x biophysica

Article

The Dynamic Behavior of a Single Semiflexible Ring Chain in a
Linear Polymer Matrix

Xiaolin Zhou *

check for
updates

Citation: Zhou, X;; Qin, Y. The
Dynamic Behavior of a Single
Semiflexible Ring Chain in a Linear
Polymer Matrix. Biophysica 2023, 3,
476-484. https://doi.org/10.3390/
biophysica3030031

Academic Editor: Attila Borics

Received: 26 June 2023
Revised: 13 July 2023

Accepted: 20 July 2023
Published: 26 July 2023

Copyright: © 2023 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 (https://

creativecommons.org/licenses /by /
4.0/).

and Yifan Qin

College of Physics and Optoelectronic Engineering, Harbin Engineering University, Harbin 150001, China;
q1025hb007@163.com
* Correspondence: xlzhou@hrbeu.edu.cn

Abstract: We studied the dynamic behavior of a single semiflexible ring in linear chain matrix based
on a coarse-grained model using the molecular dynamics simulation approach. We found that that
ring chains” hollow centers are frequently filled with linear chains. However, as the rigidity of
the linear chains increases, the linear chains arranged parallel to each other and the ring chain are
temporary caged. As a result, the swing movement in the normal direction of the ring is significantly
limited, and the relaxation time in the normal direction increases significantly. Our findings can help
to understand the physical mechanism of the movement of the ring chain in ring-linear polymer
blends at the microscopic level.
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1. Introduction

Ring polymers have no chain end groups and a cyclic structure. They have specific
characteristics because of their topology, including a small hydrodynamic volume, a slower
rate of deterioration, improved stability, and a higher glass transition temperature [1-10].
Ring polymer chains are present in biosystems [11-18] and have applications in biomedicine [19].
Ring macromolecules gained popularity after Jacob and Wollman found that the genetic
map of E. coli chromosomes was circular [20]. The biological features of cyclic polymers
in vivo are extremely valuable [21]. It was discovered that the cyclic structure allows for a
longer circulation period in the bloodstream, as well as a different biodistribution profile
when compared to linear polymers of the same molecular weight [21]. Polymer scientists
predict a wide range of application prospects for ring polymers based on this distinct feature,
particularly for applications in biomedicine (such as drug delivery) [21], microelectronics
(such as micro- and nanolithography) [22], and wastewater treatment [23]. In the method of
micelle-based drug administration, for instance, the cyclic block copolymer may be formed
into micelles with a small size and high stability, which have a high permeability and
extended retention effect, making them an effective carrier material for drug delivery [19].
Ring polymers are formed by the operation of joining the free ends of a linear polymer
chain together. As a result, linear chains are frequently found in ring polymers [24,25].
Even a small amount of the linear polymer can greatly slow down the ring-linear blends’
overall kinetics. The conformational and dynamic behavior of ring chains in linear chains
has recently become a focus of investigation.

According to Kapnistos et al., cyclic polystyrene ring contamination of less than
1% of linear chains (160 kDa) is sufficient to drastically reduce the linear viscoelastic
response [26]. Goofien et al. employed neutron spin echo spectroscopy to investigate
the tangling dynamics of chains in a linear chain matrix using a relatively small number
of ring chains as probes. They discovered that the host entirely controls the segmental
dynamics of polymer rings immersed in linear chains [27]. In fact, there is the polymer
interpenetration effect between ring chains and linear chains in polymer blends. This
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has been widely observed by experiments [28,29] and theoretical simulations [30]. Using
single-molecule methods, Zhou et al. studied the dynamics of DNA rings in mixtures of
ring-linear polymers. They discovered a large conformational fluctuation for rings in a
steady extensional flow, and further found linear chains threading through open rings [29].
Yang et al. studied the conformation and kinetic characteristics of the ring polymer in
linear polymers using the Monte Carlo simulation method. The diffusion path of the ring
chain is made up of distinct fragments, and they proposed various threading techniques
for rings [30].

In this study, we build a system composed of a linear polymer matrix and a single
semiflexible ring chain. By using molecular dynamic simulation, we investigate the mi-
croscopic physical mobility of the semiflexible ring chain. We focused on the distribution
properties and dynamics of the semiflexible ring in blends. Because of the hollow and
disc-shaped feature of the semiflexible ring, it has two distinct characteristic directions:
parallel to the plane direction and the normal direction. Previous studies have empha-
sized the overall motion of flexible ring chains in blends, whereas we concentrated on
comparing the movements of the semiflexible ring parallel to the plane direction and in the
normal direction. We compute the relaxation time of the ring in the normal and orientation
directions. The relaxation time in the normal direction increases significantly when the
swing movement in the normal direction of the ring is significantly constrained as Ky jinear
increases. This is because linear chains tend to be rod-like with a parallel arrangement as
their bending energy increases. Additionally, the hollow part of the ring chain is filled with
bundles of rod-like semiflexible linear chains.

There are the following sections in this article: The model and simulation details are
given in Section 2. Our findings regarding the dynamic performance of a single semiflexible
ring chain in a linear polymer matrix are described in Section 3; the conclusion is offered
in Section 4. The simulation results can help us to understand the microscopic physical
mechanisms of the movement of the ring chain in ring-linear polymer blends.

2. Model and Method

We adopt the classical bead spring model, which is frequently used in polymer simu-
lations [31-37] to simulate the polymer chain, for the whole simulation process. Each chain
is composed of L spherical monomers with a diameter of o and a mass of m. Additionally,
the length of the ring is Lring = 30, and the length of the linear chain is Lj;year = 30. Each
chain’s potential energy is found by the following equation:

U = Upond + uangle + uL] (1)

where adjacent monomers of the chain are connected to each other by finite stretchable
nonlinear elasticity (FENE) potentials:

r—ro
Ro

ubond(r) = _7171[1 - ( )2],1’0 <R (2)

where 1y is the distance between two adjacent monomers of a polymer chain. K =30 kg T/ o2
is the spring coefficient, and the finite ductility correlation parameter Ry = 1.50 is used to
avoid chain crossing.

We introduce the bond angle potential energy between neighboring bonds, which
is widely used in polymer simulations [31,32], to describe the rigid feature of the
semiflexible chains:

uangle = Khending[l - COS(G - 60)] ®)

where 0 is the angle between two adjacent bonds, and Kpenging is the bending energy. The
unit of Kpending is kT, and all simulations are carried out at kgT = 1.0 in our system. Ky ring
represents the bending energy of the ring chain, while Ky, jine,r represents the bending
energy of the linear chain. Additionally, 8 is the equilibrium value of the angle. For rings,
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80 = [ X (Lting — 2)]1/Lring, 00 = [t X (30 — 2)]/30 = 0.937. In the coarse-grained model
developed in this study, 6y = 7t for linear chains. When Kpenging is larger, the chain is more
difficult to bend, that is, the chain is rigid. In this paper, the bending energy of the ring is
fixed as Kp.1ing = 50, and the bending energy of the linear chain ranges from Ky, jinear = 0 to
Kbp-linear = 50.

To prevent overlap between all monomers of chains, all bonded and non-bonded
monomer interactions use the modified Lennard-Jones potential:

4 (92 = (9)°+f],r <2160
U (r) = 4)
0,r > 21/64

where r is the distance between two monomers, and 1. is the truncation radius r. = 21/¢c.
It reaches zero at the minimum distance r = r. = 21/¢¢ of the respective Lennard-Jones
potential, and is set to zero after that distance. That is, ring-ring, linear-linear, and ring—
linear interactions are all pure repulsive forces, and ¢ = 1.0 kgT is the interaction strength.

The total particle number density of the ring—linear blends is defined by
P = (Lting X Nring * Liinear X Niinear)/ L3 = 0.5, where Nring and Njjpear are the number of
ring chains and the number of linear chains, respectively, and Lying and Lijnear are the length
of the ring chain and the length of the linear chain. In this study, Lying = 30, Nying = 1. The
simulation parameters covered in this paper are given in Table 1. As the rigidity of the
linear chain increases, it becomes more difficult for the system to be pressed to the target
size. In order to ensure that the density of the system is about p = 0.5, the side length
is around L ~ 50 for different Ky, jinear- The stronger the rigidity, the greater the pressure
required. For example, for Ky jinear = 0, the pressure is 0.381, and for Ky, jinear = 50, the
pressure is 0.451. Additionally, Ly, Ly, and L, for all the systems is provided in Table 1. For
our system, the pressure in the three directions is the same, all three directions are scaled in
the same proportions, and the final target side length is the same: Ly = Ly = L,.

Table 1. The detailed simulation parameters covered in this paper.

Side Length of Simulation Box

Lring Nring Liinear Nlinear Kb-ring Kbp-linear Pressure Ly /Ly/ L, Ic
0 0.381 50.23
10 0.418 51.57
20 0.426 50.82
30 1 30 2082 50 21/6
30 0.435 51.43
40 0.441 50.56
50 0.451 50.90

At the initial moment, the ring and linear chains are first distributed at random in a
very large simulation box. To achieve the necessary equilibrium density, the NPT series is
employed as a thorough compression mechanism. In this process, different NPT parameters
are used to compress the systems with different linear chain bending energies, as shown
in column (8) of Table 1. The system is then balanced in the NVT ensemble, with a total
running duration of 5 x 107 steps, where the first 107 steps are used to ensure balance.
After Aty, data are collected at intervals of 10* steps. We use a Nosé—Hoover thermostat;
the reduced temperature is T* = 1.0 in ¢ /kg, the initial temperature Tsart = 1.0, the end
temperature Tstop = 1.0, the damping factor Tdamp = 0.5, and the thermostat mass m = 1.0.
The velocity Verlet algorithm is used to integrate Newtonian equations of motion with a
time step of At = 0.0057), where tg = (mo?/ kgT)!/2 is the inherent MD unit of time. The
units of reductionc=1, m=1, and 19 = (mc2 / kBT)l/ 2 = 1 are the units of length, mass,
and time, respectively. All simulations were carried out using the free and open-source
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LAMMPS molecular dynamics software package (Sandia National Lab, Albuquerque, NM,
USA) [38].

3. Result and Discussion

Figure 1 shows a schematic diagram of a semiflexible ring chain in a linear chain matrix
with different bending energies. The linear chains are flexible, with Ky, jinear = 0 in Figure 1a.
As shown in Figure 1, the semiflexible ring chain presents a hollow two-dimensional flat
disc shape, when the linear chain is flexible, linear chains are a spherical shape, and several
linear chains are distributed in the middle of the circular chain, as shown in Figure 1a. As
the bending energy of the linear chain increases, as shown in Figure 1b, the linear chain
stretches and has a certain length with a radius of gyration Rg jinear = 5.60 for Ky jinear = 10,
distributed around the ring chain. The bending energy is moderate for Ky, inear = 10, and
linear chains are between a spherical shape and rod shape. As a result, the linear chains
are bent and distributed across the hollow part of the ring chain, as shown in Figure 1b
for a typical linear chain with Ky, jjnear = 10 highlighted in yellow. In both above cases, the
diffusion in all directions of the ring chain is almost the same. As the bending energy of
the linear chain increases to Ky, jinear = 50, as shown in Figure 1c, the linear chain tends
to be arranged in parallel, and penetrates the ring. This is mainly caused by the fact that
there are ordered nematic phases in a semiflexible linear chain system at high monomer
concentrations. All linear chains in our simulation are made up of 30 monomers, as the
size of the linear chains depends on the chain stiffness; the root-mean square radius of
gyration Ry jinear ranges from to 2.98 to 7.02 for linear chains when the bending energy
of the chains increases from Ky jinear = 0 to 50, and Rg jinear = 5.60 for Ky jinear = 10 (see
Figure S1 in the Supplementary Information). The hollow part of the ring chain is filled by
bundles of rod-like semiflexible linear chains. For this condition, the diffusion of the ring
chain parallel to the plane is limited, and the diffusion slows down significantly.

(@)

(b) (c)

Figure 1. Snapshots of a single semiflexible ring chain in a linear polymer matrix with different

bending energies: Ky jinear = 0 (), Kp-jinear = 10 (b), Kp_jinear = 50 (c).

To discuss the relationship between the diffusion of the semiflexible ring chain and
the rigidity of the linear chain, we calculate the non-Gaussian parameter I', defined as

1_:3<r"‘(t)>_1 )
5 < r2(t) >2

where r(t) is the displacement of the monomer of the ring chain from t = 0 to time t. If the
ring chain is an ineffectual free-diffusion Brownian motion, correspondingly, I' = 0 and
the deviation of this parameter from I' = 0 is a measure of the degree of the non-Gaussian
function, as shown in the black line in Figure 2. As shown in Figure 2, the semiflexible
ring has a non-Gaussian parameter I, close to zero in a flexible linear chain matrix, but for
Kp-linear = 50, the motion of the semiflexible ring is hindered for a period of time. As shown
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in Figure 1c, the linear chains pass through the center of the ring, the ring is trapped, and
the movement slows down. The ring chain becomes subdiffused, and I" has a distinct peak,
as shown in the red line in Figure 2, which indicates the presence of kinetic heterogeneity.
In fact, the diffusion of single particles in crystalline, glass, and granular fluids also satisfies
non-Gaussian dynamics due to the escape “cage” process.

0 . 6 - Kb-lmear=0

b-linear

0.4

— 02

Figure 2. Non-Gaussian parameters I of the semiflexible ring chain in linear chains with different
bending energies Ky, jinear-

The relative orientations of linear chains can also be measured quantitatively
as follows:
S = <(3c0s%0 — 1)/2> (6)

where 0 is the angle of two neighboring linear chains. The average orientation S will take
values of 0 and 1 for one linear chain randomly oriented and parallel to another. For flexible
linear polymers (Kp_jinear = 0), the value of S remains nearly constant at 0, and linear chains
are always oriented randomly. However, for rod-like linear polymers with Kp jinear = 50,
Figure 3 shows that S has a maximum of 0.74, indicating that thy are almost parallel with
respect to each other for linear chains.

0.8 |-
_/—I
- ./.
06 | /
I ||
04
w
02|
/-
00 =
1 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50
b-linear

Figure 3. Average orientation order parameter S of linear polymers as function of Ky, jinear-

Dynamic heterogeneity is more directly expressed as diffusion trajectories. If the ring
is not passed through the center by a linear chain and is briefly caged, the diffusion will
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be relatively fast, and will behave like a random walk. However, if the ring is crossed by
a rod-like linear chain, the diffusion becomes slow. Figure 4 shows the typical diffusion
trajectories of a typical ring chain in different rigid linear chain matrices.

10°¢
e -
b,linear
B K e 20
linear
4
£ 107 ¢ stage S02
o r caged
N stage S01 -—
x caged
10° £
L PR P R A
2x10’ 4x10’
t

Figure 4. Representative trajectories of a semiflexible ring chain in a linear chain with different
bending energies Ky, jinear-

Rem? in Figure 4 represents the “diffusion trajectory” of the semiflexible ring chain,
i.e., the square displacement of the centroid of the ring from the corresponding simulated
sample at a certain moment relative to the initial position and zero time. For the ring
diffused in the flexible linear chain matrix, such as the black curve in Figure 4, random
walk diffusion behavior can always be found. However, for the semiflexible linear chain
system of Figure Ky jinear = 50, the red curve shows a shorter plateau, as shown in Figure 4,
a plain that is temporarily stuck due to the ring being bound by the linear chain through for
stage SO1. After this chain is temporarily removed at S01, linear chains can be retracted or
“slipped” from the ring relatively easily. From the corresponding molecular conformation,
it is found that the rings are still connected along the trajectory segment between stage
501 and stage S02. The ring is soon crossed by another chain, corresponding to stage
502, as shown in the illustration. The plateau becomes more visible in the figure. After
stage S02, the chain temporarily escapes the caged state, and the ring begins to return to
normal diffusion.

For a ring oriented and threaded by linear chains, we compare the diffusional relax-
ation time with the auto-correlation time of the normal vector (the direction of the black
arrow in the illustration of Figure 5) and the orientation vector of the chains (the direction
of the red arrow in the illustration of Figure 5) of the ring.

We compute the auto-correlation function of the normal vector of rings, py(t), de-
fined by

putt) = 10530 @)
<u >

where the normal vector ;(t) is calculated by ﬁ(t) =Y, b; X b;y1, with b; as the corre-
sponding bond vector. The relaxation time, Ty,o;mal, Was estimated by fitting an unweighted
least squares line to the linear, long-time region of a semilog plot of py(t) vs. time (see
Figure 5). The inverse of the relaxation time is the negative of the slope of the line.
The auto-correlation function of the orientation vector of rings, py/(t), is defined by
/ /
prt) = T2 ®
<R >
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where the orientation vector, R'(t) is defined as R'(t) = Y, b;, with b; as the corre-
i=0

sponding bond vector. The relaxation time, Torientation, Was estimated by fitting an un-
weighted least squares line to the linear, long-time region of a semilog plot of pr(t) vs.
time (see Figure 5). The inverse of the relaxation time is the negative of the slope of the
line. As Ky jinear increases, the ring chain is threaded by linear chains, the central part of
the semiflexible ring is filled, the left and right swing movement in the normal direction is
significantly limited, and the relaxation time in the normal direction increases significantly,
from Tormar = 113,378 for Ky jinear = 0 t0 Trhormal = 590,000 for Ky jinear = 50, as shown in
Table 2. The diffusion is dominated by the motion along the orientation direction of the
ring. Our simulation time for balancing is significantly longer than the slowest of the four
relaxation times.

(a) (b)
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Figure 5. Inpn(t) or Inpgr(t) as a function of t for a semiflexible ring chain for Ky jinear = 0 (a),
Kp-tinear = 10 (b), Kp_tinear = 50 (c).

In fact, due to the formation of a ring-threaded phenomenon in the semiflexible linear
chain, the diffusion of the ring chain in the blend system is slow. As shown in the table
below, as Ky, jinear increases, the gap between T,ormar and Torientation gradually becomes
larger, which is consistent with the screenshot shown in Figure 1c. Additionally, the
normal relaxation time of the semiflexible ring is much longer than the relaxation time of
the parallel direction Tpormal > Torientation, that is, the semiflexible ring spreads along the
extension direction of the rod-like linear chain through its center. However, it is temporarily
confined to the cage in the direction of the plane parallel. Our results help us to understand
the special topological conformation and dynamic behavior of the semiflexible ring in
ring-linear polymer blend systems.
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Table 2. The relaxation times Tp,ormal and Torientation fOr @ semiflexible ring chain in linear chains with
different bending energies Ky, jinear-

Kp-linear Torientation Tnormal
0 17,295 113,378
10 18,642 561,797
20 20,000 572,100
30 22,000 579,100
40 23,000 582,400
50 24,026 590,000

4. Conclusions

The dynamic behavior of ring chains in ring-linear polymer blends has long been
a study focus in polymer simulation. Based on the coarse-grained model, the molecular
dynamics method is employed in this research to investigate the dynamic behavior of a
single ring chain in a linear chain matrix. The semiflexible ring chain is stretched out into
a cannulated circular shape with hollow construction, and the linear chain occupies the
middle part. As the linear chain’s bending energy increases, the linear chains tend to be
organized parallel to one another and pass through the circular chain. The swing of the ring
chain in its normal direction is limited for a larger Ky, jinear Value, and the relaxation time in
the normal direction grows dramatically. Our research can be used to better comprehend
the microphysical motion processes of semiflexible ring chains in linear polymers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biophysica3030031/s1, Figure S1. The root-mean-square radius of
gyration of linear chains Rg finear as a function of Ky jinear-
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