
lattice cell. In general, the range of normal correlations
is not larger than the dimer length. A higher association
of the bulk fluid (cf. Fig. 9¢ and Fig. 10, the latter is
for Ly = 0.9 and B¢, = 1.0, (100) lattice plane) leads to
lower values of the intraparticle peaks, especially for s
and sp positions in which associative adsorption is quite
strong. An overall decrease in the contact values for the
interparticle terms is observed too. For high values of the
bonding distance, Lg, the profiles for A and B species

differ by the interparticle terms. They differ because the
surface complexes in this case are more exposed into the
bulk. However, it is seen that the dimers prefer to orient
normally to the surface plane.

Similar trends in the behaviour of the bulk model in
contact with the (111) surface are observed by inspecting
Fig. 11. In general, the (111) surface is more smooth ener-
getically, as is evident from the values of the interparticle
terms of the profiles. As noted previously, only one intra-
particle peak is present for a small value of the bonding
distance (Ls = 0.425 and fe, = 1.0, Fig. 11a) whereas
for larger Ly (Ls = 0.635 and (e, = 3.0, Fig. 11b) two
intraparticle peaks arise. They correspond to the on-top
and two-fold bridging adsorption respectively. It is worth
noting, that for (111) and graphite basal plane lattices,
the complexes which involve three surface atoms can be
obtained for the large values of the bonding length L.
Our results are preliminary. A detailed investigation of
all the possibilities for adsorption on the low—index lat-
tices is postponed for future publications.

IV. PAIR LEVEL THEORY FOR
INHOMOGENEOUS ASSOCIATING FLUIDS

We start with general remarks. The PLT yields a much
more detailed description of interfacial phenomena. It
provides the inhomogeneous pair correlation functions as
well as the density profiles of particles, in contrast to the
SLT in which only the density profiles are given. More-
over, the PLT is able to describe surface phase transfor-
mations including the formation of adsorbate phases and
wetting phase transitions.

The pair level theory consists of inhomogeneous OZ
equation(0Z2)

hij(r1,r2) — ¢ij(re,r2) (4.1)
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and additional equation for the density profiles such as
the Lovett—Mou—Buff-Wertheim equation,

Viny(r) =) / drs[Vpn(ra)]ein(ri,ra),  (4.2)

where y(r) is the one-particle cavity distribution func-
tion. Other equations for the profile, such as the Born—
Green—Yvon equation, can be used instead of Eq. (4.2).
To make the problem complete one must supplement
Egs. (4.1) and (4.2) by a closure relation for the inhomo-
geneous direct correlation function.

In most previous studies of inhomogeneous simple flu-
ids, by means of PLT, the inhomogeneous Percus—Yevick
(PY2) approximation has been used [37]. It reads

cij(ri,r2) = yij(r1,12) fij (112), (4.3)

where y;;(r1,r2) is the inhomogeneous cavity pair distri-
bution function and f;;(r12) is the Mayer function cor-
responding to the pair interparticle interaction. The in-
homogeneous hypernetted chain closure (HNC2)

Ci]’ (1‘1,1‘2) =-1 (44)

+yij(r1,12)[fij (r12) + 1] — Infy;;(re, r2)],

can be used too [37]. The HNC2 approximation is equiv-
alent to setting the bridge function B(ri,rs), equal to
7€r0.

We would like to emphasize two important issues.
First, it is clear that the implementation of the PLT is
a completely numerical procedure. It is a complicated
numerical task even for simple fluids. The presence of
associative interactions makes the problem even more
difficult technically. Secondly, the accuracy of the results
depends on the closures applied. In this context we re-
call that usual liquid state closures, when applied for the
bulk associating fluids, lead to deviations from the law of
mass action. At distances far from the source of the inho-
mogeneity (a hard wall for example), the inhomogeneous
correlation functions reduce to their bulk counterparts.
Therefore, one needs to seek for the closures which for
example reduce to the bulk EMSA closure for distances
far from the wall.

Before considering this issue in more detail we discuss
briefly some of the results obtained in Ref. [46] by using
the PY2 approximation for the model of Cummings and
Stell [4] in the one-dimensional external field

o0, 2<0

Ua(z) = Up(z) = { 0 230 (4.5)

The density profiles of the particles are shown in
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Figs. 12 and 13. Obviously the PY2 results are in bet-
ter agreement with the MC simulation data than the
results of the SLT PY1. This improvement is observed
at high density (p = 0.728) as well as at lower den-
sity (p = 0.391). Unfortunately, the interesting region

g(z)

1.5

0.5

0 0.5 1 1.5 2 Z

Fig. 12. A comparison of the MC (points), NPY (solid
lines), HNC1 (short dashed lines), and PY1 (long dashed
lines) density profiles. The model parameters used in calcu-
lations are: Bep = 4.245, L, = 0.42, and w = 0.1. The bulk
density p = 0.728.

g(z)

0 0.5 1 1.5 z

Fig. 13. The same as in Fig. 12 but the bulk density is
p = 0.391.

of very low densities as well as the dependence of the re-
sults on the strength of associative interaction have not
been studied. Therefore, it is hard to judge the overall
accuracy of the PY2 and the possibility of its use for a
wide range of parameters. As expected, at large distances
from the wall the profiles obtained by means of PY2 co-
incide with the PY1 results. The PY2 approximation is
not completely satisfactory and we do not have an easy
answer to the question: what closure is necessary in or-
der to improve the results at distances far from the wall.
One possibility would be to extend the PLT for TAFs
in a manner similar to the application of a perturbative
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treatment which has been developed in another context
in Ref. [58].

Let us assume that we have the results of the EMSA
or SSEMSA theory for the bulk model which agree well
with the simulation data, at least for a certain range of
the parameters. These results can be used for the de-
scription of the reference fluid and the inhomogeneous
closures can be used only for some part of the correla-
tion functions. The inhomogeneous correlation functions
can be written in the form

hij(ri,rs) = h:;f(ﬁz) + Ah;j(ry,r2),
(4.6)
cij(r1,12) = i (r12) + Acij(r1,12),

where h:;f(rlg), c:;f (r12) stand for the correlation func-
tions of the bulk associating fluid. It is not necessary to

assume any particular approximation for the bulk fluid.
We assume that the choice of the reference fluid descrip-
tion is successful. The functions Af;; (f = (h,c)) are
the deviations of the corresponding inhomogeneous cor-
relation functions from their bulk counterparts. They are
significant only in the range of the inhomogeneity. The
correlation functions of the reference fluid satisfy the OZ
equation:

hij(ri2) = cij(ri) = / dr3hin (713)Cnj(r32).  (4.7)

Let us obtain now the difference OZ2 (DOZ2) integral
equation for the functions Af;;(1,2) = Af;;(ri,r2) by
subtracting the OZ from the OZ2 equation. The DOZ2
equation has the form:

Ahij(1,2) = Aci;(1,2) = 3, { [ drs(pn(rs) — pu)hic! (13)cn (32)

(4.8)

+ [ drspn(r3)[Ahin (1,3)(ch (32) + Acn;(3,2)) + hlel (13)Acn;(3,2)]}-

Before considering the integral equation for the profile, we proceed directly to the closure relations. To derive them,
consider the exponential representation for the inhomogeneous pair distribution function:

gij(l, 2) = eXp{—,@Ui]’(12) + hij(l, 2) — Cij(l, 2) + Bij(l, 2)}

(4.9)

= gij(12) exp{Ahij(l, 2) — Acij(l, 2) + ABU(]., 2)},

where g¢;;(12) is the exact pair distribution function of the bulk fluid (an associating fluid in our case). This g;;(12)
corresponds to the reference fluid. The difference HNC2 (DHNC2) closure is defined in a standard way:

ABZ']' (1, 2) = 0,

(4.10)

where AB;;(1,2) is the difference in the bridge function. Equation (38) leads to

Acij(1,2) = Ah(1,2) — In{1 +

Ahi;(1,2)
g7 (12)

ij

1. (4.11)

The difference PY2 (DPY2) approximation is obtained by the linearization of the logarithmic term in Eq. (4.11)

Aci]' (1, 2) = Ah“(l, 2)7”

hrel (12) 12
gicf(12) (412

ij

Now we can rewrite the final form of the DOZ2 equation in the DPY2 approximation

Ahij(1,2) — Acyj(1,2) = 3, { [ drs(pn(rs) — pa)hls! (13)c) (32)

(4.13)

ref (32) h7ef (32)

[ s p(r3)[Ahin (1, 3)(ch (382) + Ahn(3,2) 25 4+ W (13) Ay (3,2) 20 ]}

ref ref
g (32) 9,5 (32)

which is characterized by a transparent and quite simple nonlinearity on Ahp,, (4, 7). The DOZ2 equation within the
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DHNC2 closure has a more complicated form. We shall rewrite Eq. (4.13) in a form which is appropriate for the
numerical procedure. Introduce the function:

A’}/ij(].,Q) = Ahl](1,2) — Acij(l,Z). (414)
Then the DPY2 has a very convenient form
Acii(1,2) = Ay (1, 2R (12) (4.15)
and the DOZ2 in the DPY2 approximation is given in a form which is convenient for numerical studies
Ayij(1,2) = 30, { [ dra(pa(rs) = pn)hin! (13)c)5 (32) + [ drapn(ra)[(Avin(1,3) + Acin(1,3)) (e, (32)
(4.16)
+A070; (3,25 (32)) + b/ (13) A (3,2) 5 (32)])-
Let us now proceed with the equation for the profile. The LMBW equation is
Vingi(r)) =3 > / drs[V pn (r2)][che? (12) + Avin(1,2)157 (12)]. (4.17)
n

Thus, the problem is complete. If one would like to focus on the description of the surface phase transitions it is
possible to develop a more sophisticated closure which includes the bridge diagrams contribution. For any case a
major part of the associative interaction is treated adequately by the introduction of the reference fluid. Any possible
inaccuracies in the treament of bonding arise from the DPY2 approximation. We hope to investigate the scheme
presented above in future studies.
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AOCOPBIIA NVMMEPNU30BAHUX PIIWH BIJIA IIOBEPXHI TBEPIOI'O TIJIA.
MOIEJIb ITPOHUKHEHHSA TBEPOIUX COEP

I. Tendepcon', O. Iizio>*, C. Coxoroscxi®, A. Tpozumuyr>*
! Daxyavmem wimii i Gionozit Bpasm Ane, IIposo, FOma 84602, CIIIA
2 Inemumym zimii YHAM, Kotioaxan, 04510, Mexixo, Mexcuxa
3 Daxyavmem zimii, Ynisepcumem Mapii Craodoscoroi-Kiopi, JTobain 20031, Moavwa
*HMocmitina adpeca: Incmumym @isuxu xondencosanux cucmem HAH Yxpainu, 290011 Jlveis, Yrpaina

3pobIeHOo OrUTsAm HESABHIX OOC/IIKEHb HEOTHOPIIHAX ACOUIATUBHUX PiguH. Posrian oOMexeHo BUIIAOKOM a-
copbuii tuMepn30BaHUX piguH Ol MOBEpXHI TBEpIOro Tisia. PosrnisnamoThes kpucramivani abo mo36aBIIeHi CTpyK-
TYpH TIOBEPXHI, sIKi MOXYTh OyTH peakTUBHUME 200 Hepeak TuBHUMEU. OCHOBHUMHI METOHAMH, IO 3aCTOCOBYIOTHCS,
€ METOOH iHTer paJIbHOTO PIBHAHHS, IIPOTE TAKOXK MPEICTABJIEHO MKl Pe3y/IbTaTd, OTPUMAHI 3a [IOMOMOTOI0 Me-

Tony Moute-KapJio.
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