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Abstract: Coarse-grained molecular dynamics simulations are used to investigate the conformations
of binary semiflexible ring polymers (SRPs) of two different lengths confined in a hard sphere.
Segregated structures of SRPs in binary mixtures are strongly dependent upon the number density of
system (ρ), the bending energy of long SRPs (Kb, long), and the chain length ratio of long to short
SRPs (α). With a low ρ or a weak Kb, long at a small ratio α, long SRPs are immersed randomly in the
matrix of short SRPs. As ρ and bending energy of long SRPs (Kb, long) are increased up to a certain
value for a large ratio α, a nearly complete segregation between long and short SRPs is observed,
which can be further characterized by the ratio of tangential and radial components of long SRPs
velocity. These explicit segregated structures of the two components in spherical confinement are
induced by a delicate competition between the entropic excluded volume (depletion) effects and
bending contributions.

Keywords: semiflexible ring polymers; segregation; bending energy; depletion effects;
molecular dynamics

1. Introduction

Semiflexible polymers are used in a wide variety of applications as versatile materials due to
their possible liquid crystalline behaviour [1,2]. Semiflexible biopolymers are also important living
matter constituents [3,4], such as double-stranded DNA, actin and microtubules, which play a central
role for cell structure and function [5]. Hence, understanding the interaction between semiflexible
biopolymers and cell membranes becomes a key problem with many attractive aspects. Accordingly,
semiflexible linear polymer solution confined in spherical vesicles can be viewed as a typical model
system for cells extracted from living organisms.

Meanwhile, some functional biopolymers, such as plasmid, genome, polyose and DNA of phages,
inside the host cell widely adopt ring topological conformation [6–8]. The ring polymer is formed by
the simple operation of joining together the two ends of a linear polymer chain. Topological constraints
have a dramatic effect on the properties of ring chains compared with their linear counterparts due to
the decrease in the conformational degrees of freedom [9–11]. The most prominent examples are their
different scaling behaviour [12–20] and rheological properties [21,22]. For isolated rings (keeping the
topological constraints; i.e., bond uncrossability) discussed in our study, the size scales with the
polymerization degree (N) as Dg ~ NVF, with Dg and VF = 0.589 being the diameter of gyration and the
Flory exponent, respectively. However, the size of the linear chain scales is Dg ~ N0.5. Additionally, for
the strongly entangled case, ring polymers adopt crumpled globular conformations, with an effective
scaling exponent showing a crossover from VF ~ 0.4 to VF ~ 0.33–0.36 in the limit of large N [16–20]. The
ring polymer melts also exhibit self-similar dynamics, thereby yielding a power-law stress relaxation
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instead of the entanglement plateau, followed by exponential decay observed in entangled linear
chains [23]. The rings relax stress much faster than linear polymers, and the zero-shear viscosity varies
as η0 ~ N1.4, which is much weaker than the N3.4 behaviour of linear chains [24]. Moreover, the shapes
of ring chains change from prolate, crumpled structures to planar, rigid rings with the increase of the
stiffness [25].

Semiflexible linear polymers (SLPs) in the spherical confinement has been extensively
studied [26–33], whether a single (long) or many (short) semiflexible linear polymers [31–33].
Milchev et al. [31,32] investigated the competition between the nematic order and confinement of
semiflexible linear polymers in a spherical cavity at relatively large densities by using molecular
dynamics (MD) simulation. This condition leads to a complicated nonuniform structure, that is
bipolar orientational order versus tennis ball states. Nevertheless, much less attention has been paid
to the confinement of SRPs inside the spherical container, especially considering SRP mixtures with
polydispersity. The physical effects from the topological constraints and confinements play significant
roles in the structure and function of individual genetic materials [34–38], such as chromosome shape
in elongated bacterial cells [39], DNA (or DNA-actin filament mixtures) self-organization in a cell-size
confinement [40], and drug delivery from spherical vesicles [41,42], etc.

Binary mixtures of ring polymers of various lengths have been considered, and the conformations
of ring polymers in bidisperse blends of ring polymers have been investigated by computer
simulations [43]. However, the confinement effects, as well as chain stiffness of SRPs in the binary
SRP mixtures, have not been investigated yet. In this study, we focus on the binary semiflexible ring
polymer (SRP) mixtures of different lengths (long and short) and chain stiffness confined in a rigid
sphere. We carefully monitor the distribution and conformation characteristic of the binary mixtures.
These intriguing results are compared with their linear counterparts. At the same time, we also examine
the conformations of long SRPs in binary SRP mixtures by changing the chain length of short SRPs
and the number density in mixtures. The article is organized as follows: In Section 2, the model and
simulation details are provided. In Section 3, our results on the entropy-induced separation of binary
semiflexible ring polymer mixtures in spherical confinements are given, and in Section 4, the conclusion
will be presented.

2. Model and Method

In our simulation, a standard bead-spring model is used to model unknotted, non-concatenated
ring polymer, containing N spherical monomers with a diameter of σ and a mass of m, interconnected
by the finitely extendable nonlinear elastic (FENE) potential [44]:

UFENE(r) = −
KR2

0

2
ln

1− (
r

R0

)2, r < R0 (1)

Where r is the distance between two neighbouring monomers. K = 30kB·T/σ2 is a spring constant and
R0 = 1.5σ is a finite extensibility to avoid chain crossing, where kB is the Boltzmann constant and T
is the temperature. To prevent overlap between monomers, a shifted and cut-off Lennard-Jones (LJ)
potential is used for both bonded and non-bonded pairs interactions:

ULJ(r) =
{

4ε[( σr )
12
− ( σr )

6 + 1
4 ] r ≤ rc

0 r > rc
(2)

where r is distance between any two monomers and the cutoff distance is rc = 21/6σ. Additionally, the
chain stiffness of polymer is controlled by a bending potential between adjacent bonds [45–49]:

Ubending = Kb (1 + cosθ) (3)

where θ is the angle between two consecutive bonds and Kb is the bending energy.
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In our simulation, binary SRP mixtures are confined in a hard sphere with the radius of R = 20σ,
and the schematic diagram is given in Figure S1 (see Figure S1 in Supporting Information). The
sphere surface is constructed by the LJ particle with the same diameter σ and mass m with polymer
monomer. The purely repulsive surface-polymer interactions are also described by Equation (2) with
the repulsion strength of ε = 1.0kB·T. In our simulation, all quantities are reported in reduced units
(kB·T = 1, σ = 1, m = 1 and τ0 = (m·σ2/kB·T)1/2 = 1) and are chosen to be the units of energy, length, mass,
and time, respectively.

The total number density of the mixture is defined by ρ = (Mlong × Nlong + Mshort × Nshort)/V, and
long SRP number density corresponds to ρlong = (Mlong × Nlong)/V, where Mlong and Mshort are the
number of long and short SRPs, Nlong and Nshort are the monomer number per long and short ring
polymer respectively, and V is the volume of confined sphere. Here Nlong = 50 with Mlong = 10, and
Mshort is varied by the number density ρ. To prevent the deformation of SRPs, the highest density in
our simulation is up to ρ = 0.6. Generally, Nshort = 10 and ρ = 0.4 except special declartion. All short
SRPs are regarded as semiflexible ones (even called rigid) with Kb,short = 50, and the bending energy of
long SRPs Kb,long is varied 0–50, and up to 100, representing from flexible chains to semiflexible ones,
and even rigid rings, respectively.

The unknotted, non-concatenated ring polymers are firstly produced by using the well-known
bead-spring model of Kremer and Grest [44,50], and then these unlinked SRPs are placed randomly in
the spherical confinement. SRPs which are prepared unlinked from any other SRP have to remain
unlinked at any time [51]. The optimized velocity-Verlet algorithm [52] is used to integrate Newton’s
equations of motion with a time step ∆t = 0.006τ0, where τ0 = (m·σ2/kB·T)1/2 is an intrinsic MD time unit.
Then the systems are equilibrated in the NVT ensemble until the run time up to 6 × 107 (i.e., 1010 steps),
where the first run time ∆t1 = 1 × 106 is used for ensuring equilibrium. Every 104 steps are taken
as a sample after ∆t1. The reduced temperature is T* = 1.0 in units of ε/kB by using a Nose-Hoover
thermostat [53,54]. In order to avoid the system from being locally trapped, a slow reheat-annealing
simulation is applied until the final equilibrium structure is obtained. All simulations are performed
by the open-source LAMMPS molecular dynamics package (Sandia National Lab, Albuquerque,
NM, US) [55].

3. Result and Discussion

3.1. Segregated Structure in Binary SRPs Mixture

In this section, we first focus on the mixtures of binary SRPs with different lengths (long and
short) confined in a rigid sphere, where the density of long SRPs (ρlong) is much smaller than that of
short SRPs. Both long and short SRPs are unknotted and unlinked mutually. The bending energy of
long SRPs (Kb,long) varies from 0–100, thereby representing fully-flexible to semiflexible and even rigid
rings, respectively. Meanwhile, the bending energy of short SRPs is fixed at Kb,short = 50. Figure 1
shows the typical snapshots of confined binary SRP mixtures with different Kb,long at ρ = 0.4. When
Kb,long = 0, the spherical cavity is filled with short SRPs, and the fully flexible long chains are immersed
randomly in the matrix of short SRPs. However, the situation changes drastically with the increase of
Kb,long from 10 to 100, and ring polymers become prolate and deformation is unfavourable, leading to
that long SRPs gradually separate from the matrix of short SRPs. In particular, when Kb,long = 50, the
binary SRPs mixtures have the same chain stiffness only with different lengths for long and short SRPs
(i.e., Nlong = 50 and Nshort = 10). Almost all of long SRPs in a rigid ring conformation are attached to
the surface region of sphere. This result suggests a separation between the binary long and short SRPs.
The structure-segregation phenomenon becomes more evident as Kb,long = 100.
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Figure 1. Typical snapshots of binary semiflexible ring polymers (SRP) mixtures confined in spherical
confinement with different Kb,long. Long SRPs are highlighted in red, and short SRPs are shown in
green for clarity. Here ρ = 0.4, and Nshort = 10.

To check the existence of segregated structure in long and short SRPs mixtures, the reduced
monomer density of long SRPs, ρ(r)/ρlong, from the sphere centre to the surface for different Kb,long

is displayed in Figure 2a. The range of distance that all polymer monomers can reach is from 0–19
(see Figure S1). As expected, the density curve of flexible chains (Kb,long = 0) lacks a peak and even
drops slightly when r is close to 19. The entropic effect of wall constraints illustrates that semiflexible
short rings are more appropriate to the wall curvature than the flexible long ones [26]. When Kb,long = 10,
the distribution of long SRPs is almost uniform throughout the sphere, apart from a small peak near
the wall (r ≈ 19). As Kb,long further increases to 50 and 100, a distinct peak near the wall marks the
formation of a shell of wall-attached long SRPs and a nearly complete segregation between long and
short SRPs.Polymers 2019, 11, 1992 4 of 14 
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Figure 2. Reduced monomer density ρ(r)/ρlong of long SRPs in spherical confinement with different
Kb,long at fixed ρ = 0.4 and Nshort = 10 (a), with different ρ at fixed Kb,long = 50 and Nshort = 10 (b), and
with different Nshort at fixed ρ = 0.4 and Kb,long = 50 (c).

Then, we consider the effects of particle density ρ on the binary mixtures by increasing ρ from
0.1–0.6 at a fixed Kb,long = 50. As shown in Figure 2b, when ρ increases, the peak near the wall becomes
sharp, and the peak height increases gradually. The binary system with low density (ρ = 0.1) stays
homogeneous over the entire confined space, whereas the system with high density (ρ ≥ 0.4) rapidly
develops into a nearly complete segregation of the long and short components. This result is attributed
to the delicate interplay between the entropic depletion effects and packing constraints due to excluded
volume and spherical confinement. In order to explore the entropic depletion attractive between the
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SRPs and the spherical wall in more detail, the corresponding binary mixtures in the bulk without
confinement effects are shown in Figure S2. We can find that the long SRPs of binary SRPs mixtures
in the bulk are partly aggregated especially for high densities such as ρ ≥ 0.4 (see Figure S2). In fact,
there only exists depletion attraction of between the long SRPs in the bulk. However, for binary SRP
mixtures in spherical confinement (see Figure 1), the depletion attraction exists not only between the
long SRPs but also between long SRPs and the confining wall. Moreover, depletion attraction between
long SRPs and the wall is stronger than that between the long SRPs. This strong depletion attraction
can induce long SRPs to move towards the confining wall, leading a final segregated structure in binary
SRP mixture in the spherical confinement. Yodh et al. [56,57] also explored the segregation behaviour
of the binary colloids of different sizes trapped in a rigid vesicle, which required a sufficiently high
colloid volume fraction. Depletion interactions between large sphere and wall can increase the total
entropy of the system by increasing the entropy of the small spheres.

The chain length of short SRPs Nshort also plays an important role in the segregation behaviour of
long SRPs in binary SRP mixtures, and the reduced monomer density of long SRPs ρ(r)/ρlong is shown
in Figure 2c. For Nshort = 5, and 10, the long SRPs are all located near the spherical wall. However, for
Nshort = 20, and 40, the binary SRPs mixture is homogenous. In fact, our system is a little similar to
the binary hard-sphere mixture. In the binary hard-sphere mixture, moving two of the larger spheres
towards one another does not change their interaction energy but does increase the volume accessible
to the other particles, and the resulting gain in entropy reduces the free energy of the system by
(3/2)α’·ϕS·kB·T [57,58]. Here, α’ is the ratio of large to small radii (RL/RS), and ϕS is the small-sphere
volume fraction. If binary hard-sphere mixtures are confined in the vesicle with different curvature, the
large sphere will move in the direction of increasing curvature to minimize the small spheres’ exclude
volume [59]. In this paper, the inner surface of the hard sphere is the same everywhere; that is, the
long SRPs move in any direction along the inner surface of the hard sphere. Although our binary
SRP system is more complicated than a binary hard-sphere system, there exists the similar entropy
interaction between long SRPs and the wall, and this entropy attractive interaction is also dependent
upon the chain length ratio of long to short SRPs, α = Nlong/Nshort. Our results show that the shorter
the Nshort is, the stronger the depletion attractive between long SRPs and the wall is. If α is less than
2.5 (i.e., Nshort > 20), no segregated structure is observed for long SRPs in binary SRP mixtures.

We also systematically examine the dependence of the separation structure for long SRPs in the
binary mixtures on Kb,long and ρ. The average distance <r> from the sphere centre to the monomers of
long SRPs is shown in Figure 3a. Generally, <r> increases with the increase in Kb,long and ρ. When
ρ ≥ 0.4 and Kb,long ≥ 50, the value of <r> always reaches more than 18, as shown by the dotted line.
This result indicates that most of the monomers of long SRPs are segregated in a wall-attached shell at
the surface and short SRPs constitute the surrounding matrix in the sphere interior.
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To visualize the conformation characteristic of long SRPs confined in a hard sphere, we define the
average orientation order parameter P2(cosθ’) of long SRPs as follows [31–33]:

P2(cosθ’) = <3(cos2θ’ − 1)/2> (4)

where θ’ is the angle between the normal vector n of ring chains and the radius vector r from the
centre of mass of SRPs to the sphere centre. For each long SRPs, we define the normal vector as
n =

∑
bi × bi+1, where the sum is calculated over all pairs of consecutive bonds, with bi and bi+1 are

the corresponding bond vectors [46–49,60–62]. Figure 3b shows a gradual increase in P2(cosθ’) with
high ρ and strong Kb,long. As shown in the insets of Figure 3b, flexible long rings present random
orientation with P2(cosθ’) close to 0, whereas P2(cosθ’) reaches 1.0 as ρ ≥ 0.4 and Kb,long ≥ 50. This
result exhibits orientation characteristics of long SRPs. Take ρ = 0.4 and Kb,long = 100 for example, the
average distance from the centre of the mass of SRPs to sphere centre is calculated approximately as
<rc> = 17.10, which is nearly close to the perfectly ‘wall-attached’ behaviour of rc = 17.25 as shown in
Figure S3 (the gyration radius of a perfect rigid ring is <Rg> = 7.95). This result demonstrates that long
SRPs are pinned to the sphere surface in a planar, rigid ring conformation. Moreover, Figure S4 shows
that P2(cosθ’) always keeps at about 0.55 for a low density of ρ = 0.2 when Nshort increases from 5 to 40,
however, P2(cosθ’) is close to 0.99 for Nshort = 5 with a high density of ρ = 0.6 and decreases abruptly
in the region of Nshort = 10 ~ 20, and then keeps a constant value of 0.55 for Nshort > 20. Therefore,
the chain length of short SRPs Nshort also affects seriously the average orientation of long SRPs in the
spherical confinement at the high density ρ.

To characterize the structure transition from homogeneous to binary separation, we track the
tangential and radial components of long SRPs velocity, V⊥ and V//, respectively, as follows [63]:

V⊥ = |dδt|sinβ/δt (5)

V// = |dδt|cosβ/δt (6)

where |dδt| = |r·(t + δt) − r(δt)| is the displacement vector of the polymer centre of mass in the time
interval δt, and β is the angle between the displacement vector and normal vector of SRPs. The ratio
of V⊥/V// is plotted as ρ for different Kb,long in Figure 4a, here δt = 2 × 102. When Kb,long ≥ 20, the
ratio of V⊥/V// gradually increases, reaches a maximum, and then drops with the increase in ρ. Take
Kb,long = 100 for example, the peak is located in ρ* = 0.35, where the perpendicular component V⊥
is dominant over the radial component V//. When ρ > ρ*, there are more frequent collisions of long
SRPs on the sphere surface. High frequent collisions of long SRPs on the sphere surface lead to a rapid
decrease of V⊥ while these collisions affect V// slightly for high densities, see Figure S5. This result
also indicates that as ρ > ρ*, most of long SRPs only move along the tangential direction of the sphere
surface, which is in agreement with Dinsmore’s results [53]. Moreover, the critical density ρ* as a
function of Kb,long and the chain length ratio of long to short SRPs, α, shown in Figure 5b, can be used
to mark the structure transition from homogeneous to segregated structure. The stronger the rigidity is
or the shorter the chain length of short SRPs is, the lower the critical density ρ* that can cause the phase
transition is. Overall, segregated structures of long SRPs in binary mixtures depend strongly upon the
number density of system (ρ), the bending energy of long SRPs (Kb,long), and the chain length ratio of
long to short SRPs (α). Except for segregated structure, the dynamic behaviour of binary SRPs mixtures
is also remarkable. When Kb,long = 50, we randomly select one of the long SRPs chains and monitor the
Mth = 1st, 10th, 20th, 30th and 40th monomers of the selected chain, which are marked in red in the
inset of Figure 5a. The time-dependent distance rth from sphere centre to the selected monomer of long
SRPs for ρ = 0.1 and 0.4 are displayed in Figure 5a and b, respectively. Figure 5c further ensures that
the system has reached equilibrium after ∆t1 = 1 × 106. Under low density (ρ = 0.1), long SRPs can
move throughout the inner space of sphere, while at high density (ρ = 0.4), the motions of the five
selected monomers are trapped inside a shell of the wall with R−σ = 19. Hence, once long SRPs are
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separated from the short SRPs attached to the surface layer and only move along the sphere surface.
Similarly, for binary hard-sphere mixtures in the vesicle confinement, the large sphere is moved to a
flat wall, and the overlap volume and the free-energy loss are approximately doubled [45]. If it is the
spherical confinement for binary hard-sphere mixtures, the large hard spheres move along the sphere
wall, which is consistent with our results [53].
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In order to explore the segregation behaviour of long SRPs in binary SRP mixture in more detail,
we calculate the confinement-induced long chain-wall potential of the mean force (PMF), which
represents the free energy of the system as a function of r relative to that of sphere centre (r = 0).
PMF as a function of r can be calculated by V(r) = −kB·T·lnp(r) [64,65], where p(r) is the probability of
finding monomers of the long chains at distance r during the simulation (normalized by 4πr2). As
shown in Figure 6, for SRPs in the spherical confinement with Kb,long = 50 at a high density ρ = 0.4
and short Nshort = 10, the PMF of system V(r) is close to zero for r < 13, and it drops sharply to the
minimum at r = 18.5, which indicates that there is a strong depletion attraction between long SRPs and
the wall when long SRPs are at the wall. Oppositely, for flexible long ring polymers (Kshort = 0), V(r) is
equal to zero in the region of r < 14 and positive at r > 14, indicating that there is a strong repulsive
interaction between long flexible ring polymers and the wall when long flexible ring polymers are near
the wall. Similar repulsive PMFs are found for SRP mixtures with either low density ρ = 0.1 or short
SRPs with longer length (Nshort = 40). The detailed PMFs with different bending energies (Kb,long),
different densities (ρ) and different chain lengths of short SRPs (Nshort) are given in Figure S6. Different
depletion interactions between the long SRPs and the spherical wall lead to different conformations for
long SRPs in binary SRP mixture. In fact, columnar phases of stiff ring polymers have been observed
in previous simulations of stiff ring polymers in bulk [66]. In such systems, depletion interactions
should not play a role, as these systems contain only single species and are not in confinement. Instead,
the ordering originates from the interplay between orientational and translational entropy of the ring
polymers, similar to the nematic ordering of hard rods or semiflexible polymers. However, for the
spherical confinements, large depletion interactions between the long SRPs and the spherical wall can
lead to the segregated structures for long SRPs in binary SRP mixture.
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3.2. Comparison with Mixtures of Semiflexible Linear and Ring Polymers

In this section, we replace long SRPs with equal amounts of long semiflexible linear polymers
(SLPs) with Nlinear = 25, while keeping short SRPs content constant. The size comparison between
long SRPs and long SLPs is shown in Figure S7. The typical snapshots of binary long SLP and short
SRP mixtures confined in spherical confinement with different Kb,linear are shown in Figure 7. The
results of Nlinear = 35 is also presented in Figure S8. Long SLPs are immersed randomly in the sphere
interior, while short SRPs fill up the remaining space. No obvious segregated structure is observed
between long SLPs and short SRPs. By looking closely, we can find that as Kb,linear = 50, part of long
SLPs are gently bent near the sphere surface to be appropriate to the wall curvature. Meanwhile,
when Kb,linear = 100, most of long chains take a nearly straight conformation in the sphere interior. The
corresponding reduced monomer density ρ(r)/ρlong of long SLPs also differs significantly from their
counterparts of binary SRPs, as discussed in Section 3.1. As shown in Figure 8a, the value of ρ(r)/ρlong

sharply declines from the sphere centre to the surface apart from a small peak near the wall. On the one
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hand, we can interpret it by the fact that long SLPs located in the sphere interior have high orientational
degrees of freedom instead of the chains with most of the monomers near the sphere surface. Of
course, both SRPs and SLPs lose their orientational degrees of freedom at the wall, while SRPs can
attach to the wall without sacrificing of bending energy, compared with the linear ones. Therefore,
the orientation entropy of long SLPs favours that many chains are close to the sphere centre. On the
other hand, the density curve with a small shoulder near the wall attributes to the density oscillations
“layering” induced by confinement, well known for dense fluids near hard walls [31,67,68]. Further,
the average distance <r> from the sphere centre to the monomers of long SLPs is shown in Figure 8b.
The value of <r> is ranged from 12.0–14.5, indicating no separation structure occurs between long
SLPs and short SRPs.
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In order to quantitatively compare both ring and linear chains, we calculate the
confinement-induced long chain-wall potential of the mean force (PMF), which represents the free
energy of the system as a function of r relative to that of sphere centre (r = 0). As shown in Figure 9a,
for confined binary SRPs mixtures, the PMF V(r) is always negative from sphere centre to sphere
surface. It drops sharply to the minimum at r = 18.5, which indicates that there is a strong depletion
attraction between long SRPs and wall. However, exactly opposite segregation behaviour is observed
for confined binary SLPs and SRPs mixtures. The PMF V(r) is always positive from sphere centre to
sphere surface, indicating a repulsive interaction between long SLPs and wall. As known, the free
energy (F) consists of two constituents of energy (U) and entropy (T·S). The difference between SLPs
and SRPs is mainly caused by different bending costs (∆Ubending) near the spherical shell. We calculate
the bending costs (∆Ubending) for SRPs or SLPs are confined in the sphere at different r and the gained
entropy (T·∆S). Here the changes of energy ∆Ubending and entropy T·∆S are defined as [61]

∆Ubending = (Ubending)confinement − (Ubending)bulk (7)
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T·∆S = (T·S)confinement − (T·S)bulk (8)

Here (Ubending)confinement represents the average bending energy for polymers in spherical confinement
and (Ubending)bulk is the average bending energy for polymers in bulk with the same density. Figure 9b
shows that the bending cost ∆Ubending increases for SLPs when the SLPs move towards to the wall
while it decreases abruptly for SRPs when SRPs are close to the wall. In fact, for SRPs in bulk, the
ring collides with the monomers nearby with loss of bending energy. However, for SRPs near the
inner surface with large r, due to the rigid-ring conformation, it attaches to the spherical wall without
consuming bending energy. Meanwhile, as shown in Figure 9c, the gained entropy (T·∆S) due to the
extra volume increases abruptly for binary SRP mixtures at r > 15, while there is no extra volume for
binary SLP and SRP mixtures because there must be the high bending cost for long SLPs near the
sphere wall. No bending costs (∆Ubending � 0) and the gained entropy (T·∆S � 0) for binary SRP
mixture at r = 18.75 mean that long SPRs are willing to stay at the spherical wall, which are completely
different from long SLPs in spherical confinement.
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Finally, a schematic diagram is provided to show the entropy-induced separation of binary SRPs
mixtures (long and short) confined in spherical confinement. As shown in the left side of Figure 10,
short SRPs (i.e., seen as small rings for semiflexible case) are excluded from the green regions within
one monomer radius of the wall and of the surface of long SRPs (i.e., seen as large rings for semiflexible
case). Therefore, the volume accessible to small rings, that is Vacc, is the total volume minus the green
regions [44,45]. When large rings move to the wall, Vacc increases by the overlapping of excluded
regions and the entropy of small rings ∆Sshort increases, as highlighted in the right side of Figure 10.
As a result, the large rings with surface-attached chain configurations (most of their monomers in a
shell near the wall) will move along the wall surface to maximize the size of the overlap region to
increase the entropy of the ∆Sshort. This phenomenon results in an attractive “depletion” force between
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the large rings and wall. This entropic depletion effect drives the separation between the binary SRPs
of different sizes [69,70].
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Nshort, a nearly complete separation between the long and short SRPs occurs. The distribution and
conformation characteristic of long SRPs over the course of the simulation are monitored. Long SRPs
separated from short SRPs melt are attached to the sphere surface in a rigid ring conformation and only
allowed to move along the sphere surface. This phenomenon can be attributed to the interplay between
the entropic excluded volume (depletion) effects and bending contributions to the total free energy,
i.e., no bending costs and the gained entropy due to the extra volume when the rings are at the wall.
The segregation behaviour changes considerably when long SRPs are replaced by equivalent linear
ones (SLPs). SLPs have the high bending cost and the related absence of the depletion force when
the SLPs are at the wall. Different depletion forces lead to different spatial distributions in spherical
confinement for SRPs and SLPs in binary mixtures.
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and Nshort = 10. Figure S3: Schematic description of a perfect rigid ring with Nring = 50 attached to the sphere
surface with rc = 17.25, where rc represents the distance from the sphere center to the mass center of ring polymers.
Figure S4: Average orientation order parameter P2(cosθ’) of long SRPs as a function of Nshort with different ρ.
Here Kb,long = 50, and Nlong = 50. Figure S5: Tangential and radial components of long SRPs velocity V⊥ and
V// as a function of ρ. Here Kb,long = 50, Nlong = 50, and Nshort = 10. Figure S6: The potential of mean force V(r)
with different Kb,long at the fixed ρ = 0.4 and Nshort = 10(a), with different ρ at the fixed Kb,long = 50 and Nshort =
10(b), and with different Nshort at the fixed Kb,long = 50 and ρ = 0.4(c). Here all PMF are shifted by V = 0 as r =
0. Figure S7: The gyration radius Rg of ring polymer with Nring = 50, and linear polymer with Nlinear = 25 as a
function of Kb. Figure S8: Typical snapshots of binary SLP and SRP mixtures confined in spherical confinement.
(a) ρ = 0.4 with different Kb,linear, and (b) Kb,linear = 50 with different ρ. Here Nlinear = 35 and Nshort = 10.

Author Contributions: Conceptualization, L.Z.; methodology, X.Z. and K.L.; resources, X.Z.; data curation, X.Z.
and F.G.; supervision, L.H.; funding acquisition, L.H. and L.Z.; writing, original draft preparation, X.Z. and L.H.;
writing, review and editing, L.H. and L.Z.

Funding: “This research was financially supported by the National Natural Science Foundation of China
(Grant Nos. 21873082, 21674082 and 21674096) and the Natural Science Foundation of Zhejiang Province (Grant No.
LY19B040006).”

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2073-4360/11/12/1992/s1


Polymers 2019, 11, 1992 12 of 14

References

1. Ciferri, A. (Ed.) Liquid Crystallinity in Polymers: Principles and Fundamental properties; VCH Publishers:
New York, NY, USA, 1983.

2. Donald, A.M.; Windle, A.H.; Hanna, S. Liquid Crystalline Polymers; Cambridge University Press: Cambridge,
UK, 2006.

3. Mofrad, M.R.K.; Kamm, R.D. (Eds.) Cytoskeletal Mechanics; Cambridge University Press: Cambridge,
UK, 2006.

4. Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molecular Biology of the Cell; Garland Science:
New York, NY, USA, 2007.

5. Wen, Q.; Janmey, P.A. Polymer physics of the cytoskeleton. Curr. Opin. Solid State Mater. Sci. 2011, 15,
177–182. [CrossRef]

6. Trabi, M.; Craik, D.J. Circular proteins-no end in sight. Trends Biochem. Sci. 2002, 27, 132–138. [CrossRef]
7. Dobay, A.; Dubochet, J.; Millett, K.; Sottas, P.E.; Stasiak, A. Scaling behavior of random knots. Proc. Natl.

Acad. Sci. USA 2003, 100, 5611–5615. [CrossRef] [PubMed]
8. Sanchez, T.; Kulic, I.M.; Dogic, Z. Circularization, photomechanical switching, and a supercoiling transition

of actin filaments. Phys. Rev. Lett. 2010, 104, 098103. [CrossRef] [PubMed]
9. Suzuki, J.; Takano, A.; Matsushita, Y. Interactions between ring polymers in dilute solution studied by Monte

Carlo simulation. J. Chem. Phys. 2015, 142, 044904. [CrossRef]
10. Daichi, I. Semiflexible ring polymers in dilute solutions. React. Funct. Polym. 2018, 130, 111–117.
11. Hiroki, A.; Daichi, I. Mean-Square Radius of Gyration and Scattering Function of Semiflexible Ring Polymers

of the Trefoil Knot. Polymers 2016, 8, 271.
12. Cloizeaux Des, J. Polymers in solutions: Principles and applications of a direct renormalization method.

J. Phys. (Paris) 1981, 42, 635–652. [CrossRef]
13. Grosberg, A.Y. Critical exponents for random knots. Phys. Rev. Lett. 2000, 85, 3858. [CrossRef]
14. Moore, N.T.; Grosberg, A.Y. Limits of analogy between self-avoidance and topology-driven swelling of

polymer loops. Phys. Rev. E 2005, 72, 061803. [CrossRef]
15. Mansfield, M.L.; Douglas, J.F. Properties of knotted ring polymers: I. Equilibrium dimensions J. Chem. Phys.

2010, 133, 044903. [PubMed]
16. Vettorel, T.; Grosberg, A.Y.; Kremer, K. Statistics of polymer rings in the melt: A numerical simulation study.

Phys. Biol. 2009, 6, 025013. [CrossRef] [PubMed]
17. Halverson, J.D.; Lee, W.B.; Grest, G.S.; Grosberg, A.Y.; Kremer, K. Molecular dynamics simulation study of

nonconcatenated ring polymers in a melt. I. Statics. J. Chem. Phys. 2011, 134, 204904. [CrossRef] [PubMed]
18. Reigh, S.Y.; Yoon, D.Y. Concentration dependence of ring polymer conformations from Monte Carlo

simulations. ACS Macro Lett. 2013, 2, 296–300. [CrossRef]
19. Chubak, L.; Locatelli, E.; Likos, C.N. An anisotropic effective model for the simulation of semiflexible ring

polymers. Mol. Phys. 2018, 136, 2911–2926. [CrossRef]
20. Shin, J.; Cherstvy, A.G.; Metzler, R. Mixing and segregation of ring polymers: Spatial confinement and

molecular crowding effects. New J. Phys. 2014, 16, 053047. [CrossRef]
21. Doi, Y.; Matsubara, K.; Ohta, Y.; Nakano, T.; Kawaguchi, D.; Takahashi, Y.; Takano, A.; Matsushita, Y. Melt

rheology of ring polystyrenes with ultrahigh purity. Macromolecules 2015, 48, 3140–3147. [CrossRef]
22. Yan, Z.C.; Costanzo, S.; Jeong, Y.; Chang, T.; Vlassopoulos, D. Linear and nonlinear shear rheology of a

marginally entangled ring polymer. Macromolecules 2016, 49, 1444–1453. [CrossRef]
23. Kapnistos, M.; Lang, M.; Vlassopoulos, D.; Pyckhout-Hintzen, W.; Richter, D.; Cho, D.; Chang, T.;

Rubinstein, M. Unexpected power-law stress relaxation of entangled ring polymers. Nat. Mater. 2008, 7,
997–1002. [CrossRef]

24. Halverson, J.D.; Lee, W.B.; Grest, G.S.; Grosberg, A.Y.; Kremer, K. Molecular dynamics simulation study of
nonconcatenated ring polymers in a melt. II. Dynamics. J. Chem. Phys. 2011, 134, 204905. [CrossRef]

25. Alim, K.; Frey, E. Shapes of semiflexible polymer rings. Phys. Rev. Lett. 2007, 99, 198102. [CrossRef]
[PubMed]

26. Morrison, G.; Thirumalai, D. Semiflexible chains in confined spaces. Phys. Rev. E 2009, 79, 011924. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.cossms.2011.05.002
http://dx.doi.org/10.1016/S0968-0004(02)02057-1
http://dx.doi.org/10.1073/pnas.0330884100
http://www.ncbi.nlm.nih.gov/pubmed/16576754
http://dx.doi.org/10.1103/PhysRevLett.104.098103
http://www.ncbi.nlm.nih.gov/pubmed/20367015
http://dx.doi.org/10.1063/1.4906556
http://dx.doi.org/10.1051/jphys:01981004205063500
http://dx.doi.org/10.1103/PhysRevLett.85.3858
http://dx.doi.org/10.1103/PhysRevE.72.061803
http://www.ncbi.nlm.nih.gov/pubmed/20687682
http://dx.doi.org/10.1088/1478-3975/6/2/025013
http://www.ncbi.nlm.nih.gov/pubmed/19571364
http://dx.doi.org/10.1063/1.3587137
http://www.ncbi.nlm.nih.gov/pubmed/21639474
http://dx.doi.org/10.1021/mz300587v
http://dx.doi.org/10.1080/00268976.2018.1503744
http://dx.doi.org/10.1088/1367-2630/16/5/053047
http://dx.doi.org/10.1021/acs.macromol.5b00076
http://dx.doi.org/10.1021/acs.macromol.5b02651
http://dx.doi.org/10.1038/nmat2292
http://dx.doi.org/10.1063/1.3587138
http://dx.doi.org/10.1103/PhysRevLett.99.198102
http://www.ncbi.nlm.nih.gov/pubmed/18233119
http://dx.doi.org/10.1103/PhysRevE.79.011924
http://www.ncbi.nlm.nih.gov/pubmed/19257086


Polymers 2019, 11, 1992 13 of 14

27. Ostermeir, K.; Alim, K.; Frey, E. Buckling of stiff polymer rings in weak spherical confinement. Phys. Rev. E
2010, 81, 061802. [CrossRef] [PubMed]

28. Micheletti, C.; Marenduzzo, D.; Orlandini, E. Polymers with spatial or topological constraints: Theoretical
and computational results. Phys. Rep. 2011, 504, 1–73. [CrossRef]

29. Cifra, P.; Bleha, T. Free energy of polymers confined in open and closed cavities. Macromol. Theory Simul.
2012, 21, 15–23. [CrossRef]

30. Gao, J.; Tang, P.; Yang, Y.; Chen, J.Z.F. Free energy of a long semiflexible polymer confined in a spherical
cavity. Soft Matter 2014, 10, 4674–4685. [CrossRef]

31. Milchev, A.; Egorov, S.A.; Nikoubashman, A.; Binder, K. Conformations and orientational ordering of
semiflexible polymers in spherical confinement. J. Chem. Phys. 2017, 146, 194907. [CrossRef]

32. Nikoubashman, A.; Vega, D.A.; Binder, K.; Milchev, A. Semiflexible polymers in spherical confinement:
Bipolar orientational order versus tennis ball states. Phys. Rev. Lett. 2017, 118, 217803. [CrossRef]

33. Milchev, A.; Egorov, S.A.; Vega, D.A.; Binder, K.; Nikoubashman, A. Densely packed semiflexible
macromolecules in a rigid spherical capsule. Macromolecules 2018, 51, 2002–2016. [CrossRef]

34. Parisi, D.; Truzzolillo, D.; Deepak, V.D. Transition from Confined to Bulk Dynamics in Symmetric Star-Linear
Polymer Mixtures. Macromolecules 2019, 52, 5872–5883. [CrossRef]

35. Li, S.J.; Ding, M.M.; Shi, T.F. Spatial distribution of entanglements and dynamics in polymer films confined
by smooth walls. Polymer 2019, 172, 365–371. [CrossRef]

36. Song, J.; Kahraman, R.; Collinson, D.W. Temperature effects on the nanoindentation characterization of
stiffness gradients in confined polymers. Soft Matter 2019, 15, 359–370. [CrossRef] [PubMed]

37. Raffaele, P.; Alessio, D.; Mose, C. Influence of wall heterogeneity on nanoscopically confined polymers.
Phys. Chem. Chem. Phys. 2019, 21, 772–779.

38. Zuo, B.; Zhou, H.; Davis, M.J.B. Effect of Local Chain Conformation in Adsorbed Nanolayers on Confined
Polymer MolecularMobility. Phys. Rev. Lett. 2019, 122, 217801. [CrossRef] [PubMed]

39. Jun, S.; Mulder, B. Entropy-driven spatial organization of highly confined polymers: Lessons for the bacterial
chromosome. Proc. Natl. Acad. Sci. USA 2006, 103, 12388–12393. [CrossRef]

40. Silva, M.S.; Alvarado, J.; Nguyen, J.; Georgoulia, N.; Mulder, B.; Koenderink, G. Self-organized patterns of
actin filaments in cell-sized confinement. Soft Matter 2011, 7, 10631–10641. [CrossRef]

41. Qi, W.; Yan, X.; Fei, J.; Wang, A.; Cui, Y.; Li, J. Triggered release of insulin from glucose-sensitive enzyme
multilayer shells. Biomaterials 2009, 30, 2799–2806. [CrossRef]

42. Wang, Y.; Wang, L.; Li, B.; Cheng, Y.; Zhou, D.; Chen, X.; Jing, X.; Huang, Y. Compact vesicles self-assembled
from binary graft copolymers with high hydrophilic fraction for potential drug/protein delivery. ACS Macro
Lett. 2017, 6, 1186–1190. [CrossRef]

43. Lang, M. Ring conformations in bidisperse blends of ring polymers. Macromolecules 2013, 46, 1158–1166.
[CrossRef]

44. Grest, G.S.; Kremer, K. Molecular-dynamics simulation for polymers in the presence of a heat bath. Phys. Rev.
A 1986, 33, 3628–3631. [CrossRef]

45. Cifra, P. Channel confinement of flexible and semiflexible macromolecules. J. Chem. Phys. 2009, 131, 224903.
[CrossRef] [PubMed]

46. Bernabei, M.; Bacova, P.; Moreno, A.J. Fluids of semiflexible ring polymers: Effective potentials and clustering.
Soft Matter 2013, 9, 1287–1300. [CrossRef]

47. Zhou, X.L.; Li, K.; Guo, F.C.; Zhang, L.X. Ordered aggregation structures of semiflexible ring polymers in
ring-linear blends. Polymer 2019, 175, 129–136. [CrossRef]

48. Narros, A.; Moreno, A.J.; Likos, C.N. Influence of topology on effective potentials: Coarse-graining ring
polymers. Soft Matter 2010, 6, 2435–2441. [CrossRef]

49. Poier, P.; Bacova, P.; Moreno, A.J.; Likos, C.N.; Blaak, R. Anisotropic effective interactions and stack formation
in mixtures of semiflexible ring polymers. Soft Matter 2016, 12, 4805–4820. [CrossRef]

50. Kremer, K.; Grest, G.S. Dynamics of entangled linear polymer melts: A molecular dynamics simulation.
J. Chem. Phys. 1990, 92, 5057–5086. [CrossRef]

51. Michieletto, D. On the tree-like structure of rings in dense solutions. Soft Matter 2016, 12, 9485–9500.
[CrossRef]

52. Rapaport, D.C. The Art of Molecular Dynamics Simulation, 2nd ed.; Cambridge University Press: Cambridge,
UK, 2004.

http://dx.doi.org/10.1103/PhysRevE.81.061802
http://www.ncbi.nlm.nih.gov/pubmed/20866431
http://dx.doi.org/10.1016/j.physrep.2011.03.003
http://dx.doi.org/10.1002/mats.201100061
http://dx.doi.org/10.1039/C4SM00605D
http://dx.doi.org/10.1063/1.4983131
http://dx.doi.org/10.1103/PhysRevLett.118.217803
http://dx.doi.org/10.1021/acs.macromol.7b02643
http://dx.doi.org/10.1021/acs.macromol.9b00188
http://dx.doi.org/10.1016/j.polymer.2019.04.010
http://dx.doi.org/10.1039/C8SM01539B
http://www.ncbi.nlm.nih.gov/pubmed/30421764
http://dx.doi.org/10.1103/PhysRevLett.122.217801
http://www.ncbi.nlm.nih.gov/pubmed/31283350
http://dx.doi.org/10.1073/pnas.0605305103
http://dx.doi.org/10.1039/c1sm06060k
http://dx.doi.org/10.1016/j.biomaterials.2009.01.027
http://dx.doi.org/10.1021/acsmacrolett.7b00549
http://dx.doi.org/10.1021/ma301359b
http://dx.doi.org/10.1103/PhysRevA.33.3628
http://dx.doi.org/10.1063/1.3271830
http://www.ncbi.nlm.nih.gov/pubmed/20001080
http://dx.doi.org/10.1039/C2SM27199K
http://dx.doi.org/10.1016/j.polymer.2019.05.005
http://dx.doi.org/10.1039/c001523g
http://dx.doi.org/10.1039/C6SM00430J
http://dx.doi.org/10.1063/1.458541
http://dx.doi.org/10.1039/C6SM02168A


Polymers 2019, 11, 1992 14 of 14

53. Marmol, J.J.B.; Machancoses, O.A.; Patti, A. Modeling the effect of polymer chain stiffness on the behaviour
of polymer nanocomposites. J. Phys. Chem. B 2017, 121, 6245–6256. [CrossRef]

54. Wang, J.; Ferguson, A.L. A study of the morphology, dynamics, and folding pathways of ring polymers
with supramolecular topological constraints using molecular simulation and nonlinear manifold learning.
Macromolecules 2018, 51, 598–616. [CrossRef]

55. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 1995, 117, 1–19.
[CrossRef]

56. Dinsmore, A.D.; Yodh, A.G. Phase diagrams nearly-hard-sphere binary colloids. Phys. Rev. E 1995, 52,
4045–4057. [CrossRef] [PubMed]

57. Dinsmore, A.D.; Wong, D.T.; Nelson, P.; Yodh, A.G. Hard spheres in vesicles: Curvature-induced forces and
particle-induced curvature. Phys. Rev. Lett. 1998, 80, 409–412. [CrossRef]

58. Asakura, S.; Oosawa, F. Surface tension of high-polymer solution. J. Chem. Phys. 1954, 22, 1255. [CrossRef]
59. Dinsmore, A.D.; Yodh, A.G.; Pine, D.J. Entropic control of particle motion using passive surface

microstructures. Nature 1996, 383, 239–242. [CrossRef]
60. Poier, P.; Egorov, S.A.; Likos, C.N.; Blaak, R. Concentration-induced planar-to-homeotropic anchoring

transition of stiff ring polymers on hard walls. Soft Matter 2016, 12, 7983–7994. [CrossRef]
61. Slimani, M.Z.; Bacova, P.; Bernabei, M.; Narros, A.; Likos, C.N.; Moreno, A.J. Cluster glasses of semiflexible

ring polymers. ACS Macro Lett. 2014, 3, 611–616. [CrossRef]
62. Narros, A.; Likos, C.N.; Moreno, A.J.; Capone, B. Multi-blob coarse graining for ring polymer solutions.

Soft Matter 2014, 10, 9601–9614. [CrossRef]
63. Roy, S.; Luzhbin, D.A.; Chen, Y.L. Investigation of nematic to smectic phase transition and dynamical

properties of strongly confined semiflexible polymers using Langevin dynamics. Soft Matter 2018, 14,
7382–7389. [CrossRef]

64. Zhang, D.; Zhang, L.X. Binding to semiflexible polymers: A novel method to control the structures of small
numbers of building blocks. Soft Matter 2014, 10, 7661–7668. [CrossRef]

65. Bedrov, D.; Smith, G.D.; Smith, J.S. Matrix-induced nanoparticle interactions in a polymer melt: A molecular
dynamics simulation study. J. Chem. Phys. 2003, 119, 10438–10447. [CrossRef]

66. Avendano, C.; Jackson, G.; Muller, E.A.; Escobedo, F.A. Assembly of porous smectic structures formed from
interlocking high-symmetry planar nanorings. Proc. Natl. Acad. Sci. USA 2016, 113, 9699–9703. [CrossRef]
[PubMed]

67. Sarabadani, J.; Milchev, A.; Vilgis, T.A. Structure and dynamics of polymer melt confined between two solid
surfaces: A molecular dynamics study. J. Chem. Phys. 2014, 141, 044907. [CrossRef] [PubMed]

68. Lee, E.; Jung, Y. Segregated structures of ring polymer melts near the surface: A molecular dynamics
simulation study. Soft Matter 2015, 11, 6018–6028. [CrossRef] [PubMed]

69. Snir, Y.; Kamien, R.D. Entropically driven helix formation. Science 2005, 307, 1067. [CrossRef] [PubMed]
70. Yang, Z.Y.; Zhang, D.; Zhang, L.X.; Chen, H.P.; Rehman, A.U.; Liang, H.J. Local coil-helix transition of

semiflexible polymers confined in spheres. Soft Matter 2011, 7, 6836–6843. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.jpcb.7b02502
http://dx.doi.org/10.1021/acs.macromol.7b01684
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/10.1103/PhysRevE.52.4045
http://www.ncbi.nlm.nih.gov/pubmed/9963877
http://dx.doi.org/10.1103/PhysRevLett.80.409
http://dx.doi.org/10.1063/1.1740347
http://dx.doi.org/10.1038/383239a0
http://dx.doi.org/10.1039/C6SM01453D
http://dx.doi.org/10.1021/mz500117v
http://dx.doi.org/10.1039/C4SM01904K
http://dx.doi.org/10.1039/C8SM01100A
http://dx.doi.org/10.1039/C4SM00885E
http://dx.doi.org/10.1063/1.1615965
http://dx.doi.org/10.1073/pnas.1604717113
http://www.ncbi.nlm.nih.gov/pubmed/27540114
http://dx.doi.org/10.1063/1.4890820
http://www.ncbi.nlm.nih.gov/pubmed/25084956
http://dx.doi.org/10.1039/C5SM01097G
http://www.ncbi.nlm.nih.gov/pubmed/26126895
http://dx.doi.org/10.1126/science.1106243
http://www.ncbi.nlm.nih.gov/pubmed/15718461
http://dx.doi.org/10.1039/c1sm05523b
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Model and Method 
	Result and Discussion 
	Segregated Structure in Binary SRPs Mixture 
	Comparison with Mixtures of Semiflexible Linear and Ring Polymers 

	Conclusions 
	References

