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ABSTRACT: Precise organization of nanoparticles (NPs) into regularly well-defined arrays
represents a continuing challenge in the development of high-performance metamaterials. Herein,
zone-annealed diblock copolymers provide an effective medium for construction of periodically
well-ordered arrays of NPs within mechanically enhanced nanocomposites. By integrating the
dynamic self-consistent field theory for diblock copolymers and molecular dynamics for NPs, it is
revealed that the emergence of response layers of asymmetric diblock copolymers induces the
epitaxial assembly of NPs during the processing of hot zone annealing. In particular, the ability to
kinetically control the assembly pathway of NPs enables them to be organized into hexagonally
packed, defect-free arrays, with essentially the individual NP in a unit cell. Our simulations also
show that the moving speed of annealing fronts and the concentration and radius of NPs all play important roles in engineering both
the spatial arrangement and organization of NPs in a diblock copolymer matrix. Furthermore, the information from the simulations
of diblock copolymer/NP mixtures is used to deduce mechanical responses of polymeric nanocomposites by the lattice spring model.
The results reveal that the spatial arrangement and organization of NPs in the diblock copolymer matrix provide additional
reinforcing elements to enhance the strength of structural materials. Merging the self-assembly of nanocomposites with the zone
annealing processing can provide a means of kinetically controlling the assembly pathway for the achievement of regularly well-
ordered arrays of polymer-embedded NPs with structural and optoelectronic functionalities.

1. INTRODUCTION
Precise organization of functional nanoparticles (NPs) into
addressable, regular arrays is a critical prerequisite for
development of next-generation devices and utilization of
optoelectronic metamaterials.1−4 Conventional strategies of
utilizing electron-beam lithography or photolithography have
been proposed to build upon the regular arrays of particles or
colloids with larger feature sizes.5 As geometrical features of
NPs are pushed toward deep sub-100 nm scales, lithographic
strategies are costly and time-consuming for fabrication of
highly regular arrays of NPs due to the resolution limits of
conventional lithography equipment. Nevertheless, regularly
well-ordered arrays of NPs offer significant opportunities for
improving the collective electronic, optical, and magnetic
properties of nanodevices.6−8 For instance, periodic arrays of
plasmonic NPs could extremely enhance Fano-like resonances
of optically active nanocomposites.9,10 Hence, it is particularly
urgent to propose facile and effective strategies for tailoring the
spatial arrangement of NPs and achieving their well-ordered
arrays without arrested defects.
Utilization of templates or scaffolds (e.g., DNA, function-

alized polymers, and diblock copolymers) to direct the
ordering and local environment of NPs is ideal for scalable
fabrication of regular arrays of NPs.11−13 Among these, diblock
copolymers can spontaneously assemble into a diversity of
periodically well-defined nanostructures such as hexagonally
close-packed cylinders and lamellae,14−16 which are used as
scaffolds to host NPs within thermodynamically compatible

nanodomains. Such coassembly of diblock copolymer/NP
mixtures offers a viable route to prepare hybrid materials
integrating unique functionalities of fillers and matrices.17−23

However, because of the impractically slow self-assembly
kinetics and long-lived defects in the ordering process, the
diblock copolymers self-assemble into poorly ordered nano-
structures, whose grain sizes have several disparate perio-
dicities. These phenomena result in a grand challenge for
efficient manufacturing of regularly defect-free arrays of NPs
via the coassembly strategy of diblock copolymer/NP mixtures.
To address the above challenge, both experimental and

theoretical researchers have devised a variety of methods (e.g.,
chemical epitaxy,24 topographical epitaxy,25 and utilization of
external fields like the shear flow and temperature
gradient26−28) to drive the self-assembly of pure diblock
copolymers into defect-free nanostructures. In particular, on
the basis of the nonuniform temperature field, the zone-
annealing method originally proposed in the metallurgy and
semiconductor industry imposes a directional bias on the
growth of self-assembled nanostructures within a movable
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narrow region,29,30 resulting in rapid and continuous
fabrication of highly ordered patterns of diblock copolymers.
Depending upon the temperature in the narrow region of
experimental samples, the method can be categorized as cold
zone annealing (CZA) and hot zone annealing (HZA). In the
case of CZA,30,31 where the upper-bound temperature is
typically around the order−disorder transition temperature
(TODT), long-lived defects of diblock copolymers are
annihilated in a short annealing time, and they gradually
evolve into highly ordered nanostructures. However, the
distinct ordering mechanism of diblock copolymers subject
to HZA emerges in virtue of the temperature above the
TODT.

32,33 The ordering and alignment of disordered diblock
copolymers located in the narrow region are triggered by the
directed assembly of formed nanostructures, which were also
demonstrated by the theoretical simulations.34−37 The order-
ing process of diblock copolymers subject to HZA is
conceptually analogous to the directional solidification and
epitaxy of crystalline materials.38−40 Thus, the highly ordered
nanostructures of zone-annealed diblock copolymers can
provide an effective medium for spatially organizing the
inorganic NPs within the organic matrix.
In our recent work, an integrated dynamic self-consistent

field theory (DSCFT) and molecular dynamics (MD) method
was developed to probe into the structural evolution of
symmetric diblock copolymer/NP mixtures.41 We introduced a
narrow region with the Flory−Huggins interaction parameter
(inversely proportional to the temperature in experiments)
around the order−disorder transition value, corresponding to
the case of CZA. As noted above, owing to the ordering
mechanism of defect annihilation, the CZA method facilitates
the nanocomposites to rearrange from defective patterns to
well-defined lamellae in a limited time and drives the NPs to
locate in energetically favorable nanodomains. It should be
particularly pointed out that the regularly well-ordered arrays
of NPs cannot be achieved in the polymer matrix subject to
CZA. In turn, HZA with epitaxial characteristics provides
unique opportunities to kinetically tune the self-assembly
pathway of diblock copolymers and potentially to program the
spatial arrangement and organization of NPs. Nevertheless,
little is known about the ordering mechanics and influence of
HZA on the structural formation of nanocomposites and the
organization of NPs in a diblock copolymer matrix.
Another motivation for construction of regularly well-

ordered arrays of NPs arises from a significant demand to
boost the light-weight mechanical reinforcement of flexible
nanocomposites.42−48 For this reason, we also elucidate how
the spatial arrangement and organization of NPs within the
matrix impact the mechanical responses of polymeric nano-
composites. Ultimately, the polymeric nanocomposites used
for optoelectronic applications not only should show extremely
enhanced optical activity but also must be mechanically robust.
Thereby, it is a critical issue to be addressed before further
application of inorganic NPs for novel nanocomposites with
well-ordered nanostructures and desirable attributes.
In this contribution, a multiscale modeling is proposed to

pinpoint the conditions of HZA for realization of regularly
well-ordered nanostructures as well as correlate the self-
assembled nanostructures of nanocomposites with their
mechanical properties. Herein, we first utilize the integrated
DSCFT/MD simulations in larger boxes to examine the
structural evolution of nanocomposites in the presence of
HZA. As we show below, HZA provides a means of kinetically

controlling the self-assembly pathway of diblock copolymers
and thereby induces precise organization of NPs into regular
arrays, which cannot be achieved by CZA. Subsequently, the
output patterns of DSCFT/MD simulations serve as the input
configurations of the lattice spring model (LSM),49−51 which
allows us to determine the stress/strain distributions and
global Young’s modulus of polymeric nanocomposites. The
study described herein will enhance our understanding of how
regulation of self-assembly pathways of hybrid systems can be
harnessed to control hierarchical nanostructures of nano-
composites and spatial regularities of distinct components,
which contribute different functionalities to yield mechanically
integrated, multifunctional metamaterials.

2. THEORETICAL MODEL AND COMPUTATIONAL
METHOD

In this section, a multiscale modeling is proposed to probe into
the relationship between self-assembled nanostructures and
mechanical properties of nanocomposites. In particular, the
integrated DSCFT/MD method is used to describe the
structural evolution of nanocomposites and uncover the
ordering mechanisms. The self-assembled nanostructures
obtained from the DSCFT/MD simulations serve as input
configurations of the LSM, which is applied to determine the
mechanical properties of resultant materials. Consequently, the
combination of these methods allows us to relate the
nanoscopic structures and macroscopic properties of nano-
composites.

2.1. Integrated DSCFT/MD Method of Nanocompo-
sites. The DSCFT for polymeric fluids and the MD for
nanoscopic particles are integrated to investigate self-assembly
behaviors of zone-annealed nanocomposites in volume V,
which consist of n chains of AB diblock copolymers and nP
NPs (designated as P below). The diblock copolymers with
volume fraction fA of A blocks are modeled by Gaussian chains.
The basic length unit is denoted by ideal gyration radius Rg of
polymer chains with length N. The i-th NP with radius RP at
position ri is denoted by a hyperbolic tangent function given by
h(r, ri) = (1 − tanh[(|r − ri| − RP)/λ])/2,

52 where λ is the
thickness of the interface between NPs and polymeric fluids.
Such a smooth profile for the NPs has better convergence
results and also implicitly takes into account ligands attached
on their surfaces.53 The local density field of NPs is given by
φ = ∑ = hr r r( ) ( , )i

n
iP 1

P . The concentration of NPs in the
nanocomposites is defined as cP = VP/V, where VP = ∫ drφP
describes the total volume of NPs.
On the basis of field-theoretic frameworks of polymers, the

dimensionless free energy functional F of nanocomposites is
taken to be54
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where includes contributions from polymeric fluids, coupling
between polymers and particles as well as inter-particles. χKLN
(K, L = A, B, and P) signifies sets of Flory−Huggins
interaction parameters between distinct components. φK is the
local density field of the K-type component. External potential
fields ωM (M = A and B) are bijectively related to given density
fields by the functional φM[ωM]. QAB is the normalized
partition function of a single chain. The Helfand-type
coefficient κH enforces finite compressibility to the system.
The purely repulsive Lennard-Jones potential u(|r − r′|) is
used to prevent the overlay of NPs.
In the DSCFT method, temporal evolution of local density

fields φK (K = A and B) of diblock copolymers is assumed to
obey the Cahn−Hilliard-like equation in space r and time t55,56

φ
φ μ

η

∂
∂

= ∇· [ − ⊗ ·∇ ]
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t
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where MK denotes the mobility coefficient of the K-type
component, I is the unit tensor, nS ≡ −∇φP/|∇φP| is the local
unit vector perpendicular to the surface of the particles, μK(r)
≡ δF/δφK(r) is the chemical potential derived from the free
energy functional eq 1, and ηK is the thermal noise. The
operator I − nS ⊗ nS is introduced to make the NPs “hard”
with respect to the polymeric fluids, that is, the copolymer
molecules cannot penetrate into the regions occupied by the
NPs.
In the MD method, motion of the i-th NP with mass mi is

governed by the following Newton’s equations57

=
t
r

v
d
d

i
i (3)

∫=m
t

f
v

r r
d
d

d ( )i
i

i (4)

Herein, vi is the velocity of the i-th NP and f i(r) designates the
body force, expressed as

μ θ= −∇ − − ∇f h Mr r r r v( ) ( , )( ( ) / )i i i i iP (5)

where μi(r) ≡ δF/δh(r, ri) is the chemical potential of the i-th
NP derived from eq 1, θi labels the random variable, and MP is
the mobility coefficient of NPs.
The zone-annealing model of diblock copolymer/NP

mixtures is presented in Figure 1a. In the system of
nanocomposites, the Flory−Huggins interaction parameters
χKLN are varied spatiotemporally and used to divide the system
into three regions. In region I, the interaction parameters have
the maximum values (χKLN)max, which are higher than the
order−disorder transition value (χABN)ODT of diblock
copolymers without fillers. In region III, the interaction
parameters have the minimum values (χKLN)min, and (χKLN)min
< (χABN)ODT. In region II, χKL(r, t)N are uniform in the y
direction, and the connection between (χKLN)max and
(χKLN)min in the x direction satisfies the hyperbolic tangent
function. In Figure 1a, the annealing front marked by the
dashed line satisfies the condition χKL(r, t)N = (χABN)ODT and
is moved along the x direction at a constant speed v.
Experimentally, this situation can be achieved by utilizing the
spatiotemporal change of the temperature field, which is
inversely proportional to the Flory−Huggins interaction
parameters. The model under the parameter setting of
(χKLN)min ≪ (χABN)ODT corresponds to the case of HZA.

Nanocomposites are put inside glass cells in experiments,
which are modeled by hard walls, highlighted by brown color
in Figure 1a for convenience. The interaction parameters
between polymeric fluids and walls are set as zero (i.e., the hard
walls are assumed to be neutral).
In the parameter settings, the maximum Flory−Huggins

interaction parameter of cylinder-forming diblock copolymers
(e.g., fA = 0.7) is fixed at (χABN)max = 20.0. The time step for eq
2 of local density fields is set as Δt = 0.1τC, where the basic
time unit is given by τC = Δx2/MK (Δx is the discrete space in
x direction). In the case of NPs, the thickness of the interface
has a value of λ = 0.15Rg. The interaction parameters between
NPs and polymeric components are set as (χAPN)max = 20.0
and χBPN = 0, corresponding to those in the case of B-like NPs.
The mobility coefficient of NPs has a value of MP = 0.1MK.
The time step of eqs 3 and 4 is ΔtP = 0.01τP as τP = Δx2/MP.
Under these parameter settings, the diblock copolymer/NP
mixtures form a cylindrical phase with a periodicity L0, which is
in close relation with the concentration cP and radius RP of NPs
(Figure S1 of the Supporting Information). To reduce
computational costs for the inverse solution of φM[ωM], the
DSCFT/MD method is numerically executed in two-dimen-
sional boxes with large sizes under a no-flux boundary
condition in the x direction and a periodic boundary condition
in the y direction. For a given concentration cP and radius RP of
NPs, the dimensions of simulation boxes are set as Lx × Ly ≈ 6

3L0 × 10.0L0, which are discretized by 320 × 320 grids. For
the given parameter settings of zone-annealed nanocomposites,
each DSCFT/MD simulation is repeated six times with
different seeds of the random number generator. Details on
how the integrated DSCFT/MD method is implemented for

Figure 1. (a) Schematic illustration of epitaxial self-assembly of
polymeric nanocomposites. Inset shows the profile of the Flory−
Huggins interaction parameter χN along the x direction, which is used
to distinguish the system into regions I, II, and III. The annealing
front highlighted by the yellow dashed line is moved with a constant
speed v. The neutral walls are indicated by the brown color. (b) Self-
assembled nanostructures of diblock copolymers in the presence of
stationary fronts at a late time. (c) Three-dimensional height map of
the density field of A-block enclosed by the dashed box in the panel
(b). (d) Self-assembled nanostructures of polymeric nanocomposites
subject to stationary fronts at a late time. The arrow highlights the
monolayer of NPs. The A- and B-rich domains are represented by
dark and bright colors, respectively. The blue dots refer to the NPs.
The radius and concentration of NPs are fixed at RP = 0.8Rg and cP =
0.02, respectively.
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the nanocomposites with a spatiotemporal change of Flory−
Huggins interaction parameters can be referred to in our
previous works.35,41,58

2.2. LSM of Micromechanics. A Born LSM is utilized to
capture micromechanical behaviors of highly heterogeneous
materials, which are obtained from the output configurations of
integrated DSCFT/MD simulations. The LSM has been
applied to calculate micromechanical deformation of polymeric
materials and has been shown to accurately recover their
continuum elastic behaviors through appropriately choosing
parameters of the computational model.49−51 The LSM is
composed of a network of harmonic springs connecting the
nearest and next-nearest nodes. The elastic energy associated
with the o-th node is expressed as

∑= − · · −E u u D u u
1
2

( ) ( )o
q

o q oq o q
T

(6)

where uo is the displacement of the o-th node from its original
position, and the summation is over all neighboring nodes.
Herein, the symmetric matrix Doq introduces elastic properties
of the spring between the o-th and q-th nodes through the
central force constant k and non-central force constant c. For
an isotropic medium (e.g., pure diblock copolymers or NPs),
Young’s modulus E and Poisson’s ratio ν are related to the
force constants via the following expressions in two
dimensions, E = 4k(k + c)/(3k + c) and ν = (k − c)/(3k +
c). For the nanocomposites considered here, the local force
constant ko/q at the o-th or q-th node is initially assigned in the
startup of LSM simulations and strongly depends upon local
density fields of different components. The force constants of
springs are averaged from the connected nodes, that is, koq =
(ko + kq)/2. In this work, the non-central force constant is set
as zero to fix Poisson’s ratio at ν ≈ 0.33.
The elastic force acting on the o-th node is a linear function

of the local displacement of its neighboring nodes (i.e., Fo =
∑qDoq·(uo − uq)) due to the harmonic form of elastic energy
in eq 6. As the spring constants are specified and external
forces are applied to boundary nodes, nodal displacements are
obtained through solving a set of sparse linear equations with
the help of the conjugate gradient method. The local strain
tensor ε can be calculated by a finite difference approximation
of the displacement field, and the local stress tensor σ is
obtained from the force acting on the nodes.50 The scalar
stress and strain values (i.e., σxx and εxx) correspond to the
normal stress and strain components along the tensile
direction, respectively. Finally, global Young’s modulus E of
nanocomposites is calculated by dividing the applied stress by
the average global strain.

3. RESULTS AND DISCUSSION
In this section, we first consider structural evolution of
polymeric nanocomposites where the Flory−Huggins inter-
action parameters are spatially nonuniform but constant in
time. In other words, stationary fronts of HZA are
incorporated into the system of diblock copolymer/NP
mixtures, which manifest epitaxial characteristics of structural
evolution. Then, movable fronts are introduced to regulate the
structural evolution of nanocomposites. The conditions that
give rise to regularly well-ordered nanostructures of nano-
composites are pinpointed by the integrated DSCFT/MD
simulations. Finally, outstanding mechanical properties of
nanocomposites with regular arrays of NPs are demonstrated

by the LSM calculations. We also briefly discuss the
experimental realization for mechanically integrated multifunc-
tional materials on the basis of the HZA method.

3.1. Epitaxial Self-Assembly of Nanocomposites
under Stationary Fronts. Using the integrated DSCFT/
MD method outlined above, we consider the structural
evolution of nanocomposites subject to stationary fronts of
HZA (i.e., the moving speed v is set as zero), which is
schematically illustrated in Figure 1a. The solid line represents
the profile of spatially localized Flory−Huggins interaction
parameters χAPN = χABN (designated as χN below). In all the
simulations of HZA described herein, the minimum value
(χN)min within region III is set as 10.0, which is lower than the
order−disorder transition value, (χABN)ODT ≈ 14.0, of pure
diblock copolymers at fA = 0.7. Since our simulations are
performed in two dimensions, dot patterns of asymmetric
diblock copolymers are akin to perpendicularly oriented
cylinders.
To facilitate understanding about self-assembly behaviors of

nanocomposites under such a spatially nonuniform field, we
first probe into the responses of pure diblock copolymers to
the same conditions. Figure 1b,c shows the density distribution
of A-blocks and the three-dimensional height map at a late
time, respectively. As expected, the asymmetric diblock
copolymers within regions I and III produce B-rich cylindrical
nanodomains (bright and green colors in Figure 1b,c) and
remain in a disordered state, respectively. In particular, in
region II, the appearance of a segregated pattern invades the
featureless disordered phase. Our simulations for pure block
copolymers well reproduce the earlier findings of numerical
simulations of Ginzburg−Landau equations.59−61

In the next series of simulations, the invasion of the
segregated pattern into the disordered phase is harnessed to
guide the spatial arrangement and organization of NPs in a
diblock copolymer matrix. We execute the DSCFT/MD
simulations of polymeric nanocomposites subject to stationary
fronts, where the B-like NPs are randomly distributed in region
III of initial configurations. Figures 1d and S2 of the
Supporting Information display the structural evolution of
polymeric nanocomposites under a stationary field of Flory−
Huggins interaction parameters. Unlike free dispersion of NPs
in region III, a portion of B-like NPs migrate to the segregated
pattern between cylindrical and disordered phases and
accumulate in region II. Specifically, because of the responses
of diblock copolymers to the spatially changed field, the
intensity of the density field of A-blocks in region II is smaller
than that in region I, but larger than that in region III, which is
corroborated by Figure 1c. Such gradual A-rich domains near
region II are able to exert a repulsion force on the B-like NPs
due to their incompatibility, which drives a portion of B-wetted
NPs to be located at the B-rich nanodomains within region II.
As a result, the NPs could be directed to assemble into the
ordered monolayer on the response layer of microphase-
separated nanostructures of diblock copolymers in region II,
which is highlighted by the arrow in Figure 1d.
From the conceptual framework of the atomic or molecular

system, the crystallization process is generally analogous to the
assembly of NPs widely regarded as “atom-equivalents”.62−64

From this point of view, assembling NPs onto the response
layer of microphase-separated nanostructures of diblock
copolymers has common ground with the epitaxial growth of
atoms. In particular, when the interactions of NPs encapsulated
in the cores of B-rich cylinders are weaker than those between

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.1c00028
Macromolecules 2021, 54, 2561−2573

2564

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00028/suppl_file/ma1c00028_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.1c00028?ref=pdf


encapsulated NPs and substrates (e.g., the microphase-
separated nanostructures considered here), the NPs are
directed to assemble into flat monolayers in region II, termed
as the “epitaxial assembly” process.38,39 It is particularly
noteworthy that excess NPs possibly further assemble onto
the first layer of NP arrays after the NPs form a single layer
(Figures 1d and S2 of the Supporting Information).
However, away from the response layer of diblock

copolymers, as shown in Figures 1d and S2 of the Supporting
Information, the distribution of NPs is still random, and the
arrangement of NPs in a diblock copolymer matrix cannot
achieve a higher regularity. We also perform additional
simulations under different concentrations of NPs and
minimum values (χN)min within region III. From Figures S2
and S3 of the Supporting Information, it is revealed that the
epitaxial assembly of NPs only takes place near the response
layer of microphase-separated nanostructures of diblock
copolymers, resulting in a flat monolayer of NPs within region
II. However, the diblock copolymers subject to stationary
fronts cannot effectively program the epitaxial assembly of NPs
into regularly well-ordered arrays in the entire simulation
boxes. Below, we illustrate how to apply movable fronts to
achieve well-ordered nanostructures that encompass both
periodic ordering of cylindrical domains and regular arrays of
NPs.
3.2. Epitaxial Self-Assembly of Nanocomposites

under Movable Fronts. As demonstrated in our previous
works,35,36 by incorporating the movable fronts into the system
of diblock copolymers without NPs, we could program the
copolymer molecules to self-assemble into defect-free nano-
structures in DSCFT simulations with larger boxes. Inspired by
the intriguing findings, we examine the structural evolution and
ordering kinetics of nanocomposites as the fronts of HZA are
moved with a speed v from the left to right sides of simulation
boxes. The moving speed v is denoted by the velocity unit ṽ =
Rg/τC. The times are normalized by the quantity Tv = Lx/v,
where Lx is the box size in the x direction. Given the box size
Lx = 6 3L0 ≈ 46.0Rg and the moving speed v = 0.0075ṽ,
movement of annealing fronts across the entire boxes takes
roughly a time of Tv ≈ 6100.0τC.
Figure 2a shows the structural evolution of polymeric

nanocomposites subject to movable fronts at speed v =
0.0075ṽ. Initially, the Flory−Huggins interaction parameters in
the entire system are set as (χN)min = 10.0, and the NPs are
randomly distributed in the homogenous state of diblock
copolymers. Subsequently, the fronts are moved from the left
to right sides of simulation boxes (as marked by yellow
arrows). In the early stage (e.g., t = 0.1Tv), the movable fronts
direct the asymmetric diblock copolymers to form the first
layer of B-rich cylinders encapsulating the NPs. In comparison
with the spatial arrangement of NPs in the rest of the boxes, an
important characteristic of these encapsulated NPs is that the
individual NP is precisely placed into the core of a single B-rich
cylinder. As the fronts keep continuously moving (e.g., t =
0.5Tv), layers of cylindrical nanodomains sequentially appear
in region II. The well-ordered cylinders act as structural
scaffolds to host the B-like NPs and induce regular arrays of
NPs. As the fronts are shifted to the right side of simulation
boxes (e.g., t = 1.0Tv), the diblock copolymers are programmed
to self-assemble into hexagonal-packed defect-free cylinders,
and the NPs are simultaneously directed to assemble into
regularly well-ordered arrays.

To evaluate the ordering kinetics of nanocomposites, we
adopt the Delaunay triangulation to identify spatial arrange-
ments of B-rich cylinders and NPs. Figure S4 of the Supporting
Information illustrates a visual outline of the image analysis for
the self-assembled nanostructures subject to movable fronts.
Herein, the NPs are regarded as a cluster when the center
distance of different NPs is smaller than 2.5RP. We only
consider the B-rich nanodomains and NP clusters located in
region I. The corresponding numbers are represented by nB

I

and nP
I , respectively. n6,B

I and n6,P
I stand for the numbers of six-

fold coordinated B-rich nanodomains and NP clusters,
respectively. The six-fold coordinated fraction f6,B(P) of B-rich
nanodomains (NP clusters) is defined as f6,B(P) = n6,B(P)

I /nB(P)
I .

f6,B(P) ∼ 1.0 corresponds to the defect-free arrangement of B-
rich nanodomains (NP clusters) in region I, while f6,B(P) ≪ 1.0
implies a defective arrangement. Noted that f6,B(P) has an upper
limit value of (nL − 2)/nL due to the non-periodic boundary
condition in the x direction, where nL is the total number of
formed layers in the x direction.
Figure 2b−e show the temporal evolution of the number

nB(P)
I and six-fold coordinated fraction f6,B(P) of B-rich

nanodomains (NP clusters) at speed v = 0.0075ṽ. After
incorporating movable fronts into the nanocomposites, a
general feature in the temporal evolution of these quantities is
sketched from these plots. These curves exhibit alternating
plateaus and jump-ups, suggesting that the B-rich cylinders and
the encapsulated NPs in region I are formed layer by layer.
Furthermore, both the values of f6,B and f6,P approach the upper
limit value of (nL − 2)/nL as nL = 12 at a late time. These

Figure 2. (a) Structural evolution of polymeric nanocomposites in the
presence of movable fronts (highlighted by dashed lines) at speed v =
0.0075ṽ. Insets show the weight distribution P(nc) of NPs’ clusters
within B-rich nanodomains. (b) Number nB

I of B-rich nanodomains
within region I in terms of the time t. (c) Six-fold coordinated fraction
f6,B of B-rich nanodomains in terms of the time t and its zoomed
image enclosed by the dashed box. (d) Temporal evolution of the
number nP

I of NP clusters encapsulated by B-rich nanodomains. (e)
Temporal evolution of six-fold coordinated fraction f6,P of NP clusters
and its zoomed image. In panels (b−e), the dashed lines represent the
predicted values of the geometric argument at the w-th layer. Each
point is averaged over six independent runs, and the error bars stand
for the standard deviations. The radius and concentration of NPs are
fixed at RP = 0.8Rg and cP = 0.12, respectively.
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observations manifest the fact that the polymeric nano-
composites subject to movable fronts have the capability to
yield the self-assembled nanostructures with perfectly
hexagonal-packed arrays of both cylinders and NPs.
To provide a definitive confirmation of the epitaxial self-

assembly of nanocomposites, we propose a geometric argu-
ment to predict the number nB(P)

I and the six-fold coordinated
fraction f6,B(P) of B-rich nanodomains (NP clusters) in the
growth process of self-assembled nanostructures. As schemati-
cally illustrated in Figure S5 of the Supporting Information, L1
and L∥ represent the widths of the 1st layer and the w-th layer
(w = 2, ..., nL − 1), respectively. The time for the formation of
the w-th layer is given by tw = (L1 + L∥(w − 1))/v. At a time
interval tw−1 < t ≤ tw, the number of B-rich nanodomains (NP
clusters) is nB(P)

I = w × (Ly/L0). Correspondingly, the six-fold
coordinated fraction is expressed as f6,B(P) = (w − 2)/w as w ≥
2. The dashed lines in Figure 2b−e highlight the predicted
values of nB(P)

I and f6,B(P) at the w-th layer. The geometric
argument well describes the growth process of self-assembled
nanostructures as well as their arrangement, suggesting that the
self-assembly of nanocomposites subject to HZA generally
obeys the epitaxial process in the entire simulation boxes.
Furthermore, the spatial arrangement of NP clusters is

measured by the weight distribution P(nc) = cnc/nP, where nc
means the number of clusters containing c NPs within a B-rich
nanodomain. As shown in the inset of Figure 2a, the weight
distribution P(nc) of NP clusters has a value of one at nc = 1,
indicating that each B-rich nanodomain of diblock copolymers
accommodates just one NP as the moving speed of fronts is
low. Therefore, the phenomena observed from Figure 2
manifest the fact that an individual NP is precisely placed into
each B-rich nanodomain, and eventually, the NPs are
programmed to organize into regularly well-ordered arrays
with the help of diblock copolymers subject to HZA.
The moving speed of fronts plays an important role in

determining the self-assembled nanostructures and their
ordering kinetics of polymeric nanocomposites. Figure 3a

shows the structural evolution of nanocomposites subject to
movable fronts at speed v = 0.3000ṽ. As the movable fronts
sweep across the entire simulation boxes, the asymmetric
diblock copolymers eventually form defective cylinders, leading
to poorly ordered arrays of NPs in the diblock copolymer
matrix. Especially, multiple NPs are encapsulated into the B-
rich nanodomains, which are demonstrated by the weight
distribution P(nc) of NP clusters (inset of Figure 3a). Figure
3b−d shows the temporal evolution of the number nB(P)

I and
six-fold coordinated fraction f6,B(P) of B-rich nanodomains
(NPs’ clusters). The values of nB

I and nP
I in the case of high

speed deviate from the predicted values of the geometric
argument highlighted by the dashed lines. Many defects like
five- and seven-fold coordinated nanodomains are observed in
the system, leading to smaller values of f6,B and f6,P in the self-
assembly process of polymeric nanocomposites.
It is helpful to compare the self-assembly behaviors of

quenched and epitaxial nanocomposites. The quenched
simulations of diblock copolymer/NP mixtures start from the
homogenous state and instantaneously quench into the
ordered state in entire simulation boxes (Figure S6 of the
Supporting Information). Because the microphase separation
of diblock copolymers is mainly triggered by the thermal
fluctuations from different positions and directions, self-
assembled nanostructures of quenched nanocomposites
contain lots of arrested defects. By contrast, the microphase
separation of epitaxial nanocomposites can also be triggered by
the movable fronts within region II and propagate along the
moving direction of the fronts. Consequently, in comparison
with the results of quenched simulations (Figure S6 of the
Supporting Information), the ordering degree of nanostruc-
tures is boosted by movable fronts via suppression of random
instability. It should be mentioned that the ordering degree
and formation pathway of nanostructures are strongly
dependent upon the moving speed of the fronts. When the
annealing fronts are moved slowly, thermal fluctuations
inducing microphase separation are completely suppressed,
and the annealing fronts direct the nanocomposites to
epitaxially self-assemble into defect-free nanostructures (Figure
2). Under the circumstance of fast movement of annealing
fronts, random instability of thermal fluctuations becomes
effective, and long-lived defects finally remain in the self-
assembled nanostructures (Figure 3), leading to slightly larger
values of f6,B and f6,P in comparison with those of the quenched
case.
In order to understand how the moving speed of annealing

fronts impacts the epitaxial assembly of NPs in the diblock
copolymer matrix, we consider microscopic details on
trajectories of structural evolution (Figure 4) and motion of
NPs in various regions (Figure 5). Figure 4 plots the three-
dimensional height map of the density field φA(r, t) of A blocks
at moving speeds v = 0.3000ṽ and 0.0075ṽ. For clarity, only a
single NP is shown in the plots. As the annealing fronts are
moved fast (Figure 4a), asymmetric diblock copolymers within
the response layers produce metastable A- and B-rich flat layers
(relative time Δt = 0.03Tv) because polymeric molecules do
not have enough time to re-assemble themselves in region II.35

Driven by the Brownian motion, NPs encapsulated by the AB
diblock copolymers are entrapped by A-rich flat layers (inset of
Figure 4a). As the annealing fronts continue to be moved, the
encapsulated NPs enter into the B-rich flat layers (Δt =
0.06Tv), and subsequently, the B-like NPs guide the diblock
copolymers to form B-rich cylinders. Consequently, strongly

Figure 3. (a) Structural evolution of polymeric nanocomposites in the
presence of movable fronts at speed v = 0.3000ṽ. Inset shows the
weight distribution P(nc) of NP clusters within B-rich nanodomains.
(b) Numbers nB

I and nP
I of B-rich nanodomains and NP clusters in

terms of the time t. (c) Six-fold coordinated fraction f6,B of B-rich
nanodomains in terms of the time t. (d) Temporal evolution of six-
fold coordinated fraction f6,P of NP clusters. The solid lines represent
the case of quenched simulations of nanocomposites. In panels (b−
d), the dashed lines represent the predicted values of the geometric
argument.
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depending upon the position of unorganized B-like NPs, the B-
rich cylinders of diblock copolymers may be arrayed into
defective patterns with a poor arrangement of NPs (Δt =
0.21Tv).
When the annealing fronts are moved slowly (Figure 4b),

the B-rich flat layers in region II are unstable and further transit
into B-rich cylinders (Δt = 0.03Tv) because the diblock
copolymer chains have enough time to re-assemble themselves
in the response layers. A significant feature of these cylinders in
region II is that they have a uniform size and identical position
relative to that of the formed B-rich cylinders in region I,
resulting from temporal evolution of metastable flat layers.
Such cylinders are able to specifically collect B-like NPs in the
response layers (Δt = 0.06Tv), originating from the
compatibility between B blocks and NPs. That is, asymmetric
diblock copolymers in the response layers direct the B-like NPs
to epitaxially assemble at the fronts and form the organized
monolayers. As the annealing fronts continue to move over the
nanocomposites, the above scenarios are repeated, and the
organized monolayers are iteratively produced at nearby fronts.
As a result, the nanocomposites at low moving speed of fronts

have the capability to epitaxially self-assemble into defect-free
nanostructures with regular arrays of NPs (Δt = 0.21Tv).
Motion of NPs in the region K (K = I, II, and III) is

characterized by the normalized position displacement

Δ = ∑ Δ Δ=d n v Td /( )i
n

i x
K

1 , P
KP

K

, where Δdi,x represents the
displacement of the i-th NP along the x direction over a
time interval (e.g., ΔT = 0.0125Tv) and vΔT is the moving
distance of annealing fronts. A large value of ΔdK indicates a
strong coupling between motion of NPs and movement of
fronts. When ΔdK approaches zero, the NPs display a weak
coupling with the movable fronts.
Figure 5 depicts the effect of moving speed of annealing

fronts on the temporal evolution of the normalized position
displacement ΔdK of NPs in region K. In region I, the B-like
NPs are trapped into the B-rich nanodomains of microphase-
separated diblock copolymers, resulting in a small value of ΔdI.
In region III, the majority of NPs display a random motion in
disordered fluids, leading to a small value of ΔdIII. Thus, the
moving speed of annealing fronts has a weak impact on the
motion of NPs in regions I and III. However, a different
scenario is observed for the effect of moving speed in region II.
As the annealing fronts are moved slowly (i.e., v = 0.0075ṽ in
Figure 5a), a large value of ΔdII implies the fact that the NPs
are strongly coupled with the movement of the annealing
fronts. In particular, the curve of ΔdII exhibits periodic jump-
ups and jump-downs in a reasonably well-defined time interval,
originating from the fresh collection of NPs in the response
layers and the final trap of NPs in the B-rich nanodomains. It
should be mentioned that the time interval is about Tv/(nL −
1), which is approximately equal to the time interval of the
monolayer formation. These features of NP motion further
corroborate the formation of regular arrays of NPs layer by
layer. However, for a high moving speed (e.g., v = 0.3000ṽ in
Figure 5b), the displacement of NPs in region II has a
relatively small value, suggesting a weak coupling between
motion of NPs and movement of fronts.
As illustrated above, the moving speed of annealing fronts

has the capability to tune the formation pathway and the
ordering degree of self-assembled nanostructures. Specifically,
the epitaxial diblock copolymers subject to slow movable fronts
direct the NPs nearby the response layers to assemble into
regularly hexagonal-packed arrays (Figures 2, 4b, and 5a).
When the moving speed of annealing fronts is increased,
microphase separation of diblock copolymers is simultaneously
triggered by the annealing fronts and the B-like NPs nearby the
response layers, leading to poorly ordered arrays of NPs in the
diblock copolymer matrix (Figures 3, 4a, and 5b).
The efficiency of the epitaxial self-assembly of polymeric

nanocomposites subject to movable annealing fronts is
evaluated by the final value f6,B(P)* of the six-fold coordinated
fraction of B-rich nanodomains (NP clusters), which is
schematically represented in Figure 2. Figure 6a plots the
final six-fold coordinated fraction f6,K* (K = B and P) in terms of
the moving speed v of annealing fronts. As the fronts are
moved slowly, there is sufficient time for the nanocomposites
to self-assemble into well-ordered nanostructures. In particular,
under the condition of v ≤ v* = 0.0150ṽ, the movable fronts
have the capability to realize the epitaxial growth of
microphase-separated nanodomains of diblock copolymers,
which serve as structural scaffolds to program the spatial
arrangement of NPs in the diblock copolymer matrix. These
characteristics of self-assembled nanostructures are identified

Figure 4. Three-dimensional height map of density field φA(r, t) of A
blocks for moving speeds (a) v = 0.3000ṽ and (b) v = 0.0075ṽ. Only a
portion of the boxes is plotted. Insets show the zoomed images of the
nanostructures enclosed by the dotted boxes and schematically
illustrate the configurations of copolymer molecules. The dashed
boxes in the right images highlight the lattice of B-rich nanodomains
of diblock copolymers.

Figure 5. Effect of moving speed v on the temporal evolution of the
normalized position displacement ΔdK of NPs in region K (K = I, II
and III). (a) v = 0.0075ṽ and (b) v = 0.3000ṽ. The regions I, II, and
III are schematically illustrated in Figure 1a.
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by large values of f6,B* and f6,P* . When the fronts are moved fast,
the diblock copolymer/NP mixtures form defective nanostruc-
tures filled by poor arrays of NPs, corresponding to a
remarkable reduction of f6,B* and f6,P* .
Two time scales TB and TP are introduced to estimate the

critical speed v* of annealing fronts. TB is the time scale for the
formation of cylinder monolayers or the movement of
annealing fronts and is given by TB ≈ L∥/v = 3L0/(2v) ≈
4τC/(v/ṽ) at a typical value of L0 = 4.5Rg. TP is the time scale
of NP diffusion and can be roughly estimated as TP ≡ RP

2/MP
≈ 284τC as RP = 0.8Rg. As TP < TB (i.e., the critical speed v* =
0.014ṽ), the diblock copolymers epitaxially self-assemble into
well-ordered monolayers of cylinders, providing sufficient time
to direct the organization of NPs into regular arrays
(corresponding to the case of Figure 4b). The estimated
value of v* = 0.014ṽ is consistent with the findings of DSCFT/
MD simulations (Figure 6).
Weight distribution P(nc = 1) of a single NP is used to

characterize organization of NPs in the B-rich nanodomains.
Figure 6b plots the weight distribution P(nc = 1) of a single NP
as a function of the moving speed. In the case of low moving
speed (i.e., v ≤ 0.0150ṽ), an individual NP is placed in a single
domain of B-rich cylinders. As the moving speed of annealing
fronts is increased, the value of P(nc = 1) exhibits a remarkable
decrease, implying that multiple NPs are positioned in the B-
rich domains. In other words, precise organization of individual
NPs into regular arrays cannot be realized by HZA with a high
moving speed of annealing fronts.
It should be mentioned that the minimum value (χN)min

within region III has a remarkable impact on the self-assembled
nanostructures of polymeric nanocomposites subject to
annealing fronts, which is demonstrated in Figure S7 of the
Supporting Information. As the minimum value (χN)min is
close to the order−disorder transition (χN)ODT of pure diblock
copolymers (i.e., corresponding to the case of CZA), the B-like
NPs and the random fluctuations simultaneously induce
microphase separation of block copolymers, leading to poor
organization of NPs in the diblock copolymer matrix. When
(χN)min is far below (χN)ODT (i.e., corresponding to the case of
HZA), the formation of self-assembled nanostructures is
mediated by the annealing fronts, and the defect-free structures
are finally achieved. Thus, in comparison with the results of

CZA, the ordering degree of self-assembled structures of
polymeric nanocomposites subject to HZA is remarkably
boosted due to the emergence of epitaxial characteristics of
diblock copolymers within region II.
In order to further validate the unique self-assembly

behaviors of polymeric nanocomposites, we implement
additional simulations for the hybrid systems of diblock
copolymers with various compositions of A-blocks. As shown
in Figure S8a of the Supporting Information, the B-like NPs
dispersed in B-majority diblock copolymers (e.g., fA = 0.3) are
directed to occupy the interstitial space within the hexagonally
packed cylinders formed by A-minority blocks. In the case of fA
= 0.5, the nanocomposites display well-defined lamellae, with
the NPs randomly hosted in B-rich nanodomains (Figure S8b
of the Supporting Information), which are similar to the
previous findings.41

We extend the box size of DSCFT/MD simulations for the
large system of nanocomposites, which is shown in Figure S9
of the Supporting Information. With the help of movable
fronts, the large system of nanocomposites finally forms the
hexagonally packed defect-free patterns with regular arrays of
NPs. Therefore, together with the findings of Figures 2−6, it is
clearly revealed that the combination of diblock copolymers
and HZA can be harnessed to kinetically manipulate both the
ordering degree of self-assembled nanostructures of organic
molecules and the spatial arrangement of inorganic NPs in the
organic matrix through finely tuning the moving speed of the
spatiotemporally dependent field.

3.3. Effects of NP Concentration and Radius. The
concentration of NPs plays a significant role in programming
the spatial arrangement and organization of NPs within the
diblock copolymer matrix. To verify the outcome, the
DSCFT/MD simulations are performed for fixing the radius
RP of NPs while varying the concentration cP from 0.04 to 0.20.
Figures 7 and S10 of the Supporting Information depict the
effect of concentration cP of NPs on self-assembly behaviors of
nanocomposites subject to movable fronts at speed v =
0.0075ṽ. When the concentration cP of NPs is lower (e.g., case
of cP = 0.08 in Figure 7a), the NPs are dominantly sequestered
within B-rich domains in the left part of simulation boxes,
arising from the sequential collection of NPs near movable
fronts. By contrast, the right part of the simulation box
contains B-rich cylinders of pure diblock copolymers due to
depletion of NPs. Because of the incommensurability of
periodicities of cylinders with and without NPs, the nano-
composites are guided to self-assemble into nanostructures
consisting of long-lived defects, corresponding to a small value
of f6,B(P)* . When the concentration of NPs is increased towards
the optimum value cP* at which a single NP is sequestered
within each B-rich nanodomain, the nanocomposites are
directed to self-organize into defect-free nanostructures with
a precise organization of NPs (Figure 2), as evidenced by
larger values of f6,B(P)* and P(nc = 1). At a higher concentration
of NPs (e.g., case of cP = 0.14 in Figure 7a), the annealing
fronts have the capability to sequentially organize the NPs in
the left part of simulation boxes. However, in the right part of
simulation boxes, the remaining NPs hosted by the B-rich
nanodomains become overcrowded, resulting in an increase of
steric hindrance among neighboring NPs. As a result, the
structural transition from hexagonally packed cylinders to
lamellae is triggered by the swelling of B-rich nanodomains due
to an increase of the NP loading in the right part of simulation
boxes. Correspondingly, the B-rich nanodomains host multiple

Figure 6. (a) Final six-fold coordinated fraction f6,B(P)* of B-rich
nanodomains (NP clusters) as a function of the moving speed v. (b)
Weight distribution P(nc = 1) of a single NP in each B-rich
nanodomain as a function of the moving speed v.
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NPs (case of cP = 0.14 in the inset of Figure 7a). These
phenomena result in reductions of f6,B(P)* and P(nc = 1) as the
concentration cP of NPs becomes high (Figure 7b,c).
As stated above, the hexagonal symmetry of self-assembled

nanostructures of nanocomposites can be preserved with
minimal or no defects, strongly depending upon the
concentration of NPs. Using the geometrical argument, we
can derive the optimum concentration cP* of NPs for defect-
free nanostructures to be cP* = 2πRp

2/ 3L0
2, where L0 is the

periodicity of the NP-loaded hexagonal phase (Figure S1 of the
Supporting Information). The argument predicts defect-free
nanostructures occurring at cP* = 0.115 (for the radius RP =
0.8Rg of NPs and corresponding periodicity L0 ≈ 4.5Rg). The
integrated DSCFT/MD simulations show a perfectly hex-
agonal symmetry of self-assembled nanostructures occurring at
cP* ≈ 0.12 (Figure 2). As shown in Figure 7b,c, the inclusion of
NPs yields the well-ordered nanostructures as the concen-
tration cP of NPs is selected to be near this optimum
concentration cP*. It should be mentioned that the conditions
for defect-free nanostructures only apply for the case of an
individual NP within the core of the cylindrical nanodomain.
In addition, for cP < cP*, there are vacancy defects in the lattice
of NP arrays, which are caused by an insufficient number of
particles filling all of cylindrical nanodomains. Beyond the
optimum concentration, cylindrical nanodomains tend to
accommodate multiple particles instead of just one, distorting
the symmetry of cylinder lattices.
Because of the increased swelling of self-assembled

nanostructures of NP-loaded diblock copolymers, the radius
RP of NPs impacts the self-assembly behaviors of nano-
composites subject to annealing fronts (Figure S11 of the
Supporting Information). The DSCFT/MD simulations are
performed for different radii of NPs ranging from 0.4Rg to
1.2Rg, using an intermediate concentration cp = 0.12 of NPs.
Under the condition of v = 0.0075ṽ, the pure diblock

copolymers yield hexagonally packed cylinders without defects.
Figure 8 shows the effect of NP size on the self-assembly

behaviors of polymeric nanocomposites subject to movable
fronts. For a fixed concentration of NPs, the number of smaller
NPs (e.g., RP = 0.4Rg) becomes larger. The interiors of B-rich
cylinders generally accommodate four or five NPs instead of
just one, which is verified by the weight distribution P(nc).
Although inter-particle repulsions give rise to a slight
deformation of B-rich cylinders, the hexagonal symmetry of
the entire lattice of nanostructures is maintained. These
phenomena result in the regular arrays of NP clusters instead
of individual NPs, corresponding to a larger value of f6,B(P)* but
a smaller value of P(nc = 1). At an intermediate radius of NPs
(Figure 2), an individual NP is placed into the core of
cylinders, and the arrangement of NPs is perfectly hexagonal,
as reflected by larger values of both f6,B(P)* and P(nc = 1). When
the radius of NPs is further increased, corresponding to a
decrease of the NP number, the shape and periodicity of B-rich
cylinders in the left part of simulation boxes are remarkably
affected by the encapsulated NPs. Because of the mismatch of
lattice periodicities of B-rich cylinders with and without
encapsulated particles, the nanocomposites finally form the
defective nanostructures, as evidenced by a small value of
f6,B(P)* . Thus, the intermediate radius of NPs gives better
ordering due to encapsulation of individual NPs.

3.4. Mechanical Properties of Nanocomposites. We
now turn our attention to characterize mechanical properties
of nanocomposites subject to movable fronts. For this purpose,
the self-assembled nanostructures obtained from the integrated
DSCFT/MD simulations are directly fed into LSM calcu-
lations. In particular, the locations of different nanodomains of
nanocomposites are mapped onto the grids of the LSM. It is
assumed that both A and B components of diblock copolymers
have same stiffness, but the NPs are 10 times stiffer than the

Figure 7. Effect of NP concentration cP on self-assembly behaviors of
polymeric nanocomposites. (a) Self-assembled nanostructures of
diblock copolymer/NP mixtures at the final stage of the epitaxial self-
assembly under various concentrations of NPs. Inset shows the weight
distribution P(nc) of NP clusters in each B-rich nanodomain. (b) Six-
fold coordinated fraction f6,B(P)* of B-rich nanodomains (NP clusters)
in terms of the concentration cP of NPs. (c) Weight distribution P(nc
= 1) of a single NP in each B-rich nanodomain in terms of the
concentration cP of NPs. The moving speed of fronts and the radius of
NPs are set as v = 0.0075ṽ and RP = 0.8Rg, respectively.

Figure 8. Effect of NP radius RP on self-assembly behaviors of
polymeric nanocomposites. (a) Self-assembled nanostructures of
nanocomposites at the final stage of the epitaxial self-assembly under
various radii of NPs. The inset shows the weight distribution P(nc) of
NP clusters in each B-rich nanodomain. (b) Six-fold coordinated
fraction f6,B(P)* of B-rich nanodomains (NP clusters) in terms of the
radius RP of NPs. (c) Weight distribution P(nc = 1) of a single NP in
terms of the radius RP of NPs. The concentration of NPs is set as cP =
0.12.
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polymeric matrix. The elastic properties of polymer/NP
interfaces vary linearly with local density fields of NPs and
diblock copolymers. In this way, we explore the effects of
spatial arrangement and organization of NPs on mechanical
properties of nanocomposites.
Using the LSM, we apply a stress along the moving direction

of annealing fronts (i.e., x direction) at the boundaries and
calculate the resultant normal stress field σxx and strain field εxx
as well as global Young’s modulus E of nanocomposites. The
relative quantities are defined as (H − H0)/H0, where H = σxx,
εxx, or E and H0 is the corresponding responses of pure diblock
copolymer materials. The contours of relative normal stress
and strain fields are plotted in Figure 9a,b as well as Figures

S12 and S13 of the Supporting Information. Some general
observations are identified from these stress and strain plots.
The stress concentrations within NPs can be seen as red
regions, but the polymeric matrix surrounding NPs has
relatively lower stress. Moreover, the strain values within
NPs are significantly lower than those of the polymeric matrix
due to a large disparity of elastic constants. The inability of stiff
NPs to deform as the neighboring matrix results in strain
concentrations along the tensile direction at the particle−
polymer interfaces.
Beyond the general observations of contour plots of stress

and strain fields, there exist some remarkable differences due to
the incorporation of annealing fronts. As a representative
example, Figure 9a,b shows the effect of the moving speed of
annealing fronts on micromechanical properties of nano-
composites. One can deduce a significant outcome that the
distributions of normal stress and strain fields are in close

relation with the spatial regularity of NPs localized in the
diblock copolymer matrix. In the case of moving speed v =
0.0075ṽ, isolated and stiff NPs are regularly dispersed
throughout the soft matrix of diblock copolymers, and the
distance between neighboring NPs is larger, resulting in weaker
stress and strain concentrations around NPs. As the moving
speed is increased, the nanocomposites form defective
nanostructures, and a portion of NPs produce clusters at the
defects. From the contrast between the cases of v = 0.0075ṽ
and v = 0.3000ṽ of Figure 9a,b, it is clear that intensities of
stress and strain concentrations are significantly enhanced by
the presence of defects. In particular, the stress concentrations
are extended into the polymer matrix along the tensile
direction and, in some cases, are overlapped. As a consequence,
the system consisting of long-lived defects can form strands of
stress concentrations in the tensile direction, which are
highlighted in the inset of Figure 9a. This behavior is also
apparent in the plots of the strain filed (Figure 9b). Stress and
strain concentrations induced by defects are also observed in
the nanocomposites with various radii and concentrations of
NPs, which are respectively shown in Figures S12 and S13 of
the Supporting Information. It should be pointed out that the
stress and strain concentrations at the arrested defects are
primarily responsible for the premature failure of entire
materials.
By dividing the applied stress by the average global strain, we

obtain global Young’s modulus E of nanocomposites and
thereby gain an additional insight into the effect of the epitaxial
assembly of NPs on mechanical properties of nanocomposites.
Figure 9c−e depict relative Young’s modulus of nano-
composites as a function of the moving speed v/ṽ of annealing
fronts, the concentration cP, and radius RP of NPs, respectively.
As expected, the concentration of stiff NPs is the most
important factor in determining the magnitude of Young’s
modulus (Figure 9d). As the NPs are programmed to
epitaxially assemble into hexagonally packed arrays, the regular
arrays of NPs dispersed in diblock copolymers are found to
improve global stiffness of hybrid materials (Figure 9c,e). This
is especially in the cases of low moving speed of annealing
fronts and intermediate radius of NPs, where an individual NP
is precisely localized in the core of an energetically favorable
domain and entire structures display long-range ordering.
Thus, the findings of Figure 9c,d provide some useful
guidelines for rational design of functional materials with
superiorly mechanical properties. Specifically, Young’s mod-
ulus of polymeric nanocomposites can be effectively enhanced
by adding more NPs into the hybrid materials. Meanwhile, the
ordering degree of self-assembled nanostructures, which can be
kinetically tuned by the processing of zone annealing, provides
additional reinforcing elements to enhance strength of
structural materials.
What is particularly noteworthy in Figure 9c−e is that the

error bars standing for standard deviations dramatically
decrease as the nanocomposites are programmed to self-
assemble into well-ordered nanostructures. On the other hand,
in the case of self-assembled nanostructures with lots of
defects, these values of error bars remarkably increase,
implying that the nanostructures and their mechanical
properties are difficult to be accurately controlled. Thus, in
order to obtain relatively excellent properties of functional
materials, one has to eliminate the arrested defects of self-
assembled nanostructures. The incorporation of movable
fronts into the system of nanocomposites not only offers a

Figure 9. (a) Contour plots of the normal stress field σxx for self-
assembled nanostructures of polymeric nanocomposites subject to
annealing fronts at speed v = 0.0075ṽ (see case of t = 1.0Tv in Figure
2a) and v = 0.3000ṽ (see case of t = 1.0Tv in Figure 3a). Insets
illustrate the three-dimensional height map of the stress field enclosed
by dashed boxes. (b) Contour plots of normal strain field εxx and their
zoomed images. (c−e) Global Young’s modulus E as a function of (c)
the moving speed v/ṽ of annealing fronts, (d) concentration cP, and
(e) radius RP of NPs. Each data point is averaged over six calculations,
and the error bars represent the standard deviations.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.1c00028
Macromolecules 2021, 54, 2561−2573

2570

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00028/suppl_file/ma1c00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00028/suppl_file/ma1c00028_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00028?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00028?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00028?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00028?fig=fig9&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.1c00028?ref=pdf


novel strategy to accurately regulate the spatial organization of
stiffer inorganic particles dispersed in a softer organic matrix
but also provides an effective way for improving the stiffness of
resultant materials.
We evaluate the effect of mesh sizes of LSM calculations and

DSCFT/MD simulations on the mechanical properties of
nanocomposites. As shown in Figure S14 of the Supporting
Information, the change of mesh sizes of LSM calculations has
a weak influence on the micromechanical behaviors of
nanocomposites such as the distributions of stress fields and
the stress transfer between neighboring NPs. The error bars of
relative Young’s modulus show a weak dependence upon the
choice of the mesh size of DSCFT/MD simulations, which is
depicted in Figure S15 of the Supporting Information.
It should be mentioned that the Born LSM presented here

does not include the contributions of nonlinearity and
anisotropy of real materials, especially the strong interactions
between NPs and polymers. However, the phenomena of stress
and strain concentrations in nanocomposites are more likely to
occur as a consequence of the mismatch of elastic properties of
polymers and NPs. Therefore, the findings of LSM calculations
(e.g., an increase of the ordering degree of NP arrays enhances
the strength of polymeric nanocomposites) are representative
of real systems of nanocomposites.
3.5. Experimental Discussion. The hybrid system

demonstrated by our simulations can be realized in
experimental research studies. Quickly developing methods,
like thermal and laser zone annealing, give researchers an
experimental toolbox in designing main elements for the
system of zone-annealed nanocomposites. For instance,
utilization of a hot wire heater in the equipment of zone
annealing can generate a sharper thermal gradient field for
production of perpendicularly oriented cylinders of diblock
copolymer films.31 More recently, with the advent of high-
power laser sources, localized heating by a movable laser beam
is gaining attention as an alternative of zone annealing to yield
macroscopically aligned patterns of diblock copolymer films in
several milliseconds.65−67 Hence, given the tremendous
progress in diversifying the technique of zone annealing and
the significant advancement of synthetic strategies of inorganic
NPs, all of the main elements for potentially realizing the
system of zone-annealed nanocomposites are experimentally
achievable.
From experimental perspectives, the theoretical results

presented here will conceive a wide implication on the kinetic
control over the spatial arrangement and organization of NPs
dispersed in the polymers. Currently, there exist plenty of
thermodynamic strategies for controlling the placement of
functionalized NPs inside the polymeric matrix,1 which have a
tight relationship with the compatibility of NPs and their host
polymers. Usually, the spatial arrangement and organization of
NPs are not readily controlled by the thermodynamic
approaches because the interaction-specified system is easy
to be entrapped into the metastable configurations with lots of
defects. In contrast, we propose a strategy of kinetically
controlling the assembly pathway to build the regularly well-
ordered arrays of NPs, which are constructed from the epitaxial
self-assembly of polymeric nanocomposites in the course of
zone annealing. It is theoretically demonstrated that the
assembly pathway and motion of NPs inside the diblock
copolymer matrix can be finely controlled by changing the
moving speed of annealing fronts (Figures 4 and 5).
Correspondingly, the spatial arrangement and organization of

NPs are efficiently tuned by changing the moving speed of
annealing fronts (Figures 2 and 3). Such a strategy of a
kinetically controlled assembly pathway represents an
important step toward precise organization of NPs into regular
arrays with promising horizons for structural and optoelec-
tronic applications.
Furthermore, by coupling the DSCFT/MD method for the

polymeric nanocomposites with the LSM calculations for the
micromechanics, we could interrelate the spatial organization
of NPs and the macroscopic properties of nanocomposites. As
shown in Figure 9, Young’s modulus of nanocomposites is
markedly boosted by the concentration of NPs. Meanwhile,
the ordering degree of NP arrays provides additional
reinforcing elements to enhance the strength of polymeric
nanocomposites. These findings are corroborated by the
experimental observations of polymeric nanocomposites.47,48

In addition to the enhanced strength, the polymeric nano-
composites for optoelectronic applications should display the
enhanced optical activity. We note that Tagliazucchi et al. have
developed a theoretical model for the hybrid soft/plasmonic
materials,68 which can be used to calculate local density fields
of grafted polymers and optical properties of polymer-modified
NPs. In further studies, we will extend this model to examine
the extremely enhanced resonances of optically active nano-
composites, which contain the periodically well-ordered arrays
of plasmonic NPs.

4. CONCLUSIONS
In summary, the integrated DSCFT/MD method is extended
to uncover the pivotal roles of zone-annealed diblock
copolymers in the spatial arrangement and organization of
NPs. It is found that the response layers of asymmetric diblock
copolymers subject to HZA induce the epitaxial assembly of
NPs, which results in the achievement of hexagonally packed
well-ordered arrays with exactly one NP in the core of a
polymeric nanodomain. Importantly, our simulations isolate
the condition of the moving speed of annealing fronts to create
the regularly well-ordered arrays of NPs, originating from the
kinetically controlled assembly pathway. The spatial arrange-
ment and organization of NPs also have a tight relationship
with the concentration and radius of NPs. Furthermore, a
micromechanical model is applied to examine the mechanical
properties of polymeric nanocomposites. The ability to
precisely organize the NPs into regular arrays can improve
the mechanical performance of polymeric nanocomposites. We
hope that our computational findings could stimulate synergic
efforts of experimentalists and theorists to conceive the
dynamic or driven self-assembly system of diblock copolymers
as a design tool for precisely programing the spatial
arrangement and organization of NPs.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00028.

Additional simulation results (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Liangshun Zhang − Shanghai Key Laboratory of Advanced
Polymeric Materials, Key Laboratory for Ultrafine Materials
of Ministry of Education, School of Materials Science and

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.1c00028
Macromolecules 2021, 54, 2561−2573

2571

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00028/suppl_file/ma1c00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00028/suppl_file/ma1c00028_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00028/suppl_file/ma1c00028_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00028?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00028/suppl_file/ma1c00028_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liangshun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.1c00028?ref=pdf


Engineering, East China University of Science and
Technology, Shanghai 200237, China; orcid.org/0000-
0002-0182-7486; Email: zhangls@ecust.edu.cn

Jiaping Lin − Shanghai Key Laboratory of Advanced
Polymeric Materials, Key Laboratory for Ultrafine Materials
of Ministry of Education, School of Materials Science and
Engineering, East China University of Science and
Technology, Shanghai 200237, China; orcid.org/0000-
0001-9633-4483; Email: jlin@ecust.edu.cn

Authors
Jiabin Gu − Shanghai Key Laboratory of Advanced Polymeric
Materials, Key Laboratory for Ultrafine Materials of
Ministry of Education, School of Materials Science and
Engineering, East China University of Science and
Technology, Shanghai 200237, China

Runrong Zhang − Shanghai Key Laboratory of Advanced
Polymeric Materials, Key Laboratory for Ultrafine Materials
of Ministry of Education, School of Materials Science and
Engineering, East China University of Science and
Technology, Shanghai 200237, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.1c00028

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (22073028, 21873029, and 51833003).
We are grateful to Dr. G. A. Buxton of Robert Morris
University for valuable help about calculations of the LSM.

■ REFERENCES
(1) Balazs, A. C.; Emrick, T.; Russell, T. P. Nanoparticle Polymer
Composites: Where Two Small Worlds Meet. Science 2006, 314,
1107−1110.
(2) Grzelczak, M.; Vermant, J.; Furst, E. M.; Liz-Marzań, L. M.
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