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Molecular dynamics simulations of a coarse-grained bead-spring model of ring polymer brushes un-
der compression are presented. Flexible polymer brushes are always disordered during compression,
whereas semiflexible polymer brushes tend to be ordered under sufficiently strong compression. Fur-
ther, the polymer monomer density of the semiflexible polymer brush is very high near the brush
surface, inducing a peak value of the free energy near the surface. Therefore, when nanoparticles are
compressed in semiflexible ring polymer brushes, they tend to exhibit a closely packed single-layer
structure between the brush surface and the impenetrable wall, and a quasi-two-dimensional ordered
structure near the brush surface is formed under strong compression. These findings provide a new
approach to designing responsive applications.
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1 Introduction

Two-dimensional (2D) nanomaterials are an interesting
class of materials whose surface area is dominated by one
specific crystallographic plane; therefore, they are almost
crystallographically isotropic. Referred to in the litera-
ture by various names such as nanoflakes [1], nanowalls
[2], nanosheets [3, 4], nanoplates, or nanoplatelets [5–
7], 2D inorganic nanomaterials (not to be confused with
2D carbon-based nanomaterials such as graphene [8]),
are typically nanoscale in one dimension yet microscale
in the other two. The use of 2D layered materials has
been attracting particular interest recently because of
their unique electronic, structural, and optical properties
[9, 10] and has quickly become one of the hottest research
topics [11–13]. Compared with zero-dimensional and
one-dimensional materials, 2D layered materials have
several extraordinary advantages [14] that endow them
with promising potential for solar energy harvesting and
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photocatalytic applications [15–19]. For instance, 2D
layered materials with high specific surface areas could
provide a great number of active sites for various re-
actions. Additionally, nanosized 2D layered materials
could act as a support for fabrication of various compos-
ites with a large interfacial contact [10, 20].

Further, grafted polymeric layers, usually called poly-
mer brushes, are currently used as surface modifiers and
have been the subject of intensive investigation for sev-
eral decades. Owing to the delicate interplay between the
configurational entropy of these polymers, the excluded
volume, and the (solvent-mediated) enthalpic interac-
tions, the structure of these soft polymeric layers and
their response to external perturbations is characterized
by very diverse, complex, and rich properties [21–23]. Al-
though polymer brushes are used for various applications
[24], certain aspects of the complex behavior of such sys-
tems are not yet well understood, and more research is
still needed to clarify them.

In this paper, we simulate the 2D structure of nanopar-
ticles (NPs) induced by compressing the NPs in a ring
polymer brush system. Polymers are adopted to con-
trol the effective interactions between NPs and further
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govern the assembly structures of the NPs. Section 2
presents the model and simulation method, and Section
3 describes the resulting density profiles, system pres-
sure, polymer structure, order parameter under various
degrees of compression, and ordered structures of the
NPs. In Section 4, we briefly present our conclusions.

2 Model and simulation methods

We employ molecular dynamics simulations based on a
coarse-grained model to study the conformations of pure
ring polymer brushes and the ordered structure of NPs
in ring polymer brushes under compression. Polymer
chains are grafted uniformly on an impenetrable sur-
face with a grafting density σg, and each chain consists
of Nm = 120 monomers. In fact, similar results can
also be obtained for ring polymer brushes with random
grafting on the surface. The number of NPs is fixed at
Np = 90. To prevent overlap between any two monomers
in the system, a purely repulsive truncated and shifted
Lennard–Jones potential is used:

ULJ(rij)=
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where rij is the spatial distance between monomers, σ is
the monomer diameter, and ε = kBT (where kB is the
Boltzmann constant, and T is the temperature of the
system). Here, the monomer diameter of the polymer
brushes is σm = σ, and the diameter of the NPs is fixed
at σp = 3σ. We set the mass of the brush monomer to
m, and the mass of the NPs is (σp/σ)3 times the brush
monomer mass.

All the bonded monomers in the polymer brushes in-
teract with the well-known finitely extensible nonlinear
elastic potential [25]
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]
, r < R0, (2)

where r is the distance between two bonded monomers,
K = 30ε/σ2 is the spring constant, and R0 = 1.5σ is the
maximum distance between bonded monomers [25].

The stiffness of the polymer chain is described by the
angle bending potential [26–28]:

Ub = kb(1 + cos θ), (3)

where θ is the angle between two consecutive bonds, and
kb denotes the bending stiffness.

The polymer brushes are grafted on a planar 30σ×26σ
impenetrable surface with a dense uniform lattice ar-
rangement of grafting sites. The substrate surface exerts

a purely repulsive truncated and shifted Lennard-Jones
potential described by Eq. (4) for all the monomers, and
the parameters are chosen as σsurface = σ (the diame-
ter of the surface monomer) and ε = kBT as in Eq. (4).
Further, the surface is infinitely extended through peri-
odic boundary conditions in the xy plane. At the begin-
ning of the simulation, the distance between two impen-
etrable surfaces is d = 80σ, and NPs are located ran-
domly outside the brush. The grafting surface is im-
mobile, and the compression surface is slowly pressed
toward the grafting surface during the compression pro-
cess. The molecular dynamics simulations are realized
by using the Langevin dynamics approach with the open-
source software LAMMPS [29] under a reduced temper-
ature, T ∗ = kBT/ε = 1.0. Reduced units of ε = 1.0,
σ = 1.0, and m = 1.0 are used to represent the energy,
length, and mass, respectively. The time unit τ and
friction coefficient γ in the molecular dynamics simula-
tions of a Langevin thermostat are set to 0.001τ0 and
1/τ0, respectively, where τ0 =

√
mσ2/ε is the time unit

in our simulation. A series of simulations with various
chain stiffnesses (kb) and grafting densities (σg) are per-
formed. Data are obtained from an equilibrium time of
about 1 × 107τ for each case, and the total simulation
time for each run is about 3.5×107τ . The statistical data
presented below are averaged over a sufficient number of
samples, and the errors of the ensemble averages are not
shown in the figures because they are smaller than the
symbols. All the simulation snapshots are captured via
the Visual Molecular Dynamics package [30].

3 Results and discussion

3.1 Compression-driven conformations of semiflexible
ring brushes

The compression processes of ring polymer brushes are
investigated. Two typical snapshots of ring polymer
brushes with a grafting density of σg = 0.11 are shown in
Fig. 1. As indicated, flexible ring polymer brushes with
kb = 0 (a and c) and semiflexible ring polymer brushes
with kb = 160 (b and d, from two different side views)
under compression characterized by the degree of com-
pression, D/h0 = 1.0 (a and b) and D/h0 = 0.5 (c and
d), are displayed. Here, D is the distance between the
two planes, and h0 is the average height of the poly-
mer brushes without compression, which is defined from
when ϕ(z) (see Fig. 2) has decreased to about 50% of its
original value in the flat region of ϕ(z). We set h0 ≈ 40σ
for the flexible ring polymer brush and h0 ≈ 45σ for
the flexible ring polymer. In Figs. 1(a) and (c), flexi-
ble chains always have a disorderly distribution, and the
density increases gradually as the degree of compression
increases. In contrast, the semiflexible ring chains have
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Fig. 1 Snapshots of ring polymer brushes for σg = 0.11
with kb = 0 (a, c) and kb = 160 (b and d, from two different
side views) under compression characterized by D/h0 = 1.0
(a, b) and D/h0 = 0.5 (c, d). Here kb denotes the bending
stiffness, σg is the grafting density of the polymer brushes, D
is the distance between the two planes, and h0 is the average
height of the polymer brushes without compression.

much more orderly distributions. In the xz plane, the
distribution of the ring polymer brush is similar to that
of the semiflexible linear polymer brush shown in our
previous work [31]. In the yz plane, ring-like structures
induced by chain stiffness are observed, indicating that
the monomer density along the z direction near the two
impenetrable surfaces is greater than that in the central
region.

The density profiles ϕ(z) of the total monomer density
for flexible ring brushes [Fig. 2(a)] and semiflexible ring
brushes [Fig. 2(b)] under various degrees of compression
are shown in Fig. 2. Here, z is the distance between the
brush monomer and the grafting surface along the z di-
rection, and ϕ(z) is the monomer density in the range
from z to z+∆z (where ∆z is set to 0.5σ). In Fig. 2(a),
the monomer density profiles for ring polymer brushes
and linear polymer brushes [31] are almost identical. For
flexible ring polymer brushes with kb = 0, compression
can lead to pronounced layering of the monomers near
the grafting surface. At the brush surface, the parabolic
decay of the density profiles found in the free ring poly-
mer brushes is replaced by density oscillations in the
compressed ring polymer brushes, whereas for a large kb
of 160, remarkable differences are found. There is no lay-
ering of the monomers, and the density distribution ϕ(z)
near the two walls is extremely high, resulting in a high
free energy near the chain surfaces. The corresponding
arrangement of semiflexible ring polymer brushes under
compression is shown in the inset.

To illustrate the conformations of the ring polymer
brushes during compression, Fig. 3 shows the variation
of the angle θi,i+1 of consecutive bonds along the ring
chain backbone at various degrees of compression D/h0.
Figure 4 shows the density distributions of the angle
φi−1,i,i+1 between neighboring bonds ρ(φ) and the an-
gle θi,i+1 of consecutive bonds ρ(θ) at different degrees of
compression D/h0 for both the linear polymer brush and
ring polymer brush. Here, the monomers are labeled con-
secutively i = 1, 2, . . ., starting at the grafting monomer,

Fig. 2 Density distribution of the effective monomers in the brush, Φ(z), vs. distance z from the grafting surface for
D/h0 = 1.0, 0.75, and 0.5. Two values of kb are considered: (a) a flexible ring polymer (kb = 0) and (b) a semiflexible
ring polymer (kb = 160). Inset shows the corresponding arrangement of semiflexible brushes in the xy plane. The number of
monomers per ring chain is Nm, and σg = 0.11.
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and θi,i+1 is the angle between the i-th bond vector and
the z0 vector (the unit vector along the z direction). The
angle θi,i+1 in Fig. 3 is obtained from 5000 samples, each
of which consists of 100 polymer chains (here, the in-
dex i runs from 1 to 120; if i = 120, θi,i+1 represents
θi,1). For flexible ring brushes with kb = 0, the angle
θi,i+1 increases slowly from i = 0–50 and i = 70–120.
However, from i = 50–70, θi,i+1 increases dramatically.
Furthermore, a higher degree of compression results in
a more dramatic increase in θi,i+1. For kb = 160, a
likely trigonometric trend is found. For D/h0 = 1.0,
θi,i+1 varies gradually from π/2 to 0, then to π, and fi-
nally from π to π/2, indicating a circular structure. For
comparison, the result for semiflexible linear chains with
kb = 160 are displayed in the inset; it is completely dif-
ferent from that for semiflexible ring chains. The polar
angle θi,i+1 for semiflexible linear chains is almost in-
dependent of the monomer index i when D/h0 = 1.0,
whereas for D/h0 = 0.5, θi,i+1 first gradually increases
and then remains constant.

In Fig. 4, the angle profile between neighboring bonds
ρ(φ) varies little during compression for both semiflex-
ible linear brushes and semiflexible ring brushes. For
ring polymer brushes, the distribution of the bending en-
ergy along the chain backbone is approximately uniform.
φi−1,i,i+1 is almost constant, and ρ(φ) is concentrated
in a very small range. For flexible ring polymer brushes,
compression causes the density profile of φi−1,i,i+1 to

Fig. 3 Variation of the angle θi,i+1 between two consecu-
tive bonds along the ring chain backbone as well as the normal
to the grafting surface under different degrees of compression
D/h0 for (a) flexible ring polymer (kb = 0) and (b) semi-
flexible ring polymer (kb = 160). Inset shows the result for
semiflexible linear chains for kb = 160.

shift rightward, and φi−1,i,i+1 increases as the degree of
compression increases. The density profile of ρ(φ) for
the semiflexible linear polymer brush is shifted slightly
rightward under stronger compression. For the flexible
ring brush with kb = 0, the density profile ρ(θ) oscillates,
and the density profile varies from two peaks to just one

Fig. 4 Density distribution of the angle φi−1,i,i+1between neighboring bonds ρ(φ) and the angle θi,i+1 of consecutive
bonds ρ(θ) at different degrees of compression D/h0 for linear and ring chains.
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as D/h0 reaches 0.5. For the semiflexible ring brush
with kb = 160, the two peak values of the density profile
ρ(θ) become larger under stronger compression, and the
θ values for D/h0 = 0.5 corresponding to the peak val-
ues (θ ≈ 1.1 and 2.0) are perfectly matched with those
in Fig. 3.

A particularly useful quantity for describing the con-
formations of polymer chains is the order parameter,

S =
1

2
(3⟨cos2 θ′⟩ − 1), (4)

where θ′ denotes the angle between the middle bond vec-
tor θ′jxy

(the projection of the bond between i = Nm/2 =

60 and i′ = i+ 1 = 61 in the xy plane) of the chain and
θ′0, here

θ′0 =
1

Nchain

Nchain∑
j=1

θ′jxy
. (5)

The order parameters for flexible and semiflexible ring
brushes under various degrees of compression are shown
in Fig. 5. The order parameter for the flexible brush
obviously remains about 0.25, whereas for the semiflex-
ible brush, the order parameter increases as the degree
of compression increases (S ≈ 0.9 when D/h0 = 0.5).
The flexible brush is always disordered regardless of how
much the system is compressed; however, for the semi-
flexible brush, the order parameter increases rapidly at
D/h0 = 1.0 (S ≈ 0.35–0.8) and finally maintains a sta-
ble value. One can conclude that compression strongly
affects the semiflexible brush system, rendering it more
ordered.

In Fig. 6, we show the pressure exerted by a brush
of ring polymers with various stiffnesses as well as lin-

Fig. 5 Order parameter S of the orientation of the bond
between the 59th and 60th monomers in polymer brushes (rep-
resented by unit vectors in the xy plane) vs. D/h0 for flexible
and semiflexible ring brushes. Here Nm = 120, and σg = 0.11.

Fig. 6 Pressure P along z direction vs. the degree of
compression, 1 − D/h0, for ring brush with chain length
Nm = 120, grafting density σg = 0.11 (both flexible and semi-
flexible brushes are included) and linear brush with Nm = 60,
σg = 0.22. Schematic shows the transformation of polymer
brushes during compression.

ear polymers at height D above the grafting plane. For
flexible brushes, the pressure increases gradually during
compression, which is in good agreement with the re-
sults of Milchev and Binder [32]. However, the trend for
semiflexible brushes is completely different; a dramatic
increase to a maximum followed by a steady plateau is
observed. Under strong compression, the pressure of the
semiflexible brushes is smaller than that of the flexi-
ble brushes. Furthermore, the peak value of the pres-
sure profile is smaller for semiflexible ring brushes than
for semiflexible linear brushes, whereas the pressure for
ring brushes is greater than that for linear brushes un-
der strong compression. The inset shows schematic il-
lustrations of the compression process. Semiflexible lin-
ear brushes are quickly tilted under stronger compres-
sion. Deformation of semiflexible ring brushes occurs at
a small degree of compression (D/h0 > 0.92), and tilting
follows as the degree of compression increases.

3.2 Ordered structures for nanoparticles in semiflexible
ring polymer brushes

Owing to the nontrivial monomer density distribution
of semiflexible ring polymer brushes, one may obtain
ordered structures of NPs by compressing NPs on the
brush surface. Figure 7 shows the conformations of NPs
in ring polymer brushes at various degrees of compres-
sion, D/h0 = 1.0 (a and b) and D/h0 = 0.5 (c and
d). For both flexible and semiflexible ring brushes, all
the NPs accumulate near the polymer brush surface dur-
ing compression. For flexible ring polymer brushes, NPs
are randomly located at the brush surface owing to the
uniform distribution of the polymer ring brush and the
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gradual increase in the polymer brush density. In con-
trast, for semiflexible ring polymer brushes, because the
monomer density is higher near the polymer surface, NPs
are closely packed in a single layer. In addition, for a
larger degree of compression, the NPs exhibit more or-
derly packing. The quasi-2D ordered structure of the
NPs is highly important in various applications, as it
improves the scratch resistance, exposes catalytic com-
ponents for bioreactions, and inhibits dewetting from the
low-energy substrate.

To analyze the distribution of NPs in more detail,
we plot the density profiles of NPs, ρn(z), as a func-
tion of z for the linear brush and ring polymer brush
at D/h0 = 1.0, 0.75, and 0.5. The results are shown in
Fig. 8. We set h0 ≈ 58σ for the semiflexible linear brush
with Nm = 60 and σg = 0.22. The compression surface is
shown in Fig. 8, where the arrowhead indicates that the
system is compressed from right to left. The result for
semiflexible linear polymer brushes is in good agreement
with our previous work [31]. When the surface is com-
pressed to D/h0 = 1.0, NPs penetrate the brush and are
uniformly distributed in the brush, whereas at a large
degree of compression, D/h0 = 0.5, NPs are aggregated
near the two impenetrable surfaces. For ring brushes, the
density profile is in good agreement with the snapshots
shown in Fig. 7. All the NPs are located between the
polymer brush surface and the compression surface. As

Fig. 7 Snapshots showing the conformations of NPs in ring
polymer brushes for Nm = 120, σg = 0.11, and kb = 0 (a, c)
and kb = 160 (b and d, from two different side views).

the degree of compression increases, the NPs are packed
in a single layer in semiflexible ring brushes. However,
in flexible ring polymer brushes, the NPs are randomly
located near the brush surface, regardless of the degree
of compression.

Figure 9 shows the radial distribution functions be-
tween NPs in the single layer near the compression sur-
face. NPs are packed more closely and in a more or-

Fig. 8 Density distributions of NPs ρn(z) as a function of z for linear brush and ring polymer brushes at D/h0 = 1.0, 0.75,
and 0.5.
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derly fashion for kb = 160, and the largest peak value
for g(rxy) is much greater than that for kb = 0. Further,
as shown in the inset, because the diameter of the NPs is
σp = 3σ, if the NPs are closely arranged, the peak values
should occur at rxy = 3.0, 5.2, 6.0, and 7.9. The values
corresponding to the peak of the g(rxy) profile appear
at rxy = 3.05, 5.35, 6.15, and 8.15, further indicating a
highly ordered structure of NPs for kb = 160.

Finally, the free energy of a single NP in the semiflex-
ible ring polymer brushes is calculated via the umbrella
sampling method [33], as shown in Fig. 10, where the
unit of free energy is kBT . The minimum free energy
of the system is located near the compression surface,
which explains why NPs prefer to stay near the com-

Fig. 9 Pair distribution functions g(rxy) between NPs in
the first layer close to the compression surface vs. the dis-
tance between NPs rxy. Inset shows the arrangement of NPs
in the first layer, and the schematic shows the distances cor-
responding to the peak values of g(rxy).

Fig. 10 Free energy F (z) for one NP in semiflexible ring
polymer brushes with kb = 160 at D/h0 = 0.5. The result
for linear polymer brushes is shown for comparison.

pression surface. The result for linear polymer brushes
is also shown for comparison. For the linear polymer
brush system, there is a free-energy barrier in the central
region between the two impenetrable surfaces and a free-
energy well near the grafting surface in the free-energy
landscape of an NP within linear polymer brushes. The
height of the free-energy barrier and the depth of the
free-energy well depend mainly on the degree of compres-
sion of the two impenetrable surfaces; therefore, NPs can
penetrate the linear polymer brushes when compression
begins, and they ultimately stay near the two impenetra-
ble walls. However, for the ring polymer brush system,
the NPs cannot penetrate the polymer brushes because
of the high free-energy barrier at the interface surface.
The calculated error estimates for free energy are also
shown in Fig. 10. Therefore, the aggregation behaviors
of the NPs near the ring polymer brush interface can be
well understood in terms of the free-energy landscape.

4 Conclusion

Extensive simulations of flexible and semiflexible ring
polymer brushes under compression were presented.
Flexible ring polymer brushes are disordered, whereas
semiflexible ring polymer brushes tend to tilt and exhibit
an ordered structure under a sufficient degree of compres-
sion. Further, the monomer density near the ring poly-
mer brush is extremely high, which yields a peak value
of the free energy. Therefore, NPs cannot penetrate the
ring polymer brush and form a quasi-2D ordered struc-
ture near the brush surface under strong compression;
this finding provides a new approach to designing quasi-
2D materials.
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