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T
he morphologies associated with
the self-assembly of diblock
copolymer�nanoparticle have at-

tracted tremendous academic and indus-

trial interests in recent years.1�7 Because the

block copolymers are composed of two

kinds of different segments, it can be used

as a template for the self-assembly of nano-

particles by controlling the corresponding

volume fraction, molecular weight, and the

interaction between the two distinct poly-

mer blocks.8 From the perspective of the

theory and application, diblock

copolymer�nanoparticle mixtures are also

very interesting because they can form or-

dered phase structure with 10�100 nm

characteristic scale. However, this can

hardly be achieved by the traditional so-

phisticated top-down technology.9�11

In the bulk, the diblock

copolymer�nanoparticle mixtures can form

abundant phase structures such as lamel-

lae, hexagonally packed cylinders, helices,

and toroids, etc. However, there often exist

some defects in these structural phases,

thus limiting the application of these struc-

tures in some sophisticated devices. Some

additional fields such as flow fields, electric

fields, or magnetic fields can be incorpo-

rated into the system in order to preserve

the long-range order in phase structures

and reduce the negative effect of the

defects.12�15 In addition, when the diblock

copolymer�nanoparticle mixtures are con-

fined in a physical environment, unusual

morphologies not accessible in the bulk

would emerge, thus offering new opportu-

nities to create novel nanostructures for in-

dustrial applications.16�23 Balazs et al. re-

ported the self-assembly of diblock

copolymer�nanoparticle mixtures con-

fined between two parallel surfaces and ob-
served stripes oriented either parallel or
perpendicular to the walls at different
conditions.24,25 In our previous work, we
also have systematically studied the phase
behaviors of diblock copolymer�
nanoparticle mixtures under nanonopore
confinment, and discovered a series of in-
teresting phase structures.26 So far, the
studies of the self-assembly of diblock
copolymer�nanoparticle mixtures con-
fined between two concentric circular walls
has not been investigated. Recently, Fre-
drickson et al.27 developed a hybrid particle-
field (HPF) simulation technique for poly-
meric fluids with embedded particles. The
particle coordinates are explicitly retained
as degrees of freedom. This HPF description
is reminiscent of the Car�Parrinello tech-
nique for conducting ab initio molecular dy-
namics.28 In these studies, the method of
combined self-consistent field theory (SCFT)
for dicopolymer and the density functional
theory for particles (DFT) has been used for
studying the self-assembly and morpholo-
gies of these systems.1,29 This method has
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ABSTRACT In this paper, we used combined self-consistent-field and hybrid particle-field theory to explore

the self-assembly behavior of diblock copolymer�nanoparticle mixtures confined between two concentric circular

walls. The simulation reveals that the structural frustration, the loss of conformational entropy of the copolymer,

and the radii of the two concentric circles have great influence on the morphologies of the system. We also discusss

the underlying mechanism of controlling the self-assembly of such a system in terms of enthalpic interaction

between particles and copolymers, steric repulsive interactions between particles, and the conformational entropy

of copolymers, and a representative phase diagram in terms of block ratio and the particle volume fraction is

constructed. This study suggests a route to help experimentalists better create high-performance nanodevices.
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the advantage of requiring no prior knowledge of the
equilibrium structure of the system. However, it is not
very precise in describing the particles, because DFT
only provides the distributions of particles and particle
centers without more detailed information of particles
such as their coordinates.

In this paper, we study the self-assembly and phase
behaviors of diblock copolymer�nanoparticle mixtures
confined between two concentric circles using the com-
bined self-consistent-field and hybrid particle-field
theory (SCFT/HPF). HPF offers information including
the particles’ coordinates which show a good agree-
ment to the experimental results.

RESULTS AND DISCUSSION
In the present work, we consider a system with vol-

ume V, containing nD AB diblock copolymers, and nP

nanoparticles, confined between two concentric circles
(Figure 1). The volume fractions of the copolymer and
particles are �D and 1 � �D, respectively. All the diblock
copolymer chains are flexible. Each copolymer chain is
composed of total N segments of a statistical length a,
the block composition is f (Nf segments of A per chain).

It is assumed that the particles are chemically identi-
cal to block A, setting �APN � 0.0 and �BPN � �ABN �

20.0. Thus the particles will be preferentially localized
in the A domains. The wall is attractive to the block B
with VOB � �0.3, and repulsive to block A with VOA �

0.3. Furthermore, the chain length of the diblock co-
polymer is set to be 100, while the particle size is fixed
at RP � 0.2Rg. The block copolymer is asymmetric with
block A fraction of 0.28.

The equilibrium morphology of such a composite
system is changed with the increase of �p, as shown in
Figure 2, and the particles’ positions are also obtained
simultaneously, as shown in Figure 3. As can be seen
from Figure 2a,c, with the increase of the particle con-
centration �p, there is a phase transition from the cylin-
ders (C) phase to the concentric lamellar rings (L) phase,
which is in good agreement with the experimental re-
sults.27 The phase transition is vividly illustrated in the

schematic representations shown in Figure 4. This mor-
phological transition results from the competition
among the enthalpic interactions between particles
and polymers and the steric effect due to the excluded
volume interaction between particles. When the par-
ticle concentration �p is low, the block copolymer com-
ponent is in majority. So the enthalpic interaction be-
tween particles and polymers plays a dominant role in
forming the cylinders phase. With the enhancement of
particle concentration, the steric repulsive interactions
between particles become stronger, leading to the de-
crease of the conformational entropy of the copoly-
mers. To compensate for the conformational entropy
of copolymers, concentric lamellar rings phase forms.
Figure 5 shows the average entropy of a single chain
and the average steric repulsive interaction of a single
particle with the increase of the particle concentration.
From Figure 5a, it can be seen that the average entropy
of a single chain decreases with the increase of par-
ticle concentration. The decrease of the average en-

Figure 1. Schematic representation of the system. The red
lines, orange lines, and circles filled with green color denote
block A, block B, and nanoparticles, respectively. The radius
of inner and outer ring is ri and ro.

Figure 2. Density distributions of the diblock copolymer un-
der a two-concentric circular wall confinement with a block
ratio f � 0.28, ri � 1.2Rg, ro � 6.4Rg. (a,b) �p � 0.02; (c,d) �p �
0.19. Plots on the left represent the distribution of block A,
and plots on the right represent the distribution of block B.
Light regions indicate high densities, while dark regions in-
dicate low densities.

Figure 3. The particles’ positions in the two-dimensional co-
ordinate corresponding to Figure 2a are displayed; small
circles represent particles.
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tropy of a single chain is most pronouned from 0.02 to
0.18. With the further increase of the particle concentra-
tion, the profile of the average entropy of a single chain
begins to level off. Meanwhile, Figure 5b reflects the
change of average steric repulsive interaction of a
single particle with the particle concentration. Simi-
larly, Figure 6 illustrates the equilibrium morphology
of such a system with a block ratio f � 0.55. With the in-
crease of the particle concentration �p, a phase transi-
tion from the concentric lamellar rings (L) phase to the
cylinders (C) phase takes place. Correspondingly, the
concentric lamellar rings (L) phase, cylinders (C) phase
are schematized in Figure 7. Such a phase transition in-
duced by the conformational entropy of copolymers is
also observed by Balazs et al.1,29 in their study of the self-
assembly of block copolymer and particles. From both
Figures 2 and 6 it can be clearly seen that particles are
more or less uniformly distributed inside the block A
domain.

To study the effects of block ratio f and the particle
concentration on the self-assembled structures of the
composite system, the phase diagram of such a com-
posite system in terms of block ratio and the particle
concentration is obtained at radii of inner and outer
rings ri � 1.2Rg, ro � 6.4Rg, as shown in Figure 8.

As shown in Figure 8, when the particle concentra-
tion �p is relatively low and the block ratio f is small, cyl-
inders rich in block A with the particles embedded are
distributed nonhexagonally in block B domain, different
from the morphology in the bulk. Although the mix-
tures thermodynamically prefer to form the hexagonal
cylinders phase, the structure frustration introduced by
confining walls leads to nonhexagonal packing of cylin-
ders. As block ratio f approaches the symmetric point
of 0.5, a concentric lamellar rings phase naturally ap-
pears. On the other hand, when block B is in minority,

the block B domain exhibits a nonhexagonal cylinder

pattern. However, the cylinder phase is not symmetric

to the previous nonhexagonal structure of A, because

block B is attracted to walls in order to reduce the inter-

facial energy. From the phase diagram we can also see

there exists an intermediate CL phase, which contains

both cylinders and concentric lamellar rings. It would be

very interesting to compare the phase diagram of the

diblock copolymer/particle mixtures in the confined en-

vironment studied here with that in the bulk. Using

Monte Carlo simulation in three-dimensional space,

Huh et al. constructed the phase diagram of a diblock

copolymer/particle mixture in the bulk in terms of the

block ratio and the particle volume fraction.30 A com-

mon feature in the phase diagram shown in Figure 8,

and that shown in Figure 3 in ref 30, is that the phase

boundary lines curve leftwards. This is because particles

are preferentially attracted to block A. With the in-

crease of the volume fraction of particles at a fixed

block ratio, the total volume fraction of particles and

block A increases accordingly. Nonetheless, due to the

Figure 4. Schematic representations of the cylinders (C)
phase (on the left) and concentric lamellar rings (L) phase
(on the right), corresponding to Figure 2.

Figure 5. (a) Average entropy of single chain S/kB, (b) average steric repulsive interaction of single particle Fst/kBT, as a func-
tion of particle concentration �p.

Figure 6. Density distributions of the diblock copolymer un-
der two concentric circular wall confinement with a block ra-
tio f � 0.55, ri � 1.2Rg, ro � 6.4Rg. (a,b) �p � 0.06; (c,d) �p

� 0.23. Plots on the left represent the distribution of block
A, and plots on the right represent the distribution of block
B. Light regions indicate high densities, while dark regions
indicate low densities.
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physical confinement, the phase behaviors of the com-

posite in the present study display some unique fea-

tures. As shown in Figure 8, there is a new phase

dubbed CL which is absent in the bulk. Furthermore,

there are some structural differences in the cylindrical

and lamellar phases between the bulk and the confined

nanocomposites. As pointed out already, in the cylindri-

cal phase, due to the physical confinement and the in-

commensurate characteristics between the domain size

in the bulk and the physical size of the confining envi-

ronment, the cylinders are not hexagonally uniformly

distributed. For the lamellar phase of the nanocompos-

ite confined between two concentric walls, due to the

attractive interaction between the wall and the block B,

the single layer of block B segments wet the two walls;

in between, double layers of block B segments form the

concentric lamellar ring, resulting in the doubling of its

width compared to the single layers near the two walls.

These single and double layers of block B segments

forming the concentric lamellar phase can be clearly

identified in Figure 2d and Figure 6b. Besides the con-

centric lamellar phase, when the separation between

the inner and the outer walls is comparable to the size

of the block copolymer, a new perpendicular lamellar

phase emerges, as shown in Figure 9e, which will be dis-

cussed later on. This perpendicular lamellar phase is

not accessible in the bulk.

In the system of copolymer�nanoparticle mixtures

confined in the nanopore, the radius of the confining

pore has a significant effect on the phase behaviors of

the mixtures.26 We vary the radii of two concentric rings

to explore the equilibrium morphologies of compos-

ites. Here, the radius of outer ring is fixed, the radius of
inner ring is varied. As the radius of inner ring increases,
the morphologies of the composite change dramati-
cally due to the stronger physical confinement of two
walls, especially when the copolymer is asymmetric. If
the copolymer is symmetric, the morphology of the
mixtures remains the concentric lamellar rings phase
with the increase of the radius of inner ring such as Fig-
ure 9c,d. On the other hand, if the copolymer is asym-
metric, the block A domains become a disorder state
first, which then turns to the cylinders (C) phase again
until the separation (D � ro � ri) between two concen-
tric rings is comparable to the characteristic period of
the copolymer domains as shown Figure 6a,b.

However, the perpendicular lamellar (L�) phase
emerges if separation (D � ro � ri) is small enough, as
shown is Figure 9e. This is because when D is sufficiently
small, the two concentric circular walls could approxi-
mately serve essentially as two parallel walls. Balazs et
al. reported the self-assembly of diblock
copolymer�nanoparticle mixtures confined between
parallel walls, with stripes oriented either parallel or per-
pendicular to the walls with different distance be-
tween the two walls.24,25 In this article, although the
walls have a weak preferential interaction with one of
the blocks, the equilibrium structure of the system is the

Figure 7. Schematic representations of the concentric
lamellar rings (L) phase (on the left) and cylinders (C) phase
(on the right), corresponding to Figure 6.

Figure 8. Phase diagram for diblock
copolymer�nanoparticle mixtures confined between two
concentric circular walls with different block ratio f and par-
ticle concentration �p at radii of inner and outer rings ri �
1.2Rg, ro � 6.4Rg. Where C denotes the cylinders phase, L de-
notes the concentric lamellar rings phase, while the CL phase
contains both cylinders and concentric lamellar rings.

Figure 9. Typical monomer density distributions for the cyl-
inders (C) phase, concentric lamellar rings (L) phase, and per-
pendicular lamellar (L�) phase that form in the two concen-
tric rings. (a,b) f � 0.28, �p � 0.02, ri � 3.0Rg, ro � 6.4Rg; (c,d)
f � 0.5, �p � 0.05, ri � 3.0Rg, ro � 6.4Rg; (e) f � 0.5, �p �
0.05, ri � 5.0Rg, ro � 6.4Rg.
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perpendicular lamellar (L�) phase when D is less than
the characteristic period of the copolymer domains, so
the structural frustration can be released.

CONCLUSIONS
We have applied the combined self-consistent-field

and hybrid particle-field theory (SCFT/HPF) to investi-
gate the behavior of diblock copolymer�nanoparticle
mixtures confined between two concentric walls. Our
studies show that particles have a great influence on
the morphologies of the system. It is observed that the
increase of the particle concentration can promote the
phase transition from the cylinders (C) phase to the con-
centric lamellar rings (L) phase or from the concentric
lamellar rings (L) phase to the cylinders (C) phase, re-
spectively. And we obtain not only many new structrues
but also the particles’ coordinates, which is consistent

with a series of experimental results. We also analyze

the effects of the enthalpic interaction between par-

ticles and polymers, steric repulsive interactions be-

tween particles, and conformational entropy of copoly-

mers in determining the equilibrium structures. A

corresponding phase diagram is constructed. The ef-

fect of confinement on morphologies of the system is

studied. When the separation (D) between the two con-

centric walls is sufficiently small, the two walls essen-

tially serve as two parallel walls. So the perpendicular

lamellar (L�) phase emerges when the copolymer is

symmetric. Our results reveal a new mechanism to sta-

bilize the orderings of diblock copolymer�nanoparticle

mixtures confined in a two concentric ring walls and

could provide useful guidance for experimental

designs.

METHODS
In the framework of the SCFT/HPF theory, we assume that

the mixtures are incompressible, with each polymer segment oc-
cupying a fixed volume �0

�1. The incompressibility constraint is
taken to be �A(rF) � �B(rF) � �P(rF) � �O(rF), and the incompressibil-
ity condition is enforced as follows:25

where 	 is taken such that 	 
 Rg. In this paper, we choose 	 �

0.2Rg. The local volume fraction of particles is �P(rF) � �j � 1
np h(rF �

rFj) where27

and the width of boundary of each particle is taken to be � �
0.04Rg. The interaction field between either the particles or the
copolymers with the confining wall is described by Hi(rF), which
has the following mathematic expression:31

where VO denotes the strength of the surface field, the cutoff
length � and the decay length  of the surface interaction are
the same as those in ref 26.

Using the combined self-consistent-field and hybrid particle-
field theory (SCFT/HPF),29,32 the dimensionless free energy F can
be obtained as

where KB is the Boltzmann constant and T is the absolute tem-
prature; ��� characterize the Flory�Huggins interaction param-
eter between species � and �; �u(rF) expresses the local volume
fraction of each constituent of the mixtures. The pair interactions
between different constituents of the mixtures are determined
by a set of effective chemical potential fields Wu(rF) (u � A,B,P), re-
placing the actual interactions in the system. �(rF) is the Lagrange
multiplier which enforces the incompressibility condition of the
system; QD is the partition function of one copolymer chain, and
it is given by

Minimizing the free energy in eq 4 with respect to the local vol-
ume fractions and their conjugate fields as well as the Lagrange
multiplier, the following self-consistent equations describing the
equilibrium morphologies of the system can be obtained:

In eqs 5, 8, and 9, q(rF,s) and q� (rF,s) are the probabilities of find-
ing the segment s at the position r� with either end of the diblock
copolymer chain free, and they satisfy the following modified dif-
fusion equations

where W(rF) � WA(rF)when 0 � s � f, and W(rF) � WB(rF) when f 
 s
� 1, with the initial conditions of q(r�,0) � 1 and q� (r�,1) � 1,
respectively.

The force on particle j can be written

Φ0(rF) ) [1 - cos(π(ro - r)

ε )]/2 (if r is on the outer boundary of the ring)

) 1 (if r is in the ring)

) [1 - cos(π(r - ri)

ε )]/2 (if r is in the ring)

(1)

h(rF - rFj) ) 1 (if r is in particle j)

) [1 + cos(π|r - rj|

∆ )]/2 (if r is on the boundary of particle j)

) 0 (if r is not in particle j)
(2)

Hi(r
F)

�N
) ∞ (if r is not in the the ring)

) VO{exp[(r - ro + δ + ε)/λ] - 1} (if r is on the outer boundary of the ring)

) VO{exp[(ri - r + δ + ε)/λ] - 1} (if r is on the inner boundary of the ring)

) 0 (if r is in the ring)
(3)

NF
F0KBTV

) -φD ln( QD

VφD
) + 1

V ∫ drF [�ABN�A(rF)�B(rF) +

�APN�A(rF)�P(rF) + �BPN�B(rF)�P(rF) - WA(rF)�A(rF) - WB(rF)�B(rF) +

HA(rF)�A(rF) + HB(rF)�B(rF) + HP(rF)�P(rF) - 	(rF)(1 - �A(rF) - �B(rF) -

�P(rF))] (4)

QD ) ∫ drF q(rF, s) q+(rF, s) (5)

WA(rF) ) �ABN�B + �APN�P + HA(r) + 	(rF) (6)

WB(rF) ) �ABN�A + �BPN�P + HB(r) + 	(rF) (7)

�A(rF) )
φDV

QD
∫

0

f
ds q(rF, s) q+(rF, s) (8)

�B(rF) )
φDV

QD
∫

f

1
ds q(rF, s) q+(rF,s) (9)

�A(rF) + �B(rF) + �P(rF) ) ΦO(rF) (10)

∂q(rF, s)
∂s

) ∇2q(rF, s) - W(rF) q(rF, s) (11)

∂q+(rF, s)
∂s

) -∇2q+(rF, s) + W(rF) q+(rF, s) (12)
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Then we can update corresponding position of the particle j
with hybrid particle�field theory (HPF) by

where RFj is a Gaussian random variable. We set RFj � 0 and � �
0.2Rg

2 for simplicity here.
The above self-consistent field equations (eqs 6�10) are nu-

merically solved in the real-space, and it is assumed that the
equilibrium is reached when the relative change in the free en-
ergy between two consecutive iteration steps is smaller than
10�6 (namely �F 
 10�6), also the incompressibility condition is
satisfied (namely ((�O(rF)) � �A(rF) � �B(rF) � �P(rF))2)1/2 
 10�4). So
we take the equilibrium phase to be the structure which has the
lowest free energy. In the simulations, the sizes of the computa-
tional domain are 128 � 128 with periodic boundary condi-
tions. It is noted that the resulting aggregate morphologies de-
pend on the amplitude of the initial density fluctuations. The
different initial density fluctuations result in different microstruc-
tures. So we use the same initial density fluctuation amplitude
in all the simulations. Also, the simulations are repeated 8�10
times for different initial random states and different random
numbers to ensure that the phenomena is not accidental.
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