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Abstract Controlling the formation of the conductive network in the polymer nanocomposites (PNCs) is very meaningful to enhance their
electrical property. In this work, we investigated the effect of grafted nanoparticles (NPs) on the conductive probability of PNCs in the quiescent
state as well as under the shear field via a coarse-grained molecular dynamics simulation. It is found that the smallest percolation threshold is
realized at the moderate grafting density, the moderate length of grafted chains or the moderate interaction between grafted chains and free
chains. Corresponding to it, the dispersion state of NPs varies from the contact aggregation to the uniform dispersion. By analyzing the
connection mode among NPs, the probability of NPs which connect three other ones reaches the maximum value at their moderate dispersion
state which is responsible for the optimal conductive probability. In addition, the main cluster size is characterized to better understand the
conductive network which is consistent with the percolation threshold. It is interesting to find that the percolation threshold is smaller under the
shear field than under the quiescent state. The shear field induces more NPs which connect three other ones. This benefits the formation of the
new conductive network. Meanwhile, the anisotropy of the conductive probability is reduced with increasing the grafting density. In summary,

this work provides a clear picture on how the conductive network of grafted NPs evolves under the shear field.
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INTRODUCTION

Filing a nonconductive polymer matrix with conductive
nanoparticles (NPs) (such as carbon nanotubes (CNT), carbon
black (CB), and graphite) can significantly improve its electri-
cal properties."3 However, the NPs tend to form the aggre-
gation to reach the minimize surface energy which is the main
cause for the low electrical conductivity of polymer nanoco-
mposites (PNCs). The percolation threshold of PNCs, where the
conductive network is formed, is desired to be as low as possi-
ble from the application viewpoint. Otherwise, a large num-
ber of conductive NPs in the polymer matrix are detrimental
to the other physical properties such as the transparency, the
flexibility, and the adhesive strength.*-®! Therefore, it is im-
portant to control the formation of the conductive network to
obtain PNCs with the excellent performance, which, however
still remains a challenging problem.

Generally, the conductive behavior of PNCs is dependent
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on the spatial distribution and structure of NPs in the matrix
which depends on their interaction, size, shape, alignment,
and so on. Currently, intensive work has aimed to establish
the methods for controlling the formation of the conductive
network which hopes to obtain the highly conductive PNCs.
For example, the surface modification of NPs can enhance
their miscibility with polymers, thereby enhancing the elec-
trical conductivity of PNCs.[”l In addition, CNTs with the large
aspect ratio are favorable to reduce the percolation threshold,
where their relationship can be predicted by the analytical
percolation models.®! Compared with CBs and graphene,
CNTs can form a percolating network at a lower volume frac-
tion in a polypropylene matrix, which is attributed to their
shape.”! The spatial distribution of NPs can be tuned by the
grafting density, the length of grafted chains, and the free
chains so as to optimize the electrical conductivity.l'-'3] The
poor dispersion or overdispersion of NPs is harmful to the
formation of the conductive network whose relationship
needs to be clarified. The shear field can induce the transla-
tion, rotation and bending of NPs which is another effective
method for tuning the conductive network. Accompanied by
it, the anisotropy of the electrical conductivity appears. It is
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reported that the conductive network will be broken down
under the shear field, which increases the percolation
threshold for the partially aggregated NPs.['415] However, the
shear-induced agglomeration of NPs rebuilds the conductive
path and reduces the percolation threshold for the dispersed
ones.'%l Interestingly, the electrical conductivity of PNCs is
nearly independent of the initial dispersion state of NPs,
which indicates the dominant effect of the shear field.'”l The
experimental techniques are incapable of intuitively charac-
terizing the conductive network in response to the shear field.
On the contrary, computer simulation has an obvious advant-
age in analyzing their evolution process in situ, which
provides the access to the study of conductivity behavior. By
adopting molecular dynamics simulation, the percolation
threshold of PNCs is reduced with increasing the polymer-NP
interaction, which is attributed to the tightly formed conduct-
ive network sandwiched via one polymer layer.'8 In addition,
the percolation threshold follows an exponential relationship
with the aspect ratio of fibers via a Monte Carlo model.l'?!
Meanwhile, the aspect ratio of CNTs plays a more important
role in building the conductive network than the tunneling
barrier height.[20211 The rod NPs can build the conductive net-
work at a lower volume fraction than the sphere NPs and the
sheet NPs under condition that they have the same size.[2223]
Based on a developed percolation network model, the effect
of the CNT structural distortion on the electrical conductivity
has been analyzed by tuning the temperature.l? The disper-
sion state and phase behavior of grafted nanofillers have
been systemically investigated by the theory and model,
which conversely will influence the conductivity.25-281 The
original conductive network is broken down under the shear
field, which affects the electrical conductivity. Then, a new
one will be formed, which depends on the CNT aspect ratio
and the shear rate.29-31 [t is interesting to observe the break-
age of the conductive network induced by the CNT aggrega-
tion when the shear rate exceeds a critical value.32 Further-
more, a simple model is proposed to calculate the electrical
conductivity of PNCs, which takes the interphase thickness
and tunneling distance between CNTs into consideration.33!

Based on the above work, the aggregation of nano-
particles (NPs) is the main limitation for enhancing the elec-
trical conductivity, which can be inhibited by grafting the
chains on their surface. The spatial distribution of NPs has
been analyzed and attributed to a competition between the
matrix-induced depletion attraction between NPs and the
steric stabilization provided by grafted chains. However, their
relationship with the conductive probability is still unclear
and deserves to be further investigated, especially under the
shear field. Thus, in this work a coarse-grain model is adopted
to understand how the conductivity probability of PNCs is
regulated by tuning the grafting density and the length of the
grafted chains in the quiescent state as well as under the
shear field. By characterizing the connection mode among
the NPs and the cluster size, the dependence of the conduct-
ive probability on the grafting density and the length of graf-
ted chains is clarified, which can aid to understand the mech-
anism. Last, the effect of the miscibility between grafted
chains and free chains on the conductive probability is dis-
cussed.

MODEL AND SIMULATION METHODS

In our simulations, a coarse-grained model is adopted to study
the polymer-grafted spherical NPs filled PNCs. The bead-spring
model is adopted to model both free chains and grafted cha-
ins whose chemical properties are identical in most cases. Each
free chain is composed of thirty beads while the number of
beads in one grafted chain L, ranges from 1 to 7. The grafting
density 5 is defined by Ny /WDﬁ where Ny represents the
number of grafted chains and D,, means the diameter of NPs. It
is noted that the numbers of free chains and grafted chains are
varied for different systems while the total number of beads is
fixed to be 24000. Two symbols o and m are adopted to stand
for the diameter and mass of a polymer bead, respectively.?'34
There are five types of Lennard-Jones (LJ) beads in the simula-
tion, which are shown in Table SI (in the electronic supplement-
ary information, ESI). In order to fix the grafted chains on the
surface of NPs, the NP core is modeled as a solid sphere with 96
virtual points, which can be found in our previously published
work.B% Each virtual surface point is bonded with neighboring
ones and the NP core which can fix the shape of the virtual
surfaces during the whole simulation. The grafted chains which
are bonded with NPs through the grafting sites and the virtual
surface points are not free to rotate around the NPs surface. It is
noted that the grafting site is one end reactive bead of grafted
chains. The virtual surface points occupy no space but just act as
the functional groups on the NPs in practice. The diameter of
NPs (D,, = 40) is four times of that of a polymer bead (o).
Although the short chains are shorter than real polymer chains,
they can exhibit the static characteristic behaviors of long chains
well.B% Each bond in this model corresponds to 3-6 covalent
bonds in a realistic polymer chain when mapping the coarse-
grained model to a real polymer.

Here, the modified Lennard-Jones (LJ) potential is emp-
loyed to model all the non-bonded interactions, as following

o 12 o 6
uin -1 *a| ()~ (=7m) |+ € e <ranon
0 r'=Tgv Z I'eytoff

where g;; is the pair interaction energy parameter, r is the
distance between center of mass of two interaction sites and
o is the characteristic size. rcytoff Stands for the distance (r — rgy)
at which the interaction is truncated and shifted so that the
energy is zero. C is a constant to guarantee that the poten-
tial energy is continuous everywhere. rgy stands for the effect of
the excluded volume of different interaction sites. For polymer-
NP and NP-NP interactions, rgy is set to be 1.50 and 3.00
respectively. For polymer-polymer interactions, rgy becomes
zero. In our systems, the interactions j; (€pp, €np, &nn) are set to
be 1.0. &, &4y and &, denote the polymer-polymer interaction,
polymer-NP interaction, and the NP-NP interaction, respectively.
The cutoff distance is set to be 2.50. The LJ parameters for all
types of interactions are listed in Table SlI (in ESI).

Here, a stiff harmonic potential is employed to stand for the
bonded interaction between the adjacent beads including
both polymer chains and NPs, which is given by

1 2
Ebond = EK(r_ ro) (2)

where K = 20005/02 and rp = 1.00 can guarantee a certain
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stiffness of the bonds while avoiding high-frequency modes and
chain crossing. ry of the virtual surface point-virtual surface
point bond and virtual surface point-NP core bond is set to
be 1.00 and 2.50, respectively. It is noted that the harmonic
potential is proved to be efficient in modeling polymer
systems.B7-3%

Since it is not our aim to study a specific polymer chain,
all parameters are simplified by setting the mass m and the
diameter o to be unit, namely all the simulated quantities
are dimensionless. Similar to our previous work, 2134351 3|
the free chains, grafted chains, and NPs are first put into a
large simulation box without overlap. Such initial structures
are further equilibrated under the NPT ensemble for 20000t
(T is the reduced time unit) with the temperature and pres-
sure fixed at T* = 1.0 and P* = 0.0 by using the Nose-Hoover
temperature thermostat and pressure barostat. Then the
systems are further equilibrated at T* = 5.0 for 200007 to
ensure that each free chain has moved at least 2Ry. Next, the
systems are gradually cooled down to T* = 1.0 by reducing T*
by 0.02 every 2507. Afterwards, the end-grafting reaction be-
gins under the NVT ensemble. A covalent bond between the
grafting sites and the virtual surface point is formed if their
distance is less than 0.50 as described by the stiff harmonic
potential in Eq. (2) with ry = 0.0. It is noted that the one-to-
one bonded reaction is allowed. Last, the obtained systems
are further equilibrated under the NVT ensemble with
7" = 1.0 for 200001. The number density of polymer beads
reaches nearly 0.85, which means the density of polymer
melts. The glass transition temperature of our system is about
0.4-0.5, which is below the simulated temperature T* = 1.0.
After that, the structure and dynamics data are collected for
ensemble average. Periodic boundary conditions are adop-
ted in all three directions to eliminate edge effects. The equa-
tions of motion are integrated by using the velocity-Verlet
algorithm with a time step &t = 0.001. All simulations have
been performed by using the large-scale atomic/molecular
massively parallel simulator (LAMMPS).[40!

The electrical properties of PNCs closely depend on the
conductive network. Thus, to determine whether the con-
ductive network is formed, a criterion is used to check wheth-
er any two NPs are connected. It is reported that any two car-
bon black fillers can be connected once their gap is less than
10 nm (the tunneling distance (TD)) according to the field
emission theory.*'1 Meanwhile, the diameters of carbon black
fillers are usually about 25—40 nm as denoted by one NP in
the simulation.2431 The selected ratio of the NP diameter
(4.00) to monomer size (1.00) can in general represent poly-
mer nanocomposites in our simulation!#4451 and is suitable for
achieving relatively quick equilibration of the simulations.
Following the real systems, the maximum gap between any
two connected NPs ranges from 1.00 to 1.60 in our model.
Here, the uniform value 1.50 is selected as the TD for con-
ductive connection. It is noted that TD will affect the percola-
tion threshold while it does not change the trend of the res-
ults. The method for calculating the conductive probability
can be found in ESL.21.231 More than 100000 equilibrated con-
figurations are collected to perform the data analysis. The
time interval between two continuous frames is 107. At last,
we counted the number of configurations where the network

is percolated in the three-dimensional directions or in one dir-
ection. The conductive probability A, Al and A, are used to
represent the probability of forming the conductive network
in the three-dimensional directions, parallel to the shear field
direction, and perpendicular to the shear direction, respect-
ively.

RESULTS AND DISCUSSION

Conductive Properties of PNCs

Grafting density

When NPs are grafted with chains, they can provide steric
repulsion between NPs.['246] Thus, the grafted chains can exert a
crucial effect on the dispersion state of NPs, which will affect the
electrical property of PNCs. In this section, we investigated the
effect of grafting density >4 on the conductive probability A of
PNCs by fixing the length of grafted chain (Lg = 3). The details
of the simulated systems (1-8) can be referred to the Table
Slll (in ESI). As shown in Fig. 1, the conductive probability A
first changes slowly at a low volume fraction of NPs (¢). Then
a quick increase of A is observed near the percolation thres-
hold which is known as the percolation phenomenon. Mean-
while, the percolation threshold ¢ is defined as ¢ at A = 0.5%7
as presented in Fig. 2. It presents that ¢ first decreases and then
increases with 5, and reaches the minimum value at the
moderate 3, = 0.3. To better interpret it, the coordination
number is adopted to denote the dispersion state of NPs, which
is defined as the average number of NPs around every NP within
the distance of 5.50. From Fig. 2, the coordination number
gradually decreases with increasing Xy, which reflects their
gradually uniform dispersion. Because of the self-attractive
interaction, the ungrafted NPs form the direct contact
aggregation at 3, = 0. Thus, the conductive network is not
formed in the matrix which leads to A = 0. The aggregation of
NPs is attributed to the depletion effect that results in a fully
entropic attraction between them according to the previous
theories*®4?! and experiments.l"'? Then, grafted chains on the
NPs repel other NPs apart with increasing X4, which breaks the
aggregation down. As a result, NPs gradually disperse into the
matrix, leading to the transition of their dispersion state from
the contact aggregation to the relatively uniform dispersion.

1.0

0.8

0.6

<

0.4

0.2

Fig. 1 Conductive probability A as a function of the nanoparticle
volume fraction ¢ for different grafting density 5 (T"=1.0,y=0.0).
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Coordination number
@ (%)

Fig. 2 The coordination number (left axis) and percolation
threshold ¢ (right axis) with respect to the grafting density >, at the
shear rate y = 0.0 and 0.1 (T" = 1.0).

This favors the connection among NPs and the formation of the
conductive network, which reduces ¢.. However, too many
grafted chains reduce the connection probability among NPs
with a further increase of 3. Thus, more NPs are broken away
from the conductive network to form relatively small and loose
clusters or isolated NPs, thus increasing ¢.. Therefore, the lowest
percolation threshold ¢ is realized at the moderate X
Furthermore, the formation of the conductive network is clo-
sely related to the connection mode among NPs. Here, the
number of the nearest neighbor NPs surrounding one NP at a
separation closer than 5.50 is analyzed and denoted by N, .
This stands for the average number of NPs when each NP
connects. The change of the probability distribution Py of
Noum With Z4 is presented in Fig. 3 at ¢ = 13.7%. The results
clearly reflect that N, at the maximum Py gradually decre-
ases from 6 to 1 while Py at N,,,, = 0.0 (denoted by the number
of isolated NP) increases with Xg4. This reflects the gradual
dispersion of NPs into the matrix. In general, we speculated that
each NP should connect 3 other NPs to effectively form the
conductive network. If each NP connects 0-2 or more than 4
other NPs, the NPs are isolated or aggregated, which is

—O— Zg:0
5,=02

—a— Zg =03

0.5

0.4
—_—— Zg = 04

0.3 —o— 243=05

Py

—o—24=06

0.2 —*— 2,=07

0.1

Fig. 3  The probability distribution Py of the nearest neighbor
nanoparticles (NP) surrounding one NP at a separation closer than
5.50 (Npum) for different grafting density 5 (T"=1.0,y =0.0).

unfavorable to form the conductive network. As shown in Fig.
S1 (in ESI), Py at N,um = 3 exhibits a first increase from 0.023 to
0.178 and then a decrease to 0.0015 with X, and reaches the
maximum value at the moderate X, = 0.3. This is consistent with
@c. Furthermore, the main cluster size C,, (the number of NPs
within the biggest cluster) is characterized to analyze the
conductive network. It is noted that A correlates with C, but is
not directly proportional to it. As shown in Fig. 4(a), it is found
that Cy first increases and then decreases with %4 in the
percolation region, consistent with A. It is noted that even
though C, is large at X3 = 0.0 (not shown), the isolated
aggregation cannot form the conductive network. Fig. 4(b)
presents some representative snapshots of the main cluster
(red beads) to observe the conductive network for different 3
at @ = 13.7%. It is observed that the direct contact aggregation
of NPs leads to the non-conductivity at X4 = 0.0. Then, NPs
gradually disperse and are connected with each other to form a
continuous conductive network with increasing >3 < 0.3 as
reflected by more red NPs. However, the uniform dispersion of
NPs results in the isolated ones with a further increase of 34
which cannot span the systems. These results are consistent
with @c. In summary, the dispersion state of NPs varies from the
contact aggregation to the uniform dispersion state with X
However, the percolation threshold of PNCs reaches the
minimum value at the moderate 5, =0.3.

24=04

Fig. 4 (a) Change of the main cluster size C, as a function of the
nanoparticle (NP) volume fraction ¢ at different grafting density 5.
(b) Some snapshots of NPs with different X, where the polymer
chains are neglected for clarity at ¢ = 13.7%. The red spheres denote
the NPs within the main cluster while the blue spheres represent the
other NPs (T* = 1.0,y = 0.0).
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Length of grafted chains

It is reported that the length of grafted chain (L) is another
deterministic factor to influence the dispersion behavior of NPs,
which may affect the conductive property.'"'? Thus, we
present the result how Ly changes the conductive probability in
this section. L is chosen to be 0, 1, 3, 5, and 7 by fixing 5 = 0.3
where @ is the lowest. The details of the simulated systems
(1,9-12) can be found in Table SllI (in ESI). The dependence of A
on ¢ is shown in Fig. 5 for different L, It is found that the
percolation threshold ¢ first decreases and then increases with
Ly and reaches the minimum at the moderate Ly = 1. Similarly,
the probability distribution Py of the Ny, is analyzed with L as
presented in Fig. 6(a). N,,,m at the maximum Py declines from 6
to 1 while Py at Ny, = 0.0 increases with the Ly which reflects
the gradual dispersion of NPs. Meanwhile, the Py at Npym = 3
first rises from 0.023 to 0.21 and then declines to 0.039 with L.
It reaches the maximum value at the moderate Ly = 1 which is
consistent with @c. Then, the main cluster size C,, is calculated
for different L to better understand the conductive network in
Fig. 6(b). It is observed that C,, presents a monotonous decrease
with the increase of Ly which is consistent with .. These can be
further proved by some representative snapshots of the main
cluster (red beads) for different Ly at ¢ = 13.7% in Fig. S2 (in ESI).
In summary, the moderate dispersion of NPs is beneficial to
connecting the other NPs to from the conductive network and
reduce .. However, the contact aggregation or the over-
dispersion of NPs has adverse effects in forming the conduct-
ive network, which leads to the minimum ¢, at the moderate
Lg=1.

Fig. 5 Conductive probability A as a function of the nanoparticle
volume fraction ¢ for different lengths of grafted chains L (T"=1.0,y
=0.0).

Interaction strength between grafted chains and free
chains

If the chemical property between grafted chains and free chains
is different, their miscibility will change the dispersion state of
NPs and further affect the conductive network. In this section,
the interaction g4 between grafted chains and free chains
varies from 0.1, 1.0, to 3.0 (namely from weakly repulsive to
strongly attractive). The details of the simulation systems
(13—15) are shown in Table SllI (in ESI). The dependence of A
on gy is presented in Fig. 7, which indicates that ¢ first

200

160

80

40

o 1 1
8 10 12 14 16

¢ (%)

Fig. 6 (a) The probability distribution Py of the nearest neighbor
nanoparticles (NP) surrounding one NP at a separation closer than
5.50 (Npym) for different lengths of grafted chains L. (b) Change of
the main cluster size C, as a function of the NP volume fraction
@ (T"=1.0,y =0.0).

10F

—O0— & =0.1
08 —<0— ggm=1.0

——H—— Egm=3.0
06

041

02F

0 5 5 5 I} I
10 11 12 13 14 15
¢ (%)

Fig. 7 Conductive probability A as a function of the nanoparticle
volume fraction ¢ for different interaction strength between grafted
chains and free chains e, (T = 1.0, y = 0.0).

decreases and then increases with g4 It reaches the minimum
value at the mediate g = 1.0. Then, Py of Ny, is calculated for
different ey to understand this result in Fig. S3(a) (in ESI). It is
found that Py at N, = 3 first rises from 0.11 to 0.23 and then
declines to 0.02 with g4¢. The maximum Py appears at the

https://doi.org/10.1007/510118-020-2467-x
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moderate e4¢ = 1.0, which is consistent with ¢c. Then, Fig. S3(b)
(in ESI) presents the change of C, with g4 showing that Cj,
gradually decreases with 4. Furthermore, the snapshots of NPs
are shown in Fig. 8 for different gy to observe the conductive
network. With the increase of the g4, the main cluster size (the
red beads) shows a continuous decrease. The phase separation
between polymer and NPs appears at g4 = 0.1 and leads to the
non-conductivity. Then, an improved dispersion of NPs induces
their connection with other NPs to form the conductive net-
work with increasing the eg4¢ and reduces the ..

eé%zO.] gg=10 E4f =

Fig. 8 Some snapshots of NPs with different interaction strength
between grafted chains and free chains e, where the polymer chains
are neglected for clarity at ¢ = 13.7%. The red spheres denote the NPs
within the main cluster while the blue spheres represent the other
NPs (T" = 1.0, y = 0.0).

However, the overdispersion of NPs induces their large dis-
tance with a further increase of g4, which is harmful to the
conductive network. Thus, an increase in ¢. is observed. In
summary, the percolation threshold reaches the a minimum
value at the moderate g4.

Shear field

It is noted that PNCs will undergo strong shear deformation in
the manufacturing process, which affects the conductive
network. Thus, it is necessary to clarify how the shear field
affects the conductive probability for different 5. Here, a non-
equilibrium molecular dynamics simulation of a continuously
strained system is performed with the SLLOD algorithm.>® The
SLLOD equations of motion are implemented with the
compatible Lees-Edwards “sliding brick” boundary condi-
tions,”"! wherein two opposing periodic images are increment-
ally moved in opposite directions consistent with the applied
shear rate. The shear field is exerted on the simulation box
by moving the top xy plane along the x direction. Fig. 9 pres-
ents A, A, and A as a function of ¢ for different >4 at the
shear rate y = 0.1. From Fig. 9(a), the percolation threshold
@ first decreases and then increases with I the same as shown
in Fig. 2. It is noted that ¢ is smaller at y = 0.1 than thataty =
0.0, which reflects the high conductive probability at y = 0.1. To
explain it, we first turned to Al and A in Figs. 9(b) and 9(c)
which determine A. As shown in Fig. S4 (in ESI), . of Al exhibits
an increase with the . This is because the grafted chains on
NPs induce their separation in large distance and thus break the
conductive network along the shear direction. Meanwhile, ¢. of
Ay first decreases and then increases with . The aggregation
of NPs breaks the conductive network perpendicular to the
shear direction at X4 = 0.0, which still is not overcome by the
shear field. Meanwhile, the difference of the ¢ for A;jand A_ is
reduced with the increase of Xy which reflects the small
anisotropy of the conductive probability. Furthermore, we

¢ (%)

Fig. 9 (a) Conductive probability A, (b) A parallel to the shear
direction, and (c) A, perpendicular to the shear direction as a
function of the nanoparticle volume fraction ¢ for different grafting
density 5, (T"=1.0,y =0.1).

calculated Py of Ny, for different 34 at y = 0.1 in Fig. 10. Py
at N,ym = 3 first rises from 0.18 to 0.23 and then declines to
0.04 with Xy at y = 0.1, and is consistent with the ¢.. Compa-
red with that at y = 0.0 in Fig. S1 (in ESI), the higher Py at
Noum = 3 indicates the easier formation of the conductive
network at y = 0.1 and thus reduces the ¢.. Meanwhile, the
difference of Py for N,ym = 3 at y = 0.0 and 0.1 is smaller for
Sy = 03 than for the others which is roughly responsible for
their similar ¢.. Then, the main cluster size C, is calculated to
reflect the conductive network in Fig. 11. The results indicate
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Fig. 10 The probability distribution Py of the nearest neighbor
nanoparticles (NP) surrounding one NP at a separation closer than
5.50 (Npym) for different grafting density 5 (T"=1.0,y =0.1).
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Fig. 11 Change of the main cluster size C, as a function of the

nanoparticle (NP) volume fraction ¢ for different grafting density
(T"=1.0,y =0.1).

that C, is gradually reduced with the increases of >4 > 0.2,
which is consistent with ¢.. This can be further proved by the
snapshots of some typical systems at y = 0.1 in Fig. S5 (in ESI). In
summary, the number of NPs that connect three other ones
increases under the shear field, which helps to form the
conductive network and reduces the ¢.

Discussion

If mapping the coarse-grained model to real polymers, the
interaction parameter ¢ is set to be about 2.5-4.0 kJ-mol™’
for different polymers, thus g4 = 1.0-3.0 (in units of ) is about
2.5-12.0 kJ-mol~". The persistence length varies between 0.35
and 0.76 nm for real polymers? while it is about 0.6760 for
the coarse-grained model, which means that o is roughly
1 nm. Thus, a grafting density of >4 = 0.7 corresponds to 0.7
chains per nm?, which is within the experimental range.'>%3
Furthermore, the diffusion coefficient D of NPs is about 2.12 x
10~* t=" while the shear rate y is 0.177" in the simulation, higher
than that in the real physical experiments. As a result, the Peclet

number (Pe = X) about 470 is roughly comparable with the

experimental value.” Thus, our simulation results are roughly
within the range of the real experiments.

In this work, we mainly investigated the effect of polymer-
grafted NPs on the conductive probability in the quiescent
state and under the shear field. The percolation threshold var-
ies from 10% to 30% in the CBs filled PNCs in
experiments, 1455561 which can be compared to the simu-
lated value from 12.1% to 17% for different 5, (except 54 =
0.0). However, the quantitative comparison between them
should be very careful in view of the following three aspects.
(1) Considering the limited simulation length scale, the adop-
ted NP size (4 nm) in the simulation is much smaller than the
CB size (25—50 nm) in experiments. (2) CBs intend to form the
aggregation. Thus, both the surface modification of CBs and
the shear field will be applied to disperse them into the mat-
rix. Unfortunately, CBs will reaggregate when the shear field is
removed. Thus, the dispersion state of CBs is always not in the
thermodynamic equilibrium state in experiments while it
reaches the thermodynamic equilibrium in the simulation. (3)
The conductive probability is used to qualitatively reflect the
electrical conductivity in our simulation, but not quantitat-
ively. It just varies from 0.0 to 1.0 (one order of magnitude)
which depends on the tunneling distance. However, the elec-
trical conductivity changes more than 10 orders of mag-
nitude near the percolation threshold in experiments. It is
noted that the effects of grafted chains and free chains
between NPs are different on blocking the flow of current
from one NP to another. Especially, for NPs grafted with long
and dense chains, the grafted chains break the filler structure
and reduce their inherent conductivity. However, it is not
considered in our model. Furthermore, it is reported that too
many grafted chains on the nanofillers prevent the formation
of the electrical conductive path in the polylactide matrix,
which is consistent with our results.57! In total, our simulation
can clearly reflect the experiments and thus provides a fur-
ther understanding of the conductive network formed by
grafted NPs under the shear field.

CONCLUSIONS

By adopting the coarse-grained molecular dynamics simulation,
we focused on how the grafted nanoparticles (NPs) affect the
conductive probability of polymer nanocomposites (PNCs) in
the quiescent state as well as under the shear field. The
dispersion state of NPs varies from the contact aggregation to
the uniform dispersion with the grafting density, the length of
grafted chains as well as the interaction between grafted chains
and free chains. Corresponding to it, the probability of NPs
which connect three other ones first increases and then
decreases and reaches the maximum value at their moderate
dispersion state. The connection mode among NPs has a close
relationship with the conductive network (namely the main
cluster size). These are responsible for the smallest percolation
threshold which optimizes the conductive probability.
Interestingly, compared with that in the quiescent state, the
percolation threshold is reduced under the shear field, which
reflects the higher conductive probability. The aggregation
structure of NPs is broken down at the low grafting density
while more NPs connect three other ones at high grafting
density and thus help to form the new conductive network. In
addition, the high grafting density reduces the anisotropy of the
conductive probability. In summary, this work presents that the
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grafted chains and the shear field can be used to effectively
tune the conductive network in the PNCs.
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