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We investigated phase transitions in a diblock copolymer—homopolymer hybrid system blended with nanorods (NRs)
by using the time-dependent Ginzburg—Landau theory. We systematically studied the effects of the number, length and
infiltration properties of the NRs on the self-assembly of the composites and the phase transitions occurring in the material.
An analysis of the phase diagram was carried out to obtain the formation conditions of sea island structure nanorod-
based aggregate, sea island structure nanorod-based dispersion, lamellar structure nanorod-based multilayer arrangement
and nanowire structure. Further analysis of the evolution of the domain sizes and the distribution of the nanorod angle
microphase structure was performed. Our simulation provides theoretical guidance for the preparation of ordered nanowire
structures and a reference to improve the function of a polymer nanocomposite material.
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1. Introduction

Polymer nanocomposites play a significant technological
role in functional materials because of their excellent perfor-
mance in optical and electronic devices.!'"8 The most promis-
ing research subject in polymer nanocomposites is the prepa-
ration of highly ordered and controllable nanostructures.!®-'!l
However, controlling morphology with minimal effort in ma-
terials processing remains a considerable challenge. Since the
morphology of polymer blends is one of the factors that de-
termines their properties, studying its control is a significant
subject in polymer nanocomposite research. For many prac-
tical applications, the addition of nanoparticles has been con-
sidered as an effective route to material improvement and an
important method for creating highly ordered structures.[!>-16]
In particular, the addition of anisotropic nanoparticles (such
as nanorods) to polymeric materials can be beneficial and
increase their photoelectric characteristics, optical properties

s.117-23] The nanorods of noble met-

and mechanical propertie
als (such as gold) and semiconductors (such as CdSe) possess
interesting photoelectrical properties and can significantly im-
prove the efficiency of polymer photovoltaic devices by en-
hancing their carrier mobilities.>*!

In addition, the alignment of nanorods and nanowires
plays an important role in determining the electrical conduc-

[25-28

tivity of polymer nanocomposites. ! Therefore, studying

how the self-assembly of nanorods into ordered arrays can

DOI: 10.1088/1674-1056/27/5/058102

be facilitated is an important area in nanotechnology. In an
early theoretical study, Balazs et al. used a coarse-grained
model for simulating the self-assembly of binary nanorods. [*’!
The results showed that when the nanorods have an affin-
ity for one polymer, a component can seed the formation of
needle-like percolating networks. Ma et al. studied the self-
assembly of nanorods in a binary mixture’*’! and a diblock
copolymer3!! by using a computer simulation method. Their
works discussed the influence of the rod-rod interaction, the
wetting strength and the rod number density on the architec-
ture and obtained a highly ordered structure of nanowires.
Zhang et al. used the self-consistent field (SCF) theory to
study the phase behavior in mixtures involving cylindrical di-
block copolymers and rigid nanorods.*?! Their results indi-
cated that the novel morphologies of the mixtures clearly de-
pended not only on the properties of the polymers but also
on the number, length and surface adsorption (neutral, A and
B attractive) of the nanorods. The results of this simulation
study provide a theoretical guidance for the preparation of
polymer nanocomposites. In addition to theoretical investi-
gations, attention has been paid to experimental studies in-
volving blends of nanorods in a polymer system. In recent
years, Xu et al. showed that controlling the alignment of
nanorods within BCP microdomains can be achieved by mod-
ifying the chemical properties and supramolecular morphol-
ogy of the nanorods. >3 Wu and Lu3*! observed an arrange-
ment of silver nanorods in thin films of immiscible polymer
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fCorresponding author. E-mail: panjunxing2007 @163.com
fCorresponding author. E-mail: zhangjinjun @sxun.edu.cn
© 2018 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

058102-1


http://dx.doi.org/10.1088/1674-1056/27/5/058102
mailto:panjunxing2007@163.com
mailto:zhangjinjun@sxun.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 27, No. 5 (2018) 058102

blends, which confirmed the theoretical study of Balazs et al.
These findings can facilitate the fabrication of electrical and
optical nanodevices. Experiments by Modestino demonstrated
different self-assembly behaviors and vertically aligned CdSe
nanorod arrays in polymer composites that can be obtained by
controlling the interactions between the nanorod surfaces. [+
studied the effects of gold nanorods (AuNRs)

dispersed in homopolymer (P2VP) films. Their experimen-

Jiang et al.

tal results showed that the optical properties of a polymer
nanocomposite can be adjusted by changing the volume frac-
tion of the nanorods and the interaction distance between the
individual rods.*® Rasin ef al. also experimentally examined
the impacts of grafted gold nanorods (P2VP-AuNRs) on PS-
b-P2VP thin films.3”! Their results showed the dispersion and
alignment of AuNRs in a block copolymer thin film at suffi-
ciently low concentrations, which have been validated by the
polymer nanocomposite field theory. Meanwhile, there are
many experimental 8% and theoretical studies*®%! on the
morphologies and phase behaviors of the block copolymer—
nanorod system. Moreover, the bridging polymerization in
the homopolymer solution in the presence of different inter-
facial attractions of polymer—particles has also been investi-

63641 As mentioned above, many re-

gated in some studies.!
search efforts have concentrated on the self-assembly of a
block copolymer system. In addition, the self-assembly of
mixtures of block copolymers and homopolymers in solvents
has also been studied. The blend of C homopolymers and AB
diblock copolymers can be shown to not only change the vol-
ume fraction of blocks in a facile way but also enrich the parti-
cle’s morphology. Using a simulated annealing method, Kong
et al. studied the self-assembly of the blends of AB diblock
copolymers and C homopolymers in a soft confinement. They
discussed the effects of the confinement size, the volume frac-
tion of polymer blocks, the selectivity of the confinement’s
surface and the incompatibility between blocks on the self-
assembly behavior of such systems. They obtained a variety
of structures such as pupa-like, pine-cone-like, stacked disks
and stacked lamellae. Their results were in accordance with
the experiments. (%]

Inspired by these studies, we used cell dynamics simula-
tion (CDS) to study phase transitions in a symmetric diblock
copolymer—homopolymer hybrid system induced by nanorods
with different properties and found many novel self-assembled
structures. The CDS method was originally proposed in a se-
ries of work by Oono et al. to simulate the interfacial dy-
namics in the phase separation system. The characteristic of
this method is that it quickly simulates the very complex dy-
namical behavior in large size phase separation systems and
The CDS method has
been widely used in many fields since it was put forward, for

can predict new kinetic pathways.

example, CDS studies of self-assembling phase behavior in

diblock copolymers/diblock copolymer—homopolymer,[69-74]

75761 polymer crystallization [7778] and polymer-

[79

rock growth, !
dispersed liquid crystal.”! The paper is organized as follows.
In Section 2, we detail the computational methodologies em-
ployed in this study. The results and relevant discussion are
presented in Section 3. The conclusions are drawn in the final

section.

2. Model and simulation method

To investigate the phase behavior of the mobile nanorods
in a diblock copolymer—homopolymer hybrid system, we used
a hybrid method of the Cahn—Hilliard (CH)/Brownian dynam-
ics (BD) model, which has been extensively used by some
researchers.[39-82 In this method, for the diblock copolymer—
homopolymer hybrid system, we adopted the CH model. For
the system of nanorods, we adopted the BD model. For the
diblock copolymer—homopolymer hybrid system, its kinetic
equation is highly complicated and its specific expression is
as follows:

on/ot= MyV*8F/n, (1)
dy /ot = MyV*SF /Sy. )

For the immiscible mixture of diblock copolymer and ho-
mopolymer, the volume fractions of the two components sat-
isty the relation @a + ¢ + ¢c = constant, and the two vol-
ume fractions are independent. For convenience, one takes
¢ = Pa + ¢ and Y = @ — Pp as the independent variables.
The variable ¢ is useful to describe the segregation of copoly-
mers and homopolymers, while ¢ plays the role of an order
parameter in the microphase separation. Furthermore, we use
order parameter 1] = ¢ + @ — Y instead of @, where y is the
critical composition in the phase diagram for the phase sepa-
ration between the hompolymer C and diblock copolymer AB,
and it depends on the degree of polymerization of each com-
VNC___ \ith Nag = Na +Ng. For 1 > 0, the

VNag+VNc’ i
volume fraction of the AB component is larger than y,, and

ponent Y, =

the AB diblock copolymer preferentially precipitates from the
mixtures. Whereas for n < 0, homopolymer C precipitates
preferentially. The flux of y is proportional to the local gra-
dient of the chemical potential, which in turn is proportional
to the derivative of the free energy F. In Egs. (1) and (2), My
and My, represent the polymer motion and rotation mobility
coefficients, respectively, and each nanorod has a center-of-
mass position r; and an orientation angle 6; as measured from
a fixed direction. The variables r; and 6; for the i-th rod obey
the following Langevin equations:

dr;/dt = —M,dF /9T + 1, 3)
06;/dt = —MydF /96 +&;, “
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where M| and M, are the mobility coefficients relating to the
motion and rotation of the nanorods, and 1); and &; are ther-
mal fluctuations that satisfy the fluctuation—dissipation rela-
tions. Equations (3) and (4) are discretized and numerically
integrated on a 256 x 256 square lattice, which has periodic
boundary conditions in both the x and y directions. The lattice
sets the units of length.

The free energy F is composed of three parts F = Fgr. +
FepL + FRR-
copolymer is denoted by the Ginzburg—Landau free energy

The free energy of a homopolymer/diblock

FoL(n, v
—/dr {—w+ AR (w)}

d . b 1
+[ fn + = n += (VH)}+b1ﬂVf—2b2TIVf2}

+ 5 [ [arar' Gy - wllv) - vl )

where a, b, ¢, d', V', ¢’, by, and b, are all constants. The con-
stant b reflects the interaction comparison between monomers
C with both A and B and expressed as®384 b = (—yac +
xBc)/2. Tt is now clear that the b term mainly originates
from the interaction between the A-B copolymer and the C
monomer. If the repulsive interaction strength ypc between
B and C is large enough, b; is positive. The constant b, re-
flects the relationship between C and degree of polymeriza-
tion N and is given by®>! b, = w— The b, term represents
the fact that the microphase separation should occur only in
the copolymer-rich phase. The cross terms (terms with b and
b,) reflect the competition of phase separation between C and
A/B. We use N; (i = A, B, or C) to denote the polymeriza-
tion degrees of different components. In this section, we set
Np = Ng. The last term on the right corresponds to the long-
range correlation, which reflects the microphase separation of
the diblock copolymer. G(r,7) is the Green’s function de-
fined by the equation —V2G(r,r') = §(r — o), while vy is
the spatial average of y. Here, we set Yy = O for the case of a
symmetric diblock copolymer. « is a parameter that describes
the strength of the long-range force owing to the covalent link-
age between the A and B components. [86-881

The Fcpr, describes the interactions between the nanorods

and the polymer, and is given by

Fepr = /d"'Z/dSi/dsiVO

—lp—s;
X exp ('ro’> (W(r) —We)?, (6)
where s; = r; + 8s; indicates a point on the surface of the
nanorods, and [ dr; represents the integral over the length of
the i-th nanorod. When W = y = 9o + ¢ and Wy, = y, =1,

the nanorods are preferentially wetted the A phase. When

erentially wetted the B phase. When W = n,, = ¢a + ¢ — W¢
and Wa) = nw =

—1, the nanorods are pref-

—1, the nanorods are preferentially wetted
in the C phase. We assume the short-ranged wetting interac-
= Voexp(—|r — si|/r0), where Vy (> 0) is the
wetting strength parameter that represents the short-range in-

tion V(r — s;)

teractions between the nanorods and the polymer component.
ro indicates the range of the interactions and can be tuned by
varying the chemical nature and length of the chains coated on
the rods.

The Frr represents the interactions of the nanorods. In
this paper, we assume that pure repulsion is dependent on the
distance and angle between the pairs of rods i and j

ri—rj[?)

XLX(L—
iJ

x[4/3 —cos?(6;—6))], if |ri—7;|<L, ()

O’ if "I‘i—

Frr =

ri| > L,

where y represents the intensity of the nanorods interactions
and L represents the length of the nanorods. This interaction
leads to an isotropic—nematic ordering for the pure rod system.
From this equation, we can see that the interaction between
When
x is fixed, the smaller L is, the weaker the repulsion is; and

the rods strongly depends on these two parameters.

the larger L is, the stronger repulsion is.
the method of CDS,#-?! where the dynamic equations (1)—
(7) were used in a 256256 two-dimensional space with dis-

Next we adopted

cretization and periodic boundary conditions. In the follow-
ing simulations, the parameters are set as My = My = 1.0,
My =10, M, =0.1,b; =0.1, b, = 0.2, a = 0.02, x = 0.6,
ro = 3.0, Vo = 0.04, No = N =24, Nc =34, At =0.5. The
above parameter setting is the experience values selected from
the previous researchers’ work. In this paper, all variables have

been rescaled into dimensionless units.

3. Numerical results and discussion

Figure 1(a) shows a late-stage snapshot of the phase sep-
aration occurring in a pure symmetric diblock copolymer—
homopolymer hybrid system in the absence of the nanorods.
The red regions relate to phase A, the blue regions to phase
B and the green regions to phase C. From Fig. 1(a), it can be
deduced that the mixed system of AB/C is formed from a sea-
island structure. The self-assembly of nanorods in the absence
of diblock copolymer and homopolymer is shown in Fig. 1(b),
the nanorods are uniformly dispersed in the lattice and form

an isotropic phase.
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(2) (b)

Fig. 1. (color online) (a) Morphology of the self-assembled pure AB di-
block copolymer—C homopolymer hybrid system without the nanorods.
The red regions are A domains, the blue regions are B domains and the
green regions are C domains. (b). Morphology of the self-assembled
pure nanorods, with Ny = 340, L =13, and AB : C =70: 30.

When the nanorods are dispersed into the diblock
copolymer—-homopolymer hybrid system, the system can self-
assemble into phase-rich structures. Figure 2(a) shows the
phase diagram involving the C-affinity nanorods for differ-
ent numbers (N;) and lengths (L) of the nanorods. Fig-
ures 2(b1)-2(b5) show the morphologies of the mixture: (i)
a sea-island/nanorod aggregation structure (SI-G, the solid
square, Fig. 2(bl)), where the AB/C polymers form a sea-
island structure and the nanorods aggregate in the C domain;
(i1) a sea island/nanorod dispersion structure (SI-D, the solid
circle, Fig. 2(b2)), where the AB/C polymers form a sea is-
land structure and the nanorods disperse in the C domain; (iii)
a lamellar/nanorods multilayer arrangement structure (L-MP,
the solid triangle, Fig. 2(b3)), where the AB/C polymers form

a lamellar structure and the nanorods disperse into the C do-
main and align in a short end-to-end structure; (iv) a nanowire
structure (L-SP, the star, Fig. 2(b4)), where the AB/C polymer
form a lamellar structure and the nanorods in the C domain
align in an end-to-end structure; and (v) a disordered struc-
ture (Dis, the rhombus, Fig. 2(b5)). From the phase diagram,
we can see that, for the short nanorods (3 < L <'5), when
their number density is in the low range 0.18%-1.7% (40 <
Ng < 220), the system can self-assemble into an SI-G structure.
When the number of nanorods is increased (220 < N < 400,
i.e., the number density is 1.0%—-3.1%), the SI-D structures are
observed. In case of longer nanorods (7 < L < 9), when their
number density is low 0.43%-3.4% (40 < Ny < 250), the sys-
tem can self-assemble into an SI-D structure. The novel phase
morphology (L-MP) structure is observed by increasing the
number of nanorods (250 < Ny <400, i.e., the number density
is 2.7%-5.5%). In case of long nanorods (11 < L < 13), when
the number density is low 0.68%—-3.2% (40 < N; < 160), the
system can self-assemble into an SI-D structure. When the
nanorod number increases (160 < Ny < 400, i.e., the number
density is 2.7%—7.9%), the induced morphological transition
of the system follows the trend from SI-D to L-MP and to L-
SP. Up to a NR length L = 15, for increasing number density
(40 < N; <400, i.e., the number density is 0.92%-9.2%), the
rich morphological transition from SI-D to L-MP to L-SP and
to Dis is observed.

(a)
400
370
340
310
280
250
= 220
190
160
130

100
70
40

® ®© 0606 006 0 0 > D))
® 0600 > DD
e 6 606 0 ) > >

e o 0 )

(b1) (b2)

©
—
—
Ju—
w
—_
t

L

(b5) [

Fig. 2. (color online) Phase diagram for mixtures of the symmetric diblock copolymer-homopolymer hybrid system and NRs with
different NR lengths (L) and numbers (Ns). The symbols represent the corresponding morphologies. The red regions are A domains,

the blue regions are B domains and the green regions are C domains.
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From the phase diagram, we know that when the nanorods
are short, they have a slight influence on the polymer sys-
tem. So the polymer structure is similar to the AB/C bulk
sea-island structure without the nanorods. When the length of
the nanorods gradually increases, we can obviously see that
the added nanorods have an influence on the polymer sys-
tem and the sea-island structure of the original system is bro-
ken. The nanorods in the C domain align in an end-to-end
structure, which is greatly influenced by the number of the
nanorods. When the nanorods are few (40 < Ny < 100), they
aggregate in the C domain. When there are some nanorods
(100 < Ng < 190), the nanorods disperse in the C domain and
align end-to-end as a short nanowire. If the number density is
small, it cannot form a large-scale nanowire structure. hence,
it has a limited effect on the polymer system. When the num-
ber of nanorods is greater (Ns > 190), the system forms a
nanowire structure through the whole range. The phenomenon
can be explained as follows. Due to wetting interactions be-
tween the nanorods and the polymers, the nanorods are con-
fined in the favorable C domains. When the nanorods are
short, the weak repulsive interactions between them cause the
rods to aggregate in the C component. As the length of the
nanorods increased, the repulsive interactions become more
obvious and result in them forming a parallel array of short-
range nanowire structures in the C component. As the nanorod
length is further increased, the interactions between the rods
are enhanced as well, leading to the formation of a long end-to-
end aligned nanowire structure throughout the region. Mean-
while, due to the interactions between the polymer compo-
nents, the AB chains extend perpendicular to the macrophase

interfaces that finally result in the formation of the nanowire
structure. When the length and number of the nanorods exceed
a certain limit, their interactions extend far beyond the con-
straints imposed by the C component, causing the nanorods to
distribute over the whole area and form a disordered structure.

In order to quantitatively investigate the phase behaviors
of the nanorods included in the diblock copolymer and ho-
mopolymer hybrid system, we numerically calculate the do-
main size R(z) in the x or y direction as a function of time.
This is derived from the inverse of the first moment of the
structure factor S(k,r) as R; = 2m/{k;i(t)), where (k;(t)) =
J dKk;S(K,t)/ [ dKS(K,t). The structure factor S(K,7) is de-
termined by the Fourier component of the spatial concentra-
tion distribution. All results are averaged over 10 independent
runs. Figure 3 shows the time evolution of the microdomain
sizes R(¢) in the x and y directions. From Fig. 3, we can see
that the domain sizes R,(f) and R,(t) are almost the same.
We also see that in equilibrium, the nanorod length increases
while the microdomain sizes R, and R, gradually decrease
from curve a to curve e. This indicates that the coarsening of
microdomains is suppressed as the nanorods length increases.
From the curves in Fig. 3, we can see that in the early stage
(t < 5 x 10°), the microdomain growth is slow and not signif-
icantly affected by the change in the nanorod length. In the
middle stage (5 X 100 <1 <2x 106), the microdomain size
undergoes an obvious change. While it is stable in the later
stage (f > 2 x 10°). From curve e in Fig. 3, we can see that
the growth in microdomain size is minimal as the time step is
increased.

0.1

lg(Ry)

01— i

Lol Ll
10° 106

104

t

107

107

106

104 105
t

Fig. 3. (color online) The time evolution of the characteristic sizes of microdomains R,(¢) and Ry(t) for different nanorods with
nanorods number Ny = 340. Curve a, L =0; curve b, L = 3; curve c, L="7; curve d, L =9; and curve e, L = 13.

Furthermore, in order to explore the process of form-
ing the ordered structure discussed above (Figs. 3(d) and
3(e)), we show the pattern evolution of diblock Copolymer—
homopolymer/nanorods when Ny =340, L=9 and L = 13 in
Fig. 4. From Figs. 4(al)—4(a3), we can see that in the early

stage (t = 1 x 10%), the system exhibits a disordered structure

and the nanorods show a dispersed state, which is due to the in-
terfacial energy between the polymer components dominating
the phase separation (Fig. 4(al)). When t > 1 x 10, the repul-
sive interaction of the nanorods and the rod—polymer interac-
tion begin to appear. The dispersed C domains are aggregated

due to the synergistic effect of the rod—polymer interaction and
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the interfacial energy of the polymer components (Fig. 4(a2)).  beginning of the evolution of the system. At the same time,
Later, the system can self-assemble into a lamellar/nanorods  the repulsive energy between the rods inhibits the phase sep-
multilayer arrangement (L-MP) structure (Fig. 4(a3)). From  aration driven by the interfacial energy between the polymer
Figs. 4(b1)—4(b3), we can see that the interactions of the rods ~ components, making the system form an ordered structure in

and rod—polymer have already played an important role in the  a short time (Figs. 4(b1)—4(b3)).

(al) (a2) (a3)

(b1) (b2) (b3)
Fig. 4. (color online) The pattern evolution of diblock copolymer-homopolymer/nanorods at different time with Ny = 340, (a) L =9
and (b) L = 13 correspond to Figs. 3(d) and 3(e). (al)r = 1 x 10*, (a2) r = 1 x 10°, (a3) 1 =5 x 10°%, (b1) £ = 1 x 10%, (b2) r = 1 x 10°,
(b3) £ = 5 x 10°. The red regions are A domains, the blue regions are B domains, the green regions are C domains and the nanorods
are represented by the black lines.

1.0 1.0
(a) (b)
0.8 0.8
& &
= 06 = 0.6
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=} =}
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0.2+ I I 0.2
% 90 180 %0 90 180
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Fig. 5. Angle of nanorods long axis direction and horizontal direction angle corresponding to (a) Ny = 340, L =3, (b) Ny =340, L =7,
(¢) Ny =340, L =9, (d) Ny =340, L = 13.
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In order to further study the microscopic phase transition
in the diblock copolymer—homopolymer system in the pres-
ence of nanorods, we show the histograms of the angular dis-
tribution of nanorods having different lengths for Ny = 340 in
Fig. 5, which correspond to Figs. 2(b1)-2(b4). The horizontal
coordinate is the angle between the long axis of a nanorod and
the horizontal direction. In Figs. 5(a) and 5(b), it can be seen
that almost all of the rods orient between O to 7. The angular
distribution of the nanorods is dispersed, which is consistent
with the structures revealed in Figs. 2(b1) and 2(b2). This in-
dicates that the nanorods are randomly oriented and isotropic
in the island structure. In Fig. 5(c), we know that all angles of
the nanorods are 11.6°. Similarly, all angles of the nanorods
displayed in Fig. 5(d) are 114.4°. Corresponding to Figs. 2(b3)
and 2(b4), the nanorods are directionally distributed and show
anisotropy in the layered structure.

In the meantime, we study the effect of the C component
polymerization degree (Nc) on the system structure. The re-
sults show that the polymerization degree of the C component
has little effect on the system structure.

We consider the influence of different infiltration proper-
ties on the phase behavior of the system. For the nanorods
infiltrating the B component of a diblock copolymer, we con-
struct an approximate phase diagram as a function of their
length and number. In the phase diagram shown in Fig. 6,
the solid circles and squares represent the ordered and disor-
dered structures, respectively. From the phase diagram, we
know that when the number of nanorods Ns < 200, the result-
ing system is always a disordered structure. When the number
of nanorods is Ny > 200 and their lengths are sufficiently long,
the system undergoes a transformation from the disordered to
the ordered structure.

310f = m m m m °
290 [ = [ ] [ ] [ ] [ [
2710F = m m m . °
250F = n n n n °
230F = = = n n °
210F = n n n n °
200 F = n n n n n
« . . . . . .
= F m . . . . .
[ m - - - - -
F m . . . . .
[ m n n n n n
[ m - - - - -
I = . . . . .
L 1 L 1 1 1 1 1 1 1 1 L 1 1
3 9 11 13
L
7
] L] t
Fig. 6. (color online) The phase diagram of a symmetric diblock

copolymer-*homopolymer hybrid system and NR mixtures for differ-
ent NR lengths L and numbers N;. Symbols correspond to the mor-
phologies. The phase diagram shows that the nanorods infiltrate the B
components. The red regions are A domains, the blue regions are B
domains and the green regions are C domains.

We consider the effects of the different infiltration prop-
erties on the phase behavior of the system. For the nanorods
having an affinity for the A block, we develop a phase dia-
gram as a function of the nanorod number and length. In the
phase diagram shown in Fig. 7, the solid circles and squares
represent the ordered and disordered structures, respectively.
From the phase diagram, we can see that for relatively small
(Ns < 200) nanorod numbers, the systems always form a dis-
ordered structure irrespective of the lengths of the nanorods.
When the number of nanorods is greater (Ng > 230), the sys-

tem forms an ordered structure for large nanorod lengths.

350 L [ ] [ ] [ ] [ ] [ ] °
320 F . . . . ° °
290 F . . . . . °
260 L [ ] [ ] L] [ ] [ ] ]
230 L [ ] [ ] [ ] [ ] [ ] ]
200} . . . . . .
Zﬁ L [] [] [ ] [] [] [ ]
L [] [] [ ] [] [] [ ]
L [] [] [ ] [] [] [ ]
L [] [] [ ] [] [] [ ]
L [ ] [ ] | | [ ] [ ] | |
11 13
L
o 2
ey 2

Fig. 7. (color online) The phase diagram for the symmetric diblock
copolymer—homopolymer hybrid system and a NR mixture with differ-
ent NR lengths L and numbers N;. Graphic symbols correspond to the
morphologies. The phase diagram shows that the nanorods infiltrate the
A components. The red regions are A domains, the blue regions are B
domains, and the green regions are C domains.

4. Conclusion

In summary, we used a computer simulation to study the
phase transitions in a diblock copolymer—-homopolymer hy-
brid system blended with nanorods. The results demonstrated
that when the nanorods infiltrated the C component, the fol-
lowing system transformations occurred with the increase in
the number of nanorods and length: (SI-G) to (SI-D) to (L-
MP) to (L-SP) to (DIS). When the nanorods infiltrated the
B component, a system transformation from the disordered
structure to an ordered structure occurred as the number and
length of the nanorods increased. When the nanorods infil-
trated the A component, the increase in the number and length
of the nanorods caused a system transformation from a disor-
dered structure to an ordered structure. Meanwhile, we ana-
lyzed the evolution in pattern and the domain growth of these
morphologies and structures. Our simulation provides a the-
oretical guidance for the preparation of an ordered nanowire
structure and serves as a beneficial reference for improving

the function of polymer nanocomposites.
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