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Abstract

We simulate the microphase separation behavior and analyze the molecular conformation of AB, miktoarm star copolymers via dissipative
particle dynamics (DPD). The phase diagram is constructed by varying the composition and interaction parameter. Through a mapping of the
interaction parameter for a finite chain length, we find that the phase diagram via DPD is in near quantitative agreement with that predicted by
the self-consistent mean-field (SCMF) theory. However, when the B composition is small, AB, is not able to form the ordered microstructure as
easily as SCMF has predicted. Instead, only a tube-like phase is formed. This aggregated micelle-like phase via DPD, which is ignored in the
SCMF study, has been frequently observed in experiments. In the analysis of the radius of gyration (R,), when the interaction parameter
increases, the R, values of each A and B arm remain relatively unchanged; while the overall radius of gyration of AB, significantly increases.
Furthermore, the angle between A and B arms shows an increasing trend while the angle between B and B arms shows a decreasing behavior
with the interaction parameter. These results reveal that in order to reduce the contacts between A and B, the A and B arms tend to separate from

each other, and the two B arms are squeezed onto the same side.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to its variant self-assembling behavior, block copoly-
mers are widely applied in many nanotechnologies, such as
photonic and biotechnological applications [1,2]. Earlier stud-
ies have mainly focused on linear block copolymers [1—4],
whose microstructure type is mainly dominated by the value
of xN (x is the Flory—Huggins interaction parameter, N is de-
gree of copolymerization) and the composition f. Recently,
with the improvement in synthetic techniques, copolymers
with more complex architectures, such as star, comb and cy-
clic, have been successfully synthesized. Their microstructures
impose different influences upon various properties of poly-
mers, such as mechanical and photoelectronic properties.
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Hence, exploring the effects of molecular architecture on the
resulting microphase separation of copolymers becomes a vital
and interesting topic.

Miktoarm star copolymers, as shown in Fig. 1(a), are one
of the molecular architectures that have attracted a lot of
attention. Theoretically, Olvera de la Cruz and Sanchez [5]
were among the first to examine the stability criteria of micro-
structures formed by star copolymers. They found that a sim-
ple graft AB, copolymer is more difficult to undergo
a microphase separation than a linear AB copolymer due to
the greater change of entropy loss associated with the disor-
der-to-order transition. Milner et al. [6,7] later applied the
strong segregation theory (SST) to construct the phase dia-
gram of A,,B, miktoarm star copolymers in terms of the com-
position and the asymmetric parameter ¢ (=(na/ng)(l ),
where n; and I; are the number of arms and characteristic
length of component I, I = A, B, respectively. The length pa-
rameter /1 is defined as /; = VI/RIZ, where Vi and Ry correspond
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Fig. 1. Schematic representation of (a) miktoarm star diblock copolymers and
(b) spherical packing lattices.

to the molecular volume and the radius of gyration of the
respective blocks I. They reported that at the same com-
position, varying the asymmetric parameter ¢ could trig-
ger the evolvement of various microstructures. For instance,
when the A composition f, =0.5, increasing the number
of B arms in the AB, miktoarm star copolymers is analo-
gous to decreasing fa, and thereafter a series of transi-
tion from lamellae (L)— gyroid of minority A (Ga)—
hexagonally-packed A-formed cylinders (CHEX)— A-formed
spheres (Sp) is expected. This is reasonable since the compo-
nent with more arms experiences more lateral crowding and
becomes more stretched; it tends to remain on the outside
domains. Recently, Grason and Kamien [8] employed the self-
consistent mean-field (SCMF) theory to construct the phase
diagram of AB,, miktoarm star copolymers in terms of fy and
xN. Comparing with diblock copolymers, the order-disorder
transition (ODT) curve raises to larger values of xN, and
the phase diagram is no longer symmetric at about fy =0.5
and shifts toward f, > 0.5. That is, the stability of microstruc-
tures with the B blocks in the majority domains is enhanced as
the number of B arms » increases. Moreover, the effects of
molecular asymmetry on the shifting degree of the phase dia-
gram reache a limit when n > 3. It is worth to mention that
other than the regular microstructures formed by linear AB di-
block copolymers, such as L, G, CHEX and body-centered cu-
bic arrays of spheres (SPC), they observed a significantly
stable regime of A15 packing array of A-formed spheres, as
illustrated in Fig. 1(b). Ordinarily, there are two kinds of com-
monly seen spherical packing orders in linear AB diblock co-
polymer melts and solutions: BCC and face-centered cubic
(FCC). The Al5 phase has received quite some attention
lately since it has also been proposed as a quite possible state
in other complex architectures, such as dendrimer [9] and
multi-branch [10] copolymers. Basically, these theoretical

results are in good agreement with experimental results, except
in the stability of spherical packing order and when the compo-
sition of single arm A is larger [11—17]. For example, Pochan
et al. [11] used transmission electron microscopy (TEM) and
small angle X-ray scattering (SAXS) to examine the phase
behavior of polystyrene (PS)—polyisoprene (PI), miktoarm
star copolymers. They observed similar results as predicted
by theory; however, when the composition of PS is relatively
high (fps =0.81), PS—PI, copolymers are not able to form
an ordered C{** phase but only worm-like micelles, and the
A1S phase has not been observed yet. Later Tselikas et al.
[13] applied TEM and SAXS to examine the (PS),—(PI),
miktoarm star copolymers. By varying the asymmetric param-
eter ¢ the observed microstructures fit well with the theoretical
results. Lee et al. [14] applied TEM and small angle neutron
scattering (SANS) to examine the phase behavior of asymmet-
ric PS—PI, and PS—PI; miktoarm star copolymers. In a com-
parison with the symmetric miktoarm star copolymers, they
observed that although there is not much difference in the
morphology type but the chain stretching degree on the outside
domains is partially reduced by the asymmetric PI arms. Yang
et al. [16] examined the PS—PIs miktoarm star copolymers, and
found that as SCMF theory predicted, the corresponding phase
diagram did not shift when the asymmetric parameter ¢ was
high enough to reach a certain value.

Just as previously stated, although the phase diagram re-
garding AB, miktoarm star copolymers has been predicted
by SCMF theory, unfortunately neither the fluctuation effects
nor the hydrodynamic interactions are included. The former
plays an important role in determining the ODT curve [18],
and the latter has a great influence on the kinetics of micro-
phase separation [19]. Recently, a newly developed dissipative
particle dynamics (DPD) simulation method, which considers
the hydrodynamic interactions and the fluctuations, has been
successfully applied to study the mesophase behavior for a va-
riety of amphiphilic molecule systems [19—34]. Generally
speaking, the DPD method simplifies a long series of mole-
cular 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 compared with the traditional
molecular dynamics simulation. Groot and Madden [21]
were the first who successfully applied DPD on the micro-
phase separation behavior of linear AB diblock copolymers.
The phase diagram they constructed in terms of the A compo-
sition and the effective A/B segregation parameter is in near
quantitative agreement with that predicted by the SCMF the-
ory [35]. Qian et al. [29] applied DPD to construct the phase
diagram of cyclic AB diblock copolymers, which they found
is very similar to that of linear diblock copolymers. As to ex-
amine the phase behavior of miktoarm star copolymers via
DPD, which is a quite new research field, only a few related
studies have been reported recently. For example, Xu et al.
[31] compared the phase behavior of four-arm star copolymers
(AB)4 and (A,B,), and observed that (A,B,) is more likely
than (AB)4 to undergo a microphase separation. Qian et al.
[32,33] studied the effects of the stiffness of B blocks within
AB, miktoarm star copolymers on the microphase separation.
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They found that the increase of the stiffness of the B arms en-
ables the randomly-distributed spheres to pack into an ordered
BCC array. Though these past studies have shown that DPD is
an appropriate method to examine the mesophase formation of
miktoarm star copolymers, a systematic phase behavior has
not yet been constructed by DPD. Also, to our knowledge,
none of the theoretical studies have been done on analyzing
the molecular conformation behavior of miktoarm copolymer
chains.

In this paper, we thus aim to employ DPD to simulate the
microphase separation behavior and analyze the molecular
conformation of three-arm AB, copolymers. For simplicity,
we assume that each component has the same volume per seg-
ment (bead). We choose the total number of beads for an AB,
chain to be fixed at N = N + 2Ng = 20, where N4 and Ny cor-
respond to the number of beads of each arm A and B, respec-
tively, and vary the A composition fy =Na/N. We first
construct the phase diagram in terms of the A composition
fa and the interaction parameter a,p, and then quantitatively
compare it with the phase diagram obtained by SCMF theory
as well as the experimental results. In addition, we analyze the
radius of gyration (R,) for each arm A and B, and the total
chain AB,, from which the spatial arrangement of each arm
within this molecular architecture can be understood.

2. DPD simulation method

In the DPD simulation, the time evolution of motion for
a set of interacting particles is solved by Newton’s equation.
For simplicity, we assume that the masses of all @)rticles are
equal to 1. The force acting on the i-th particle f; contams
three parts: a conservatlve force FC, a dissipative force F
and a random force F FR , 1.e.,

5= 5 (F§+Fo+ ) )

i#j

lj’

where the sum runs over all neighboring particles within
a certain cut-off radius r.. As this short-range cut-off counts
only local interactions, r. is usually set to 1 so that all lengths
are measured relative to the gartlcle radius.

The conservative force F € is a soft repulsive force and
given by

FC_ aii( **f)ﬁif rij <Te
Fij - fe (2)
0 T 2> T

where a;; is the repulsive interaction parameter between parti-
. . — — — —
clesiand j, rjj = r; — rj, rj = = ‘,;,'/r,;,'. The
interaction parameter a;; is often related to the Flory—Huggins
interaction parameter x; by the following equation [20]:

a; ET; = a; +3.497ksTx; ETi forp=3 3)

a;(T) = a; +1.451kgTx;(T) forp=35

where p is the particle density of the system. The term a;,
which corresponds to the interaction parameter between

particles of the same type i, is determined by matching the
water compressibility as [20]

a; = 15ksT /p 4)

The dissipative force ?}? is a hydrodynamic drag force and
given by

Ff? - { —yw® (ry) (W Vi) 1y g <re 5)

where v is a friction parameter, &P is a r dependent weight

function vanishing for r>r., and 7, vij = V- Vj
The random force F ; FR ;j corresponds to the thermal noise and
has the form of

?R _ { O'O)R (rij)ﬁijﬁij

i

r <Te 6
0 i > (6)

where ¢ is a parameter, wR is also a weight function, 0;(0) is
a randomly fluctuating variable. Note that these two forces
F; FP and F; FRalso act along the line of centers and conserve lin-
ear and angular momentum. There is an independent random
function for each pair of particles. Also there is a relation
between both constants v and ¢ as follows [20]:

0'2 = Z/YkBT (7)

In our simulations, ¥y =4.5 and the temperature kg7 = 1. As
such, ¢ =3.0 according to Eq. (7).

In order for the steady-state solution to the equation of
motion to be the Gibbs ensemble and for the fluctuation—
dissipation theorem to be satisfied, it has been shown that
only one of the two weight functions wP and w® can be chosen
arbitrarily [36]:

o° (r) = [0*(r)])’ (8)

which, in further, is usually taken as

2
WP (1) = [wR(r 2_ (rc —r,j) ry <re 9
()= [re)=1 § s o)
Finally, the spring force 75, which acts between the con-
nected beads in a molecule, has the form of

=) 7 (10)

where C is a harmonic type spring constant for the connecting
pairs of beads in a molecule, and is chosen equal to 4 (in terms
of kgT) [20].

Note that a modified version of the velocity-Verlet algo-
rithm is used here to solve the Newtonian equation of motion
[37]
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Vi (14 Ar) = vi(r) + A (1)

fi(t+ De) =fi[ri(t+ Ar) + i (1 + A1)

vi(t+ Ar) = vi () +10e[f(1) +£(t + A1) (11)

In particular, we choose A =10.65 and Az =0.05 here.

3. Results and discussion

In simulating the phase behavior of AB, miktoarm star co-
polymers by DPD, the particle density p is kept equal to 3, and
hence the dimensionless interaction parameter (i.e., in terms of
kgT ) between equal particles ay; in Eq. (4) is set equal to 25 to
resemble the Flory interaction parameter x; = 0; I=A,B.
The total number of beads for an AB, chain is fixed at
N =20. We adopt 3-D lattice with at least 15 x 15 x 15 grids
to ensure that the side length of the simulation box is signifi-
cantly larger than the radius of gyration (R,) of AB; chains. In
our simulated systems, the value of R, is approximately 1.6—
2.0 grids. In each pattern, the green and red colors are used to
represent A and B, respectively.

Fig. 2 displays the phase diagram of AB, miktoarm star co-
polymers simulated by DPD. We also include the phase dia-
gram determined by SCMF theory [8], which is plotted with
the black curve in Fig. 2, as a comparison. Similar to linear di-
block copolymers, the formation of microstructures is mainly
dominated by the composition fs. Fig. 3 illustrates the mor-
phology variation of AB, with fs when asg = 34. It is clear
that a series of transition from S3(fs = 0.2, 0.25)—
CHEX(0.3 < fa < 0.45)— (perforated lamellae of A, PL,)
(fa = 0.48)—=L(0.5 < fa < 0.7)— (perforated lamellae of
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B, PLg)(fa = 0.75) > CHEX(f, = 0.8) is observed. Moreover,
when the interaction parameter ap decreases, the ordered
AB, 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 micelle-like structure, i.e., with chains
aggregating as large droplets but no formation of well-ordered
structures. Here, we sort it out as the disordered state. Basically
these DPD simulated microstructure regimes by varying the
composition f are in good agreement with the SCMF results
except when fj is larger.

Recall that when f, is larger, such as fa =0.75—0.8, the
SCMF theory predicted a wide region of CgEX, i.e., the minor-
ity B-branch arms form the hexagonally packed cylinders. In
our DPD simulations, we find that when the interaction param-
eter ap is larger, although the AB, copolymers can form a sta-
ble CEEX phase (a typical example when fa=0.8 and
aap = 34 is shown in Fig. 3) eventually, these B-formed cylin-
ders still connect with each other after running a long simula-
tion time. As the interaction parameter asp decreases, for
example when a,g = 33 and fj is still fixed at 0.8, the result-
ing morphology pattern shown in Fig. 4 clearly demonstrates
that these miktoarm star copolymers can no longer form
CPBIEX but instead a tube-like phase. A reasonable explanation
may be given as follows. When the component with more arms
per molecule (i.e., B) is a minority so that these B arms remain
on the concave side of the interface, because curving the inter-
face inward toward the B domains causes more lateral crowd-
ing of these B multi-arms and thereafter excess stretching in B,
the formed microstructures become loose and less ordered.
That is, the well-ordered B-formed cylindrical and/or spherical
phases are difficult to form and only a tube-like phase is ob-
served. In fact, based on the TEM micrograph similar to the
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Fig. 2. Phase diagram of AB, miktoarm star copolymers in terms of the interaction parameter a,g and composition fa. The black solid curves correspond to the
phase diagram determined by SCMF theory [8] as a function of fa and (xasN )efr, in Which y ap is the Flory—Huggins interaction parameter and N is the degree of

copolymerization.
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Fig. 3. Morphology variation of AB, miktoarm star copolymers with f5 at aag = 34. The green and red colors represent A and B, respectively. The green and red
surfaces correspond to the isosurfaces of component A and B, respectively. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

2-D pattern in Fig. 4, Pochan et al. [11] reported similar results
in PS—PI, miktoarm star copolymers that when the composi-
tion of PS, fps, is 0.81, the system is not ordered into a specific
lattice but is microphase separated into worm-like micelles, as
observed in DPD.

Next, we would like to address whether the above-
simulated patterns via DPD are dependent of the finite size
of the simulation box, as have been reported in other theoret-
ical studies [38—40]. In order to manifest this, we examine
each microstructure in different sizes of the simulation box

L* with L>10. When the systems tend to form the spheres
as SCMF theory predicted, the packing array of these spheres
is strongly dependent of the size of the simulation box even
though the box size is much larger than the radius of gyration
of AB, molecules. For example, in Fig. 5(a)—(c) we present
the patterns for AB, with fa =0.25 and aap = 35, simulated
in a box of 123, 153, and 193, respectively. It is clear that
the spherical micelles with the radius approximately equal to
3.1 grids are formed in the box of 12°, 15°, and 19°, but
they pack into a FCC, Al5, and BCC lattice, respectively.



4542 C.-I. Huang, H.-T. Yu | Polymer 48 (2007) 4537—4546

Fig. 4. Morphology pattern and projection of AB, miktoarm star copolymers with f = 0.8 and asp = 33.

With a further inspection of Fig. 5(a)—(c), the number of the
effective spheres formed in each simulation box is equal to
4, 8, and 16, which simply corresponds to the number of effec-
tive spheres in a FCC, A15, and BCC lattice multiplied by 8.
These results are not surprising since they are merely the best
comprise in the box size, in which the number of formed
spheres have to fit the number of spheres required for a specific
kind of packing. In order to determine the most stable spher-
ical packing order, one has to keep enlarging the simulation
box size till the free energy minimum has been reached.
Indeed, though this finite size effect may also occur in other
microstructures, such as L and CHEX| we observe that when
the simulation box size is at least 8—10 times larger than the
radius of gyration of molecules (for example, the box size of
L = 15 is large enough for the molecules with R, approxi-
mately equal to 1.6—2.0 grids here), these ordered L and
CHEX regimes are no longer affected by the simulation box.
Similar results with respect to the finite size effects have
also been observed by Groot and Madden [21].

In order to quantitatively compare the phase diagram deter-
mined from both DPD and SCMF theories, we first use Eq. (3)
to transform the interaction parameter in the DPD simulations,
aap, into the Flory—Huggins interaction parameter in the
SCMF theory, xag- As the copolymer chains in our simula-
tions are very short (N = 20), due to the significant fluctuation
effects which stabilize the disordered state, the expected
values of x,gN at the ODT are larger than those for infinite
chains, i.e., (XapN).g predicted by SCMF theory. Therefore,
we have to convert x,gN for a finite chain length into
(xaBN ). for an infinite chain length. As far as we know,
this conversion has not been derived theoretically for AB,
miktoarm star copolymers. We thus simulate the phase behav-
ior for a series of N varying from 10 to 40 at a fixed compo-
sition value of fy,=0.6, and analyze the variation of
(xaBN)opr With N in Fig. 6. The value of (xsgN)opy for a spe-
cific N is determined by averaging the lowest x ,g/N for an or-
dered state and the highest one for a disordered state, which
are designated with error bars in Fig. 6. The log—log plot of
(xaBN)opr/ (XaBN)opres — 1 and N, as shown in Fig. 6, re-
veals a straight line. This manifests the fact that in AB,
miktoarm star copolymers, the decrease of the effective segre-
gation parameter caused by fluctuations for a finite chain N

obeys the equation (xagN)er = (XxagN)/(1 + aNF). From
Fig. 6, we obtain the value of «=3.2 and §=-043. We
then apply this equation to convert x,gN into (xsgN).q. and
compare our simulated phase diagram with that determined
by SCMF theory in Fig. 2. We observe that both phase dia-
grams are in quantitatively good agreement. Recall that in lin-
ear AB diblock copolymers the corresponding ODT value of
XxaglV for a finite chain has been derived by including the fluc-
tuation effects [18], and applied to quantitatively match
the phase diagrams between the DPD simulation and SCMF
theory [19],

XasNV
1 +3.9N-051

XasN _
1+ 3.9N5%

(XABN)eff: (12)

where v is the swelling exponent for a copolymer chain with
R,~N". For short polymer chains, they become swollen and
v =0.588. The fact that both conversion equations are quite
similar reveals that the thermal fluctuation effects on the cor-
rection for the ODT for a finite chain length are almost consis-
tent in AB linear copolymers and AB, miktoarm star
copolymers.

In order to analyze the molecular conformation behavior
of AB, miktoarm star copolymers, we calculate the radius of
gyration, R, for a chain, which is given as follows:

1 1 N 2
&= ()= (33 Tl )
i=1

where 7; and 7., are the position vector of the i-th bead and
center of mass, respectively. Moreover, we also calculate the
radius of gyration for each A and B arm by the following
equations,

1 1 Na 2
Ryn = <R§’A>2: <Z|7:%A - 7;m7A|2> (14a)
Na i=1
AR 2 %
Ren = (R2s) = (5D [Tin = Ten (14b)
' Ng i=1



C.-I. Huang, H.-T. Yu /| Polymer 48 (2007) 4537—4546 4543

(a)
z

y ’

box size=12x12x12

X average sphere radius=3.14
(b)
z

y

box size=15x15x15

X average sphere radius=3.11
(c)
z

y

box size=19x19x19
average sphere radius=3.09

X-Y Plane Projection

X-Z Plane Projection  Y-Z Plane Projection

X-Y Plane Projection

X-Z Plane Projection Y-Z Plane Projection

X-Z Plane Projection

Y-Z Plane Projection

Fig. 5. Morphology patterns of AB, miktoarm star copolymers with f5 = 0.25 and asp = 35, simulated in a box of (a) 12 x 12 x 12, (b) 15 x 15 x 15, and (c)
19 x 19 x 19, respectively. The green surface corresponds to the isosurface of component A. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 7 shows the variation in Ry, Ry o, and R, g with the inter-
action parameter a,g when f, = 0.6, in which the vertical er-
ror bars provide the dispersion of the radius of gyration,
expressed as one standard deviation within around £10%. It
is clear that when aap < 29.5, which corresponds to the disor-
dered regime, R, remains approximately at 1.6 grids. As the
system enters the ordered regime (asg > 29.5), R, shows an
increasing behavior with asg, and then reaches a constant
value of 2.0 grids when asp > 50. This significantly increasing
trend of R, near the ODT as a,p increases may be attributed to

the increasing stretching degree of each A and B arm, which
results in the increase of Ry o and R, g, an/or the mutual expel-
ling degree between A and B arms. However, as can be seen in
Fig. 7, Ry A and R, p barely vary with the interaction parameter
axp even when the system transforms from the disordered into
the ordered state. Therefore, the spatial arrangement of each
arm becomes a key factor to affect Ry for the whole chain.
In order to manifest this, calculating the angles between A/B
arms and B/B arms for one AB, molecule defined as 65
and Opp, respectively, seems to be a straightforward approach.
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Here the stretching direction for the I-th arm from the branch-
. . . . . — —
point is approximated as the direction of vector of 7y — 73,
where 7, is the position vector of the branch-point of AB,
molecule. The angle between I-th and J-th arms, 6, can
thus easily be calculated through the dot product of
— — — —
Teml — Toand 7emy — 1g. Since the two B arms are symmet-
ric, the angles between A and the two B arms are almost the
same, and therefore only one fp is presented. Fig. 8 shows
the distribution of fgg and @, for AB, with f, = 0.6 at vari-
ous values of the interaction parameter ag. It can be seen that
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Fig. 7. Plot of radius of gyration (R, Rg A, R, ) for AB; miktoarm star copoly-
mers with fo = 0.6 versus the interaction parameter aap.
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Fig. 8. Distribution of fgp and f,p for AB, miktoarm star copolymers with

fa=0.6 at various values of the interaction parameter aap.

when aap = 28, these disordered AB, copolymer chains can
distribute relatively more freely in the space, and therefore,
both fgg and 6,5 demonstrate a broader distribution. As asp
increases, each distribution profile becomes narrower, and
the distribution of g moves toward smaller angles while the
distribution of 0,5 shifts to larger angles. This manifests the
fact that when the system enters into an ordered state, in order
to reduce the contacts between A and B, the A and B arms
tend to separate from each other, and the two B arms are
squeezed onto the same side.

Basically, the above results of the molecular conformation
behavior by varying the effects of the interaction parameter
axp for fa =0.6 also hold true qualitatively for the systems
with other compositions. Next, we discuss how the molecular
conformation varies with f, at the same a,p. Fig. 9 presents
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Fig. 9. Distribution of fgg and f,p for AB, miktoarm star copolymers with
aap =40 at various values of the composition fx.

the distribution of fgg and f,p at various values of f, when
axg = 40. We observe that when f, increases to about 0.6 so
that the molecules become more symmetric, due to the in-
crease of the mutual repelling degree between A and B, the
peak of fp increases and the peak of g decreases. As fa
continues to increase further, since the molecules become
more asymmetric and thereafter the mutual A/B segregation
effects reduce, the peak of 6,5 and fgp shows a decreasing
and increasing trend, respectively.

4. Conclusions

We employ dissipative particle dynamics (DPD) to examine
the phase behavior and molecular conformation behavior of
AB, miktoarm star copolymers by varying the composition

and the interaction parameter. Similar to linear AB diblock co-
polymers, our simulated phase diagram reveals that the forma-
tion of possible ordered structures, such as lamellae, gyroid,
perforated lamellae, hexagonally packed cylinders, and or-
dered spheres, is mainly dominated by the composition. These
DPD simulated microstructure regimes by varying the compo-
sition are typically in good agreement with those predicted by
self-consistent mean-field (SCMF) theory. Through a mapping
of the interaction parameter for a finite chain length, we find
that the phase diagram via DPD is in near quantitative agree-
ment with that predicted by SCMF theory. However, when the
A composition is large such that the SCMF theory predicts
a hexagonally packed B-formed cylindrical phase, our DPD
results demonstrate that these AB, chains are not able to
form the well-ordered structure as easily as the SCMF theory
has predicted, but instead only a tube-like phase. This is be-
cause when the B multi-arms remain on the concave side of
the interface, curving the interface inward toward the B do-
mains causes more lateral crowding and thereafter excess
stretching in B. Hence, the formed microstructures become
less ordered. Indeed, these DPD results are more consistent
with the experimental results, as the SCMF theory ignores
the possibility of aggregates without specific packing order.

In analyzing the molecular conformation behavior of AB,
molecules, we observe that the radius of gyration (R,) for
the whole AB, chain significantly increases with the interac-
tion parameter while the R, values of each A and B arm re-
main relatively unchanged. Furthermore, the angle between
A and B arms shows an increasing trend while the angle
between B and B arms shows a decreasing behavior with the
interaction parameter. These results manifest the fact that in
order to reduce the contacts between A and B, the A and B
arms tend to separate from each other, and the two B arms
are squeezed onto the same side. Similar variation behavior
has also been observed when the composition of A and B
becomes more symmetric.
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