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Morphological transition behavior of ABC star copolymers by varying the interaction parameters
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We employ dissipative particle dynamics (DPD) to examine the effects of composition and interaction
parameter on the resulting phase behavior of ABC star copolymers. Here, we assume that the interaction
parameters among the three components are equal. When the three components have comparable volume
fractions, our DPD results illustrate that the unique formation of various types of three-phase separated po-
lygonal cylinders is mainly dominated by the composition but not influenced by the interaction parameter. In
contrast, when two of the three components are minor, the resulting morphology type is greatly influenced by
the interaction parameter. Generally speaking, with an increase in the interaction parameter, the two minority
components first act like one component and the system forms a one-length-scale ordered microstructure. Then
a further segregation between the two minority components within the large-length-scale phase can be induced
as the interaction parameter keeps increasing. In general, our DPD results, a systematic study of the morpho-
logical transition behavior obtained by varying the interaction parameter and composition, bridge the gap
between the previous theoretical results in the strong and weak segregation regimes via Monte Carlo and

two-dimensional self-consistent mean-field methods, respectively.
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I. INTRODUCTION

During the last three decades, ABC triblock copolymers
have attracted wide attention due to their fascinating self-
assembling behavior. Earlier studies have mainly focused on
linear ABC triblock copolymers [1-5]. It was only in the last
ten years that, with the improvement in synthetic techniques,
morphological research on star-shaped ABC copolymers be-
gan to emerge from both experimental [6-19] and theoretical
[20-25] points of view. Because of the topological constraint
generated from the fact that three different polymer chains
are connected at one junction point, ABC star copolymers
display various geometric structures that cannot be formed in
copolymers with linear architectures.

One of the unique phase-separated structures formed by
ABC star copolymers is a cylindrical phase with polygonal
cross sections, which is often denoted as a set of integers
[k.l.m....]. To clarify, [k.l.m....] represents that a k-gon,
an [-gon, and an m-gon, etc. meet consecutively on each
vertex in the cylindrical patterns. Figure 1 illustrates the four
typical types of polygonal structures of [6.6.6], [8.8.4],
[10.8.4;10.6.4], and [12.6.4], which have been discovered in
the ABC star copolymers. Note that in the tiling pattern of
[10.8.4;10.6.4] the longest block forms decagons, the second
longer block has two types of octagons and hexagons, and
the shortest block forms tetragons. By applying the imagi-
nary tiling scheme as shown in Fig. 1, it has also been de-
noted as [3.3.4.3.4]. For instance, Matsushita and co-workers
[13,16] synthesized a series of polyisoprene (PI)—polystyrene
(PS)—poly(2-vinylpyridine) (P2VP) star copolymers with
the composition ratio of PL:PS:P2VP equal to 1:1:X.
The resulting morphology patterns obtained via transmission
electron microscopy and small-angle x-ray scattering dis-
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play characteristic cylindrical structures of [6.6.6], [8.8.4],
[10.8.4;10.6.4], and [12.6.4] with increasing P2VP composi-
tion X, which remains in the range of 0.7=X=1.9. Further-
more, they observed the formation of cylinders in lamellae,
lamellae within cylinders, and lamellae within spheres, in
PI-PS-P2VP star copolymers with PI:PS:P2VP=1:1.8:X in
the range of 4.3=X=53[18].

Indeed, the phase behavior of ABC star copolymers is
very diverse and complicated as it involves many important
parameters, such as each block length and the immiscibility
parameter between each pair of components / and J. Al-
though some experimental work has successfully displayed
various types of unique structures for ABC star copolymers,
a thorough understanding of the morphological behavior re-
sulting from varying these factors is hard to reach simply via
experiments as it demands a lot of synthesis work. Accord-

s

[6.6.6] [8.8.4]
[12.6.4] E
[10.6.4;10.8.4]
or [3.3.4.3.4]

FIG. 1. (Color online) Schematic plot of the four types of po-
lygonal structures frequently observed in ABC star copolymers.

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevE.77.031804

HUANG, FANG, AND LIN

ingly, there have been a few related theoretical studies
[20-25]. For example, Gemma er al. [21] adopted Monte
Carlo (MC) simulations to examine the morphological be-
havior of ABC star copolymers with the composition ratio
of 1:1:X. They assumed that the three interaction parameters
among these components are equal and in the strong segre-
gation regime. By varying the composition X, various
types of structures, lamellae+spheres, [8.8.4], [6.6.6],
[8.6.4;8.6.6], [10.6.4;10.6.6], [12.6.4], perforated layers,
lamellae+cylinders, columnar piled disks, and lamellae
within spheres, have been predicted. Recently, the polygonal
structure of [10.8.4;10.6.4] (i.e., [3.3.4.3.4]) has also been
simulated in the ABC star copolymer with chain length ratios
0f 9:7:14 and 9:7:16 by the MC method [25]. Tang et al. [24]
constructed the phase diagram for ABC star copolymers on
the basis of a two-dimensional (2D) real space implementa-
tion of the self-consistent mean-field (SCMF) theory. When
the three interaction parameters are equal, as in the work of
Gemma et al. [21] but in the intermediate segregation re-
gime, they obtained the same morphology patterns of po-
lygonal cylinders, such as [8.8.4] and [6.6.6], and lamellae
+cylinders, for comparable compositions of the three com-
ponents; whereas when the composition of one of the three
components is significantly larger and/or smaller than the
other two components, the SCMF and MC approaches dis-
play different morphological behavior. For example, when
fa=fp<fc, the SCMF theory predicts the formation of hex-
agonally packed cylinders formed by the two miscible mi-
nority components A and B, which is different from the co-
lumnar piled disks (i.e., A and B segregated lamellae within
cylinders) obtained by MC simulations. When f4=/5>> f¢,
though both SCMF and MC approaches predict a lamellar
phase, the minority component C is shown to form a very
thin layer and spheres, respectively, in the interfaces. These
discrepancies indicate that, in addition to the dimensional
difference of the simulation space, the interaction parameters
(i.e., the segregation degree) play a very important role in the
resulting morphological behavior of ABC star copolymers.
This, however, has not been fully explored yet. Indeed, the
occurrence of a systematic phase transition on varying the
interaction parameters from weak to intermediate to even
strong segregation is of great interest, and may be qualita-
tively observed experimentally by temperature variation.

In this paper, we thus employ the dissipative particle dy-
namics (DPD) simulation technique [26,27] to examine the
self-assembling behavior of ABC star copolymers. Generally
speaking, the DPD method simplifies a long series of mo-
lecular groups into a few bead-and-spring type particles, and
therefore it can simulate the molecular behavior on longer
time scales and larger length scales than the classical mo-
lecular dynamics and Monte Carlo simulations. Groot and
Madden [28] were the first to successfully apply DPD to the
microphase separation behavior of linear AB diblock copoly-
mers. The phase diagram they constructed, though based on
the results for short AB chains with the total number of beads
per chain, N, equal to 10, is found in near quantitative agree-
ment with that predicted by the SCMF theory [29], provided
that the fluctuation effects caused by finite chains are in-
cluded [30]. Similarly, we have employed DPD to examine
the phase separation behavior for AB, three-arm star copoly-
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FIG. 2. Schematic plot of model ABC star copolymers.

mers [31]. Our simulated phase diagram for AB, molecules
with the total number of beads per chain, N, equal to 20 also
captured most of the important morphological transitions oc-
curring on varying the composition and interaction param-
eters, as predicted by SCMF theory [32]. Therefore, in this
study we choose the total number of beads for an ABC three-
arm molecule, as displayed in Fig. 2, to be fixed at N=N,
+Np+N-=20. These three arms are assumed to connect at
one core bead (denoted as Y). In order to exclude the effects
associated with the existence of the core bead, we set the
Flory-Huggins interaction parameter between the core and
each component of A, B, and C, equal to 0. Here, we aim to
explore how the resulting morphology formation at various
composition ratios of f,/fp/fc is influenced by the interac-
tion parameters (ayp, asc, and age). For a comparison with
current theoretical studies via the MC and SCMF ap-
proaches, we also set symmetric interaction parameters, i.e.,
asp=ayc=agc=a, at the current stage. We will show that,
even in this simplified case of a,p=a,c=apc=a, the ABC
star copolymers, in particular when the composition of one
of the three components is significantly large, display a series
of quite interesting morphology transitions from a one-
length-scale microstructure into a two-length-scale hierarchi-
cal structure within a structure as the interaction parameter
changes. In general, the morphological transition behavior
we display here, resulting from a systematic study with vary-
ing interaction parameter and composition, may provide in-
sights into the structures associated with ABC copolymers.

II. DPD SIMULATION METHOD
AND MODEL PARAMETERS

The DPD simulation method was originally proposed by
Hoogerbrugge and Koelman [26] and first applied success-
fully by Groot and Madden [28] to the microstructures in
linear AB diblock copolymer melts. The detailed formula can
be found in Refs. [27] and [28], and will not be reiterated
here. We previously have employed DPD to examine the
phase separation behavior for amphiphilic molecules with
various types of molecular architecture and/or in the pres-
ence of solvents [31,33-36]; the details of DPD are also
given in those references.

In simulating the phase behavior of ABC star copolymers
by DPD, the particle mass m, the cutoff radius r., and the
temperature kzT are all set equal to 1, for convenience. The
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parameters vy and ¢, which occur in the dissipative force and
random force, respectively, are set to 4.5 and 3.0, respec-
tively [27]. The connecting pairs of beads in a molecule are
assumed to interact via a linear spring with a harmonic
spring constant C equal to 4 [27]. The DPD simulations are
performed in a cubic box of L3 grids with periodic boundary
conditions. The particle density p is set equal to 3. Hence,
the total number of simulated DPD beads is 3L>. Initially
these particles are started with a disordered configuration.
Then the time evolution of the positions and velocities of all
beads is carried out according to the velocity Verlet algo-
rithm with A=0.65 and the time step equal to 0.05 [37]. Each
simulation is performed until the formed structure remains
somewhat unchanged with further time steps.

The dimensionless interaction parameter (i.e., in terms of
kgT) between like particles a;; when the particle density p
=3 is set equal to 25 according to the work of Groot and
Warren [27]. The interaction parameter between different
components / and J can be estimated by the following rela-
tionship between a;; and the Flory-Huggins interaction pa-
rameter );; derived by Groot and Warren [27] for p=3:

a]J(T):Cl][+ 3497X]J(T), I,J:A,B,C. (1)

Therefore, the value of a;;=25 corresponds to x;;= 0, which
indicates that components / and J are very miscible. As the
immiscibility between I and J increases, a;; increases from
25. To ignore the effects of the junction point (Y), we assume
that the Flory-Huggins interaction parameter between the
core and each component is equal to 0 (x;y=0), indicating
that a;y=25, I=A,B,C. In order to examine how the degree
of incompatibility among these three components affects the
self-assembling behavior of ABC star molecules, we set
asp=ayc=agc=a>>?25. It should be mentioned that the value
of the Flory-Huggins interaction parameter y;;, transformed
directly from the interaction parameter in the DPD simula-
tions, a;;, by Eq. (1) would not correspond to the true value
of x;; used in the SCMF theory. This is mainly due to the
fact that in the DPD simulations our simulated copolymer
chains are indeed very short (N=20) and thereafter the fluc-
tuation effects become significant enough to stabilize the dis-
ordered regime; while the phase behavior predicted by the
SCMF theory is appropriate for infinite chains (N— ). To
clarify, a further mapping of yN for a finite chain length onto
(xN). for an infinite chain length has to be achieved in order
to quantitatively compare the phase behaviors determined
from DPD and SCMF theory. As far as we know, this con-
version has not been derived theoretically for ABC miktoarm
star copolymers. Hence, in this study we systematically ex-
amine the self-assembling behavior by gradually increasing
the value of the interaction parameter; the results can be
compared with those predicted by the SCMF and MC ap-
proaches on increasing the value of yN only qualitatively.
In general, the resulting morphology patterns obtained
via DPD are dependent on the finite size of the simulation
box, as reported in other theoretical studies [20,38,39]. In
order to exclude the finite-size effects, one has to keep en-
larging the simulation box size until the structures are no
longer affected by the simulation box. For example, Fig. 3(a)
illustrates the structure patterns for ABC star molecules with
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FIG. 3. (Color online) Morphology patterns of ABC star copoly-
mers for (a) fa/fp/fc=0.1/0.1/0.8 at a=70 and (b) fa/fs/fc
=0.35/0.35/0.3 at a=36, simulated in different box sizes. The red,
green, and blue colors represent A, B, and C, respectively. The red,
green, and blue surfaces correspond to the isosurfaces of compo-
nents A, B, and C, respectively.

composition f,/fp/f-=0.1/0.1/0.8 at the interaction param-
eter a=70, simulated in different box sizes. It is clear that,
when the simulation box size is 15X 15X 15, the two minor-
ity components A and B form segregated oblate spherical or
disklike micelles within the AB-formed perforated layers;
whereas when the box size is expanded to 19X 19X 19
and 24 X 24 X 24, these micelles alternately packed of A and
B form within the 3D network. These phases will be ex-
plained in detail later. In Fig. 3(b) we also display the corre-
sponding structure patterns with respect to different box sizes
for comparable values of the composition f4/fp/fc
=0.35/0.35/0.30 at a=36. For the simulation box between
15X 15X 15 and 24 X 24 X 24, we observe the same forma-
tion of [6.6.6]. These results indicate that, for our current
model systems with the total number of beads per chain N
=20, the simulation box size of 19X 19X 19 is large enough
to ensure that finite-size effects will not influence the mor-
phological results. All the structure patterns analyzed below
are obtained within the 19X 19X 19 box. In each simulated
morphology pattern, the red, green, and blue colors are used
to represent A, B, and C, respectively.

III. RESULTS AND DISCUSSION

In order to highlight the effects of composition on the
resulting morphological behavior, we choose the symmetric
interaction parameter a=36 and construct the corresponding
phase triangle in terms of three compositions f}, fz, and f. in
Fig. 4. Owing to the special molecular architecture of ABC
star copolymers as well as the equal interaction parameters
among these three blocks, switching the sequence of A, B,
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FIG. 4. (Color online) Phase triangle of ABC star copolymers
simulated at a=36. In the figure, (J) [6.6.6]; (§®) [8.8.4]; (2 %)
[10.6.4;10.8.4] (3.3.4.3.4); (&) [10.6.6;10.6.4]; (@ C,+C;, within
L (I and J are minority components); (i) L, with K in the inter-
faces (I and J are majority components); (Jj) I- and J-segregated
domains within L (7 and J are minority components); ([ gyroid;
(B 1J-formed tubes (I and J are minority components); =)}
disorder.

and C blocks does not change the phase symmetry, and
therefore the phase triangle displays a permutation symmetry
with respect to A-B, B-C, and C-A. In view of the phase
diagram constructed when a=36, as shown in Fig. 4, most of
the resulting simulated microstructures formed by the ABC
star copolymers can be displayed along two lines of varying
the compositions of f,, fp, and fc.

First, when one of the three composition values f (or f
or f) is comparatively small, the resulting phase behavior is
similar to linear diblock copolymers. For example, Fig. 5
presents a series of microstructure transition with f, when f
is fixed at 0.1. Here, we also include the characteristic 2D
morphology patterns obtained by the SCMF theory as a com-
parison [24]. When 0.3=f,=045 (i.e., 0.6=f;=0.45),
since the A and B compositions are comparable, the systems
segregate to form A-rich and B-rich lamellae (L, p) with the
minority component C in the interfaces. This structure was
also observed by the SCMF theory. As the composition f,
decreases to 0.2 (f5=0.7), the formed microstructure turns
into a gyroid of A (G4) with the minority C still in the inter-
faces. When f, decreases further to 0.1 (f3=0.8), since both
A and C are minor components, the interaction parameter
a=36 is not significant enough to assure the segregation
between A and C. Therefore, these two minor components
are favored to mix together to form tubes in the majority
B matrix (AC-formed tubes). Recall that, when f-=0.1, the
SCMF theory shows a transition from L,z with C in the
interfaces — hexagonally packed A-formed cylinders (C}™)
with C in the interfaces — hexagonally packed AC-formed
cylinders (cf;ec") with decreasing f4. Both approaches predict

PHYSICAL REVIEW E 77, 031804 (2008)

fa/fe/fc 0.4/0.5/0.1 0.2/0.7/0.1

DPD

Lapwith C in the G, with C in the
interfaces interfaces

A

AC-formed tubes

Lapwith C in the core-shell . hexagonal lattice
. hexagonal lattice
interfaces phase
phase

FIG. 5. (Color online) Morphology variation of ABC star co-
polymers with f, at a fixed value of f-=0.1 and a=36. The red,
green, and blue colors represent A, B, and C, respectively. The
green surface corresponds to the isosurface of component B. Here
we include the simulated results via the SCMF method [24] as a
comparison.

the same distribution trend of each component. However, the
resulting morphology types for the two systems with
falfelfc=0.2/0.7/0.1 and 0.1/0.8/0.1 are different. This
may be attributed to the dimensional difference of the simu-
lation space and/or the interaction parameters. Later we will
show that, by varying the interaction parameters, the ABC
star copolymers, in particular when two of the three compo-
nents are minor, can display a variety of more complex 3D
hierarchical structures, which cannot be observed by the 2D
SCMF simulations.

Next, in Fig. 6 we present the simulated morphology pat-
terns via DPD at various values of f. along the symmetric
composition line of A and B, i.e., fu=fz=(1—f)/2. When
fc=0.1, the structure formed is L,  with C in the interfaces,
as stated before. As the C composition increases to =0.2,
since the amount of C is sufficient to self-assemble and de-
stroy the previously formed A and B segregated lamellae,
three-phase separated microstructures are formed. As pre-
dicted in other theoretical studies [21,24], various types of
polygonal cylinders, [8.8.4], [6.6.6], and [10.6.6; 10.6.4],
have also been observed via DPD when f is equal to 0.2,
0.3-0.4, and 0.5, respectively. As expected, the number of
vertices of polygons displays a roughly proportional relation-
ship with the composition. With the increase of the C com-
position f from 0.2 to 0.5, the C-formed polygons transform
from tetragons — hexagons — decagons; while the cylindrical
domains formed by A or B blocks vary from octagons
— hexagons — coexistence of hexagons and tetragons. It
should be mentioned that, when f-=0.5, though we observe
the formation of a coexistence of cylindrical structures
[10.6.6] and [10.6.4] in the simulation box of 19X 19 X 19, it
is hard to identify the formed morphology types in larger
simulation boxes. This is reasonable mainly because the re-
gion f-=0.5 is marginal between the cylindrical and lamel-
lar phases. Indeed, our observation via DPD for the system
with f-=0.5 is in concord with the MC conclusion that no
single unique microstructure forms at this composition value
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FIG. 6. (Color online) Morphology variation of ABC star co-
polymers with f when fy=fz=(1-f¢)/2 and a=36. The red,
green, and blue colors represent A, B, and C, respectively. The red,
green, and blue surfaces correspond to the isosurfaces of compo-
nents A, B, and C, respectively.

[21]. Instead, three possible phases appeared in different
simulation boxes via the MC method. Two of them are cy-
lindrical structures of [10.6.6;10.6.4] and [12.6.4]. In the
other one the majority C blocks form perforated layers (
PL.), while the minority A and B segregate to form alter-
nately arranged cylinders in AB-rich layers and penetrate into
the holes of the C layers (denoted as C4+Cjp within PL.). In
addition to these types of polygonal cylinders, we observe
another kind of cylindrical phase via DPD, [10.6.4;10.8.4]
(i.e., [3.34.34]), which typically forms at fu/fg/fc
=0.3/0.2/0.5 or 0.2/0.3/0.5. It should be noted that when the
three interaction parameters are equal, we observe this phase
easily when f,=f3 and f is around 0.5 instead of the struc-
ture [12.6.4] most frequently observed via MC simulation,
though [3.3.4.3.4] has also been simulated via the MC
method with the chain length ratios of 9:7:14 and 9:7:16
[25]. However, when the three interaction parameters are no
longer symmetric, it is easy to observe the formation of
[12.6.4] via DPD. For example, when we vary the three in-
teraction parameters from the equal case to agc>ap=auc,
i.e., the interaction between B and C is significantly larger
than that between A and B (C), the ABC star copolymer with
falfe!fc=0.25/0.25/0.5 can transform easily from
[10.6.6;10.6.4] into [12.6.4]. This is not surprising because
the B and C blocks tend to avoid contact with each other and
thus stretch more into their respective domains. This behav-
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ior is analogous to increasing the volume fractions of B and
C. Accordingly, the vertex number of polygons formed by
the majority C and minority B increases from 10 to 12, and
the coexistence of 6 and 4 to 6, respectively; whereas the
minority A-formed polygons transform from coexistence of
hexagons and tetragons to only tetragons. In fact, Takano et
al. [13] found the same [12.6.4] structure in the PS-PI-P2VP
star copolymer with composition ratio around 025:0.25:0.5.
A systematic investigation varying the symmetry of the in-
teraction parameters will be given in the future.

Now we continue to discuss the systems with f- increas-
ing to =0.6, in which both compositions f, and f are
smaller than f. and hence the three-phase separated polygo-
nal cylinders are no longer formed. For example, when f,
=f=0.2 and f-=0.6, the morphology pattern in Fig. 6
shows a C-rich and an AB-rich lamellar phase with A- and
B-formed cylinders alternately packed in the AB-rich layers
(C4+Cp within L). As f, increases further to 0.7, though a
lamellar phase is still formed, the amounts of A and B are not
enough to form well-ordered cylinders. Therefore we ob-
serve the formation of A- and B-segregated domains within
the AB-rich lamellae when f-=0.7. Furthermore, when f
becomes even larger, these two minority components A and
B can no longer separate from each other at lower values of
the interaction parameters. Accordingly, we observe a tube-
like and a disordered phase at f-=0.8 and 0.9, respectively.

Compared to the morphological results for the systems
with fy=f=(1-fc)/2 by the MC and SCMF methods,
which correspond to the strong and weak segregations re-
gimes, respectively, we see that, when f lies in the range of
0.2=f-=0.5, the three approaches predict structures with
even-numbered polygonal cylinders. In contrast, when f
=0.6, the resulting morphology patterns simulated by these
three approaches are different, indicating that the formation
of ordered structures for ABC star copolymers in this com-
position range is strongly influenced by the interaction pa-
rameters. In addition, it has been clearly shown by both DPD
and MC methods that more complex 3D structure-within-
structures are formed quite often for systems where f.
=(.6. Accordingly, one may not obtain the structure infor-
mation correctly for this regime by the SCMF method in 2D.

To illustrate the effects of the interaction parameter a on
the structure formation, we systematically vary the symmet-
ric interaction parameter a and examine the morphology pat-
terns for a series of systems along the symmetric com-
position line of fy=fz=(1-f)/2. Figure 7 presents the cor-
responding phase diagram in terms of f- and a. Based on
how the morphological behavior is affected by the interac-
tion parameter, the ABC star copolymers can be divided into
two main regimes. First, for systems with f-=0.5, provided
that the interaction parameter a is large enough to exceed the
order-disorder transition value, the formed morphology is al-
most uninfluenced by the interaction parameter and mainly
dominated by the composition. A series of transitions from
L, with C in the interfaces, (fc=0.1)—[8.8.4], (f¢=0.2)
—[6.6.6], (f¢=0.3-0.4)—[10.6.6;10.6.4], (f-=0.5), is ob-
served, which has been clearly manifested previously and
will not be reiterated here. Our DPD results in this compo-
sition regime confirm that the simulated morphology patterns
in the strong and weak segregation regimes via MC and
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FIG. 7. (Color online) Phase diagram of ABC star copolymers
with symmetric compositions of A and B (f4=f3) in terms of the
interaction parameter a and composition f¢. In the figure, (') Ly p;
(I L, 3 with C in the interfaces; (%) [8.8.4]; (@) [6.6.6]; (H)
[10.6.6;10.6.4]; (@) C,+Cp within L; (#) C4+Cp within PL;
(8@ C,+Cp within PL,g and PL(; (B) SWM, p within 3D net-
work; (BB) SWM, p within PL,p; (B) SWM, p within Cﬁ.‘; ®
A- and B-segregated domains; (ls) A-, B-, and C-segregated do-
mains; (Jl) A- and B-segregated domains within L; (f) A- and
B-segregated domains within PL,g; (Hl) AB-formed micelles; ()
Cﬁ’ﬁﬁ; (B2) AB-formed tubes; ([X]) disorder.

SCMF methods are identical. As the interaction parameter a
decreases, the ordered ABC star copolymers are expected to
become disordered. However, due to the effects of thermal
fluctuations, we observe that, between the totally disordered
and the well-ordered states, the systems tend to form a mi-
cellelike structure, i.e., with chains aggregating as large
droplets but no formation of well-ordered structures. As ex-
pected, we observe a micellelike structure of A- and
B-segregated domains when two of the three components A
and B are major components, such as for f-=0.2, and A-, B-,
and C-segregated domains for systems when the three com-
ponents are comparable, such as for f-=0.3-0.5.

When f~=0.6, so that two of the components A and B are
significantly minor, we find that a series of morphology tran-
sitions can be induced by varying the interaction parameter
a. As expected, with increasing interaction parameter a, the
two minority components A and B first act like one compo-
nent, and the system separates into AB-rich and C-rich
phases; then a further segregation between the two minority
components A and B occurs within the AB-rich phases and
the system forms the so-called hierarchical structures within
structures. For example, when f-=0.6, the disordered system
first transforms into AB-formed tubes and then undergoes a
series of four types of well-ordered morphology transitions
of A- and B-segregated domains within L —C,+Cjp within
L—C,+Cp within PL— C,+Cjp within PL,3 and PL as
the interaction parameter a keeps increasing. In Figs.
8(a)-8(c) we present the time evolution of these structures
which are simulated for f~=0.6 at a=33, 44, and 48, respec-
tively. As can be seen clearly in Fig. 8(a), when the interac-
tion parameter a is lower (a=33), the system decomposes
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FIG. 8. (Color online) Time-resolved morphology patterns of
ABC star copolymers with symmetric compositions of A and B
(f4=fp) when f-=0.6 and the interaction parameter a= (a) 33, (b)
44, and (c) 48, respectively. The red and green colors represent A
and B, respectively. The red, green, and blue surfaces correspond to
the isosurfaces of components A, B, and C, respectively. For clarity,
we omitted the C blocks in the patterns.

very quickly to form an AB-rich 3D interconnected network
in the presence of the majority C component, within which
one can observe segregation between the two minority com-
ponents A and B. As the time step increases, this intercon-
nected microstructure gradually turns into a lamellar struc-
ture; further, it is interesting to observe that the A- and
B-segregated domains still remain the same without getting
coarsened within the AB-rich layers. This is not surprising
because of the lower values of the interaction parameter a. If
we further increase the interaction parameter @, one may ex-
pect that these A- and B-segregated domains become coars-
ened in order to reduce the surface free energy and hence
form A and B cylinders alternately arranged within the
AB-rich layers (C4+Cjp within L), as displayed in Fig. 8(b)
when a=44. In addition, the time-evolved patterns clearly
show a series of large-length-scale morphology transitions
from a 3D interconnected structure — PL,5 and PL (i.e., the
AB-rich and C-rich layers are perforated by C and A or B
domains, respectively) —PLc— L. As the interaction param-
eter becomes larger, for example a=48, as shown in Fig.
8(c), because the two minority A and B components would
like to segregate to reduce their interfacial area, both A and B
have a tendency to form oblate spheres in the very early
separation stages. Accordingly, we observe a slower coarsen-
ing process of these A and B spherical-like domains into
cylinders as well as the large-length-scale ordering transfor-
mation. Though the systems undergo a similar morphology
evolution with time as in the case of a=44, the simulated
structure pattern at a=48 up to 10° time steps shows
the formation of C,+Cjp within PL.. As the interaction
parameter a becomes even larger (=60) so that the coarsen-
ing process is further slowed, we observe the formation of
C,+Cp within PL,z and PL- when the time step reaches

10°. The fact that increasing the interaction parameter a
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FIG. 9. (Color online) Morphology variation of ABC star co-
polymers with the interaction parameter a for systems with sym-
metric compositions of A and B (f4=f3) when f-= (a) 0.7, (b) 0.8,
and (c) 0.9, respectively. The red and green colors represent A and
B, respectively. The red, green, and blue surfaces correspond to the
isosurfaces of components A, B, and C, respectively. For clarity, we
omitted the C blocks in the patterns.

enables the A and B minority components to form alternately
packed spherical or disklike domains instead of cylindrical
domains can be seen more obviously when f. increases to
0.7 in Fig. 9(a). When the interaction parameter a <50, two
types of morphologies, A- and B-segregated domains within
L (a=36) and C,+Cj within L (40<a <50), are formed, as
in the system of f-=0.7. As a continues to increase further,
we observe the formation of segmented A and B wormlike
micelles (SWM, p) within a 3D network. To clarify, the A
and B minority components respectively form oblate spheri-
cal micelles, which alternately pack to form a 3D wormlike
network. Indeed, the alternately segmented A and B micelles
can be formed in a wide range of f-=0.7. Figures 9(b) and
9(c) illustrate the characteristic morphology patterns as a
function of the interaction parameter a formed by the sys-
tems with f-=0.8 and 0.9, respectively. When f-=0.8, we
first observe the formation of A- and B-segregated domains
within PL,5 in the range of 40 <a <50, and then these mi-
nority A and B domains can form alternately arranged worm-
like micelles within PL,z or the 3D network as the interac-
tion parameter a keeps increasing. As increases to 0.9, since
the compositions of A and B are very minor, the ordered
structures formed are no longer lamellae or perforated layers.
Instead, we observe hexagonally packed AB-formed cylin-
ders (C'%), within which the two minority components A
and B are first miscible together and then segregate to form
alternately piled disklike micelles, as the interaction param-
eter a increases.
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As manifested above, in addition to the three-phase sepa-
rated polygonal structures, we successfully obtain other
types of hierarchical structures, such as C,+Cp within L,
SWM, p within PL or a 3D network, and SWM, g within
CZ‘}‘;‘, in the ABC star copolymer systems with f,=fz=(1
—fc)/2 and symmetric interaction parameters, i.€., dayp
=ayc=apc=a. Typically, the systems form C,+Cp within L
when f-=0.6-0.7, and gradually transform into SWM, g
within the 3D network and then SWM, 5 within C}5 on
decreasing the compositions of A and B (i.e., increasing f)
and/or increasing the interaction parameter a. In general, our
DPD results, as a systematic study of the morphological tran-
sition behavior obtained by varying the interaction parameter
and composition, bridge the gap between the previous theo-
retical results in strong and weak segregation regimes ob-
tained via MC and 2D SCMF methods, respectively. Recall
that Matsushita and co-workers have also observed a similar
transition from C,+Cp within L (which they called cylinders
in lamellae) to SWM, p within Che (lamellae within cylin-
ders) in PI-PS-P2VP star copolymers on varying the compo-
sition ratio [18]. However, they did not observe the forma-
tion of SWM, p within the PL or 3D network, as predicted in
our DPD simulations. We infer that this may be due to the
fact that we set equal interaction parameters among the three
components in our simulations; whereas PI-PS-P2VP copoly-
mers have the relationship of the Flory-Huggins interaction
parameters Xprpoyp=> Xprps™= Xps-p2vp- A further study of
how the resulting phase behavior is affected by the asymme-
try of the interaction parameters among these three compo-
nents will be presented in the future. Indeed, the presence of
a complex phase such as PL has been frequently located
between the lamellar and cylindrical phases in copolymers.
Recently, the so-called segmented wormlike hierarchical
structure has been observed experimentally in ABC star co-
polymer solutions [40-42].

IV. CONCLUSIONS

We employed dissipative particle dynamics to examine
the morphological transition behavior of ABC star copoly-
mers. In particular, we assume that the interaction parameters
among these three components are the same, and focus on
the effects of composition and interaction parameter. When
one of the components is a relatively minor block, so that it
cannot self-assemble to form one phase, the phase behavior
is similar to that of linear diblock copolymers, as expected.
When the compositions of the three blocks are comparable,
three-phase separated polygonal cylinders, [8.8.4], [6.6.6],
[10.6.6; 10.6.4], and [10.6.4;10.8.4] (i.e., [3.3.4.3.4]), are
formed. Our DPD results manifest the fact that the formation
of these polygonal phases is strongly dominated by the com-
position but not influenced by the interaction parameter. Ac-
cordingly, the simulated morphology patterns via DPD in
this composition region are in excellent agreement with
those via the 2D real space approach of the SCMF method in
the weak segregation regime and MC simulation in the
strong segregation regime. In contrast, when two of the three
components become minor, it is interesting to find that, in
addition to the composition, the interaction parameter also
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plays an important role in the resulting morphology types.
Generally speaking, with increasing interaction parameter,
the two minority components first act like one component
and the system forms a one-length-scale ordered microstruc-
ture, as in linear diblock copolymers. Then a further segre-
gation between the two minority components occurs within
the large-length-scale phase as the interaction parameter
keeps increasing, and the system can form the so-called hi-
erarchical structures within structures. In addition to the for-
mation of alternately packed cylinders within lamellae, since
increasing the interaction parameter and/or decreasing the
compositions of the two minority blocks enables these two

PHYSICAL REVIEW E 77, 031804 (2008)

minority components to form alternately piled wormlike mi-
celles (oblate spheres or disks), two other types of hierarchi-
cal morphologies, segmented wormlike micelles within 3D
network and segmented wormlike micelles within cylinders,
have also been widely observed via DPD.
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