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Abstract. Self-assembly of block copolymer/nanoparticle blends has promising applications in the design and fabrication
of novel functional nanomaterials. Precise control of the spatial positions of nanoparticles within block copolymer-based
nanomaterials is crucial to achieve some special physical properties and functions. Here, we employ the self-consistent
field method to theoretically investigate the self-assembly of polymer grafted-nanoparticles in a diblock copolymer. It is
found that by varying the size and selectivity of nanoparticles, one can not only produce various self-assembled nanostructures but also modulate the spatial positions of the nanoparticles, either at the copolymer interfaces or in the center of one
copolymer phase, within the nanostructures. A denser grafted polymer brush plays a role of shielding effect on nanoparticles and can position them into the center of one copolymer phase. The nanostructural transition we observed is dictated by
the competition between entropy and enthalpy. On the basis of a number of simulations, two phase diagrams of self-assembled nanostructures are constructed. This study may be helpful for optimal design of advanced materials with desired
nanostructures and enhanced performance.
Keywords: nanocomposites, self-assembly, diblock copolymer, polymer-grafted nanoparticle, modeling and simulation

1. Introduction

Incorporation of inorganic nanoparticles into a
polymeric host has been explored as a highly promising area devoted to improving mechanical, catalytic, magnetic, electrical, and optical properties of
nanocomposites [1–8]. The high performance of
such nanocomposites makes them attractive for
many technologically important applications in, for
instance, nanostructured solar cells, photonic band
gap materials, optical filters, highly efficient catalysts, and high-density magnetic storage media.
Owing to their rich assortment of ordered morphologies, block copolymers are found to be particularly effective to control the spatial distribution of
nanoparticles [9–19], which is crucial to achieve
the required properties of nanocomposites. The dispersion of nanoparticles within block copolymer
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domains is affected by many factors, e.g., the size,
shape and selectivity of nanoparticles [5, 9, 17, 20].
Among these factors, the chemical interaction
between the particles and block copolymers plays
the most important role in the self-assembly of
nanocomposites. To elaborately adjust this interaction and to prevent macrophase separation, nanoparticles are often grafted by a brush of short polymers
which are chemically identical to one component of
the block copolymer [10, 12–14, 16]. Recent experiments evidence that various self-assembled nanostructures can be created by incorporating the polymer-grafted nanoparticles into a block copolymer
film [10]. Kim et al. [13] reported that in a poly
(styrene-b-2-vinylpyridine) (PS-b-P2VP) lamellar
morphology, a high grafting PS chain density can
drive nanoparticles to move towards the center of
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PS domains, while a low grafting density results in
the concentration of nanoparticles at the PS/P2VP
interfaces. These findings suggest a facile and versatile means to control self-organization of functionalized nanoparticles and block copolymer blends
[10, 12–14, 16].
Various techniques (e.g., mean-field theory [21],
strong segregation theory [22], Monte Carlo [23,
24], dissipative particle dynamics [25, 26], and
molecular dynamics [27] methods) have also been
developed to investigate the spatial and temporal
evolution of complex polymer-nanoparticle systems. Among them, self-consistent field theory
(SCFT) has proven to be a powerful method for
exploring complex morphologies of block copolymers and blends [28–32]. Small bare nanoparticles
can be regarded as large solvent molecules, and
their distribution in ordered triblock copolymers
has been evaluated by using SCFT [33]. For large
nanoparticles in block copolymers, the effect of
excluded volume of particles should be taken into
account by such methods as a combination of SCFT
with density functional theory (DFT) [34–36] and
hybrid particle-field method [37]. Very recently,
SCFT was further extended to study the self-assembly behavior of polymer-grafted particles in block
copolymers. Reister and Fredrickson proposed a
novel approach to investigate the phase behavior of
a mixture of diblock copolymers and nanoparticles
with polymer chains tethered to their surfaces by
modeling the grafted particles as star polymers
[38]. By regarding particles as an ideal gas, Kim
and Matsen explored how to position a single grafted
particle in a block copolymer [39].
To date, however, there is still a lack of theoretical
study on the spatial distribution of polymer-grafted
nanoparticles in a diblock-copolymer lamellar matrix
via self-assembly. In particular, it is crucial to quantitatively examine the effect of the grafted polymer
brushes and to exploit their role in tuning the nanostructures. In this paper, therefore, we theoretically
investigate the self-assembly behavior of polymergrafted nanoparticle/diblock copolymer blends and
the spatial position of nanoparticles within lamellar
copolymer phases by employing the self-consistent
field theory. The grafted nanoparticles are assumed
to be sufficiently small so that they can be approximated as solvent molecules in the system [33]. The
interactions among the nanoparticles, grafted poly-

mers and copolymer matrix are all taken into account
in our simulations because of their important roles
in the self-assembling progress. Since the performance of a nanocomposite relies strongly on the spatial arrangement of nanoparticles, our attention is
focused on how to precisely control the particle
position in the nanocomposites. We find that by
varying the size and selectivity of nanoparticles as
well as the density of the grafted polymer brushes,
one can not only obtain different self-assembled
nanostructures but also control the spatial positions
of the nanoparticles within the nanostructures.
Therefore, these factors can be utilized to design
nanostructures with a desired particle array, which
may endow the material with specific physical
properties and functions.

2. Theoretical model and computational
method

We consider a system containing AB diblock copolymers and polymer-grafted nanoparticles. Each
diblock chain consists of ND segments, while each
grafted chain is composed of NG = !ND A-type segments. All polymer chains are modeled as flexible
Gaussian chains. The volume fraction of A segments in each diblock chain is denoted as f. For
simplicity, assume that A and B segments have the
identical volume !0–1 and statistical length !. The
particle (P) has a radius RP, and let " = 4"!0RP3/3ND
denote the volume ratio of a particle to a diblock
chain. In this paper, " is taken in the range of 0.01–
0.1 to ensure that the nanoparticles are small enough
to be approximated as solvent molecules in the system, as assumed by Spontak et al. [33]. For larger
particles with a size comparable to the diblock
radius of gyration, Rg 5 a"ND>6 , one should
account for the effects of their excluded volume by
employing, for instance, the SCFT/DFT approach
[34–36]. The number of polymer chains grafted on
each particle is denoted as #. The volume fractions
of diblock copolymers and polymer-grafted particles in the blend are $D and $GP = 1 –"$D, respectively. In the SCFT method, the pair interactions
between different components are determined by a
set of effective chemical potential fields, WI(r),
denoting the intensity of the mean field felt by the
species I at position r. The dimensionless free
energy of the system is given by Equation (1):
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where F0 is the free energy of the system, V the volume of the system, kB the Boltzmann constant, T the
temperature, %I(r) the local volume fraction of
species I, and &IJ the Flory-Huggins interaction
parameter between species I and J. QD and QGP are
the partition functions of a single diblock chain and
a polymer-grafted nanoparticle, respectively.
For a diblock chain, the contour variable s increases
continuously from 0 at the free end of A-blocks to 1
at the free end of B-blocks. The spatial coordinate r
is normalized by the diblock radius of gyration, Rg.
The propagator qD(r,s) represents the probability of
finding the sND segment of the diblock chain at
position r, which satisfies the modified diffusion
equation (see Equtions (2) and (3)):

The SCFT method is to find the equilibrium structure of a system by obtaining the minimization of
its free energy F as a function of the local densities
%I(r) and the mean fields WI(r) of all components.
By minimizing the free energy F with respect to
%I(r), one has the following Equations (8)–(10):

0qD 1r,s 2
5 ,2qD 1r,s 2 2 WI 1r 2qD 1r,s 2
0s

Using the propagators qD(r,s), qD+(r,s), qG(r,s) and
qG+(r,s), the local densities of different components
are calculated respectively by Equtions (12)–(14):

WI 1r 2 5 e

WA 1r 2,
WB 1r 2,

0 6 s 6 f
f 6 s 6 1

(2)
(3)

WA 1r 2 5 NDxABfB 1r 2 1 NDxAPfP 1r 2 1 j1r2 (8)
WB 1r 2 5 NDxABfA 1r 2 1 NDxBPfP 1r 2 1 j1r2

WP 1r 2 5 NDxAPfA 1r 2 1 NDxBPfB 1r 2 1 j1r2 (10)

where # is a Lagrange multiplier enhancing the
incompressible condition (see Equation (11)):

fA 1r 2 5

1 1r,s 2 5 exp32 aW 1r 2 4q 1r,1 2 s21
qG
P
G

(5)

QD 5 edrqD 1r,12

(6)

In terms of these propagators, the partition functions QD and QGP are calculated by Equations (6)
and (7):
QGP 5 edr exp3 2 aWP 1r 2 4qG 1r,1 2 s

1
fB 1r 2 5
fP 1r 2 5

(4)

with the initial condition qG(r,0) = 1 for the free
end of the grafted chain at s = 0. The complementary propagators qG+(r,s) obeys an equation similar
to Equation (4) except that its right-hand sides is
multiplied by –1 with the initial condition being
given by Equation (5):

(7)

(11)

fA 1r 2 1 fB 1r 2 1 fP 1r 2 5 1

subject to the initial condition qD(r,0) = 1. The complementary propagator qD+(r,s) satisfies an equation
similar to Equation (2) except that its right-hand
side is multiplied by –1 and the initial condition
becomes qD+(r,1) =1. The grafted polymer chain
propagator qG(r,s) is given by Equation (4) [40,
41]:
0qG 1r,s 2
5 b,2qG 1r,s 2 2 bWA 1r 2qG 1r,s 2
0s

(9)
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Equations (8)–(14) form a closed set of equations
that can be solved self-consistently in real space. To
obtain the equilibrium nanostructure, we solve
these equations by using the combinatorial screening technique of Drolet and Fredrickson [30, 42]
implemented with a highly stable and accurate
numerical algorithm [43, 44]. All the simulations
are performed in a two-dimensional square lattice
with periodic boundary conditions. Since the equilibrium morphology is somewhat influenced by the
simulation box size [45], two methods have been
often adopted to minimize the free energy with
respect to the box size. One is to fix the simulation
cell shape and to gradually adjust the cell size [46,
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47], while in the other, both the shape and size of
the cell are adjusted [48]. In our simulations, we use
the former method to achieve an equilibrium structure by changing the square cell size, a, such that
#F(amin)/#a = 0. The system is thought to have
reached equilibrium when the relative difference
between the free energies of the system at two
neighboring iteration steps has been smaller than
0.0001%. More details on the numerical implementation of SCFT can be found in the literature [30,
42–44].

3. Results and discussion

In this study, the incompatibility between A- and Bblocks is set as ND&AB. The interaction parameters
of A- and B-blocks with the particle are respectively
characterized by ND&AP = 'ND$AB and ND&BP =
(1 –"')ND$AB, in which ' denotes the particle selectivity [33]. If ' > 0.5, the particle has a preferable
interaction to B-blocks (i.e., B-selective). ' < 0.5
indicates an attraction interaction between the particle and A-blocks (i.e., A-selective). For a neutral
particle, one has ' = 0.5. Unless specified otherwise, the following representative values are used:
f =0.5, # = 3, %s = 0.01, " = 0.08 and ' = 0.5. We
have carried out a large number of simulations by
changing the number # of polymer chains tethered
on each particle in the range from 2 to 6. The results
demonstrate that # = 3 can well describe the effect
of grafted polymers and shorten the calculation
time. The formation of various patterns depends on
the volume fraction of polymer-grafted nanoparti-

Figure 1. Aggregation morphologies of polymer-grafted
nanoparticle and diblock copolymer blends under
different concentrations of polymer-grafted nanoparticles: (a) lamellar pattern under $GP = 0.15
and (b) hexagonally packed pattern under $GP =
0.4. The concentration of grafted polymers is
taken as $G = 2$GP/3 in these two cases. The blue,
red, and yellow colors represent A-blocks, Bblocks, and particles, respectively.

cles [10]. In our previous work [49], it has been
demonstrated that a transition from the lamellar
($GP = 0.15, Figure 1a) to hexagonally packed ($GP =
0.4, Figure 1b) pattern occurs as the grafted particle
concentration $GP increases. In this paper, our attention is focused on how to control the spatial distribution of nanoparticles in a diblock-copolymer
lamellar morphology, because of its wide applications in nanocomposites [2, 5, 9, 12–14]. In what
follows, we will take $GP = 0.15.

3.1. Effect of nanoparticle size
We first examine the size effect of nanoparticles on
the equilibrium structure. The concentration of
grafted A-type polymers is fixed at $G = 0.075 in
this subsection. The tethered A-type polymers will
prevent the presence of the nanoparticles in B
domains because of the repulsive interaction
between the grafted A chains and the B segments.
The self-assembled nanostructures of the blends are
shown in Figure 2a, 2c, 2e under three representative sizes of nanoparticles. It is seen from Figure 2a
that when the particles (yellow) are very small (e.g.,
" = 0.01), they will have a concentration at the
copolymer interfaces. Particles with mediate sizes
(e.g., " = 0.02) can be observed both at the copolymer interfaces and in the center of A domains (Figure 2c). Bigger particles will mainly reside in the
center of A domains, as illustrated in Figure 2e,
where we take " = 0.08. To reveal the structures
more clearly, the density profiles of different components (nanoparticles, A- and B-blocks) with two
periods are plotted along the direction perpendicular to the interfaces in the lamellar structure (Figure 2b, 2d, 2f). A period refers to the region between
the centers of two neighboring B domains. In Figure 2b, the particle density profile in each period
has two peaks, located at the A/B interfaces, indicating that the nanoparticles are mainly distributed
in A domains with a concentration at the copolymer
interfaces. In Figure 2d, the particle density profile
has three peaks in each period, which are located at
the copolymer interfaces and in the center of A
domains, respectively, but the spatial distribution
within A domains is relatively even. In the case of
the largest particles we study, the particle density
profile has only one peak in the center of each
period (Figure 2f), representing the aggregation of
particles in the center of A domains.
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Figure 2. Influence of the particle size ! on the self-assembled nanostructures of polymer-grafted nanoparticle and diblock
copolymer blends: (a) " = 0.01, (c) " = 0.02 and (e) " = 0.08. The blue, red and yellow colors represent A-blocks,
B-blocks, and nanoparticles, respectively. The corresponding two period-density profiles of A-blocks (%A),
B-blocks (%B) and particles (%P) are plotted in (b), (d) and (f) as the arrows pointed in the (a), (c) and (e), respectively.

The size-induced particle position transitions are
more clearly schematized in Figure 3. This transition can be understood by considering the competition between the translational entropy of nanoparticles and the conformational entropy of copolymers.
For large particles, the copolymers push them
towards the center of A domains to gain more conformational entropy, which overcomes the loss of
particle translational entropy. Under a fixed volume
fraction, the number of particles increases as their
size reduces. Therefore, small particles are mainly
dispersed in the preferred domains and their translational entropy dominates the final nanostructure.
This morphological transition with the variation of

the particle size is consistent with recent experimental observations [9]. In addition, Balazs et al.
[34] drawn a similar conclusion in their study of the
structures of bare particle/diblock copolymer
blends.

3.2. Effect of grafted polymer brush
In this subsection, we quantitatively investigate the
effect of grafted polymer brushes, which serve as a
shield on nanoparticles and play a significant role in
the self-assembling process of the blends. The concentration of grafted polymers, $G, is a function of
the grafted chain length ! and the number # of
grafted polymers on each particle. Under a fixed
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Figure 3. Schematic diagrams showing the major positions
of nanoparticles under different conditions. Small
nanoparticles segregate to the copolymer interfaces (a), while large nanoparticles locate in the
center of A domains (c). A combination of the two
particle positions occurs at the mediate particle
size (b). The blue, red and yellow colors represent
A-blocks, B-blocks, and particles, respectively.

value of # = 3, therefore, $G depends mainly on the
attached chain length !. A larger value of $G stands
for a denser grafted polymer brush and a stronger
shielding effect. For several representative values
of $G, the density profiles of particles are compared
in Figure 4, where the notations CA and CB respectively represent the centers of A and B domains. It
is seen that in the case of a sparse polymer brush
(e.g., $G = 0.03), most nanoparticles mainly reside
in the A domains but, simultaneously, there is an
enrichment at the copolymer interfaces, which
weakens the enthalpic interaction between A- and
B-blocks. When the polymer brushes are denser
(e.g., $G = 0.09), particles are mainly embedded in
the center of A domains. A combination of the
above two distributions of nanoparticles occurs at the
mediate range of the grafted polymer concentration
(e.g., $G = 0.06). At a small value of $G, the particles move towards the copolymer interfaces, effectively reducing the interfacial interaction between
A- and B-blocks at A/B interfaces. However, under
a larger concentration of grafted polymers, the particles are almost completely shielded by the denser
polymer brushes. As a result, the nanoparticles
migrate into the center of A domains, inducing a
decrease of enthalpic interaction between the grafted
A brushes and B-blocks and also an increase of the
entropy of copolymers. Recently, Chiu et al. [16]
experimentally observed that A-grafted nanoparticles locate only in the center of A domains, irre-

Figure 4. Two period-density profiles of particles are plotted with various grafted polymer concentrations:
$G = 0.03, 0.06 and 0.09. The gray dashed line
represents the center of A domains (CA), and the
gray solid line shows the center of B domains
(CB).

spective of the particle size. This finding can be
interpreted by the shielding effect of the denser
grafted polymer brushes used in their experiments,
as observed in our simulations. Therefore, it is conclusive that by appropriate design of the grafted
polymer brush and the particle size, nanoparticles
can be precisely positioned in a nanostructure,
either in the required domains or interfaces, depending on the need for specific physical properties and
functions.

3.3. Effect of selectivity
Enthalpy often dominates the self-assembly and
microphase segregation of a system, especially at
the nanoscale. Therefore, we here investigate the
effect of enthalpic interactions between nanoparticles and different components of copolymers on the
equilibrium structure. The particle selectivity ' is
varied to study this effect under a fixed polymer
brush concentration, $G = 0.075. Figure 5 shows the
density profiles of nanoparticles under several representative values of '. It is seen from Figure 2f that
neutral particles (' = 0.5) segregate to the center of
A domains. When the particles are highly B-selective (e.g., ' = 0.875), they tend to reside in B domains
because of their preferable interaction, whereas the
incompatibility between grafted A brushes and Bblocks excludes the presence on nanoparticles in B
domains. The competition of these two factors
induces the enrichment of particles at A/B inter-
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Table 1. Comparison of the dimensionless free energy F of
the system at equilibrium under several representative values of the selectivity coefficient, '. FS and
FE stand for the entropic and enthalpic contributions to the free energy, respectively.
Selectivity
!
0.875
0.625
0.500
0.375

Figure 5. Two period-density profiles of particles under
various particle selectivities: ' = 0.875, 0.625,
0.5, and 0.375. ' >"0.5 and ' <"0.5 indicate that
the particles are B-selective and A-selective,
respectively, while ' = 0.5 indicates neutral particles. The gray dashed line represents the center of
A domains (CA), and the gray solid line shows
the center of B domains (CB).

faces. In the case of ' = 0.625, there are three peaks
in each period of the particle density profile, indicating that particles reside both in the center of A
domains and at the A/B interfaces. For A-selective
particles (e.g., ' = 0.375), they mainly locate in the
center of A domains owing to the favorable interaction between the particles and A-blocks in spite of
the loss in the particle translational entropy.
To quantitatively explore the physical mechanisms
underlying the formation of the above-described
nanostructures, we calculate the contributions of
entropy and enthalpy to the total free energy. In
Equation (1), the first three terms of the right-hand
side represent the energy associated with entropy
while the last term corresponds to enthalpy. The
dimensionless total free energy of the system (F),
the contribution of entropy (FS) and enthalpy (FE)
are compared in Table 1 for under several representative values of the selectivity coefficient '. As '
decreases, the entropic contribution to the total free
energy increases because the concentration of nanoparticles at the centre of A domains leads to a partial
loss of their translational entropy. However, the
enthalpic interaction decreases since the total contact area between copolymers and particles reduces
as the particles migrate from the A/B interfaces to
the center of A domains. For instance, the difference of the entropic contribution to the free energy
between two situations of ' = 0.875 and ' = 0.375 is

Entropic
contribution
FS
1.151
1.241
1.309
1.399

Enthalpic
contribution
FE
2.791
2.654
2.547
2.414

Total free
energy
F
3.942
3.895
3.856
3.813

0.248, whereas the corresponding enthalpic contribution to the free energy has a difference of –0.377.
In comparison with the entropic contribution, the
enthalpy dominates the particle distribution within
the self-assembled nanostructures.

3.4. Phase diagrams of self-assembled
nanostructures
To further reveal the dependence of the particle
location upon the particle size, particle selectivity
and grafted polymer concentration, two phase diagrams of the self-assembled lamellar structures are
provided in Figure 6 based on a number of simulations. The gray lines represent the transition boundaries, and the insets delineate particle positions.
Corresponding to distinctly different particle positions within the lamellar morphology, each diagram
is divided into three regions, marked by I, (I+CA)
and CA, respectively. The notation I stands for the
preferential segregation of nanoparticles to A/B
interfaces, while the notation CA stands for the concentration of particles in the center of A domains. It
is clearly seen from Figure 6a that the particle position transitions in the order of I & (I+CA) & CA
can be achieved by increasing either the particle
size or the concentration of grafted polymer
brushes. With increasing ', the morphological transitions take place in the order of CA & (I+CA) & I,
as shown in Figure 6b, as a result of the increased
preferential interaction between the nanoparticles
and B segments. Such phase diagrams provide a
facile tool to predict the particle distribution in a
block-copolymer lamellar morphology under specified conditions.

4. Conclusions

In summary, we report a theoretical investigation of
the spatial distribution of polymer-tethered nano-
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Figure 6. Phase diagrams illustrating the dependence of particle position on the particle size ", particle selectivity ', and
grafted polymer concentration $G. (a) Particle size-grafted concentration phase diagram. (b) Particle selectivitygrafted concentration phase diagram. The insets show the preferable positions of particles. The notations I and CA
stand for particles mainly locating at the copolymer interfaces and in the center of A domains, respectively.
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particles within the lamellar diblock-copolymer
matrix. Our study suggests that by appropriate
design of the grafted polymer brush, the nanoparticle size and surface treatment (i.e., selectivity),
nanoparticles can be precisely positioned in nanocomposites with a desired array for specific properties and applications. Through systematic SCFT
simulations, we constructed two phase diagrams
describing the dependence of the spatial distribution of nanoparticles on their size and selectivity
and the concentration of the grafted polymers. The
observed position transition of particles is dictated
by the competition between entropy and enthalpy in
the system. The present method can also account
for other factors (e.g., the composition of copolymers [50], shape [20] and concentration [10, 51] of
nanoparticles) that can be utilized to fabricate more
delicate nanostructures. This study is helpful for
optimal design of self-assembled composites with
desired nanostructures and enhanced properties.
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