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ABSTRACT: Directing nanoparticles into ordered organization in polymer matrix
to improve macroscopic properties of nanocomposites remains a challenge. Herein,
by means of theoretical simulations, we show the high permittivity of hybrid
nanostructures designed with mixtures of AB block copolymer-grafted nanoparticles
and lamella-forming AC diblock copolymers. The grafted nanoparticles self-assemble
into parallel stripes or highly ordered networks in the lamellae of the AC diblock
copolymers. The ordered nanoparticle networks, including honeycomb-like and
kagome ́ networks, provide bending and conductive pathways for concentrating
electric fields, which results in the improvement of the permittivity. We envisage that
this strategy will open a gateway to prepare hierarchically ordered functional
nanocomposites with distinctive dielectric properties.

KEYWORDS: block copolymer-grafted nanoparticles, hierarchical hybrid nanostructures, ordered nanoparticle networks, self-assembly,
dielectric permittivity

Materials with high permittivity are highly desired for
practical applications such as dielectric capacitors,

energy storage devices, and electromagnetic wave absorbers.1−4

Polymer nanocomposites containing inorganic nanoparticles
(NPs) are one of the promising candidates for these
applications, and their permittivity is strongly dependent on
the organization of the nanoparticles.5−8 For example, Luo et
al. successfully constructed 3D-BaTiO3 nanoparticle networks
in polymer matrix and achieved high permittivity.9 However,
precisely directing nanoparticles into ordered organization in
polymer templates to improve the permittivity still remains a
challenge, due to the limited understanding of the correlation
between the nanostructures and permittivity.
Block copolymers (BCPs) can self-assemble into various

ordered nanostructures, which are ideal templates for directing
nanoparticle organization and enhancing permittivity.10−14

However, due to attractive van der Waals and depletion
forces, the nanoparticles tend to form aggregates in the
polymer matrix. To prevent nanoparticle agglomeration, the
nanoparticles are stabilized by grafting polymeric chains,
typically homopolymers.15−17 For example, Lin et al. fabricated
nanostructured composites based on PS-b-PMMA diblock
copolymers and PS-functionalized BaTiO3 NPs.

17 Periodic PS
nanocylinders containing PS functionalized BaTiO3 NPs were
obtained, and the resulting composites exhibited a high
dielectric constant. But the homopolymer-grafted nanoparticles
were not well organized in the block copolymer nanodomains

and the improvement in the permittivity was limited. Recently,
block copolymer-grafted nanoparticles (BNPs) have emerged
as novel assembly building blocks.18−22 For example, Leffler et
al. investigated the self-assembly of BNP thin films prepared
from poly(styrene-b-isoprene) (PS-PI) block copolymers and
Cu2ZnSnS4 nanoparticles.

23 They found that the BNPs, unlike
the homopolymer-grafted nanoparticles, can self-assemble into
highly ordered stripes under the confinement of thin films.
Inspired by these findings, we expect that the BNPs confined in
the block copolymer nanodomains could organize in a highly
ordered manner and give rise to high permittivity. However,
the self-assembly of BNPs in block copolymer melts has rarely
been reported, and the correlation between the nanostructures
and the functional properties for the mixture systems is
unclear.
Theoretical simulations have been shown to be a powerful

tool to study the self-assembly behaviors and dielectric
properties of polymer/nanoparticle mixtures.8,24−27 A series
of simulation methods, such as self-consistent field theory/
density functional theory,11,28 molecular dynamics,15,29 and
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dissipative particle dynamics,10 were developed to study the
nanostructures of polymer/nanoparticle mixtures. To evaluate
the effective dielectric properties of nanostructures, a method
of finite difference quasielectrostatic modeling has been
developed.27,30,31 This quasistatic method is useful for
simulating systems in which the characteristic structures are
much smaller than the electromagnetic wavelength.
Herein, we propose a multiscale approach coupling coarse-

grained molecular dynamics (CGMD) and finite difference
quasielectrostatic modeling to investigate the correlation
between the nanostructures and dielectric permittivity of
BNP/BCP mixtures. Several hierarchically ordered nanostruc-
tures with ordered nanoparticle stripes or networks in the
block copolymer matrix are predicted through CGMD
simulations. The calculations for the permittivity properties
demonstrate that a significant improvement in the permittivity
can be obtained when hierarchical nanostructures with ordered
nanoparticle networks are formed. The permittivity improve-
ment is a result of concentrated electric fields near the
nanoparticle networks. We expect this work to provide useful
information for the design and fabrication of advanced
functional polymer nanocomposites with high permittivity.
Self-Assembled Nanostructures of AB-g-NP/AC. We

consider a mixture system containing AB diblock copolymer-
grafted nanoparticles (AB-g-NPs) and AC diblock copolymers.
To predict the self-assembly behavior of the AB-g-NP/AC
mixtures, a coarse-grained model is constructed in the CGMD
simulations, as illustrated in Figure 1a. The AC diblock
copolymers are modeled as linear chains of 60 coarse-grained
Lennard-Jones (LJ) beads with diameter σ, where σ denotes

the LJ unit length. Each coarse-grained bead represents a
cluster of monomers. The volume fraction of block A of the
AC diblock copolymers is fixed at 0.5. The nanoparticles are
represented by LJ spheres of diameter D = 3σ. Twenty AB
diblock copolymers are uniformly tethered onto the surfaces of
each nanoparticle via using the maximal volume arrangement
of points on the sphere.32 To ensure the immobilization of the
tethered points, we set the nanoparticle and the beads of
grafting points as rigid bodies. Each AB diblock copolymer
contains 6 LJ beads, i.e., the numbers of beads of block A and
B are 6 − n and n, respectively (n varies from 0 to 4). We set
the masses of the polymer beads and nanoparticles as m and
(D/σ)3m (m denotes the LJ unit mass). Full details of the
CGMD method are provided in section 1 of the Supporting
Information.
We begin by considering the effect of the graft composition

f B on the self-assembled nanostructures of the A6−nBn-g-NP/
AC mixtures at a nanoparticle concentration of φP = 0.04. f B is
varied from 0 to 0.66 corresponding to an increase in the bead
number of block B (n) from 0 to 4. As shown in Figure 1b−f,
the AC diblock copolymers self-assemble into lamellar
nanostructures. From Figure 1b, it can be observed that the
homopolymer-grafted nanoparticles (A6-g-NP) are organized
in a disordered manner in the domains formed by the A blocks.
When the grafted homopolymers are replaced by block
copolymers, the nanoparticles assemble into ordered nano-
structures. Figure 1c−f shows the self-assembled nanostruc-
tures of the A6−nBn-g-NP/AC mixtures with n > 0. When the
nanoparticles are grafted with A5B1 diblock copolymers, they
form parallel stripes in the A domains (Figure 1c). With longer

Figure 1. (a) Model of the A6−nBn diblock copolymer-grafted nanoparticle and the AC diblock copolymer. The nanostructures self-assembled from
mixtures of (b) A6-g-NP/AC, (c) A5B1-g-NP/AC, (d) A4B2-g-NP/AC, (e) A3B3-g-NP/AC, and (f) A2B4-g-NP/AC, at a nanoparticle concentration
of φP = 0.04. The yellow, red, and blue colors in the structural snapshots represent the NPs, A blocks, and C blocks, respectively. The B blocks are
not shown. (g) Arrangement order parameter of nanoparticles in the nanostructures formed by A6−nBn-g-NP/AC with various n. The inset shows
the angle formed by three neighboring nanoparticles. (h) Average distance between the nanoparticles and the center of the A domains (DPC) in the
nanostructures with various n. The inset shows the definition of the DPC.
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B blocks, the A4B2-g-NPs and A3B3-g-NPs form ordered
networks (Figure 1d and Figure 1e). The judgment for the
formation of the nanoparticle networks can be found in section
4 of the Supporting Information. The nanoparticle networks
formed by the A4B2-g-NPs are honeycomb-like networks, while
the A3B3-g-NPs self-assemble into kagome ́ networks. The
kagome ́ network is a trihexagonal tiling pattern and has shown
high functional properties.33−35 From Figure 1f, it is observed
that the A4B2 diblock copolymer-grafted nanoparticles are
arranged into a six-coordinated lattice with defects. It should
be noted that the highly ordered nanoparticle networks
obtained in the A6−nBn-g-NP/AC mixtures are rarely observed
in homopolymer/nanoparticle systems. Our simulation results,
given in section 5 of the Supporting Information, indicate that
the A6−nBn-g-NPs in the homopolymers tend to form low-order
networks.
Figure 1b−f shows that the arrangement order of the BNPs

is higher than that of the homopolymer-grafted nanoparticles.
We use an arrangement order parameter based on the
distribution of angles (θ) formed by three neighboring
nanoparticles to quantify the arrangement order.36 The
definition of θ is provided in the inset of Figure 1g. The
arrangement order parameter is defined as the ratio of the
number of angles distributed within a small angle (±5°)
around the characteristic angles relative to the total number of
angles. The values of the arrangement order parameter are
shown in Figure 1g. The homopolymer-grafted nanoparticles
are arranged in a disordered manner and exhibit a low
arrangement order parameter smaller than 0.4. When the
grafted homopolymers are replaced with block copolymers, the
nanoparticles are arranged into ordered nanostructures. As
seen in Figure 1g, the arrangement order parameter first
increases and then decreases with increasing number of B
beads. The formation of ordered nanoparticle aggregations can
be attributed to the confinement of the nanoparticles in the A
domains, which can be characterized in terms of the distance
between the nanoparticles and the center of the A domains
(DPC). As shown in Figure 1h, DPC decreases with increasing
graft composition. This indicates that the block copolymer-
grafted nanoparticles prefer to concentrate at the center of the
A domains.
The difference in the nanoparticle assembly between the A

homopolymer-grafted nanoparticles and the AB block
copolymer-grafted nanoparticles in the matrix formed by the
AC block copolymer can be rationalized by considering the
entropic contributions. To gain detailed insight into the
entropic contribution, we considered the excess entropy
defined as the difference between the thermodynamic entropy
and the entropy of the ideal gas under the same temperature
and density conditions.37 Details of the calculations of the
excess entropy are provided in section 2 of the Supporting
Information. Figure 2 shows the excess entropy per bead of the
A blocks (SAA) in the AC block copolymers that form the
matrix. As seen, SAA increases significantly when the grafted
homopolymers are replaced by the block copolymers, which
indicates that the entropy of A blocks plays an important role
in the formation of ordered organization of the block
copolymer-grafted nanoparticles. The increase in the SAA of
the AB-g-NP/AC diblock copolymer mixtures can be
attributed to the formation of nanoparticle clusters. While
homopolymer-grafted nanoparticles are dispersed uniformly in
the A domains, the diblock copolymer-grafted nanoparticles
prefer to aggregate and form clusters. As nanoparticle clusters

are formed, the A blocks tend to be stretched, which would
increase the free energy. To alleviate this effect, the stretching
of A blocks is weakened by the segregation of the grafted
nanoparticles into the very center of A domains (see Figure
1h), which leads to an increase in the entropy SAA and
decreases the free energy.
We then consider the effect of the nanoparticle concen-

tration φP on the nanoparticle arrangement in the A6−nBn-g-
NP/AC mixtures at different graft compositions f B. We
consider nanoparticle concentrations not higher than 0.05 so
that the mixtures self-assemble into lamellar nanostructures.
The nanoparticle concentration significantly influences the
organization of the nanoparticles. As seen in Figure 3a, the
arrangement order parameter first increases and then decreases
with increasing φP for all A6−nBn-g-NP/AC mixtures at
different values of f B. The location of the grafted nanoparticles
is also dependent on the nanoparticle concentration, as shown
in Figure 3b. For homopolymer-grafted nanoparticles (A6-g-
NPs), the distance between the nanoparticles and the center of
the A domains (DPC) increases significantly with increasing φP.
For block copolymer-grafted nanoparticles, DPC changes
slightly first and then increases substantially with increasing
φP. The relation between the nanostructures of the A6−nBn-g-
NP/AC and the φP/f B is summarized in Figure S4. It is shown
that the block copolymer-grafted nanoparticles first form
disordered aggregates and then arrange into ordered
nanostructures when φP increases from 0.02 to 0.04. Upon
further increasing the φP to 0.045 and 0.05, the block
copolymer-grafted nanoparticles assemble into less ordered
nanostructures.

Dielectric Properties of the Self-Assembled Nano-
structures. The dielectric properties of polymer composites
are important for their applications in optical devices,
electronic devices, and energy storage. In this subsection, by
combining CGMD and finite difference quasielectrostatic
modeling, we investigate the correlation between the macro-
scopic effective permittivity and the self-assembled nanostruc-
tures. The nanostructures obtained from the CGMD
simulations serve as the input for finite difference quasielec-
trostatic modeling. Finite difference quasielectrostatic model-
ing is employed to examine the permittivity of the mixture
systems. The permittivity of the nanoparticles and polymers
are taken from ref 9. The real and imaginary parts of the
permittivities for the nanoparticles are respectively set to be
1235 and 150, i.e., εn = 1235 − j150. For the polymers, the real
and imaginary parts of the permittivities are respectively set to
be 3.6 and 0.8, i.e., εp= 3.6 − j0.8. We consider the permittivity
(εz) along the direction parallel to the lamellae formed by the

Figure 2. Excess entropy per bead SAA calculated from the pair
correlation function between the A beads of AC block copolymers in
the nanostructures formed by A6−nBn-g-NP/AC.
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block copolymers. Therefore, an external electric field parallel
to the lamellae is applied to evaluate εz. More details about the
simulation method can be found in section 3 of the Supporting
Information.
Figure 4 shows the permittivities for the nanostructures of

the A6−nBn-g-NP/AC mixtures with φP varying from 0.02 to
0.05. The real part of the effective permittivity of the
nanostructures formed by the A6-g-NP/AC systems increases
slightly with increasing φP. However, for the A5B1-g-NP/AC
mixtures, a significant increase in the effective permittivity is
observed when φP increases from 0.02 to 0.035 and a decrease
is followed with a further increase in φP. The highest
permittivity at φP = 0.035 can be attributed to the highly
ordered nanoparticle stripes formed by the A5B1-g-NPs. The
lower permittivity at higher φP is a result of the dramatic
decrease in the arrangement order of the A5B1-g-NPs (see
Figure 3a). For the A4B2-g-NP/AC and A3B3-g-NP/AC
systems, which form hierarchical nanostructures with ordered
nanoparticle networks, the effective permittivities also increase

significantly with increasing φP. Additionally, the permittivities
of the two systems are much higher than those of the A6-g-NP/
AC, A5B1-g-NP/AC, and A2B4-g-NP/AC systems. The
evolution of the imaginary part of the permittivity for the
mixtures as a function of nanoparticle concentration is similar
to the real part, as shown in Figure 4b.
To understand the physical mechanisms of the significant

improvement in the permittivities of the hierarchical
nanostructures with ordered nanoparticle networks, we
analyzed the distribution of electric field in the nanostructures
self-assembled from A6-g-NP/AC and A3B3-g-NP/AC mixtures
at φP = 0.04. Since the distinction in the permittivity of these
structures is a result of the differences in the nanoparticle
arrangement, we focus on the electric field around the
nanoparticles. As shown in Figure 4c, the electric field lines
are almost straight in the A6-g-NP/AC mixtures, which
indicates that the random arrangement of nanoparticles has
less influence on the electric field. In contrast, the electric field
lines in the nanostructures formed by the A3B3-g-NP/AC

Figure 3. Plots of the arrangement order parameter (a) and average DPC (b) as a function of nanoparticle concentration φP in nanostructures
formed by the A6−nBn-g-NP/AC at various n.

Figure 4. Plots of the real part (a) and imaginary part (b) of permittivity for the A6−nBn-g-NP/AC systems as a function of the nanoparticle
concentration. The electric field lines around the nanoparticles in the A6-g-NP/AC (c) and A3B3-g-NP/AC (d) systems at φP = 0.04.
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mixtures are dramatically bent and concentrated around the
nanoparticle networks (see Figure 4d). This indicates that the
ordered and connected nanoparticle networks provide
conductive and bending pathways for electric fields. A
concentrated electric field means a high electric field near
the nanoparticles, which leads to a high effective permittivity of
the hierarchical nanostructures with ordered nanoparticle
networks. The distribution of the electric field lines in the
A4B2-g-NP/AC systems with ordered nanoparticle networks is
similar to that of the A3B3-g-NP/AC systems, while the
arrangement of the A5B1-g-NPs and A2B4-g-NPs in the matrix
formed by the AC block copolymers has less effect on the
electric field (see Figure S5).
So far, there is no direct experimental study demonstrating

the enhanced permittivity of BNP/BCP mixtures with ordered
nanoparticle networks. However, our prediction can be
supported by some experimental evidence from works on
mixtures of homopolymers and nanoparticles. Recently, Luo et
al. constructed a three-dimensional BaTiO3 (BT) nanoparticle
network in polymer nanocomposites which exhibited much
higher permittivity than the ones with uniformly dispersed
BaTiO3 nanoparticles.

9 The networks formed by the BaTiO3
nanoparticles are percolation networks, and the percolation
threshold fc is about 25%. The permittivity grows relatively
slowly with the f BT lower than 25%, while the 3D-BT network
is not fully formed throughout the entire system, as shown in
Figure 5. As the nanoparticle concentration further increases

and approaches 25%, the 3D network of BT becomes more
complete and extends throughout the epoxy matrix, which
results in a sharp increase in the permittivity. To simulate the
enhancement effect of the formation of the nanoparticle
networks on the permittivity, we construct a model of
polymer/nanoparticle mixture system that can form percola-
tion nanoparticle networks driven by the depletion effect. The
details for the model system can be found in section 8 of
Supporting Information. The percolation threshold for the
model system of polymer/nanoparticle mixtures is about 0.1
(see Figure S6). For the permittivity of the polymer/
nanoparticle mixtures, we also observe that the dielectric
properties change sharply after the network formation at φP >
0.1, as shown in Figure 5. The evolution of the permittivity

with increasing φP is in qualitative agreement with the
experimental observation in Luo’s work.
Beyond reproducing some experimental results, we propose

a new strategy of using BNPs to construct ordered nanoparticle
organization in the block copolymer matrix. By tuning the graft
composition and nanoparticle concentration of the A6−nBn-g-
NP/AC mixtures, a series of hierarchical hybrid nanostructures
with ordered nanoparticle strips and networks are observed. It
is revealed that the nanoparticle ordering in these mixtures is
an entropy-driven process. The formation of highly ordered
nanoparticle networks in hierarchical nanostructures gives rise
to high permittivity (see Figure 5). For the mixture of A3B3-g-
NP/A30C30, the self-assembled nanostructure remains as the
lamellae with ordered nanoparticle networks, and the
permittivity grows to 30 as the filler loading increases to 7%,
as shown in Figure 5. When the filler loading increases to 7.5%,
the perforated lamellae with less ordered nanoparticle network
is formed and the permittivity decreases. This means, for the
A3B3-g-NP/A30C30 systems, the maximum filler loading to keep
the ordered nanostructures is about 7% with a permittivity of
∼30. The maximum filler loading to keep the ordered
nanostructures can be increased via the molecular design of
the AC block copolymers or AB-g-NPs. For example, we
change the block copolymer of A30C30 to A20C40 and change
the A3B3-g-NP to A5B1-g-NP′ with nanoparticle diameter of
4.5σ. The mixtures of such A5B1-g-NP′/A20C40 form the
lamellae with nanoparticle networks at higher nanoparticle
loading above 20%, and the permittivity increases to ∼170. It
should be noted that the previously reported permittivities of
nanoparticle filled composites are much lower than the values
predicted by the parallel model (an ideal model, a linear
summation of the permittivities of nanoparticles and matrix).9

Our simulation results indicate that, through the molecular
design of the AB-g-NPs and AC block copolymers, the effective
permittivity of the self-assembled nanostructures gets closer to
the values predicted by the parallel model.
In summary, we developed a multiscale approach coupling

CGMD simulation with finite difference quasielectrostatic
modeling to investigate the self-assembled nanostructures and
dielectric properties of AB-g-NP and AC block copolymer
mixtures. In the mixtures, the block copolymer-grafted
nanoparticles self-assemble into ordered stripes or networks.
The ordered and connected nanoparticle networks, including
the honeycomb-like and kagome ́ networks, significantly
improve the permittivity of the self-assembled nanostructures.
The multiscale approach is useful for understanding the
relation between the nanostructures and permittivity of the
polymer/NP systems. The results may provide guidance for
preparing advanced functional nanocomposites with high
permittivity.
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Figure 5. Plots of the real part of permittivity as a function of the
nanoparticle concentration in the nanostructures formed by the
mixtures in our simulations and Luo’s experiments measured at 1 kHz.
The black dash line denotes the effective permittivity of polymer
composites predicted by the parallel model. The inserts show the
representative nanostructures for the corresponding systems. The blue
lines in the inset of the SEM image are visual guides to observe the
nanoparticle network. The experimental results are reproduced with
permission from ref 9. Copyright 2017, The Royal Society of
Chemistry.
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