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Principles of the adsorption theory of large molecules
on nonuniform surfaces
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A new theory of adsorption of large molecules blocking more than one adsorption center
on a nonuniform surface, taking into account lateral adsorbate-adsorbate interactions, was
proposed. The cluster approach was used to obtain equations of adsorption isotherms. The
lateral interactions are taken into account in the quasi-chemical approximation preserving
effects of direct correlations. Ways of simplified description of the multicentered adsorption
on nonuniform surfaces were considered: a model of isolated contacts for nonspherical
molecules and a quasi-one-centered mode] for spherically symmetric molecules adsorbed on
amorphous surfaces. The resulting equations cover all equations previously coasidered in the
literature for the adsorption of large molecules on uniform and nonuniform surfaces.
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The Langmuir assumption?® that centers of localiza-
tion of adsorbed molecules exist on the adsorbent sur-
face leads to the question about the geometric corre-
spondence of sizes of the localization region (adsorption
center) and the adsorbed molecule. The majority of
theoretical works?—% on adsorption of molecules from
the gas and liquid phases consider cases where the sizes
of the molecule and adsorption center are comparable
(one molecule can be localized on each center). Ap-
proaches developed recently (cluster and fragment ap-
proaches) make it possible to take into account with a
high accuracy both lateral interactions of adsorbed mol-
ecules and the nonuniformity of the adsorbent sur-
face. 5. 7%

Blocking several adjacent centers by large molecules
makes the estimation of molecular configurations real-
ized and their statistical weight at fixed values of the
number and energy of molecules considerably more
difficult. The theory of adsorption of spherically sym-
metric molecules blocking the nearest adjacent centers
was developed for a planar square structure.!0.!0 The
adsorption of dimers on the one-dimensional structure
was studied,!? and the thermodynamic approach was
suggested for description of adsorption of large mol-
ecules from solutions.!3 The theory of adsorption of
molecules of different sizes and torms on uniform sur-
faces was considered in Refs. 14—18. However, the
problems of taking into account lateral interactions of
adsorbed molecules were discussed only in several (see,
e.g.. Refs. 1 and 18) works. Only three works!?—2! are
devoted to adsorption of large molecules on nonuniform
surfaces. Dimers on patchwise and chaotic surfaces!?:20

and chain molecules on chaotic surfaces?! were consid-
ered without taking into account lateral interactions.

This work proposes principles of an adsorption theory
of large molecules on a nonuniform surface, taking into
account the lateral interactions between the molecules.
To develop equations that describe the gas—solid equi-
librium, the cluster anproach was used. Previously, this
approach has been appied in the adsorption theory of
one-centered molecules322 and dimer molecules on uni-
form surfaces taking into account the lateral interac-
tions.2223 We restrict our consideration to horizontally
arranged molecules with relatively simple shapes: a rigid
rod and a flexible chain with length m and a piate with
m = bxd (b and d are the linear sizes the plane). We will
take into account the lateral interactions between the
nearest neighbors in the quasi-chemical approximation.
In developing the theory, we should consider different
orientations of the adsorbate in the surface plane and
their mutual competition: as the density of the adsorbate
increases, the ordered arrangement of the molecules
with the same orientation of their long axes becomes
more favorable. When coverages of the surface are high,
the two-dimensional analog of three-dimensional phase
transitions of the nematic (and/or smectic) disordered
phases is realized.2425 In the statistic description of
large molecules, each molecular orientation is consid-
ered as a kind of some particle. Therefore, taking into
account different orientations of the molecules is re-
duced to the adsorption theory of a mixture of mol-
ecules even for the one-component system,

In this work, the model and structure of the equa-
tions obtained are considered. Two versions of the sim-
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plified calculation of the adsorption of large molecules
on the nonuniform surfaces are presented: a model of
isolated contacts for nonspherical molecules and a quasi-
one-centered model for spherically symmetric molecules
on amorphous surfaces. In addition, the interrelation
between particular versions of the adsomtion isotherms
for planar and one-dimensional lattices with the iso-
therms obtained previously is considered.

Model

For description of adsorption, let us use the lattice
model. Let us imagine a monolayered space above the
surface as a lattice structure with the number of nearest
neighbors equal to z. The lattice constant is equal to the
linear size of the adsorption center (site) and is deter-
mined by the value of the region of the local minimum of
the potential adsorbent—adsorbate energy. Let the adsor-
bate occupy an integer number of sites equal to m. Let us
designate a "molecule in orientation [ as the "particle (7,
! <1< s (sis the number of distinguishable orientations
of the molecule), ie., the long axis of the molecule
coincides with one of the considered axes of possible
directions. If L is the number of possible directions of the
orientation axes, in the general case, L 2 z/2. One should
distinguish the cases for nonsymmetric molecules when
the direction of the long molecular axis coincides with or
is opposite to the direction of the orientation axis:
s = 2L. For symmetric molecules, both cases correspond
to the same state, and , = L.

Large particles block m, adjacent sites of the surface.
Therefore, to perform correct averaging over all configu-
rations of large particles, a rule of assignment of the
position of a molecule to a specific site of the surface
should be formulated. Let us choose one of the terminal
segments of particle / (for example, one of the ends of a
chain or rod, or an angular contact for a planar particle
in the form of the rectangular) and let us count other
sites occupied by the same particle from this segment.
The number of the site £ (1 € f< N, N is the number of
the sites of the surface fragment), in which the chosen
segment of particle / is localized, will be considered to
be that occupied by the given particle, and the surface
region occupied by particle / will be designated by {f}.
The lecal Henry constant corresponds to each particle /

apt = atpyexplBELt. B = 1/kgT.

where a"m" is its pre-cxponential and Em‘ is the binding
energy of particle / with site {f}. In the atom-atomic
approximation, this value is obtained by summation of
all contributions from the interaction of the atoms of the
molecule with the atoms of the surface.

The intermolecular interaction of adjacent particles J
and J localized on sites fand g will be characterized by
the energy parameters £y,”. The value of this param-
eter depends on the mutual orientation of the mol-
ccules. The energy of the intermolecular interaction is

calculated in the atom-atomic approximation. The vajue
of the parameter .,/ is obtained from the sum of the
contributions of paired interactions swg,ﬁ(«p&) between
adjaccnt contacts ¢ (particle i) and £ (particle j) related
to the contact line of these adjacent molecules / and J in
sites {f} and {g}. The size of the unit contact is consid-
ered to be equal to the lattice constant. Let us designate
the perimeter of particle / as Q;. The number of contacts
of the class ¢ of particle / will be designated as Q2.

Q= }:Qﬁ’, where the sum over ¢ from /to t; means

the sfﬁ{mation over all classes of contacts of particle i.
The contact line of adjacent particles / and j in sites f
and g will be designated as ofg’/. All contact regions
belonging to the same class are energetically equivalent.
For any specific set of adjacent particles {/} designated

by the symbol @, we have O =2.0%  where the sum

over g is taken over all adjacent sites around particle /.
Symbol o numerates the total sequence of all possible
sets of adjacent molecules {J} taking into account their
orientations. Positive values of the interaction param-
eters correspond to attraction. The interaction of par-
ticles with free sites is equal to zero.

Each site of the surface is either blocked by the
adsorbate or is free. The free site v is considered to be a
particle of the kind s+1, all its contacts being equivalent
and Q, = @+ = g, myyy = 1. To calculate the adsorp-
tion isotherm, the probabilities of different states of
occupation of all surface sites should be calculated.

System of equations

To write the system of equations describing the
adsorption of large molecules on nonuniform adsorbents,
we use the cluster approach to description of the distri-
bution of laterally interacting molecules over nonuni-
form sites of the lattice systems.5:22 The essence of this
approach is the following. The system of equations is
solved relative to the cluster distribution functions, which
characterize the probabilities of different local molecular
configurations, instead of the calculation of the statistic
sum of the system studied (more exactly, the statistic
weights of configurations of molecules with the fixed
energy of the system). The procedure of development of
the system of equations includes three stages: 1) repre-
sentation of the initial lattice to the clusters consisting of
the central site and the region occupied by the nearest
adjacent molecules; 2) development of equations for the
cluster distribution functions on each cluster (this results
in an exact but unclosed system of equations, because
the number of the unknowns is greater than the number
of bonds): 3) introduction of a unified method for
closing the equation developed for ali different clusters.

This results in the unified closed system of equations
(1—(2) that describes the distribution of molecules over
nonuniform sites of the whole lattice and takes into
account lateral interactions of adjacent molecules in the
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quasi-chemical approximation, which conserves the ef-
fects of direct short-range correlations.

AP = Sip N mi . Ny = Tn'mm“l’{ B‘-«/(x] m

afn)n

MY, MV ([ My v e -
Oafiar = OO i) “"P{ Bemeg:] ' {2
g = Bnig /%

where P is the pressure of the adsorbate in the gas phase;
Omi is the probability of covering site {/} by paricle /;
symbol m,v designates the free surface region of the size
m;, in which the adsorption of particle { is possible; 67
is the probability that region {f} of size m; is free; OI"UHSF
is the probability that particle / on site {f} and particle n
on site {g} are adjacent, where 1 < n < (s+l); the
condition of normalization to the paired probabilities

will be written as Zg{’}ug; =Y. The summation over

a(n) in Eq. (1) means the sum over all possible arrange-
ments of all adjacent molecules n. The function /\m’
depends on the lateral interactions between adjacent
molecules (it is the function taking into account the
imperfect character of the adsorption system caused by
the adsorbate—adsorbate system). If the lateral interac-
tions can be neglected, Ay = 1and ayP = 0{/-,/(9{’/"3,"@-)

Equations (1) and (2) make it possible to calculate
the local isotherms (local coverages of different sites), if
they are supplemented by the normalizing conditions to
coverages of the sites and to determine the method for
calculation of functions 7.

The normalizing condition to the probability of cov-
erage of the site with the number f has the form

s m~1
DI IR 3)

where pf = 8,4'/m;, index £ is the shift of the molecule
along the given orientation axis. Normalizing condition
(3) reflects the whole totality of different modes of block-
ing the given site f. For one-center spherically symmetnc
particles, normalizing condition (3) is written as

X .
pY o Sl
il

because the long molecular axis is absent in this case.
For spherically symmetric one-center particles. we
have

pl)'.s.pj-l =

where A4 is the site occupied by the molecule A.
The probabiity of the free surface region on which

particle / can be adsorbed is expressed by the product of

the probability of the free site with the number /by the
probability of the adjacent free region of the size (m,—1).
This makes it possible to write the equation for the
function 87} in the following form:

9'"'] = prnt,k,, .

where index h is the number of (m;—1) sites blocked by
particles / of the size m;; p/ is the probability that site fis
free, 1, 4+,"" is the conventional probability of the free
site with the number (A+1) near the free site with the
number A:

r 1

kY= ph f pry + iioh 107 (k)/u . 4)
L i=l o

Here the pair of indices h and A+ 1 specifies the orienta-
tion (k) of the pair of free sites, Q(k) is the number of
contacts of the class ¢ of adjacent particle / in the
direction specified by index k.

As follows from the structure of the equations ob-
tained, the developed system of equations is nonlinear
relative to 8.4 (or pJ). Couplings between the states of
occupation of different sites are manifested due to the
lateral interactions (formulae (1) and (2)) (this factor is
the main one for interacting one-centered particles) and
due to blocking several adjacent sites by one molecule
(formulae (3) and (4)). This blocking also takes place in
the absence of lateral interactions. The solution of the
equations relative to local coverages emi allows one to
determine the dependence of the total coverage of the
surface on the pressure, ie., the adsorption isotherm:

NPy = Z ?9/)(P)/’V
=1 /=1

The obtained system of Egs. (1)—(4) makes it pos-
sible to study the adsorption of large molecules on
nonuniform surfaces taking into account lateral interac-
tions of the nearest neighbors. Analysis of this system
requires numerical methods. The dimensionality of the
system of equations decreases substantially when new
variables Xm{g} are introduced by the correlation Bipig)'
X' X,g,m/cxp(Bng)/) (this transforms Egs. (2) for
paired functions to tdentities | = 1). Analytical expres-
sions can be obtained only for the simplest limiting
cases, in particular, for the uniform surface both without
and accounting for lateral interactions.

The system of Egs. (1)—(4) gives the site-to-site
description of the local populations of the two-dimen-
sional surface fragment. This detailed description is
possible only for small surface regions. To describe
macroscopic regions, it is necessary to introduce distri-
bution functions of sites of different types and to average
the equations obtained using these functions. (This prob-
lem has been considered in detail for one-centered
particles in Refs. 7 and 26: the main concepts are valid
for multicentered particles as well.) In particular. for the
adsorption isotherm, the general form of the well-known
equation is obtained:

s T .
A=Y 3 59,

relyg=i
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Here f, is the unary discrete function of the site distribu-
tion over the adsorption ability that characterizes the
fraction of sites on the adsorbent surface of the type ¢
(! <g< T. Tis the number of types of the sites on the
nonuniform surface).

Simplified versions of combined accounting for the
nonuniformity of the surface and lateral interactions of
molecules as well as particular cases for the uniform
surface are considered below.

Model of isolated contacts

In solving Egs. (1)—(4), it is most difficult to calcu-
late all possible configurations of adjacent molecules
afn). To simplify accounting for lateral interactions, the
Guggenheim—Barker approximation?’=?% is used for
mixtures of large molecules in the theory of solutions.
The sense of this approximation is the substitution of the
real geometry of mutual arrangement of the adjacent
molecules by the estimation of an average number of
pairs N,-j"" between unit contacts & and n of adjacent
molecules { and j and by taking into account the lateral
interactions between them specified by the interaction
parameters ", where | S k< Qi | s n< Q. The N7
values are related by the correlations

kk » arkn 13
NSNS OFN,
PR

where the stroke means j # i and n = k.
The normalizing correlations for the contact pairs
are determined by Eqs. (3).

eil_i'n = (1 + .\'/_kn)NUA'h/‘U, M= EZQ[kNi ,
ik

LI =1, e =6 Yef =1,
ik jn o ik

.
af =gk e = To0r/oh 5
L =
You=l.lsijssn gk lensy,
1
Here A" = 1 for/ =jand k = n, and A" = 0 in the

other cases, M is the double number of the contact pairs
of the system, the ratio X =N,/ZN, determines
t

the molar fraction of component /, and 8% is the prob-
ability that the contact chosen is the contact of the &
tvpe of molecule i The function 9,-/-"‘" determines the
probability of formation of the contact pair between
contacts £ and »n of molecules / and j, respectively. The
ratio /,-j-"". = 0,-/‘_"/9," determines the conventional prob-
ability that contact n of molecule j is adjacent to contact

k of molecule i; 21" = 1. The equilibrium distribution
L

of the contact pairs of the adjacent molecules is calcu-
lated by formulae (5) and the following correlations:?3
ei:kkejj"" = (Qijk")zﬁxpﬂ{s,ikk + Cj,‘"" - 25']10:}_

In this model, the local adsorption isotherms are
described by Eq. (1), where

~of
sy = 1 S explpetr)|
k jan J
This model is used in two versions. The first version
uses the simplified description of the lateral interactions
(as shown above), while the interactions of the molecuie
with the nonuniform surface is taken into account ex-
actly. The second version uses the model of contacts and
is used for the description of the adsorbent—adsorbate
interactions. For the ideal adsorption system with
./\m" = |, this version was considered in Ref. 21, where
formulae for adsorption of chain molecules on the cha-
otic surface, i.e., on the nonuniform surface with cha-
otic arrangement of sites of different types, were derived
through the calculation of the statistic sum of the ad-
sorption system in the Flory approximation. The main
system of Egs. (12)—(14) in Ref. 21 can be directly
derived from our Egs. (1), (3), and (4), if it is taken into
account that

i ” i k
oy = py[1ph.1 and 8ip =p; [Teh
B P

(indices k£ and n designate different segments of adsorbed
molecule /). The new approach makes it possible to use
these equations?! for planar molecules of a more com-
plicated form. Formally, this approach can be also ap-
plied to arbitrary modes of arrangement of sites of
different types, although from the physical point of
view, these equations are the most correct for chaotic
surfaces.

The first version of the model also allows one to
study nonuniform surfaces of any structure. In the par-
ticular case of z\m" = |, the adsorption isotherms de-
scribed in Refs. 19 and 20 are obtained for dimeric
molecules on stepped and chaotic surfaces.

Quasi-one-center model for calculation
of adsorption on amorphous surfaces

To calculate the adsorption of laterally interacting
motecules on chaotic surfaces, one should consider a
larger surface region.”3® In the case of adsorption of
spherically symmetric molecules (which are approxi-
mated by a sphere or square), a simpler, approximated
calculation method can be used. The physical basis of
the new method is the following. For small densities of
the adsorbate, the contributions of the lateral interac-
tions are low, and the distribution of the molecules is
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determined only by the local adsorbate—adsorbent po-
tential {i.e., by the local Henry constant). In the region
of great coverages of the surface, the adsorption occurs
mainly on the weakest sites, and the contribution of the
lateral interactions is maximum. In the intermediate
region of coverages, the nonuniformity of the surface
and lateral interactions appear simultaneously. This re-
sults in the nonequivalent coverage of different sites,
leading to the formation of a certain compact arrange-
ment of the molecules at first local and then larger
(domain), on the most favorable subset of sites (with the
maximum binding energy) and to blocking the adjacent
sites. This phenomenon is analogous to the effect of
ordered arrangement of the molecules in the case of
strong repulsion of the nearest neighbors.3!

The proposed procedure for the calculation of the
adsorption is the following. The surface is divided by a
lattice structure, as for one-center molecules, with the
number of the nearest neighbors ¢ and the lattice con-
stant equal to the diameter of the molecule. Then the
surface region inside each site is divided into smaller
surface areas (for example, the square side is divided
into n parts, n = 2, 3,..., and the site itself is divided
into n? parts). The center of any small surface area can
be accepted as the center of the "whole" site, which is
then propagated over the whole surface. The division of
the surface into a set of sites with their sets of local
Henry constants for each site corresponds to each posi-
tion of the center of the site. For the chosen division of
the surface, the adsorption 6,(P) is calculated in the
same manner as for the one-center system37 by solving
the system of Egs. (1) and (2), where 8y =1 - 9}”

A 2} ST
0(P) = 36PN arP = i T g,
7= [ 7=

= _._ﬁ?___ (6)

X = exp(—fe) — 1, g
b, +8
R’ TR

Sp = 1+ x(t — 0, By).

Here 6, is the molar fraction of the particles in sites f,
and index g numerates adjacent sites gy of site £ In the
atom-atomic approximation of taking into account the
lateral interactions, eg? = v, . .
This calculation is repeated n- times (1 < k < n-):
each small surface area is the center of the site. Then the
value 0 = 0,(P), | < &k < n? which corresponds to
the minimum value of the free energy of the adsorbed
molecules is chosen for each specific value of the pres-
sure P32 The total dependence 8(P) thus plotted corre-
sponds to the adsorption isotherm. Thus, the system of
equations for one-center particles is solved #? times
instead of solving the system of equations for multi-
center particles.>7 This calculation procedure is suffi-
ciently adequate to the physical picture. The results of
the caleuiations at -0 and 81 are independent of the
method of division of the surface into cetls, because at

00 the Henryv constant is the additive value indepen-
dent of the value of summands, and at 8—1 the total
value of the contributions of the lateral interactions is
independent of the character of nonuniformity of the
surface. In the region of intermediate coverages, all
possible modes of the ordered arrangement of the mol-
ecules is considered in the explicit form. This procedure
was used in Ref. 33 for the calculation of the adsorption
of argon atoms on the amorphous rutile surface.

Uniform surface

On uniform surfaces, all clusters of sites are equiva-
lent. and their differences in coverages are determined
only by the effects of ordering of the adsorbed particles
due to their lateral interactions and forms of their “solid
cores.” Below, we will restrict our review to the results
obtained previously for particular cases of the adsorption
isotherms derived from the formulae presented in this
work.

In Ref. 23, the effects of local ordering of dimeric
molecules were taken into account by the formulae that

follow directly from the equations given above, The

orientation ordering of dimers and trimers also was
considered in Refs. 34 and 35. Accounting for the ori-
entation ordering of rigid rods has been studied in
Ref. 36 in the molecular field approximation,3 which is
obtained from the equations of the quasi-chemical ap-
proximation used in this work by the limiting transition
Be—0. If the ordering of particles is not taken into
account, Egs. (1)—(4) are simplified, because the prob-
abilities of coverages of all sites become equal. As a
result, formula (3) takes the form typical of one-center
particles:

B, +6, = L.

Exact accounting for the lateral interactions for the
arbitrary size of particles is possible only for the one-
dimensional structure.37 Accounting for the lateral in-
teractions in the model of similar isolated contacts
results in the following expression for the adsorption
isotherm of large molecules without taking into account
their reorientations

aP = npdAL[zm(l — 0)].d = (,)5/(1 — )%, A = (1 + @,

X =exp(—fe) — L.or=[(l =), +20— /0, ()

where 1 is the number of symmetry of the particles: h =
| for nonsymmetric and n = 2 for symmetric particles:
the ® function depends on the shape and size of par-
ticles m: x and « are the full and internal numbers of
binding between the sites blocked by the molecule; the
factor ¢ takes into account the additional internal de-
grees of freedom of the adsorbed molecule and depends
on its rigidity (5 = 1 for rigid molecules); e is the
parameter of interaction of the adjacent contacts, whose
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number for the planar adsorbate is equal to @; 1 is the
conventional probability that the contact is adjacent to
another contact; 1, can be determined from Eq. (4). In
the particular case of dimeric molecules, this equation is
transformed to the Chang equation.38.39

When lateral interactions are absent, A = | and the
form of the adsorption isotherm is mainly determined by
the @ function. According to Ref. 27, for particles in
the form of plates. m = b+d, Q = 2b + d); for rigid
rods with the length m, @ = (z — 2)m + 2. The equa-
tions of the adsorption isotherm were obtained for the
particular cases of dimers,*8-3% trimers.4% and a rod of an
arbitrary length on the one-dimensional structure.

The adsorption isotherm for absolutely flexible chains
differs from that for rigid rods by the additional internal
degrees of freedom of ecach segment. This allows one 10
take into account that = (z—1)7("=D without chang-
ing Eq. (7), because each next segment of the chain has
(z—1) directions of its arrangement. Taking into account
the interactions between the chains in the approxima-
tion of isolated contacts is considered in Ref. 42,

Thus, using the cluster approach, the equations of
the adsorption isotherms of large molecules blocking
more than one adsorption center on the nonuniform
surfaces were obtained, The equations take into account
the lateral interactions of the adjacent molecules in the
quasi-chemical approximation, which reflects the ef-
fects of short-range correlations. The methods for sim-
plified description of multicenter melecules on the non-
uniform surfaces are considered: the model of isolated
contacts for nonspherical particles and the quasi-one-
center model for spherical particles on the amorphous
surfaces.
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