Downloaded via FUDAN UNIV on March 29, 2019 at 13:13:09 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Maﬂmmﬂle‘)“lﬂs & Cite This: Macromolecules 2018, 51, 9890-9900

pubs.acs.org/Macromolecules

Tuning Arm Architecture Leads to Unusual Phase Behaviors in a

(BAB); Star Copolymer Melt
Lei Chen, Yicheng Qiang, and Weihua Li*

State Key Laboratory of Molecular Engineering of Polymers, Collaborative Innovation Center of Polymers and Polymer Composite

Materials, Department of Macromolecular Science, Fudan University, Shanghai 200433, China

ABSTRACT: The self-assembly behavior of (B;AB,); star copolymers, composed of five asymmetric BAB-triblock arms joined
at the end of B,-blocks, has been investigated using the self-consistent field theory. The special architecture enables a few
different sophisticated mechanisms such as the conformational asymmetry from the star topology, the effect of combinatorial
entropy from the multiple arms that enhances the formation of bridging configurations for the core B,-blocks, the local
segregation between the two different B-blocks, and the solubilization effect of the short B,-block in the majority A-domain,
each of which has been individually demonstrated to play an important role in impacting the self-assembly behavior of block
copolymers before. As a result, the combination of these mechanisms leads to many unusual phase behaviors of (B,AB,) with
tunable asymmetry 7 = f5 /(f3, + f3,) between the two B-blocks, where f and fj_are the volume fractions of B,- and B,-blocks,

respectively. For example, reentrant phase transitions between the BCC and FCC spherical phases are observed with minority
A-domains, whereas the width of the overall spherical phase region at the opposite side of the phase diagram exhibits two
maxima as 7 increases. The expansion of the spherical phase region at the first maximum is induced by the reduced effective
volume fraction due to the solubilization effect and thus is solely occupied by the BCC phase. While the expansion at the second
maximum originates from the formation of enlarged “core—shell” domains due to the effect of local segregation, leading to the
formation of complex Frank—Kasper spherical phases. In addition, no stable gyroid phase composed of A-network is observed in
the phase diagram of 7 = 4/5, while the gyroid phase region in the opposite side of the phase diagram is expanded significantly.
The absence of the gyroid phase is a very rare phenomenon for block copolymers and here may result from the combined effect

of different sophisticated mechanisms.

B INTRODUCTION

Self-assembly provides an important strategy for the fabrication
of advanced nanomaterials. Block copolymers as a typical class
of soft self-assembly systems have attracted intensive interest
due to their remarkable advantages. First of all, block
copolymers can self-assemble into rich ordered nanostructures
with tunable nanoscale size of polymeric domains, which
makes them exhibit a lot of potential applications.l_9 Second, a
number of advanced synthesis methods have been developed,
which enables precise control of the molecular architectures of
block copolymers and thus creates a huge space for novel
ordered structures.'” Third, the self-assembly behavior of block
copolymers is predictable due to the well-established
sophisticated theories, in particular, the self-consistent field
theory (SCFT) as one of the most successful methods."' ™" It
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has been demonstrated that SCFT is good at not only
determining the stability of known ordered phases due to its
unique ability of accurately calculating the free energy of each
ordered structure but also exploring novel ordered phases
coupled with appropriate initialization schemes.'*”"" Further-
more, SCFT can probe into the self-assembly mechanism of
new structures by computing the different contributions of free
energy as well as the distribution of each segment.”’"* The
fruitful interplay between experiment and theory rapidly
advances the understanding on the self-assembly of block
copolymers.”* ™
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Although the polymer architecture significantly impacts the
self-assembly behavior of block copolymers, it does not often
lead to the formation of novel ordered structures but only
shifts the phase boundaries.'** For example, the AB diblock
copolymers form a number of ordered phases, including
hexagonal close-packed (HCP) and body-centered-cubic
(BCC) spheres," hexagonal cylinders (C),”* double gyroidal
(G),® and Fddd (07)" networks, and lamellae (L).'***
SCFT calculations have revealed that some more complex AB-
type block copolymers, such as ABA triblock,””**~** ABAB...
multiblock,'””°~** and (AB), star,">**™*® resemble the similar
phase sequence as the AB diblock but with shifted phase
boundaries. This observation implies that it would be infeasible
to simply search the vast library of chain architectures for the
fabrication of new ordered structures, and instead useful
guiding principles are desired for the inverse design of block
copolymer architectures.'”'®

Usually a valid guiding principle could be derived from the
well-established self-assembly mechanisms of some known
block copolymers.'” Although the self-assembly of block
copolymers is governed by a simple general mechanism, i.e.,
the competition between the interfacial and entropic
contributions to the free energy,” some sophisticated
mechanisms are associated with the formation of a specific
ordered phase, especially for some unconventional phases.'” In
contrast to the forward problem, i.e. exploring the phase
behavior of a given block copolymer, to design block
copolymers for targeting ordered structures as a typical inverse
problem is more difficult to be solved due to the feature of
multiple solutions.” In practice, it is more feasible to speculate
a trial solution abiding by the derived guiding principles and
then to verify the solution by exploring the stability region of
the targeting ordered phase in the interesting parameter space
of the considered block copolymer system. Importantly, more
interesting phase behaviors beyond the formation of the
targeting phase are often observed from the newly designed
block copolymers.'®'7°

In recent years, a number of examples have been
demonstrated with the inverse design of block copolymer
systems, leading to the formation of some unconventional
ordered phases including a large number of binary
mesocrystals from linear BABCB multiblock copolymers,'®*’
complex Frank—Kasper spherical packing phases from
conformation-asymmetric AB-type block copolymers® as
well as binary blends of conformation-symmetric AB/AB
diblock copolymers,” and square-array cylindrical phase (C,)
from (BAB); multiarm star copolymers.”” Among these
designed block copolymers, the (B,AB,),, star copolymer,
composed of m asymmetric B)AB, triblock arms joined at the
end of B,-block, is of great interest. Actually, star architecture
as one of the most fascinating ones consisting of unlike or
identical arms has been made full use to design various
interesting block copolymers that exhibit unique proper-
ties.' ¥ #$33736 Eor example, the ABC miktoarm star
copolymers self-assemble into many two-dimensional archi-
medean polygon-tiling patterns.”’ >’ In particular, the multiple
arms tend to be partitioned into as many as possible
neighboring A-domains for maximizing the configurations,
which is termed the effect of combinatorial entropy.'”*>*”%
As a consequence, the joined B,-blocks form effective bridges
connecting neighboring A-domains. Moreover, the length of
bridging blocks can be readily tuned by changing the relative
length of B,-block to the overall length of B-blocks, leading to
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the adjustable bridge blocks. It has been demonstrated that
adjustable bridge block as a useful sophisticated mechanism is
capable to regulate the coordination of crystalline phases, i.e.,
that the coordination numbers (CNs) of crystalline lattices
tend to be lowered by shortening the bridge block.'® As a
result, the square-array cylindrical phase and the FCC spherical
phase are predicted to be stable over the hexagonal phase (Cy)
and the BCC phase with the (B,AB,), star copolymers,
respectively.'”

Obviously, (B,AB,),, star copolymer with 7 = Ny /(Np, +
Np,) can be reduced to the star copolymers of AB and BA

diblock with 7 = 0 and 1, respectively. Note that the (AB),,/
(BA),, star copolymers are conformation-asymmetric, which
indicates that the conformational asymmetry is continuously
changed as 7 and is reversed. It has been established that the
conformational asymmetry as another important factor could
lead to the formation of complex spherical packing
phases.”?>#5%017%3 A interesting question is whether
unconventional spherical phase can be formed in (B,AB,),,
star copolymers. In addition, we can speculate that two more
sophisticated mechanisms might be realized in this special
architecture, i.e., the solubilization effect of the short A-blocks
in the majority B-domain that has been observed in
asymmetric ABA triblock copolymers*®**®* and the local
segregation between the two kinds of B-blocks that has been
demonstrated in various AB-type multiblock copolymers.'>>
The combination of these different sophisticated mechanisms
may lead to many interesting phase behaviors. Recently, we
noticed a pioneering SCFT work on the self-assembly of
(ABA'); star copolymer by Fredrickson’s group,”” where some
interesting phase behaviors have been predicted. In particular,
they found that the asymmetry between the two A-blocks of
the triblock arm influences the self-assembly behavior
significantly. It is necessary to note that we considered the
(B,AB,); star copolymer with a larger number of arms aiming
to enlarge the effect of combinatorial entropy of the multiple
arms and thus to enhance the formation of bridging
configurations for the core B,-blocks. Fortunately, we
predicted stable square-array cylinders and FCC spheres.'”
However, we mainly focused on the region of cylinders and
spheres in the previous work. Therefore, it is necessary to re-
examine the self-assembly of (B,;AB,); star copolymers to
obtain more complete understanding on their phase behavior.

The self-consistent field theory (SCFT) has been proven as
one of the most powerful methods for the exploration of phase
behaviors of inhomogeneous polymeric systems.'' > In
particular, for relatively flexible polymers that can be modeled
by the Gaussian chain, efficient numerical methods have been
developed to solve SCFT equations with reliable accuracy.
Thus, SCFT has become a standard tool for the study of block
copolymers like some experimental techniques (e.g,, SAXS and
TEM), especially for the formation of ordered phases far below
the order—disorder transition (ODT) temperature where the
thermal fluctuations can be ignored safely by the mean-field
treatment. Accordingly, we will investigate the phase behavior
of (B,AB,); star copolymers using SCFT. Here we choose the
pseudospectral method® ™" to solve SCFT equations, which is
not only highly efficient because of the advantage of the fast
Fourier transform and the use of the accelerating Anderson
mixing scheme® to speed up the converging process but also
powerful to deal with distinct complex ordered phases when
coupled with the special initialization scheme.'®"®
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Figure 1. (a) Center: schematic of (B,AB,)s-triblock star copolymer with the arms joined at the end of B,-blocks. The asymmetry of length
between the two B-blocks is characterized by 7 = f3 /f3. The star copolymer is reduced to (AB); with 7 = 0 in the left panel while it becomes (BA)s
with 7 = 1 in the right panel. (b) Schematics of the candidate ordered phases considered in this work, including five different spherical phases
(FCC, HCP, BCC, AlS, and 6), hexagonal (Cg4) and square (C,) cylindrical phases, regular lamellar (L) and sandwich-like lamellar (L’) phases,
hybrid lamella—sphere (LS) phase, and four continuous phases [double gyroid (G), double diamond (D), Fddd network (O”), and perforated

lamellae (PL)].

B THEORY AND METHOD

We consider a melt consisting of n identical (B,AB,),, star
copolymer chains in a volume of V, each of which is composed
of m B,AB,-triblock arms joined at the end of B,-block. The
total number of segments of each B;AB, arm is N, and the
volume fractions of A- and B-blocks are denoted as f, = f and
f5 (fa +fg=1). The A-/B-segments are assumed to have equal
density p, and segment length b. Thus, the segment numbers
of each B;-, A-, and B,-block are specified as fy N, f,N, and

SN, respectively, with fy + fp = fp. An additional variable, 7
= fp,/fp is introduced to characterize the asymmetry of length

between the two B-blocks. Apparently, the copolymer is
reduced to (AB),, and (BA),, star copolymers when 7 = 0 and
1, respectively (Figure 1).
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For this copolymer melt under the assumption of
incompressibility condition, the free energy functional at
temperature T in the framework of SCFT can be expressed

13
as

=~ Q+ 2 [drNg, ()6y(x) — ()4 o)

nkg
= wy(r)@y(r) — n(0)[1 = ¢, (r) — ¢y(0)1} (1)

where V = nmN/p, and ky is the Boltzmann constant. In eq 1,
¢a(r) and ¢hg(r) are the volume fraction distributions of A-
and B-segments, while w,(r) and wg(r) are their conjugate
mean fields, respectively. The spatial function 7(r) is the
Lagrange multiplier used to enforcing the incompressibility
condition, ¢,(r) + ¢(r) = 1. The constant quantity Q is the
partition function of single chain interacting with the mean
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Figure 2. Phase diagrams at the f—yN plane of (B,AB,); star copolymers with various values of 7: (a) 7 = 0 (i.e,, (AB)s); (b) 7=1/3; (c) =2/3;

(d) 7 = 4/5.

fields w,(r) and wg(r). The SCFT equations associated with
the free energy functional in eq 1 are written as

wy(r) = yNepy(x) + n(r) @)
wy(r) = 2Ny (6) + 1(x) ®)
%@=é[;¢ﬂnmmﬂ “
%m=é[;¢wwwﬁo .
Q== [dra(e, 94 9) ©

Here q(r,s) and q'(r,s) are the propagators of the polymer
chain, satisfying the following modified diffusion equations

aq(l‘; S) 2

A0 Vigfe, ) = wie, Jate, ) o)
6q#(l‘; s) w2t ¥

S _ V(e 9) - wle a5 ) ®

where w(r,s) = wg(r) when s belongs to the K-block (K = A
and B). The initial conditions are q(r,0) = 1 at the free ends,
while q'(r,1) = [g(r,1)]™" at the junction point. In the above
expressions, the radius of gyration of a unperturbed
homopolymer chain with N segments, Rg = Nl/zb/\/g, is
chosen as the unit of spatial length. More detailed information
about SCFT can be found in the literature.'”'* Moreover, a
standard discretization scheme®® of the pseudospectral
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method®” is used in this work to ensure a reliable accuracy
with the calculation of phase boundaries.®”%°

B RESULTS AND DISCUSSION

Apparently, the self-assembly behavior of (B,AB,)s star
copolymers is controlled by three parameters: yN, f, and 7.
In our previous work,'” the phase diagram with respect to f and
7 for a fixed yN has been investigated, where noticeable
stability regions of the C, and FCC phases are identified. In
experiments, the value of yN can be readily tuned by varying
the polymerization degree of the polymer or the temperature
because of the usual relationship of y ~ 1/T." So we will first
construct a series of phase diagrams at the f—yN plane for a
few typical values of 7.

To make the phase diagram as reliable as possible, we have
considered a few unconventional ordered phases besides those
conventional ones (HCP, FCC, BCC, C,, G, 07 and L),
including Frank—Kasper ¢ and A1S spherical phases, square-
array cylindrical phase (C,), sandwich-like lamellar phase (L),
hybrid lamella—sphere phase (LS),"” double diamond phase
(D), and perforated lamellar phase (PL) (Figure 1). Note that
there are two different morphologies of the PL phase differing
in the arrangement of holes in the neighboring perforated
layers, i.e, abab.. and abcabc... sequences.””’’ Matsen has
predicted using the highly accurate spectral method of SCFT
that the two kinds of PL morphologies has very tiny free
energy difference.”” So here we just consider one of the PL
morphologies with the abab... arrangement of the holes.
Similarly, there are abab... and abcabc... layering sequences of
spheres for the LS morphology, and thus we also just consider
the former one in our SCFT calculations. A cubic/rectangular
structural unit for each ordered three-/two-dimensional

DOI: 10.1021/acs.macromol.8b01484
Macromolecules 2018, 51, 9890—9900


http://dx.doi.org/10.1021/acs.macromol.8b01484

Macromolecules

morphology is chosen to calculate the free energy. The free
energy is minimized with respect to the sizes of the cubic/
rectangular box that is put onto a grid lattice for discretization
by a special initialization. To obtain reliable accuracy with the
phase transition points, we choose the grid lattice as 128 X 128
X 64 for the complex Frank—Kasper ¢ phase and 64° for the
other three-dimensional phases, while 64” for the lamellar and
cylindrical phases. Such large grid lattices ensure the grid
spacing smaller than 0.1R. The chain contour is divided with a
step size of As 0.002—0.00S. Moreover, a stringent
convergence criteria is employed for the solving iteration of
the SCFT equations, ie., that the free energy, the volume
fractions (or mean fields), and the incompressibility condition
converge to a computational error less than 107%.

The phase diagrams for 7 = 0, 1/3, 2/3, and 4/S are
presented in Figure 2. Obviously, the four phase diagrams
differ from each other dramatically, in particular, three of
which with 0 < 7 < 1 exhibit very different features. The phase
diagram of (AB); in Figure 2a is similar to that of (AB),
calculated using the spectral method by Matsen.'” As expected,
the star architecture breaks the conformational symmetry
between A- and B-blocks, thus leading to the asymmetric phase
diagram where the phase regions of B-cylinders and B-spheres
are notably expanded in contrast to those with minority A-
domains. However, it is necessary to pay attention to two
teatures. The first feature is that the asymmetry of the phase
diagram does not change significantly when the number of
arms increases from S to 9. The other feature is that the
asymmetry of the phase diagram of (AB),, is less pronounced
than that of the miktoarm star copolymer of AB,.">"*
Specifically, the phase diagram of (AB),, is even less
asymmetric than that of AB,.”' In other words, the
conformational asymmetry induced by the star topology of
(AB),, is smaller than that induced by the B-branching
architecture of AB,,”' The main reason is that the unequal
number of A and B blocks in AB,, leads to highly asymmetric
stretching degrees between them, thus creating a large
tendency of forming spontaneous curvature toward the A-
domain. As a consequence, the overall spherical region with
minority B-dimains in the phase diagram of (AB); is not
expanded large enough for the formation of complex Frank—
Kasper spherical phases that are observed in the phase
diagrams of AB,,.”’

When 7 is increased to 1/3, surprisingly the phase diagram
in Figure 2b becomes more asymmetric than that of 7 = 0. In
contrast, the asymmetry of the phase diagram for 7 = 2/3 in
Figure 2c¢ decreases, while that of 7 = 4/5 in Figure 2d
increases once again. This observation implies more
sophisticated mechanisms besides the effect of conformational
asymmetry. Moreover, the change of the phase diagrams as 7 is
accompanied by the presence of many unusual phase
behaviors. Therefore, we will probe into these sophisticated
mechanisms by examining each unusual phase behavior in
these phase diagrams.

One of the remarkable phase behaviors lies in the stable
phase of A-spheres in the phase diagrams, which changes from
pure BCC in the phase diagram of 7 = 0 to competing BCC/
FCC in that of 7 = 1/3 and pure BCC once again in that of 7 =
2/3 and then to pure FCC in that of 7 = 4/5. Of course, finally
the stable spherical phase transfers from FCC back to BCC
when 7 increases from 4/5 to 1 because the (BAB), star
copolymer is reduced to (BA)s star copolymer at 7 = 1, of
which the phase region of A-spheres is the mirror image of that
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of B-spheres in the Iphase diagram of (AB); in Figure 2a. In our
previous work,"®"” it has been demonstrated that the
adjustable bridge blocks enabled by the effect of combinatorial
entropy of the multiple arms play a critical role in impacting
the transition between the crystalline phases of discrete
domains. However, here the reentrant BCC/FCC transitions
should not be induced by only one sophisticated mechanism.

To demonstrate the reentrant BCC/FCC transitions as 7
increases, we plot their free energies as a function of 7 in Figure
3. There are twice reentries into the FCC phase at 7 = 0.17

0.02 —j v T v T v T v T v T
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Figure 3. (a) Free energy of the FCC spherical phase relative to BCC
as a function of 7 for given yN = 50 and f = 0.15. The inset shows the
free energy comparison between BCC and FCC self-assembled by the
linear B AB, triblock copolymers with the same length and
composition as the triblock arm of the star copolymer for yN = 50.
(b) Interfacial (filled triangles) and entropic contributions (unfilled
triangles) to the free energy of the FCC phase relative to BCC along
the same phase path as that of (a).

-0.07

and 0.73, respectively, for the specific group of parameters yN
= 50 and f = 0.15. In other words, the FCC phase exhibits two
stability regions, which are 0.17 $ 7 $ 036 and 073 S 7 S
0.84, respectively. As a comparison, we also calculate the free
energy of FCC relative to BCC formed in the linear BAB,
triblock copolymers with the same length and composition as
the triblock arm of the star copolymer for yN = 50. In great
contrast, FCC is always less stable than BCC though their free
energy difference exhibits double minima as 7 increases for the
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asymmetric linear triblock copolymer. This observation
indicates that the reentrant BCC/FCC transitions should be
attributed to the star topology of (B,AB,)s.

Matsen has proposed that the FCC (or HCP) phase is
usually less stable than the BCC phase due to the higher
packing frustration. Furthermore, he has argued that the FCC
phase could become stable only when the packing frustration is
relieved by some extra factors, such as a small population of
solubilized diblocks into the matrix at the vicinity of the ODT
boundary or polydispersity.”> This suggests that the FCC
phase in the current star copolymers may be also stabilized by
the reduced packing frustration. As the packing frustration is
closely related to the distribution of each segments, we will
look for the evidence from the distribution of some
characteristic segments.

As discussed before, one of the most important effects
stemming from the star topology is the effect of combinatorial
entropy, i.e., driving the multiple arms to be partitioned into as
many discrete domains as possible.'”>” As a consequence, the
junction points are localized by the partition of these arms in
response to the coordination environment of the spherical
phases. Coupling with the rule of uniformly filling the space,
the distribution of the junction points would have a severe
impact on the distributions of segments, especially for the
segments on the two different B-blocks in the (B,AB,); star
copolymer.

We start from the (AB); star copolymer (7 = 0) to illustrate
the distribution of the junction points. On the basis of the
simple geometrical analysis, we can determine the most
probable locations (MPLs) of the junction points in the
BCC morphology. There are four equivalent MPLs on each
face of the structural unit (Figure 4a,). Note that the MPL is
furthest from the domain center. Specifically, a pair of the
MPLs is on each central line of the square face and separated
by a®“©/4 from the nearest edge, where a®““ is the edge length
of the cubic unit. The multiple arms of each star copolymer
starting from each MPL can be partitioned at the most into
four domains. Thus, the distance from each MPL to the

domain center is 15¢¢ = Js /4a%C ~ 0.56a5°C. Here the
distribution of the junction point is characterized by pjoin(r) =
q(1,0)q"(r,0)/Q.** In Figures 4b; and 4b,, the isosurfaces of
Pioine(r) at pioie = 7 and 7.5 are plotted for the BCC
morphology formed by (AB); with f = 0.1 and yN = 50.

In contrast to BCC, there are two kinds of possible MPLs in
the FCC morphology, which are at the centers of a regular
octahedron and a regular tetrahedron, respectively (Figure 4).
The distances from the two MPLs to their respective domain
center are FC = 0.545°C and l;cc = 3 /4a"C ~ 0.4345¢¢
with a"“C the edge length of the FCC unit, respectively.
Figures 4b; and 4b, demonstrate the distribution of the
junction points in the FCC morphology, suggesting that the
junction point has a higher probability at the center of the
regular octahedron than at the center of the regular
tetrahedron because of the larger number of domains accessed
by the arms. Our SCFT calculations indicate that the spherical
domains in the BCC and FCC morphologies for the same
group of parameters have similar size, leading to apcc
2"3a5cc. Accordingly, we can get the relationship of 5¢¢
0.54a"¢C < PCC ~ 0.56a%°C < FCC ~ 0.63aCC.

For 7 = 0, there is only one type of B-blocks to form the
matrix. In the FCC morphology, the B-blocks extending from
the two different kinds of MPLs to reach the respective A-

Q

Q
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Figure 4. (a) Schematics showing the most probable locations (cyan
dots) of the junction points of the (AB); (z = 0) star copolymers in
the BCC and FCC morphologies, where the minority A-domains are
plotted as the red spheres. In BCC (a,), each face of the structural
unit has four most probable locations, each of which has an equal
distance (I°“) indicated by the black dashed lines to the centers of
four A-domains belonging to an octahedron drawn by the blue solid/
dashed lines. While in FCC, there are two possible most probable
locations, which are located in the centers of a regular octahedron (a,)
and a regular tetrahedron (a;) drawn by the blue solid/dashed lines,
respectively. The distances between the center and the vertices of the
octahedron and the tetrahedron are denoted as E¢ and ECC
respectively. (b,—b,) Isosurface plots of the distribution of the
junction points in the BCC (b, and b,) and FCC (b; and b,)
morphologies for (AB)s (z = 0) with f = 0.1 and N = 50. (c,—c,)
Distributions of the junction points in the BCC and FCC
morphologies for (B,AB,)s with 7 = 0.3, f = 0.15, and yN = S0.
(d,—d,) Distributions of the free B-ends in the BCC and FCC
morphologies for the same systems in (c).

domains experience unequal degrees of stretching, leading to
an extra packing frustration compared with those in the BCC
morphology. Therefore, FCC is usually less stable than BCC,
which is similar to the case in the AB diblock copolymer melt.
When the B-block is divided into B;- and B,-blocks by the A-
block, the two B-blocks could fill different areas of the matrix
in either BCC or FCC and thus could regulate the packing
frustration. In general, as 7 increases, increasing B,-block
extends to further space while shortening B,-block moves away
from the MPLs in Figure 4a. Here we introduce the
distribution of the free B-ends, peq(r) = q(r,1)q"(r,1)/Q, to
characterize the distribution of B-blocks. Specifically, for 0.17
S 7 < 036, the short Bj-block tends to stay around the
spherical domains (Figure 4d), enforcing the junction points to
be more enriched around the MPLs (Figure 4c). However, the
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coordinate environment of FCC favors the redistribution of
the two B-blocks than that of BCC. The main reason lies in
that the short Bj-blocks are enriched in the central region of
the tetrahedra, expelling the junction points to the central
region of the octahedra in the FCC morphology (Figure 4c,d).
On one hand, the localization of the junction points in the
central region of the octahedra benefits the combinatorial
entropy. On the other hand, the local segregation of the two
different B-blocks relieves the packing frustration in the FCC
morphology. On the whole, the local segregation of the two
kinds of B-blocks is unfavored by the entropic contribution to
the free energy but benefits the interfacial energy (Figure 3b).
When the gain of the interfacial energy could compensate the
energy penalty of entropy, the FCC becomes stable over BCC.

When 7 > 0.36, the junction points are driven by the
increasing stretching of the bridging B,-blocks to leave the
central region of the octahedra (e.g, 7 = 0.6 in Figure 5a,b). In

@p) Pjoin=8:5  (a) pjoin=9-4

(bl) pend=6 (bz) pend=6‘2

(1) Pjoint=7

(€3) Pjoinc=8

(d 1) P en(l=6

(dz) pen(l=6'3 (d3) pend=6 (d-t) pend=6‘3

Figure S. Distributions of the junction points and the free B-ends in
the BCC and FCC morphologies for (B,AB,); with f = 0.15 and ¥N =
50: (3, b) 7=0.6; (c,d) z = 08.

other words, the B,- and B,-blocks cannot be favorably
distributed to the tetrahedral and octahedral areas, respectively,
in the FCC morphology. As a result, the extra packing
frustration of the FCC phase is not effectively released, and its
combinatorial entropy from the large accessible domain
number (e.g, 6) of the multiple arms in the octahedral area
is not fully maximized, making it become less stable than the
BCC phase. For a large 7 (e.g,, 7 = 0.8 in Figure Sc,d) or short
B,-blocks, the junction points move to the bonding area
between two neighboring domains to release the high
stretching of the bridging B,-blocks. In the range of 0.73 S 7
< 0.84, the bridging B,-blocks become extremely stretched,
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thus driving the crystalline lattice to transform from BCC to
FCC of lower coordination number (CN). Note that the CN
of FCC is given by the number of the 12 nearest-neighbor
domains (NNDs) of every domain, i.e., CN = 12, while that of
BCC depends on not only 8 NNDs but also the 6 next-nearest-
neighbor domains (NNNDs). By rescaling the contribution of
each NNND by the ratio of the squares of the NND distance
to the NNND distance, i.e. (/3 /2)?, the effective CN of BCC
is estimated, CN = 8 + 3/4 X 6 = 12.5.

Figure 6 indicates that the bridging fraction for either BCC
or FCC phase decreases as 7, and it decreases rapidly in the

10 L) v L) v L) v L) L) v BC'(:
FCC |
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\° ~
S S
N 04 Soo01f,
3 * <
-0.004}
02 -
-0.000 . 2 . .
00 02 04 06 08
0.0 -
' " ' 2 A A L 2 ' " A
0.0 0.2 0.4 0.6 0.8 1.0
T

Figure 6. Comparison of the bridging fraction between the BCC and
FCC phases for yN = 50 and f = 0.1S. The inset shows the difference
of the bridging fractions between the two spherical phases.

range of 0.73 < 7 < 0.84. Although the bridging fractions of the
two phases differ slightly, the difference becomes more
pronounced in 0.73 < 7 < 0.84. The higher bridging fraction
of FCC than BCC makes the former phase more stable. It is
necessary to note that the free energy difference induced by the
effect of stretched bridge block is notably larger than that
induced by the packing frustration release within 0.17 < 7 <
0.36. Smaller domain spacing as well as larger domain size can
be achieved in the crystalline phase of lower CN, benefiting
postponing the disruption of the bridging conﬁgurations and at
the same time favoring the interfacial energy.'” As long as the
bridging configurations of B,-blocks are unavoidably disrupted
for very short B,-blocks such as 7 > 0.84, the FCC phase
becomes less stable than BCC once again. In a word, the
reentrant BCC/FCC transitions are dictated by the change of
the chain configurations governed by the conventional chain
packing rule and additional effect of combinatorial entropy
from the multiple arms.

It is necessary to note that the highly asymmetric phase
diagram of Figure 2b exhibits large regions of cylinder and
sphere. More surprisingly, such large spherical phase region is
solely occupied by the BCC phase (Figure 7). It is well-known
that the expansion of spherical phase region is usually
accompanied by the appearance of complex Frank—Kasper ¢
or AlS spherical phases. It is also known that the complex
crystalline lattice of & or A15 has rounder Wigner—Seitz cells*®
that benefit the packing of large domains with small
deformation and thus favorable interfacial energy.”"”*" This
argument implies that the spherical B-domain in the BCC
phase region with a large volume fraction fg should not be
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Figure 7. Free energies of considered ordered phases relative to that
of the BCC phase for (B,AB,)s with 7 = 1/3 and yN = 50.

large. In other words, the volume fraction of B-domains,
termed f§, is lower than the intrinsic volume fraction of B-
blocks, f. To verify this speculation, we estimate the difference
of Afy = f5 — f&" in Figure 8, indicating notable deviations of

-
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Figure 8. Deviation of the volume fraction of B-domains ff;f from the

intrinsic volume fraction of B-blocks fr, Afs = f — f&, as a function

of f for 7 = 1/3 and yN = S50.

0.70 0.90

f&ff from fp. Note that the effective volume fraction of f& is

calculated with the A/B interfaces at ¢9,(r) = ¢h,(r) = 0.5. Such
considerable deviation is induced by the partial solubilization
of the short B,-cores because of more gain in the configura-
tional entropy but at the low cost of A/B, interfacial energy.
The solubilization effect is observed previously in the self-

assemblies of asymmetric ABA triblock®® and ABAB tetra-
block'”** copolymers, and it attenuates as fp, increases.

In contrast to the large region of the BCC phase in Figure
2b, a considerable region of the o phase as well as a noticeable
window of the A1S phase is observed in the expanded overall
spherical region in the phase diagram of Figure 2d. Our SCFT
calculations reveal that the spherical domains in the Frank—
Kasper ¢ or A1S phase are enlarged in accord with the volume
fraction of B-blocks. Furthermore, the separate density
distributions of B;- and B,-blocks indicate that the enlarged
B-domains are “core—shell” structure where the “core” is
mainly composed of the long B,-blocks while the “shell” is
formed by the short jointed B,-blocks (Figure 9). In other
words, the large B-domains are formed via the local
intramolecular segregation between the two different B-blocks
along the radial direction of the domain, thus stabilizing the
complex Frank—Kasper phases. In our previous work, the
inter/intramolecular segregation between different polymers/
blocks as an important sophisticated mechanism has been
successfully applied to stabilize various unconventional ordered
phases including the Frank—Kasper spherical phases,””” the
Laves phases,” the PL phase,” and the hybrid phases."”

Another remarkable phase behavior lies in the absence of the
gyroid phase with A-network (G,) in the phase diagram of
Figure 2d, which is in obvious contrast to the general phase
sequence of BCC — C4 - G — L observed in the self-
assembly of many AB-type block copolymers."”> The typical
comparison of free energies in Figure 10 indicates that the G,
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Figure 10. Free energies of considered ordered phases relative to that
of the C, phase along the phase path of N = 50 in the phase diagram
of Figure 2d with 7 = 4/5, indicating the absence of the G, phase.

Figure 9. Typical density plots of the ¢ phase indicating the core—shell structure of domains for yN = S0, f = 0.775, and 7 = 0.8. The left panel
shows the total volume fraction of B-blocks, while the middle and right panels show the volume fractions of B;-block and B,-block, respectively.
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phase has considerably higher free energy than the
corresponding C, or L phase or even higher than the PL
phase. Similar results have been reported in the previous study
of the (ABA);-triblock star copolymers by Fredrickson’s
group.”® They observed that the phase region of Gy is
vanishingly narrow at 7 & 0.93 in the fy—7 phase diagram of
the (ABA), star copolymers. We speculate that the complete
vanishing of the G, phase in the phase diagram of 7 = 4/5
should be resulted in by the highly stretched bridging B,-
blocks which originates from the effect of combinatorial
entropy of the multiple arms. In the morphologies of discrete
domains, the high stretching could be further released by
lowering the coordination number of the crystallline lattice of
the discrete domains, such as changing C4 to C,. However, this
kind of transition cannot occur in the fixed coordinate
environment of G, which makes the G, phase be less
favorable.

In addition to the unusual phase behaviors discussed above,
the change of the phase region of O”° as 7 varies is also very
interesting. For example, in the side of the phase diagram of
Figure 2b where A is the minority component, the phase
region of O”° is significantly enlarged, especially largely
extended toward the strong segregation region. Such a large
region of O”° facilitates its observation in experiments. In fact,
this phenomenon has also been observed in other highly
asymmetric phase diagrams of AB-type block copolymers, such
as in the phase diagrams of AB, miktoarm star copolymers."
More surprisingly, no stability region of O is predicted in
either side of the phase diagrams of Figure 2¢,d. In particular,
the absence of O in either side of the highly asymmetric
phase diagram of Figure 2d is very unusual and is in great
contrast to the enlarged region of O”” in Figure 2b. The typical
free energy comparison for yN = 18 is presented in Figure 11.
However, we do not have an explanation for the unusual phase
behavior of the O phase.
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- |
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~
% ——C, —L \ ]
0.025F ——c, ——o" ]
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f

Figure 11. Free energies of considered ordered phases relative to that
of the L phase along the phase path of yN = 18 in the phase diagram
of Figure 2d with 7 = 4/S, indicating the absence of the o7 phase.

To obtain more direct understanding on the influence of 7
on the phase behavior of the (B;AB,); star copolymers, we
construct the phase diagram at the f—7 plane for fixed yN = 50
in Figure 12. This phase diagram is similar to but also
noticeably different from that of (ABA),.”> On the one hand,
those unusual phase behaviors summarized from Figure 2 are
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Figure 12. Phase diagram at the f—7 plane of (B,AB,)
copolymers with yN = S0.

star

more clearly exhibited, such as the reentrant BCC/FCC
transitions indicated by the presence of two FCC regions and
the disappearance of the G, phase indicated by the C,/L phase
boundary. On the other hand, more interesting ordered phases
are predicted, i.e.,, the sandwich-like lamellar (L") and hybrid
lamella—sphere (LS) morphologies. The formation mechanism
of the two ordered phases is similar to that in our previous
ABAB tetrablock copolymers."’

B CONCLUSIONS

In summary, the phase diagrams of (B;AB,); star copolymers
at the f—yN plane for various values of 7 = f3 /f5 have been

constructed using the self-consistent field theory. Many
unusual self-assembly behaviors have been observed in these
phase diagrams with 0 < 7 < 1, suggesting that 7 is an
important control parameter for the phase behavior of
(B,AB,); star copolymers. These unusual phase behaviors
occur with different ordered phases including the spherical,
cylindrical, and network (G and O”°) phases. For the spherical
phases, interesting features are observed with either A-minority
or B-minority side of the phase diagram. At the A-minority
side, interesting reentrant BCC/FCC transitions, i.e, BCC —
FCC— BCC — FCC — BCC, are observed as 7 increases.
While at the opposite side, the overall phase region of spheres
experiences a very surprising change, i.e., that those at 7= 1/3
and at 7 = 4/5 are considerably wider than those at 7=0and 7
= 2/3. The overall spherical region at 7 = 1/3 is expanded by
the reduced effective volume fraction of B-blocks due to the
solubilization of the short tail B;-blocks into A-matrix, and thus
the spherical domain is not significantly enlarged. In contrast,
the expansion of the spherical region at 7 = 4/5 originates from
the local segregation between the core B,-blocks and the tail
B,-blocks along the radial direction of each domain, leading to
the enlarged core—shell domains. As a consequence, the
Frank—Kasper phases become stable in the side of the phase
diagram for 7 = 4/5 where B is the minority component.
Another very surprising result lies in the absence of the
gyroid phase composed of A-network (e.g., G,) in the phase
diagram of 7 = 4/5, which is rarely observed with the phase
diagrams of AB-type block copolymers. It is also interesting to
note that the phase region of Gy is largely expanded, thus
facilitating its fabrication in experiments. It is speculated that
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this unusual behavior may be induced by the highly stretched
bridging B,-blocks. In addition, unusual behaviors are also
observed with the O7° phase,”” i.e., exhibiting highly expanded
region with A-minority in the phase diagram at 7 = 1/3 or even
no stability region in the whole phase diagrams at 7 = 2/3 and
7 = 4/5. In brief, the self-assembly of (B,;AB,), star copolymers
with tunable parameter 7 = fj /fp exhibits many remarkable

unusual behaviors and thus may be worth being studied by
further experiments. Consider that the star copolymer is not
difficult to be synthesized, our phase diagrams would provide
useful guides for experiments to verify these unusual phase
behaviors.
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