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Abstract: The dispersion behavior and spatial distribution of nanoparticles (NPs) in ring polymer melts are explored by using
molecular dynamics (MD) simulations. As polymer-NP interactions increase, three general categories of polymer-mediated NP
organization are observed, namely, contact aggregation, bridging, and steric dispersion, consistent with the results of equivalent
linear ones in previous studies. In the case of direct contact aggregation among NPs, the explicit aggregation-dispersion transition
of NPs in ring polymer melts can be induced by increasing the chain stiffness or applying a steady shear flow. Results further
indicate that NPs can achieve an optimal dispersed state with the appropriate chain stiffness and shear flow. Moreover, shear flow
cannot only improve the dispersion of NPs in ring polymer melts but also control the spatial distribution of NPs into a well-ordered
structure. This improvement becomes more evident under stronger polymer-NP interactions. The observed induced-dispersion or
ordered distribution of NPs may provide efficient access to the design and manufacture of high-performance polymer nanocom-
posites (PNCs).

Key words: Ring polymer; Nanocomposites; Chain stiffness; Shear flow; Molecular dynamics (MD)
https://doi.org/10.1631/jzus.A1900530 CLC number: 0631.2

1 Introduction materials are polymer nanocomposites (PNCs) (Gu et

al., 2019; He et al., 2019; Jiang et al., 2019; Ma Y et

Composite materials are widely used in aero-
space, national defense, transportation, sports, and
other fields (Zhang JX et al., 2019; Zhang YD et al.,
2019; Zheng et al., 2019) because of their excellent
properties, especially their designability. The modi-
fier is uniformly dispersed in the melt material
through an appropriate preparation method to form a
composite system containing nano-sized materials
(Usuki et al., 1993; Chen et al., 2007; Jain et al., 2008;
Wei et al., 2015). The most prominent composite
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al., 2019; Zhu et al., 2019), which consist of mixtures
of polymers as a continuous phase and organic/
inorganic particles as a dispersed phase. The me-
chanical, optical, and electrical properties of PNCs
can be significantly enhanced by adding nanoparticles
(NPs) (Caseri, 2000; Zhu et al., 2001; Roca et al.,
2009; Delcambre et al., 2010; Feng et al., 2012; Zuev
and Ivanova, 2012). A typical example of such en-
hancement is the addition of carbon black to rubber to
improve its strength and durability (Huber et al.,
1996).

NP-NP interactions are naturally strong, whereas
polymer-NP interactions are relatively weak. NPs and
polymers are in a state of mutual dislike. Therefore,
NPs cannot easily achieve good dispersion in polymer
melts under natural conditions. An important issue is
the improvement of the dispersion and spatial
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distribution of NPs in polymer melts. This problem
has caught the attention of many researchers, and has
been extensively studied in experiments (Mackay et
al., 2006; Bokobza, 2007; Vaia and Maguire, 2007;
Ganesan et al., 2010), theories (Hooper and
Schweizer, 2005, 2006), and computer simulations
(Liu et al., 2008, 2011a, 2011b; Goswami and
Sumpter, 2009; Shen et al., 2011; Chen et al., 2014).
Bokobza (2007) improved the properties of a
styrene-butadiene copolymer (modulus<45%:; tensile
length<70%) by addition of multi-wall carbon nano-
tubes, thus confirming that the ordered dispersion of
carbon nanotubes throughout the material can re-
markably enhance its mechanical properties. Vaia and
Maguire (2007) found that the electrical and thermal
conductivity of NP dispersions can be enhanced by
studying their layered morphology outside their 3D
and uniaxial alignment. Mackay et al. (2006) proved
that thermodynamically stable dispersions of NPs into
a polymeric liquid are enhanced for systems where
the radius of gyration of the linear polymer is greater
than the radius of the NP. Ganesan et al. (2010) in-
corporated graphene and graphene oxide in elasto-
meric matrixes. They proved that the formation of an
oriented network of fillers can improve the gas per-
meability or mechanical properties in certain direc-
tions. Hooper and Schweizer (2005, 2006) theoreti-
cally proposed four aggregation and dispersion laws
of PNCs: (1) contact aggregation, (2) dispersion, (3)
close bridging of segmented horizontal particles, and
(4) remote bridging, according to the interaction
strength between NPs and polymer chains. Liu et al.
(2008, 2011a, 2011b) used the molecular dynamics
(MD) method to explore the effects of size, concen-
tration, particle mass, chain length, and polymer-
particle interactions on the diffusion of particles in
linear polymer melts. They demonstrated that the
interaction between NPs and polymers is weak in the
phase of gathering, that good dispersion is achieved in
moderate interaction, and that strong interaction leads
to a bridged phase (one or two polymer chains be-
tween the two NPs). These findings verified the the-
ory of Hooper et al. (2005) and presented important
guiding significance for controlling the uniform dis-
persion and orderly arrangement of NPs in linear
polymer melts. Chen et al. (2014) and Shen et al.
(2011) also found that grafting polymer chains on the

surface of NPs is an effective means to control the
dispersion degree of NPs. Goswami and Sumpter
(2019) discussed the effects of polymer-filler inter-
action on the thermodynamic and dynamic properties
of PNCs. They suggested that thermodynamic and
dynamical responses can cause two types of “clus-
tering transitions.”

In the polymer industry, processing polymer
melts by applying an external force field is necessary
to achieve some specific structures. Thus far, the
application of shear flow to polymer melts is the most
widely used approach to obtain specific structures.
Several methods have been used to introduce shear
flow into PNCs systems in previous MD simulations
(Pryamitsyn and Ganesan, 2006; Chen et al., 2007,
2015; Kalra et al., 2010; Jaber et al., 2011). Kalra et
al. (2010) found that shear flow can greatly alter the
dynamics of NP aggregation in two ways: its effect on
the NP diffusion coefficient and its effect on
rupture-like deformation. Jaber et al. (2011) used MD
simulations to determine the role that networks
formed by fillers and polymers play in the rheology of
PNCs. Their results indicated that the ability of fillers
to maintain the network during shear results is en-
hanced. Chen et al. (2017) investigated the effect of
steady shear on the ordering of string-like NP as-
semblies in functionalized polymer melts. They found
that shear can induce 1D alignment to the NP strings
and the emerging structures can remain stable after
the cessation of shear.

Polymers with ring topology are very common
(Benkova et al., 2016; Kruteva et al., 2017; Hossain et
al., 2018; Narumi et al., 2018). However, studies on
the ring polymer/NP composites are few. Most of
these studies focus on linear polymer/NP composites
(Hooper and Schweizer, 2005, 2006; Liu, 2008,
2011a, 2011b). Here, we propose an effective strategy
to achieve good dispersion and spatial distribution of
NPs in ring polymer melts. A ring polymer chain is
formed by joining together the free ends of a linear
polymer chain. The topological constraints of ring
polymer chains decrease the conformational degrees
of freedom, and this characteristic may be beneficial
in improving the dispersion of NPs in ring polymer
melts. Our study aims to combine chain stiffness and
shear flow to improve the dispersion and spatial dis-
tribution of NPs in ring polymer melts.
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2 Simulation method and models

In this study, the complex multi-factor interac-
tion process in physics and mechanics was studied by
computer simulation, which can make up for the
shortcomings of theory in describing such complex
phenomena, and can also overcome many difficulties
or constraints encountered in experiments. As is well
known, MD simulation is one of the most effective
methods for predicting the structure, phase dynamics,
and performance of PNCs under an equilibrium
(Goswami and Sumpter, 2009; Feng et al., 2012;
Zhao et al., 2017) or nonequilibrium (Pryamitsyn and
Ganesan, 2006; Kalra et al., 2010; Chen et al., 2015)
state, as its algorithm naturally contains real internal
dynamics and can directly describe the dynamic be-
havior of the system.

In our MD simulation, a standard bead-spring
model proposed by Kremer and Grest (1990) is used
to describe a ring polymer chain. Each ring polymer
chain consists of 20 spherical monomers with a bead
diameter of o and bead mass of m. Our system con-
tains 850 polymer chains and 35 NPs with a diameter
of 3o. Thus, the mass of the NPs is 27 times that of the
polymer bead. The interaction between the polymer
adjacent bonded monomers is represented by a stiff
finite extensible nonlinear elastic (FENE) potential
(Kremer and Grest, 1990; Bennemann et al., 1999):

2
Usene =—O.5kR§ lnll_(RLj ], r<R,, (1)

0

where 7 is the distance between two neighbouring
monomers, and k:308/0'2, Ro=1.50. Our simulation
does not focus on a specific polymer; thus, all calcu-
lated quantities are dimensionless. All quantities are
reported in reduced units (=1, o=1, and m=1 are the
units of energy, length, and mass, respectively).

The stiffness of a polymer chain between adja-
cent bonds is described by the angle bending
potential:

U,

bending = K (1+€080), 2)
where @ 1is the angle between two consecutive bonds
and the chain stiffness is controlled by varying the
value of chain stiffness K.

The NPs are modeled as Lennard-Jones (LJ)
spheres of radius R,. Here, we use the modified LJ
interaction to model the polymer-polymer, polymer-
NP, and NP-NP interactions, as follows (Burgos-
Marmol et al., 2017):

00, 0<r<g,,

i

€)

where i and j refer to polymer chain monomer or NP
bead, r,~j°=r—REV, where the interaction is truncated
and shifted to obtain zero energy and force. The en-
ergy parameter g; represents the interaction between
two chain monomers or NP beads. We offset the in-
teraction range by Rpy to account for the excluded
volume effects of different interaction sites. The pure
attractive interactions between polymer-polymer are
fixed at &,,=1.0 and Rgy becomes zero. The polymer-
NP interactions are purely attractive, Rgy=R,—0/2,
and r;7=2.50. We can control the polymer-NP inter-
actions by changing the value of &, NP-NP pure
repulsive interactions are fixed at &,=1.0, with
Rev=2R,—0 and rijc=21/6a.

In our simulation system, we study the nonequi-
librium distribution of NPs by applying a steady shear
flow to ring polymer chains. Application of a steady
shear flow follows the nonequilibrium molecular
dynamics (NEMD) method originally proposed by
Miiller-Plath (Calderon and Ashurst, 2002). The shear
viscosity connects a shear field with a flux of trans-
verse linear momentum. In this reverse nonequilib-
rium method, the shear flow is a gradient of the fluid
velocity along a special direction (Shan et al., 2018).
In our simulation, we apply shear flow along the z
direction. Thus, the velocity gradient generated in the
x direction is expressed as Ov, /Ox or the shear rate

7, as shown in Fig. la. L is the side length of simu-

lation box. The momentum flux j.(p.) can be ex-
pressed as follows (Miiller-Plathe and Bordat, 2004):

ov, ’ )

J(p.)=-n o
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where the proportionality coefficient # reflects the
shear viscosity. The periodic simulation cell is sub-
divided into slabs along the x direction, where the
beads inside the slab at x=0 and x=L,/2 (L, is the
length of the box in the x direction) are propelled in
the two opposite x directions. In this method, the
velocity maintains a linear variance to ensure uniform
momentum transfer efficiency across the system, as
shown in Fig. 1b.

v,=0

Vz=Vmax

z

Momentymi ji(p.)

Y Le=LI2 | V= Vinax

(0] X
(a)

0.004

0.002}

% 0.000¢

m/é‘ 112

(

>".0.002}

-0.004¢

0 5 10 15 20 25 30
I’X/cr

(b)

Fig. 1 Geometry of the nonequilibrium situation in sim-
ulation box (shear flow is applied in the z direction, where
the velocity gradient is in the x direction, thereby result-
ing in a momentum flux j.(p;) through the y-z plane of
area A) (a); Example of a velocity profile in the simula-
tion box with the parameters of &,,=0.5, K,=0, and
7 =0.05 (b)

All MD simulations are conducted using the
large-scale atomic/molecular massively parallel sim-
ulator (LAMMPS) molecular dynamics package
(Plimpton, 1995). The simulation box is set at
300%300%300, and periodic boundary conditions are
used in all three directions. Our MD simulations are

performed in an NVT canonical ensemble (particle
number N, volume V, and temperature 7 are all un-
changed) at a fixed temperature 7=1.07. All ring
polymer chains and NPs are randomly placed and
movable. In addition, the velocity-Verlet algorithm is
used to integrate the equation of motions with time

step A=0.0057, where the unit of time 7 =+/g/(mo”).

3 Results and discussion
3.1 Chain stiffness effect

To investigate the dispersion of NPs in ring
polymer melts, we initially change the polymer-NP
interfacial strength from &,,=0.5 to &,=10.0. We
calculate the NP-NP pair radial distribution function
(RDF) guy(7) to display the dispersion and aggrega-
tion behavior of NPs in ring polymer melts, as shown
in Fig. 2. The highest peak with a weak polymer-NP
interaction of &,=0.5 appears at /=30, thereby sug-
gesting that the NPs are in direct-contact state, as
shown in the illustrations. The reason for this phe-
nomenon is that the NP-NP interaction is stronger
than the polymer-NP interaction, and NPs cannot
easily disperse in polymer melts without any external
force (Isaac et al., 2013; Patra and Singh, 2013),
leading to NPs tending to aggregate naturally. When
the polymer-NP interaction is increased to &,=10.0,
the peak value is shifted to »=50. Because of the
strong polymer-NP interaction, the polymer chains
are sandwiched between two NPs, which can be re-
ferred to as the bridging state (Smith et al., 2003).
When &,,=2.5, no peak corresponds to the dispersion
state. This result implies that good dispersion can be
obtained at a moderate polymer-NP interfacial
strength, similar to the results of previous studies on
the distribution of NPs in linear polymer melts (Yan
et al., 2010; Liu et al., 2011b). The dispersion of NPs
in polymer melts greatly affects the performance of
PNCs. Here, we focus on a weak polymer-NP inter-
action of &,=0.5 and vary the chain stiffness to
promote the transition from NP-NP aggregation to
dispersion in ring polymer melts.

Fig. 3a shows that the chain stiffness can sig-
nificantly reduce the peak value of g,,(). When K,=4,
the peak value of g, () with weak chain stiffness
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decreases evidently compared with that of fully
flexible rings, thereby indicating that the system is
very sensitive to the chain stiffness K,. Furthermore,
the peak value of g,,(7) drops sharply as the chain
stiffness Kj, further increases. When K,=100, the
curve of gn,(r) has almost no peak value. With in-
creasing K, the conformation of ring polymers
changes from a completely flexible chain into a planar
rigid ring. Moreover, the repulsive volume between
ring polymer chains and NPs increases, thereby in-
creasing the area of direct contact between the poly-
mer and the NPs, which helps in the dispersion of the
latter (Chen et al., 2019). This result is different from
that of the dispersion of NPs in linear polymer melts
studied by Burgos-Marmol et al. (2017). They be-
lieved that when the polymer-NP interaction is low,
the increase of chain stiffness makes the configura-
tion of the linear chain change from anisotropic to
isotropic, enhancing the aggregation between poly-
mers and hindering the dispersion of NPs. On the
contrary, the flexible chain can better adapt to pack-
age and disperse NPs in the polymer matrix (Burgos-
Marmol et al., 2017). To further understand the dis-
persion degree of NPs in polymer melts, we calculate
the average distance <d>,, between NPs. As shown in
Fig. 3b, the average distance <d>,, between NPs
generally increases as chain stiffness is increased
from Ky,=0 to K,=30 and then basically remains at
approximately 200 with further increasing K. This
result also proves that increasing the chain stiffness
can induce the transition from NP-NP aggregation to
dispersion in the ring polymer melts.

50

Fig. 2 NP-NP pair RDF g,,(r) for different polymer-NP
interactions &,

NPs and polymer chains are shown in large balls and small
beads, respectively
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Fig. 3 NP-NP pair RDF g,,,(r) for different chain stiffness
K, (a); NP-NP pair average distance <d>,, for different
chain stiffness K;, (b)

The distribution of polymer chains around NPs,
gnp(7), is calculated to investigate the conformation of
ring polymers around NPs. As shown in Fig. 4a, the
value of g,,(r) at /=20 is significantly lower than 1.0
for Ky=0 and partly higher than 1.0 for Ky,=4, and,
especially, Ky,=100. It indicates that the number of
polymer monomers around an NP bead increases
significantly when the chain stiffness K}, increases.
NPs are forced to separate and enter into the semi-
flexible or planar rigid rings. This result is similar to
the studies by Song et al. (2018), which investigated
the adsorption behavior of linear polymer chains
around NPs. Because of the different chain configu-
ration and particle density, we obtained different
values for RDF g,,(r) compared with that of Song et
al. (2018). The aggregation-dispersion transition in-
duced by chain topological constraints is displayed
clearly in Fig. 4b, which shows that increasing the
chain stiffness can effectively improve the contact
between polymer chains and NPs. Eq. (2) also indi-
cates that, when K, increases, the bending energy
Ubending Of the ring polymer chains increases, thereby
weakening the NP-NP interaction and further en-
riching NPs near the semiflexible ring polymer to
achieve a dispersion state. As a result, increasing the
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ring polymer chain stiffness can disperse NPs but not
control their spatial arrangement.
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Fig. 4 Polymer-NP pair RDF g,,(r) for different chain

stiffness K, (a); Corresponding snapshots and confor-
mations of ring polymers adsorbed on the same NP (b)

3.2 Shear effect

Most PNC materials require NPs with good
dispersion and an ordered arrangement in polymer
melts. We apply the steady shear flow on ring poly-
mers to improve the ordered arrangement of NPs. The
radial RDF g, (r) with different shear rates y is

shown in Fig. 5. The peak value of g,,(r) drops evi-
dently with increasing shear strength y. The figure

shows that polymer chains are stretched in the direc-
tion of shear flow. Therefore, the spatial distribution
of NPs is affected directionally by the shear flow
because of the strength of the polymer-NP interaction.

This phenomenon is consistent with the studies of

(Chen et al., 2017), which focused on the string-like
NPs in a functionalized polymer matrix. They found
that the shear can induce the string-like NPs into a 1D

alignment arrangement. Fig. 6 shows the snapshots of

polymer-NP melts with increasing shear rate y. A

spherical aggregation of NPs exists when shear flow
is absent. As y increases from 0 to 0.05, the spherical

aggregation of NPs is scattered and tends to disperse.

Figs. 6d and 6e correspond to the polymer-NP melts
at =0.05 displayed in the x-z and y-z planes, re-
spectively. Fig. 6d shows a similar phenomenon of
layered NPs in the x direction with good dispersion
(Fig. 6e).

50

40

o

Fig. 5 NP-NP pair RDF g,,(r) for different shear rates y.

The insets show the conformations of ring polymers ad-
sorbed on the same NP
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Fig. 6 Snapshots of the simulation of polymer-NP melts
under different shear rates y

(a) y=0; (b) »=0.001; (c) »=0.005; (d) and (e) y=0.05.
(a)—~(d) are in the x-z plane, and (e) is in the y-z plane. Here,
the shear flow is applied in the z direction

3.3 Chain stiffness and shear effect

We consider the effects of the chain stiffness and
steady shear flow together. Fig. 7 shows that the peak
value of gu(7) dramatically decreases under either
increasing the chain stiffness or applying shear flow
alone. For example, when Ky=4 and y=0.05, the

curve of gn,(r) has no peak, indicating the good dis-

persion of NPs. Therefore, good dispersion of NPs in

ring polymer melts can be effectively induced by
considering the chain stiffness and shear flow to-
gether. Compared with the results obtained at K,=0
and y=0.05 shown in Fig. 6, we find that the spatial

arrangement of NPs is very sensitive to the chain
stiffness, especially in the case of weak polymer-NP
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interactions. As chain stiffness increases from K,=0 to
Ky=4, the NPs exhibit better dispersion but lack a
layered structure, as shown by the snapshot in Fig. 7.
The density distributions of NPs in the x direction are
displayed in Fig. 8. For &,=0.5 with y =0 and 0.05,
the density distributions of NPs correspond to the
snapshots in Figs. 6a and 6d. The two peaks in the
curve of 7=0.05 correspond to the layered NP

structure, and only one peak in the curve of y=0

corresponds to the aggregated NP structure. However,
an increase in chain stiffness would distinctly destroy
the layered NP structure even under a strong shear
flow, as shown Fig. 8c.

The effects of shear-stretched ring polymers on
the spatial arrangement and distribution of NPs de-
pend on the polymer-NP interactions. Here, we fur-
ther increase the polymer-NP interaction from &,,=0.5
to 10.0, as shown in Figs. 8b and 8d. Fig. 8b shows
that NPs in shear-induced flexible ring polymer melts
not only achieve good dispersion (illustration 1 in the
x-z direction) but also form a well-layered structure
(illustration 2 in the y-z direction). This result sug-
gests that the shear-stretched polymers can arrange
NPs along the shear flow. Then, under a strong shear
of 7 =0.05, we further increase the chain stiffness

from K,=0 to 4 and 30, as shown in Fig. 8d. The chain
stiffness does not weaken the layered arrangement of
NPs but, instead, enhances the dispersion of NPs in
ring polymer melts (illustration 2 in the y-z direction,
shown in Fig. 8d). This result can be understood by
considering that the increase in chain stiffness causes
entropy depletion interactions between a pair of NPs
to change from attractive to repulsive (Deng et al.,
2016).
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Fig. 7 NP-NP pair RDF g,,(») for different chain stiffness
K, and shear rate y
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4 Conclusions

We study the influence of chain stiffness and
shear flow on the dispersion and spatial distribution of
NPs in ring polymer melts using MD simulations.
Direct contact aggregation among NPs occurs under
very weak polymer-NP interactions. A transition
from NPs aggregated state to dispersed state can be
induced by increasing the ring chain stiffness or ap-
plying the shear strength. On the one hand, increasing
the chain stiffness can produce well-dispersed NPs in
ring polymer melts. NPs are wrapped by semiflexible
(or rod-like) ring polymers, which effectively avoid
NP aggregation and promote NP dispersion. On the
other hand, with increasing shear strength, aggregated
NPs also tend to be dispersed due to competition
among polymer-NP interactions, NP-NP interactions,
and shear flow. Because the polymer-NP interaction
is strong, the spatial distribution of NPs is well ordered
and well dispersed. The well-ordered structure is
gradually disturbed by the increase of chain stiffness
when shear flow and chain stiffness are considered at
the same time in polymer chains. We combine chain
stiffness and shear flow to effectively realize good
dispersion and spatial distribution of NPs in ring
polymer melts.
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