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nment of string-like nanoparticle
assemblies in a functionalized polymer matrix via
steady shear

Yulong Chen,*a Jun Liu,b Li Liu,b Huanre Han,a Qian Xua and Xin Qian*a

Recent work has shown that nanoparticles (NPs) dispersed in a sequence specific functionalized polymer

matrix can be organized into a variety of superstructures, such as strings, sheets, and percolated

networks. However, these spontaneously formed structures are generally ordered within the short range.

To exploit the use of NPs to their full potential, defect-free, long-range ordered NP organization is

usually necessary. The use of a shear field may be an appropriate means to reach this objective due to its

well-understood orientation effect. Therefore, the present study seeks to probe the effect of steady

shear on the ordering of string-like NP assemblies in a functionalized polymer matrix on the basis of

coarse-grained molecular dynamics simulations. We found that by properly tuning shear rate, the shear

can induce one-dimensional alignment to the NP strings, and the emerging structures can remain stable

after the cessation of shear, which is required for many applications such as the fabrication of

nanomaterial arrays. The mechanism for forming such a well-defined structure can be interpreted from

the competition among the NP mobility, polymer relaxation, NP-functional group interaction, and

external shear effect. It may be expected that the information derived in the present study provides

a useful foundation for guiding the design and preparation of tailored PNCs.
1. Introduction

Controlling the organization of nanoparticles (NPs) in polymer
matrices with high precision has received tremendous interest
since the collective properties of polymer nanocomposites
(PNCs) signicantly depend on the dispersion and spatial
arrangement of NPs.1,2 It has been shown that some PNC
properties are optimized when the NPs are randomly
dispersed,3 while others require the NPs to form percolated
networks4,5 or to align in a given direction.6,7 A number of routes
have been developed to achieve these goals. For NP anisotropic
assembly, the most direct strategy is to use NPs with anisotropic
shapes or directional interactions.8–12 It was generally believed
that it is difficult for isotropically interacting spherical NPs to
self-assemble into anisotropic superstructures. However,
recently, some studies have established approaches for creating
a range of anisotropic structures from common spherical
NPs.13–18 As a typical representative, Kumar's group13,19–22 found
that spherical NPs uniformly graed with polymer chains can
self-assemble into strings and sheets.

Similar to the ndings of Kumar's group, some studies have
also demonstrated that bare spherical NPs dispersed in
ring, Zhejiang University of Technology,
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sequence specic functionalized polymers23–25 can be organized
into a variety of morphologies, where the backbones of the
functionalized chains inherently dislike the NPs but the peri-
odically spaced functional groups on the chains are designed to
show specic affinity for the NPs.17,18 The adsorption of the
functional groups on the NP surfaces makes the NPs act like
transient “graed NPs” (Fig. 1d). The dislike between the
“gras” and NP cores drives the self-assembly, which is similar
to the behaviour of microphase-separated block copolymers.26

When the polymer chains are highly functionalized, the NPs are
well dispersed due to steric (entropic) repulsion of the dense
surrounding “gras”, that is, the attractions between the NPs
(including van der Waals and depletion forces) are strongly
reduced by the “gras”. In the opposite limit of low function-
alization, the NPs aggregate, owing to the dominance of the NP–
NP attractions. Intermediate values of functionalization degree
yield a variety of interconnected NP structures such as strings,
sheets, and networks, due to a balance of the NP–NP attractions
and the steric stabilization of the “gras” which leads to
anisotropic interactions. Among these cases, the string-like NP
assemblies gained considerable interest because NPs organized
in this way behave akin to “nanowires”27,28 which is advanta-
geous for transport or conductive properties of PNCs. However,
these spontaneously formed structures are generally ordered
within the short-range, but disordered on a larger scale, due to
the isotropic phase structure of the polymer matrices.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Coarse-grained model of in-chain functionalized polymer, where the functionalized and unfunctionalized beads are shown as green
and red spheres, respectively. (b and c) Snapshots for the quiescent system with functionalization degree dF ¼ 0.12 and filler volume fraction fNP

¼ 0.15. (d) Close-up views of a short NP string extracted from (c). The short string is colored yellow while the remaining NPs are shown in blue
color. For presentation purposes, in (c) we omit the polymermatrix, in (d1) we illustrate five typical chains (in different colors) bridged to the string
through their adsorbing (functional) sites, in (d2) we show the functionalized beads adsorbed on the string, and in (d3) we depict the polymer
“grafts” (of length of six beads) connected to the adsorbed functionalized beads.
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For some anisotropic functional PNCs, long-range order of
NPs in a given direction is usually needed. To reach this
objective, the use of a shear eld may be an appropriate
approach due to its well-understood orientation effect.29,30

Compared to the alternative strategies, e.g., electric and
magnetic elds, the advantage of shear ow is the ability to
order microstructures over macroscopic length scales and no
need for doping or exotic NP properties, which makes the shear
alignment feasible for large-scale industrial manufacturing.

Investigating the shear behaviour of NPs in polymers via
experiments is oen prohibitively costing and time-consuming.
Meanwhile, the experimental techniques still have a great
challenge in revealing the microscopic morphologies of NPs
under ow conditions. Computer simulations have emerged as
useful techniques in addressing these issues.31–33 Several
methods have been developed for simulations of PNC systems.
Atomistic or near-atomistic simulations are quite accurate
approaches to understand the structural and dynamic proper-
ties of PNCs at the molecular level,34–36 but only allow for the
sampling of relatively small systems and short time scales, since
they are rather computationally expensive. The length- and
time-scale limitations of these methods are particularly
restrictive for the study of the NP dispersion or organization in
polymer melts under shear. On the other hand, the phase-eld
methods such as Cahn–Hilliard37 and self-consistent eld
theories38,39 enable simulation over long time scales and for
large systems, but prohibit the detailed analysis of microscopic
properties. For these reasons, coarse-grained models which
group atoms or molecules into single particles have been widely
adopted to investigate the sheared PNC systems.40–52 Although
these models are of much lower resolution than atomistic, they
still can describe the microscopic nature of the systems at
length scales comparable to the intermolecular distances.
However, up to now, there still no study related to the investi-
gation of functionalized polymer/NP systems under shear.

In this study, we seek to employ coarse-grained molecular
dynamics (CGMD) simulations to investigate the steady-shear
This journal is © The Royal Society of Chemistry 2017
behaviour of string-like NP assemblies in functionalized poly-
mers. We begin by studying how shear rate affects the ordering
of the NP strings and nd that there exists an optimal shear-rate
range to induce the formation of stabilized one-dimensional
(1D) alignment of NP strings. Such well-dened structure can
also be observed in other similar systems. We then discuss the
structural formation mechanism based on the structural,
dynamic, and rheological properties of the equilibrated and
sheared PNC systems. Finally, the relaxing behaviour of these
systems aer ceasing shear is also considered to explore the
stability of the shear-induced aligned NP strings.
2. Computational methods
2.1. Coarse-grained models

Our model PNC systems (Fig. 1b) are composed of bare spher-
ical NPs (Fig. 1c) within linear in-chain functionalized polymers
(Fig. 1a). The functionalized polymer chains are modelled using
the standard bead-spring (Kremer–Grest) model53 with N ¼ 65
spherical beads of size s andmassm. Each chain consists of two
types of beads, “B” and “F”. B beads are backbone beads, while
F beads are functionalized beads which are uniformly distrib-
uted within the polymer chain (Fig. 1a). The functionalization
degree of the polymer was dened as dF ¼ NF/N, where NF being
the number of functionalized beads in a chain. The adjacent
beads in each chain are connected via a strong nitely exten-
sible nonlinear elastic (FENE) potential:

UFENEðrÞ ¼ �k

2
R0

2 ln

"
1�

�
r

R0

�2
#

(1)

where r is the distance between bonded beads, k ¼ 303/s2 is the
spring constant, R0 ¼ 1.5s is the maximum possible length of
the spring. The nonbonded interactions between all polymer
beads, both intra- and intermolecular, are described using
a short-range purely repulsive potential, also known as the
Weeks–Chandler–Anderson (WCA) potential:54
RSC Adv., 2017, 7, 8898–8907 | 8899
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UWCAðrÞ ¼
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r

�6

þ 1

4

�
r\21=6s

0 r$ 21=6s

8><
>: (2)

where r is the distance between the nonbonded beads.
The NPs are treated as spheres of diameter sNP ¼ 4s and

mass mNP ¼ 64m that are weakly attractive with each other. The
interactions between the NPs and B beads are purely repulsive,
while the interactions between the NPs and F beads are strongly
attractive. These interactions are modeled via the truncated and
shied Lennard-Jones (LJ) potential:

ULJ
NP�XðrÞ ¼ 43NP�X

"�
s

r� rev

�12

�
�

s

r� rev

�6

�
�

s

rc � rev

�12

þ
�

s

rc � rev

�6
#

(3)

where ULJ
NP–X(r) ¼ 0 for r � rev > rc, the subscript X ˛ {NP, B, F},

3NP–X is the interaction strength (LJ well depth), rev is adjustable
parameter to account for the excluded volume effects of
different interacting sites, and rc is the cutoff distance of the
potential. The potential parameters are summarized in Table 1.
It should be noted that whenmapping the bead-spring model to
real polymers, the energy scale 3 is about 2.5–4.2 kJ mol�1.53 It
has been reported that the surface of carbon black, a traditional
reinforcing ller for rubber, is energetically very heterogeneous,
consisting of different adsorption sites from 16 to 30 kJ mol�1.55

The interaction strengths would be much stronger when the
acidic groups on the surface of carbon black, such as carboxyl,
phenol, and hydroxyl, interact with functional groups of func-
tionalized polymers to form ionic bonds or hydrogen bonds.24

Thus, the interaction strength of 3NP–F ¼ 103 (about 25–42 kJ
mol�1) is appropriate to mimic the strong attraction between
the NPs and functional groups in real PNC systems.
2.2. Simulation details

In this work, all the physical quantities are expressed in terms of
LJ reduced units where s, m, and 3 are the basic length, mass,
and energy scales, respectively. The reduced temperature and
time units are dened as T ¼ 3/kB (where kB is the Boltzmann
constant) and s ¼ s(m/3)1/2, respectively.

We carried out the MD simulations using the open source
LAMMPS package developed by Sandia National Laboratories,56

where the equations of motion are integrated using a velocity-
Verlet algorithm with a time step of Dt ¼ 0.001s. The temper-
ature was kept xed at T ¼ 3/kB via a Nosé–Hoover thermostat.
Table 1 Potential parameters

Label NP–NPa NP–Bb NP–Fc

3NP–X 1.03 1.03 10.03
rev 3.0s 1.5s 1.5s
rc 2.5s 21/6s 2.5s

a Nanoparticles. b Backbone beads. c Functionalized beads.

8900 | RSC Adv., 2017, 7, 8898–8907
The polymer systems under such temperature, roughly twice the
glass transition temperature Tg of the polymers, are expected to
be in melt state.53 Since our aim is to investigate the processing
behavior of PNCs under shear, such a setting is necessary.

The simulations were started from a non-overlapped
conguration of NPs and functionalized chains in a large
simulation box implementing periodic boundary conditions.
The simulation box was gradually compressed to a volume V
during the initialization phase of the simulation until
a reasonable polymer melt-like density of rpoly ¼ nbeadm/Vpoly ¼
0.85m/s3 was obtained, where nbead being the number of beads
inside the system and Vpoly is the volume of the simulation box
occupied by the polymer only but not the NPs. In the current
study, large system sizes composed of nNP ¼ 40–100 NPs and
nchain ¼ 200 polymer chains are utilized. Thus, the volume
fraction of the NPs, dened by fNP ¼ nNPpsNP

3/(6V), is varied
from 0.08 to 0.18.

Then, we ran the simulations in a canonical (NVT) ensemble
over 200 million time steps for equilibrium. Aer equilibrium
was reached, steady shear ow was applied to these systems
through a constant triclinic deformation in LAMMPS with
particle velocities remapped when a shear-gradient boundary is
crossed. This implementation is equivalent to the classic Lees–
Edwards boundary conditions.57 By this method we can impose
a linear velocity prole with constant gradient _g ¼ vvx/vy. The
ow direction is parallel to the x-axis, the velocity gradient is
along the y-axis, and the z-axis refers to the vorticity direction.
During the shearing process, the stress tensor can be calculated
using the virial theorem:

sab ¼ 1

V

"Xn

i¼1

miviavib þ
Xn�1

i¼1

Xn

j¼iþ1

rijaFijb

#
(4)

where a and b take on values x, y, z to generate the 6 compo-
nents of the symmetric tensor, n is the total number of particles
(n ¼ nNP + nbead), mi, via, and vib are the mass and a- and b-
component velocities of particle i, respectively, rija and Fijb are
the a-component separation distance and b-component force
acting between particle i and j, respectively. To obtain reliable
results, ve independent simulations were performed for each
system. Each simulation upon the presence of shear consisted
of 250 million steps to guarantee the steadiness followed by 50
million steps to sample the properties of interest.
3. Results and discussion
3.1. Shear-induced 1D alignment of NP strings

We start to simulate a systemwith functionalization degree dF¼
0.12 and ller volume fraction fNP ¼ 0.15. We found that when
under the quiescent condition, the NPs can spontaneously self-
assemble into interconnected strings (Fig. 1c). We then analyze
the effect of shear on such a system by varying the shear rate _g

from 10�5 to 2 � 10�2s�1. The steady-state structures of the NPs
aer shear are displayed in Fig. 2. It is clear that the initial
interconnected strings can be broken up and restructured by
shear force. When a moderate shear rate (e.g., _g ¼ 5 � 10�4s�1

or 2� 10�3s�1) was applied, the NPs can arrange into 1D strings
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Steady-state configurations of NPs obtained at different shear
rates _g. The gray spheres denote individual NPs, while other spheres
represent the NPs belonging to clusters (different clusters are shown in
different colors). Because of the periodic boundary conditions of the
simulation box, one can see that some clusters are located in both
sides of the boundary regions. The x-, y-, and z-axes refer to velocity,
velocity gradient and vorticity directions, respectively.
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along the ow (x) direction (Fig. 2d and e). Keeping on
increasing the shear rate ( _g ¼ 2 � 10�2s�1), the strings would
nally be broken into short strings or even individual NPs, as
shown in Fig. 2f.

In order to describe the NP organization quantitatively, we
calculated the probability distribution of the nearest neighbor
coordination numbers of the NPs. Here the nearest neighbor
coordination number was dened as follows: for the NPs in
a simulation system, taking one of them as the central NP, the
coordination number is the number of other NPs around the
central NP within a distance of 4.5s (range of strong short-range
attraction between the NPs). The results are presented in Fig. 3.
In the quiescent state, themajority of NPs have two neighbors and
a small part of NPs have one or three neighbors, which indicates
that the NPs were organized into interconnected strings because
the NPs at the string ends, in the strings, and at the positions
connecting different strings have one, two, and three neighbors,
respectively. When the shear rate _g¼ 5� 10�5 to 2� 10�3s�1, the
probability at two neighbors is increasing while the probability at
Fig. 3 Probability distribution of the nearest neighbor (defined to be
closer than 4.5s) coordination numbers of NPs at different shear rates
_g. The inset is the schematic diagram showing the definition for the
number of nearest neighbors.

This journal is © The Royal Society of Chemistry 2017
three neighbors decreases to a value close to zero, indicating that
the interconnected strings were broken up and reconstructed into
individual strings. With the shear rate further increasing (i.e., _g ¼
2 � 10�2s�1), the individual strings would nally be broken into
much shorter strings or even separated NPs, which can be re-
ected from the decrease of the probability at two neighbors as
well as the increase of the probabilities at zero and one neighbor.
These results are consistent with that presented in Fig. 2.

Next, the sizes and number of the NP clusters in each system
were also calculated. Here we dened a NP belonging to
a cluster if its center of mass is within 4.5s from at least one
other NP from that cluster. We found that under the quiescent
condition, a main cluster, containing approximately 85% of NPs
in the system, was formed, meaning that the majority of NP
strings were connected to form network span throughout the
system. When subjected to shear, the network would be broken
into small clusters. As shown in Fig. 4a, the dependence of the
largest and mean sizes as well as the number of clusters on the
shear rate can be roughly divided into three regions, which
relate to different packing structures shown in Fig. 2. Region 1
corresponds to the weak shear rate with _g < 10�4s�1, where the
largest (mean) cluster size decreases dramatically, and conse-
quently, the number of clusters increases rapidly, in accordance
with the phenomenon that the interconnected NP strings were
gradually broken into separated strings as shown in Fig. 2a–c.
While in the intermediate region 10�4s�1 < _g < 3 � 10�3s�1

(Region 2), the sizes and number of clusters only show slight
variations. In this region, the stabilized structures were formed.
Finally, in Region 3 ( _g > 3 � 10�3s�1), the cluster sizes further
decrease and the number of clusters steeply increases, where
the long strings would be further broken up by the shear ow.
Fig. 4 (a) The largest and mean cluster sizes (left axis) and number of
clusters (right axis) in systems at different shear rates _g. (b) The second
Legendre polynomial SNP,x of NP clusters as a function of shear rate _g.
The inset is the schematic diagram illustrating the definition of the
angle between the particle i to j vector and flow direction (x-axis), qi,j,x.

RSC Adv., 2017, 7, 8898–8907 | 8901
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Moreover, we have also quantied the alignment of the NP
clusters via the second Legendre polynomial SNP,x, also known
as the Hermans orientation function, which was dened as
follows:

SNP;x ¼ 1XnNP

i¼1

ncðiÞ

(XnNP

i¼1

XncðiÞ
j¼1

�
1

2

�
3 cos2 qi;j;x � 1

��)
(5)

where nNP is the number of NPs in the system, nc(i) is the
number of the nearest neighbors to particle i and qi,j,x is the
angle between the particle i to j vector and the x-axis. The order
parameter SNP,x takes unity when all pairs of neighboring NPs
are aligning along the ow direction (x-axis) and zero when they
take random orientations. Fig. 4b displays the results of the
second Legendre polynomial SNP,x at different shear rates. We
nd that the order parameter SNP,x can also be divided into
three regions consistent with the results in Fig. 4a. The SNP,x
rst increases in Region 1 but nally decreases in Region 3.
While in Region 2, there is a platform on which SNP,x is close to
0.8, indicating that in the intermediate shear-rate region
(ranging from 10�4s�1 to 3 � 10�3s�1), highly oriented NP
strings were formed.

On the basis of the above analyses, we showed that there is
a threshold shear rate, which turns out to be _gthr z 10�4s�1,
below which no 1D alignment can be achieved. Meanwhile, we
also showed that when the shear rate exceeds a critical value, _gc

z 3 � 10�3s�1, the well-dened structures would nally be
broken into randomly oriented short strings or even individual
NPs. In the intermediate region, i.e., _gthr < _g < _gc, the shear ow
will direct the formation of long strings aligning along the shear
direction. We found that the velocity-gradient and gradient-
vorticity planes oen show sliding layer (Fig. 5a) and hexag-
onal lattice (Fig. 5b) formations, respectively, and each layer
composed of almost the same number of strings (Fig. 5c),
indicating the well-dened ordering of the NPs in the system.
Such a shear-induced emergence of aligned strings at moderate
shear followed by a disordered state at high shear has been
previously observed for sheared colloidal suspensions that
consist of so,29,58,59 hard,60 or charged61 particles. These strong
similarities in the dynamic behavior are quite surprising since
the investigated systems have rather different structural prop-
erties. Hence, there might be some (non-trivial) physical
connection between these systems, which would be an inter-
esting point requires to explore further.
Fig. 5 Structures formed at shear rate _g ¼ 2 � 10�3s�1. (a) Front view
(perpendicular to xy plane) and (b) side view (perpendicular to yz
plane). (c) A slice of the simulation box in xz plane. The x-, y-, and z-
axes refer to velocity, velocity gradient and vorticity directions,
respectively.

8902 | RSC Adv., 2017, 7, 8898–8907
In light of the above interesting structures formed at
moderate shear rates, we are curious to know whether such well-
ordered structure can be observed in other similar systems. To
achieve that, we should choose systems initially (in the quies-
cent state) with spontaneously formed NP strings. In our past
study,18 we have showed that the conguration of NP assemblies
in quiescent system is determined by dF/fNP. When dF/fNP is
ranged from 0.72 to 1.56, the NPs would organize into string-
like assemblies. Therefore, in the current study, three other
systems with dF¼ 0.06 and fNP¼ 0.08, dF¼ 0.09 and fNP¼ 0.12,
and dF ¼ 0.15 and fNP ¼ 0.18, were selected. All the results are
illustrated in Fig. 6, where the result for the previous system
with dF ¼ 0.12 and fNP ¼ 0.15 is also included for comparison.
Since dF/fNP for these systems is ranged from 0.75 to 0.83, the
string-like assemblies of the NPs can indeed be observed (see
Fig. 6a0–d0). Upon the imposing of moderate shear ( _g ¼ 2 �
10�3s�1), the NPs were nally reorganized into 1D strings
aligning along the ow direction (Fig. 6a1–d1), which would
become much more ordered with increasing the NP concen-
tration due to sliding effect between the layers (Fig. 6c1 and d1).

3.2. Structural formation mechanism

To understand the mechanism of forming the ordered NP
structures under steady shear, we turn to analyze the structural,
dynamic, and rheological properties of the equilibrated and
sheared PNCs in the following. The discussions are only focused
on the system with dF ¼ 0.12 and fNP ¼ 0.15, if there are no
specic instructions.

We rst monitored the detailed evolution process of NP
morphologies during shear. Some typical results are shown in
Fig. 7. We found that even at the lowest shear rate tested ( _g ¼
10�5s�1), the initial interconnected NP-string network can be
broken up, as illustrated in Fig. 7a. At moderate shear rate (i.e.,
_g ¼ 2 � 10�3s�1), the initial network was broken into much
smaller strings or individual NPs in a time t < 2 � 104s (Fig. 7a,
b, and c1). Then, the shear ow induced the ordering of these
small strings along the ow direction, and at the same time led
to inter-string connections (Fig. 7a, b, and c2). The breaking and
Fig. 6 NP morphologies (a0–d0) before and (a1–d1) after applying
shear for the systems with (a) dF ¼ 0.06 and fNP ¼ 0.08, (b) dF ¼ 0.09
and fNP ¼ 0.12, (c) dF ¼ 0.12 and fNP ¼ 0.15, and (d) dF ¼ 0.15 and fNP

¼ 0.18, where the shear rate _g ¼ 2 � 10�3s�1. The meaning of spheres
in various colors is same as Fig. 2.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) The largest and (b) mean cluster sizes as a function of time t
at three typical shear rates _g. (c) Typical snapshots of NP strings
sheared at _g ¼ 2 � 10�3s�1 for different time: (c0) t ¼ 0, (c1) 2 � 104,
(c2) 8 � 104, (c3) 1.5 � 105, (c4) 2.5 � 105, and (c5) 3 � 105s. The
meaning of spheres in various colors is same as Fig. 2.

Fig. 8 Diagonal components of the gyration tensor Raa of the func-
tionalized polymer along the flow (x), gradient (y), and vorticity (z)
directions of the shear flow as a function of shear rate _g.
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recombining of NP strings would occur for many times until
a steady-state structure was obtained for which the individual
NP strings highly aligned along the shear direction were formed
(Fig. 7a, b, c4 and c5). At high shear rate (i.e., _g ¼ 2 � 10�2s�1),
the interconnected NP-string network would also be broken into
small strings or individual NPs in the initial short time (t < 2 �
104s). However, these small strings or individual NPs are unable
to coarsen into larger strings again (Fig. 7a and b) due to the
extremely high shear force. For the above processes, the effect of
shear on the NP morphologies can be quantitatively discussed
by using the Péclet number, Pe ¼ dNP

2 _g/4DNP, where DNP is the
NP diffusion coefficient obtained through 6DNPt ¼ Dr2(t), and
Dr2(t) is the mean-squared displacement of NPs. For _g ¼
10�5s�1, we got Pe ¼ 7.81 > 1. The result indicates that the
shear-induced drag force on a NP is higher than the random
force (due to the thermal uctuations) on it. Therefore, the ow
can alter the NP dispersion state even at the lowest shear rate
tested ( _g ¼ 10�5s�1).

It should be noted that the NP strings in the systems were
also bridged through the functionalized polymer. Therefore, the
changes of polymer structures and dynamics should also play
an important role in the alignment of the NP strings. On this
basis, we then began to investigate the structures and dynamics
of the polymer under shear. Fig. 8 shows the diagonal compo-
nents of the gyration tensor Raa as a function of shear rate. We
found that the polymer chains were almost fully isotropic at rest
(not shown). However, as shear was applied, the chains would
elongate along the ow (x) direction, and at the same time,
slightly contract along the gradient (y) and vorticity (z) direction
This journal is © The Royal Society of Chemistry 2017
with Ryy < Rzz throughout. It is clear that the shear in these
systems, even at the lowest rate studied ( _g ¼ 10�5s�1), is
substantial enough that the polymer chains became deformed
from their equilibrium congurations. Such tendencies can be
described by the dimensionlessWeissenberg number, Wi¼ _gs1,
where s1 is the longest relaxation time of polymer. Theoretical
considerations based on the Rousemodel predict that s1 follows
the relation s1 ¼ 2Rg,0

2/p2Dpoly,62 where Rg,0 is the radius of
gyration of polymer at equilibrium and Dpoly is the polymer
diffusion coefficient. For the simulations performed, we found
s1 ¼ 1.74 � 10�5s which yields values for Wi between 1.74–3840
for the entire shear rate range investigated. Clearly, since the
polymer chains deform much more rapidly than relax, the
polymer can be elongated along the ow direction.

The elongation of the polymer chains will lead to the fact
that the network structures of the PNCs become distorted or
broken. To better understand the effect of shear on the polymer-
bridged NP-string network, we quantied the alignment of the
chain bridges between two neighboring adsorbing (functional)
sites via the second Legendre polynomial Sbridges,a:

Sbridges;a ¼ 1

nchainðNF � 1Þ

(Xnchain
i¼1

XNF�1

j¼1

�
1

2

�
3 cos2 qj;jþ1;a � 1

��)

(6)

where nchain is the number of polymer chains, NF is the number
of functionalized beads in a chain, qj,j+1,a is the angle between
the end-to-end vector (j to j + 1 functional site in a chain) and the
Cartesian axes a ˛ {x, y, z}. The results are shown in Fig. 9a. At
the lowest shear rate studied, Sbridges,x, Sbridges,y and Sbridges,z are
almost at zero, indicating that the chain bridges do not have any
preferred orientation. As the shear rate is increasing, Sbridges,x is
increased to about 0.6 and at the same time Sbridges,y and
Sbridges,z are decreased to about �0.3, which means that the
bridges began to align along the ow direction. Furthermore, it
is apparent that the upper bound of 1 for Sbridges,x is not reached
because of the thermal uctuations and entanglements
between the polymer chains and NPs. We should note that in
the current study polymer chains are connected by NPs to form
networks. We anticipated that when the networks deform to
break under shear, the polymer bridges in these networks
RSC Adv., 2017, 7, 8898–8907 | 8903
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Fig. 9 (a) The second Legendre polynomial Sbridges,a of the chain
bridges between two neighboring adsorbing (functional) sites along
the flow (x), gradient (y), and vorticity (z) directions. (b) Mean bond
length of the polymer as a function of shear rate _g. Fig. 10 (a) Pair distribution function of functionalized beads around

the NPs, gNP–F(r), at different shear rates _g. (b) Total attraction energy
between NPs and functionalized beads, ENP–F, as a function of shear
rate _g.
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would slight stretch. Fig. 9b shows the mean bond length as
a function of shear rate. When the shear rate was weak ( _g <
10�4s�1), the bond length maintained at equilibrium value (l0
z 0.9642s) indicating the absence of chain stretching. While at
high shear, especially when _g > 3 � 10�3s�1, chain stretching
indeed can be observed. It should be noted that the bond
stretching was below 0.5% for the highest ow strengths
applied, indicating that our simulations did not include any
unphysical simulation artifacts.63

The stretching of the polymer bridges may lead to the
debonding of the functionalized beads on the NPs, and thus
result in the breaking of the polymer-bridged NP network. To
gain more details about this issue, we then calculated the
density prole of the functionalized beads around the NPs (the
pair distribution function gNP–F(r)) and the total attraction
energy between the NPs and functional sites (ENP–F). The cor-
responding results are presented in Fig. 10a and b, respectively.
We nd that the peaks of the gNP–F(r) are located at r ¼ 2.62s
(Fig. 10a), which indicates the tight adsorption of functional-
ized beads on the NPs. When _g below 10�4s�1, the variations of
both the gNP–F(r) and ENP–F are negligible. At moderate shear
rates (i.e., 10�4s�1 < _g < 3 � 10�3s�1), the peaks of the gNP–F(r)
slightly decrease, and accordingly the absolute value of the
ENP–F also shows a slight decrease, indicating the debonding of
a small amount of functionalized beads from the NPs. There-
fore, we anticipated that the threshold shear rate _gthr for the
formation of 1D NP-strings is also the shear rate at which the
functionalized beads around the NPs begin be dragged by shear
since they relax slower than shear. As the functionalized beads
adsorbed on the NPs were dragged by the shear, the polymer
bridges between the NPs should exhibit slight chain stretching
8904 | RSC Adv., 2017, 7, 8898–8907
(Fig. 9b). While aer _g exceeds 3 � 10�3s�1, the polymer-
bridged NP-string network became broken because the inter-
facial attractions between the NPs and functionalized beads
cannot resist the retraction of polymer bridges between the NPs
as they were signicantly stretched at such high shear strength.
Therefore, in this region, a large number of functionalized
beads were dramatically breaking away from the NPs.

Finally, we investigated the rheological properties of the
sheared PNC systems to better understand the shear-induced
behavior. Fig. 11a shows the rst and second normal stress
differences, N1 ¼ sxx � syy and N2 ¼ syy � szz, respectively, as
a function of shear rate. Apparently, the N1 prole looks similar
in shape to those of Fig. 9b and 10b. The values of N1 are
positive, therefore, the microstructure of the PNCs can be
elongated along the ow direction (sxx > syy). While the N2

values are slightly negative; since syy < szz, the PNC structures
would be compressed in the gradient (y) direction, and thus Ryy

< Rzz (Fig. 8) and Sbridges,y < Sbridges,z (Fig. 9a). Fig. 11b shows the
temporal evolution of shear stress sxy during the startup of
shear. It is apparent that when _g < 10�4s�1, the computed sxy

slowly increases as the shear is turned on until it converges to
its steady state value. Aer _g exceeds 10�4s�1, the temporal
development of sxy shows an initial stress overshoot and then
gradually drops to a well-dened steady state value. This over-
shoot is closely related to the yielding and/or breaking of the
polymer-bridged NP network. In Fig. 11c, we plot the steady-
state shear stress sxy as a function of shear rate _g. We nd
that our data can be well tted by Ostwald–de Wale64 power-law
equation:
This journal is © The Royal Society of Chemistry 2017
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Fig. 11 (a) The first and second normal stress differences,N1 andN2, respectively, as a function of shear rate _g. (b) Shear stress sxy vs. time t during
startup shear for the PNC system at various shear rates _g. (c) Shear stress sxy and (d) viscosity h as a function of shear rate _g. The symbols show the
simulation results, while the lines depict the prediction of eqn (7) for (c) and eqn (8) for (d).
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sxy ¼ K _gn (7)

where K is the ow consistency index, and n is the dimension-
less index characterizing the type of the uid (n < 1 pseudo-
plastic; n ¼ 1 Newtonian; n > 1 dilatant). The shear rate
dependence of the viscosity is then calculated through64

h ¼ sxy

_g
¼ K _gn�1 (8)

The results are presented in Fig. 11d. When _g <3 � 10�3s�1,
we determined the exponent n in eqn (7) and (8) to be 0.22. This
pseudoplastic response is due to the strong shear-thinning
behavior of the system, which is directly related to the gradual
alignment of the individual NP strings and polymer chains.
While when _g beyond 3 � 10�3s�1, n is increased to 0.54,
indicating that the shear-thinning was reduced to some extent
because in this region the NP structures are not so well-dened
as those in the previous regions.

On the basis of the above analyses, the mechanism for
forming the shear-induced ordered structures of the NPs can be
generalized as follows. At low shear rate ( _g < _gthr z 10�4s�1),
when Pe > 1, the shear can alter the NP dispersion state, and
when Wi > 1, the shear can deform the polymer chains. Since
the functionalized beads relax faster than shear at such low
shear rate, the shear affects the NP morphology and polymer
conguration independently. When at moderate shear rate (i.e.,
_gthr < _g < _gc z 3 � 10�3s�1), the shear becomes faster than the
functionalized bead relaxation rate. In this situation, the
linkage of the NPs and functionalized polymer makes the NPs
This journal is © The Royal Society of Chemistry 2017
and polymer chains move integrally during shear. Therefore,
the polymer-bridged NP-string network should resist the
imposed shear integrally by deforming, yielding, and subse-
quently breaking its interblock bonds. The resulting small
assemblies should still be stretched and then oriented along the
ow direction. During such process, parts of the assemblies
should become combined together again. The breaking and
coarsening of the polymer-bridged NP strings should occur for
many times until the nal steady-state structure is obtained
where the NP strings in the assemblies are highly aligned along
the ow direction. However, aer shear rate exceeds a critical
value ( _g > _gc), the polymer bridges between the NPs would be
dragged away from the NPs, and as a consequence, the initial
polymer-bridged NP-string network would be broken up into
very small structures, i.e., very short strings or individual NPs,
and cannot coarsen into larger structures again at such high
shear rate.
3.3. The stability of the aligned strings aer ceasing shear

To explore the stability of the shear-induced aligned NP strings,
the imposed shear ow is ceased and thereby the relaxing
process of the nanocomposites can be investigated. Fig. 12a
presents the morphologies of the sheared structures at different
relaxing time for the system with dF ¼ 0.12 and fNP ¼ 0.15. It is
interesting to nd that the emerging structures remain stable
aer the cessation of shear. Fig. 12b also shows that only a very
small decrease of SNP,x can be identied in the relaxing stage,
even when the relaxing time reaches to 2 � 105s at which the
polymer chains are almost recovering to isotropic
RSC Adv., 2017, 7, 8898–8907 | 8905
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Fig. 12 (a) Typical snapshots of NP morphologies after ceasing the
shear for different time: (a0) t ¼ 0, (a1) 105, and (a2) 2 � 105s. The
meaning of spheres in various colors is same as Fig. 2. Here, we also
plotted five chains, which are denoted by small spheres in red (back-
bone beads) and green (functionalized beads) colors, to illustrate the
relaxation of polymer chains. (b) The second Legendre polynomial
SNP,x of NP strings and (c) diagonal components of the gyration tensor
Raa of the functionalized polymer along the flow (x), gradient (y), and
vorticity (z) directions of the shear flow as a function of relaxing time.
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congurations (Fig. 12c). The reason may be due to the fact that
the motion of the NPs is strongly constrained by the
surrounding matrix while the polymer chains still can relax to
form new equilibrium structure, and as a result, the aligned NP
strings can be maintained. This interesting nding suggests
that stabilized 1D alignment of NP strings in polymer matrix
can be achieved when applying an appropriate steady shear to
specic functionalized polymer/NP systems, and the emerging
structures can remain stable aer the cessation of shear which
ensures the applicability of shear-induced alignment.
4. Conclusions

In this work, we performed CGMD simulations to investigate
the response of functionalized polymer/NP composites under
steady shear. The uniqueness of the present modeling systems
is that the functionalized polymers can induce the isotropically
interacting spherical NPs spontaneously self-assemble into
string-like superstructures, where the backbones of the func-
tionalized chains inherently dislike the NPs but the periodically
spaced functional groups on the chains are designed to show
specic affinity for the NPs. The application of steady shear can
lead to the breaking and rearrangement of these anisotropic NP
assemblies. When shear rate below the threshold rate _gthr, the
NP dispersion state can be altered if Pe > 1, but the NP strings do
not ow align since functionalized beads adsorbed on the NPs
relax faster than shear. In the intermediate shear-rate range
( _gthr < _g < _gc), the shear can induce 1D alignment to the NP
strings, and the emerging structures can remain stable aer
ceasing the shear, which is required for many applications such
as the fabrication of nanomaterial arrays. The formation of such
well-dened structures reects a balance among the NP
8906 | RSC Adv., 2017, 7, 8898–8907
mobility (Pe), polymer relaxation rate (Wi), NP-functional group
interaction (3NP–F), and external shear effect ( _g). While when
shear rate exceeds a critical value _gc, the long NP strings would
be broken into very short strings or even separated NPs because
the functionalized polymers begin to lose their ability to direct
NP assembly since they were seriously dragged away from the
NPs at such high shear rate. It may be expected that the infor-
mation derived in the present study provides a useful founda-
tion for guiding the design and preparation of tailored PNCs.
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