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Equilibrium adsorption of disk-like particles on patterned adhesive surfaces is studied using Monte
Carlo simulations. The surface is represented as a two-dimensional plane with circular adhesive
domains arranged either regularly or randomly, while the particles are modeled as hard disks. The
interaction energy between a particle and the surface is defined by the contact area between the
particle and the adhesive domains. It is shown that the adsorption behavior is controlled not only by
the total area of the adhesive regions, but also by the geometry of the surface pattern. In particular,
the domain size is found to have a significant effect on the adsorption efficiency. The most pronounced
effect is observed when the particle and domain sizes are equal, which leads to enhanced adsorption
at intermediate values of the chemical potential. At high values of the chemical potential, however,
when the particle surface coverage increases, steric effects become important, which weakens the
influence of the surface pattern geometry. The obtained results demonstrate that the adsorption
efficiency and surface organization of particles can be tuned by choosing the size, coverage, and
spatial arrangement of adhesive domains. This study may be useful in the design of functional
surfaces, selective adsorption platforms, biosensors, and affinity-based cell sorting systems.
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I. INTRODUCTION

Systems of micro- and nanoscale particles interacting
with chemically patterned surfaces represent an impor-
tant class of interfacial problems in modern science and
engineering. Such systems arise in a variety of processes,
including selective adsorption, micro- and nano- struc-
ture formation, and the design of functional coatings and
sensing elements [1-8]. Similar phenomena are also en-
countered in biophysical systems, where adsorption pro-
cesses involve biomolecules and living cells interacting
with patterned surfaces, particularly in cell sorting ap-
plications [9, 10]. A central question concerns how the
surface pattern influences the spatial organization and
adsorption behavior of particles and biological entities
at the interface, in particular their lateral arrangement
and correlations. Computer simulation techniques pro-
vide a systematic tool for addressing this problem by
analyzing surface coverage together with the structural
organization of adsorbed particles as a function of the
parameters of the surface pattern.

The effect of surface patterning on adsorption has been
extensively studied in polymeric systems, providing im-
portant conceptual insights that are also directly rele-
vant to the adsorption of particles. For example, Monte
Carlo (MC) simulations by Semler and Genzer [11, 12]
demonstrated that the size of chemically different sur-
face domains plays a crucial role in copolymer adsorption
on patterned substrates. Their results showed that effi-
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cient selective adsorption and ordering occur only when
the domain size is comparable to or larger than the
characteristic length of polymer blocks, enabling molec-
ular recognition and alignment with the surface pattern.
For smaller domains, polymers are unable to adapt to
varying surface properties, leading to reduced adsorp-
tion and disordered configurations. Related theoretical
work by Chervanyov and Heinrich [13] further showed
that random (stochastic) chemical heterogeneity can en-
hance polymer adsorption more effectively than regular
patterning with the same average interaction strength
due to the presence of multiple favorable local adsorp-
tion sites.

Besides polymer adsorption, simpler molecular sys-
tems have also been investigated to elucidate the role
of surface heterogeneity. MC studies of a square lat-
tice model for dimer adsorption on random heteroge-
neous surfaces [14] demonstrated that not only the con-
centration but also the spatial distribution of adhesive
sites strongly affects surface coverage due to blocking
and packing constraints. The kinetics of particles de-
position on heterogeneous surfaces has been extensively
investigated within the random sequential adsorption
(RSA) model, particularly for surfaces with periodically
arranged adhesive regions of a square shape [15]. This
study demonstrates that the geometry of the underlying
pattern, through the interplay between a size of adhe-
sive regions and spacing between them, controls both
the approach to the jamming limit and the structural
organization of the resulting monolayer.
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The adsorption of colloidal particles and macro-
molecules on solid surfaces is often governed by irre-
versible deposition processes, in which adsorbed parti-
cles neither desorb nor diffuse along the surface. Such
systems cannot be described within equilibrium statis-
tical mechanics and instead exhibit history-dependent,
non-equilibrium behavior controlled by excluded-volume
interactions [16]. A central concept in this context is
the progressive reduction of the available surface for
adsorption, which governs the kinetics and leads to a
jammed state characterized by slow, typically power-law,
approach to saturation [17]. This process is commonly
described by the random sequential adsorption (RSA)
model. Based on this approach, studies have shown that
surface heterogeneity can qualitatively modify adsorp-
tion behavior. In RSA-type models, deposition kinetics
is highly sensitive to the spatial definition of adsorption
sites: even very small deviations from a perfectly or-
dered lattice restore continuum-like behavior, resulting
in a crossover from exponential to power-law approach
to jamming [18]. More generally, studies of patterned
substrates demonstrate that the geometry and spacing
of active regions control both the late-time kinetics and
the structure of the adsorbed layer, enabling transitions
between lattice-dominated and continuum regimes [15].
Equilibrium descriptions, such as the random site model
(RSM), further show that quenched disorder in the spa-
tial distribution of adsorption sites leads to non-trivial
adsorption isotherms and coverage limits that cannot be
reduced to homogeneous-surface behavior. In these sys-
tems, steric exclusion combined with random site place-
ment introduces correlations that significantly modify
thermodynamic properties, with well-defined mappings
to continuum adsorption only in the limit of high site
density [19]. Numerical and analytical results indicate
that these effects are most pronounced when the char-
acteristic length scale of disorder is comparable to the
particle size [20].

The adsorption and deposition of particles on regu-
lar substrate patterns have also been studied within the
RSA model in [21]. This simulation work established
that surface patterning strongly affects the morphology,
packing efficiency, and saturation properties of particle
monolayers. In particular, it was demonstrated that pre-
patterned substrates significantly modify the structural
arrangement of deposited particles, leading to distinct
morphological regimes depending on the particle size and
the characteristics of the square lattice. Subsequent in-
vestigations extended these ideas to nanopatterned sub-
strates, revealing that surface patterning controls spatial
correlations and domain formation in a particle mono-
layer [22], as well as the irreversible adsorption behavior
of polydisperse particles [23]. Related geometrical effects
in two-dimensional adsorption were also analyzed in [24],
which studied two-stage random sequential adsorption of
discorectangles and disks on a planar surface and showed
how particle shape and adsorption sequence influence the
structure and final coverage of the adsorbed layer.

Beyond idealized particle models, patterned and struc-
tured surfaces play a crucial role in controlling ad-

2604-2

sorption processes in nanotechnology and biointer-
faces. Large-area nanopatterning techniques enable pre-
cise control over nanoparticle and biomolecule arrange-
ment [25], while micro- and nano-structured surfaces
have been shown to regulate protein adsorption and cell
attachment [26, 27]. Biomimetic surface designs, such as
honeycomb patterned or mushroom-shaped microstruc-
tured surfaces, can enhance or suppress adhesion through
purely geometric effects [28, 29]. Experimental studies
further demonstrate that surface topography and me-
chanical cues at the micro- and nanoscale critically influ-
ence cell adhesion, morphology, and mechanosensing [30—
32], with direct implications for antifouling, biomedical
coatings, and tissue engineering applications [33-36].

A number of experimental studies reported in the lit-
erature provide valuable insight into particle adsorption
and deposition on heterogeneous and structured sur-
faces. In particular, the work by Rizwan and Bhattachar-
jee [37] investigated how surface charge heterogeneity af-
fects the deposition of colloidal particles. The authors
fabricated substrates with alternating positively and neg-
atively charged stripes using self-assembled monolay-
ers of alkanethiols terminated with carboxyl and amine
groups. Deposition experiments were performed under
quiescent conditions using sulphated polystyrene micro-
spheres and fluorescent polystyrene nanoparticles. The
results showed that particles preferentially deposit near
the edges of favorable (positively charged) stripes. This
effect was found to depend on both the width of unfavor-
able stripes and the particle size: narrower unfavorable
regions or smaller particles lead to a less pronounced
edge accumulation. Monte Carlo simulations based on a
random sequential adsorption (RSA) model reproduced
the experimental observations, demonstrating that even
a simple binary surface model can adequately capture
the essential features of the deposition morphology.

Nanostructured surfaces are also of considerable in-
terest for applications in tissue engineering, regenera-
tive medicine, and biosensing, where controlled cell at-
tachment and detachment are required. In the study
by Yu, Johnson, and Lépez [38], an innovative ap-
proach was proposed for fabricating structured ther-
moresponsive surfaces enabling controlled detachment
of anchorage-dependent cells. The authors employed
polymer brushes of poly(N-isopropylacrylamide) (PNI-
PAAm), which exhibit a lower critical solution temper-
ature (LCST) of approximately 32 °C. At temperatures
above the LCST, PNIPAAm becomes hydrophobic, pro-
moting cell adhesion and proliferation, whereas cooling
below the LCST leads to spontaneous cell detachment.
Importantly, nanopatterning was shown to overcome lim-
itations associated with the critical polymer thickness re-
quired for efficient cell detachment on flat surfaces and
enabled preferential cell adhesion to the nanopatterned
regions.

Another experimental study that motivated the
present work is that by Kumar, Parajuli, and Hahm [39],
who introduced a method for fabricating high-density,
two-dimensionally ordered protein nanoarrays using tem-
plates based on amphiphilic diblock copolymers. Using
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thin films of PS-6-P4VP, the authors achieved regu-
lar hexagonal arrangements of proteins. A key mecha-
nism underlying this approach is the selective adsorp-
tion of proteins onto adhesive domains formed through
microphase separation of the diblock copolymers. Specifi-
cally, the hydrophilic PAVP domains act as adhesive sites
that selectively bind proteins, while the hydrophobic PS
matrix ensures spatial separation, enabling nanoscale
control over protein positioning and the formation of
functional protein nanoarrays.

Despite these extensive studies, the equilibrium ad-
sorption of hard particles on geometrically patterned ad-
hesive domains, particularly the role of domain size in
shaping adsorption isotherms and inducing qualitative
changes in adsorption behavior, remains comparatively
unexplored. This gap motivates the present study, which
focuses on the interplay between particle and adhesive
domain sizes, the surface density of domains and the
equilibrium adsorption of particles on patterned surfaces.

In this work, we consider a two-dimensional model of
particles (disks) adsorbing onto a surface structured as
regular and disordered circular adhesive domains. The
particles interact with the domains via an attractive po-
tential proportional to the area of their contact (overlap)
with the adhesive regions and are free to move within
the plane of the surface. At the same time, particle-
particle interactions are modeled as hard-disk repulsions.
The aim of this study is to investigate the adsorption
efficiency and structural arrangement of particles on a
patterned surface depending on the size of the adhesive
domains and their surface density. Using Monte Carlo
simulations in the grand canonical ensemble we obtain
adsorption isotherms and radial distribution functions,
drawing the conclusions about the influence of surface
geometry on the adsorption characteristics of particles
for different domain sizes and relate these effects to the
structural properties of the adsorbed particle layer.

II. MODEL

The model presented in this work is based on a three-
dimensional model for two-component system of adsorb-
ing particles on the surface patterned with adhesive do-
mains, which was originally introduced in [10]. We adapt
this model to a two-dimensional description of a one-
component system, retaining the essential geometric and
interaction features relevant to particle adsorption on
patterned surfaces. Despite the reduced dimensionality,
the model still captures equilibrium adsorption of disk-
like particles from a dilute bulk phase onto the patterned
surface, leading to the formation of a particle mono-
layer. In the resulting two-dimensional model, the sur-
face is represented as a plane containing adhesive do-
mains arranged either in an ordered or disordered struc-
ture. These domains are treated as fixed regions on the
surface that interact attractively with particles adsorbed
onto them. Each domain has a circular shape with a
fixed diameter Dy = 2Rq. In one case, the domains
are positioned at the nodes of a square lattice (ordered

arrangement) with the lattice parameter a determining
the distance between the centers of two neighboring do-
mains (in the X and Y directions). As a result, the
N4q = ng x n, domains form a regular pattern. In an-
other case, the disordered pattern is formed by Ng do-
mains distributed randomly along the surface without
overlapping with each other. In both cases, the positions
of domains are fixed, while the particles are modeled as
hard disks of diameter D, = 2R, (see Fig. 1), which can
move freely in XY-plane, under condition that the dis-
tance between any two particles cannot be smaller than
D,. The number of particles, IV, is either fixed, corre-
sponding to Monte Carlo simulations in the canonical
ensemble (NVT), or allowed to fluctuate when the grand
canonical ensemble (uVT) is employed. Periodic bound-
ary conditions are applied in both spatial directions, X
and Y, which effectively eliminates boundary effects and
allows an infinite surface to be modeled.

¢

 oe®

Fig. 1. A two-dimensional model of a patterned surface with

adhesive domains and adsorbed particles. Particles (red disks)

interact with attractive domains (blue disks) arranged either

in a square lattice (left panel) or in a random configuration
(right panel)

The interaction energy of particle ¢, located at (x;,y;),
with the adhesive domains is defined as the sum of pair
interaction energies over all domains that are in contact
(overlap) with this particle. The pair interaction energy
between a particle and a domain is assumed to be propor-
tional to the contact area between the particle and the
domain, which is equal to the area of overlap between
the particle and the domain, s,q(ri;), and depends on
the distance between their centers, r;;. Accordingly, the
potential energy of particle ¢ can be written as

Uggs(xhyi) = Z Apd SPd(rij)’ (1)

{7 lrij<rpa}

where r,q = Rp, + Rq is the interaction range between a
particle and a domain, and Apq is the attraction strength
parameter between the particle and the domain. The sum
in Eq. (1) runs over all domains j located within a dis-
tance rpq from particle i. The overlap area of two disks
with radii R, and Rq, whose centers are separated by a
distance

Tij = \/(iﬁz —x;)%+ (yi —y;)?, (2)
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is given by
4, rij < |Rp — Ral,

5pd(Tij) = { sint(ri5), |Rp — Ra| <rij < Ry + Ra, (3)
0, Tij > Rp + Ryq,

where sq denotes the area of the smaller disk, and the
intersection area sin(ri;) (see Fig. 2) is given by

rfj —I—RIQ) - Rﬁ)

2
Sing (i) = Rparccos< SR,
pTij

r2 4+ B2 — R
+ R(Qj arccos <’LJ2RddT'LJp

1

— 5\ [(Ro+ Ra)2 =13 [, — (Ra— Ry)?).

Intersection

Fig. 2. Intersection of two disks of radii R, and Rq whose
centers are separated by a distance r;;. The color notation is
the same as in Fig. 1

This approach enables the description of particle ad-
sorption on a surface mediated by adhesive domains,
with the adhesion energy depending directly on the con-
tact area between the particles and the domains. It thus
captures the geometric characteristics of both the pat-
terned surface and the particles adsorbed on it. The de-
pendence of the potential energy on the overlap area
makes it possible to model domain-induced particle at-
tachment to the surface, that is, the ability of adhesive
domains to retain particles in their vicinity. As the over-
lap area increases, the particle energy decreases, thereby
increasing the probability of finding a particle within the
domain region. Particles therefore tend to be distributed
over the surface so as to maximize their contact with the
domains. This behavior, however, depends on the do-
main size, surface coverage, and spatial distribution of
the domains, i.e. on the geometry of the surface pattern.
In what follows, we consider several parameter sets to
elucidate the influence of these factors.

III. COMPUTER SIMULATION DETAILS

Based on the model described above, we now present
the Monte Carlo simulation protocol used to study the

2604-4

equilibrium adsorption of hard disks on such surfaces.
Simulations were performed for a range of parameters
characterizing the surface pattern, including the adhe-
sive domain size, domain surface coverage, and spatial
arrangement of the domains. In all cases, the interac-
tion parameter Apq, which describes the strength of the
attractive disk-domain interaction, was ﬁ)l(ed at a rela-
pe
tively high value of Apq = BAo (’”jp - —12.732.
This value corresponds to an interaction energy, which
is ten times larger than the thermal energy kT = 37!
when a particle of diameter D, interacts with a domain
over its entire area ﬂDg /4. Only the domain diameter
Dq and the surface coverage fraction of the domains oq
were varied in our study. The surface coverage fraction
of domains is defined as

Na
?7
where o4 is equivalent to the surface packing fraction
of the domains, pq is the surface number density of do-
mains, Ny is the total number of domains, and S is the
total surface area corresponding to the area of the two-
dimensional simulation box. For a meaningful compari-
son of the results, each series of simulations was carried
out by fixing one of these parameters. Specifically, when
examining the effect of domain size, the number of do-
mains, i.e. their surface density, was adjusted so that the
surface coverage fraction o4 remained constant. In con-
trast, when analyzing the effect of the surface coverage
fraction, the domain size Dq was kept fixed, while the
surface number density of domains, pq, was varied. In
the case of ordered domains (square lattice), the total
number of domains is given by Ng = n, x n,, where n,
and n, denote the number of lattice nodes along the X
and Y axes, respectively. The lattice parameter (i.e., the
spacing between lattice nodes) is then given by a = L/n,
here L = L, = L, and n = n, = n,. For the case of dis-
ordered domains we choose the same values of Ng. In this
study, we explore domain packing fractions in the range
oq = 0.256-0.785, while the domain sizes were chosen as
Dq/D, = 0.5, 1.0, 1.5, and 2.0. Thus, we consider sce-
narios in which the domains are either half the size of
the particles, equal in size, or 1.5 and 2.0 times larger.
To describe the equilibrium adsorption of particles on
a patterned surface, we performed Monte Carlo simula-
tions in the grand canonical ensemble (pVT) [40] at a
fixed temperature, varying the reduced chemical poten-
tial over the range p* = fu from —12.0 to 12.0. During
the grand canonical Monte Carlo simulations, three types
of trial moves were employed: particle displacement, in-
sertion, and deletion. Displacement moves were used to
sample the configurations of particles already adsorbed
on the surface, whereas insertion and deletion moves al-
lowed the number of particles in the system to fluctuate.
These moves were accepted or rejected according to the
Metropolis criterion, taking into account the correspond-
ing change in potential energy and the imposed chemical
potential [40]. The maximum displacement of a particle
in a single trial move was set to 0.5D,. The probabili-
ties of attempting displacement, insertion, and deletion

iy
Um:ZDﬁm pa = S=L,xL, (5
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moves were chosen as 0.5, 0.25, and 0.25, respectively.
One Monte Carlo step was defined as a number of trial
moves equal to the current number of particles in the
system. Depending on the chemical potential, the sys-
tem reached an equilibrium particle density correspond-
ing to the imposed thermodynamic conditions. Each sim-
ulation consisted of 500000 Monte Carlo steps to reach
equilibrium, followed by an additional 500000 steps for
data collection. During the production stage, the particle
density was recorded every ten Monte Carlo steps, from
which the average value and its statistical errors were
calculated.

For surfaces with disordered domains, ten independent
random realizations of the domain arrangement were
generated in advance by random sequential insertion of
non-overlapping domains into the simulation box. The
equilibrium particle densities obtained from these real-
izations differed only slightly and remained well within
the statistical error associated with density fluctuations
that appeared during the grand canonical Monte Carlo
simulations.

IV. RESULTS AND DISCUSSION

We present the results of Monte Carlo simulations for
hard disks adsorbed on patterned adhesive surfaces. The
discussion focuses on how the adsorption behavior is af-
fected by the domain size, the total surface coverage of
adhesive domains, and their spatial arrangement. We
first analyze the adsorption isotherms and then exam-
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ine representative particle configurations and correlation
functions in order to clarify the microscopic origin of the
observed trends.

A. Adsorption isotherms

The calculated particle surface coverage, op, as a func-
tion of the reduced chemical potential, p*, is presented
in Fig. 3 for patterned adhesive surfaces with ordered
(solid lines) and disordered (dashed lines) domain ar-
rangements. In both panels, the adsorption isotherms in-
crease monotonically with p* in the range from —12.0 to
12.0, as expected for equilibrium adsorption in the grand
canonical ensemble. At the same time, their shape and
relative position depend strongly on the domain size, the
domain surface coverage, and, to a lesser extent, the spa-
tial arrangement of the domains.

The effect of domain size at fixed domain surface cov-
erage, o4 = 0.349, is presented in Fig. 3a. Four values
of the size ratio are considered: Dq/D,, = 0.5, 1.0, 1.5,
and 2.0. For small domains, Dq/D,, = 0.5, the adsorp-
tion isotherm is smooth over the whole range of chemical
potentials. This behavior is similar to that expected for
a weakly heterogeneous attractive surface. Since the do-
mains are two times smaller than the particles, a particle
cannot fully overlap with a single domain. Instead, it in-
teracts with a locally averaged attractive pattern formed
by several smaller adhesive domains. As a result, the de-
tailed geometry of the surface pattern has only a weak
influence on the adsorption process.

©
©

I
()
|

0,= 0503
—— 0,=0349
0,=0.256 -

©
N
|

Surface coverage of particles, o,
o
=

solid lines - ordered domains
dashed lines - disordered domains

2 8 4 0 4 8
Reduced chemical potential, p*

12

Fig. 3. Adsorption isotherms of disk-like particles on a patterned adhesive surface: (a) the domain size is Dq/Dp = 0.5, 1.0,
1.5, or 2.0, while the domain surface coverage is fixed at o4 = 0.349; (b) the domain surface coverage is o4 = 0.256, 0.349,
0.503, or 0.785, while the domain size is fixed at Dq/D, = 1.0. Statistical errors are shown as error bars

A qualitatively different behavior is observed for
Dq/D, = 1.0, when the domain size is equal to the
particle size. In this case, the adsorption isotherm ex-
hibits a pronounced change in slope. This indicates that
adsorption no longer proceeds as a simple smooth up-

take process. At low and intermediate chemical po-
tentials, particles preferentially occupy positions where
they can almost completely overlap with individual ad-
hesive domains. Therefore, the system with Dq/D, =
1.0 shows enhanced adsorption compared with the case
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Dq/D, = 0.5. This enhancement is visible up to approx-
imately p* ~ —1.97, where the isotherms for Dq/D,, =
0.5 and D4/D, = 1.0 intersect. At the intersection
point, the particle number density is approximately
pp =~ 0.444D; 2. This value is equal, within numerical
accuracy, to the domain number density for the sys-
tem with Dq/D, = 1.0 and o4 = 0.349. Indeed, us-
ing 04 = (m/4)D3pa, one obtains pg = 4oq/(wD3) ~
0.444D7 2. Therefore, the crossover occurs close to the
condition where the number of particles is comparable to
the number of adhesive domains. Below this point, the
one-particle-one-domain matching is favorable: a single
particle can almost completely occupy one adhesive do-
main and thus gain the maximum attractive contribution
available from that domain. Above this point, the most
favorable adsorption positions are already occupied, and
additional particles must either share adhesive regions
with neighboring particles or occupy less favorable po-
sitions between domains. Consequently, the average at-
tractive energy gained per particle decreases, while steric
and packing constraints become increasingly important.
This explains why, at higher chemical potentials, the
tendency reverses in favor of smaller domains. At fixed
oq = 0.349, smaller domains are more numerous and
more uniformly distributed over the surface. Therefore,
at high particle coverages, a larger number of particles
can still maintain partial contact with adhesive regions.
In contrast, for Dgq/D, = 1.0, the number of favorable
one-domain—one-particle positions is limited, and once
these positions are filled, further adsorption becomes less
energetically efficient.

For larger domains, Dgq/D, = 1.5 and 2.0, parti-
cles can also be accommodated within adhesive regions.
However, because the total domain surface coverage is
fixed at o4 = 0.349, increasing the domain size neces-
sarily reduces the number of domains. Thus, larger do-
mains provide more extended adhesive regions, but fewer
such regions are available on the surface. As the number
of adsorbed particles increases, the favorable space on
these domains is exhausted more rapidly. This explains
why, in the approximate range pu* ~ —8.0 to —1.0, the
isotherms for larger domains lie below the isotherm for
Dq4/D,, = 1.0. Nevertheless, they remain more favorable
than the case of small domains, Dq/D, = 0.5, up to ap-
proximately p* ~ —4.0. At higher chemical potentials,
the advantage of larger domains gradually disappears
because adsorption becomes increasingly controlled by
packing constraints rather than by the maximum over-
lap with individual domains.

The influence of domain surface coverage at fixed do-
main size is analyzed in Fig. 3b. Here the domain size is
fixed at Dq/D,, = 1.0, since the most pronounced effect
of surface pattern heterogeneity is observed when the
domains and particles have the same size. Four values of
the domain surface coverage are considered: oq = 0.256,
0.349, 0.503, and 0.785. As expected, increasing oq shifts
the adsorption isotherms towards lower chemical poten-
tials. This means that a given particle surface coverage,
0p, can be reached at a lower ©* when the total attractive
area on the surface is larger. This effect is particularly
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strong at low and intermediate chemical potentials. For
the largest domain surface coverage, o4 = 0.785, which
corresponds to the maximum packing fraction of disks
arranged on a square lattice, the particle surface cover-
age starts to increase at much lower values of p* than for
oq = 0.256 or 0.349. This reflects the larger number of
favorable adsorption positions available on the surface.
At lower domain coverages, the adhesive domains are
less numerous and more separated. Therefore, adsorp-
tion proceeds in a more clearly two-stage manner: first,
particles occupy the most favorable positions where they
can strongly overlap with individual domains; then, af-
ter these positions are filled, further adsorption occurs
more slowly because particles must occupy less favor-
able regions and the role of steric constraints increases.
This two-stage character is most clearly manifested for
oq = 0.503, where a plateau-like intermediate region ap-
pears in the range p* ~ —1.0 to 1.0. In general, with
increasing oq from 0.256 to 0.785, the total attractive
area becomes larger and the adhesive regions are more
widely available over the surface. As a result, the sur-
face behaves more like a uniformly attractive substrate,
and the adsorption isotherm becomes smoother. The dis-
tinction between favorable and less favorable adsorption
positions is then reduced, because particles can more eas-
ily find positions with substantial overlap with adhesive
domains.

The comparison between ordered and disordered do-
main arrangements in Fig. 3 shows that the overall ad-
sorption behavior is controlled mainly by Dq/D, and
oq. The difference between the corresponding solid and
dashed curves is relatively small, especially at high chem-
ical potentials, where the surface is already densely pop-
ulated and adsorption is governed primarily by pack-
ing constraints. Nevertheless, some deviations between
ordered and disordered patterns are visible at low and
intermediate p*. These deviations arise because a dis-
ordered surface contains a broader distribution of lo-
cal environments: in some regions, domains are locally
closer together, whereas in others they are farther apart
than in the ordered square lattice. Such local variations
tend to smear out the adsorption features associated with
particle-domain size matching.

Overall, the results presented above demonstrate that
adsorption on patterned adhesive surfaces is not de-
termined solely by the total attractive area. At fixed
o4 = 0.349, changing the domain size from Dy/D,, = 0.5
to 1.0, 1.5, and 2.0 substantially changes the shape of
the adsorption isotherms. The strongest deviation from
smooth, homogeneous-surface-like behavior occurs for
Dy4/D, = 1.0, where the domain and particle sizes
match. This particle-domain matching enhances adsorp-
tion at low and intermediate chemical potentials, but
becomes less efficient after the favorable one-particle—
one-domain configurations are exhausted. Similarly, at
fixed Dq/D,, = 1.0, increasing the domain surface cover-
age from oq = 0.256 to 0.785 promotes adsorption and
makes the surface effectively more attractive and more
homogeneous.
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Fig. 4. Configurations of particles (red) adsorbed on a patterned surface with ordered domains (blue) of different sizes Dq/D;, =
0.5, 1.0, 1.5, and 2.0 (rows from top to bottom) and particle surface densities o, = 0.078, 0.236, and 0.471 (columns from left
to right) at oq = 0.349

B. Spatial distribution analysis

To further analyze the adsorption behavior of par-
ticles on a patterned surface, we consider several rep-
resentative configurations illustrating the lateral parti-
cle distribution at different particle coverages obtained
from Monte Carlo simulation in the NVT ensemble. The
snapshots in Fig. 4 show particle configurations on or-

dered patterned surfaces with different domain sizes,
Dq4/D,, = 0.5, 1.0, 1.5, and 2.0, at fixed domain surface
coverage, o4 = 0.349. The columns correspond to parti-
cle surface coverages o, = 0.078, 0.236, and 0.471, which
represent low, intermediate, and relatively high adsorp-
tion regimes, respectively. These configurations there-
fore provide a direct visual illustration of the adsorption
mechanisms suggested by the isotherms in Fig. 3.
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At the lowest particle coverage, o, = 0.078, the parti-
cles are well separated and steric constraints between
them are weak. The particle distribution is therefore
governed mainly by the particle-domain attraction. For
small domains, D4/D, = 0.5, the particles are dis-
tributed rather uniformly over the surface, because each
particle overlaps with several small adhesive regions and
experiences an effectively averaged attraction. In con-
trast, for Dq/D, = 1.0, the particles preferentially oc-
cupy positions close to individual domains. This reflects
the favorable geometrical matching between the parti-
cle and domain sizes. For larger domains, Dq/D, = 1.5
and 2.0, particles can also be accommodated within ad-
hesive regions, but the number of such regions is smaller
because the total domain surface coverage is fixed.

At the intermediate coverage, o, = 0.236, the ef-
fect of domain size becomes more pronounced. For
Dq/D, = 0.5, the particle distribution remains rela-
tively homogeneous, although the underlying domain
pattern still affects the local probability of adsorption.
For D4/D, = 1.0, many particles are located near indi-
vidual domains, illustrating the one-particle-one-domain
adsorption mechanism discussed above. This regime cor-
responds to the range of chemical potentials where the
adsorption isotherm shows a pronounced change in slope.

50 T T T T T T T T
a) 0,=0.236

—— D4=05D
—— D,=10D
—— D,=15D
—— Dy=20D

45

402

o’

A\ "
A}

T T T T

-
6.
5.
4]
3
)
1]

gdp( r)

For larger domains, Dg/D,, = 1.5 and 2.0, several parti-
cles may be located within or near the same enlarged ad-
hesive region. However, because the number of domains
is reduced, the distribution becomes more spatially het-
erogeneous, with particle-rich regions near the domains
and less populated regions between them.

At the highest particle coverage, o, = 0.471, the sur-
face is densely populated and steric as well as packing
constraints become important. In this regime, the in-
fluence of the attractive pattern is partly masked by
the high particle concentration. Nevertheless, the do-
main size still affects the lateral organization of the ad-
sorbed layer. For Dy/D,, = 0.5, the particles form a rel-
atively uniform dense distribution, consistent with the
smooth adsorption isotherm observed for small domains.
For Dg/D,, = 1.0, most favorable domain-centered po-
sitions are already occupied, and additional particles
must occupy less favorable interdomain regions or share
attractive regions with neighboring particles. This ex-
plains why the advantage of domains of the same size
as particles is lost at higher chemical potentials. For
Dy/D, = 1.5 and 2.0, the particles remain influenced
by the larger adhesive regions, but the limited number
of such regions restricts the adsorption capacity associ-
ated with direct particle-domain overlap.

8 T T T T T
0,=0.236

Fig. 5. Radial distribution function gap(r) (a) and cumulative coordination number nap(r) (b) for domain—particle pairs at
different domain sizes D4 and fixed domain surface coverage o4 = 0.349. The domains are arranged on a square lattice, and
the particle surface coverage is op, = 0.236

To complement the visual analysis of the particle con-
figurations, we next consider the radial distribution func-
tions g(r) and cumulative coordination numbers n(r),
which provide a more detailed description of the local
structure of the adsorbed layer. The domain—particle ra-
dial distribution function, g4y (), describes the local par-
ticle density at a distance r from the center of an adhesive
domain, normalized by the average particle density on
the surface. Similarly, the particle—particle radial distri-
bution function, gpp(r), characterizes spatial correlations
between adsorbed particles. In two dimensions, the aver-
age number of particles in a radial shell between r and r+
dr around a reference domain or particle is proportional
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to 2mrp,g(r) dr, where p,, is the average particle number
density. Accordingly, the cumulative coordination num-
bers were calculated as nap(r) = 2mpp [ gap(r') v’ dr’,
and npp(r) = 2mpy [ gpp(r') v’ dr’. Here, nap(r) gives
the average number of particles within a distance r from
a domain center, whereas n,,(r) gives the average num-
ber of neighboring particles within a distance r from a
reference particle.

Representative results for domain—particle correlations
are shown in Fig. 5 for ordered domain arrangements
at fixed domain surface coverage o4 = 0.349 and par-
ticle surface coverage o, = 0.236. The radial distribu-
tion functions gap(r) in Fig. 5a clearly demonstrate that
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changing the domain size leads to qualitatively different
spatial arrangements of particles with respect to the do-
main centers. This behavior is governed by the tendency

of particles to occupy energetically favorable positions on
the surface. However, the location and the width of these
favorable regions depend strongly on the domain size.
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Fig. 6. Radial distribution function gpp(r) (a) and cumulative coordination number np,(r) (b) for particle-particle pairs at
different domain sizes D4 and fixed domain surface coverage o4 = 0.349. The domains are arranged on a square lattice, and
the particle surface coverage is o, = 0.236

For small domains, Dq/D, = 0.5, the domain—particle
correlation is relatively weak and broad. In this case, a
single domain is much smaller than a particle and there-
fore cannot by itself provide a strongly localized adsorp-
tion site. As a result, the position of a particle is deter-
mined by the combined contribution of several nearby
adhesive domains rather than by one particular domain.
This explains why the corresponding first coordination
shell is poorly defined.

A very different behavior is observed for Dg/D), = 1.0.
In this case, the domain and particle sizes are equal, and
the most favorable configuration corresponds to almost
complete overlap between a particle and a domain. This
gives rise to a strong maximum of gqp(r) at small dis-
tances from the domain center. The corresponding co-
ordination number reaches approximately ng, = 0.68
within the first coordination shell. This value is smaller
than unity because not all domains are occupied at
op = 0.236, but it nevertheless indicates a clear tendency
towards one-particle-one-domain adsorption.

For larger domains, Dq/D,, = 1.5 and 2.0, the first
peak of gap(r) becomes broader and shifts to larger dis-
tances. This reflects the fact that a particle can be favor-
ably located not only at the domain center but also at
different positions within the extended adhesive region.
Consequently, the attractive region associated with a sin-
gle domain can accommodate more than one particle.
This is confirmed by the cumulative coordination num-
ber in Fig. 5b: within the first coordination shell, ngp
increases from about 0.68 for Dgq/D, = 1.0 to approxi-
mately 1.52 for Dg/D, = 1.5 and 2.68 for Dq/D,, = 2.0.
These values should be regarded as average numbers of
particles per domain. Locally, however, the actual num-
ber of particles associated with a particular domain may

be either larger or smaller, as can also be seen from the
snapshots in Fig. 4.

The behavior of ngp(r) further illustrates the dif-
ference between particle-sized and larger domains. For
Dqy/D,, = 1.0, the increase of ngp(r) is rather step-like,
indicating a relatively well-defined shell of particles lo-
cated near individual domains. For D4/D, = 1.5 and
2.0, the increase is more gradual over a broader interval
of distances, because particles can occupy a wider region
around each domain center. Thus, increasing the domain
size increases the number of particles that can be accom-
modated by a single adhesive domain, but at fixed oq it
also reduces the total number of such domains on the
surface.

For completeness, Fig. 6 presents the radial distribu-
tion functions g,p(r) and the corresponding cumulative
coordination numbers n,,(r) for particle-particle pairs
under the same conditions. These functions character-
ize the lateral ordering of the adsorbed particles and
show how the domain pattern affects correlations be-
tween particles. As expected for hard disks, gpp(7) is zero
at distances smaller than the particle diameter. The first
non-zero values appear near contact, r/D, = 1, where
the behavior depends strongly on the domain size. For
Dqy/D,, = 0.5, the particle—particle correlations are rela-
tively smooth. This is consistent with the fact that small
domains create an effectively averaged attractive field,
leading to a comparatively homogeneous particle distri-
bution on the surface. For Dyq/D, = 1.0, the function
gpp (1) exhibits more pronounced oscillations. These os-
cillations reflect the ordered arrangement of the domains
and the tendency of particles to occupy positions close
to individual domain centers. In this case, the lateral
structure of the particle layer is strongly influenced by
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the commensurability between the particle size and the
domain size. For larger domains, Dgq/D, = 1.5 and 2.0,
the first peak of gpp(7) near contact becomes more pro-
nounced. This indicates that particles tend to be located
closer to one another within the same enlarged adhe-
sive region. In other words, larger domains promote lo-
cal particle accumulation, because several particles can
be adsorbed on or near the same domain. At the same
time, since the number of domains decreases at fixed
oq = 0.349, the resulting particle distribution becomes
more heterogeneous: regions with enhanced particle con-
centration coexist with regions that are less populated.

The cumulative coordination number np,(r) in Fig. 6b
supports this interpretation. At short distances above
contact, the curves differ noticeably, showing that the lo-
cal particle environment depends on the domain size. At
larger distances, the curves become closer to each other,
indicating that the differences are mainly local and are
associated with the arrangement of particles within and
around individual adhesive domains. Thus, the particle—
particle correlations confirm that the domain size con-
trols not only the adsorption capacity of individual do-
mains but also the local structure of the adsorbed layer.

The results presented in Figs. 5 and 6 show that the
structural organization of adsorbed particles is deter-
mined by a balance between particle-domain attraction
and steric constraints between particles. Small domains
produce a relatively smooth and weakly localized adsorp-
tion pattern. Particle-sized domains, Dg/D,, = 1.0, favor
a one-particle-one-domain adsorption mechanism and
lead to strong domain—particle correlations. Larger do-
mains, Dq/D, = 1.5 and 2.0, can accommodate several
particles per domain, resulting in stronger local parti-
cle accumulation and more pronounced particle—particle
correlations. These structural observations provide di-
rect support for the interpretation of the adsorption
isotherms and snapshots discussed above.

V. CONCLUSIONS

In this work, we studied the equilibrium adsorption of
disk-like particles on patterned adhesive surfaces using
Monte Carlo simulations. The surface was represented by
fixed adhesive domains arranged either in an ordered or
disordered pattern, while the particles interacted attrac-
tively with the domains and were subject to hard-core
exclusion.

The results show that adsorption on patterned adhe-
sive surfaces is controlled not only by the total attractive
area but also by the geometry of the surface pattern. In
particular, the domain size, domain surface coverage, and
spatial arrangement of the domains jointly determine the
adsorption isotherms and the lateral organization of the
adsorbed particles. Small domains produce an effectively
averaged attractive field, whereas domains comparable
in size to the particles create favorable adsorption sites
and lead to a more pronounced particle-domain match-
ing effect.

From the point of view of enhancing adsorption, the
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most efficient domain size depends on the adsorption
regime. At low and intermediate particle coverages, ad-
sorption is strengthened when the domain size is com-
parable to the particle size, because particles can max-
imize their overlap with individual adhesive domains.
At higher coverages, however, this advantage becomes
weaker once the most favorable adsorption positions are
occupied. In this regime, smaller and more numerous do-
mains may become more effective, since they provide a
more spatially distributed attractive pattern and allow
more particles to maintain partial contact with adhesive
regions. Increasing the domain surface coverage gener-
ally promotes adsorption by increasing the availability
of favorable adhesive regions.

The comparison between ordered and disordered pat-
terns indicates that the overall adsorption behavior is
governed mainly by domain size and domain surface cov-
erage. Spatial disorder has a weaker but still noticeable
effect, because it creates a broader distribution of local
environments and smooths out adsorption features asso-
ciated with particle-domain commensurability.

The analysis of particle configurations and correlation
functions supports this interpretation. Small domains do
not strongly localize particles around individual domain
centers, particle-sized domains favor a one-particle—one-
domain adsorption mechanism, and larger domains allow
several particles to be associated with the same adhesive
region. Thus, the local structure of the adsorbed layer
reflects the balance between particle-domain attraction,
surface-pattern geometry, and steric constraints between
particles.

These findings suggest that adsorption capacity and
lateral particle organization can be tuned by control-
ling the size, coverage, and spatial arrangement of adhe-
sive domains. This may be useful for the design of func-
tional patterned substrates, selective adsorption surfaces,
biosensor platforms, for colloidal assembly templates,
and surfaces for controlled immobilization of nano- and
microparticles, proteins and cells. The results may also
be relevant to affinity-based cell-sorting strategies, in
which patterned adhesive regions are used to control the
attachment of cells with different sizes, contact geome-
tries, or binding energies [10].

Further extensions of the present model may consider
binary mixtures of particles with different affinities to the
adhesive domains, particles of different sizes, and poly-
dispersity in domain sizes, which would allow one to ad-
dress more realistic scenarios of selective adsorption and
particle sorting on patterned surfaces.
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N. KUKARKIN, T. PATSAHAN

PIBHOBAXKHA AICOPBIIIS TBEPAUX AUCKIB HA CTPYKTYPOBAHUX AATE3NBHUX
IIOBEPXHSAIX: JOCJIIZI2KEHHA MOAEJIFOBAHHS METOJ0M MOHTE-KAPJIO
H. Kyxapkin!, T. ITanaraun®?
! Inemumym gisuxu xondencosanus cucmem imeni I. P. FOzxnoscvrozo HAH Yrpainu,
eya. Ceenyiyvrozo, 1, JIveis, 79011, Yxpaina,
2 Incmumym npuraciHoi mMememamury ma GyYHOCMEHMALOHUT HAYK,
Hauionaavruti ynisepcumem “/Iveiscora nosimezrnixa”, eya. Cmenana Bandepu, 12, Jlveis, UA, Yxpaina

PiBaoBaxkHy amcopOIlito AUCKOMOAIOHNX TaCTUHOK HA CTPYKTYPOBAHUX AAT€3UBHUX MOBEPXHSIX TOCTi-
JKeHo merogoM mogentoBanias Monrre-Kapiio. IloBepxmio 300pakeHo K IBOBUMIPHY ILIONIUHY 3 KPYIJIH-
MU QIT€3UBHUMHA JOMEHAMU, PO3TAMIOBAHNME PEr'yJIsIPHO 200 BUMIAIKOBO, TOI IK YaCTUHKHU 3MOIETHOBAHO
TBepIuMU Auckamu. Erepriio B3aemMoii MiK 9aCTHHKOIO Ta TOBEPXHEIO BU3HAYEHO TJIOMIEI0 KOHTAKTY MixK
YaCTUHKOIO Ta a/re3uBHUMHE JoMmenamu. 1lokazano, 1mo aacopOiiiiHa moBe/1iHKAa KOHTPOJIOETHCS HE JIUIIe
34raJIbHOIO IJIOMIEIO AJINE3UBHUX JILISIHOK, aJie i TeOMETPIEI0 CTPYKTYPH MOBEPXHi. 30KpeMa, BCTAHOBJIEHO,
110 PO3Mip JOMEHIB iICTOTHO BILJIMBAE HA PE3YITATUBHICTH a1coporrii. HaitBupaswuimmuii edexr € Tosi, Komm
pO3MipH YaCTHHOK i JOMEHIB OJHAKOBI, e BiAOYBAETHCA MOCHICHHS aIcOPOIil B ILIAHIN MPOMIXKHUX 3HA-
4qeHb XimMigaoro norenmianry. OmHAK 32 BUCOKUX 3HAYEHDb XIMIYHOIO MOTEHIIALY, KOJIU [TOBEPXHEBE MOKPH-
TTS YACTUHOK 3POCTAE, CTEPUIHI €(DEKTH CTAIOTH BAYKJIUBUMH, IO TIOCTIA0JIIOE BILIUB TEOMETPIT CTPYKTYpH
moBepxHi. OTpuMaHi pe3ybTaTh JeMOHCTPYIOTh, M0 e()eKTUBHICTIO a1cOopPOIIii Ta TOBEPXHEBOIO OPTaHi3a-
[[I€10 9aCTUHOK MOYKHA KEPYBaTH , BUOPABIIHU PO3MID, CTYMiHb MOKPUTTS Ta TPOCTOPOBE PO3TAIITYBAHHS
aaresmBHuUX noMeHiB. Ile mocmimkerHs MoxKe OyTr KOPUCHAM Jjist pO3POOKH (DYHKITIOHATBHUX IOBEPXOHD,
mraTrdOpM CeJIEKTUBHOL a1copoirii, 6ioceHcopin i cucteMm adiHHONO COPTYBAHHS KJIITHH.

KurrouoBi cioBa: MiKpOYaCTHHKHU, CTPYKTYPOBaHI aAre3uBHI MOBEpPXHi, aJcopOIiis, TBEpPIi IWCKH,
Momnte-Kapiio momentoBamms, isorepmu aacopOiiii, MpoCTOPOBa OpraHi3artisi.
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