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The aggregation behavior and location of binary nanoparticles in a block copolymer-nanoparticle
composite are investigated by employing three-dimensional dissipative particle dynamics (DPD) simu-
lations. The dependence of the morphology of the composites and of the composition of the nanoparticle
aggregates on the pair interactions between the same and different kinds of nanoparticles or segments,
as well as between each kind of nanoparticles and each kind of segments of the block copolymer, is
examined. The natures of the two kinds of nanoparticles employed constitute an important factor in the
phase behavior of these composites. When the change of the state of some particles from individually
distributed to aggregated is induced particularly by the interactions between particles, the configuration
of the block copolymer is changed from lamellar to a complex one. In contrast, when the above change in
the configuration of the particles (aggregated or nonaggregated) is induced particularly by the interac-
tions between the particles and the segments of the block copolymer, the configuration of the block
copolymer remains lamellar. DPD simulations imply repulsive pair interactions between all pairs of
particles, segments and particles, as well as segments of the block copolymers. The aggregation observed
in simulations, is caused by the collective behavior of the system which transforms the pair repulsive

interactions (which are the only ones that are considered in DPD) in a collective attraction.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Nanocomposites containing both nanoparticles and block
copolymers are useful not only because the nanoparticles can
enhance the mechanical and optical properties of the materials but
also because the block copolymers can affect the organization of
nanoparticles. Numerous papers have paid attention to these issues
[1—19]. Most of them are focused on one kind of nanoparticles [1—18],
and only few consider mixtures of two kinds of nanoparticles [19].
Bockstaller et al. [19], who examined experimentally composites
containing a block copolymer (poly(styrene-b-ethylene propylene))
and two kinds of nanoparticles, namely gold and silica particles, noted
that the morphology of the composites depends on the sizes of the
nanoparticle, and that the gold nanocrystals prefer to be located at the
interface between the domains generated by polystyrene and poly
(ethylene propylene), whereas the large silica nanocrystals are mostly
located on the domains generated by poly(ethylene propylene).

By controlling the aggregation of a binary mixture of nano-
particles in nanoparticle-block copolymer composites, one can
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affect the properties of the composites. In a previous paper, we
investigated using DPD simulations the effect of aggregation of
a single kind of nanoparticles on the morphology of the block
copolymer-nanoparticle composites [18]. In the present paper, the
aggregation and locations of a binary mixture of nanoparticles are
examined using the same kind of simulations. DPD simulations
were successfully employed to examine the phase behavior of
block copolymer melts [20—25], as well as the phase behavior of
composites containing particles and block copolymers [18].
Following the introduction, the technique of the dissipative particle
dynamics simulation is presented in some details in Section 2. In
Section 3, various conditions, which affect the aggregation behavior
and the location of the nanoparticles in a composite containing
a block copolymer and two kinds of nanoparticles, are examined.
The conclusions are summarized in the last section.

2. Mesoscale simulation details
2.1. Dissipative particle dynamics method
The dissipative particle dynamics (DPD) simulation was devel-

oped [26] by Hoogerbrugge and Koelman in 1992. In DPD simula-
tions, the force that acts on a particle i is composed of three
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i
aap = 25, agg = 65, aap = 60; (e) apa =45, agg = 45, aap = 60. A segments: White; B segments: Bluish green. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

Fig. 1. Phase behavior of pure block copolymer for a

components: the conservative force Fg the dissipative force F}])-, and
the random force F}}, all caused by a j particle.
C , gD . R
f, = Z(FU+F1-]-+F,-]-) (1)
Jj#i
where
C _ aij(l — rij/rc)f,-j r,-j <T¢
Fl] - { 0 Tij > Tc (2)

b

= a;j — 1/2(a;; + aj5) = 15.(a) apa =25, app = 25, aap =40; (b) apa = 15, app = 35, aap = 40; (C) aaa = 15, app = 75, aap = 60; (d)

FY = —yoP(ry) (Fyvy) Ty 3)
Fg = JwR(Tij)CﬁAt_]/zfﬁ (4)

a; being the maximum repulsion between i and j particles,
rj = r;— 1, 1y = ||, Ty = ry/|r), vj = v; — v, 1; and v; are the
position and velocity of the i bead, respectively, r. is the cutoff
radius, w” and w® are weight contribuions, 7 is the friction coeffi-
cient, ¢ is the noise amplitude, At is the time step, and {j is
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Initial Configurations Final Configurations

Fig. 2. Initial and final configurations of nanoparticles-block copolymer composites for aaa = agg = 25, aag = 40, apip1 =45, ap1p = apzs = 80. (a) only P particles, and apja = 30; (b)
only P, particles, and apapz = 80, apaa = 90; (c)binary mixture of P; and P, nanoparticles, and apia = 30, apap2 = 80, ap1p2 = 30, apaa = 90. Py: Grey; Py: Black; A segments: White; B
segments: Bluish green. The Figures show that different initial configuration with the same DPD parameters result in the final equilibrium results. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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b

Fig. 3. Phase behavior of nanoparticles-block copolymer composites for apa = agg = 25, aag = 40. (a) only Py particles, and apia = 70, apip; =45, apip = 80; (b) only P, particles, and
apap2 = 80, apap = 50, apyp = 80; (¢) Binary mixture of Py and P, particles, and apja = 70, apapy = 80, ap1pz = 70, apaa = 50, app; =45, apip = apap = 80. Pq: Grey; P,: Black; A segments:
White; B segments: Bluish green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

a random number with zero mean and unit variance. Following
Ref. [20],

2 2
WP(r) = [wR(r)] _ {(1 n? r<re 5)

0 r>re
0% = 2vkgT (6)

where kg is the Boltzmann constant, and T is the absolute
temperature. For a polymer chain, there is an additional bonding
force

F

i = —Cl’ij (7)

where Cis a constant.

The motion is governed by the Newton equation, and the inte-
gration of the equations of motion is carried out by using a modified
velocity-Verlet algorithm [27] with A1=0.65 and a time step
At=0.041, where 1t = (mr2/kgT)"/2[24], m being the mass of
a particle or a segment (which are assumed to be the same). The
choice of the total number of DPD steps depends on the system. In
our paper, most systems reached equilibrium after about 250 000
steps, and some of them reached equilibrium after about 350 000
steps, so we select 600 000 steps. At 800 000 steps, the results
coincided with those for 600 000 steps.

2.2. Simulation parameters

In this paper, a composite containing the block copolymer AsBs
and two kinds of nanoparticles, P; and P, is considered. The P; and
P, particles and the A and B segments of the block copolymer are
considered as DPD particles with the same size. The simulations
were performed in an NVT canonical box of size (20r.)>. For all

three dimensions periodic boundary conditions were used. The
number densities of all segments or particles in the volume r2 are 3,
and the volume percent of each of the two kinds of nanoparticles is
0.75%. For comparison purposes, in Figs. 2 and 3, we consider
systems containing either 1.5% volume pure P; or pure P, particles
in nanoparticle-block copolymer composites. The cutoff radius r,
the particle mass m, and kgT were considered as the units. The
values of ¢ and C were taken 3 and 4, respectively [27]. To examine
the effect of the nature of particles on the structure of a composites
containing a block copolymer and a binary mixture of particles, the
parameters dpipz, apia, Apza, and apypy; were varied. For the other
constant parameters, the following fixed values were used:
aaa = apg = 25, aag =40, apipy =45, apip = apzp = 80.

For a composite that contains two kinds of particles and a block
copolymer (AsBs) formed of two kinds of segments, the DPD
simulations involve 10 parameters aj. It is natural to try to reduce
the number of parameters by combining some of them. One of the
reviewers suggested that because equilibrium is achieved, the three
interaction parameters a;;, g, and a; can be reduced to a single
effective interaction a;‘j = a;; — 1/2(a; + ajj). Obviously, one can
thus reduce the number of parameters involved. To verify if such

Table 1
Parameters of pure block copolymer for a,-*j = a;j — 1/2(a; + ;) = 15.
Ay aaa app aag
(a) 15 25 25 40
(b) 15 15 35 40
() 15 15 75 60
(d) 15 25 65 60
(e) 15 45 45 60
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a reduction in the number of parameters is possible, we carried out
simulations for the block copolymer AsBs alone. For a selected value
of a;;, there are various configurations, each dependent on the
values of aj;, aj;, and aj;. Hence, aZ- cannot be associated with a single
configuration. Indeed, we present in Table 1 and Fig. 1 various
choices for aapa, agg, and aag for ‘1:\3 = 15 and the morphologies
obtained. Because the morphologies are different, it is clear that the
effective parameter method is not suitable to be used to reduce the
number of parameters. Another possibility is to assume that
a;j = 1/2(a; + aj) or thata; = (aa;)'/2. The use of the arithmetic
or the geometric mean for a; reduces the number of parameters,
and is now under investigation.

Let us first demonstrate that the results of our simulations are
independent of their initial states. Fig. 2 presents three cases, each
of them having two different initial configurations. Because the
simulation results are the same, it is clear that they are independent
of their initial states.

3. Results and discussions

3.1. Comparison between composites containing a block copolymer
and either particles Py, or particles P, or a binary mixture of both Pq
and Py

In Fig. 2a (in the final configurations), for P; particles-block
copolymer composites, the Py particles are located individually or
as small aggregates in the domains generated by the A segment of
the block copolymer (we call them A domains), whereas for the P,
particles-block copolymer composites (Fig. 2b), mostly aggregates

are generated which are located in the B domains. However, for
binary particles-block copolymer composites (Fig. 2c), most of the
Py particles are located individually in the A domains, and a large
aggregate containing both P; and mostly P, particles is generated.
In Fig. 3, some interaction parameters, namely, dpipy, pia, p2a, are
changed compared to Fig. 2.The change in these interactions has
substantial effects on the phase behavior. Indeed, this time the P,
particles of the P1 particle-block copolymer composites form
a large aggregate (Fig. 3a), the P, particles of the P, particles-block
copolymer composites are distributed individually or as small
aggregates in a complex structure formed by the block copolymer
(Fig. 3b). A large aggregate containing both Py and P, particles as
well as particles individually distributed mostly of P, (Fig. 3c) are
formed in composites containing the block copolymer and the
particles P; and P,. Figs. 2 and 3 also show that by replacing
a fraction of nanoparticles in single nanoparticles-block copolymer
composites with another kind of nanoparticles, one can change the
structure of the composite and thus affect its properties.
Aggregates are generated as a result of the cooperative effects of
the following interactions: interactions between the particles and
the segments of the block copolymer, interactions between the
same kinds of particles, as well as interactions between different
kinds of particles, and the interactions between segments.
However, in the present kind of simulations, one considers that all
pair interactions are repulsive. Even though, all pair interactions are
repulsive, aggregates, which are located in the A or B domains or at
their interface, are formed. This can be explained as follows. Let us
consider a group of particles with pair repulsive interactions
between them and let select a pair of neighboring particles. Each of

Fig. 4. Phase behavior of a binary mixture of nanoparticles-block copolymer composites as a function of the pair repulsive interaction app between P, nanoparticles and A
segments of the block copolymer AsBs for apja = 30, apapz = 80, apipz = 30. (@) apaa = 30, 40; (b) apaa = 50, 60; (c) apaa = 70, 80; (d) apaa = 90. Py: Grey; Py: Black; A segments: White;
B segments: Bluish green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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the particles of this pair is subjected to the repulsion caused by the
particles of the group. If this collective repulsion is larger than that
between the selected pair, the distance between the two particles
of the pair will decrease. In other words, the collective pair repul-
sion can generate attraction between two repulsive particles.

3.2. Phase behavior of a binary mixture of nanoparticles-block
copolymer composites for weak ap;py interactions

Fig. 4 presents the phase behavior of a binary mixture of
nanoparticles-block copolymer composites as a function of apyp
between the P, nanoparticles and the A segments of the block
copolymer AsBs for apja =30, apypz = 80, apipz = 30, aag =40. For
a weak repulsion apyp (e.g. apaa = 30, or 40), a complex structure of
the block copolymer is formed (Fig. 4a), and the two kinds of
particles Py and P, are distributed individually or as small aggre-
gates in the A domains. As appa between the P, nanoparticles and
the A segments of the block copolymer increases to 50 or 60,
lamellar structures are generated by the block copolymers (Fig. 4b).
Both P and P, particles are still distributed mostly individually in
the A domain, and some small clusters are formed from P, particles.
If apaa is varied from 70 to 90, the P, particles become incompatible
with both A and B segments, and form aggregates located at the
interface between the A and B domains, and single P; particles or
small clusters of Py particles are located in the A domains (Fig. 4c

and d). Because of the compatibility between P and P, particles,
some P; particles are included in the P, aggregates.

In Figs. 4 and 5, apaa is changed between 30 and 90; in Fig. 4,
apia = 30 whereas in Fig. 5 it is 70. The other parameters are the
same in both Figures. Fig. 5 shows that P aggregates are formed
when apya is changed from 30 to 90. As apya increases, the Py
particles are first distributed mostly individually or as small
aggregates (Fig. 5a), then they form small clusters or aggregate
together with the Py particles (Fig. 5b), and finally, both P; and P,
aggregate together, forming large aggregates (Fig. 5¢). Fig. 5 shows
that, as apya changes from 30 to 90, the location of the P, nano-
particles increasingly changes from the A to the B domains.

The phase behavior of a binary mixture of nanoparticles-block
copolymer composites as a function of ap,p; for api4 = 30, apya = 60,
apipz = 30, apg = 40 is presented in Fig. 6. This figure shows that the
P, particles are individually or as small clusters located in the A
domains, whereas the P; particles are located as aggregates at the
interface between the A and B domains (Fig. 6a). As the repulsive
pair interaction between the P, particles further increases, the
morphology of the block copolymers first acquires a complex
structure containing single particles and aggregates (Fig. 6b), then,
the aggregates split into single particles and small clusters (Fig. 6¢).
Further, lamellae are generated from the block copolymer segments
(Fig. 6d). The location of the two kind of particles was also exam-
ined in papers [28].

b

Fig. 5. Phase behavior of a binary mixture of nanoparticles-block copolymer composites as a function of the pair repulsive interaction apa between P, nanoparticles and A
segments of the block copolymer AsBs for apia = 70, apapz = 80, apipy = 30. (a) apaa = 30, 40; (b) apaa =50, 60; (c) appp = 70, 80, 90. Py: Grey; P,: Black; A segments: White; B
segments: Bluish green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 6. Phase behavior of a binary mixture of nanoparticles-block copolymer composites as a function of the pair repulsive interaction ap,p; between P, nanoparticles for ap;a = 30,
apya = 60, apypp = 30. () apapz = 30, 40,50; (b) apypa = 60; (¢) apzpz = 70; (d) apapz = 80. In Figures ('), only the particles of Figures (c) are present. P;: Grey; P,: Black; A segments:
White; B segments: Bluish green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 7 presents the number of aggregates N (an aggregate
contains more than two nanoparticles), the average number n of
nanoparticles (both P; and P,) in the aggregates, and the fraction of
nanoparticles aggregated R as functions of apya for apypy =80,
ap1p2 = 30, aag = 40. For apia = 30, as appa increases, the number of

aggregates first increases and then decreases (Fig. 7a, circle). This
occurs because small clusters are first generated, and later, the
small clusters aggregate into larger ones (Fig. 7b, circle). For
apia =70, the number of aggregates is small and changes only
slightly as apya increases (Fig. 7a, square). The fraction of aggregated
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Fig. 7. Number of aggregates N (a), the average number n of nanoparticles (both P; and P,) in aggregates (b), and the fraction of nanoparticles aggregated R; (c), as functions of the
pair repulsive interaction apps between P, nanoparticles and A segments of the block copolymer AsBs for apyp; = 80, apypy = 30. Circle: apja = 30; Square: apjp = 70.
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Fig. 8. Number of aggregates N (a), the average number n of nanoparticles (both P, and P,) in aggregates (b), and the fraction of nanoparticles aggregated R; (c), as functions of the
repulsive pair interaction apyp, between P, nanoparticles for apya = 60, apipy = 30. Circle: apjp = 30; Square: apja = 70.
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Fig. 9. Phase behavior of a binary mixture of nanoparticles-block copolymer composites as a function of the pair repulsive interaction apys between P, nanoparticles and A
segments of the block copolymer AsBs for apia = 30, apapz = 80, dpipy = 70. (a) apaa =30; (b) apaa =40; (c) apaa =50, 60; (d) apaa = 70; (e) apaa = 80, 90; P;: Grey; Py: Black; A
segments: White; B segments: Bluish green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

nanoparticles Rg increases as appa increases (Fig. 7c). The values of
R for apja = 70 are always larger than those for apijp = 30 because
the higher repulsion seems to stimulate the aggregation of the Pq
particles (see the explanation in Section 3.1). As appa increases,
a larger number of P, particles becomes aggregated.

The number of aggregates N, the average number n of nano-
particles (both P; and P,) in the aggregates, and the fraction of
nanoparticles aggregated Rs, are presented in Fig. 8 as functions of
the repulsive pair interaction apypy for apya =60, apipy =30,
aag = 40. In Fig. 8a and b, a few large aggregates are generated for
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apia = 30 and apypp smaller than 60. However, a sharp increase in
the number of aggregates N and a sharp decrease in the average
number of particles in the aggregates n occurs for apypy larger than
60. This observation indicates the existence of a critical value of
apyp, for aggregates to be generated when apia = 30. For apia = 70,
a few large aggregates are generated (Fig. 8a and b, square) and
almost all nanoparticles are aggregated. In contrast for apja = 30,
about 60% of the nanoparticles are aggregated for small values of
apypy, and small numbers of nanoparticles are aggregated for larger
values of apyp;.

3.3. Phase behavior of a binary mixture of nanoparticles-block
copolymer composites for strong apjpy interactions

Fig. 9 presents the phase behavior of a binary mixture of
nanoparticles-block copolymer composites as a function of apa for
ap1a = 30, apapz = 80, apipz = 70, aag = 40. Lamellae of the segments
of the block copolymers are formed and both P and P, particles are
located for appa = 30 in the A domains (Fig. 9a). As apya increases to

40 (Fig. 9b), the lamellae are replaced by a complex structure. For
apya = 50 or 60, lamellae are again formed (Fig. 9c). Small clusters of
P; and of P, are generated for appa = 70. As apya increases to 80
(Fig. 9d), the size of the clusters containing P, particles increases,
and P; particles are located in the A domains whereas the P,
particles prefer to be located at the interface between the A and B
domains. These morphologies agree with the experimental data
obtained by Bockstaller et al. [19]. For apya =90 (Fig. 9e), the Py
aggregates are located at the interface between the A and B
domains, whereas the nonaggregated P; particles are located in the
A domain.

Fig. 10 presents the phase behavior of a binary mixture of
nanoparticle-block copolymer composites as a function of the
repulsive pair interaction appa for apia = 70, apapy = 80, apipz = 70.
The strong repulsive pair interactions between the two kinds of
nanoparticles, the strong repulsive pair interactions between the
P, particles, and the weak repulsive interactions between the P,
particles, generate the aggregation of P; (Fig. 10). By increasing
apza, the P, particles become increasingly aggregated. Some of

Fig. 10. Phase behavior of a binary mixture of nanoparticles-block copolymer composites as a function of the pair repulsive interaction ap,s between P, nanoparticles and A
segments of the block copolymer AsBs for apja = 70, apapz =80, apipz =70. (a) apaa = 30, 40; (b) apaa =50, 60; (¢) apaa = 70, 80, 90. Py: Grey; P,: Black; A segments: White; B
segments: Bluish green. In Figure (a’), contains only the particles of Figure (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).
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the aggregates contain only P, particles, but other aggregates
contain both kinds of particles. A large core-shell aggregate is
generated (Fig. 10c) containing P; particles inside and P, particles
outside. In addition, Fig. 10 shows that the aggregates are located
at the interface between the A and B domains, whereas non-
aggregated nanoparticles (mostly P,) are located in the A
domains.

Fig. 11 presents the phase behavior of a binary mixture of
nanoparticles-block copolymer composites as a function of the
repulsive interaction apyp; for apia =30, apaa = 60, apipy = 70. For
apap2 = 30 or 40, the P, particles aggregate and the block copolymer
acquires a lamellar structure. Some lamellae are distorted by the
presence of large aggregates (Fig. 11a). When ap,py increases to 50,
a complex structure is formed (Fig. 11b). For apyp, from 60 to 80,
lamellae are generated again, and the P, aggregates split into small
clusters located at the interface between the A and B domains
(Fig. 11c). For appp; =90, the two kinds of nanoparticles are
distributed individually or as small clusters in the A domains
(Fig. 11d).

Let us compare Figs. 6 and 11 with Figs. 4 and 9. In Figs. 6 and 11,
the change of the state of the particles from aggregated to indi-
vidually distributed is induced by the interactions between parti-
cles, and this changes the configuration of the block copolymer
from lamellar to a complex one. In contrast, for the conditions
selected for Figs. 4 and 9, the above change in the configuration of
the particles (aggregated or nonaggregated) is induced by the
interactions between the particles and the segments of the block

copolymer, and does not affect the configuration of the block
copolymer which remains lamellar.

Fig. 12 presents the number of aggregates N, the average total
number n of nanoparticles (both P; and P;) in the aggregates, and
the fraction of nanoparticles aggregated Rg, as functions of the
repulsive pair interaction apya for apapz = 80, apipz =70, aag = 40.
For apia =30, as apya increases, the number of aggregates N first
increases and then decreases. The average number n of nano-
particles in the aggregates first changes slightly and then increases.
This indicates that, as apya increases, the number of clusters
increases, whereas the size of these clusters changes slightly;
further, the small clusters are replaced by larger ones. For apja = 70,
as appa increases, the number of aggregates N changes slightly,
while the size of the aggregates first changes a little, but further
increases and contains both P; and P, particles.

Fig. 13 presents the number of aggregates N, the average number
nof nanoparticles (both P; and Py) in the aggregates, and the fraction
of nanoparticles aggregated Rs, as functions of the pair repulsive
interaction apyp; for apya = 60, apipz =70, aap = 40. For small apqa
(apia=30), as apypy increases, aggregates are first generated;
further, the aggregates split into numerous single nanoparticle or
small clusters. This indicates the existence of a critical value of the
interaction apyp; for aggregation to occur. For large apya (apia = 70),
when apyp; changes between 30 and 90, large aggregates containing
both P; and P; are generated. As apyp; further increases, some single
nanoparticle P, separate from the aggregates, and the average
number of particles in the aggregates decreases.

Fig. 11. Phase behavior of a binary mixture of nanoparticles-block copolymer composites as a function of the pair repulsive interaction ap,p, between P, nanoparticles for apya = 30,
apza = 60, ap1pz = 70. (a) apapz = 30, 40; (b) apapz = 50; () apapz = 60, 70, 80; (d) apapz = 90. Py: Grey; P,: Black; A segments: White; B segments: Bluish green. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).
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3.4. Dynamic behavior of a binary mixture of nanoparticles-block
copolymer composites

Figs. 14 and 15 present the dynamic behavior of a binary mixture
of nanoparticles-block copolymer composites. The initial confi-
guration was generated randomly (Fig. 14a). After 5000 steps
(Fig. 14b), a fraction of particles aggregated as small clusters. A large

aggregate, as well as a distorted lamellar structure of the block
copolymer was found after 100 000 DPD steps (Fig. 14d). The P and
P, particles were located in the A domains. A perfect lamellar
structure of the block copolymer and two aggregates are formed
after 150 000 DPD steps (Fig. 14e). A very large aggregate was
generated by the nanoparticles after 350 000 DPD steps(Fig. 14f). In
Fig. 15, as the number of DPD steps increases, the number of

Fig. 14. Dynamics of aggregation of P; and P, nanoparticles blend and the evolution of block copolymer morphology for asa = agg = 25, aap =40, apip1 =45, apip = apap = 80,
ap1a = 30, apapy = 80, apypy = 30, apya = 90. Py: Grey; Py: Black; A segments: White; B segments: Bluish green. (a) Initial; (b) after 5000 steps; (c) after 20 000 steps; (d) after 100 000
steps; (e) after 150 000 steps; (f) after 350 000 steps. Note: the initial configure of composite of this simulation was generated randomly. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 15. Number of aggregates N, the average number n of nanoparticles (both P; and
P,) in aggregates as functions of DPD steps. Other conditions are the same as Fig. 14.

aggregates N first decreases sharply and then fluctuates steadily;
the average number of nanoparticles in aggregates first increases,
after which it fluctuates between 50 and 130 nanoparticles, and
further fluctuates around a size between 70 and 240 nanoparticles.

4. Conclusions

By employing the dissipative particle dynamics (DPD) simula-
tions, the morphology of a binary mixture of nanoparticles-block
copolymer was examined by varying the pair interactions between
the same and different kinds of nanoparticles, between the
segments of the block copolymer, as well as the interactions
between each kind of nanoparticles and each kind of segments of
the block copolymer.

Even though the DPD considers only repulsive pair interactions,
it is shown that compatibility can exist between the particles and
the segments of the block copolymer and, as a result, various
structures could be identified. For small values of apia (apia = 30),
there is a critical interaction (apypy) between the P, particles for
them to become aggregated. However, for api4 = 70, no such critical
value of apyp, exists. We found that the aggregates prefer to be
located at the interface between the A and B domains, whereas
single nanoparticle prefer to be located mostly in the A domains.

Our findings indicate that, when the change of the state of the
particles from aggregated to individually distributed is induced
particularly by the interactions between particles, this changes the
configuration of the block copolymer from lamellar to a complex
one. In contrast, when the above change in the configuration of
the particles (aggregated or nonaggregated) is induced particularly
by the interactions between particles and segments of the block
copolymer, it does not affect the configuration of the block
copolymer which remains lamellar.
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