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ABSTRACT: Blending block polymers with different block compo- AN~
sitions provides an opportunity to create nanostructures that are not A B

X

accessible from neat block copolymer melts. In this study, we B
investigate the equilibrium phase behavior in binary blends composed \$ ‘ .'.

of an AB diblock copolymer and an ABC triblock terpolymer, using ABJABC blend
self-consistent field theory (SCFT). Blending these simple linear block

polymers results in complex phase behaviors, including unusual core— =
shell network phases with asymmetric core and shell volume fractions /\le e' e . e .
and a new cylinder-in-O”° hybrid network phase. The phase diagrams A B C Ve d

with respect to segregation strength and blend composition reveal an

unexpected morphological richness, including 15 ordered phases, illustrating the potential inherent in blending these relatively
simple components.

Xac” Xap = Xac

B INTRODUCTION continuous alternating G* morphology consisting of two
interwoven A and C networks.'™"”

For designing advanced optical materials and nanoporous
templates with self-assembled network structures, morpho-
logical variety in the network phases is highly desirable.
However, in neat AB diblock copolymers or ABC triblock
terpolymers, the network phases are stable only within narrow
composition windows, which limits the design possibilities.
Blending two block copolymers with different block
compositions extends the morphological variability, a well-
established strategy for controlling the ordered morphology by
modifying the interfacial curvatures. For example, binary
blends have been used to produce new ordered nanostructures,
such as Frank—Kasper phases, that are not stable in neat block
copolymer melts.”~>* However, most prior studies have
focused on binary blends of diblock copolymers or diblock
copolymer mixed with homopolymer and are thus limited to
two-microdomain phases.”* ™’

In terms of morphological diversity, an AB/ABC blend
system is an attractive candidate for designing new three-
microdomain network structures. Such blends can extend the
range of triblock terpolymer network phases by modifying
interfacial curvature through incorporation of diblock copoly-
mer chains within 3-domain (A, B, and C) structures. While

Block polymers exhibit a rich phase behavior where a variety of
ordered structures self-assemble on mesoscopic length scales
through microphase separation of thermodynamically incom-
patible constituent blocks."”” Simple AB diblock copolymer
melts form lamellar, hexagonally packed cylinder, and body-
centered cubic (bcc) sphere phases below the order—disorder
transition temperature, where the ordered-state symmetry
depends primarily on the volume fraction f, of A blocks.
Among the various morphologies observed in block polymers,
network phases consisting of triply continuous nanochannels
are of significant interest due to their potential applications in
advanced nanotechnologies such as photonic crystals, solar
cells, and membranes.”® For linear AB diblock copolymer
melts, the double gyroid phase (denoted G and having Ia3d
(#230) space group symmetry), which contains two separate
networks, and the orthorhombic Fddd single network phase
(termed O with Fddd (#70) space group symmetry) have
been identified as equilibrium structures within a narrow
composition window about 0.02—0.03 wide in f,.”~"° Both the
G and O” morphologies are characterized by 3-fold units
connected together to form the space-filling 3-D network
structures. Introducing a third C component onto an AB
diblock copolymer expands the parameter space to five
independent parameters (two compositional parameters, fy
and f§, and three Flory—Huggins interaction parameters, yp, Received:  October 27, 2022
Yo and yac, which define the segregation strength between Revised:  December 11, 2022
the blocks). This large parameter space in ABC triblock Published: January 27, 2023
terpolymers leads to a greater number of ordered phases than

with AB diblock copolymers, including two types of gyroid

structures: a pentacontinuous core—shell G phase and a triply
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the phase behavior of the AB diblock and ABC triblock
components is relatively well understood based on
theory'”'""? and experiment,”>'*'”*! the phase behavior of
binary AB/ABC blends has barely been probed due in part to
challenges posed by an expansive parameter space, which
includes eight independent parameters (three Xy three f, the
ratio of degrees of polymerization Njp/Nypc, and the blend
composition). Because each of these parameters influences
block polymer self-assembly, the AB/ABC blend is expected to
exhibit a rich complement of phases.

While there are a few theoretical studies and experi-
ments””***> on AB/ABC blends demonstrating formation of
lamellae, core—shell cylinders, and core—shell spheres, where
C core microdomains are surrounded by B shells in an A
matrix, there are fewer reports*>***° of tricontinuous network
forming AB/ABC mixtures. Early work by Abetz and co-
workers experimentally investigated AB/ABC blends using a
series of polystyrene, polybutadiene, and poly(methyl meth-
acrylate) based block polymers.””** They reported formation
of the core—shell double-gyroid morphology from blends of
lamellar forming ABC triblock and lamellar forming AB
diblock polymers. Another experimental paper, published by
Kim and co-workers,>® described an unusual core—shell double
gyroid produced in a binary blend of asymmetric polyisoprene-
b-polystyrene-b-poly(2-vinylpyridine) (ISP) triblock terpoly-
mer, which forms a hybrid structure of spheres and cylinders
with tetragonal packing in the neat melt and an asymmetric bec
forming polyisoprene-b-polystyrene (IS) diblock copolymer.
Although rather limited in the extent of the vast parameter
space that was explored, these experimental results suggest that
blending AB diblock and ABC triblock polymers can stabilize
unusual morphologies distinct from those accessible with neat
block polymer melts.

Inspired by the potential for new network and other phase
formation, we used self-consistent field theory (SCFT)
calculations to investigate the phase behavior of binary blends
composed of the diblock and triblock polymers illustrated in
Figure 1. This illustration highlights the complexity inherent in
such mixtures, shown here for an asymmetric diblock (f, =
0.357) that passes through all four ordered states with
increasing segregation strength, in combination with composi-
tionally asymmetric (f > fc) or symmetric (f, = f¢) triblocks,
which exhibit different complements of phases. Even these
limited results demonstrate the expansive opportunities for
creating new morphologies through blending of two relatively
simple polymer molecular architectures. OQur SCFT calcu-
lations reveal that varying just one parameter, ie., blend
composition, results in unexpected phase behaviors. Additional
motivation to more thoroughly explore the consequences of
mixing molecular architectures is provided in Figure 2, where
an alternating gyroid (G*) forming triblock is blended with a
G-forming diblock. Here, we choose G*-forming ABC block
copolymer and G-forming diblock copolymer, inspired by our
previous work on the ternary phase diagram of G*-forming
AB/BC/ABC blends,>” where the AB/ABC blend system
corresponds to one side of the triangular ternary phase
diagram. Even with this specific example, a remarkably rich set
of hybrid morphologies emerge as the composition is swept
from pure triblock to pure diblock, extending the range of
network phases.

This article describes the construction of phase diagrams as a
function of segregation strength and blend composition for
several combinations of AB and ABC block polymers, based on
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Figure 1. Block polymers adopted in our SCFT calculations: AB
diblock copolymer, asymmetric ABC triblock terpolymer, and
symmetric ABC triblock terpolymer. (a) Equilibrium phase sequence
observed in the AB diblock copolymer of A block volume fraction f, =
0.357 as a function of y,sN, where N is the total degree of
polymerization of diblock: body-centered cubic sphere, BCC —
hexagonal-packed cylinders, C4 — double gyroid, G — lamellae, L.
(b) Equilibrium phase sequence observed in the asymmetric ABC
triblock terpolymer, where the block lengths are N = 0.47N, Ny =
1.5N, and N¢ = 0.35N: BCC — NaCl-type binary spheres, NaCl —
square-packed alternating cylinders, C} — alternating gyroid, G*. (c)
Equilibrium phase sequence observed in the symmetric ABC triblock
terpolymer, where the block lengths are N, = 0.36N, Ny = 1.08N, and
N¢ = 0.36N: CsCl-type binary spheres, CsCl — C; — G* —
alternating lamellae, L*. For both triblock terpolymers, 5 = ypc and
Xac = L75)p.
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Figure 2. Schematic illustrating blending the G*-forming, asymmetric
ABC triblock terpolymer and the G-forming AB diblock copolymer,
which results in complex phase behaviors with the phase sequence
core—shell Fddd (CSO™) — core—shell gyroid (CSG) — hexagonal-
packed alternating cylinders (C%,) — cylinder-in-O” (CylO™®) —
sphere-in-perforated lamellae (SphPL) as a function of diblock
copolymer volume fraction ¢,y at yagN = ypcN = 23 and yuc =
1.75 g

grand canonical ensemble SCFT calculations. The resulting
phase diagrams reveal unprecedented morphological richness,
including 15 ordered phases. We believe this represents the
proverbial tip of the iceberg, exposing nearly unlimited
possibilities made possible by mixing two simple linear block

polymers.
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B MODEL AND METHOD

Our work focuses on the self-assembly of incompressible
binary blends composed of an AB diblock copolymer (Figure
1a) and an ABC triblock terpolymer that is either asymmetric
(Figure 1b) or symmetric (Figure lc) in end-block
compositions. All diblock and triblock polymers are modeled
as infinitely flexible Gaussian chains with equal statistical
segment length b and equal segment volume v. The parameter
space of this binary blend system is very expansive with eight
independent parameters, so we restrict our investigation to the
block compositions and relationship between the y;; values in
Figure 1. Our SCFT calculations predict that for the wide
range of y,z where the diblock forms the G phase in the neat
states, G* is the most stable network phase for both
compositionally asymmetric and symmetric ABC triblock
terpolymers in their respective neat states (Figure 1). Owing
to our interest in the potential of block polymers to form
network phases, we hypothesized that these systems would be
reasonable starting points to identify novel phase behavior in
AB/ABC blends.

In SCFT, prediction of the equilibrium phases requires
identifying competing candidate phases based on empirical
experience,”” so it is important to consider a reasonable set of
candidate phases. In the Supporting Information Section S1.4,
we list the 24 ordered structures considered in this study and
explain why those candidates are chosen. The candidates
include well-known equilibrium and metastable structures
experimentally observed and theoretically predicted in AB
diblock or ABC triblock polymer melts."”'>'*'" Here, we
explain only the stable phases observed in our SCFT
calculations and defer the explanations of the metastable
phases to the Supporting Information Section S1.4.

For the network phases, double gyroid (G) is stable as the
bicontinuous network in AB-rich blends, whereas alternating
gyroid (G*) and core—shell networks with C cores, i.e., core—
shell gyroid (CSG) and core—shell Fddd (CSO™), are stable as
the tricontinuous network phases (see Figure 2). As hybrid
network morphologies, we observe cylinder-in-O”® (CylO”),
where cylinder-like C tubular domains are hexagonally
arranged at interstitial positions between A network nodes
(Figures 2 and S11). For cylindrical phases, hexagonal-packed
cylinders (Cy) is stable for the AB-rich blends, and hexagonal-
packed alternating cylinders (C%,), with A majority cylinders
(Figure 2) and square-packed alternating cylinders (C3}), are
stable as three-microdomain cylindrical phases. For lamellar
phases, we consider conventional lamellae (L) with periodic
AB layers for the AB-rich blends and alternating lamellae (L*)
with ABCBA layers for the three-microdomain lamellar phase.
For spherical phases, conventional body-centered cubic
packing (BCC) is considered for the AB-rich blends. As
binary alternating spheres, CsCl-type spheres (CsCl, Figure 1),
NaCl-type spheres (NaCl, Figure 1), and Li;Bi-type spheres
(Li;Bi) where the binary spherical crystalline structures having
asymmetric coordination numbers are included.” As a hybrid
spherical phase, we also observe a stable spheres-in-perforated
lamellae (SphPL) phase (Figure 2), where spherical C domains
are interstitially positioned between the holes of A perforated
lamellar domains. Besides the candidates we consider here,
there are a nearly unlimited number of additional candidates
one can consider, for example, hybrid sphere—cylinder
structures.’® However, because our focus in this study is on

the blends of diblock and triblock typical for network phase
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formation, where block compositions are not very asymmetric,
we assume those extra hybrid structures would not be stable
relative to the candidates we consider in this study.

To determine the stable phase structures, we calculate the
free energies of each candidate phase using canonical ensemble
SCFT. On the basis of the equilibrium structures found from
the canonical ensemble calculations, we then construct the
phase diagrams by identifying the blend compositions of the
coexisting phases, using grand canonical ensemble SCFT,
which is a powerful tool for understanding the phase behavior
of multicomponent systems.*”*' The SCFT calculations are
performed using the CPU version of the open-source C++
PSCF software,”® where the self-consistent mean-field
solutions for both canonical and grand canonical ensembles
are found by numerically solving the modified diffusion
equations in SCFT. The details of SCFT formalism for the
blend systems and simulation methods are provided in Section
S1 of the Supporting Information.

B RESULTS

Phase Behavior with an Asymmetric ABC Triblock.
Because we are interested in network phase formation, we
consider first the result of blending G*-forming asymmetric
ABC triblock and G-forming AB diblock, which we would
anticipate are one of the promising starting points for realizing
novel network phase behavior. On the basis of the neat melt
phase behavior provided in Figures 1a and 1b, we examine the
binary asymmetric ABC/AB blend at y,zN = 23; a symmetric
triblock example (Figure 1c) will be considered in the
following subsection. Figure 3 shows the resulting free energy
curves, including only those phases that have a stability
window. Figure S1 provides the complete free energy plot
including the results for all candidate phases.

0.2

0.0 -

(F — FgA_G)/TLkBT

0.0

Figure 3. Relative free energy per chain of diblock size N for the
stable phases with respect to the double tangent line between ABC-
rich G* and AB-rich G phases as a function of AB diblock volume
fraction ¢, in the binary blend of the asymmetric ABC triblock
terpolymer and the AB diblock copolymer. The interaction
parameters are y,gN = ypcN = 23 and y,c = 1.75y,3, and the overall
length of the triblock is N' = 2.32N. The block volume fractions for
the triblock and diblock are f, = 0.2, fy = 0.65, fc = 0.15, and f, =
0.357 (Figure 2). The dark gray dashed line is the common tangent
between the SphPL and G phases, illustrating the wide two-phase
macrophase-separated region when the diblock copolymer is the
majority component.

https://doi.org/10.1021/acs.macromol.2c02216
Macromolecules 2023, 56, 1278—1288


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02216/suppl_file/ma2c02216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02216/suppl_file/ma2c02216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02216/suppl_file/ma2c02216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02216/suppl_file/ma2c02216_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02216/suppl_file/ma2c02216_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02216?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Due to the large difference in size of the AB and ABC
polymers, the free energy curves for F/nkyT are tilted, as
shown in Figure S2. For visualization purposes, Figure 3
presents the free energy values with respect to the double
tangent line between the G* and G free energy curves. In this
way, any free energy curve below the G*—G tangent line
indicates that the associated microphase outcompetes the
macrophase-separated states of G* and G. The detailed
comparisons between the free energy curves for determining
stable phases are presented in the additional relative free
energy plots in Figure S4. In the canonical ensemble, the
locations of coexisting phase compositions are usually found by
double tangent construction on F/nkgT curves for satisfying
the equilibrium condition for equal chemical potentials. In fact,
the double tangent construction method can be used on any
relative free energy curves provided that the free energy values
are subtracted by a linear function of ¢b,5, which just provides a
constant offset to the chemical potential that is independent of
composition. For example, the common tangent lines between
the SphPL and G phases in Figures S2 and S3 produce the
same coexisting compositions (ST = 0.574 and Py
0.978) as in Figure 3.

The free energy data reveal five stable ordered states
between G" and G in the mixture, depending on the blend
composition, with the phase sequence presented in Figure 2.
While the triblock-rich phases are separated by narrow two-
phase regions, there is a wide two-phase coexistence window
between the SphPL and G phases. Progressing from pure G* to
pure G, the CSO”° phase first appears to be stable at relatively
small volume fraction of the AB diblock, and the CSG is stable
at higher compositions, as confirmed in the magnified free
energy plot in Figure S4a. With the molecular parameter values
we use here, the overall C block volume fraction p changes
from 0.15 to 0 as ¢ goes from O to 1, while the
corresponding variation of overall B block volume fraction is
very small (from py = 0.65 to 0.64). The CSG structures
comprise C core networks with very low overall volume
fraction (pc ~ 0.1) and very asymmetric core and shell volume
compositions, which is unusual compared to those of
traditional core—shell network structures reported in the
literature."**>**** However, the cubic unit cell size of CSG
structure is about twice as large as than that of G* which
makes the C network volume per unit cell for CSG phase
much larger than that for the G* phase (Figure S15).

When the volume fractions of diblock and triblock are
comparable, a Cj, structure appears as a stable phase, where
both A and C blocks form cylindrical domains. Past the C5,
phase, the CylO” phase becomes stable over a very narrow
composition window (A¢,s ~ 3 X 1073), where chemical
identities of the core network domain and matrix domain are
now inverted by the reduced relative amount of C blocks. In
this phase, the tubular C domains are interstitially positioned
between the O’ network composed of A blocks. For further
information about the CylO’® morphology, we provide the
segmental density distributions, isosurfaces of the tubular
domains, and the unit cell dimensions in Figure S11. This
hybrid phase has never been predicted in block copolymers.
Increasing the diblock volume fraction further reduces the
overall C block volume fraction, and SphPL appears as the final
stable blended phase, with the spherical C domains
interstitially located between the holes of perforated lamellar
domains composed of A blocks. There is then a wide two-
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phase region, occupying almost half of the range in ¢,p, until
AB-rich G becomes the stable state.

Having examined in detail the behavior of this system at
XaslN = 23, we proceed in Figure 4 to construct the phase
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Figure 4. Phase diagram of the binary asymmetric ABC/AB blend
where the degrees of polymerization are the same as in Figures 2 and
3. Here, N represents the total degree of polymerization of the
diblock, and yap = ypc and yac = 1.75yap. The horizontal dark gray
lines identify the invariant points where three phases are in
equilibrium.

diagram for the asymmetric ABC/AB blend with respect to
segregation strength and blend composition. As summarized in
Figure 1, the stable phase sequence for the pure asymmetric
ABC triblock terpolymer is BCC — NaCl - C; — G* and
the stable phase sequence for the pure AB diblock copolymer is
BCC — C4 = G — L with increasing the segregation strength
XasN over the range studied here. For the BCC sphere phase
formed in the pure ABC or ABC-rich blends, the bcc spheres
are A domains and, for the triblock copolymer, the C segments
are mixed in the B matrix domains (Figure S13). On the phase
diagram, white empty regions correspond to the two-phase
coexistence windows, and any state within the two-phase
widows is associated by a horizontal (constant temperature) tie
line connecting the boundary phases for a macrophase-
separated state. We also denote the invariant points with the
horizontal tie lines where three phases are in equilibrium. A
magnified portion of the phase diagram for the invariant points
is provided in Figure S6.

As anticipated from the results at y,gN = 23, a wide two-
phase coexistence window is located next to the AB-rich phase
windows (L, G, and Cg) for most segregation strengths, while
rich one-phase behavior is exhibited on the ABC-rich side.
Remarkably, the stability window for Cj, spans a wide range of
XasN, even up to the values where the diblocks form a lamellar
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phase in the neat melt. On the left side of the C4, window, the
stability windows for the core—shell network phases, CS0”
and CSG, extend to high y,sN values, and it is interesting that
the core—shell network phases remain stable even for a mixture
of L-forming diblock and G*-forming triblock. The hybrid
phases, i.e, CylO’® and SphPL on the right side of the C%,
window, tend to be destabilized with increasing y,pN, leaving a
wider two-phase window at higher y,pN values.

One notable feature of this phase diagram is that the CylO”
stability window occupies an extremely narrow composition
range at around ¢, & 0.533, resembling the feature of a phase
field in a metal alloy phase diagram.**~* As the segregation
strength increases, the phase field gets narrower and a
eutectoid transformation takes place at around y,sN = 29.5
with macrophase separation into Cj, and L phases. Another
interesting feature is that a relatively wide SphPL stability
window appears between the C; and Cg; windows, which
indicates that SphPL emerges in the mixture composed of C-
forming triblock and C4-forming diblock. Here, mixing classical
cylinder morphologies in the diblock and triblock leads to a
nonclassical hybrid morphology combining geometries that are
different from the parent ones. We also note that the C%, phase
window is located right above the SphPL phase window, which
means that there is an intriguing cylinder — SphPL — cylinder
transition, for example, when increasing y,szN at ¢, = 0.3. The
reemergence of the cylindrical morphology is understood by
recognizing that the Cg, structure can be constructed from
SphPL by fusing the C spheres into C columns and the bulky
PL junctions into A columns.

Phase Behavior with a Symmetric ABC Triblock. We
now examine the phase behavior in an AB/ABC blend with a
triblock that is symmetric in block composition (Figure 1c).
Following the same approach used for the asymmetric case, we
thus begin by examining the phase behavior at y,z;N = 23 with
Zas = e and yac = 175 yap. In the blend of symmetric G*-
forming triblock and G- forming diblock at y,sN = 23 (Figure
5), the CSO™, CSG, and Ci, phases are stable in the same
order as in the asymmetric ABC/AB blend, but the CylO” and
SphPL hybrid phases are not observed in this symmetric
system. Examining the phase behavior at y,zN = 23 in more

N,=036N A B C A B N, =035N

N, =1.08N \]\[\N A" N, =0643N

. =0.36N E
+ e

—> ¢AB

Figure S. Schematic illustrating morphologies associated with
blending the G*-forming symmetric ABC triblock terpolymer and
the G-forming AB diblock copolymer, which results in the phase
sequence CSO” — CSG — C§, as a function of diblock copolymer
volume fraction @ap at YagN = ypcN = 23 and yac = 1.75/ap-
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detail, the corresponding free energy plot in Figure 6 reveals a

wide two-phase coexistence window between the C4, and G
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Figure 6. Relative free energy per chain of diblock size N for the
stable phases with respect to the double tangent line between G* and
G phases as a function of AB diblock volume fraction ¢,y in the
binary blend of the symmetric ABC triblock terpolymer and the AB
diblock copolymer at y,zN = ycN = 23 and yac = 1.75y 45, where the
overall length of triblock is N’ = 1.8N. The block volume fractions for
the triblock and diblock are f) = 0.2, f3 = 0.6, f¢ = 0.2, and f, = 0.357
(Figure S). The dark gray dashed line is the common tangent line
between the C& and G phases representing macrophase separation
into the two phases. Data for all of the candidate phases are included
in Figure S7.

curves, indicated by the tie line. The free energy curves for
CylO™ and SphPL phases are located above the tie line, which
means that the macrophase separation into C%, and G phases
now outcompetes the microphase separation into the hybrid
phases.

Figure 7 shows the phase diagram constructed for the binary
blend with the symmetric ABC polymer. Compared to the
asymmetric case, the CylO”® and SphPL stability windows are
absent on the right side of the C§, stability window. A wide
two-phase coexistence window is located again proximate to
the AB-rich phases, similar to the asymmetric phase diagram
(Figure 4). Aside from the absence of CylO” and SphPL
windows, the topology of the upper part of the phase diagram
is almost the same as the previous one in Figure 4, but the
lower part is complicated and different. For clarity, magnified
portions of the phase diagram for the lower part and for
invariant points are provided in Figures S8 and S10,
respectively. The SphPL stability region is diminished by the
emergence of an Li;Bi phase window. The Li;Bi structure,
which has unequal coordination numbers for A and C spheres,
has never been observed in pure symmetric ABC triblock
terpolymers, but it has been predicted by SCFT calculations in
ABCB terpolymer melts with equal volume fraction of A and C
blocks.™

As the different polymer blocks become strongly incompat-
ible at high segregation strength, the diblock and triblock
become increasingly immiscible, and the termination of the Cf,
phase region results in a wider two-phase coexistence region
between the CSG and L phases than the region for the blend
with the asymmetric triblock terpolymer. However, both
CSO” and CSG phase regions continue with almost vertical
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Figure 7. Phase diagram of the binary symmetric ABC/AB blends
where the degrees of polymerization are the same as in Figures S and
6. Here, N represents the total degree of polymerization of the
diblock, and yap = ¥pc and yac = 1.75yap. The horizontal dark gray
lines identify the invariant points where three phases are in
equilibrium. Free energy data for computing the particle-forming
region of the phase diagram are provided in Figure S9.

1.0

phase boundaries to the high y,zN values where the diblock
copolymer self-assembles into an L phase in the neat melt. The
vertical phase boundaries imply that the relative stabilities of
the microphases become less dependent on segregation
strength with increasing y,zN.

B DISCUSSION

Two-Phase Coexistence Window. The existence of a
wide two-phase coexistence window next to the AB-rich phases
is a generic feature of the AB/ABC blend system and illustrates
the impact of the relative miscibility of the two components.
This phase behavior can be explained by the entropy and
enthalpy for mixing of polymers. When AB diblock and ABC
triblock polymers are mixed, the system gains entropy of
mixing but suffers an enthalpic penalty caused by unfavorable
interactions between the C blocks and the other blocks. In
ABC-rich mixtures, the unfavorable contact energy can be
minimized by orienting the AB diblocks parallel to the
direction of ABC triblocks in the same microdomains, so it
is relatively easier to mix a small amount of AB diblock into
ABC triblock microdomains than vice versa. The driving force
for mixing can be quantified by the relative free energy values
with respect to pure G* and G states, as shown in Figure S3 for
the asymmetric ABC/AB blend. Upon mixing with the
diblocks, the entropic gain prevails over the enthalpic penalty,
favoring mixed states until a considerable amount of the

diblock is added.
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For the AB-rich mixtures with small amounts of triblock, the
C segments mix within the B domains formed by the diblocks.
This behavior is simplest to understand for the lamellar
morphology, as shown in Figure 8a. With higher triblock
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Figure 8. Segmental density variations within the lamellar phases at
(a) ¢pap = 0.9 and (b) 0.2 for the binary asymmetric ABC/AB blend
corresponding to Figure 3. The blue triangles, red circles, and green
squares correspond to the segmental density distributions for A, B,
and C blocks (p(r), ps(r), and pc(r)), respectively. The driving
forces for mixing into the L and L* phases are shown in Figure S3,
and the supplemental results at other ¢,p values are provided in
Figure S12.

composition, the increasing enthalpic penalty of unfavorable
B/C interactions reduces the driving force for mixing until the
lowest free energy state can be achieved by forming separate C
domains, which minimizes unfavorable B/C contacts (Figure
8b). This general morphological trend is observed for other
ordered states as well, but they are harder to visualize because
the segmental density profiles are not one-dimensional. For
example, when maintaining the symmetry of the neat state AB
structures, the free energies of the resulting AB-rich phases,
e.g, L, G, and Cq in Figure S3, increase with increasing triblock
volume fraction due to the unfavorable B/C contact energy,
with an exception for the almost pure mixtures (¢ 5 ~ 1),
which are stabilized by a large entropy of mixing. The key
difference occurs for the SphPL and CylO” states. Compared
to the AB-rich phases, the mixing into SphPL and CylO”°
phases are thermodynamically favorable due to the interstitially
segregated C domains, which minimize the B/C contacts. As a
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Figure 9. Morphologies, segmental density distributions, and schematics of chain conformations for CSO™ at ¢h,5 = 0.22 in the first row (a, b, ¢, d),
C4, at b5 = 0.45 in the second row (e, f, g, h), and CylO” at ¢, = 0.533 in the third row (i, j, k, 1), observed as equilibrium phases in Figure 3.
The first column (a, e, i) shows the morphologies with the core structures highlighted. The second column (b, f, j) shows the spatial distributions of
the B segment of the diblock. The third column (c, g, k) shows the spatial distributions of the B segment of the triblock. The last column (d, h, i)
schematically illustrates chain conformations in each phase. The color bar in the middle of the bottom row is associated with the distributions in (f,

& j/ and k)

result, these morphologies appear as equilibrium phases next to
the wide two-phase window on the AB-rich side of the phase
diagram (Figure 4).

Binary Self-Assembled Morphologies. We now discuss
in detail the morphologies of the stable phases observed in the
Results section. The mechanism to form SphPL by blending
C4 and Cg in the asymmetric ABC/AB blend (Figure 4) can be
understood by the same argument used by Goldacker et al.**
to rationalize the formation of CSG in their binary blend of
symmetric L*-forming ABC triblock and symmetric L-forming
AB diblock. In the pure C4 phase, the same numbers of AB and
BC junction points are homogeneously distributed along the
A/B and B/C interfaces, respectively. However, when diblocks
are added, the A and B domains of C} are swelled by AB
diblocks, and the number of A/B junction points on the
interface increases while the number of B/C junction points
remains constant. In order to minimize the conformational
entropy loss associated with chain stretching by the crowded
interface, spontaneous curvature toward the C domain occurs,
allowing A and B blocks to relax by distributing their junctions
on the wider interface of PL, which have cylinder-like
connectors but lower average mean curvature, at the cost of
stretching the C blocks to form spherical domains.

For the core—shell network morphologies CSO” and CSG,
the overall volume fractions of the C core networks are very
low relative to the associated B shell domain volume fractions.
This behavior in the AB/ABC blend differs from what has been
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observed in other systems. Explicitly, CSO”° and CSG network
phases were first observed in neat compositionally asymmetric
ABC triblock terpolymers.'"'®*" Recently, the CSG phase was
predicted in neat melts of a topologically asymmetric A(BC),,
miktoarm star copolymer with A core network.”® In these
other cases, spontaneous curvature towards the core domain
occurs due to the tendency to maximize the conformational
entropy of asymmetric polymers. Compared to those neat
triblock terpolymers, the block compositions of the triblocks
we used are relatively symmetric (fj = 0.2, f§ = 0.6, f¢ = 0.15,
and f, = 0.2, fi = 0.6, fC = 0.2), whereupon the spontaneous
curvature toward C blocks occurs to reduce chain stretching
energy in A and B domains swelled by the AB diblocks. Our
explanation is reminiscent of that used to explain the
observation of CSG formation from L*-forming ABC tri-
blocks®* and CSG-forming ABC triblocks™* with an inverted
core network, where addition of AB diblocks induced changes
in interfacial curvatures. We will provide shortly a self-assembly
mechanism that accounts for the unusually asymmetric volume
fractions of core and shell domains with the molecular
distributions in CSO” morphology.

To understand the self-assembly mechanism for the
morphologies observed in CSO”, Cg, and CylO” phases,
Figure 9 shows the spatial distributions of B blocks for the
binary asymmetric ABC/AB blends of Figure 3. In these
blends, the B block of the triblock is much longer (N} = 1.5N)
than the B block of the diblock (N = 0.643N), and they are
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preferentially localized in the B domains of each morphology.
The effect of block length dispersity on interfacial curvature
has been well demonstrated by prior studies on self-assembly
of block copolymer blends,*"*****"*® where blocks of
different length are preferentially distributed within the same
domain to reduce the chain stretching penalty associated with
filling the center of the domain where high packing frustration
is believed to exist. This heterogeneous distribution of blocks
leads to localization of different block junctions along the
interface, which reduces the cost for deviating from constant
mean curvature and produces unusual structures, which are
thermodynamically unfavorable in neat block copolymer melts.

For the CSO” phase in Figure 9, the B blocks of the
diblocks are distributed close to the A matrix domain (Figure
9b) while the B blocks of the triblocks surround the C network
domain as a shell structure (Figure 9c). The diblocks filling the
space far away from the C core network relieve the packing
frustration in the B domain for the triblocks, forming a network
structure with very asymmetric volume fractions of core and
shell domains. We note that the diblocks are distributed along
the flat interfaces of the A domain, and this result supports our
observation that the stability of the CSO® phase exists in the
blends consisting of L-forming diblocks.

In the C, phase, both the A and C blocks form cylindrical
domains in a matrix of B blocks. The spatial distributions of
the B blocks show that the B blocks of the triblock surround
the C cylinders (Figure 9g), and the B blocks of the diblock fill
the space in the B domain far from the C cylinders (Figure 9f),
which relieves the stretching penalty of the middle blocks in
the triblock that are bridging the A and C cylinders. An
interesting feature of the phase diagrams in Figures 4 and 7 is
that even when the diblock and triblock are not cylinder-
forming in the neat melt states (e.g., G* G, and L), their binary
blends self-assemble into the C&, phase at certain blend
compositions over a wide range of y,zN. This robust stability
of C&, can be explained by the core—shell distribution of A
blocks shown in Figure 10. Here, the shorter A blocks of the
diblock form the shell structure while the longer A blocks of
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Figure 10. Segmental density distributions within the isosurfaces
pa(r) = 045 of one of the A cylinders for the equilibrium C%, in
Figure 9. (a) Spatial distribution of A segments of the diblock. (b)
Spatial distribution of A segments of the triblock. The locations of all
6-fold A cylinders in the hexagonal unit cell for the C§, phase are
presented in Figure S14.
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the triblock form the core structure along the radial direction
within the A cylindrical domains, which prevents the shorter A
blocks from excessively stretching to fill the center of the
cylindrical domains. We speculate that along with the
localization of B blocks the core—shell distribution of A blocks
reduces the total entropic cost of forming the C¢, phase, which
adopts constant mean curvature A and C domains to minimize
interfacial energy at high segregation strength.

The bottom row of Figure 9 shows the corresponding results
for the CylO” morphology. The long B blocks of the triblock
extend to fill the space, which are far away from the nodal
regions of the O”° network, and surround the C tubular
domains. We posit that the local segregation of bidisperse B
blocks in the B domain facilitates stabilizing the unusual
CylO” morphology, which does not exist in the respective
pure melts.

Effect of Triblock Asymmetry. In this study, we
considered the specific block compositions of the triblocks
and diblocks in Figure 1 and examined the phase behaviors of
their blends. Because of an expansive parameter space for
binary AB/ABC blend systems, it is computationally
challenging to construct all the possible phase diagrams.
From the previous discussions, we infer that C block volume
fraction has a critical impact on the relative miscibility of AB
diblock and ABC triblock and on formation of the self-
assembled morphologies. In order to extend our understanding
of the phase behaviors, we further investigate the effect of C
block length variation on the stability of the phases we
observed in the asymmetric ABC/AB blend in Figure 3. Figure
11 presents the resulting phase diagram with respect to length
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Figure 11. Phase diagram with respect to the ratio of the C block
length N¢ to the AB diblock length N and blend composition of
diblock ¢, for the asymmetric ABC/AB blend at y,zN = ypcN =23
and yac = 1.75y,. The A and B block lengths are fixed at N = 0.47N
and Nj = 1.5N for the triblock and N = 0.357N and Ny = 0.643N for
the diblock.

ratio of the C block to diblock for the fixed interaction
parameters and other block lengths. In the considered range of
N¢/N, the triblock ranges from asymmetric to symmetric block
compositions, forming G*, while the G-forming diblock block
composition remains the same. Between the G" and G phase
regions, the CSO” and CSG remain stable over the range
examined here, but the CylO”® and SphPL are destabilized as
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the ABC triblock architecture becomes more symmetric. The
reduced difference between fg and f(. by increasing the C tail
block length can account for the destabilization of those hybrid
phases by disfavoring the spherical or cylindrical C domain
formation. The increased degree of symmetry of the triblock
architecture can also be a factor destabilizing the asymmetric
hybrid morphologies, as molecular asymmetry promotes
formation of hybrid geometry nanostructures.*® The narrowed
G stability region with increasing N¢/N indicates decreased
miscibility between the two components due to the increased
amount of incompatible C blocks for the AB diblocks. Aside
from the destabilization of hybrid phases, the stable phase
sequence in the systems considered in Figure 11 remains the
same as that observed in Figures 3 and 6. We note in particular
that CSO” and CSG phases remain stable with considerable
variation of the C block length. In fact, the network volume
fraction is relatively robust to the variations of the C block
length. For example, at ¢h,5 = 0.3, the overall C block volume
fraction of CSG changes from pc = 0.11 to 0.13 in the range of
N¢/N we considered here, which implies that the relative size
of the network channel is not very sensitive to theC block
length relative to the diblock length.

We expect that in the very strong segregation limit, where
both the diblock and the triblock are highly stretched and form
lamellae with very narrow interfaces in their respective neat
states, all intermediate phases such as CSO’, CSG, and C2 in
both phase diagrams (Figures 4 and 7) would be destabilized,
leaving a wide two-phase coexistence region between almost
pure L* and L phases. In other words, macrophase separation
into nearly pure L* and L phases would prevail over other
intermediate phases in mixed states. Furthermore, it might be
possible to mix individual lamellar structures on a super-
molecular level with the centrosymmetric sequence (..ABC
CBA AB BA ABC...) in the strong segregation limit. According
to a theoretical study on blends of ABC and AB block
copolymers based on the strong segregation assumption,”” a
lamellar structure mixed on the molecular level with the same
A and B domains is stable under the condition that the
interfacial tension of the diblock copolymer 7,5 ~ yap'/* is
larger than the interfacial tension within the triblock
terpolymer ygc ~ ypc'’? which is not the case in our study,
where yap = ¥ac-

Considering the expansive parameter space for a binary AB/
ABC blend system, another region worth exploring in detail is
where the A block lengths of the two polymers differ
significantly. Previous literature suggests that the double
diamond phase, which is metastable in neat AB diblock
copolymers, can be stabilized using block copolymer blends or
block copolymer/homopolymer blends because the local
segregations of network-forming blocks with large length
differences relieves the packing frustration at the four-branched
nodes of the diamond phase.””***’ Because the relative length
ratio values of the A blocks we used in this study are not
significantly high (N,/N, = 132 or 1.01), it would be
interesting to explore whether the core—shell diamond or
alternating diamond can be realized by strategically designing
AB/ABC blend with highly disperse block lengths. There are
many other possible directions for this research, including
blends of non-network-forming AB diblock and ABC tri-
block.*® In this context, additional phases, such as single
gyroid, single diamond, plumber’s nightmare, and abc stacking
of perforated lamellar phases, might be considered as candidate
structures.

B CONCLUSION

In this article, we investigated the phase behavior of binary
blends of AB diblock and ABC triblock polymers, where the
triblock terpolymer is either symmetric or asymmetric in block
composition, by identifying the stable phase structures and
constructing the phase diagrams as a function of the
segregation strength and the blend composition. Our SCFT
calculations reveal that blending simple linear block polymers
generates complex phase behaviors exhibiting a rich comple-
ment of phases, including hybrid morphologies and non-
classical network morphologies, which are difficult or
impossible to realize with neat block polymer melts. The
diverse morphologies in the AB/ABC blends are promoted by
the binary self-assembly through the preferential distributions
of the same type blocks belonging to the different components
in the same domains.

The limitation of SCFT prediction is that one should
determine competing candidate phases before structural
prediction, and there is a possibility that we did not thoroughly
consider possible binary crystalline spherical structures for the
low segregation regimes of the phase diagrams. However, due
to the mean field assumption, the mean field theory predictions
are mostly inaccurate near the order—disorder transition
temperatures where composition fluctuations are strong, and
our emphasis in this study is not on that part of phase diagram
but on the network-phase-forming blends. If one were instead
interested in focusing on sphere-forming binary AB/ABC
blends, one could consider many different crystalline structures
reported in the prior SCFT studies.””**

The emergence of a rich set of ordered-state structures with
the specific block compositions in our study suggests that
binary AB/ABC blend systems have the potential to produce
nearly unlimited morphological richness with an expansive
parameter space. In terms of simplicity and morphological
richness, blending AB diblock copolymer and ABC triblock
terpolymer provides a novel route to creating new network
morphologies instead of precisely tuning complex molecular
architecture in neat melts,* and thus provides significant
advantages in designing advanced network nanomaterials for
next-generation nanotechnology such as photonic crystals,
solar cells, and membranes.>™®
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