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ABSTRACT: Using a combinatorial screening method based on the self-consistent-field theory for
polymers, we study the bulk morphology and the phase behavior of 7-shaped ABC block copolymers, in
which A is the backbone and B and C are the two grafts. By systematically varying the positions of the
graft points, the z-shaped block copolymer can change from a star block copolymer to a linear ABC block
copolymer. Thus, the corresponding order—order phase transition due to the architecture variation can
be investigated. At two given compositions, we find seven different morphologies (“three-color” lamellar
phase, “three-color” hexagonal honeycomb phase, lamellae with beads inside, dodecagon—hexagon—
tetragon, hexagon—hexagon, lamellae with alternating beads, and octagon—octagon—tetragon). The
hexagon—hexagon morphology has not been reported previously for linear and star triblock copolymers
in the bulk state. The phase diagram of the 7-shaped ABC block copolymer with symmetric interactions
among the three species is constructed. When the volume fractions of block B and block C are equal, the
triangle phase diagram shows reflection symmetry. When the shorter block is fixed at the backbone end
and the other block moves to the other end along the backbone, the resulting morphology reaches to the
same as that of a linear triblock copolymer rapidly. These results may help the design of the

microstructures of complex block copolymers.

Introduction

As a fertile source of soft materials, block copolymers
have attracted a great deal of attention among both
academic and industrial researchers. A lot of work has
been devoted to studies on block copolymers of different
architectures because they may self-organize and un-
dergo phase separation, leading to various morphologies
and interesting properties. It has been demonstrated
both theoretically and experimentally that the archi-
tecture of block copolymers is an important controlling
factor for their morphological behavior.!=® Graft or star
block copolymers are able to yield morphologies that are
not available to corresponding linear block copolymers
of the same composition and interaction energies.”
Recently, Tang et al. systematically investigated the
morphology of linear ABC block copolymer and star
ABC block copolymer via the self-consistent-field theory
(SCFT); they found that at the same composition and
interaction energies a linear ABC triblock copolymer
and a star ABC block copolymer exhibit different
morphologies.8?

A m-shaped ABC block copolymer molecule has two
graft points. By changing the positions of the graft
points, one can obtain block copolymers of different
architectures. When the two grafts connect to the
backbone at two positions other than the end points,
the copolymer molecule is m-shaped. If the two graft
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points are at different ends of the backbone, the
s-shaped block copolymer turns into a linear triblock
copolymer. If the two graft points are at the same
position, the 7-shaped block copolymer then becomes a
star block copolymer. Because a z-shaped block copoly-
mer can evolve into copolymers of various architectures,
leading to rich morphologies, it becomes a good model
for studying the order—order transition.

Experimentally, s-shaped double-graft copolymers
and H-shaped double-graft copolymers have been syn-
thesized by Lee et al. via anionic polymerization.?* In
their studies, it was concluded that the effect of bridge
connections on the morphology of the copolymer is close
to negligible when the molecular weight is high. Thus,
they can estimate the morphological behavior of molec-
ular of architectures with multiple junction points by
imagining all bridge and loop blocks to be cut in half.
However, the effect of bridge connections on morphology
cannot be neglected for copolymers of low or intermedi-
ate molecular weight. Therefore, it is necessary to study,
in this regime, the morphology transition of the z-shaped
block copolymer by systematically changing the posi-
tions of the two grafts, i.e., the bridge length of the block
copolymer.

The self-consistent-field theory is accurate and suit-
able to investigate and screen the microphase separa-
tion behavior. Earlier applications of self-consistent
mean-field theory (SCMFT) to diblock and triblock
copolymers were introduced by Helfand et al.10-12 and
by Noolandi et al.}3~15 They established phase diagrams
of AB diblock and ABA triblock copolymers in the
parameter space of the “incompatibility degree” yagN
and composition f. In recent years, Matsen and Schick
proposed a powerful numerical spectral method that
could be used to deal with microphases of considerable
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three-dimensional complexity.6~19 This method is ac-
curate enough but requests a prior knowledge of the
symmetry of the ordered structure, which has hindered
its application in finding previously unknown mi-
crophases of complex copolymer structures. More re-
cently, Drolet and Fredrickson suggested a new combi-
natorial screening method,20~22 which involves a direct
implementation of SCFT in real space in an adaptive
arbitrary cell. This method proves to be very successful
and can be applied to complex copolymer melts.

In this work, we use the combinatorial screening
method to study the equilibrium morphologies of
m-shaped ABC block copolymers. Moreover, the order—
order transitions due to changing the positions of the
graft points (i.e., from linear triblock copolymer to star
block copolymer) at a given composition are investi-
gated.

Theoretical Method

A schematic representation of the architecture of the
m-shaped ABC block copolymer is shown in Figure 1.
The total degree of polymerization of the ;-shaped block
copolymer is N, and the A, B, and C blocks consist of
faN, 8N, and fcN monomers, respectively. Two graft
points divide the block copolymer into five parts, namely
Al, A2, A3, B, and C as shown in Figure 1. The polymer
segment probability distribution function gqs(r,s), rep-
resenting the probability of finding segment s at position
r, satisfies the modified diffusion equation (eq 1) with
oa=A1,A2 A3,B,Candf=0,1. 5 =0 corresponds to
s of gap(r,s) increasing from the free end to the near graft
point or from graft point B to C, and 8 = 1 corresponds
to s of gup(r,s) increasing from the near graft point to
the free end or from graft point C to B.

The modified diffusion equation reads

99 o5(T,8)

= V2qus(1,8) = Wo() qoylr,) (1)

where W, (r) is the self-consistent field for species a, and
0 <'s < fuN. The initial conditions of gus(r,s) are

q10(r;0) = @ a30(r,0) = gpo(r,0) = go(r,0) = 1.0

q420150) = @ 10X fa1N) @po(r,fzN)
qa11(1,0) = @ p9,(r,faoN) go(r,fpN)
9221(1,0) = g ag0(r,fp3lN) qolr,foN)
9431(1,0) = G a0(r,fp2lN) qo(r,foN)

qp1(1,0) = ga10(TfarlN) @azi(r,faolN)

qc1(0,0) = qpo0(T,faolN) G azo(r,fasN)

which are similar to those in ref 9. The partition
function of a single chain subject to the self-consistent-
field Wy (r) can be written as @ = fdr qqo(r,s) gou1(r,folV
— s), whose derivation of the single-chain partition
function is the same as that of the star triblock
copolymer.? It should be noted that @ is independent of
the chain contour length parameter s.
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Figure 1. Molecular architecture of the 7-shaped ABC block
copolymer.

With the above description, the free energy of the
system is given by

= Il A brasN @) — fy) gt ~
1) T xpcN(@g(r) = fp)(9c(r) — fo) + xaclV(ga(r) —
fA)((pC(r) - fc) - WA(P)(¢A(1‘) - fA) _WB(T)(¢B(T) -
fa) — Wer)po(r) — fo) — P(r)(1 — ¢A(r) — ¢p(r) —
dc(r)] (2)

where V is the volume of the system; ¢a, ¢, and ¢¢ are
the monomer density fields normalized by the local
volume fractions of A, B, and C, respectively; xas, yBc,
and yac are Flory—Huggins parameters between differ-
ent species; P(r) is the potential field that ensures the
incompressibility of the system. Minimizing the free
energy with respect to ¢a, ¢, dc, Wa, Wg, W¢, and P(r)
leads to the following self-consistent-field equations that
describe the equilibrium morphology:

WA(I') = XABN(‘PB(I') - fB) + XAQN(¢0(T) - fc) + P(r)

3)
Wi(r) = yagN@aA(r) — fo) + xpcN@(r) — fo) + Plr)
4)
W) = xacN@A®) — fi) + xpcN(@pr) — f) + P(r)
(5)
dp T Ppt =1 (6)
_ V' pfalN
a0 = 5o /o 95 Qa9 Gl — )+
]\TLQ OfAZNdS quo(r,S) qA21(r’fA2N - S) +
NLQ ongNdS qp30(T,8) G a3, (1, fpsN — 5) (7)

v
70 = N6 [T ds qpor,s) e feN —5)  (8)

|4
Po(0) = 3o fu 5 Qo) Gei(efcN — ) (9)

The pressure field can be obtained by solving eqs
3—6:23

P = (C,Co(W, + Wp) + C,C5(Wy + W) + C,Co(W, +
W2(C,C, + C,Cy + C,Cy) (10)
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where
C1=—2asN * xgcN + 2aclV (1n
Cy = xasN — xpcN + XaclV 12)
Cs = xaeN * xeclN — XaclV (13)

The density field ¢, of species a conjugated to the self-
consistent-field Wy(r) can be updated by using the
equation??

(14)

Weew = weld 4 At(éF )

0,

where the time step At = 0.1 and

oF
* = N(py — fo) + P(x) — W2 (15)
(6¢(1) NZ Xabr M M

The initial value of W(r) is constructed byWy(r) =

S m=aXeiN(pa(x) — fa), where ¢u(xr) — fir satisfies the
Gaussian distribution:

My — L= 0 (16)

W, (r) — f)(p(r") — [)I= yfif;0,0r —7')  (17)

Here y is defined as the density fluctuation at the initial
temperature. The above steps are iterated until the free
energy converges to a local minimum, where the phase
structure corresponds to a metastable or stable state.
Each minimization is run several times using different
initial random guess of the self-consistent fields W, (r).
In constructing the phase diagrams, we have encoun-
tered metastable structures. In each of these cases, we
have identified the most stable structure by comparing
the free energies.

For the sake of numerical tractability, the implemen-
tation of the self-consistent-field equations is carried out
in a two-dimensional square grid with side length L =
V2 which is initially chosen to be a small value and is
then increased until the changes in free energy are
below some threshold.?® The boundary conditions are
periodic. The chain length of the polymers is fixed to be
N = 100.

Results and Discussion

Tang et al. have mentioned that at the same composi-
tion and interactions ABC linear triblock copolymers
and ABC star triblock copolymers have different phase
diagrams.8? However, when one of the blocks is rela-
tively short, the influence of the star architecture on
the morphology is not significant.®? In this work we
investigate the equilibrium morphologies of z-shaped
ABC block copolymers with symmetric grafting /3 = fc
= 0.3 and asymmetric grafting fg = 0.2 and fc = 0.4.
The interactions between the species are set to be the
same, i.e., yaclN = yscN = yagN = 50. Thus, there are
only two variable parameters fa1 and fas. By changing
the values of fa; and fas, a triangle phase diagram
corresponding to different positions of the graft points
is constructed, and the influence of the graft points can
be investigated. In the phase diagram (see Figure 2),
the increment of fa1/fa, fas/fa, and fas/fa is 0.10. At fa1/fa
= 1.0 (point O) and fas/fa = 1.0 (point Q) in the phase
diagram, the w-shaped ABC block copolymer becomes
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Figure 2. Phase diagram for fa = 0.40, /g = fc = 0.30, and

xaBN = yacN = yclN = 50. The solid lines are shown to guide
the eye.

an ABC star triblock copolymer. At fao/fa = 1.0 (point
P), the n-shaped ABC block copolymer becomes a linear
BAC triblock copolymer. At each grid point, the mor-
phology is obtained with the method described in the
Theoretical Method section. Table 1 shows all mi-
crophases which are found for s-shaped ABC block
copolymers. Three different colors, blue, green, and red,
are assigned to A, B, and C blocks, respectively.

A. Two Grafts with Equal Lengths (fg = fc =
0.30). To focus on the influence of the graft point
position on the phase behavior, first we study the
order—order transition from the ABC star block copoly-
mer to BAC linear block copolymer with the length of
the B and C grafts being equal (fo = 0.40, 5 = fc = 0.30).

In Figure 2, the triangle phase diagram clearly shows
a reflection symmetry with respect to the vertical line
where fa1/fa = 0.50. Exchanging the positions of B and
C graft points does not alter this symmetry for systems
with equal interactions between the three distinct
blocks. This feature arises from the particular molecular
architecture of the w-shaped block copolymers with f3
= fc. However, the reflection symmetry will vanish
when fg # fc, which will be discussed later.

At the OP edge, fas/fa = 0.0, which corresponds to
fixing the C graft point at one end of the backbone A.
Increasing fao/fa corresponds to moving the B graft point
to the other end of the backbone A. Accordingly, the
ordered microphases change from HEX3, to LAM + BD,
and finally to LAMS3.

At the OQ edge of the triangle phase diagram in
Figure 2, the volume fraction of A2 is zero and the
sm-shaped block copolymer becomes a star block copoly-
mer. The architecture of the molecule changes from
three-arm to four-arm and finally to three-arm again
along the OQ edge, yet only one morphology (HEX3) is
found, which is the same as that reported in the ref 9,
where HEX3 is found at fa = 0.4, /5 = fc = 0.3 with
xacN = yscN = xagN = 35. This shows that changing
the number of arms in the present star block copolymer
does not alter the HEX3 morphology.

Near the OQ edge, for example when fao/fa = 0.1 (i.e.,
the volume fraction of A2 is 0.04), the OOT morphology
is found. Different types of microphases appear with
increasing fao/fa. When fao/fa is large enough, only one
type of microphase (LAMS3) is observed. These phenom-
ena should arise from the particular characteristics of
the m-shaped block copolymers. The A2 block joins block
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Table 1. Summary of Observed Equilibrium Morphologies

Name Abbreviation Graphic
“three-color” lamellar phase LAM3
“three-color” hexagonal
HEX3
honeycomb phase
lamellae with beads inside LAM +BD-I
dodecagon-hexagon-tetragon DOHT
hexagon-hexagon HEX2
lamellae with alternating
LAM +BD
beads
octagon-octagon-tetragon 00T

B and block C, and the two graft points can be regarded
as one when fao/fa is small. In other words, the 7-shaped
block copolymer is similar to a four-arm star block
copolymer when fao/fa is very small. When fao/f, is large
enough, however, the distance between the two graft
points is very large, and the z-shaped block copolymer
is similar to a linear triblock copolymer. We should also
note that the morphology changes are very small along
the OQ direction, compared to that along the OP
direction. Along the OQ direction, the copolymer mol-
ecule maintains its w-shaped architecture, and only the
lengths of the two dangling backbone blocks (Al and
A3) change; i.e., the architecture does not change much.
On the other hand, along the OP direction, the copoly-
mer molecule varies from a star-shaped molecule to a
linear one, changing the basic architecture of the

molecule, resulting in more dramatic morphology
changes.

B. Two Grafts with Unequal Lengths (fg = 0.20,
fc = 0.40). The triangle phase diagram of 7-shaped ABC
block copolymers with unequal graft lengths (fa = 0.40,
/B8 = 0.20, and fc = 0.40) is given in Figure 3. There is
no reflection symmetry in Figure 3 with respect to the
vertical line where fa1/fa = 0.50.

At point P in Figure 3, where the volume fractions of
Al and A3 are zero and the volume fraction of A2 is
0.40, the m-shaped block copolymer becomes a linear
triblock copolymer and the LAM3 morphology is found,
which is the same as that reported in ref 8. Near point
P, where the volume fractions of A1l and A3 are small
and the volume fraction of A2 is large, only one type of
morphology (LAM3) is found. This is in agreement with
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Figure 3. Phase diagram for f4 = 0.40 and /s = 0.20, fc =

0.40, and yagN = yacN = ygecN = 50. The solid lines are shown
to guide the eye.

ref 8 for the linear BAC triblock copolymer at the same
volume fractions. As the volume fractions of A1 and A3
decrease and the volume fraction of A2 increases, the
mt-shaped block copolymer is close to linear BAC triblock
copolymer, where A is the middle block.

Now we focus on the OQ edge in Figure 3. At point
O and point Q the architectures of the two block
copolymers are the same (three-arm block copolymer),
and the OOT morphology is observed. This is in agree-
ment with ref 9 at the same composition. Along the 0Q
edge, the architecture of the block copolymer changes
from three-arm to four-arm and finally back to three-
arm block copolymer again, and only the OOT morphol-
ogy is found. Near the OQ edge, the trend is similar to
that in Figure 2. When fixing fas/fa = 0.20, we find the
HEX2 morphology except at the point of fa1/fa = 0.8,
where the A-rich domain is continuous and C-rich
domains are hexagonal, and there are six B-rich hexa-
gons around each C-rich domain, which is different from
the hexagonal lattice phase (HEX) or the core—shell
hexagonal lattice phase (CSH) reported in refs 8 and 9.
At fai/fa = 0.8 on the OP edge, the DOHT morphology
is observed, which also has been found in ref 24 with
symmetric interactions.

Along the QP edge we fix the B block at one end of A
and move the C block to the other end, whereas along
the OP edge, we fix the C block at one end of A and
move the B block to the other end. Note that we have
different B and C lengths. Thus, we find, along the OP
edge in Figure 3 the ordered microphases change from
OOT, to DOHT, to HEX2, to LAM + BD-I, and finally
to LAM3. However, along the QP edge in Figure 3 the
ordered microphases change from OOT, to HEX2, to
LAM + BD, and finally to LAMS3. It is also found that
along the OP edge the LAM3 appears earlier than along
the QP edge. This can be attributed to the particular
molecular architecture of the z-shaped block copolymer,
in which the volume fraction of the C block is larger
than that of the B block. Furthermore, when the volume
fraction of A3 is fixed, the larger the volume fraction of
the B block, the less influence of the A3 on the phase
behavior. Near the OP edge in Figure 3, we find similar
transitions.

Summary

Using a combinatorial screening method based on the
SCF'T for polymers, we have investigated the morphol-
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ogies of a w-shaped ABC block copolymer, in which A is
the backbone and B and C are the two grafts. In this
work, the order—order transitions for copolymers of
different architectures ranging from star block copoly-
mer to linear triblock copolymer are discussed. By
systematically varying the positions of graft points B
and C, namely by changing the volume fractions of A1,
A2, and A3, the triangle phase diagrams of the 7-shaped
ABC block copolymer with equal interactions among the
three species are constructed. It is found that when the
volume fractions of block B and block C are equal, the
triangle phase diagram shows a reflection symmetry;
When we fix the shorter block at one end of the
backbone and move the longer block toward the other
end along the backbone, the resulting morphology
reaches the same as that of a linear triblock copolymer
rapidly. These results may help the design and the
synthesis of block copolymers with different microstruc-
tures.
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