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Abstract: The effect of block sequence on the self-assembly of ABC-type triblock copolymers in the o-dered state is investi-
gated using an isothermal-isobaric molecular dynamics simulation. The block sequence has an important effect on the mor-
phology of ABC triblock copolymers. Different morphologies are observed depending on the block sequence as well as the
block composition. The triblock copolymers with the volume fraction of 1:1:1 (f, = f3 = f = 0.33) show the three phase and
four layered lamellar structures irrespective ofi{le k sequence. The A3,B¢Cs; triblock copolymer with fi = 0.2 shows a
morphology in which cylinders of midblock B are’formed at the interface between A and C lamellae, whereas the morphol-
ogy of triblock copolymer B¢C3,A3, and Cy,A3B ¢ show a cylindrical core-shell structure and a lamellar type morphology,
respectively. The A,B,oCyq triblock copolymer with the block B as a major component shows a tricontinuous struc:ure,
whereas both B4Cr0Az and CypA,B,, triblock copolymers exhibit the lamellar structures. When the block B has larger vol-

ume fraction with f; = 0.75, the matrix is composed of block B, and other two blocks A and C form spherical domains.
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Introduction

Block copolymers consisting of chemically different
blocks undergo microphase separation and show ordered
nanoscale structures whose characteristics can be easily
controlled by changing the molecular weight, molecular
architecture and composition. This microphase separation on
a nanoscopic scale is a consequence of the chemical bond
between immiscible blocks, which prevent phase separation
on a macroscopic scale. Recently, the self-organization of
block copolymers in nanoscale has received considerable
interest because of their applications in nanotechnology[1-4].
The AB diblock copolymer, the simplest case of block
copolymers, is well known to phase-separate into microdomain
structures, such as spherical, cylindrical, lamellar and
various bicontinuous structures depending on the composition
and thermodynamic interaction[5,6].

Introducing block C into an AB diblock copolymer
increases the number of possible morphologies due to the
large number of independent system variables. This ABC-
type triblock copolymers have two independent compositions,
three binary interaction parameters, and three different
sequences, in comparison to one binary interaction parameter
and one composition variable in AB diblock copolymers.
Therefore, the microphase separation of triblock copolymers
becomes more complicated than for diblock copolymers.

In our previous work[7], we investigated by using a
molecular dynamics simulation the effect of block
composition on the morphology of symmetric triblock
copolymers with both end blocks having equal chain length.
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Various structures were observed for ABC triblock
copolymers depending upon the block composition. For
ABC triblock copolymers with the midblock ¢s a minor
component, the structures of the midblock B were changed
from lamellar, cylindrical, to spherical morphology at the
interface between A/C lamellae as the volume fraction (f3)
of B block decreased. For ABC triblock copolymers with the
midblock B as a major component, the morphologies of end
blocks were changed from tricontinucus to spherical
structures in the matrix composed of midblock as f3
increased.

It is expected that the sequence of three blocks plays an
important role in the morphological behavior of triblock
copolymers. The sequential order of block in diblock
copolymer is meaningless because AB and BA diblock
copolymers are indistinguishable. However, the sequential
order of three different blocks in triblock copolymer
becomes very important since A-B-C, B-C-A, and C-A-B
triblock copolymers are distinguishable, as shown in Figure 1.
This different sequential order may significantly change the
morphology of the triblock copolymers with a given
chemical composition, since it affects the thermodynamic
conditions between midblock and endblocks. Only few
experimental and theoretical studies have addressed the
effect of block sequence in triblock copolymers on their
morphology. Mogi et al.[8] observed a lamellar structure in
polyisoprene-polystyrene-poly-2-vinylpyridine (PI-PS-P2VP)
triblock copolymers with the volume fraction of 1:1:1,
whereas the hexagonally ordered coaxial cylinder phase was
found in polystyrene-polysoprene-poly-2-vinylpyridine (PS-
PI-P2VP) with the same composition but different sequence
by Gido et al.[9]. In this system, the interaction between PI
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Figure 1. Three different sequences for the ternary linear triblock
copolymer: (a) A-B-C type, (b) B-C-A type, (c) C-A-B type
triblock copolymers.

and P2VP is much larger as compared to the one between PI
and PS. Also, many works on the morphology of PS-PB-
PMMA triblock have been accomplished by Stadler and his
coworkers[10-13]. According to their report, PS-PB-PMMA
exhibits a hexagonally ordered core-shell structure when
Ops = 0.64, ¢pg=0.21, and Ppyma = 0.15[12], whereas the
change of block sequence into PB-PS-PMMA results in a
morphological change from the hexagonally ordered core-
shell structure to the cylindrical structure[14,15]. They
showed that the interplay between interfacial energies and
elastic energies of different block leads to the various
morphologies and enhances or prevents mixing of different
blocks[15]. Zheng and Wang[16] predicted theoretically that
the different sequence in triblock copolymers leads to
different morphologies in strong segregation limit. However,
a systematic study on the sequence effect of triblock
copolymers on the morphology is still lacking, because of
the synthesis problems and wide range of the parameter
space in ABC triblock copolymers. Under these situations,
the computer simulation method would provide a powerful
tool to study the morphological behavior of ABC triblock
copolymers. Hence, the molecular dynamics (MD) simulation
is used in this paper to systematically investigate the effect of
block sequence on the morphological structure.

Model and Simulation Method

A detailed description of our model and simulation
methods will be found in our previous report[7]. Here, we
use the isothermal-isobaric or constant pressure ensemble
for MD simulation of ABC triblock copolymers. Although
constant pressure simulations are more computationally
expensive than canonical simulations, they have some
advantages. In a constant volume simulation, the periodicity
of microphase separated structures may not match exactly
the dimension of the simulation box, especially for small
size of system. This means that the structures may not match
their preferred shapes in order to be commensurate with the
periodic images due to the boundary conditions, leading to a
distorted structure of ordered phases. This problem can be
avoided by carrying out the constant pressure simulation
which allows the shape and volume of simulation box to
change.
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A coarse-grained generic model is used to simulate the
linear ABC type triblock copolymer chain. In this model,
each chain is composed of N beads with the identical size.
As mentioned above, there are three possible sequences for
the linear ABC triblock copolymer. The morphology of
triblock copolymer with A-B-C sequence has been discussed
in our previous paper[7]. In this work, the copolymers with
other sequences, i.e., B-C-A and C-A-B, are simulated and
their results are compared with the case of A-B-C, keeping
the volume fraction of components fixed. Since only
symmetric A-B-C triblock copolymers are considered in our
previous paper, the volume fractions of blocks A and C (f5
and f) are given by the volume fraction (fg) of block B as f,
= fc = (1 — fg)/2 throughout this paper. The chain length of
the block B is changed from 16 to 60, while all the triblock
copolymers have a constant total chain length of N = 80. The
total number of chains in the system is 20. Each bead
interacts with only two types of potential, E4, and E|. E,4, iS
a Lennard-Jones (LJ) potential acting between any pair of
segments as given by

.12 o 6 o‘l,, 12 o;; 6
Ean = 4af(7) () -(2) < (3] reve 0
c c

where the cut-off distance is set as r,=2"%c to make the
potential purely repulsive and r is the distance between the
ith and jth segment. The parameters &; and oy are the LJ
energy and length parameters for segments i and j,
respectively. The length parameters are chosen as O, = Opg =
Oce= Oap = Opc = Oca = 6= 2 A so that all types of segments
have the same interaction range and the same molar volume.
The energy parameters are set as €4, = &g = £cc= €= 1 kcal
/mol, exple=>5, epc/e=10, and g-p/e=2. This set of
interaction parameter means that the incompatibility
between A and C is smaller than the incompatibility between
A and B and between B and C blocks, and the interaction
between B and C is the most unfavorable, i.e., Esc < Exp <
£yc. Here, the energy parameters g; of this simulation are
proportional to the Flory-Huggins interaction parameters y;;
through the relation y;; = z&;/kgT where z, kp, and T are the
effective coordination number, the Boltzmann constant and
temperature, respectively. Therefore, the ABC triblock
copolymer of our simulation with £,¢ < €45 < &p¢ corresponds
to the PS-PB-PMMA triblock copolymer with ¥psppuva <
xpspe < Xpepmmal10-13]. E; is bond stretching potential
along the chains, as given by

E, = %kb(l— Iy’ 2

where k, is the energy parameter of the potential, [ is the
distance between two neighboring segments of the same
chain, and /, is a length parameter at which the potential has
a minimum value. We have chosen k, = 10° £/0” and ly =
0.750 to avoid the bond crossing[17]. The time scale in this
model is given by 7= o (m/€)"", where m is the mass of a
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segment.

In this study, all simulations are performed on the
commercial modeling software, Cerius® of Molecular
Simulations Inc. The initial configurations are randomly
generated in a cubic cell with the dimensions of 25 ox 25 ¢
X 25 ¢ and then energy-minimized. Before implementing the
isothermal-isobaric dynamics, the systems are fully relaxed
by the canonical ensemble molecular dynamics. The initial
number density of triblock copolymers is set as p = 0.85 6=,
and the temperature is set as ' = £/kg = 1.0. The pressure
obtained from NVT simulation is used as an external
pressure in the following NPT simulation. Through the NPT
molecular dynamics under P = 25 &/0° for 5 x 10* 7 with the
time step of Ar = 0.01 7, final equilibrium morphologies are
obtained.

Results and Discussion

The simulation results for symmetric ABC triblock
copolymers with various compositions are reported in our
previous paper[7]. In the present work, the morphology of
triblock copolymers with different sequential order (B-C-A
and C-A-B) is simulated and compared with the A-B-C case.
Figure 2 compares the three cases having different sequential
order. As expected, the morphology of A,;B,C,; with f) =f3
= fc = 0.33, where the number in subscript of each block
notation indicates the chain length of each block, shows the
lamellar morphology. When the block sequence is changed
to B-C-A (BxCyAy;) and C-A-B (CyA,7By), the three-
phase and four-layered lamellar structures are also observed.
To further identify the lamellar structures, the collective
structure factor S(g) is calculated by using the following
relation:

Figure 2. Snapshot of triblock copolymers with f, = f = f = 0.33
after 5x10% 7: (a) A»ByCar, (0) ByCarAg, (€) CayAy;Bag, where
A, B and C segments are colored black, gray and white,
respectively.

Min Jae Ko et al.

S(q) = (zexp(ilI"ij)V/(r,-)W(l{ » (3)
ij

where ¢ is the scattering vector, ry is the distance vector
between segments i and j, the occuation factor y()yi(r;) = 1
for the same segments and —1 for unlike segments. When the
calculated S(g) is plotted against g in Figure 3, characteristic
Bragg-peaks of higher order arc observed at the integer
multiples of ¢*, indicating that the three block copolymers
form the lamellar structure. As shown in Figure 2, the
lamellae formed from both end blocks are almost two times
as thick as midblock lamellae, since the lamellae are
arranged sequentially in a way of [ABCCBA], [ECAACB],
and [CABBAC] for A-B-C, B-C-A, and C-A-B triblock
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Figure 3. Simulated scattering pattern of (a) AyB.Cyy, (D)
BysCriAy; and (c) CyAyBy triblocks after 5x10° T, where the
intensity of peaks is normalized with respect to that of the first
order peak.
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copolymers, respectively. Zheng and Wang[16] predicted
the similar morphologies in the phase diagram of PS-PEB-
PMMA at the same composition under similar thermody-
narmic condition.

In the case of A3B¢Cs; with f5=0.2, cylinders of
midblock B are formed at the interface between A and C
lamellae, as reported in our previous paper[7]. The effects of
block sequence on the morphology at this block composition
are shown in Figure 4. The snapshot of triblock copolymer
B,¢C32A3, shows that a cylindrical core-shell morphology in
which a B cylinder is surrounded by a C cylindrical shell is
formed in the A matrix. This morphology is similar to the
“cylinder in cylinder” morphology as previously reported for
SBM triblock copolymers[12]. This morphology results
from two different repulsive interactions between the middle
and the two end blocks as compared to ABC in conjunction
with the smaller volume fraction of block B. In other words,
since the incompatibility between B and C is larger than that
between C and A, the system tends to form a smaller
interface between B and C than that between C and A.
Considering the connectivity between the block B and the
middle block C, the formation of interface between B and C
is unavoidable. As a consequence, the block C may form the
shell around the core cylinder composed of block B. The
morphology developed from C;,A3;B 4 triblock exhibits a
different structure from the A;B(Cs;, and B CipAs,
triblocks, as shown in Figure 4c. The overall morphology of
C,A3B ) is lamellar, but the microdomain of block B
becomes cylinder in shape due to the shorter chain length of
endblock B. In other words, the cylinders of B block are
embedded in the A lamellae while C block forms the other
lamellae. As mentioned above, the interaction between B
and C is more repulsive than that between A and B, and
therefore this suppresses the direct contact between B and C
components, leading to the inclusion of B cylinder into A
lamellar microdomain. Here, it is noted that the block B is
not directly connected to the block C contrary to the case of
B,¢C3,As, triblock. Similar morphology was experimentally
observed by Abetz and Goldacker[18] in a mixture of 70%
PS-PB-PMMA and 30% PB-PS-PMMA, in which a basic
structural unit consists of four layers, and PB cylinders are
formed in PS lamellae.

The sequence change of the A,;B4,C,, triblock copolymer
with f3=0.5 may yield different morphologies. The
AyB4Cy triblock copolymer showed a tricontinuous
structure in our previous report, while the B;CyoA,, and
C10A4By triblock copolymers show different morphologies,
i.e., three-phase and four-layered lamellae structures, as
shown in Figure 5. For B43C,0A0, the layers must be formed
by the “BCAACB” stacking mode, since the block sequence
is [BCA]. Hence, the ratio of lamellar thickness becomes
4:1:2 for B, C, and A lamellae, respectively. The same
behavior is observed for the C,;A;By triblock copolymer,
where the ratio of lamellar thickness is 4:1:2 for B, A, and C
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lamellae, respectively.

Finally, the sequence effect is examined on triblock
copolymers with a larger volume fraction of B block, i.e., the
result for AgBgCio with fz = 0.75 is compared with those
for B¢CyoA o and CigA oBgy. As discussed in our previous
paper[7], two end blocks form one spherical domain, as
shown in Figure 6a. The possibility of mixing of A and C
blocks in one spherical domain was also predicted in
theoretical calculation by Stadler and his coworkers[19,20].
When the block sequence is changed to B-C-A (BgCoA o),
a similar morphology is observed, as shown in Figure 6b.
The block B forms the matrix due to the larger volume
fraction with respect to A and C blocks, while the A and C
blocks seem to form one spherical domain, as in the case of
A oBgoCyo triblock. However, a closer examination reveals
that the midblock C is located at the phase boundary
between spheres and matrix. This is because the midblock C
is connected with the both end blocks. In other words, since
two end blocks A and B form the dispersed phase and
matrix, respectively, it is most probable that the midblock C
is located at the interface between A and B domains. This
explanation is also applicable to the C-A-B (CjpA(Bg,) case,
where the block A is located at the interface between the
matrix B and the dispersed phase C, as shown in Figure 6.
Recently, Breiner et al.[13] observed a similar morphology
in the asymmetric ABC triblock copolymer with small
volume fraction of midblock and one of endblocks. They
designated this morphology as the “spheres on sphere”
structure.

Conclusions

We investigated the effect of block sequence on the self-
assembly of ABC triblock copolymers using a molecular
dynamics simulation. In our previous work, we thoroughly
investigated the effect of block composition on morphology
of the symmetric A-B-C triblock copolymers in which the
volume fraction of A and C is the same, i.e., fo = fc. In this
work, when the block sequence A-B-C is changed to B-C-A
or to C-A-B, the different self-assembling behavior of
triblock copolymers is observed. When each of three
components in triblock copolymers has an equal composi-
tion, three-phase and four-layered lamellar structures are
observed for A-B-C (A»/B1sCy9), B-C-A (B5xC»4A,7) and C-
A-B (C,;A;Byg). When the block composition is changed to
A3,B 4C;, with fp = 0.2, cylinders of midblock B are formed
at the interface between A and C lamellae. Changing the
block sequence at this block composition from ABC to BCA
or to CAB results in the change of morphology, i.e., the
morphology of triblock copolymers B ¢C3,A3, and C3A3B 6
show a cylindrical core-shell structure and a lamellar type
morphology, respectively. For the triblock copolymers with
block B as a major component, AyBy,C,; shows a
tricontinuous  structure, whereas both B,CypA, and
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Figure 4. Snapshot of triblock copolymers with f,= f- = 0.4 and f; = 0.2 after 5x10* 7: (a) A;,BcCs,, (b) B1¢C3yAs,, (€) C3pA3,B 6, where A,
B and C segments are colored black, red and yellow, respectively. Schematic representations of each morphological structure are shown in
the right side. The top views of A3B ¢C;, and B 4Cj;As; are also shown in the lower left side of each figure. The cylinders of B blocks in
A3B6Css, BigCarAs,; and Ci,A5,B 6 are located at the interface of lamellae, in the C cylinders, and in the A larellae, respectively.

Figure 5. Snapshot of triblock copolymers with fy= f = 0.25 and f; = 0.5 after 5x10* T: (2) AyB4Cap: (b) B4 CooAs; (€) CyAzgBag, where
A. B and C segments are colored black, red and yellow, respectively.

Figure 6. Snapshot of triblock copolymers with fy= f =0.125 and f; =0.75 after 5x10* T: (2) A;0BscCio: (5) BeoCroA 10; (€) Ci0A19Bgo, where
A, B and C segments are colored black, red and yellow, respectively. Schematic representations of each morphological structure are shown in
the right side.
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Cy0A5By triblock copolymers exhibit the lamellar structures.
When the block B has larger volume fraction with fg = 0.75,
the matrix is composed of the block B, and other two blocks
A and C form spherical morphologies.

In summary, it can be concluded from our simulation
results that both the block sequence and the block
composition of ABC block copolymers plays a decisive role
in determining the morphology of the triblock copolymers,
since they can affect the thermodynamic conditions between
midblock and endblocks. Considering that it is not always
possible to examine experimentally the block sequence
effect of ABC triblock copolymers on their morphology, the
computer simulation provides a powerful tool to predict the
morphology when the block composition and thermodynamic
condition of components are given.
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