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ABSTRACT: The phase behavior of binary blends composed of BABCB-type pentablock terpolymers and ABC-type triblock
copolymers is investigated using the self-consistent field theory in the grand canonical ensemble. Specifically, the study is focused
on how the simpler copolymers regulate the phase behavior of two sphere-forming multiblock copolymers of the type B,AB,CB;
and AB,CB;. For certain compositions, these two multiblock copolymers self-assemble to form mesocrystalline phases composed
of binary A and C spheres with the ZnS¢ and ReOj structures, respectively. It is discovered that the addition of symmetric ABC
triblocks or AB diblocks to the two multiblock copolymers leads to the formation of different binary crystalline phases including
symmetric binary crystalline phase of NaCl type for the A/C-component symmetric blends and asymmetric Cu,O, Snl,, TiO,,
and CaF, phases for the A/C-component asymmetric blends. In particular, the binary mesocrystals of the Cu,O and Snl,
structures observed in the blends of the tail-symmetric B;AB,CB, terpolymers and the AB diblock copolymers are new stable
phases which have not been observed in the B,AB,CBj; terpolymers melts. The theoretical results demonstrate that blending of
block copolymers with specially designed multiblock terpolymers could provide an efficient route to fabricate binary

mesocrystals.

B INTRODUCTION

Self-assembly of block copolymers, which are macromolecules
composed of two or more chemically distinct polymer chains
covalently jointed together by their ends, has attracted
tremendous research attention due to their ability to form
very rich nanostructured ordered microphases.'”* The
symmetry and stability of these ordered phases are determined
by the molecular properties of the block copolymers and the
interactions between the different blocks. For AB diblock
copolymer, which is the simplest block copolymer, its phase
behavior is largely dictated by two parameters, i.e., the volume
fraction of the A block f and the immiscibility degree
characterized by the product yN, where N is the total number
of statistical segments of the polymer and y is the Flory—
Huggins interaction parameter characterizing the AB integra-
tion. It is amazing that even the simple AB diblock copolymer
can self-assemble into a number of ordered phases including
lamella, cylinder, bicontinuous network (gyroid and Fddd), and
sphere.> "% The ordered phases from block copolymers have
unique properties enabling distinct applications in various
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fields. For example, the lamellae, hexagonally packed cylinders,
and double-gyroid structures self-assembled from high-molec-
ular-weight block copolymers could be used to design one-
dimensional (1D),"' 2D,'* and 3D" photonic crystals. As
another example, due to its unique bicontinuous feature, the
double-gyroid structure provides an appealing candidate for
applications that require bicontinuous nanochannels to
facilitate transport phenomena, such as catalysis tem?late,
polymer solar cells, and nanoporous membranes.'*™'¢
Furthermore, one of the most promising applications of block
copolymers is in the development of patterning techniques
utilizing directed self-assembly (DSA) of block copolymers.
The DSA method combines the advantages of traditional
lithographic techniques and the self-assembling ability of block
copolymers on the length scale of 5—100 nm. This new
bottom-up patterning method of DSA with high-resolution and
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high-throughput at a low cost has been successfully applied to
fabricate defect-free geometrically simple patterns, i.e.,, cylinders
(dots)"” or lamellae (stripes),'® for both fundamental research
interest and practical application in the fabrication of high-
density storage media and other devices.'”*° Moreover, DSA
has also been used to fabricate some device-orientated irre§ular
structures targeting the manufacture of integrated circuits.”' >

Among the various ordered phases self-assembled by block
copolymers, the spherical phases, in which spherical micro-
domains are arranged on crystalline lattices, are particularly
interesting because they represent mesoscopic analogues of
atomic crystals, e.g, metallic alloy crystals and ionic crystals
with exceptional mechanical, electronic, and optical properties.
First of all, the self-assembly of sphere-forming block
copolymers provides a route for the fabrication of crystalline
structures with a feature size of nanometers that can be readily
tuned by the molecular weight of block copolymers. These
mesocrystals could satisfy a wide range of application needs,
such as lithographic templates of high-density magnetic storage
media, guantum dots, photonic crystals, and catalysis
scaffolds.”*™*” These crystalline structures of spherical phases
bridge the gap of feature sizes between the hard atomic crystals
and soft mesocrystals self-assembled by spherical colloids with
purposely tailored steric interaction potential. Furthermore, the
spherical phases offer an ideal model system for the study of the
packing of soft spheres on various crystalline lattices, which is a
research topic attracting long-lasting interest.** ¢ The packing
of spherical domains self-assembled by block copolymers is
similar to, but also with significant differences from, two well-
known packing problems, ie., the purely entropy-dominated
hard spheres and the interface-optimized equal-sized bubbles
(i.e, Kelvin problem), which have been commonly accepted to
adopt the crystalline lattices of hexagonal close packing (hcp)
and AlS, respectively.””*® For instance, the stable spherical
phase formed by simple asymmetric diblock copolymers with
uniform conformational parameter (or segment size) is the
body-centered-cubic (bcc) phase except for the hep phase in a
tiny region at the extreme vicinity of the order—disorder
transition (ODT).7

Compared with atomic crystals, an apparent disadvantage of
the self-assembled spherical phases from block copolymers is
that only a very limited types of crystalline lattices have been be
observed. Extending the repository of spherical phases self-
assembled from block copolymers using specifically designed
chain architectures is a fascinating but also challenging problem.
On the one hand, the vast library of block copolymer
architectures offers unparalleled opportunities for tailoring the
self-assembly of block copolymers into various spherical phases.
On the other hand, the complexity of the system makes the
searching of possible phases formed from multiblock
copolymers a formidable task.’® To this end, experimental
and theoretical studies have resulted in a few useful design
principles which have been validated for the formation of
desired spherical phases. For example, for single-component
crystalline structures, i.e., the spherical domains formed by the
minority component of AB-type block copolymers, the
conformational asymmetry, controlled by the size ratio of
distinct segments of AB diblock copolymers or by branching
the blocks of the major component forming AB,, miktoarm
block copolymers, can be used to tune the stable spherical
phase from the classical bcc phase to the complex Frank—
Kasper o-phase and the A15 phase.”'®*™* In addition, the
complex o-phase has also been observed in the self-assembly of
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SISO tetrablock terpolymers by the research group of
Bates.**** In another example, one more component is
introduced to form three component ABC-type multiblock
terpolymers where the two minor components of A and C form
spherical domains dispersed in the B-formed matrix and
arranged on a binary crystalline lattice. For this system a design
principle has been recently proposed, in which the architectures
of linear multiblock terpolymers is used to regulate the
formation of a large multitude of binary crystalline structures
which resemble the symmetries and structures of binary ionic
crystals.* This design principle can be readily generalized to
other topologies of architectures and also to those of
tetrapolymers for the formation of ternary crystalline structures.
In addition, different design principles can be combined to
build up new principles that can lead to the formation of richer
spherical phases. These compelling examples demonstrate that
designed multiblock copolymers could be used to fabricate rich
crystalline structures on the mesoscale.

The basic idea of using multiblock terpolymers for the
formation of various binary crystalline phases is to control the
packing of spherical domains formed by the two minority (A
and C) components by tailoring the majority (B) blocks.* For
instance, with a tail-symmetric pentablock copolymer of the
type B,AB,CB, A and C spherical domains are formed for the
minority A and C blocks with equal lengths. The packing of the
A and C spheres to a lattice, which is dictated by the effective
bond length or the coordination number (CN), is then tuned by
the relative length of the middle B, block while keeping the
total B (= B, + B, + B;) volume fraction constant. As the length
of the middle B, block decreases, the binary crystalline phase
transforms from the CsCl-type lattice to crystals with the NaCl,
ZnS sphalerite (ZnSc), and @-BN structures. Among this
transition sequence, the CN decreases from 8 to 6, 4, and 3.
When the two tail B blocks become unequal, the asymmetry
due to the block copolymer leads to the formation of
asymmetric binary crystalline phases, ie., A and C spheres
having unequal CNs. When the block copolymer architecture
changes from the tail-symmetric type of B,AB,CB; to the
completely tail-asymmetric type of AB,CBj;, various binary
crystalline phases with unequal CNs are formed. From the
point of view of fabricating rich binary mesoscale crystals,
multiblock terpolymers with different architectures provide a
robust platform. However, from a practical point of view, it is
technically difficult and expensive in experiments to precisely
control the composition and sequence of multiblock terpol-
ymers. An alternative route to synthesizing new block
copolymers is to use block copolymer blends and thus to
tailor the equilibrium structures by regulating the concentration
of one or more species.

In the literature, blending block copolymers or homopol-
ymers together is a widely used method to design new
polymeric materials for specific purposes. The simplest
blending system is the binary mixture of AB diblock copolymer
with A or B homopolymer. Many experimental**~*’ and
theoretical’®™>* studies have led to a comprehensive under-
standing on the phase behavior of AB/A blends. It has been
known that the addition of homopolymers can facilitate
stabilizing new phases, such as the metastable phases of
perforated lamellae (PL) and double diamond (DD) in pure
diblock copolymers.***"** The addition of homopolymers
becomes more useful to regulate the effective compositions for
stabilizing desired structures in multicomponent polymeric
systems, e.g, ABC linear”*** or star™®™*® triblock terpolymers.
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A number of interesting ordered structures have been obtained
by blending ABC triblock terpolymers with their constitutive
homopolymers.**>* Besides adding homopolymers into block
copolymers, blending two or more block copolymers with
distinct molecular weights or compositions is another useful
scheme to design block copolymer samples for the formation of
desired morphologies.*”*® For instance, the intriguing knitting
pattern (KP) morphology was observed in the mixture of two
PS—PB—PMMA triblock terpolymers with different lengths of
the middle block by Abetz et al.*’ In addition to new ordered
structures, blending has been applied to stabilize device-
orientated irregular aperiodic structures.”"®!

In this work, we focus on exploring the phase behavior of
various binary mixtures composed of BABCB-type multiblock
terpolymer and AB-type diblock or ABC-type triblock
copolymer aiming to the fabrication of distinct binary
crystalline phases by tuning the concentration of one specific
polymer as well as the composition of the simpler block
copolymers. Specifically, two linear multiblock terpolymers of
the B,AB,CB; type and the AB,CB; type are chosen. In the
melt state, these two multiblock copolymers assume a binary
crystalline phase with low CN or average CN (CN), e.g. ZnS
or ReQj structures. On the other hand, it is well-known that the
diblock or triblock copolymers usually self-assemble into
spherical phases with relative high CN or even nonspherical
phases. In a binary mixture composed of the multiblock
copolymers and diblock or triblock copolymers, as the
concentration of the multiblock terpolymer decreases, a phase
transition sequence from the crystalline phase of a low CN to
that of a high CN must pass through some crystalline phases
with intermediate values of CN, thus providing opportunities
for new mesocrystals. In other words, blending of two distinct
block copolymers could form new crystalline structures beyond
those self-assembled in their respective pure melts.

For a blending system, the phase behavior depends on many
parameters, including the concentration of the different species
as well as the compositions and interaction parameters of the
different blocks. Exploring this large parameter space presents
an extremely challenging problem. To this end, theoretical
studies could be used to obtain useful insights and guiding
principles for the search of complex phases. Note that it is
difficult for practical experiments to obtain the morphologies
predicted by theoretical calculations in a limited parameter
space subject to a highly restricted set of other parameters
which cannot be readily targeted at in experiments. However,
the understanding on the self-assembling mechanism of
complex block copolymer systems and the guiding principle
of designing block copolymer materials for targeted structures
developed via theoretical calculations are particularly helpful for
experiments to obtain interesting structures.

In our study we use the well-developed self-consistent field
theory (SCFT)>**® of polymers to investigate the phase
behavior of the block copolymer blends. The SCFT is one of
the most successful theoretical methods in the study of block
copolymer self-assembly. In particular, it provides an efficient
method to determine the phase behavior of polymeric systems
because SCFT can be used to compute the free energy of
different phases accurately. One obvious weakness of SCFT is
neglecting fluctuation effects, which can result in some
inaccuracy with the determination of the phase behaviors of
real block copolymers.** Fortunately, except for the region near
the order—disorder transitions, the inaccuracy of SCFT can be
safely ignored for polymers with reasonably high molecular
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weights. Specifically, the pseudospectral method, which solves
the SCFT equations by taking advantage of the high efficiency
of fast Fourier transformation (FFT), has widely used to
explore the J)hase behavior of various complex block
copolymers.'”®>%® To consider possible macrophase separa-
tions in the blending system, we employ the pseudospectral
method of SCFT formulated in a grand canonical ensemble to
construct the phase diagram of the binary block copolymer
blends, aiming to identify the stability regions of distinct
crystalline phases as well as their coexisting phase regions.
Three typical types of blending systems are considered. The
first one is the blend of tail-symmetric pentablock terpolymer
B,AB,CB, and symmetric ABC triblock terpolymer, with which
a phase transition sequence, from the binary crystalline phase of
ZnS formed by the pure pentablocks to a new phase of NaCl,
and then to CsCl that is stable in the pure triblocks, is expected.
In the second blend, the symmetric ABC triblock terpolymer is
replaced by an asymmetric AB diblock copolymer, where new
binary crystalline phases with unequal CNs are expected to be
induced by the A/C-component asymmetry. The third sample
is composed of the completely tail-asymmetric tetrablock
terpolymer AB,CB; and the symmetrical ABC triblock
terpolymer, in which a phase sequence from the binary
crystalline phase with unequal CNs to CsCl with equal CN
going through various intermediate phases is explored.

B THEORY AND METHOD

We consider a generic binary blend of pentablock terpolymer
B,AB,CB; and ABC triblock terpolymer. Changing the volume
fractions of the different blocks leads to the generation of the
three binary blends under consideration. For example, the other
two blends, of the pentablock terpolymer B,AB,CB; and AB
diblock copolymer, could be obtained by reducing the length of
the C block in ABC to be zero and of the tetrablock terpolymer
AB,CB; and ABC triblock terpolymer by reducing the length of
the B, block in B,AB,CB; to be zero. The blend of a volume V
consists of n, B;AB,CB; terpolymers of total statistical
segments N and n, ABC terpolymers of yN segments, where
7 quantifies the length ratio of the two polymer chains. All
polymer chains in the blend are assumed to be incompressible
and to have a fixed uniform monomer density p, and a uniform
statistical segment length b. The compositions (or volume
fractions) of the two terpolymers are characterized by two
groups of volume fractions f{ and f@ with fi) + ) + f& = 1
(i =1, 2), respectively. For the pentablock terpolymer, the three
B blocks are specified by f§", £, and f{ (f§) + f{) + fi) =
), respectively. The immiscibility degrees of the three-
component blend are given by three interaction parameters,
XasN, xcN, and yacN.

The standard SCFT formulation for block cog)olymers in the
canonical>*”%*% or grand canonical®**”%® ensemble is
described in the literatures. In what follows we reformulate
the theory for the binary blending system in the grand
canonical ensemble. Note that the numbers of chains, n; and n,,
of the two polymers in the grand canonical ensemble are not
fixed, and instead, they are regulated by their chemical
potentials, £, and u,, respectively. Under the incompressibility
condition, only one of the two chemical potentials is an
independent variable. Without loss of generality, we choose the
controlling parameter as y, while setting y; = 0. The free
energy of the Gaussian chain model under the mean-field
approximation in the unit of thermal energy kyT, where kg is
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the Boltzmann constant and T is a given temperature, can be
expressed as

NF
poksT =-Q, —2z,Q,+ / dr{y, N, (1) (x) + 1, Nep, (r)h(x)
+ 2 NR(D)¢c(r) = wa (1) () — wi(r)¢py(r)

= we()ge(r)—n(r)[1 = ¢, (r) — ¢y(r)

where z, = exp(u,/kyT)is the activity, and ¢i(r) (K = A, B, and
C) are the monomer densities whose periodic distributions
characterize the ordered phase. The field function #(r) is a
Lagrange multiplier used to enforce the incompressibility
conditions, ¢A(r) + ¢p(r) + Pc(r) = 1. The two quantities Q,
and Q, are the single chain partition functions of the two types
of terpolymers interacting with the mean fields of wi(r) (K = A,
B, and C), which are produced by surrounding chains and are
given by

Q= /dr q,(x, s)q{r(l‘; s) ()

- ¢C(r)J} (1)

Q, = /dr q,(r, s)q;(ry s) (3)

Here q(r,s) and q/(r,s) (i = 1 and 2) are the end-segment
distributions for the two types of polymers, satisfying the
following modified diffusion equations

dq,(r, s)
% ql(r, s) — w(r, s)ql(r, ) 4)
0 )
WD i) = wle 9509 ©
0 2(1‘, )
% Vi, (r, s) — w(r, s)q,(x, 5) (6)
K f(r, ) T
‘12 r = V2q/(x, s) — w(r, 5)g, (x, 5) )

where w(r,;s) = wi(r) when s belongs to the K-component
blocks along the polymer chains. The above expressions imply
that R, = N'2b/4/6 is chosen as the length unit, and s € [0, 1]
for the terpolymer B;AB,CB; while s € [0, y] for the other
terpolymer. The initial conditions of the propagator functions
are ‘h(r)o) = Qz(l'yo) =1 q-{(rll) = 1, and qZ(er) =
Minimization of the free energy with respect to the monomer
densities and the mean fields leads to the following SCFT
equations

wy(r) = fp Ny (r) + 1, N (x) + n(r) (8)

WB(r) = )(ABNQSA(I‘) + XBCN¢C(1‘) + 77(1‘) (9)

we(r) = 1, N (r) + s Nepy(r) + n(r) (10)
f(l) (1) (2)

h(x) = / o s e g ) 2 [ s

X q,(x, 5)q, (r, 5) a1)

f(l) féi) (1) f}ilz)

¢y(r) = [) " ds q,(x, s)qlT(r, s) + / ds

S+

1
X g 9409+ [ gl 9a(e 9

f(2)+f(2)
A B T
+ ZZ}/ ff) dS qz(r) S)qz (r! S) (12)
1)
$e(r) = / (1)‘ o ds,(r, S)ql (r,s) + zz}’/ o
Bs
X q(r, )4/ (x, 9 1)

The SCFT equations can be solved numerically using a
standard iteration scheme. Here we employ the pseudospectral
method®”® to solve the modified diffusion equatlons and
implement the Anderson mixing iteration scheme’' to
accelerate the converging speed toward SCFT solutions. It
has been shown that the pseudospectral method can give
reliable accuracy of the free energy for fine grid spacing and
step size of the contour length,”* especially with the fourth-
order algorithm. 737% In addition, it has been verified that the
second-order one is also able to accurately identify the phase
transitions in weak or intermediate segregatlon which is
dependent on the relative values of free energy.”* The binary
blend is placed in a rectangular box with periodic boundary
conditions in the three directions. The grid spacing is chosen to
be smaller than 0.1R,, and the discrete step of the chain
contours is set up as As = 0.005. Although the calculations are
performed in the grand canonical ensemble, we present our
results in terms of the canonical variable ¢;, where ¢, is the
spatial average concentration of the multiblock terpolymer in
the blend. ¢, is conjugated to z, and y and can be calculated by

¢1 = Ql =10 - ZZsz (14)

B RESULTS AND DISCUSSION

Compared with two-component block copolymer systems, the
parameter space of the three-component block copolymer
systems is much larger. Even with the assumption of uniform
monomer sizes, there are at least five free parameters, including
three interaction parameters ){ijN @i, j = A B, C) and two
independent volume fractions. In the current binary blend of
the multiblock terpolymer B,AB,CB; and the ABC triblock
terpolymer, a few additional parameters are required to specify
the system, ie., the length ratio y between the two types of
terpolymers, the concentration ¢b; and the compositions (e.g.,
f](;,) and f](;j) of different B blocks of the B;AB,CB; terpolymer.

To focus on the effects of the addition of simpler block
copolymers on the phase behaviors of the tail symmetric or
asymmetric multiblock terpolymer B,AB,CB; or AB,CB;, we
first fix all characteristic parameters of the multiblock
terpolymer including interaction parameters of %N XasN =
X8cN = yacN = 80 and compositions of 0.11 and
£V = £ = 0.34 for B;AB,CB; and f{) = f<1> = 0 09 and f§) =
0.20 for AB,CB;. With these fixed parameters, the pure melts of
the two multiblock terpolymers self-assemble into the binary
ZnS: and ReO; phases, respectively. Then we vary the
concentration of the multiblock terpolymer ¢, and the
composition or the length ratio of the AB diblock or ABC
triblock copolymer to examine the two-dimensional cross
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section of the full multidimensional phase diagram. Further-
more, the construction of the phase diagrams is carried out by
comparing the free energy of various candidate phases of the
system. In our SCFT calculation, the candidate phases are
shown in Figure 1.

Y

CsCl NaCl TiO,
6 —9 e:‘j::aﬁ
\‘ ® o‘ “
“/0 0.;9%:%,
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Figure 1. Plots of the candidate 2D and 3D phases considered in this
work, where A and C domains in the 2D and 3D plots are indicated by
red and blue colors, respectively, while the B domain is not shown in
3D or indicated by green color in 2D.

For the first blend composed of tail-symmetric pentablocks,
B,AB,CB,, and symmetric ABC triblocks with a fixed length
ratio y = 0.5, the 2D cross section of the phase diagram with
respect to the volume fraction £ = f&) of the two end blocks
of the ABC triblocks and the concentration of the pentablocks
¢, is present in Figure 2. In the pure B,AB,CB, terpolymers
with fixed f&l) =W =0.11 and varying lengths of B blocks, the
stable binary spherical phase is CsCl when the two tail B blocks
are short. As the middle B, block is decreased, the B, block
becomes stretched if the CsCl phase is maintained, thus
inducing the A—C sphere distance l,c to be shortened
accompanied by shrinking the A—C spheres because of the

1.0 T T T T

0.8F

G

A,

0.14 0.18 0.20

0.16f(2)
A

Figure 2. Phase diagram of the blend consisting of given tail-
symmetric pentablock terplymers B,AB,CB; of i = f&) = 0.11 and
f](gll) = f](313> = 0.34 and symmetric ABC triblock terpolymers with varying
composition, with respect to the volume fraction of the A or C block
in ABC,ff\Z) =@ and the concentration of B,AB,CB;, ¢,. The length
ratio between the two terpolymers is fixed as y = 0.5, and the
interaction parameters are chosen as y,3N = ycN = yacN = YN = 80.
Here the filled circles indicate the phase transition points determined
by our SCFT calculations (red circles indicate these phase transition
points in the pure ABC terpolymers), and the solid lines are a guide
for the eyes. The label of 2-phase denotes the coexistent region of two
neighboring phases.
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volume conservation. In return, the size reduction of the A—C
spheres raises the A/B and B/C interfacial energy. As 1(312) is
decreased continuously, the penalty of the interfacial energy
becomes more severe. As a consequence, the highly stretched
B, block and the increased interfacial energy lead to a phase
transition, i.e,, CsCl with CN = 8 transforming into NaCl with a
lower CN = 6 because smaller distance I5¢ or larger spherical
size 1, is permitted in the crystal lattice with a lower CN. In
other words, in the crystal lattice with a lower CN, either the
stretching energy of the B, block is released or the interfacial

energy is lowered. When fglj is decreased further, e.g, fg) <

0.12, the stable phase transfers from NaCl with CN = 6 to ZnS¢
with CN = 4.*

At the limit of ¢, = 1, the stable phase is the ZnS, phase, i.e.,
the equilibrium crystalline phase formed by the pure B,AB,CB,
terpolymers with f{) = f) = 0.11 and 5 (" =f](313) = 0.34. At the
other limit of ¢, = 0, the pure ABC triblock terpolymers with
varying volume fractions 0.14 < f2) < 020 form a phase
transition sequence from the binary CsCl crystalline phase to
the tetragonal cylinder phase (denoted as C,) and then to the
alternative gyroid phase (denoted as G,). This phase sequence
is consistent with the SCFT results of yN = 40 (the effective yN
= 80 when considering the effect of the length ratio y = 0.5) by
Matsen.”® The A—C sphere distance in ZnS¢ formed by the
B,AB,CB, terpolymer, [;c = 1.63R,, is significantly smaller than
that of CsCl formed by the ABC terpolymer, e.g, lyc = 2.22R,
for ) = 0.14. When the ABC terpolymer is added into the
B,AB,CB, terpolymer, the free energy penalty arising from the
high stretching of the B, block or the increased interfacial
energy is weakened. As the free energy penalty is reduced, the
system tends to transfer into a new crystalline phase with a
higher CN that benefits the interfacial energy in the case where
the size of the A—C spheres is not significantly decreased to
release the highly stretched B, block. As a candidate structure
with a higher CN, the NaCl phase with CN = 6 that is
intermediate between ZnS: and CsCl. The SCFT predicts a
considerable stable region of NaCl structure below the ZnS in
the phase diagram of Figure 2. The stable region of NaCl
extends to a wide range of £ to f&) > 0.20 where the stable
phase of the pure ABC terpolymers transforms from sphere to
cylinder and then to gyroid, but it becomes narrow when f)
increases because lower content of the ABC terpolymers is
allowed to maintain the low volume fractions of the A and C
components for the formation of the A and C spherical
domains. When ¢, is decreased further, the CsCl phase exhibits
a stable region at the left side of the phase diagram. In contrast,
the extension of the CsCl phase region into the direction of
increasing £ is much less than that of NaCl because at the
right side high content of the ABC terpolymers make their
nonspherical bulk phases more favorable in the blend. At the
right side, the coexistent phase regions between the non-
spherical phases, or between the nonspherical phase and the
spherical phases, are also predicted. In brief, the presence of a
considerable stability region of NaCl in this phase diagram
suggests that the addition of simpler block copolymers into a
multiblock terpolymer, e.g. ABC terpolymer, is a valid approach
to make new crystalline phases beyond the bulk phase.

The length ratio y is another crucial parameter controlling
the phase behaviors in the above blend. In order to examine the
effect of y on the phase behavior of the blends, we fix the
volume fractions of the ABC terpolymers as f2) = f&) = 0.14
and construct the phase diagram in the plane specified by y and
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¢,. In the phase diagram shown in Figure 3, the most important
feature is that there is a noticeable phase region of NaCl in the

1.0 T T T T

0.8F

Figure 3. Phase diagram of the similar blend as that in Figure 2 but the
controlling compositional parameter is replaced by the length ratio y
for Y = f&) = 0.14.

central area of the phase diagram when y > 0.4, and this phase
region is narrowing fast when y increases to be larger than 0.6.
Indeed, the effective immiscibility of the pure ABC terpolymers
is dictated by yyN. With fixed fZ) = ) = 0.14, the bulk phase
goes through the disordered phase (D) to CsCl at y = 0.436
and then to the tetragonal cylinder phase (C,) at y = 0.504
when increasing y from 0.3 to 1. At the region of y < 0.365, the
phase in the blend transforms from ZnS¢ to the disordered
phase with a coexistent phase region between them, and only
when y > 0.365, the NaCl phase starts to appear between ZnS
and D or CsCl, as lowering the concentration of the pentablock
terpolymer. However, as the length of the ABC terpolymers
increasing, the domain periods as well as the domain sizes
increases. As the incommensurate degree of the domain period
or sizes is enlarged, the macrophase separation forming
coexistent regions of two adjacent phases becomes more
dominant. As a result, the expanding coexistent regions
compress the microphase region of NaClL

In the case considered above, both the block copolymers
have symmetric A/C components. As a result of this symmetry,
only symmetric binary crystalline phases are observed.
Intuitively, an intrinsic asymmetry of the polymer architectures
provides a possible way to generate asymmetric binary phases.
This asymmetry could be introduced to either of the two
terpolymers. To this end, we replace the symmetric ABC
terpolymer by an AB diblock copolymer. For the tail-symmetric
pentablock terpolymer B,AB,CB;, the AB diblock copolymer
with any composition is asymmetric from the point of view of
the A/C components. The phase diagram of the blend in the
ffﬂz)—c/h plane for y = 0.5, where ffz) indicates the volume
fraction of the A block of the diblock copolymer, is shown in
Figure 4. For the asymmetric system, there are more candidate
binary crystalline phases because of the variation of average
value and asymmetry of CNs (some of them are listed in Figure
1). First we compare the free energy of as many candidate
phases as possible in the canonical ensemble to screen out the
more likely SCFT solutions in the grand canonical ensemble. A
typical free energy comparison for a specific blend composed of
the multiblock terpolymer and the AB diblock copolymer with
a given volume fraction fY=0.16is given in Figure S, where 10
binary spherical phases plus two single spherical phases are
considered. In the canonical ensemble, the stable phase
sequence for increasing ¢, is bec, Snl, with the space group
I42m and CNs = (4, 1) (CN = 8/5), Cu,O with the space
group Pn3m and CNs = (4, 2) (CN = 8/3), and ZnS: with
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Figure 4. Phase diagram in the f¥—¢, plane for the binary blend of
given tail-symmetric B;AB,CB; terpolymers with =79 =011 and
fl(gll) = f&) = 0.34, and AB diblock copolymers, for a fixed length ratio y
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Figure S. Free energy comparison of candidate phases for the similar
blend as that in Figure 4 but with a given fﬁ\z ) = 0.16.

equal CN = 4. Apparently, the average value of CNs of the
three binary phases in this phase sequence increases gradually
as increasing the concentration of the pentablock terpolymers.
It is surprising that the two binary phases with unequal CNs are
not observed as stable in pure tail-asymmetric B;AB,CB,
terpolymers.” This implies that blending the specially designed
multiblock terpolymers with simpler block copolymers provides
a feasible way to fabricate new crystalline phases beyond those
formed by the pure multiblock terpolymers.

In Figure 4, two new binary crystalline phase Cu,O and Snl,
are predicted as stable phases. Compared with the lattice of
ZnS¢, the C spheres (blue) with higher CN in Cu,O are
arranged on the bcc lattice instead of the face centered cubic
(fcc) lattice, while A spheres are placed at the similar quarter
position on the diagonals. Moreover, Cu,O has lower unequal
CNs. As a consequence, the B blocks in Cu,O are more
nonuniformly stretched than in ZnSc, especially around the
center of each face of the cubic unit. The majority B blocks of
the AB diblock copolymers can freely reach these further space
because they are significantly longer than the tail B blocks of
the B;AB,CB; terpolymers, for example, }/f](;Z)N = 042N for y =
0.5 and f<2) = 0.16 is longer than f](;‘)N :f&)N = 0.34N. Thus,

their addition favors stabilizing the new binary phase Cu,0O. In
Figure 6, the aggregation of the B blocks of AB for f¥) = 0.16
and y = 0.5 is demonstrated by its isosurface plots. As
increasing 12 or reducing £, the ability of stabilizing Cu,O of
the AB diblock copolymers is weakened, and thereby the
stability region of Cu,O is invaded by that of ZnSc. In addition,
as entering the cylinder phase region of AB, the mismatch of
domain shapes increases the tendency of macrophase
separations that also narrows the Cu,O phase region. Note
that the stable phase Snl, in the phase sequence of the
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Figure 6. Density isosurface plots of the Cu,O crystalline phase
formed in the binary blend of the tail-symmetric B;AB,CB, terpolymer
and the AB diblock copolymer with a typical group of parameters
inside the phase region of Cu,O in Figure 4,f§\2> =0.16,7 = 0.5, and ¢,
~ 0.56. The red and blue colors represent the A- and C-rich domains,
respectively, while the green color indicate the B block density of the
AB diblock copolymer alone. Two isosurfaces of the B blocks with two
different densities of 0.53 and 0.50 are plotted in (a) and (b),
respectively. Large green domains in (b) than in (a) suggests that the
B blocks of the AB diblock copolymer aggregate inside the green
domains far from those spherical surfaces.

canonical ensemble does not appear for f2 > 0.15 in the phase
diagram calculated in the grand canonical ensemble though it is
stable in the canonical-ensemble calculation. The reason is that
the Snl, phase is simply replaced by the coexistent region of the
Cu,0 and bcc phases because the free energy of the Snl, phase
is higher than that of the coexistent two phases (ie., the linear
combination of the free energy of the two phases).
Interestingly, Snl, exhibits a narrow stable region between ¢,
= 0.3 and 045 whenﬁ\z) < 0.15. The Snl, phase can be derived
from Cu,O by removing the C sphere at the cubic center.
Accordingly, the tail B-blocks of the pentablock terpolymers in
Snl, are more severely stretched to reach the space at the cubic
center, and the asymmetry between the A and C components is
necessary to be larger. The two shortcomings are overcome by
the addition of higher concentration of AB diblock copolymers
with longer B block.

In Figure 7, we calculate the phase diagram of the second
blend with respect to the length ratio y of the two polymers and

1.0 T T T T

0.8F

Figure 7. Phase diagram in the y—¢, plane of the similar blend as that
in Figure 4 for ff) = 0.16.

¢, for a fixed fxz) = 0.16. The most important feature is the
presence of a considerable phase region of the Cu,O phase in
the central region that vanishes at two limits, i.e,, y < 0.1 or y >
0.9, respectively. In the region of short AB diblock copolymers,
the disordered phase occupies the phase region of low
concentrations of the multiblock terpolymers, compressing
the Cu,O phase region, whereas for long AB diblock
copolymers, the coexistent phase regions expands to reduce
the Cu,O phase region. When 0.3 < y < 0.6, the Cu,O phase
exhibits a considerably wide stability region.
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In the previous two blending systems, symmetric ABC
terpolymers and AB diblock copolymers with varying
compositions and lengths are added into the given tail-
symmetric B)AB,CB, terpolymers to fabricate new symmetric
and asymmetric crystalline phases, respectively. In the third
example, we replace the tail-symmetric B;AB,CB, terpolymer
with a tail-asymmetric tetrablock terpolymer AB,CB; with fixed
£V = £ = 0.09 and fglj = 0.20, whose self-assembly can form

the binary crystal phase ReO; with unequal low CNs = (6, 2)
(CN = 3), and then mix it with the symmetric ABC terpolymer
to examine the formation of various binary crystal phases. The
phase diagrams in the ff&’—q&l ;)lane with fixed y = 0.5 and in
the y—¢, plane with fixed 2 = f&) = 0.14 are present in
Figures 8 and 9, respectively. In Figure 8, as adding the ABC

] RS sooogooee e -
TiO.
0.8F CaF, 1
_0.6f /{/‘—4 |
ASY
0.4 i
0.2 S poase .
G,
00 0.14 0.16 0'18 0'20
. . o . .
A

Figure 8. Phase diagram in the fP—¢, plane of the blend composed of
tail-asymmetric AB,CB; tetrablock terplymers with £ = f&) = 0.09
and fl(fz) = 0.20 and symmetric ABC triblock terpolymers with varying
volume fraction £i2). The length ratio of the two terpolymers is fixed as
y = 0.5. With these fixed parameters, the pure tetrablock terplymer
forms the binary crystalline phase of ReO;.

ReO; v v v

1LOf------2=3 E

0.8F

Figure 9. Phase diagram in the y—¢, plane of the similar blend as that
in Figure 8 for fixed =1 =014

terpolymers, the binary phase transforms from ReO; to TiO,
with CNs = (6, 3) (CN = 4), to CaF, with CNs = (8, 4) (CN
=16/3), and then to the bulk phases of the pure added
terpolymers. The average value of CNs follows an increasing
tendency when the blend varies from the pure pentablock
terpolymer to the pure ABC terpolymer. In other words, two
binary crystalline phases different from that formed in the pure
tetrablock terpolymers are generated by adding the simpler
ABC terpolymers. Specifically, the addition of a tiny amount of
the ABC terpolymers induces the stable phase to transform
from ReOj; to TiO,.

In the phase diagram of Figure 9, the two new binary phases
of TiO, and CaF, exhibit their corresponding stable regions.
The TiO, phase region expands a wide space with a minimal
width at around y = 0.6, and it does not terminate in the
considered range of parameters 0.3 <y < 1.0. Because the main
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task of our work is to demonstrate that adding simpler block
copolymers into designed multiblock terpolymers is a useful
scheme to yield more binary crstalline phases, here we do not
expand our parameter space further. In contrast to TiO,, the
CaF, phase has a wider region in the parameter range of 0.4 < y
< 0.7 but terminates at two sides. In addition to the binary
crystal phases with unequal CNs, in the right side of the phase
diagram there is a small region of the binary NaCl phase with
equal CNs differing from the CsCl phase formed in the pure
ABC terpolymers. This implies that the symmetric binary phase
can become stable in the blend containing A/C architecture

asymmetric terpolymers.
B CONCLUSIONS

In summary, we have obtained phase diagrams of three binary
blends composed of tail symmetric or asymmetric multiblock
terpolymers and ABC triblock terpolymers or AB diblock
copolymers using SCFT. The results clearly demonstrated that
the addition of simpler block copolymers into complex
multiblock terpolymers resulted in the formation of new binary
crystalline phases which are not available from the pure
multiblock terpolymers. In the first blend composed of given
tail-symmetric B;AB,CB; terpolymers and symmetric ABC
terpolymers with varying composition or chain length, besides
the binary phases of ZnS¢ and CsCl that are the stable phases
of the two pure terpolymers, the binary phase of NaCl has a
considerable stable phase region. More interestingly, in the
second blend where the symmetric ABC terpolymer of the first
blend is replaced with the AB diblock copolymers, two novel
asymmetric binary crystalline phases, Cu,O and Snl,, appear
with notable stable phase regions. In particular, the two phases
have not been identified as stable phase in pure asymmetric
B,AB,CB; terpolymers.* In these two phases, the majority B
blocks of the AB diblock copolymers which are significantly
longer than the tail B blocks of the pentablock terpolymers are
preferentially located in the further space to reduce the
stretching of the tail B blocks and thus to facilitate stabilizing
the two new phases. Appropriate composition and chain length
for the AB copolymers are required to stabilize the Cu,O and
Snl, phases because of possible macrophase separations leading
to the coexistent phase regions of two phases and thus
narrowing their phase regions. In the third blend composed of
tail-asymmetric tetrablock terpolymers AB,CB; and symmetric
ABC terpolymers, predicted stable binary phases differing from
those formed in the two pure terpolymers include two
asymmetric binary phases of TiO, and CaF, and one symmetric
binary phase of NaCl. Our results demonstrate that blending
simpler block copolymers with specially designed complex
multiblock terpolymers is a useful scheme to fabricate binary
crystalline phases that are different from those formed in the
pure terpolymers. Although in practice it is difficult for
experimentalists to obtain these interesting structures in these
specific block copolymer samples with a restricted set of
parameters, our work demonstrates a valid blending scheme
which offers opportunities for the fabrication of various binary
crystalline phases with one complex multiblock terpolymer in a
relative low cost and therefore might motivate relative
experimental studies.
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