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We consider a model for a monomolecular film of a polymerizing fluid adsorbed on a crystalline
surface and study it using NVT Monte Carlo simulations. The model represents a two—dimensional
chemically associating fluid of hard discs with center—center repulsion and site-site attraction, such
that with increasing association energy discs polymerize in the external heterogeneous field due
to a crystalline surface. It is shown that both the valence angle between attractive sites and the
association energy influence the monolayer structure. We have performed a comparison of the results
for the homogeneous surface (Yu. Duda et al., J. Coll. Interface Sci. 194, 68 (1997)) and the (100)
single crystal plane is chosen to elucidate the effect of a substrate crystalline symmetry on the
polymerization of species. Analysis of complexes that are formed due to association in terms of the
fractions of singly and doubly bonded particles, of average numbers of chains and rings and of their
size is presented. The average end to end distance, the radius of gyration and the persistence length
of the products of polymerization are calculated. The dependencies of the monolayer structure on

density, on the fluid-solid energy and on the valence angle are investigated.
Key words: monolayers, polymerizing fluids, two—dimensional model, crystalline lattice.

PACS number(s): 61.20.Qg, 82.30.Nr, 61.25.Em, 61.25.Hq

I. INTRODUCTION

There is currently a considerable interest in highly or-
dered monomolecular adlayers on solid surfaces for ba-
sic research, as well as for technological applications. In
particular, the studies of monomolecular layers of chain
molecules using the scanning tunneling microscopy have
received much experimental attention [1-6]. Single crys-
tal surface as well as modified surfaces have been used
in those experiments as a substrate.

Previous theoretical investigations of monolayer ad-
sorption mostly apply to ideal surfaces and to simple
fluid models in two dimensions (2D), such as hard discs,
Lennard—Jones discs, planar dumbbells, see e.g. [T-13].
Very recently, Zhou, Hall and Stell have attempted to de-
velop a thermodynamic perturbation theory of 2D fused
hard—disc chain fluids [13]. These authors have empha-
sized necessity to accumulate simulation data for the de-
velopment of the theory of 2D complex fluids.

We have initiated the study of 2D chemically asso-
ciating fluids in our recent works [14-16], using Monte
Carlo simulations and integral equations. In the present
work we consider a 2D model for polymerization of par-
ticles via directional bonding in a monolayer adsorbed
on a crystalline lattice. We hope to extend the model
in question in future works in order to link the results
of statistical mechanical studies of polymerizing models
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and observed images for monolayers of chain fluids in the
scanning tunneling microscopy experiments.

Our model is the 2D counterpart of the one proposed
by Wertheim for three dimensional case in Ref. [17]. How-
ever, in our study the attractive sites are fired with re-
spect to each other in each molecule, i.e. the individual
molecules are characterized by the 'valence’ angle. More-
over, in contrast to the polymerizing model of Wertheim
[17], the parameter of bonding length is chosen such to
permit interpenetration of monomeric discs during asso-
ciation. This effects adds realistic features to the model.
The monolayer is considered under the influence of en-
ergetic heterogeneity due to a crystalline substrate. The
potentials proposed by Steele [18, 19] are used to model
the fluid—solid interactions. The NVT canonical ensemble
Monte Carlo simulation technique 1s applied to investi-
gate the system in question. Having in mind complexity
of the model, even simplified in comparison with real-
ity, it 1s difficult to apply other theoretical tools than
simulation techniques at present.

1I. A MODEL AND PROCEDURE

Consider a one—component model for a polymerizing
fluid that consists of monomeric discs each possessing
two attractive intracore sites. The diameter of discs is
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chosen as length unit, o; = 1. Denote the sites on the
disc 7 as A; and B;, the positions of sites inside a core are
defined by vectors d, and dg,, d =| da, |=| dp, |, each
molecule is characterized by the valence angle o defined
as the angle (d4, dp,) anticlockwise. A site represents a
circle of diameter a. Denote the bonding length between
centers of two discs by L.

Let us now write down the interaction between discs
1 and 2 in the form

U(I,Q)IO, 19 > 1 (1)

where r12 =| 115 |, is the center—center distance in two

dimensions, r = \/x2 + y2, and

—Eas, for L <r < 2d+ a,
_ ) andif |rip4+da, —dp,[<a
U(l?) — or |I‘12 +dA2 _ dBl |< a 3 (2)
00 otherwise

bl

where €45 1s the association energy. Parameters of inter-
action, L, d and a are chosen to satisfy the condition
L <2d+a< L+ (2—+/3)d, to prevent double bond-
ing of a site on one molecule with two sites on other two
molecules. Throughout this work we choose the following
set of parameters: L. = 0.74, d = 0.37 and @ = 0.1. This
2D model is considered within the plane which is energet-
ically heterogenous due to a fixed distribution of under-
lying substrate atoms. This distribution will be chosen
to correspond to (100) single crystal plane.

The interactions between fluid atoms and crystalline
surfaces has been profoundly investigated by Steele [18,
19]; he proposed analytical expressions for fluid—solid po-
tentials. These potentials arise from the summation of
Lennard—Jones interactions between a given fluid par-
ticle and infinite set of atoms of the solid body. It has
been shown by Steele, that the most important effect
produced by a solid body on adsorbed particles comes
from the atoms of the terminating solid layer.

Having this in mind we choose a following model for
the fluid—solid interaction. The potential between ith
fluid particle and a solid Uy, (r;, 2;) is taken as

Ups(ri,zi) = Y ULa(pij) (3)
{5}

where the summation in Eq.(3) is over the atoms of
one solid layer; v; = (#;, ;) is the two—dimensional vec-
tor describing the position of ith particle in laboratory
frame, z; is the position of the particle with respect to
the plane where the solid atoms are located; Urs(pij)
is the Lennard—-Jones interaction potential between :th
fluid particle and jth atom of a solid,

Urs(pij) = 4egs[(05s/pig)'? = (45/pis)"] (4)

and p;; = 4 /x?j + yizj + zizj is the three—dimensional vec-

tor. To simplify the model for Uy, (r;, ;) we consider the
solid atoms to be located in z; = 0 plane. Moreover, us-
ing the results of Steele [18, 19] for fluid—solid potentials
we choose the plane for investigation of a polymerizing
fluid to be located at a distance z;, such to provide ener-
getic heterogeneity of the surface for adsorbed particles
of another diameter.

Therefore we use the fluid—solid potential U (z;, y;, 2),
which implements summation of interactions of a fluid
particle with an infinite one layer of solid atoms, the
distance of a fluid particle w.r.t. the normal to solid
atoms plane, however, is held fixed. The choice of the
parameters of Lennard-Jones interactions, €7, and oy;,
ors = 0.5(0f + 0,), as well as of diameter ratio, s, =
o¢/os will be discussed below.

To study the model we have applied common Metropo-
lis Monte Carlo algorithm to obtain canonical averages
for the energy and distance distributions. The simula-
tional box has been chosen in the zy plane to be a
square with length I,= I, = [ . We choose the simu-
lational box such that it contains almost 500 unit lat-
tice cells of a crystalline lattice. Evidently the simula-
tional box contains multiples of the unit lattice cell in x
and y directions. The periodic boundary conditions have
been used along these axes. The presence of surface en-
ergetic heterogeneity slightly modifies the procedure al-
ready applied for homogeneous substrate [15], the simu-
lations for energetically heterogeneous surfaces, however,
become more time consuming.

The displacement scheme applied here is a specific
combination of previously used: it consists of transla-
tional and orientational displacement of each particle; if
a chain is formed, we make its displacement as a whole.
Actually, we have used two displacements for each indi-
vidual particle, the larger one Ar; is chosen in the inter-
val 2030, and the smaller one, Ar,, is approximately
0.10¢, which is of the order of the diameter of attractive
site. Orientational displacement of the particle has been
performed approximately for the angle ¥ ~ 130°, this
step is done in a standard manner [20].

Displacement of chains, besides individual particles,
1s necessary to provide adequate sampling of the phase
space in the case of formation of aggregates of particles,
i.e. chains or rings. We identify the particles belonging
to each chain making a member list and then displace
in random direction each of chains, i.e. make simultane-
ous parallel translation of all members of the complex,
for Arcp, Arep ~ 20, Moreover, we perform addition-
ally displacements of chains for the distance equal to a
random multiple integer of the length of unit lattice cell.

To perform orientational movements of chains, we
choose arbitrarily a monomer belonging to a complex,
and then all the chain is displaced orientationally w.r.t.
chosen particle for the angle ¥.;. The number of at-
tempts to displace a chain translationally and a part of it
orientationally, depends on its size, i.e. on the number of
monomers belonging to the chain. Each simulation step
includes all the attempts to displace all the particles of
the system translationally and orientationally, as well as
to move, as described above, all the chains formed. The
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parameters of all displacements were chosen such to pro-
vide reasonable partial acceptance ratios for each type
of displacements and total acceptance ratio. In all the
runs performed, partial acceptances have been 30 = 50%
which in conjunction yield stable total acceptance ratio
around 20%.

The systems considered on the almost homogeneous
and energetically heterogeneous surfaces were equili-
brated for at least 4 x 10* of simulational steps. Ac-
ceptance ratio in the runs with homogeneous and het-
erogeneous surfaces was almost equal. A productive run,
during which the averages were obtained, consisted of
not less than (1.2 +1.5) x 10° steps. Energetic criterium
has been used to determine if equilibration had been
reached. For systems on ideal surface the fluctuations
of energy per particle were less than 5%, however, in the
presence of energetic heterogeneity the fluctuations be-
come slightly stronger, we assume that equilibration has
been reached if the the fluctuations of energy are less
than 8%.

We perform thorough analysis of bonded configura-
tions of particles and all other averages which character-
ize the bulk polymerizing fluid. Our main concern is a
comparison of the formation of chains due to chemical
assoclation on an ideal surface and crystalline surfaces.

III. RESULTS AND DISCUSSION

Very recently we have investigated the model for poly-
merizing fluid in question on the ideal surface, i.e. ener-
getically homogeneous plane [15]. Now, our main concern
is the influence of energetic heterogeneity of the surface.
From the variety of lattices, in this study we have chosen
a square lattice which correspond to (100) single crystal
plane. A slightly more complicated case of (111) lattice
will be considered elsewhere, with an emphasis on the
systems related more closely to particular molecules of
experimental interest.

The (100) single crystal surface is a square lattice with
unit cell length 5. The unit lattice cell 1s characterized
by atom positions (a) : (0,0), (0, 05), (¢s,0), (¢s,05), by
adsorbing site position (s) - (0.5v/2a,, 0.5v/20,), and sad-
dle point positions (sp) : (0,0.505), (0.505,0), (5, 0.505),
(0.505,05). The diameter of fluid particles is chosen to
be smaller than the diameter of solid atoms, such that
o¢/os = 2/3. Adsorbing plane in this case has been cho-
sen to be located at z/c; = 0.67, i.e. at a distance which
yields sufficient energetic heterogeneity for polymerizing
particles as it follows from the calculations performed
by Steele, see e.g. Refs.[18, 19]. The energy of Lennard—
Jones fluid-solid interaction varies from fes, = 0 (homo-
geneous surface) to fey, = 1.5 (strongly heterogeneous
surface). Evidently, the external periodic field influences
statistics of bonding states of particles and all the fea-
tures of polymerization in the monolayer.

We have performed simulations for two different val-
ues of the density of discs: p = 0.4 and p = 0.6. Two
values of association energy are investigated: fe,; = 10
and fe,s = 15, to provide comparison of the structure of
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the monomolecular layer on ideal and crystalline surface.
The valence angle «, 1s chosen to be 135°, 160°, 180°. We
will begin with discussion of the case « = 135°, similarly
to our previous work [15]. With this value, one would
expect the formation of rings made of eight monomers
as follows from geometric arguments. The formation of
rings of eight elements has been involved in the expla-
nation of experiments on the structure of liquid sulphur
[21, 22] and its changes with temperature. The model
in question is characterized, however, by the attractive
sites of finite diameter, therefore rings that are formed
due to association can be polydisperse (they can contain
different number of particles).

Before proceeding with the description of the results
let us introduce some notations. To perform simulations
in each case we consider N particles in the simulation
square cell with area S. We have calculated the aver-
age concentrations of singly bonded and doubly bonded
particles X3 = N;/N and Xy = No/N (N, i = 1,2 is
the number of i-bonded particles) in the unit lattice cell.
The fraction of unbounded species Xy is then straight-
forwardly determined, Xy = 1 — X1 — X5. Some of our
results, such as the density profiles, the pair distribu-
tion functions, the structure factors, will be presented in
graphical form, all other are collected and given in tables.

We would like to discuss five effects of interest in the
behavior of the monolayer on heterogeneous substrate,
namely the effect of the density of discs, of association
energy, of the valence angle value and of substrate het-
erogeneity.

The effect of surface energetic heterogeneity and of
association energy between discs is discussed according
to the data presented in Table 1. Here we investigate
the case of intermediate disc density, p = 0.4. For lower
value of association energy, feq,s = 10, the fraction of
singly bonded particles increases with increasing fluid—
solid energy, i.e. with surface energetic corrugation, a
maximum of X is observed at fe;, = 1, for still aug-
menting fluid—solid energy X; decreases. The fraction of
doubly bonded particles behaves differently, it exhibits
maximum value at low fluid-solid energy, Be;, = 0.2,
and then decreases with increasing fey,. Consequently
the fraction of unbounded species increases quite slowly
for low fluid energies and then augments more rapidly
with increasing fluid—solid energy — this is a very clear
manifestation of the disordering effect of crystalline lat-
tice energetic heterogeneity on the association phenom-
ena in the monolayer at this density, p = 0.4. For higher
value of association energy between discs, fe,s = 15, the
fraction of singly bonded discs increases whereas X5 de-
creases with increasing substrate corrugation. The num-
ber of free monomers in the case fe,s = 15 is lower than
for Peys = 10 for all corrugations, as expected. Satura-
tion of the monomer number for augmenting corrugation
also 1s observed at fe,s = 15.

To proceed, we denote by n., and n,, the number
of chains and rings that are formed due to association
in the monolayer, respectively. Chains and rings contain
mep, and m,4 particles, respectively. Irrespectively to the
number of dimers and of monomers belonging to higher
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order complexes (chains and rings) we conclude from the
data given in Table 1, for fe,; = 10, that the mean num-
bers of chains and rings, (n.;) and (n,4), respectively,
attain maxima at the same values of the fluid—solid en-
ergy to those at which Xj;and X have maxima. The
average number of chains i1s overwhelmingly larger than

that of rings, as expected. For higher association energy,
Beqs = 15, the number of chains increases, following in-
creasing X;. However, the number of rings has maximum
at surface corrugation, Je¢, = 0.5, it follows that (n,,)
is specific w.r.t. the corrugation energy values for the
model in question.

i /FT =] 0. 0.2 05 1. 15 |
(X1)10 [|0.25+3% 0.37+5% 04546 0.51%6% 0.44+ 3%
(X1)15 [0.22+3% 0.33+£4% 04242 043 +5% 0.44+ 2%
(X5)10 [|0.35+4% 0.58 + 4% 0.46 & 8% 0.36 = 7% 0.27 + 4%
(X5)15 [|0.38 +4% 0.66 +4% 0.54 & 3% 0.45 & 5% 0.45 + 5%
(nepdio ||48.6 5% 63+£6% 85+5% 89.5+3% 81.+8%
(nendis || 40£5% 55+4% T5+£4% TT+4% 78.1+ 3%
(negdio | 09—1.2 09—16 06-09 05—07 04—1.1
(neghis || 1-1.6 03-09 1.1-18 07—12 05-07
(Mendro |[4.93£4% 53+£6% 4.£5% 34+6% 3.1+5%
(Mepdrs || 4.944% 6.1+3% 45+3% 4+5% 4.1+5%
(meghio | 67—71 6-72 6-65 55-6 6-63
(meghis | 6776 64—71 68-7 68-T7 67—17
(Ri)io ||10-26% 10,8+ 6% 106+ 6% 92+ 4%  645%
(R2)15 |[11345% 13.5+7% 1245% 10+£6% 9.8+ 4%
(r2)10 || 25+£2% 34+1% 2.6+4% 2.25+4% 1.9+5%
(rZhs || 2742% 35+£3% 294+5% 26+7% 2.744%
(Y10 || 0.844% 0.73+£8% 1.14+7% 1.15+6% 1.14+ 5%
()15 [|0.69+4% 0.524+4% 0.94+5% 1.02+1% 1+1%

Table 1. The MC simulation results for associative disks with valence angle o = 135° on the 100-lattice; p = 0.4,

£as /KT =10 and £, /KT = 15.

At Peys = 10, the average number of monomers in
chains is around 5 for low values of Fey,, then (mep) de-
creases; this behavior also 1s observed at fe,; = 15, just
the values for (mcp) are larger for all corrugations, in
comparison with fe,s = 10. In the case of rings formed
due to association we merely state that they are polydis-
perse — rings made of 6, 7 and 8 elements contribute to
(mrg), rings consisting of 8 monomers are formed, how-
ever, only for low fluid—solid energy, for high values of
Beps we observe that (m, ) is equal or smaller than 7.

Let us introduce some definitions, necessary to comple-
ment our description of associates formed in the mono-
layer. To describe quantitatively chains that are formed
due to association, we define, as usual, the mean square

end to end distance

n
o Ciinen

where ri and ri are the coordinates of the first and last
particles in the chain ¢, respectively. The values for aver-
aged r2_, (r2.) in (100) case for different values of e,
are given in Table 1. Evidently, rings do not contribute
to the (r2.) value.

We would like now to define the mean square radius
of gyration assuming that all the particles belonging to

chains or rings are of equal mass, m = 1, as follows:
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(r} - R’

2 _ 1 1
Rg T (nehtnirg) Z 7 Z

1<j<nen "er 1 cicmd,

+ X A X (I-R),

3 m .
1<]<nrg r9 1<Z’<mz‘g

where RJ denote the coordinates of the center of mass of
a chain or ring j. Finally define the persistence length,
[, for complexes formed due to association, it includes
chains and rings. The persistence length is defined as
follows:

by = _(nchi—nrg)[ Z , >.  (bib{) b} |
1<j<nen 1<i<men—1

o (7)
+ 2 > (biby) [ b ],

1<j<n,yg 1<i<myg—1

where b! = r! — I“Z_I_l is the vector determining orienta-

tion of ¢ bond in the cluster j. The values for averaged
persistence length (/,) also are given in Table 1.

We observe, for both association energies in question,
that (r?,) has maximum value at Bz;; = 0.2 and next,
with increasing fluid-solid energy, (rZ,) decreases. This
behavior should be expected, because the (m.p) max-
imum is observed at this fluid-solid energy and (r2)
is the averaged individual property of a chain molecule
formed due to association. With chosen value of valence
angle, o = 135°, the values for (r2,)"/?are low, because
chain molecules are not extended. The mean square ra-
dius of gyration decreases with increasing substrate cor-
rugation for both values of association energy, fe,s = 10
and fBe,s = 15. The averaged persistence length, (),
is higher for higher values of Bec¢, but is less affected
(comparatively to other properties) by changes of Beg,
in this region of values of fluid—solid energy, as a result of
not too large changes of the number of chains and their
average length.

For the sake of better visualization we present in
Figs. 1a and 1b, as an example, the snapshots of the
final configuration of particles in the simulation cell at
Beas = 10, for Bers = 0.2 and for fe;s = 1.5, respec-
tively. ” Dis—associating” effect for increasing fluid—solid
energy can be seen from these figures.

We would like now to discuss quantitative features of
the influence of the valence angle parameter on the struc-
ture of the monolayer. We have performed two runs for
the model at p = 0.4, Beys = 15, a = 160° for corru-
gations fBer, = 0.2 and fey, = 1.5 and two more runs
for similar conditions, but for the model o = 180°. For
larger angles than o = 135° one would expect the for-
mation of more extended structures (rings must become
less probable) and longer chains with higher probability.
From the data presented in Table 2, we observe that the
numbers of singly and doubly bonded particles, X; and
X5, are almost equal for the models with o = 135°, 160°,
and o = 180° at given surface corrugation fe;, = 0.2
and Fe;, = 1.5. Higher surface corrugation yields lower
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fraction of doubly bonded species whereas the fraction of
singly bonded species increases. The average number of
chains is also weakly sensitive to changes of the valence
angle and less depend on « than on surface corrugation.
However, for less heterogeneous surface, Be;, = 0.2, the
number of chains slightly increases for & = 180° in com-
parison with o = 135° whereas for a stronger heteroge-
neous surface, fey, = 1.5, the number of chains slightly
decreases for a = 180° comparing with e = 135°. Higher
Be¢s — shorter chains are more probable to form. The
average number of monomers is evidently influenced by
the value of valence angle, it is slightly larger for models

with o = 160° and o = 180° than 135°.

Fig. 1. Snapshots of the final configuration of particles in
the simulation square for the model o = 1357 at p = 0.4,
fBeas = 10, Bes. = 0.2 (part a) and at fey. = 1.5 (part b).
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e /FT=] 0. 0.2 5 |
a = 180°
(X115 || 032£2% 0.317 + 4% 0.418 = 3%
(Xo)15 || 0.63+4% 0.65+4% 0.5+3%
(nepdis || 58.443% 57.1+4% 75.3+ 4%
(men)is || 5.95+2% 6.17+2% 4.35+ 3%
(R2)5 | 16.2+£4% 15445% 9.71+ 4%
(r2)15 ||18.75 + 4% 18.05 + 4% 8.78 & 5%
()15 || 3.06+4% 3.35+4% 2.52+ 3%
a = 160°
(X1)15 | 033£3% 031+£5% 0.43+3%
(Xo)1s || 0.61£4% 0.66+3% 0.48 % 4%
(nepdis || 60£3% 56 +4% T7.2+ 4%
(mendis || 5.7T£3% 6.35+3% 4.26+ 3%
(R2)15 || 13.6+£4% 16.3+4% 9.74+ 3%
(r2hs || 81£5% 11+£4% 5.8+4%
(hs || 1.6£3% 1.86+£4% 1.82+4%

Table 2. The MC simulation results for associative
disks with valence angles o = 160° and o = 180° on
the 100-lattice; p = 0.4, g4s = 15.

We conclude that the effect of surface corrugation is
more important than that of valence angle for the models
in question, 1.e. restricted to a from 135 to 1807, for the
values of association energy considered. Both for mean
square end to end distance and for persistence length we
observe trends of behavior which can be explained by a
more probable formation of extended structures for the
model with o = 180° comparing with o = 135°. How-
ever, the averaged square radius of gyration is more sen-
sitive to the number of chains and number of participants
in them dependencies on valence angle. <R£27> slightly de-
creases for augmenting « at high surface corrugation
whereas for fe;; = 0.2 it behaves nonmonotonously with
a.

It follows from the data for (n.p) and (n,4), which de-
scribe the number of chains and rings irrespectively to
the number of monomers belonging to them, that the
number (n.p) + (ny4) is lower for ge,; = 15, than for
feqs = 10. However, the average number of monomers
belonging to chains and to rings, (m.p) and (m,,), re-
spectively, is higher for the case fe,s = 15, than for
Beqs = 10. Thus, chains and rings that are formed, are

longer and larger, respectively, for a higher association
energy at given value of surface energetic heterogene-
ity. From a comparison of the results for (r2.) presented
in Table 1 and Table 2 we conclude that chains formed
due to association at fe,; = 15 are characterized by a
slightly larger (r2,.) than at Be,s = 10, however trends of
behavior of (r2,) with increasing fluid—solid energy Sz,
are qualitatively similar.
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Fig. 2. The three-dimensional plots of the local disc den-
sity over unit lattice cell of the (100) single crystal plane,
p(z,y), in the monolayer of polymerizing hard spheres at den-
sity p = 0.4. The association energy feq. is 10 (part a) and
Beqs equals to 15 in parts b and c. The energy of fluid—solid
interaction fey. is 0.2 (part a) and 1.5 (parts b and c). Parts
a and b refer to the model with the valence angle o« = 1357,
whereas part c refers to the valence angle o = 180°.
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The values for average persistence length depend on
Be¢s in similar way for both association energies. Due to
a larger values for (m) in the case fe45 = 15 we observe
slightly higher ({,) values, in comparison with fe,, = 10
at a given fey,. However, a higher surface heterogeneity
opposes stronger to the formation of complexes in the
monolayer.

Finally we would like to discuss quantitatively the
effect of disc density at different corrugations on the
structure of the monolayer. Simulation runs for p = 0.6
have been performed for the model with a« = 135° at
Beqs = 10, for Bes, = 0.2 and for fep, = 1.5 (the corre-
sponding data have been collected in Table 3). General
trends are that the number of doubly bonded particles is
larger for p = 0.6 than at lower density p = 0.4. The av-
erage length of chains also 1s larger for a higher density.
The surface corrugation evidently yields a dissociating
effect that competes with chemical association mecha-
nism.

Let us discuss now the structure of the monolayer at
different conditions. We start from the case: p = 0.4,
Beqs = 15, a = 135°, and discuss the structure of the
monolayer in terms of the density distributions over the
unit lattice cell and of the pair distribution functions
(pdfs). In Figs. 2a and 2b we present a three—dimensional
plots of the local disc density p(x,y) over the unit lat-
tice cell of the (100) single crystal surface at fe;, = 0.2
and fe;; = 1.5, respectively. In contrast to the behav-
ior of unassociated fluid (in that case one would expect
higher density over s position, lower density of particles
over sp positions and finally negligibly small density over
atom positions, a, for associating fluid over the unit cell
we observe density distribution which is determined by
association effects rather than by surface heterogeneity.
However, at a high value of association energy, fe,s = 15,
the bonded structures are not constrained much for low
external field corrugation (fep, = 0.2), see Fig. 2a. In
contrast, for high corrugation (fe¢, = 1.5) there is a
minimum at the adsorbing site position. The density
distribution is affected by corrugation such that bonded
structures attain preferable orientations (Fig. 2b). If the
valence angle changes to a = 180° with other parame-
ters unchanged the density distribution over unit lattice
cell changes, straight chains seem to be less restricted to
move; the density minimum in the adsorbing site position
practically disappears.

To get a deeper insight into this distribution we show
in Fig. 3a the local density behavior at fe,s = 10,
Bess = 0.2 and at fey, = 1.5 along the edge of the
unit lattice cell, (a — sp—a line) and along midline of the
cell, sp — s — sp, in Fig. 3b we present similar data but
at fBeys = 15. It follows from Fig. 3a, that local density
distribution of particles is heterogeneous, it is improba-
ble to find particles over atom positions whereas over sp
position of the unit cell the density is much higher. It
augments with increasing surface corrugation. Smaller
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corrugation — smoother distribution of density along
sp — s — sp direction.

(X1)10 ||0.25 £ 2% 0.3+3% 0.39 £ 3%
(X3)10 [|0.72 £ 4% 0.59 & 3% 0.53 % 4%
(nendio || 68 £3% 98 +4% 104+ 4%
(negdio | 06—12 2-38 32-37
(men)io|| T7T£3% 5+2% 4.7+3%
(meghiol| 9-95 71-78 68—7
(R2)10 [|15.5+ 6% 11+5% 13.8+ 6%
(r2)10 || 3.3£5% 3+4% 2.7+ 4%
()10 || 0.5+ 4% 0.844 4% 0.88 + 6%

Table 3. The MC simulation results for associative
disks with valence angle o = 135% on the 100-lattice;
p=0.6,e4, = 10.

From the curves of the density distribution given in
both parts of Fig. 3 in conjunction, it follows that as-
sociated species most probably orient along sp — s — sp
direction in the unit cell, chain-like structure ”grows”
preferably such that sp and s positions become occu-
pied. Larger fluid—solid energy yields larger difference of
densities along different directions, such that a set of ori-
entations of associated species become more restricted.

The in—plane pair distribution function of particles,
g(r), averaged over the positions of one particle (it is
chosen as reference point) in the simulation shell, is more
structured at intermediate interparticle separations at
Bess = 1.5, in comparison with fGe;, = 0.2, Fig. 4a. For
a lower value of fluid-solid energy, Be¢, = 0.2, the pdf is
characterized by a substantially higher first maximum,in
comparison with the case of a higher surface heterogene-
ity, Befs = 1.5. On the other hand the effect of augment-
ing association energy yields higher first maximum and
more pronounced correlations between fluid particles at
intermediate distances (Fig. 4b).

The value of the valence angle also influences the pair
distribution functions (Fig. 5). Chains that are more
straight on average (o = 180°) are characterized by the
pdf with higher maxima in comparison with the case of
lower valence angle (e = 160°). The effect of surface cor-
rugation is very similar to that observed for the model
with o = 135°, cf. Fig. 4.
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Fig. 3. The averaged density profiles of discs over unit lattice cell of (100) lattice along the edge a — sp — a and along
sp — s — sp direction. The squares and circles are for fe;. = 0.2 and for fes. = 1.5, respectively. The lower line with each
kind of symbols is for ¢ — sp — a direction, whereas the upper line is for sp — s — sp direction. The fluid density is p = 0.4;
o = 135°. In part a the association energy feq. is 10 whereas in part b feq. is 15.
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Fig. 4. The pair distribution functions of fluid particles for fes. = 1.5 (solid thick line) and for ey, = 0.2 (thin line with
circles), part a. The association energy feq. is 10 in this panel. In part b the association energy Beq. is 10 (dashed line) and
Beas is 15 (solid line). The surface corrugation is fes. = 1.5 in part b. The fluid density is p = 0.4; a = 135°.
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Fig. 5. The pair distribution functions of fluid particles for fes. = 1.5 (solid thick line) and for ey, = 0 (thin line with
circles), part a. The association energy feq. is 15 and the valence angle is @ = 1607, in this panel. In part b we present similar
data, but for the model with valence angle o = 180°. The fluid density is p = 0.4 in both parts of the figure.
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IV. CONCLUSIONS

The canonical ensemble Monte Carlo simulations are
reported in this work for chemically associating two—
dimensional fluids which can polymerize for certain in-
teraction energies, due to the presence of two attractive
sites per monomeric hard disc. The fluids are considered
to form a monolayer on the crystalline lattice of (100)
symmetry. We have obtained that the surface energetic
heterogeneity plays an important role in the distributions
of fluid density over unit lattice cell. Surface corruga-
tion yields that the associated species preferably attain
configurations along saddle point — adsorbing site —
saddle point positions. Stronger corrugation results in
a smaller first maximum of the pair distribution func-
tion of the fluid species but in more pronounced corre-
lations at intermediate distances between fluid particles.
Higher value of association energy yields longer individ-
ual chain-like structures and a larger number of chains.
The number of rings that can be formed in the model
with valence angle o = 135° appeared to be very small,
even for high values of the association energy and suffi-
ciently high fluid density. It seems that cooperative ef-
fects, such as three-body interactions, are necessary to

involve for the generation of rings via the chemical asso-
ciation mechanism. We have analyzed in detail the frac-
tions of singly and doubly bonded particles and have
observed that each fraction saturates at certain value of
fluid density. Our results can be of interest for the devel-
opment of theoretical approaches for the structure and
thermodynamics of monolayers of chain molecules. Hav-
ing in mind existing experimental possibilities for the
visualization of the monolayer structure 1t would be im-
portant to extend our study for the case of a more so-
phisticated internal structure of fluid molecules.
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AJOCJIOMEHHI METOJA0M MOHTE-KAPJIO MOHOMOHEKYﬂﬂPHOT ILIIBKI
XEMIYHO ACOOIATHUBHOTI'O ITOJIMEPU3ATIIITHOTO ®JII0LAY,
ANTCOPBOBAHOI'O HA KPUCTAJITUHIN ITOBEPXHI
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Posrasimaemo Momenb MOHOMOJIEKYISPHOI IIIBKHA HOJIMepPU30BAHOTO (DIIOLAY, aacopboBaAHOTO Ha KPUCTAJIlU-
Hilt moBepxHi. Bukopucramo Mmeron kommn’torepHoro ekcnepuMmenTy Monte—Rapao s NVT amcam6ai. ®aroin mo-
IETIOETHCS TBEPAUMHU TUCKAMU, U0 MOJMKYTh Y TBOPIOBATH TIOJIMEPHI JTAHITIOKKU 3aBIAKYA TPUTITAHHIO Mi K 1X-
HIMHU JOHOMIKHUMU CUJIOBUMU IeHTpaMu. JocaiaskeHo, K BaJeHTHUN Ky T Ta €Hepris acOSTUBHOL B3aeMOmIil
BILIMBAIOTH Ha POPMYBAHHS CTPYKTYPH MOHOIWIAPY B 3aJTaHOMY 30BHINIHBOMY IIOJI KpUCTaJivyHol rpaTtkm. [lis
OIIHKM BILIMBY KPHUCTAJIYHOL MOBEPXHI Ha CTPYKTYpPY amdcopboBaHl IMIIBKHA IPOBEAeHO KOMIT IOTEPHUN eKCIepH-
MEHT /I PI3HUX BEJIUYNH B3aEMOIll aTOMIB MIIOI Iy 3 aTOMOME ITOBEPXHI. 3 MHACHEHO aHATI3 BEJIMYMH aCOIITIB-
HIX KOMILIEKCIB, MO cpOPMYBAJKUCA Ha MOBEPXHL (JIaHL[IOI‘iB Ta KiJIeI_U))7 a TaKOjK HaBelIeHl KOHIEHTpaIli oIHO—
Ta ABO3B’si3HUX aToMiB datoiny. [lopaxoBaHo ycepenHeHy BiOCTaHb MK KIHIIAMU JaHIIOTa Ta pajglyc ripalii,
MpoaHadl30BAHO 3aJ€ JKHICTh IINX BeJUYNH Bl FeOMEeTPUYHUX MapaMeTpiB Ta MapaMeTplB B3aeMOIil.
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