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ABSTRACT: The integration of the dynamic self-consistent field theory for polymer
molecules and molecular dynamics for nanoparticles is proposed to model the structural
evolution of nanocomposites in the course of zone annealing. Using computational
modeling, we establish an effective approach to simultaneously tailor the spatial regularity
of self-assembled nanostructures of diblock copolymers and the arrangement of
nanoparticles within the matrix. As the spatially localized, mobile field of zone annealing
is introduced into the hybrid organic/inorganic system, the nanocomposites re-assemble
from the defective nanopatterns to the periodically well-ordered nanostructures, with the nanoparticles dispersed in the energetically
favorable domains. In particular, because of the presence of response layers of diblock copolymers at the annealing front, the
directional motion of nanoparticles within the matrix can be achieved by finely tuning the moving velocity and minimum Flory−
Huggins interaction parameter of zone annealing. Furthermore, the regularity of self-assembled nanostructures and the spatial
arrangement of nanoparticles are affected by the physiochemical properties of nanoparticles. Our theoretical findings present new
opportunities to kinetically manipulate the self-assembled nanostructures of both the organic and inorganic components, which will
impart their collective properties and the ultimate performances of nanocomposites.

1. INTRODUCTION

Assemblies of inorganic nanoparticles (NPs) provide unique
opportunities for the development of next-generation nano-
devices utilizing their collective optical, electronic, and
magnetic properties,1−4 which arise from the precise
organization of NPs within the structural matrix. Up to now,
considerable advancements have been made in the organ-
ization of NPs into the addressable, well-ordered arrays due to
a growing list of promising applications in energy harvesting
and storage and microelectronic and light manipulation.5,6 As
one of the most popular strategies, templated assembly (e.g.,
small molecules, polymers, and DNA strands as templates or
scaffolds) is a low-cost and simple route for creating the
ordered assemblies of NPs.7−11 In particular, diblock
copolymers, which are composed of chemically distinct blocks
linked by covalent bonds, have the capability to spontaneously
assemble into a spectrum of well-defined nanostructures.12−14

These structures on the nanometer scale can serve as the
scalable scaffolds to controllably manipulate the spatial
arrangement of NPs within the polymeric matrix.15−17

However, the conventional self-assembly of diblock copoly-
mer/NP mixtures cannot completely realize the well-ordered
nanostructures due to the inherent propensity of kinetic arrest
in meta-stable states for the hybrid organic/inorganic system.
For the system of pure diblock copolymers, experimentalists

have prescribed a diversity of strategies to yield the well-
ordered nanopatterns over the macroscopic length scale, such
as the utilization of chemical or topographical templates,18,19

shear flow,20 and electric21 and thermal fields.22,23 Among the
strategies mentioned above, zone annealing exerts the spatially
and temporally thermal gradient fields to the samples of
diblock copolymer films.24,25 Specifically, the structural
evolution of nanopatterns with lots of defects is restricted to
a narrow region of annealed zones followed by their movement
throughout the entire samples. In comparison with the
conventional oven annealing for diblock copolymer films,
zone annealing has been proven to be a versatile and efficient
route for reconstructing the nanostructures with a lower defect
density by overcoming the energy barriers of arrested defects
within a short period.26−28 Therefore, it is highly desirable to
propose a cooperative strategy that utilizes the templated
assembly of NPs together with the zone annealing of diblock
copolymers,29,30 to create the hybrid materials satisfying
application-determined requirements (i.e., well-ordered nano-
structures of nanocomposites and well-defined assemblies of
NPs). However, the study of the self-assembly kinetics of such
a hybrid system subject to the zone annealing is still lacking.
There remains an urgent demand for great progress in terms of
the essential mechanism of self-assembly and the evolution of
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self-assembled structures, which will help the experimentalists
to rationally construct multifunctional nanodevices.
Computer modeling and simulations on the mesoscopic

scale are playing an ever-growing and far-reaching role in the
exploration of the complicated self-assembly of diblock
copolymer/NP mixtures.31−39 In our previous study, the
hybrid particle-field model originally proposed by Fredrick-
son’s group40 (i.e., the integration of the static self-consistent
field theory for diblock copolymers with Brownian dynamics
for NPs) was extended to predict the hierarchically self-
assembled structures of nanocomposites.41,42 One limitation of
this model is a lack of structural evolution for the hybrid
organic/inorganic system. Recently, on the basis of the
dynamic self-consistent field theory (DSCFT),43,44 we
developed a zone-annealing model to examine the self-
assembly kinetics of pure diblock copolymers.45−47 It is
successfully demonstrated that the defect-free structures of
diblock copolymers can be achieved by the mechanism of
defect annihilation after the incorporation of zone annealing,
which is in line with the experimental observations. The
success of DSCFT makes it ready to be extended to predict the
self-assembly behaviors of diblock copolymer/NP mixtures.
In the present work, a novel method that integrates DSCFT

for diblock copolymers with the molecular dynamics (MD) for
NPs is developed to probe the self-assembly behaviors of zone-
annealed nanocomposites. Such an integrated method is
applied to investigate the effects of zone annealing and NPs’
incorporation on the ordering degree of self-assembled
nanostructures and the spatial arrangement of NPs. Beyond
obtaining the equilibrium structures, the sophisticated method
can capture the structural evolution and ordering mechanism
of diblock copolymer/NP mixtures, which cannot be resolved
by the experimental observations and equilibrium simulations.
Furthermore, the experimental realization of well-ordered
nanostructures is discussed, where we point out the wide
implication of these results for rationally designing the
multifunctional nanodevices.

2. COMPUTATIONAL MODELING AND METHOD
We couple DSCFT with MDs to probe the ordering behaviors
of zone-annealed nanocomposites, which contain a mixture of
nc AB diblock copolymers and nP spherical NPs (designated as
P). The AB diblock copolymers are specified by the Gaussian
chains with ideal gyration radius Rg and length N. The volume
fraction of A blocks in the polymer chains is denoted by fA.
Density fields of A and B blocks are described by φA and φB,
respectively. The continuous density field of nP NPs with
radius RP is given by

∑φ =
=

h r r( , )
i

n

iP
1

P

(1)

where each NP at the spatial position ri is represented by a
smooth profile; that is, the density field h(r,ri) of the ith NP
smoothly transits from unity (particle region) to zero (polymer
region) across a diffuse interface with thickness λ. We here use
a hyperbolic function defined as h(r,ri) = (1 − tanh[(|r − ri|−
RP)/λ])/2. The concentration of NPs is given by cP = VP/V,
where V and VP = ∫ drφP, respectively, denote the volumes of
nanocomposites and NPs. The interactions between the A and
B blocks are described by the combined Flory−Huggins
interaction parameter χABN. The selectivities of NPs for the A
and B blocks are represented by χAPN and χBPN, respectively.

Following a field-theoretical framework of polymeric
fluids,48 the free-energy functional F (in units of thermal
energy kBT) of the above system can be written as

= +F F FAB PP (2)

The first term originates from the contributions of the free-
energy functional of diblock copolymers in the nano-
composites, given by

{

}
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where QAB represents the normalized single-chain partition
function. ωA and ωB are the potential fields at given density
fields φA, φB, and φP. The Helfand-type coefficient, kH,
controls the compressibility degree of nanocomposites. The
second term on the right hand side of eq 2 denotes the energy
contributions of interparticle interactions, expressed as49

∫ ∫∑ ∑= ′ ′ | − ′|
=

−

>

F h h ur r r r r r r rd ( , ) d ( , ) ( )
i

n

j i

n

i jPP
1

1P P

(4)

where u(|r − r′|) represents the Lennard−Jones potential of
NPs.
For the nanocomposites, including the weakly compressible

diblock copolymers and NPs, the evolution of the density field
of the I-type component (I = A and B blocks) satisfies the
Cahn−Hilliard-type equation with the local coupling Onsager
coefficient43

φ
φ μ η

∂
∂

= ∇· [ − ⊗ ·∇ ] +
t

t
M t

r
r I n n r r

( , )
( ) ( ( )) ( , )I

I I S S I I

(5)

where MI denotes the mobility coefficient of the I-type
component, I is the unit tensor, nS ≡ −∇φP/|∇φP| represents
the local unit vector normal to the surface of NPs, μI(r) ≡ δF/
δφI(r) is the chemical potential of the I-type component, and
ηI is the noise term. The tensor operator I − nS⊗nS prevents a
mass flux normal to the diffuse boundary of NPs.50 The
motion of the ith NP with mass mi obeys Newton’s equations

=
t

v
rd

d
i

i (6)

∫=m
v
t

fr r
d
d

d ( )i
i

i (7)

where vi is the velocity of the ith NP. Herein, the force f i(r)
acting on the volume of the ith NP is decomposed into the
force due to the particle−polymer and particle−particle
interactions, drag and random forces expressed as49,50

μ θ= −∇ − − ∇f h v Mr r r r( ) ( , )( ( ) / )i i i i iP (8)

where μi(r) ≡ δF/δh(r,ri) is the chemical potential of the NP,
MP is the mobility coefficient of the NP, and θi is the Gaussian
random variable.
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In the zone-annealing model, spatial−temporal Flory−
Huggins interaction parameters χIJN are incorporated into eq
3 of DSCFT for the mixtures of diblock copolymers and NPs.
In the annealed zone with limited width w, the interaction
parameters have minimum values (χIJN)min. The movement of
annealed zone is described by the moving velocity v. For more
information about the model of zone annealing, refer to our
previous works.45−47

This completes the description of the DSCFT/MD method
for the zone-annealed nanocomposites. To elucidate the
significant ordering behaviors of self-assembled nanostructures,
the sizes of simulation boxes for the system of nanocomposites
should be sufficiently large, leading to the much higher
computational cost in the DSCFT implementations. Therefore,
the numerical calculations of the DSCFT/MD method are
executed in the two-dimensional boxes under the periodic
boundary conditions, corresponding to the thin films of
nanocomposites in the realistic experiments. Initially, the
density field of NPs is calculated from eq 1 through the
random placement of a fixed number of NPs in the simulation
boxes. Correspondingly, the density fields φA and φB of A and
B blocks are assigned. Subsequently, the procedures for
numerically solving the DSCFT/MD equations are imple-
mented as follows: (i) the evolution equations for the
components of zone-annealed diblock copolymers are updated
by the Crank−Nicolson method. The self-consistent determi-
nation between the density fields φI and potential fields ωI in
each time step of eq 5 is solved by the nonlinear conjugate
gradient method. The iteration is regarded as convergence
when the tolerance for the density fields becomes less than the
error level of 0.01. (ii) The forces on the NPs are calculated
from eq 8. The position and velocity of NPs are updated by
integrating eqs 6 and 7. (iii) For the new set of NPs’ positions,
the DSCFT equations are updated through the above
procedures. Finally, the DSCFT/MD simulations for the
zone-annealed nanocomposites are stopped after 6−10 cycles
of zone annealing.
In the parameter settings of the present work, the sizes of

simulation boxes are set as ∼72.0Rg × 72.0Rg, which are
discretized by 480 × 480 grid points. The Flory−Huggins
interaction parameter of symmetric diblock copolymers (i.e., fA
= 0.5) is set as χABN = 20.0. The Helfand-type coefficient kH
has a value of 200 such that the deviation of the sum of φA +
φB + φP around 1.0 is minimized as far as possible. It is
assumed that the mobility coefficients MI of various blocks are
equal. The time step for the evolution eq 5 of density fields is
Δt = 0.1τBCP, where τBCP ≡ Δx2/MI is the time unit (Δx is the
discrete space). Under these selections of parameters, the
diblock copolymers form the lamellae with a natural periodicity
L0 ≈ 4.0Rg. For the parameter settings of NPs, the diffuse
interface of thickness has a value of λ = 0.15Rg. The interaction
parameters between the NPs and polymeric components are
set as χAPN = 20.0 and χBPN = 0, implying that the NPs like to
the B blocks. Such settings of interaction parameters can be
experimentally achieved through the surface modification of
NPs.51,52 The mobility coefficient of NPs has a value of MP ≈
0.2MI.

53−56 The time step for the motion eqs 6 and 7 of NPs is
ΔtP = 0.02τP, where τP ≡ Δx2/MP is the time unit of NPs’
motion. It should be mentioned that the time step ΔtP plays an
important role in the self-assembly behaviors of zone-annealed
nanocomposites, as shown in Figure S1 of the Supporting
Information. To balance the computational cost and the
numerical stability, we chose a larger time step in the DSCFT/

MD simulations. In the simulations of zone annealing, the zone
width is fixed at the proper value w = 2.0L0 ≈ 8.0Rg. For given
parameter settings, each DSCFT/MD simulation is repeated 6
times with various seeds of a pseudo-random number.

3. RESULTS AND DISCUSSION
Recently, we have studied the self-assembly behaviors of pure
diblock copolymers subject to zone annealing.45−47 It was
corroborated that the kinetically arrested defects of lamellae
are efficiently annihilated by the introduction of the spatially
and temporally dependent field. In the present work, one
remarkable distinction is the incorporation of inorganic NPs,
which significantly impact the ordering kinetics and the self-
assembled nanostructures of nanocomposites in the realistic
experiments.57−60 In order to take the effect of NPs’
incorporation into account, we carry out the DSCFT/MD
simulations to explore the ordering behaviors of diblock
copolymer/NP mixtures in the course of zone annealing.
In the implementation of zone-annealing simulations, the

initial states are obtained from the quenching simulations of
AB diblock copolymer/B-like NP composites. The quenching
simulations (i.e., the zone annealing is switched off) start from
a disordered state. In general, the diblock copolymers
spontaneously form lamellar structures with lots of defects
and the NPs are randomly dispersed in the B-rich domains
(Figure 1). It should be pointed out that the long-live defects

cannot be further annihilated in spite of an increase of the
simulation time, suggesting that the defective nanostructures
are kinetically trapped states due to the high energy barriers of
the structural rearrangement. Such metastable nanostructures
are selected as the initial states of zone-annealing simulations
for the nanocomposites. Below, we apply the integrated
DSCFT/MD method outlined above to investigate how zone
annealing is used to program the motion of NPs and finally
achieve the well-defined assemblies of NPs dispersed in the
defect-free lamellae.

3.1. Diblock Copolymer/NP Mixtures Subject to Zone
Annealing. We first focus on the effect of zone annealing on
the ordering behaviors of diblock copolymer/NP mixtures.
The radius and concentration of NPs are chosen as RP = 0.8Rg
and cP = 0.06, respectively. It is assumed that the samples in
the annealed zone have minimum Flory−Huggins interaction
parameters (χABN)min = (χAPN)min = 10.0 [designated as
(χN)min below], which are slightly lower than the value of the
order−disorder transition of symmetric diblock copolymers.
The moving velocity v is represented by the velocity unit ṽ =

Figure 1. Self-assembled nanostructures of AB diblock copolymer/B-
like NP mixtures quenched from the disordered state. (a) Simulation
time t = 4000.0τBCP and (b) t = 10 000.0τBCP. Black and white colors
refer to the A- and B-rich domains, respectively. The blue dots
represent the NPs. The radius RP and the concentration cP of NPs are
chosen as 0.8Rg and 0.06, respectively.
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Rg/τBCP. The simulation time t is normalized by the periodicity
Tv = L/v of zone annealing, where L is the size of simulation
boxes.
Figure 2 shows a series of instantaneous configurations of

nanocomposites during the zone-annealing process at the
moving velocity v = 0.75ṽ, 0.30ṽ and 0.05ṽ. After incorporating
the spatially and temporally dependent field of zone annealing
into DSCFT/MD simulations, a common feature in the
morphological evolution of self-assembled nanostructures of
nanocomposites is sketched from these snapshots. In the early
stage (e.g., t = 0.2Tv), the defective nanostructures passed by
annealed zones become unstable and the defect annihilation is
evidently accelerated. After the first cycle of zone annealing
(i.e., t = 1.0Tv), the patterns of self-assembled nanostructures
become relatively ordered and the B-like NPs re-migrate into
the B-rich domains to minimize the total free energy of the
system. After multiple cycles of zone annealing (e.g., t = 6.0Tv,
the annealed zones are moved to the top part of simulation
boxes due to the periodic boundary conditions), the diblock
copolymers re-assemble into the highly ordered lamellae,
which act as scaffolds or templates to direct the spatial
arrangement of B-like NPs.

More importantly, from the observations of Figure 2, one
can deduce a significant outcome that the final morphology of
nanocomposites and the spatial arrangement of NPs are in
close relation with the moving velocity of zone annealing. In
the case of a larger value of the moving velocity (e.g., v =
0.75ṽ), a number of grain boundaries of lamellae remain in the
patterns, and the spatial arrangement of NPs in the B-rich
domains is still random (Figure 2a). As the moving velocity v is
reduced to 0.30ṽ, the diblock copolymers re-organize into the
highly ordered lamellae due to the annihilations of defects
(Figure 2b). The favorable wetting interactions between the
NPs and the B blocks cause the NPs to be preferentially
localized in the straight B-rich domains of well-ordered
lamellae, but their spatial arrangement is still random. With a
further decrease of moving velocity (e.g., v = 0.05ṽ), the NPs
are driven to re-organize into long chains located in the front
of the annealed zone (Figure 2c). As shown in Figure S2 of the
Supporting Information, these behaviors are also observed for
the system of asymmetric diblock copolymer/NP mixtures.
These theoretical predictions manifest the fact that the zone
annealing can manipulate both the ordering degree of self-
assembled nanostructures and the spatial arrangement of NPs

Figure 2.Morphological evolution of self-assembled nanostructures of AB diblock copolymer/B-like NP mixtures in the presence of zone annealing
under various moving velocities v. (a) v = 0.75ṽ, (b) v = 0.30ṽ, and (c) v = 0.05ṽ. Annealed zones highlighted by yellow color are moved
periodically along the y direction from top to bottom (as marked by red arrows). The simulation times t are shown on the top of panel (a), where
the periodicities Tv of zone annealing at the moving velocity v = 0.75ṽ, 0.30ṽ, and 0.05ṽ are, respectively, 96.0τBCP, 240.0τBCP, and 1440.0τBCP. The
minimum Flory−Huggins interaction parameter (χN)min is set as 10.0. The radius RP and the concentration cP of NPs are chosen as 0.8Rg and 0.06,
respectively. The initial states of zone-annealing simulations are obtained from the quenching cases (Figure 1b).
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in the B-rich domains through finely tuning the moving
velocity.
To quantify the ordering degree of self-assembled nano-

patterns, the order parameter β of the lamellae along the
pathway of zone annealing (i.e., the y direction in the present
work) is introduced61,62

β ϕ ϕ= ⟨⟨ ⟩ ⟩t t tr r( ) ( , ) / ( , )y y x
2 2

(9)

where ϕ(r,t) ≡ φA(r,t) − φB(r,t) is the difference of density
fields between the A and B blocks. The brackets ⟨·⟩γ (γ = x and
y) stand for the average along the γ direction. Here, β = 1.0
corresponds to the defect-free lamellae along the annealing
direction, while β → 0 suggests the defective lamellae with
multiple orientations. It should be mentioned that β has an
upper limit value around 0.8 due to the weak segregation of
diblock copolymers in the annealed zone.
Figure 3a shows the order parameter β of lamellae in terms

of the time under various moving velocities v. Through the

introduction of zone annealing into the nanocomposites, the
order parameter of self-assembled nanostructures increases
during the few cycles of zone annealing due to the defect
annihilation. However, there are some remarkable differences
for the order parameters of nanostructures in the final stage of
zone-annealing simulations. Under the condition of v = 0.75ṽ,
the order parameter exhibits a low value, implying that the
lamellae remain the defective state in spite of the introduction
of zone annealing. However, for the moving velocities of 0.30ṽ
and 0.05ṽ, their order parameters gradually increase and finally
reach larger values, suggesting that the defective lamellae
transit to the well-ordered nanostructures.
The steady-order parameter β* is used to evaluate the

efficiency of zone annealing. As highlighted in Figure 3a, the
plateau value of the order parameter is regarded as parameter
β*. Figure 3b depicts the steady-order parameter β* in terms
of the moving velocity v. As the annealed zone is slowly moved,
the time of diblock copolymers staying in the annealed zone
becomes long and the polymer molecules have the opportunity
to re-organize themselves; hence, the long-live defects can be

removed and the well-ordered nanostructures are finally
achieved. In particular, under the condition of v ≤ 0.30ṽ, the
metastable defects are annihilated by the spatially localized,
mobile field of zone annealing, and the value of parameter β* is
larger than 0.60 (highlighted by the dashed line in Figure 3b),
suggesting that zone annealing with the small value of the
moving velocity is sufficient to overcome the energy barriers
and results in the formation of defect-free nanostructures of
nanocomposites.
In order to elucidate the spatial arrangement of NPs in the

course of zone annealing, their motion is quantified by the
normalized position displacement Δr ̂ given by63,64

∑Δ ̂ =
Δ

|Δ |
=

r
n v T

r
1

i

n

i
P 1

P

(10)

where |Δri| represents the displacement of the ith NP over a
time interval (e.g., ΔT = 0.25Tv) and vΔT represents the
moving distance of the annealed zone. If Δr ̂ ≈ 1, the NPs are
driven to directionally move along the pathway of the annealed
zone, indicating a strong coupling between NPs and zone
annealing. If Δr ̂ → 0, the NPs display a random motion,
indicating a weak coupling.
Figure 4a depicts the normalized displacement Δr ̂ of NPs in

terms of the time. For the moving velocity v = 0.05ṽ, after

several cycles of zone annealing, Δr ̂ reaches a large value
around 0.92, implying that almost all the NPs directionally
move along the pathway of the annealing zone. However,
different behaviors of NPs are observed in the cases of the
moving velocities of 0.75ṽ and 0.30ṽ. Under the condition of v
= 0.75ṽ, the NPs randomly move during the entire annealing
process, as evidenced by a small value of Δr.̂ For the moving
velocity v = 0.30ṽ, Δr ̂ maintains an intermediate value,
implying that these NPs undergo a finite displacement only
along the pathway of the annealing zone. In other words, the
directional motion of NPs cannot be triggered by zone
annealing with a fast moving velocity.
Figure 4b plots the steady normalized displacement Δr*̂ of

NPs in terms of the moving velocity. This quantity is
schematically illustrated in Figure 4a. In the case of v ≤
0.30ṽ, the steady normalized displacement is larger than 0.9,

Figure 3. (a) Temporal evolution of order parameter β of lamellar
nanostructures subject to zone annealing at moving velocity v = 0.75ṽ,
0.30ṽ, and 0.05ṽ. (b) Steady-order parameter β* of lamellar
nanostructures in terms of the moving velocity. The dashed line
highlights the critical value of the steady-order parameter. In panels
(a,b), each data point is averaged over six independent runs. The error
bars are shown only when the standard deviations are larger than the
height of symbols. Figure 4. (a) Temporal evolution of the normalized displacement Δr ̂

of NPs subject to zone annealing at the moving velocity v = 0.75ṽ,
0.30ṽ, and 0.05ṽ. (b) Steady normalized displacement Δr*̂ of NPs in
terms of the moving velocity v. The dashed line highlights the critical
value of the steady normalized displacement.
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implying that the chain-like assemblies of NPs are directionally
moved along the pathway of the annealed zone. As the moving
velocity is beyond the range (i.e., v > 0.30ṽ), the steady
normalized displacement shows a notable decrease, suggesting
that the NPs randomly move in the B-rich domains. Therefore,
from the observations of Figures 2−4, it is definitely
demonstrated that zone annealing can efficiently annihilate
the long-live defects to yield well-ordered nanostructures as
well as induce the directional motion of NPs to achieve the
well-defined assemblies.
In order to comprehend how zone annealing impacts the

motion and arrangement of NPs in the self-assembled
nanostructures, we take a closer look at the dynamic
trajectories of the structural evolution by considering the
microscopic details. Figure 5 illustrates the three-dimensional

height maps for the difference ϕ(r,t) ≡ φA(r,t) − φB(r,t) of
density fields between the A and B components. For clarity, a
part of the simulation boxes is shown in the high-contrast
images, where only a single NP is located in the B-rich domain
of the defect-free lamellae. As the annealed zone is moved
slowly (Figure 5a), the molecule chains of diblock copolymers
have sufficient time to respond to the environmental change in
the annealed zone; hence, the difference of density fields in the
annealed zone (i.e., disordered domains) is smaller than that in
the rest of samples. At the front of the annealed zone, a
sequence of half-period shifts are witnessed to connect the
transition from the lamellae to the disordered domains (i.e.,
response layer), originating from the combination of the
incompatibility of distinct blocks and the topology of
copolymer chains.12,65 That is, the high-density distribution
of A blocks in the response layer lies between the distinct
lamellae (highlighted by the dotted line box in Figure 5a).
These observations of density distribution in the response layer
are also identified by the dynamic field theory simulations for
the solvent evaporation of diblock copolymers.66 Such A-rich
domains in the response layer exert a repulsive force on the B-
like NP (inset of Figure 5a), which arises from their

incompatibility. The repulsive force pushes the NP to
directionally move along the pathway of the annealed zone.
As the annealed zone continues to be moved over the sample,
the above scenarios are repeated. As a result, the front of the
annealed zone effectively collects a number of NPs after several
cycles of zone annealing. However, as the annealed zone is
moved fast, the copolymer chains do not have sufficient time
to re-organize themselves at the front of the annealed zone
(Figure 5b). In other words, the observation of the response
layer is unobvious in the annealed zone under this condition.
Consequently, the repulsive force described above is weak, and
the movement of NPs in the B-rich domains is mainly driven
by the Brownian motion, leading to the formation of randomly
dispersed NPs.
It is helpful to compare the dynamic trajectories of NPs

dispersed in the homopolymer blends and diblock copolymers
subject to zone annealing. As shown in Figure S3 of the
Supporting Information, the response layers cannot be
identified in the annealed zone of homopolymer blends, and
the NPs cannot be collected by the annealed zone in spite of
the slow moving velocity. It is further demonstrated that the
response layers originating from the chain topology of diblock
copolymers allow the NPs to directionally move and finally
achieve the chain-like assemblies dispersed in the energetically
favorable domains.

3.2. Effect of the Interaction Parameter of Zone
Annealing. The minimum Flory−Huggins interaction
parameter (χN)min of zone annealing is a significant factor
that impacts the self-assembly behaviors of nanocomposites,
which are depicted in Figure 6. The moving velocity of the

annealed zone is fixed at v = 0.15ṽ. When the minimum Flory−
Huggins parameter is below the value of the order−disorder
transition [i.e., (χN)min < 10.5], the self-assembled nanostruc-
tures of diblock copolymers display a high ordering degree and
the NPs are driven to form the chain-like assemblies in the
front of the annealed zone, evidenced by the larger values of β*

Figure 5. Three-dimensional height maps of density distribution
ϕ(r,t) ≡ φA(r,t) − φB(r,t) for the moving velocity (a) v = 0.05ṽ and
(b) v = 0.75ṽ. The minimum Flory−Huggins interaction parameter is
fixed at (χN)min = 10.0. Images show a portion of the simulation
boxes. Left and right panels correspond to the early and later stages as
the annealed zone passes over the samples. The fronts of annealed
zone are highlighted by the dashed lines. Insets illustrate the self-
assembled nanostructures of nanocomposites enclosed by the dotted
line boxes and the corresponding configurations of diblock copolymer
chains.

Figure 6. Effect of the minimum Flory−Huggins interaction
parameter (χN)min of the annealed zone on the self-assembly
behaviors of nanocomposites. (a) Morphologies of self-assembled
nanostructures in the final stage of zone annealing simulations. (b)
Steady-order parameter β* and (c) steady normalized displacement
Δr*̂ in terms of the Flory−Huggins interaction parameter (χN)min for
the nanocomposites subject to zone and oven annealing. The moving
velocity v of the annealed zone is fixed at 0.15ṽ.
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and Δr*̂. However, with an increase of (χN)min, both β* and
Δr*̂ approach zero. In this case, the self-assembled
nanostructures present multiple orientations and the NPs
exhibit a random dispersion in the B-rich domains of the
defective lamellae. Such ordering behaviors of nanocomposites
can be also understood by the response layers of diblock
copolymers (Figure S4 of the Supporting Information).
We also compare the self-assembly behaviors of diblock

copolymer/NP mixtures subject to zone and oven annealing.
The simulations of oven annealing start from the defective
nanostructures shown in Figure 1b, and the Flory−Huggins
interaction parameters are set as (χN)min in the entire boxes.
As shown in Figure S5 of the Supporting Information, some of
the defects are removed by oven annealing, but the grain
boundaries of the lamellae remain in the patterns. The steady-
order parameter β* and normalized displacement Δr*̂ have
small values (Figure 6b,c), indicating the observations of the
defective lamellae and randomly dispersed NPs in the case of
oven annealing.
As illustrated above, the design parameters of zone annealing

[i.e., the moving velocity v and the minimum Flory−Huggins
interaction parameter (χN)min] play vital roles in impacting the
self-assembly behaviors of nanocomposites. We carry out a
series of DSCFT/MD simulations for the zone-annealed
nanocomposites, which allow us to construct the steady-
order parameter β* and the normalized displacement Δr*̂
landscapes plotted by the colorful contour maps in the v−
(χN)min plane (Figure 7). In light of how the steady-order

parameter β* and the normalized displacement Δr*̂ are
affected by the moving velocity v and the minimum Flory−
Huggins interaction parameter (χN)min, the maps are
respectively divided into two characteristic regions, which are
approximately separated by the solid lines. Under the
conditions of large values of moving velocity and interaction
parameters, the zone-annealed nanocomposites form the

defective lamellae filled with the random distribution of NPs.
With a decrease of the values of moving velocity and
interaction parameter, the diblock copolymers are directed to
re-organize into the well-ordered lamellae, and the NPs are
programmed to form the long chains. It should be mentioned
that the critical moving velocity for the boundaries between the
two characteristics regions is decreased exponentially with an
increase of interaction parameter, suggesting that the design
parameters of zone annealing are significant factors to
rationally construct the multifunctional nanodevices with
well-ordered nanostructures and well-defined NPs.
In particular, the dashed line of Figure 7a represents the

boundary between the well-ordered and defective nanostruc-
tures for the system of pure diblock copolymers. Similarly, the
spatial regularity of the lamellae depends strongly on the
moving velocity and the minimum Flory−Huggins interaction
parameter. However, in comparison with the case of
nanocomposites, the characteristic region of well-ordered
nanostructures is enlarged due to the removal of NPs.
Another salient feature for the nanocomposites is that the

chain-like assemblies of NPs are achieved during the process of
zone annealing, which is highlighted by the red line in Figure
7b. It is worthwhile pointing out that the location of the red
line is lower than that of the black line (corresponding to the
critical moving velocity of the defect-free lamellae in Figure 7a)
at given values of (χN)min. This observation manifests the fact
that the chain-like assemblies of NPs form after the ordering of
lamellar nanostructures in the course of zone annealing.
To further testify the validation of zone annealing for the

unique self-assembly behaviors of nanocomposites, we also
perform additional simulations for the diblock copolymer/NP
mixtures, which start from the homogeneous states and quench
into the microphase-separated state (Figure S6 of the
Supporting Information). Meanwhile, the annealed zone is
periodically moved from the top to bottom of samples. It is
found that the ordering degree of lamellar nanostructures and
the spatial arrangement of NPs in the late stage of zone
annealing simulations are identical to those in the case of initial
configurations of defective nanostructures (Figure 2), revealing
that the self-assembly behaviors of nanocomposites are less
susceptible to the initial states.

3.3. Effects of Physicochemical Properties of NPs. In
this subsection, we investigate the effects of physicochemical
properties of NPs on the self-assembly behaviors of zone-
annealed nanocomposites. The minimum Flory−Huggins
interaction parameter (χN)min in the annealed zones is chosen
as 10.0. Below, we use our developed DSCFT/MD method to
investigate the ordering behaviors of nanocomposites in terms
of the concentration and radius of NPs.
Figures 8 and S7 of the Supporting Information display the

effect of concentration cP of NPs on the ordering behaviors of
zone-annealed nanocomposites. The moving velocity is set as v
= 0.15ṽ. The radius of NPs is fixed at RP = 0.8Rg. When the
concentration cP of NPs is low (e.g., cP = 0.02), the well-
ordered lamellae and well-defined assemblies of NPs are
achieved due to the relatively weak steric hindrance among
NPs, as evidenced by the larger values of Δr*̂ and β*. As the
concentration of NPs is increased (e.g., cP = 0.12), the NPs in
the B-rich domains become crowded, leading to an enhance-
ment of the steric hindrance among neighboring NPs. In
particular, a portion of NPs prefer to accumulate in the front of
the annealed zone (Figure 8a), causing the swelling of domains
near this zone. In the rest of the NP-filled sample, the lamellae

Figure 7. Contour maps about (a) steady-order parameter β* and (b)
steady normalized displacement Δr*̂ in the plane of moving velocity
v/ ṽ and the minimum Flory−Huggins interaction parameter (χN)min.
In panel (a), the solid line divides the contour map of lamellar
nanostructures into two regions: well-ordered and defective lamellae.
The dashed line highlights the boundary for the pure diblock
copolymers. In panel (b), the solid line divides the contour map of
NPs’ arrangement into two regions: chain-like assemblies and
randomly dispersed NPs. The color bars present the code for the
values of β* and Δr*̂. Note that the vertical axis has a logarithmic
scale.
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display some degree of ordering due to the defect annihilation
with the help of zone annealing, but the spatial arrangement of
NPs in the B-rich domains is random. Between the swelling
and ordering areas of self-assembled nanostructures, the
defects cannot be eliminated by the repeated annealing due
to the inhomogeneous swelling of lamellar nanostructures.67

As a result, an increase of cP results in the lower magnitudes of
β* and Δr*̂, which are respectively demonstrated in Figure
8b,c.
In order to capture the effects of concentration cP of NPs

and moving velocity v of zone annealing on the ordering
behaviors of zone-annealed nanocomposites, we calculate the
steady-order parameter β* of the lamellae and the normalized
displacement Δr*̂ of NPs as functions of cP and v. These allow
us to construct the β* and Δr*̂ landscapes presented by the
contour maps in the v−cP plane, which are respectively
depicted in Figure 9a,b. The characteristic regions are divided
by the solid lines. When cP is smaller than 0.12, well-ordered
lamellae and chain-like assemblies are achieved by tuning the
moving velocity of zone annealing. However, an increase of
concentration of NPs prevents the formation of well-ordered
nanostructures in spite of the incorporation of zone annealing.
For instance, the nanocomposites with cP = 0.11 self-assemble
into the well-ordered nanostructures at the lower moving
velocity by about 10 cycles of zone annealing. As the
concentration cP of NPs is increased to cP = 0.16, the entire
sample consists of the mixed phases of lamellae and cylinders,
and the zone annealing no longer introduces a noticeable
ordering into the system of nanocomposites.
We now turn our attention to the effect of NPs’ radius RP on

the self-assembly behaviors of zone-annealed nanocomposites
(Figure S8 of the Supporting Information). The concentration
of NPs is fixed at cP = 0.06. As shown in Figure 10, for a given
moving velocity v = 0.15ṽ, smaller NPs (e.g., RP ≤ 0.75Rg)
result in the highly ordered lamellae and their better
arrangement. When the size of NPs (i.e., NP diameter DP =
2.0RP) becomes comparable to the half-domain width of the
lamellae (i.e., L0/2, where L0 ≈ 4.0Rg), the interfaces of distinct

domains of diblock copolymers are distorted by the larger NPs.
The phenomenon results in the consequent loss of the
ordering degree of lamellae, corresponding to a decrease of the
steady-order parameter β*. Simultaneously, an increase of the
NP size leads to a decrease of the steady normalized
displacement Δr*̂, reflecting the random dispersion of NPs
in the entire sample.
Figure 11 shows the landscapes of the steady-order

parameter β* of the lamellae and the normalized displacement
Δr*̂ of NPs presented by the contour maps in the v−RP plane.
Under the condition of small NPs’ radius (e.g., RP ≤ L0/4), the
nanocomposites can successfully escape the kinetically trapped
states with the help of zone annealing and reach the well-
ordered nanostructures with defect-free lamellae and well-
defined assemblies of NPs. Meanwhile, the critical moving
velocity to yield the well-ordered nanostructures has a tight
relation with the radius of NPs. Beyond this range (i.e., RP >

Figure 8. Effect of NPs’ concentration cP on ordering behaviors of
zone-annealed nanocomposites. (a) Morphologies of self-assembled
nanostructures in the final stage of zone annealing simulations. (b)
Steady-order parameter β* and (c) steady normalized displacement
Δr*̂ as a function of the NPs’ concentration cP. The moving velocity
and the minimum Flory−Huggins interaction parameter are set as v =
0.15ṽ and (χN)min = 10.0, respectively.

Figure 9. Contour maps about (a) steady-order parameter β* and (b)
steady normalized displacement Δr*̂ in the plane of moving velocity
v/ ṽ and NPs’ concentration cP. The minimum Flory−Huggins
interaction parameter and NPs’ radius are chosen as (χN)min = 10.0
and RP = 0.8Rg, respectively.

Figure 10. Effect of NPs’ radius RP on ordering behaviors of diblock
copolymer/NP mixtures subject to zone annealing. (a) Morphologies
of self-assembled nanostructures. (b) Steady-order parameter β* and
(c) steady normalized displacement Δr*̂ as a function of NPs’ radius
RP. The moving velocity and the minimum Flory−Huggins
interaction parameter are set as v = 0.15ṽ and (χN)min = 10.0,
respectively.
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L0/4), the defective lamellae of zone-annealed nanocomposites
are observed, because the local interfaces of microphase-
separated structures are strongly distorted by the larger NPs.
3.4. Experimental Discussion. The zone-annealed nano-

composites demonstrated by the DSCFT/MD simulations can
be realized in the experimental researches, and the predicted
results are corroborated by the experimental analyses. For
instance, Karim’s group has recently adapted the zone-
annealing procedure to order the hybrid materials of
cylinder-forming diblock copolymers filled with gold
NPs.29,30 As evidenced by the grazing-incidence small-angle
X-ray scattering and atom force microscopy, the ordering
degree of cylinders can be notably enhanced by the
incorporation of zone annealing, and the corresponding
orientation is tuned by the loading of NPs. While the specifics
of diblock copolymers in the experimental system are different
from those presented here, there are some fundamental
similarities in the self-assembly behaviors of nanocomposites.
That is, in the presence of zone annealing, the diblock
copolymers filled with NPs are guided to re-assemble into the
highly ordered nanostructures, as demonstrated in Figures 2
and 3. Meanwhile, the addition of NPs significantly impacts the
self-assembled nanostructures of diblock copolymers subject to
zone annealing (Figure 8). These findings obtained from
DSCFT/MD simulations are in accordance with the
experimental results of zone-annealed nanocomposites. There-
fore, this system could provide an ideal starting point for
introducing the inorganic NPs into the organic matrix and
kinetically controlling the ordering degree of self-assembled
nanostructures of nanocomposites.
Furthermore, the spatially localized, mobile field of zone

annealing in conjunction with the scaffolds of diblock
copolymers provides the driving force (i.e., the response layers
of diblock copolymers) to create the moving fronts, which are
ultimately used to program the directional motion of NPs in
the energetically favorable domains (Figure 5). Such intriguing
phenomenon originates from the complex cooperative
interactions in the system, including the preferential wetting
interaction between the NPs and one of the blocks, steric
repulsion between the NPs, and the response of diblock
copolymers to zone annealing. As a result, zone annealing for
the diblock copolymer/NP mixtures plays an important role in

manipulating the spatial arrangement of inorganic NPs in the
organic matrix. Specifically, by varying the moving velocity and
the minimum Flory−Huggins interaction of zone annealing,
the spatial arrangement of dispersed NPs can be categorized
into two distinct states: randomly dispersed NPs and chain-like
assemblies of NPs (Figure 7). The appearance of chain-like
assemblies, where the NPs are sequestered in the front of zone
annealing and moved with zone annealing, provides a powerful
means of delivering the NPs to a particular location in the
polymeric matrix. Once the zone-annealed nanocomposites are
quenched, the desired nanostructures with well-defined
assemblies of NPs are locked into the hybrid materials,
which will display the strongly collective optical and electric
properties in comparison with the poor organization of NPs
within the scaffolds.
Zone annealing for the nanocomposites can be also utilized

to construct the banded assemblies of NPs with the help of the
response layers of diblock copolymers. Figure 12a schemati-

cally illustrates the movement protocol (including the forward
and backward-and-forward modes) of the annealed zone in
DSCFT/MD simulations. To ensure the entrance of annealing
fronts into the assemblies of NPs (t = 0 in Figure 12b) and the
pre-formation of the first well-defined layer of NPs (t = t1 in
Figure 12b), the annealed zone is moved at velocity v > vc (vc is
the critical velocity to yield chain-like assemblies as shown in
Figure 7b) and the forward velocity vf < vc, respectively. The
representative nanostructures (t = t1 in Figure 12b) are
selected as the initial configurations of zone-annealing
simulations in the backward-and-forward mode. The annealed
zone is moved along the y direction at the forward velocity vf
and subsequently moved along the −y direction at the
backward velocity vb = −vf, respectively. The movement
periodicity of the annealed zone is given by TZA ≡ 2w/vf,
where w is the width of zone annealing. The DSCFT/MD
simulations for the backward-and-forward movement of zone
annealing are stopped after 3 cycles. Figure 12c shows the self-
assembled nanostructures of nanocomposites subject to the
backward-and-forward mode of zone annealing under various
moving velocities. When the moving velocities are set as vf =

Figure 11. Contour maps about (a) steady-order parameter β* and
(b) steady normalized displacement Δr*̂ in the plane of moving
velocity v/ṽ and NPs’ radius RP. The dashed lines are the estimated
transition boundaries. The NPs’ concentration cP is fixed at 0.06.

Figure 12. (a) Schematic illustration of the movement protocol of the
annealed zone. (b) Self-assembled nanostructures of nanocomposites
in the forward mode of zone annealing at time t = 0 and t1. (c) Self-
assembled nanostructures of nanocomposites in the backward-and-
forward mode of zone annealing at time t = t1 + 3TZA under various
moving velocities. (d) Standard deviation of NPs’ positions in terms
of the moving velocities. The radius and concentration of NPs are
chosen as RP = 0.8Rg and cP = 0.06, respectively.
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−vb = 0.19ṽ, the NPs at the front of assemblies (highlighted by
red dots) form the well-defined layers (i.e., banded assemblies
of NPs). As the moving velocities are decreased to vf = −vb =
0.03ṽ, the NPs at the front of assemblies have a larger
displacements in the y direction due to their longtime
Brownian motion.
To elucidate the spatial arrangement of NPs in the front of

assemblies, the displacement is quantified by the standard
d e v i a t i o n o f N P s ’ p o s i t i o n s g i v e n b y

σ ≡ ∑ − ̅=( )y y n( ) /i
n

i1
2

L
1/2

L , where nL is the number of NPs

and y̅ is the average value of the vertical position yi. Under the
condition of σ < RP, the NPs in the front of assemblies are
regarded as the formation of well-defined layers and the
achievement of banded assemblies. Figure 12d depicts the
standard deviation of NPs’ positions in terms of the moving
velocities of zone annealing. As the moving velocities vf = −vb
are larger than the lower critical value v* ≈ 0.10ṽ, the standard
deviation of NPs’ positions is smaller than the value of RP,
implying the achievement of banded assemblies. It should be
noted that the moving velocities of zone annealing must be
smaller than the upper critical velocity vc ≈ 0.25ṽ to ensure the
directional motion of NPs.
The spatial arrangement of NPs in the zone-annealed

nanocomposites can be understood by the competition
between two important time scales, TZA and TP. TZA ≡ 2w/
vf = 16τBCP/(vf/ṽ) is the time scale of zone annealing in the
backward-and-forward mode. TP is the diffusion time scale of
NPs and can be roughly estimated as TP ≡ RP

2/MP ≈ 142τBCP.
As TP/TZA > 1, corresponding to the estimated value vf > 0.11ṽ
≈ v*, the displacement of NPs does not exceed the radius of
NPs, resulting in the formation of banded assemblies. These
results provide significant information for the experimentalists
to rationally construct the banded assemblies of NPs by
carefully designing the backward-and-forward mode of zone
annealing.
It should be mentioned that our DSCFT/MD simulations

are implemented in the two-dimensional space to reduce the
computational costs for the numerical solutions of modified
diffusion equations in the inversion problems of local density
fields of diblock copolymers. The two-dimensional simulations
do not take into account the effect of film thickness, which
plays an important role in the ordering process of self-
assembled nanostructures, especially for the system of
asymmetric diblock copolymers (Figure S2 of the Supporting
Information). With the help of accelerating techniques based
on the graphics-processing units,47,68 one can overcome the
computational intensity of DSCFT/MD simulations and
thoroughly study the self-assembly behaviors of zone-annealed
nanocomposites, such as the effect of film thickness and the
ordering process of asymmetric diblock copolymer/NP
mixtures, the orientation change of nanostructures induced
by the introduction of NPs, and the morphological transition
of self-assembled nanostructures via zone annealing.

4. CONCLUSIONS
A new computational model, integrating DSCFT and MDs, is
developed and used to investigate the ordering behaviors of
hybrid diblock copolymer/NP mixtures in the presence of zone
annealing. The integrated model enables us to analyze the
structural evolution of self-assembled patterns and the motion
of NPs. Using the simulations, we corroborate the findings that
the well-ordered nanostructures are achieved by virtue of zone

annealing. Because of the directional motion of NPs
originating from the presence of response layers of diblock
copolymers, the NPs are programmed to form the chain-like
assemblies in the front of the annealed zone. The simulations
also reveal the importance of parameter choices of zone
annealing and the NPs to achieve the well-ordered
nanostructures of diblock copolymer/NP mixtures and the
well-defined assemblies of NPs dispersed in the polymeric
matrix.
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