
PHYSICAL REVIEW E 104, 054104 (2021)

Confinement effects on the random sequential adsorption packings of elongated particles in a slit
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The behavior of a system of two-dimensional elongated particles (discorectangles) packed in a slit between
the two parallel walls was analyzed using a simulation approach. The packings were produced using the random
sequential adsorption model with continuous positional and orientational degrees of freedom. The aspect ratio
(length-to-width ratio, ε = l/d) of the particles was varied within the range ε ∈ [1; 32] while the distance
between the walls was varied within the range h/d ∈ [1; 80]. The properties of deposits in jammed state [the
coverage, the order parameter, and the long-range (percolation) connectivity between particles] were studied
numerically. The values of ε and h significantly affected the structure of the packings and the percolation
connectivity. Particularly, the observed nontrivial dependencies of the jamming coverage ϕ(ε) or ϕ(h) were
explained by the interplay of the different geometrical factors related to confinement, particle orientation degrees
of freedom and excluded volume effects.
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I. INTRODUCTION

In recent years, the different self-assemblies in random
packings of elongated particles onto the two-dimensional (2D)
substrates have attracted great attention [1]. Such assemblies
may have attractive practical applications in memory devices,
preparation of substrates with controlled wettability, transpar-
ent electrodes for optoelectronics, and sensing materials [2,3].

Self-assembly can be manifested in random sequential
adsorption (RSA) process consisting in irreversible depo-
sition of immobile particles onto a 2D substrate [4–6].
In the RSA process, the particles are deposited sequen-
tially, their overlapping is forbidden, and above the sat-
urated coverage concentration (“jamming limit”) the de-
position process is terminated. For disks, the following
values were obtained for saturated coverage: ϕ = 0.5472 ±
0.0002 [7,8], ϕ = 0.5470735 ± 0.0000028 [9], and ϕ =
0.547067 ± 0.000003 [10]. This value is noticeably smaller
than maximum packing fraction for close-packed configu-
ration of disks, π/

√
12 ≈ 0.9069 [11]. Moreover, the RSA

configuration is not stable since some disks may be rear-
ranged to create holes sufficiently large to accommodate new
disks [8].

For elongated particles, the RSA is a challenging prob-
lem that has been the ongoing focus of many researchers.
The RSA packings of ellipses [12,13], rectangles [14,15],
discorectangles [16,17], and other elongated objects [6,18–
23] with the different values of the aspect ratio (length-to-
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width ratios ε = l/d) have been analyzed. In many cases, the
intriguing nonmonotonic ϕ(ε) dependencies were observed.
Such behavior was explained by a competition between the
effects of orientational degrees of freedom and excluded area
effects [24].

The spatially confined systems are of special interest for
analysis of the effects of particle shape and extent of confin-
ing on particle self-assembly. The confinement effects have
been extensively studied in equilibrium 2D systems enclosed
between the two parallel hard walls (slit) and in the square
or circular cavities [25–33]. The systems of particles with
different geometries (ellipses, discorectangles, and rectangles)
have been also analyzed [34]. Particularly, the surface phase
diagram of a 2D hard-rectangle fluid confined between two
walls was calculated [35]. A capillary columnar ordering
and layering transitions in this system were observed. The
density and the order-parameter profiles were calculated and
formation of stationary texture consisting of layers of particles
oriented parallel to the wall was demonstrated. Monte Carlo
simulation of a system of hard rectangles confined between
two walls was performed [36]. It was shown that confined
particles tend to align their long axes parallel to the confining
walls and the effects were more pronounced for small separa-
tion between the confining walls.

The strongly confined systems between the two parallel
walls were theoretically examined for rectangular parti-
cles [37–39]. The density profiles shown planar ordering and
damped oscillatory behavior [37]. For nonmesogenic parti-
cles with small values of the aspect ratio (ε < 3) in the
extreme confinement limit, for small distances between walls
(h/d � 2), a structural transition from a planar (particle’s long
axis parallel to the walls) to a homeotropic (particle’s long
axis perpendicular to the walls) layer with increasing density
was observed [39]. For hard discorectangles between the two
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parallel walls in strongly confined systems (1 < h/d � 2), a
rich phase behavior in dependence of the value of the parti-
cles’ aspect ratio was observed [40]. For hard ellipses in a
circular cavity, the formation of oriented layers in the vicinity
of the wall was also reported [41].

For the case of the confined RSA system, we are only
aware of the study of RSA configurations of hard disks with
diameter d in narrow slit of width h (1 < h/d < 2) [42]. The
case h = d corresponds to the 1D packing of disks onto the
line. Jamming coverage for parking of 1D segments of the
same length onto the line was exactly evaluated to be about
ϕR = 0.7476 . . . (Rényi’s parking constant) [43].

For 1D RSA disk systems, it gives ϕ = (π/4)ϕR ≈ 0.5872.
With an increase of h value, there was observed a noticeable
decrease of ϕ value. However, to our best knowledge, the
confined RSA system with elongated particles were never
studied before.

The present work deals with 2D RSA packings of
elongated particles (discorectangles) in confined geometry
between the two parallel plates (a slit). The computation-
ally efficient technique to generate jamming configurations
was employed. The observed orientational structures of
packings evidenced on presence of ordering inside slit.
Mean values of the coverage ϕ(ε) and the order parame-
ter S demonstrated nonmonotonic behavior in dependence
on ε and h. Connectivity of particles with hard core–soft
shell structure was also analyzed. The rest of the paper
is organized as follows. In Sec. II, the technical details
of the simulations are described and all necessary quanti-
ties are defined. Section III presents our principal findings
and discussions. Finally, Sec. IV presents some concluding
remarks.

II. COMPUTATIONAL MODEL

The elongated particles were represented by the hard dis-
corectangles, which consist of a rectangular part (length l
and width d) with two semicircular caps of diameter d at
its opposite ends. To simplify presentation, in further con-
sideration, all lengths are given in units of d . The particles
with ε ∈ [1; 32] were analyzed. The RSA model was used for
formation of packings. The particles with random orientations
were randomly and sequentially deposited into a slit (in the
space between the two parallel impenetrable walls with the
distance h between them). Overlapping of a particle with
the previously deposited ones and with the walls was strictly
forbidden (Fig. 1). In the jamming state no additional particle
can be added to the system due to the absence of a pore with
appropriate size. The closest distance of approach of a particle
to any of the walls was 0.5.

The computationally efficient technique to generate jam-
ming configurations, based on the tracking of local regions,
was employed [16,17]. The saturated coverage was evaluated
as ϕ = NAp/A, where N is a number of deposited particles,
and Ap and A are the area of a particle and a slit, correspond-
ingly. In the following discussion, the properties of systems in
the jamming state will be only analyzed.

The width of a slit was varied within h ∈ [1; 80] and peri-
odic boundary conditions (PBCs) were used in the vertical (y)
direction. The length of the slit in the vertical (y) direction

FIG. 1. A schematic picture of the of RSA packing of elongated
particles between the two parallel walls with the distance h between
them. The walls and particles (cores) are assumed to be impenetrable.
The cores of particles are discorectangles with the length l and width
d . The space between particles can be treated as pores. Periodic
boundary conditions are applied in y direction. For connectivity
analysis along the x and y axes, the particles were covered with shells
of thickness δ. The particles of different shades correspond to the
different clusters.

was L. In the present work, the majority of calculations were
performed using L = 16 384 (see some scaling tests in Ap-
pendix A). The comparative data to mimic infinite systems
were obtained using PBCs applied in both the horizontal (x)
and the vertical (y) directions with the systems size 32ε × 32ε

(more detailed information can be found elsewhere [23]).
For connectivity analysis along x and y axes, a core-shell

structure of the particles was assumed. The particle cores were
covered with shells of thickness δ (Fig. 1). The minimum
thickness of overlapping shells, required for the formation
of spanning clusters in the x or y direction, was determined
using a list of near-neighbor particles [44] and the Hoshen-
Kopelman algorithm [45].

During the deposition of particles with random orientations
in a confined slit, some attempts of particle deposition may
be rejected due to the intersection with walls. The prelimi-
nary studies demonstrated that, in a confined slit, the aligned
packings with preferred orientation along slit (y direction) are
formed. Moreover, for conditions with strong confinement at
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FIG. 2. Examples of packing patterns (top), and profiles of the scaled coverage g(x) = ϕ(x)/〈ϕ〉 and the order parameter, S(x) (bottom),
for the value of the aspect ratio ε = 2 and the distance between walls h = 4 (a) and h = 10 (b). The corresponding mean values, averaged
through the slit, are 〈ϕ〉 = 0.518 ± 0.01 and 〈S〉 = 0.54 ± 0.01 (a) and 〈ϕ〉 = 0.558 ± 0.01 and 〈S〉 = 0.26 ± 0.01 (b). Here xm corresponds
to the positions of the extremum in ϕ∗(x) (maxima) or S(x) (minima) dependencies.

rather small value of the slit width h � 2, the “defective”
packings with diminished density were observed due to the
commensuration effect between the width of the particle and
the wall separation.

The degree of orientation in the formed aligned packing
was characterized by the order parameter defined as

S = 〈cos 2θ〉, (1)

where 〈·〉 denotes the average and θ is the angle between the
long axis of the particle and the axis y.

Profiles of the local coverage ϕ(x) and the order parameter
S(x) were calculated as an ensemble average of the particles
that have their centers of mass at a distance from the wall
between x and x + dx. Typically, in our calculations, we have
used dx = 0.05–0.1.

For each given value of ε and h, the computer experiments
were repeated from 10 to 100 independent packings. The error
bars in the figures correspond to the standard deviations of the
means. When not shown explicitly, they are of the order of the
marker size.

III. RESULTS AND DISCUSSION

Figure 2 demonstrates examples of packing patterns (top),
and profiles of the scaled coverage g(x) = ϕ(x)/〈ϕ〉 and the
order parameter S(x) (bottom) for the value of the aspect ratio
ε = 2 and the distance between walls h = 4 (a) and h = 10

(b). Here 〈ϕ〉 is the mean value of the coverage, averaged
through the slit.

The oscillating profiles of g(x) and S(x) were observed for
other values of ε and h (see Appendix B). Obtained data evi-
denced that hard walls induced formation of layers of particles
in the vicinity of walls when particles’ long axes are preferred
aligned parallel to the walls. Both the profiles were symmetric
with respect to a line at the center of the slit.

The similar profiles were captured by both simulations
and theories for equilibrium systems of particles confined be-
tween parallel hard walls with varying widths, h. For example,
in three-dimensional confined geometries between parallel
walls, the oscillatory behavior of the local density were
observed for hard spheres [46], spherocylinders [47–50], rod-
like particles [51], cylinders [52], and rectangular rods [53].
Strong structurization of the systems near the walls, and
different confined isotropic, nematic, and smectic phases
for elongated particles, were observed [49]. The similar ef-
fects were also observed in 2D confined geometries between
parallel hard walls for ellipses, discorectangles, and rectan-
gles [34–36,53].

It is remarkable that, for the selected value of ε = 2
(Fig. 2), the coverage and the order parameter profiles re-
vealed the distinctive peak at a distance of about width of the
particle (xm ≈ 1) from the wall surface. In the general case,
the positions of the first maximum in g(x) dependency and
the first minimum in S(x) were observed at nearly the same
distance from the wall, xm. The value of xm may be identified

054104-3



NIKOLAI I. LEBOVKA et al. PHYSICAL REVIEW E 104, 054104 (2021)

0 10 20 30 40 50 600

5

10

15

(a)

(b)

x m
x m

h

2

5

h=10

2

5

5 10 15 20
0.5

1

1.5

2

2.5

3

0 5 10

1

2

3

2

5

10

20

=20x m

10h

FIG. 3. Position of the extremum xm in spatial distribution of the
coverage ϕ or the order parameter S versus the aspect ratio ε in a
slit with different distances between walls h (a) and xm versus h
at different values of ε (b). Inset shows the enlarged part of xm(h)
dependence (b).

with surface layer thickness. Figure 3 presents dependencies
of the thickness xm versus ε at different values of h (a) and
xm versus h at different values of ε (b). At a fixed value of
h, the thickness xm initially increased with ε and saturated for
long particles with large values of ε [Fig. 3(a)]. In particular,
the saturated values of xm were ≈0.83 at h = 2, ≈1.54 at
h = 5, and ≈2.56 at h = 10. Similarly, at a fixed value of ε,
the thickness xm initially increased with h and then saturated
for larger values of h [Fig. 3(b)]. The dashed line in Fig. 3(b)
corresponds to the linear dependence xm = 0.25(1 + h). This
linear increase of the surface layer thickness with h was
only observed in strongly confined systems with h � ε [see
inset Fig. 3(b)], while at larger values of h, the transition to
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FIG. 4. The mean coverage 〈ϕ〉 versus the aspect ratio ε in slits
with different distances h between the walls (a) and versus the h for
different values of ε (b).

saturated behavior of xm(h) was observed. Therefore, in con-
fined systems the extent of perturbation induced by walls
depends on the interrelation between the wall-to-wall distance
and length of the particle.

Figure 4 presents the mean coverage 〈ϕ〉 versus the aspect
ratio ε in slits with different distances h between the walls
(a) and versus the h for different values of ε (b). For strongly
confined 1D systems (h = 1), the dependence 〈ϕ(ε)〉 may be
calculated as

〈ϕ〉 = ϕR
π/4 + ε − 1

ε
, (2)

where ϕR = 0.7476 . . . is the Rényi’s parking constant [43].
The numerator π/4 + ε − 1 corresponds to the area of
discorectangle (with length l = ε and width d = h = 1).
The denominator ε corresponds to the area of rectangle
(with length l = ε and width d = h = 1). This formula
gives the dashed line for h = 1 presented in Fig. 4(a) with
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〈ϕ〉 = (π/4)ϕR for disks (ε = 1) and 〈ϕ〉 = ϕR for infinitely
long particles (ε → ∞).

For 2D systems with h > 1, a wide variety of monotonic
and nonmonotonic 〈ϕ(ε)〉 dependencies have been observed.
Particularly, for the system with PBCs (the systems with size
32ε × 32ε was used to imitate the infinitely large system) the
maximum in 〈ϕ(ε)〉 dependence can be explained accounting
for the competition between the particles’ orientational de-
grees of freedom and excluded area effects [16,17,23].

The monotonic 〈ϕ(ε)〉 dependencies have been only ob-
served in strongly confined systems with h < 3. Particularly,
the confined systems with h = 2 demonstrated specific be-
havior with the smallest values of the coverage below
〈ϕ〉 ≈ 0.4 for ε > 2. However, for higher distances between
wall (h � 3) the similar maximums in 〈ϕ(ε)〉 dependencies
have been also detected [Fig. 4(a)]. Figure 4(b) presents
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FIG. 6. Thickness of the connectivity shell δ versus the aspect
ratio ε along x(↔) and y(�) axes for different distances between
walls h.

dependencies of the mean coverage 〈ϕ〉 versus the slit width
h for particles with different values of the aspect ratio, ε.
The dependencies 〈ϕ(h)〉 displayed the minimums at approx-
imately the same h ∈ [1.9, 2] for all studied values of the
aspect ratio, ε [Fig. 4(a)]. Obtained data for disks (ε = 1) were
in good agreement with previously reported data for the range
1 < h � 2 [42]. Therefore, the RSA packing in slits revealed
the extreme 〈ϕ(ε)〉 dependencies at h > 3 (maximums at ε ∈
[1, 1.8]) [Fig. 4(a)] and the extreme 〈ϕ(h)〉 dependencies at
h < 3 (minimums at h ≈ 2) [Fig. 4(b)].
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FIG. 8. Examples of the packing patterns for the values of the aspect ratios ε = 5 and ε = 20, and distances between the walls h = 2 and
h = 20.

Note that in strongly confined systems (1 < h � 2) of
discorectangles or ellipses, a rich phase behavior in depen-
dence of the value of the particles’ aspect ratio was recently
reported [40,54]. For small values of the aspect ratio (ε =
1 − 5), the values of the mean coverage 〈ϕ〉 saturated at larger
distances between walls (h > 10). However, for particles with
large values of the aspect ratio (ε � 10–20), the decrease in
the mean coverage 〈ϕ〉 with increase values of h was ob-
served for larger values of the distance between the walls
(h > 10–20).

The dependencies 〈S(ε)〉 shown only monotonic character
and order parameter was higher for thinner slit and increased
with increase of ε [Fig. 5(a)]. This behavior reflected the
presence of highly oriented layers of particles formed in the
vicinity of both walls (Fig. 2). Therefore, confinement by
walls resulted in adding of the supplementary lever into the
competition between the particles’ orientational degrees of
freedom and excluded area effects. Moreover, at fixed values
of ε, the values of 〈S〉 continuously decreased with increase
values of h. The effects were more pronounced for particles
with small values of the aspect ratio, ε [Fig. 5(b)].

Figure 6 presents the thickness of the connectivity shell δ

versus the aspect ratio ε in directions across the horizontal axis
x(↔) and along the vertical axis y(�) for different distances

between walls, h. The values of δ for the horizontal axis
x(↔) were relatively small and independent on the aspect
ratio ε.

Behavior of δ along the vertical axis y(�) was more
complicated. For the 1D-confined system with h = 1, the lin-
ear dependence δ = 0.5ε along the y(�) axis was observed
(dashed line with the slope equals to 1). For this case, the
connectivity emerged at higher values for soft shell thickness
around the particles. For strongly confined systems with h =
1.5–5, the dependencies δ(ε) revealed nonmonotonic anoma-
lies with inflection points at small values of ε (Fig. 6). For
larger distances between walls (h � 10), the powerlike de-
pendencies δ ∝ εα with exponent 0.25 < α < 1. Finally, for
imitated infinite systems (systems PBCs applied in both the
horizontal (x) and the vertical (y) directions with the systems
size 32ε × 32ε [23]) the value α ≈ 0.25 was estimated. Ob-
tained data evidenced that confinement between walls results
in weakening of connectivity along the vertical axis y(�) and
enhancing of it across the horizontal axis x(↔).

IV. CONCLUSION

Numerical studies of two-dimensional RSA deposition of
discorectangles confined between the two parallel walls (in
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slit) were carried out. It was shown that the introduction of the
confinement changed significantly the distribution of particles
and their orientations inside the slit. Near the walls, the parti-
cles were mostly aligned parallel to the walls. The thickness
of the surface layers and extent of the surface perturbation
induced by the walls depend on the interrelation between the
values of h and ε. The mean coverage 〈ϕ〉 and the mean order
parameter 〈S〉 were also strongly dependent on the values of
h and ε. Particularly, for finite values of h, the monotonic
〈ϕ(ε)〉 dependencies have been only observed in strongly
confined systems with h < 3. However, for higher distances
between the walls (h � 3), the maxima in 〈ϕ(ε)〉 dependen-
cies have been also detected. Moreover, the minima in 〈ϕ(h)〉
dependencies at approximately the same values h ≈ 1.9–2
for all studied values of the aspect ratio, ε, were observed.
This behavior reflected the presence in confined systems
of the supplementary lever into the competition between
the particles’ orientational degrees of freedom and excluded
area effects. Obtained data also evidenced that the confine-
ment between walls results in weakening of the connectivity
along the walls and enhancing of it perpendicularly to
walls.

Effects of confinements may be important in irreversible
adsorption of particles (e.g., adsorption of macromolecules
or colloidal particles onto chemically heterogeneous or mor-
phologically irregular surfaces [55–57]). The studied RSA
systems are nonequilibrium and their direct comparison
with the thermally equilibrium systems requires additional

studies of relaxation effects during the transition from RSA
to the equilibrium state. Such transition may be accom-
panied with noticeable effects on alignment of confined
particles with their long axes being parallel to the confining
walls in dependence on separation between the walls [36].
Future studies could generalize our approached to differ-
ent anchoring interactions of particles with the walls and
confinement in different geometries like circular or square
cavities.
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APPENDIX A: SCALING TESTS

The length of the slit in the vertical (y) direction was L. The
scaling tests with L = 2n, n ∈ [8; 14] evidenced the good con-
vergence of the data for the coverage ϕ (Fig. 7). Therefore, in
the present work, the majority of calculations were performed
using L = 16 384, n = 14.
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054104-7



NIKOLAI I. LEBOVKA et al. PHYSICAL REVIEW E 104, 054104 (2021)

APPENDIX B: PROFILES OF THE SCALED COVERAGE
AND THE ORDER PARAMETER

Figure 8 presents supplementary examples of the pack-
ing patterns for the values of the aspect ratios ε = 5 and
ε = 20 and distances between the walls h = 2 and h = 10.
In a strongly confined slits (h = 2) the aligned packings with
preferred orientation along slit (y direction) are formed.

Figure 9 presents supplementary examples of the profiles
of the scaled coverage g(x) = ϕ(x)/〈ϕ〉 and the order param-
eter S(x) for the different values of the aspect ratio ε and
distances between the walls h: ε = 5, h = 2 (a); ε = 5, h = 10

(b); ε = 20, h = 2 (c); and ε = 20, h = 10 (d). Here 〈ϕ〉 is the
mean value of the coverage, averaged across the slit. Note that
in strongly confined slits (h = 2), the thickness of the aligned
packings with preferred orientation along the slit (y axis) was
nearly the same xm ≈ 0.75 for both the cases of ε = 5 and
ε = 20. The values of g(x) were maximal near the walls and
minimal inside slits, while the behavior of the order parameter,
S(x), was inverse. However, in wider slits (h = 10), the oscil-
lation behaviors of g(x) and S(x) were observed. In general
case, dependencies of xm on the values of ε and h are presented
in Fig. 3.
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