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ABSTRACT: Thermoplastic elastomers (TPEs) that are soft at low extension yet strong at large extension
are of great importance in a variety of technological applications. In ABA-triblock architectures, both the
overall molecular weight and the composition of the glassy A-blocks correlate with TPE strength. The design
space of current TPEs based on linear ABA triblock copolymers (e.g., polystyrene-b-polybutadiene-b-
polystyrene) is restricted by the accessibility of the order—disorder transition temperature, limiting the
molecular weight, and restricted by the maximum volume fraction for which glassy A-blocks will form
discrete domains. Using self-consistent-field theory (SCFT), we designed in silico two new, nonlinear TPE
architectures that significantly relax the composition restriction: radial (ABA’),, and A(BA’),, miktoarm star-
block copolymers with chemically identical, but unequal, molecular weight A-blocks. Through a balance of
end-block bidispersity, block extraction from the interface, and architectural asymmetry, these molecular
architectures are able to stabilize phases with discrete A-rich domains at remarkably high overall A-monomer
compositions (f). In some cases the maximum f achieved for phases with discrete A-rich domains surpasses

twice that of conventional linear ABA TPE:s.

Introduction

The most ubiquitous application of microphase-separated
block copolymers is as thermoplastic elastomer (TPE) materi-
als. Industrial applications of TPEs include rubber soles in
footwear, asphalt modification, elastic film, soft molded parts,
viscosity modification for oils and gels, and adhesives.' Con-
ventional TPE designs generally consist of three or more
blocks connected in a linear (regular or random) or grafted
multiblock architecture with the requirements that terminal
blocks form physical cross-links by segregating into discrete
glassy or crystalline domains within a continuous matrix of the
interior blocks that are rubbery at the service temperature
Most of the commercially available poly(styrene)-b-poly-
(butadiene)-b-poly(styrene) (SBS) TPEs are based on linear
ABA-triblock copolymer architectures consisting of two
glassy polystyrene end blocks connected by an elastomeric
polybutadiene middle block.>* The mechanical strength of
these materials is directly related to the overall molecular
weight of the triblock copolymer and the total volume fraction
of the glassy S blocks (fs) that serve as physical cross-links.
Access to the order—disorder transition temperature strictly
limits the maximum melt-processable molecular weight of the
neat materials. Additives such as oils and tackifying resins are
commonly used to lower the ODT, but they typically lower
strength by dilution. Hence, the development of TPEs based
on SBS with low initial modulus but with high tensile strength
and good processability necessitates increasing the glassy S-
block composition while still maintaining discrete (spherical or
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cylindrical) S-domains, i.e., shifting phase boundaries to
higher fs.

The physical principles underlying the phase behavior of a
linear ABA-triblock copolymer melt are similar to those of an AB
diblock copolymer melt.™® At sufficiently high segregation
strength, defined by the product of the Flory—Huggins interac-
tion parameter and the overall size of the polymer, N, micro-
phase separation between the incompatible A- and B-blocks will
lead to formation of ordered morphologies (mesophases). The
equilibrium mesophase is determined primarily by the relative
composition of the blocks, as specified by volume fraction of each
species fa = 1 — /. In melts of compositionally symmetric AB
and ABA copolymers (i.e., fo &~ 0.5), the copolymers segregate
into a lamellar mesostructure with the junctions between the A-
and B-blocks concentrated along the flat interfaces separating the
microdomains. Microphase separation in compositionally asym-
metric copolymers (f5 # 0.5) results in formation of mesophases
with curved AB-interfaces in which the longer blocks reside on
the convex side of the curved interface because it affords them
more configurational entropy.® The shorter blocks pack within
the interior of the curved interface to form discrete domains
embedded in the matrix of the larger block.”!® In general, the
range in composition over which discrete A-domains are obtain-
able is relatively small, typically 0.1 < f5 =< 0.3. This imposes
limitations on the modulus/tensile strength balance obtainable
from processable materials based on linear ABA copolymer
architectures.

Recent studies have shown that the order—order transitions
(OOTs) in linear AB-diblock copolymers can be modified via
1ntr0duct10n of discrete or continuous polydispersity in one of the
blocks."' ™" Matsen has done extensive self-consistent-field theory
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Figure 1. Schematic diagram of TPE architectures: (a) (ABA'), radial
star-block copolymer shown with n = 3. (b) A(BA’), miktoarm star-
block copolymer with n = 3. Both structures are characterized by the
total composition of A-block and A’-block (fo) and the bidispersity
between the A- and A’-blocks, 7 = No/(Na + Na). Block junctions, s;,
are labeled for each structure.

(SCFT) calculations on the role of asymmetry in molecular
weight of the terminal A-blocks on the equilibrium phase
behavior of ABA/-triblock copolymers.'® Here and throughout,
A’ denotes a block chemically identical to A, but with a distinct
molecular weight. Matsen found that at modest bidispersity of
the A end blocks, deflections in phase boundaries toward higher
fa occur. These deflections are driven primarily by the reduction
in the stretching energy of the A-rich domain due to the bidisperse
A-blocks which favors curving the interface toward the A-rich
domain. However, for sufficiently bidisperse end blocks, Matsen
predicted that the shorter A-block will be extracted from the
interface into the B-rich domain. Extraction of the short A-blocks
into the majority B-rich domain occurs because the reduction
in unfavorable segment—segment contacts can no longer be
balanced by the entropic cost of stretching the short A-block
from the interface. The segregation of the shorter A-block into
the interior of the B-rich domain is accompanied by a decrease in
the stretching energy of the B-rich domain. Thus, extraction leads
to a shift in phase boundaries back toward lower f, (higher f3).
The maximum shifts in the phase boundaries were found to
coincide with the onset of the pullout of the short A-block. The
extraction of A-blocks limits the application of asymmetric ABA’
in TPEs because of the commensurate reduction in the fraction of
B-blocks that bridge between the discrete A-rich microdomains
that is known to correlate directly with elastomer strength."”

In this report, we investigate TPE designs based on two block
copolymer architectures that utilize bidispersity of the terminal
A-blocks (A and A’) in nonlinear molecular architectures to
shift phase boundaries toward higher volume fraction of the A-
blocks (fa). The architectures studied are a radial (ABA'), and a
miktoarm A(BA’), star-block copolymer (see Figure 1). The
motivation behind the (ABA’), radial block design is to sup-
press extraction of the short A’-blocks into the B-rich domain
by linking n ABA’-triblock copolymers at the A’ termini to form
a radial molecular architecture. In such an architecture, even if
extraction of the A’-blocks were to occur, the longer outer A-
blocks would provide an anchoring effect to maintain strength.
The A(BA’), miktoarm star-block design is inspired by studies
done on (A),,(B),, miktoarm star-block copolymers where sig-
nificant deflections in phase boundaries toward higher f5 have
been predicted and observed when n > m.2°~%* Because of the
steric hindrance about the junction between the A- and B-blocks
in an A(B),, miktoarm copolymer, a prohibitive degree of chain
stretching is required to pack the n (>1) B-blocks on flat
interfaces. This steric hindrance strongly favors mesophases
where the n B-blocks are allowed to relax on the convex side of
the AB-interface. While such A(B), miktoarm polymers show
discrete A domains at higher f5 than conventional AB-diblocks
or ABA-triblocks, they are not suitable as elastomers because
they do not have anchoring glassy A-blocks. In contrast, our
A(BA’),, miktoarm star-block design has anchoring A and A’
end blocks, so it should perform as a true TPE. Moreover, for
suitable ratios of A- and A’-block molecular weight, we expect
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Figure 2. Phase diagram for (ABA'); at yNaga' = 40 as a function of
and fj calculated using SCFT. Large deflections in phase boundaries
toward higher f5 occur at 7 ~ 0.8—0.9 and 7 ~ 0.1—0.2. The large
deflections in phase boundaries result from a competition between
the bidispersity between the A-and A’-blocks and pullout of the shorter
A- or A’-block in asymmetric (7 # 0.5) radial copolymers.

that the block bidispersity effect studied by Matsen should
reinforce the miktoarm effect just described to produce stabili-
zation of discrete A-domains to unprecedented values of fo. As
described below, detailed SCFT calculations support this con-
jecture.

Results and Discussion

The first architecture considered consists of n > 3 linear ABA'-
triblock copolymers joined together at their A’ termini
(Figure la) to form an (ABA’), radial copolymer structure where
the size of the A’-block is distinct from the A-block. Each ABA’-
triblock arm of the radial copolymer contains Nagar = Na +
Ng + N segments, so that the total number of segmentsis N =
nNaga'. The volume fraction of A segments in the (ABA’),, radial
copolymer architecture is f = n(Na + Na))/N = (Na + Na/)/
Napa- Note that for the special cases of n = 1 and n = 2 the
radial copolymer design reduces to linear ABA’-triblock and
ABA’A’BA hexablock copolymers, respectively.

The second architecture studied consists of a single A-homo-
polymer block bound at one of its ends to the B-block ends of
BA’ diblock copolymers (Figure 1b) to form an (n + 1)-arm
miktoarm copolymer structure, A(BA’),. Each BA’” arm of the
miktoarm copolymer has Ngn = N + N+ segments so that
the total number of segments is N = N + nNpa. The total
volume fraction of A segments in the miktoarm star-block
architecture is fo = (Na + nNa/)/N. Following the notation of
Mayes and Olvera de la Cruz, the bidispersity of the two distinct
A-blocks in each copol;/mer chain is described by 7 = No/(Na +
Na), where 0 < 7< 1%

Self-consistent-field theory (SCFT) has been used successfully
to predict ghase behavior of linear,® graft, and star-block
copolymers.?® Detailed descriptions of SCFT and its numerical
implementation are available elsewhere.*'“*73* In the present
study, we primarily used the spectral method of Matsen and
Schick®® and also the pseudospectral method of Ceniceros and
Fredrickson? to investigate the phase behavior of the (ABA'),
radial and A(BA’), miktoarm copolymer architectures as a
function of composition f4, bidispersity 7, arm number 7, and
segregation strength yN. Basis functions for the spectral method
were generated using the method of Tyler and Morse.** The free
energies were determined in unit cell calculations after minimiza-
tion with respect to the domain spacing D* of the periodic
ordered structures. To construct phase diagrams, we compared
the free energies of the disordered state (DIS), body-centered-
cubic spheres (S), hexagonally packed cylinders (C), gyroid (G),
and lamellar (L) morphologies to an accuracy of at least 10~ in
free energy per chain (kT units) at the highest segregation
strength. We have not explored the stability of nonclassical
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Figure 3. Junction distributions within a single period of the lamellar structure at yNaga: = 40, s = 0.5,and n = 3 for the (ABA); radial architecture.
The junctions are labeled according to Figure l1a. The interfaces between the A- and B-rich domains are indicated with vertical lines. At 7 = 0.1 the s,
junctions between the A- and B-blocks are primarily pulled free of the interface within the B-rich domain. The s, junctions between the B-and A’-blocks
are primarily located at the AB-interface, and the s3 junction at the linkage between the three A’-blocks is located within the center of the A-rich domain.
Att = 0.5both the s; and s, junctions are equivalently located at the AB-interface. The s3 junction is located at the center of the A-rich domain. Att =
0.9, where the A-block is much larger than the A’-block, the s; junction is firmly located at the AB-interface, and the s, and s3 junctions have become
dislodged from the AB-interface and are embedded within the B-rich domain. This is consistent with the entire A’-bridge pulling free of the AB-

interface.

morphologies such as the gerforated lamella and A 15 packing of
the spherical domains.®!'%333

Phase Behavior of the (ABA’),, Radial Copolymer. Figure 2
shows the phase diagram for the (ABA’); melt system at
¥ Napar = 40 (i.e., yN per ABA’ arm of the copolymer)
calculated by SCFT as a function of f5 and 7. As 7 deviates
from 0.5, the phase boundaries shift toward higher f5. The
origin of the shifts in the phase boundaries at intermediate 7
(0.20—0.75) is similar to the reasons behind the shifts in
phase boundaries in the linear ABA’.'® As v deviates from 0.5
and bidispersity in the terminal A- and A’-blocks increases,
the A-rich domain gains conformational entropy due to the
mixing of chains of different size; this stabilizes structures
where the A- and A’-blocks are on the concave side of the
interfaces.* The softening of the A-rich domain then shifts
phase boundaries toward higher f5. As bidispersity increases
further (z > 0.75, 7 < 0.20), extraction of the shorter block
(Aatt < 0.20, A’att > 0.75) allows the B-blocks to relax as
the short A- or A’-segments segregate to the extremities of
the B-rich domain. This release in stretching of the B-rich
domain relative to the A-rich domain shifts phase bound-
aries back toward lower f5. The maximum shift in phase
boundaries to higher f4, the most desirable set of conditions
for TPEs with the (ABA’); architecture, occurs near t = 0.85
where the effects of A-block bidispersity balances extraction
from the interface. From the application standpoint, it is
fortunate that the maximum shift in f5 occurs for r > 0.5,
which puts the longer A-blocks on the periphery of the
molecule and should lead to enhancement in strength relative
to molecules with 7 < 0.5. For 7 ~ 0.9 where the A’-blocks
dislodge from the interface, G became completely unstable
and gave way to a direct C to L transition. The limitations of
the spectral method preclude us from knowing a priori if
some other phase becomes stable in these regions of the
phase diagram unless we calculate the free energies of all
candidate structures, a computationally intensive and labori-
ous task. This region of the phase diagram will be the subject
of more comprehensive investigations in the future.

The densities of the sy, 55, and s3 junctions within a lamellar
unit cell are shown in Figure 3 at three values of T withn = 3,
fa = 0.5, and yNapar = 40. One period of the lamellar
structure is shown with the interfaces between the A- and B-
rich domains indicted by vertical lines. At t = 0.1, the A-
blocks are much smaller than the A’-blocks. As a result, the
junction between the A- and B-block (s;) is located both at
the interface and partially extracted to the center of the B-
rich domain at z/D* = 0 and 1. The junction between the B-
blocks and longer A’-blocks (s») is firmly anchored at the
AB-interface, and the junction between the A’-blocks (s3) is

(a)

(b)

7=05

T

7=0.1 7=0.85 7=0.914

Figure 4. Effect of n on the lamellar domain spacing for the (ABA');
radial triblock copolymer; the lamellar domain spacing D* vs bidisper-
sity 7 at yNapar = 40 and f5 = 0.6: n = 3 (dotted line), n = 4 (dashed
line), n = 5 (dot-dashed line), n = 8 (solid line). D* increases
precipitously at 7 < 0.2 due to extraction of the short A-block from
the interface and at T > 0.7 due to A’-bridge migration to the interface
followed by A’-bridge extraction from the AB-interface into the B-
domain at 7 = 0.91. D* is given in units of the unperturbed radius of
gyration.

predominantly located in the center of the A-rich domain. At
7 = 0.5 the A- and A’-blocks have the same size. The s; and s
junctions are partitioned identically at the AB-interface. At
the other extreme of 7 = 0.9 the A’-block is much smaller
than the A-block. The s; junction is predominantly located at
the AB-interface whereas the majority of both the s, and s3
junctions are located in the center of the B-rich domain. This
is consistent with the nearly complete extraction of the A’-
bridge into the B-rich domain.

Matsen noted that the extraction of short A-blocks into
the B-rich domain at low 7 in linear ABA’-triblock copoly-
mers was accompanied by a precipitous growth in the
domain spacing of the equilibrium mesophase.'® The short,
extracted A-blocks locate primarily in the extremities of the
B-rich domain where B-blocks would otherwise be required
to unfavorably stretch, thus increasing the conformational
entropy of the mesophase and stabilizing a larger domain
spacing. Block extraction may thus be probed by calculating
the equilibrium domain spacing as a function of the number
of arms n and 7.

Figure 4 shows the lamellar domain spacing (D*) as a
function of 7 for the radial (ABA’), architecture at f4 = 0.5
and yNagar = 40 forn = 3,4, 5, and 8. For 7 < 0.2, the
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Figure 5. Phase diagram for (ABA’); at fixed 7 = 0.85 corresponding
approximately to the maximum deflection in the C — G — L phase
boundaries in Figure 2.

increase in D* is approximately unaffected by variation in
n. This implies that the extraction of the A-block from the
AB-interface is independent of the number of arms. The
increase in D* for > (.7 occurs in two stages and is shown
schematically in Figure 4b. In the first stage, the increase in
D* is driven by the bridge formed by the short, linked A’-
blocks migrating from spanning the length of A-rich domain
to localizing at an AB-interface. This migration is required
since the A’-bridge may no longer stretch across the entire A-
rich domain as its size decreases relative to the thickness of
the A-rich domain. The second and more abrupt change in
D*, which occurs at 7 ~ 0.91, is due to the extraction of the
entire A’-bridge from the AB-interface into the B-rich do-
main. Although the extraction of the A’-bridge becomes
more discontinuous as #» is increased, the location of extrac-
tion did not change appreciably with n. The value of 7 at the
onset of A- or A’-block extraction corresponds to the max-
imum deflection in the phase boundaries toward higher f4.
Preliminary calculations of the metastable C to L transitions
(see Supporting Information Figure 1) demonstrated that
the bidispersity 7 at the maximum shift in the phase bound-
ary toward higher f5 did not deviate from v = 0.85 with
n = 3. The volume fraction f5 at the C to L transition
changed slightly from approximately 0.495 to 0.507 as n
was increased from 3 to 5 at T = 0.85. The shift in f at the C
to L transitions with variations in n at T &~ 0.15 was of a
similar magnitude.

We note that the phase diagram, extraction boundaries,
and domain spacing variations depend in quantitative detail
on the choice of segregation strength, y Naga: = 40. While we
expect qualitatively similar trends at higher segregation
strengths, the laborious task of comprehensively mapping
these out was not part of this investigation. The value of
xNaga = 40 was selected as representative of a moderate
segregation strength for which a system could be designed to
disorder at elevated temperature and thereby facilitate melt
processing. This order—disorder envelope and the associated
phase boundaries at lower values of yNapas are the next
subject of discussion.

Anunderstanding of the phase behavior at lower y Naga is
necessary for proper molecular design and high-temperature
processing of TPEs based on (ABA’), copolymer architec-
tures. Figure 5 shows the phase diagram of the (ABA’); star-
block architecture plotted as a function of y Napar and fa at
approximately the optimum bidispersity ratio for affecting
rightward shifts in the phase boundaries, T = 0.85. At inter-
mediate values of yNaga’ (26 < yNapar < 395), the gyroid
window shifts slightly toward larger f5. Investigation of the
lamellar structure with fo = 0.6 as y Naga’ is changed sheds
some light on the shift in phase boundaries. D* vs y Napa’ at
7 = 0.85and f5 = 0.6is shown in Figure 6. At yNagar = 20,
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Figure 6. Lamellar domain spacing D* vs yNapa' Withn = 3, fx = 0.6,
and 7 = 0.85. Junction density distributions at three segregation strengths
are shown below (yNapas = 20, 30, and 40) with the location of the AB-
interfaces indicated by vertical lines. At yNagas = 20, the mesophase is
weakly segregated and the A’-bridge is predominantly located within
the B-rich domain. By yNaga' = 30, the A’-bridge has partially mig-
rated to the interface but does not extend across the entire A-rich
domain. This rearrangement suppresses the growth of domain spacing
with yNaga’- By xNaga: = 40 the A’-bridge is firmly located near the
AB-interface. Domain spacings (D*) are given in units of the unper-
turbed radius of gyration.

08~
P?DSC G LG
[T XV AN \

C
020 0.40 0 60 0. 80 1.00
A

Figure 7. Phase diagram for A(BA’); miktoarm starblock architecture
atyNapa = 40, as a function 7 and f». The phase boundaries are shifted
to higher f as 7 diverges from 0.5. The maxima in the deflections in
phase boundaries result from a competition between the bidispersity
between the A- and A’-blocks and pullout of the shorter A- or A’-block.
The shift in phase boundaries at 7 ~ 0.9 is disproportionately large due
to suppression of A’-block extraction from the AB-interface far from

= 0.5 and the inherent architectural asymmetry of the miktoarm
copolymer.

the mesostructure is weakly segregated and the A’-bridge is
located predominantly within the B-rich domain. As y Naga’
is increased, D* slightly increases and eventually reaches a
plateau near yNapas = 24 due to the rearrangement of the
A’-bridge from the B-rich domain to the AB-interface. The
rearrangement of the A’-bridge corresponds to the anom-
alous shift in the gyroid window back toward lower f as the
A-rich domain is relaxed relative to the B-rich domain. By
xNapar = 27, the A’-bridge rearrangement is sufficient to
allow D* to resume increasing as yNapa’ 1S increased. In
Figure 2 of the Supporting Information, we show the depen-
dence of D* ontat yNagar = 20, 30,and 40 forn = 3,4, and
5. Only near the maximum deflection in the phase bound-
aries does D* not exhibit a monotonic increase with y Napa'.
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Figure 8. Junction distributions within a single period of the lamellar structure at yNagar = 40, fo = 0.5, and n = 3 for the A(BA'), miktoarm
architecture. The junctions are labeled according to Figure 1b. The interfaces between the A- and B-rich domains are indicated with vertical lines. At
7 = 0.1, the A-block is much smaller than the A’-blocks, and the s, junction is pulled free of the AB-interface into the B-rich domain. A-block extraction
is driven by the release of steric hindrance at the AB-interface due to the architectural asymmetry in the miktoarm system. At t = 0.5 both the s and s,
junctions are located near the interface. The s junction is driven by the steric hindrance at the interface to be concentrated slightly in the B-rich domain
in agreement with Grason and Kamien.”® At 7 = 0.9, where the A-blocks are much larger than the A’-blocks, the s, junctions are becoming dislodged

from the AB-interface.

Although increasing n did not bring about a further
suppression of A’-block extraction toward higher 7 or pro-
duce a larger shift in phase boundaries toward larger fa, the
radial (n = 3) copolymer system has the potential to outper-
form the linear ABA’-copolymer-based TPEs. Extraction
of A’-blocks from the AB-interface is suppressed at higher
7 where the A’-block is smaller than the A-block, and
morphologies with discrete A-rich domains are stable to
higher f than the linear ABA’-triblock copolymer system.
Moreover, extraction of the A’-blocks would not necessarily
lead to a catastrophic loss of strength in (ABA’), architec-
tures with n > 2, whereas this would most certainly be the
case for an ABA'-triblock. Finally, we note that in the case of
styrenic elastomers the anionic polymerization of a radial
(SBS'),, architecture can be accomplished by terminating the
corresponding polymerization of a linear SBS’ copolymer
with an n-functional coupling agent such as a chlorosilane in
stoichiometric deficiency.

Phase Behavior of Miktoarm A(BA’), Copolymer. The
phase diagram for the A(BA’); miktoarm architecture at
xNapa = 40 as a function v and f, is shown in Figure 7. The
topology of the phase diagram is similar to that for the
(ABA'); radial architecture; there are two prominent deflec-
tions in phase boundaries toward larger fa at high and low 7.
However, in the present miktoarm case the shift in phase
boundaries at 7 = 0.9 is disproportionately larger than the
shift at 7 < 0.5. To investigate the underlying causes of the
topology of the phase diagram, the junction distributions
within a lamellar unit cell are shown in Figure 8 at f = 0.5
and 7 = 0.1, 0.5, and 0.9. As 7 is varied at fixed composition
fa and yNaga/, three regimes of behavior are observed. At
7~ 0.1, the s; junction between the A- and B-blocks is not
constrained to the interface and is concentrated in the center
of the B-rich domain. The extraction of the A-block relieves
the interfacial crowding on the AB-interface of the miktoarm
architecture. Thus, a large amount of conformational en-
tropy is gained when the A-block is extracted from the
interface. The s, junction between the B- and A’-blocks is
firmly located at the interface. At an intermediate 7 =~ 0.5,
both the s; and s, junctions are located at the interface.
The s, junction is not concentrated exactly on the AB-inter-
face but is located slightly behind the AB-interface into the
B-rich domain. This is the result of the strong steric hin-
drance at the crowded s; junction. Concentrating the s,
junction slightly behind the AB-interface does incur unfa-
vorable AB contacts but relieves some of the unfavorable
stretching that would be required to place the sterically
hindered s; junction directly on the interface. Grason and
Kamien noted this effect in their study of conventional
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Figure 9. Effect of n on the lamellar domain spacing for the A(BA’);
miktoarm star triblock copolymer; the lamellar domain spacing D* vs
bidispersity 7 at yNapas = 40 and fo = 0.5:n = 3 (dotted line), n = 4
(dashed line), n = 5 (dot-dashed line), n = 8 (solid line). D* increases at
7 < 0.25 due to extraction of the A-block from the interface and at 7 >
0.85 due to A’-block extraction into the B-rich domain at 7 = 0.91. At
both low (z < 0.25) and high 7 (z > 0.85), increasing # shifts A-block
extraction toward higher . Domain spacings (D*) are given in units of
the unperturbed radius of gyration.

(A),(B),, miktoarm copolymers as well.”* At 7 ~ 0.9, the s,
junction begins to dislodge from the AB-interface. However,
the smaller A’-blocks require a larger bidispersity to dislodge
from the interface than the A-blocks; i.e., they require a
greater difference from 7 = 0.5 to make their extraction
from the AB-interface energetically favorable. This is be-
cause there is no interfacial crowding driving their extrac-
tion. As 7 increases further, the s, junctions pull free of the
interface and partition within the center of the B-rich
domain. This partitioning relaxes the B-rich domain relative
to the A-rich domain and begins shifting phase boundaries
back toward lower f5. Thus, both the maximum shifts in
phase boundaries toward higher f5 that occur near 7 ~ 0.9
and 7 < 0.5 represent a balance between the A- and A’-block
bidispersity relaxing the A-rich domain shifting phase
boundaries toward larger fa, and the A- or A’-block extrac-
tion that relaxes the B-rich domain shifting phase boundaries
back toward lower fa.

The technologically relevant S to C and C to G phase
boundaries at f4 = 0.43 and 0.60, respectively, both at 7 =
0.9, correspond to roughly rwice the maximum A-monomer
loadings (fa) possible in the linear ABA’-triblock and the
(ABA’); copolymer at the same segregation strength.'® Thus,
the A(BA’), miktoarm architecture is a very promising
polymer structure to engineer TPE materials that are strong
due to the high loading of A-monomer, soft due to the
discreteness of the A-rich domains, and processable due to
an accessible Topr-.
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Figure 10. (a) The S to C phase boundary for n = 2 (solid line), 3
(dashed line), and 5 (dotted line). Increasing n causes the S to C phase
boundary in the upper half of the phase diagram (z > 0.5) to shift
toward higher f5. Sisstable at very high f4 = 0.48 at7 = 0.9andn = 5.
(b) 5, junction density between the B- and A’-blocks within a C unit cell
att = 0.85and v = 0.95. The furthest deflection in phase boundaries at
7~ 0.9 corresponds to the onset of extraction of the s, junction. (c) Real-
space renderings of unit cellsat 7 = 0.9 for S (fa = 0.465)and C (f5 =
0.66) with n = 5. The discrete domains become faceted as they are
stabilized at very high volume fractions. Note that the curve forn = 5
stops at 7 = 0.95 due to numerical difficulties.

To investigate the effects of n on block extraction, the
lamellar domain spacing D* vs t forn = 3,4, 5, and 8 is
shown in Figure 9. For v < 0.4, increasing n facilitates the
extraction of the A-block from the interface as evidenced by
the onset of a rapid D* increase upon increasing . Steric
hindrance at the s, junction increases with n. Thus, the onset
of extraction that relieves steric hindrance at s; requires less
bidispersity; i.e., extraction of the shorter A-block occurs
closer to T ~ 0.5 as n increases. At high bidispersity, 7 ~ 0.9,
the precipitous increase in D* moves toward higher 7 as n is
increased. At high 7 the miktoarm architecture suppresses
extraction; extraction of the A’-segments into the B-rich
domain would favor transitions toward mesophases with
decreased interfacial curvature toward the A-rich domain.
However, the steric hindrance about the s junction strongly
favors curved interfaces toward the A-rich domain, thus
suppressing A’-block extraction. At n = 8 the A’-block ex-
traction has become a discrete transition.

The changes in extraction with n have consequences for the
location (7) and magnitude (f5) of the maximum deflections
in phase boundaries. The bidispersity between the A-and A’-
blocks relieves stretching in the A-rich domain and shifts
phase boundaries toward larger f5. Once the A- or A’-blocks
are extracted from the interface, then phase boundaries shift
back toward lower f5. Thus, onset of extraction occurring
closer to t = 0.5 will produce smaller deflections in phase bound-
aries in f. Likewise, an onset of extraction occurring further
from v = 0.5 will produce larger deflections in phase bound-
aries toward larger f5. The role of n on the phase behavior of
the miktoarm A(BA’), architecture is illustrated in
Figure 10a, which compares the technologically relevant S
to C phase boundaryatn = 2,3,and 5. Atlow 7 < 0.5, the maxi-
mum shift in the phase boundary between the S and C phases
shifts toward higher 7 and lower f, with increasing n,
consistent with an onset of A-block extraction occurring
closer to T = 0.5. At high values of bidispersity, i.e., 7~ 0.9,
the maximum deflection moves with increasing n toward
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Figure 11. Phase diagram for A(BA’); at fixed 7 = 0.9 corresponding
approximately to the largest deflection in phase boundaries toward
larger f5 in Figure 7.

higher 7 and larger fa, again consistent with the onset of
extraction occurring at higher 7.

Although evidence of A- and A’-block extraction was shown
for the lamellar morphology in Figure 9, we show contour plots
of the s, junction density between the B- and A’-block within
the C unit cell just below (7 = 0.85) and above (7 = 0.95) the
maximal deflection in phase boundaries in Figure 10b. At f5 =
0.5 and T = 0.85 the s, junctions (white is highest density) are
located at the AB-interface. As ris increased past the maximum
deflection to t = 0.95, the s, junction (white) has been extracted
into the center of the B-rich domain.

We have carried out preliminary calculations to determine
the relative fraction of B-blocks that form bridging or loop-
ing configurations between adjacent A-rich domains in the
vicinity of the maximum deflection in phase boundaries near
7= 0.9forn = 3.5 Inthe L morphology at v = 0.85 and f,
= 0.7, just before the onset of A’-block extraction from the
AB-interface, the relative fraction of B-blocks forming brid-
ging configurations is 40.1%. This value is consistent with
the accepted value of bridging configurations for linear
symmetric triblock copolymers in the lamellar mesophase
(40—45%).° Increasing 7 to 0.95, past the onset of A’-block
extraction, the relative fraction of bridging B-blocks
decreases to 28.3% due to the extraction of the smaller
A’-blocks from the A-rich domains. In the C morphology at

= 0.5and 7 = 0.85, a bridging fraction of 50.4% results.
Ja ging

This value is lower than the bridging fraction in linear
symmetric triblock copolymers in the C morphology
(60—65%). Similar to the L morphology, the fraction of B-
blocks in bridging configurations decreases once the smaller
A’-blocks become dislodged from the A-rich cylinders. At
T = 0.95 and fo = 0.5 the bridging fraction decreases to
34.7%. Distributions of the s, junction with the s; junction
fixed to a single Wigner—Seitz cell, which were used to
calculate bridging fractions, are shown for L and C in
Supporting Information, Figures 4 and 5, respectively.

A consequence of the stability of discrete A-rich domains
at high f, is the emergence of faceted structures resembling
those in high internal phase emulsions, but on a 10 nm scale.
Figure 10c shows the real space rendering of two equilibrium
unit cellsat t = 0.9 for the A(BA')s miktoarm architecture: S
atfa = 0.465and Catfy = 0.66. Atn = Sandt = 0.9 the S
phase has been stabilized to fo = 0.48, which is more than
double the A-monomer loading possible with the linear
ABA’. Both the S and C phases are now highly faceted in
order to efficiently fill space. Periodic, faceted morphologies
have previously been reported by Sioula et al. in the experi-
mental study of miktoarm star terpolymers of styrene, iso-
prene, and methyl methacrylate and computationally by
Grason and Kamien for a two-color (A—B) block copolymer
system.?**® Similar faceted morphologies were observed
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Figure 12. Lamellar domain spacing D* vs yNapas With n = 3, fa =
0.7, and 7 = 0.9. Junction distributions at three segregation strengths
are shown below (yNaga' = 20, 30, and 40) with the location of the AB-
interfaces indicated by vertical lines. At yNapa: = 20, the mesophase is
weakly segregated and the junctions are mixed nearly uniformly
throughout the system. As yNapa’ is increased to 30, D* increases as
the degree of segregation increases and the s; and s, junctions become
excluded from the A-rich domain. The s; junction is more closely
localized at the AB-interface than the s, junction, which is mixed
uniformly in the B-rich domain. As N is increased further, the s; and
s, junctions localize at the interface. D* is given in units of the unper-
turbed radius of gyration.

computationally for linear ABCA tetrablock copolymers by
Drolet and Fredrickson.?'

Figure 11 shows the phase diagram for the A(BA’);
architecture as a function of y Napa’ and f4 at a bidispersity
ratio (r = 0.9) corresponding closely to the maximum deflec-
tion in phase boundaries in Figure 7. The phase diagram is
highly asymmetric with disproportionately large regions in
the phase diagram occupied by S and C phases of discrete
A-rich domains. The boundary between the S and C phases
shifts toward lower f, as the segregation strength is decreased,
although this trend reverses close to the order—disorder
boundary. We expect that thermal fluctuations not accounted
for in SCFT will modify the topology of the phase diagram
close to the ODT and break the critical point near fo = 0.7
and yNapas = 19. Thus, the very weakly ordered region of
the phase diagram should be viewed with some skepticism.
Investigation of the junction distributions within the C
mesophase at f4 = 0.5 as a function of y Napa’ (see Support-
ing Information Figure 3) reveals the cause of the shift in the
S to C phase boundary at intermediate segregation. As y N is
increased, the s, junctions migrate from the B-rich domain to
the AB-interface. This relaxes the A-rich domain as the
bidisperse A- and A’-blocks are brought into the same
microphase-separated domain. The S to C phase boundary
is thus shifted toward larger fa as y Napa’ increases.

We next examine the lamellar domain spacing as a function
of yNagar atfa = 0.7,7 = 0.9, and n = 3 shown in Figure 12
along with junction density distributions at y Naga: = 20, 30,
and 40. At low yNapa’ = 20 the structure is weakly micro-
phase-separated. The lamellar domain spacing D* increases
as yNapa is increased until y Naga’ ~ 27 where D* reaches a
maximum and begins to decrease as yNapas is further
increased. The decrease in D* is due to the A’-blocks
localizing at the AB-interface from the B-rich domain as
xNaga’ 1s increased; this increases stretching in the B-rich
domain and causes the modest decrease in D*. These changes
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in the lamellar structure as y Napa’ is increased are consistent
with the changes in junction density distributions with the C
unit cell at fo = 0.5 (Supporting Information Figure 3).

Conclusions

We have designed two potential architectures for thermoplas-
tic elastomers (TPEs) in silico that would stabilize discrete A-rich
domains to high fx. The architectures we explored as TPEs were
radial (ABA’),, and miktoarm A(BA’), star-block copolymers.
Self-consistent-field theory calculations predict that these archi-
tectures stabilize the spherical and cylindrical phases at higher
volume fractions of the A-blocks than in conventional thermo-
plastic elastomers based on linear ABA’-triblock copoly-
mer melts. The phase behavior in both architectures is governed
by a competition between relaxing elastic stress in the A-rich
domains at modest end-block bidispersity (), which shifts phase
boundaries toward larger f,, and the extraction of the short A’-
block into the B-rich domain at high 7, which shifts phase
boundaries back toward smaller f5. A balance of both effects
leads to a maximum deflection in the S—C and C—G phase
boundaries at a high 7 (between 0.8 and 0.9) that represents the
optimum set of morphological conditions for TPEs, i.e., condi-
tions where the A spheres or cylinders remain discrete at high fa,
thereby preserving a soft continuous B-rich domain for low
modulus and good elastic recovery, but offering the promise
for improved strength. We emphasize that our new designs
provide these 2-fold shifts in the value of f, at the S—C and
C—G phase boundaries at modest segregation strengths without
sacrificing the accessibility of the order—disorder transition. This
facilitates ease of processing at temperatures above Topr.

Increasing the number of arms in the radial (ABA'), architec-
ture had no sizable effect on the extraction of the shorter A-end
blocks and therefore was of limited benefit in providing further
shifts in phase boundaries. In contrast, increasing n in the
miktoarm A(BA’), copolymer drove the onset of extraction to
higher 7, thus allowing further shifts in phase boundaries toward
larger fo. Remarkably, in the case of five arms and 7 = 0.9, the
body-centered-cubic S morphology was found to be stable to
fa = 0.48 and the hexagonal C phase was stable to f = 0.7, at
which point the discrete S and C domains develop facets. Such
mesophase morphologies are without precedent in conventional
binary AB or ABA block copolymer systems.

In summary, we have identified novel block copolymer designs
that should provide excellent combinations of properties that are
desirable in TPE applications: high melt processability, low
modulus, good elastic recovery, and high strength. These designs
can be realized in broad classes of materials with glassy A-blocks
and rubbery B-blocks. In the specific case of styrenic block
copolymers prepared by anionic polymerization, the (ABA’),
and A(BA'), designs should be manufacturable at commercial
scale.
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lamellae (L) for the (ABA’), architecture (Figure 1); lamellar
domain spacing D* vs 7 for both the (ABA’), and A(BA’),
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architectures (Figure 2); contour plots of the chain-end/junction
distributions for the A(BA’); architecture in the hexagonal
morphology (Figure 3); bridging/looping configurations in the
lamellar morphology (Figure 4); bridging/looping configura-
tions in the cylindrical morphology (Figure 5). This material is
available free of charge via the Internet at http://pubs.acs.org.
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