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ABSTRACT: Miktoarm star polymers with two or more blocks
connected at a common junction are known to stabilize Frank—
Kasper phases such as ¢ and A1S over wide regions of phase space
due to arm-number asymmetry. To date, studies on AB, miktoarm
stars in this context have focused on well-defined materials with a
precise number of A and B arms. Here, using a combination of self-
consistent field theory simulations and experiments, we demon-
strate that mixtures of AB, miktoarm stars with dispersity in the
number of B arms per molecule (1) similarly stabilize 6 and A1S.
This insight highlights the utility of a synthetic technique known as
uSTAR (miktoarm synthesis by termination after ring-opening
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metathesis polymerization) that simplifies the synthesis of miktoarm star polymers but inherently produces a mixture of AB,

molecules having a distribution in n.

B INTRODUCTION

The recent discovery of Frank—Kasper phases"” such as ¢° and
A15* in block copolymers has sparked renewed interest in
topologically close-packed arrangements of spheres in soft
materials.”~'* For block copolymers, the key design criterion
that stabilizes Frank—Kasper phases is known as conforma-
tional asymmetry. This concept, which captures the way chains
fill space on either side of a block—block interface, can be
adjusted through the ratio of block statistical segment lengths
(ba/bg in a system consisting of A and B monomers)*”">~"*
or via architecture.’™*'”'?*° For example, the AB, miktoarm
star architecture amplifies differences in statistical segment
lengths with arm-number asymmetry (1n).>”"'" These effects
are usually considered together by quantifying the overall
degree of conformational asymmetry as a single parameter € =
n - (by/bg),""” which originates from strong-stretching
theory.”' At a given ¢, the equilibrium phase behavior of AB,
miktoarm stars is also affected by the segregation strength yN,
and volume fraction f, of A, where y is the Flory—Huggins
interaction parameter, Ny, = N + nNjy is the total degree of
polymerization, and N, and Ny are the degrees of polymer-
ization of one A and B arm, respectively. Although miktoarm
stars represent an intriguing opportunity to readily form and
study Frank—Kasper phases, their synthesis remains a
significant challenge,’g’n’23 limiting broad access to these
unique materials.

Recently, we described a new technique for synthesizing
miktoarm star polymers using a combination of ring-opening
metathesis polymerization (ROMP) and efficient ene—yne
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coupling reactions.”¥*> This approach, called uSTAR (mik-
toarm synthesis by termination after ROMP), is operationally
simple, has a wide monomer scope, and is particularly versatile
in synthesizing libraries of AB,-type materials having different
numbers of arms (n). A notable difference, however, compared
to other synthetic strategies is the inherent dispersity in n that
arises from uSTAR—good control over n is always
accompanied by a distribution around the average value.
Given the utility of AB, miktoarm stars in stabilizing Frank—
Kasper phases, it is natural to ask whether the same is true of
disperse mixtures formed by uSTAR (Figure 1). Here, we
demonstrate through a combination of self-consistent field
theory (SCFT) simulations and experiments that ¢ and AlS
indeed readily form in disperse mixtures of AB, miktoarm star
polymers. By further amplifying conformational asymmetry
through the choice of A = poly(rac-lactide) (“L”) and B =
poly(dodecyl acrylate) (“D”) (by/by = 1.85), well-defined &
and A1S mesophases were obtained in LD; and LD, systems
over a wide range of volume fractions f; = 0.25—0.39, even in
the presence of D arm-number dispersity. Experimentally,
order—order phase boundaries deflect to larger f; as the
number of D arms increases; SCFT simulations indicate this
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Figure 1. uSTAR readily generates LD, miktoarm star polymers with inherent dispersity in the number of D arms. Disperse LD; and LD,
miktoarm stars were investigated to determine whether these systems could stabilize well-defined Frank—Kasper phases.
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Figure 2. SCFT predicts the o and A15 phases are stable in melts containing a disperse mixture of LD; miktoarm stars where the number of B arms
per molecule follows a normal distribution. The 6—A1S phase boundary was determined to be f; = 0.266 at yN = 29.30 and the A15—HEX phase
boundary to be f| = 0.394 at yN = 40.00; N is the degree of polymerization of a single L plus D arm (see Supporting Information for details).

observation provides insight into the opposing effects of each
contribution to conformational asymmetry, a shortcoming of
strong-stretching theory due to its simplified assumptions.
Finally, in situations where ordering is kinetically trapped—a
common challenge with architecturally complex block
copolymers—we demonstrate that blending a nonselective
good solvent significantly improves self-assembly over short
time scales. In summary, these results highlight the simplicity
and power of uSTAR in creating materials that behave like
precise miktoarm star analogues.

B RESULTS AND DISCUSSION

Stabilization of 6 and A15 Phases in Disperse LD;
Miktoarm Stars. SCFT simulations were first performed to
predict how arm-number dispersity impacts the equilibrium
phase behavior of AB, miktoarm star polymers. To mimic LD,,
polymers having arm-number asymmetry as well as different
statistical segment lengths, a ratio by /by, = 3.0 was used in the
simulations. This ratio was intentionally selected to be
moderately higher than the value measured in experiments
(1.85) because SCFT is known to quantitatively overestimate
the conformational asymmetry needed to stabilize Frank—
Kasper phases.””” A typical molar-mass dispersity of D = 1.10
was used for the disperse D, molecules to model well-
controlled uSTAR syntheses. To capture the resulting mixture
of species, we simulated a melt containing LD, LD,, LD;, LD,,
and LDy at molar fractions of 0.05, 0.24, 0.42, 0.24, and 0.05,

respectively, following a normal distribution for the number of
D arms (see the Supporting Information for details).
Notably, SCFT simulations indicate the ¢ and AlS phases
are indeed stable in disperse mixtures of LD; miktoarm stars.
Both structures and the window of phase stability are shown in
Figure 2. This result suggests appropriately designed miktoarm
star polymers synthesized via ySTAR should indeed form
Frank—Kasper phases over a relatively wide range of volume
fractions, fi =~ 0.26 to 0.39. We also find that the phase
behavior of precise and disperse miktoarm stars is similar (see
the Supporting Information for a quantitative comparison).
Guided by these SCFT simulations, we designed miktoarm
star copolymers consisting of L and D arms targeting the
volume fraction range where stable Frank—Kasper phases are
predicted to form based on Figure 2. Procedurally, D
macromonomers were prepared with a polymerizable
norbornene end-group and L macroterminators with an
ene—yne terminator moiety (Tables S1 and S2). The
USTAR synthesis was executed in two distinct steps within
one pot (Figure 1, top). First, ring-opening metathesis
polymerization of 3 or 4 equiv of D macromonomer relative
to Grubbs’ third generation catalyst yielded short stars with a
controlled number of arms and an active Ru chain-end.
Second, after full conversion of the D macromonomer, in situ
termination with L macroterminator (1 equiv) formed LD; or
LD, miktoarm stars. As discussed above, these values represent
the average number of D arms around a distribution created
from the statistical polymerization process in the first step.
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Figure 3. Experimental realization of Frank—Kasper ¢ and A15 phases in disperse mixtures of (a) LD; and (b) LD, miktoarm stars. Lines indicate
allowed reflections for A1S (Pm3n); indexing for o (P4,/mnm) is provided in the Supporting Information for clarity (Figure S9).

For each sample, the average number of D arms (1) was
measured by '"H NMR spectroscopy on an aliquot of the
polymerized D macromonomer (D,), which was extracted and
quenched by ethyl vinyl ether following ROMP but before
addition of the macroterminator (Table S3). Residual catalyst
was removed using a metal scavenger prior to 'H NMR
measurements. Additional 'H NMR and size-exclusion
chromatography (SEC) analysis confirmed the stoichiometric
coupling of D, with L macroterminator. The volume fraction
of the single L arm (f) was determined by integrating signals
arising from L and D segments in the 'H NMR spectra of the
final miktoarm products. Detailed characterization is provided
in (Figures S3—S7). Using D macromonomers and L
macroterminators with different molecular weights, a library
of disperse LD; and LD, miktoarm stars was prepared over a
range of f; (Table S4).

Synthesized miktoarm stars are denoted LD,-XX, where n
denotes the integer-rounded average number of arms and XX is
the volume fraction f; X 100%. For example, LD;-33
corresponds to a sample with an experimentally determined
average of 3 D arms and a volume fraction f; = 0.33 for the L
block. A library of disperse LD; samples (LD;-26, LD;-28,
LD;,-30, LD;-31, LD;-33, LD;-35, LD;-39, and LD;-42) and
disperse LD, samples (LD,-25, LD,-30, LD,-31, LD,-34, LD,-
36, LD,-39, and LD,-43) highlights the good control over
compositional and architectural variations enabled by uSTAR.

Based on our SCFT simulations, four representative samples
(LD;-26, LD;-33, LD,-25, and LD,-34) were initially selected
and subjected to an annealing process at 100 °C for 24 h,
preceded by a quick equilibration at 180 °C for S min to
induce disordering (detailed procedures and representative
SAXS profiles at 180 °C are included in the Supporting
Information). Following annealing and cooling to room
temperature for a minimum of 24 h, small-angle X-ray
scattering (SAXS) experiments were conducted. As shown in
Figure 3, both disperse LD; and LD, miktoarm stars self-
assemble into o and AlS at volume fractions in quantitative
agreement with SCFT. The resolution in all four SAXS profiles
permitted indexing to the AlS and o space groups (see also
Figure S9). Additionally, for LD;-33, we reconstructed the unit
cell electron-density map via Le Bail refinement and charge
flipping to clearly show a real-space depiction of the AlS
structure (see Figure S10). These experimental results

demonstrate that disperse LD, miktoarm stars synthesized
via the uSTAR platform can successfully self-assemble into
Frank—Kasper phases, despite arm-number dispersity that
arises from the ROMP mechanism. The formation of highly
ordered AlS phases by LD; and LD, miktoarm stars is
especially remarkable because previous LD; miktoarm stars
with a precise number of each arm did not assemble into
similarly clear Frank—Kasper structures.'

SCFT provides additional insight into the structure and
distribution of disperse LD, molecules in the A1S phase. There
are two distinct sizes of micelles in the AlS structure, where
the large and small ones possess 14 and 12 neighbors (defined
as micelles whose Voronoi cells share a common facet),
respectively. We find that LD, molecules with smaller n
disproportionally contribute to the formation of the large
micelles. For example, at f; = 0.289, within the interior of a
small micelle (we consider spatial locations with p; > 0.5 to be
the interior of micelles when performing segmentation of the
structure) the L block in LD, LD,, LD,;, LD,, and LDy
molecules constitutes 4.66%, 24.76%, 42.51%, 23.74%, and
4.34% of the L-species density, respectively, whereas within the
interior of each large micelle the L block represents 5.01%,
25.17%, 42.08%, 23.41%, and 4.32% of the L-species density,
respectively. We note that with precise analogues, the volume
asymmetry of distinct micelles must come from a different
number of molecules in each. In contrast, with disperse
systems, such volume asymmetry can arise from the
aforementioned molecular partitioning, reducing the need for
chain exchange between different micelles and potentially
leading to accelerated self-assembly kinetics and improved
ordering. Collectively, these findings prompted us to further
investigate whether A1S similarly forms across a wide range of
volume fractions f as predicted by SCFT.

Phase Portraits of Disperse LD; and LD, Miktoarm
Stars. Using the library of LD; and LD, samples, we next
determined the range of f; over which A1S is experimentally
stable. Figure 4 shows SAXS patterns for samples with f; =
0.26—0.42 (detailed reflection indexing is presented in Figure
S12). These results indicate a significant window of AlS
stability extending from f; = 0.30 to 0.39. Most of these
samples have clear and sharp reflections with the exception of
LD;-39 that is broader but nevertheless consistent with A1S
indexing. Near the lower boundary of the A1S window, LD;-28
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Figure 4. SAXS profiles of disperse LD; miktoarm star polymers
across a range of different f; (see Figure S12 for indexing); the
stability of ¢ and AlS is evident.

was observed to form a dodecagonal quasicrystal
(DDQC).**"** Interestingly, the ¢ phase can be viewed as a
periodic approximant to an aperiodic DDQC structure.”® A
long-lived metastable DDQC mesophase near the c—Al1S
phase boundary has also been experimentally observed in a
previous study of miktoarm stars.””

Similar results were obtained with disperse LD, samples,
namely, a sequence of 6—DDQC—A15—HEX phases as f;
increases (Figure S13). SAXS analysis again revealed a well-
ordered Al5 phase in LD,-31, LD,-34, and LD,-36 as
evidenced by characteristic scattering peaks. However, LD,-
39 exhibited even broader reflections than LD;-39 (Figure
S13f), which is indicative of a kinetically trapped liquid-like
micellar packing (LLP) state often encountered in the
formation of Frank—Kasper phases.”>**7*! The observation
of LLP suggests LD,-39 may ultimately resolve into a well-
defined A15 morphology. One factor that may contribute to
this more pronounced kinetic limitation compared to the
corresponding LD; sample is an increase in n and molecular
weight. Nevertheless, LD, clearly self-assembles into Frank—
Kasper phases that are analogous to LDs.

Experimentally, the phase behavior of LD, systems is
summarized in Figure S. Note that data for a precise LD
diblock copolymer was derived from literature.” This portrait
reveals a significant shift in both the 6—AlS and AIS—HEX
phase boundaries as n increases, with a particularly pronounced
change observed between LD and LD;. Next, we probe the
origin of this behavior using SCFT simulations.

disperse LDs x | €4 + + ° [] X o
X DDQC
disperse LD N X 44 4+ + + ] 4+ A5
B HEX
precise LD X X 4 +n u ® LP
020 025 0.30 B 035 040 045

Figure S. Differences in order—order transitions as a function of arm
number n: precise LD, disperse LDj, and disperse LD,. Note that the
LD diblock data is from previous work.*

SCFT Insights into the Effects of Conformational
Asymmetry. Experimentally, as the number of D arms n
increases, some order—order phase boundaries shift markedly
to higher f for disperse LD, miktoarm stars. This is similar to
observations for AB, miktoarm stars with precise n that were
reported in recent experimental work.'”*® It is also consistent
with strong stretching theory,”' where a single parameter € = n
- (by/by) was thought to capture the degree of conformational
asymmetry. However, notably, exceptions with respect to
strong stretching theory do exist, e.g, the oc—AlS phase
boundary deflects to lower f, for AB linear diblock copolymers
as b, /by increases.”

To fully understand the effects of different types of
conformational asymmetry on the phase behavior of AB,
miktoarm star polymers, we performed two sets of SCFT
simulations. Specifically, we (i) varied n while fixing b,/bg, and
(i) varied b,/by while fixing n, both at constant segregation
strength yN,, where N, is the total degree of polymerization
for a miktoarm star. Since the phase behavior of precise and
disperse AB, systems is similar as mentioned above, for
simplicity, these simulations were performed with precise AB,,
As shown in Figure 6a, as n increases at fixed b,/bg, the 6—A15

(a) 4 T T (b) 4 T T T T T
3- . 3 .
£
= to A15 HEX] % | o A15 HEX
=
2F . 2F .
1 1 1 | 1 1 1 1 1 1
0.28 0.32 0.36 0.28 0.32 0.36
JA JA

Figure 6. SCFT simulations predict opposite trends in the 6—AlS
boundary for the two contributions to conformational asymmetry and
similar trends in the A1S—HEX boundary. (a) n effects at b,/by = 3
and yN,, = 38. (b) bs/by effects at n = 3, yN,,, = 38.

phase boundary deflects to higher f,, while the opposite is true
as b,/byg increases at fixed n, Figure 6b. The former case, Figure
6a, is consistent with our experimental observations (recall
Figure S). These results clearly demonstrate the opposing
influence of the two types of conformational asymmetry on the
equilibrium phase behavior of AB, miktoarm stars, which
strong segregation theory fails to describe. We believe this is
because the theory”' assumes a circular or spherical unit cell
around each micelle for the HEX and sphere phases and does
not take into account how micelles pack; thus, it cannot be
used to predict whether one sphere phase is more stable than
another sphere phase, e.g., the relative stability of BCC, 6, and
AlS. On the other hand, the A15—HEX phase boundary is
deflected to higher f, as n or b,/bg increases, which is
consistent with the prediction of strong-stretching theory”’
and different from the case of the 6—A1S phase boundary.
Accelerating Self-Assembly Kinetics with Nonselec-
tive Solvent. Although we identified a remarkably wide
window of AlS stability in both disperse LD; and LD,, as
previously mentioned, two samples with the highest f1 near the
A15—HEX boundary (LD;-39 and LD,-39) exhibited broad
SAXS reflections indicative of poor ordering, likely due to
kinetic trapping. Because of the similarity in behavior between
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Figure 7. (a) Schematic representation of blending nonselective solvent BBL with disperse LD, miktoarm stars to improve ordering. (b,c) SAXS
patterns of (b) LD5-39 and (c) LD,-39 obtained at 100 °C indicate BBL blending significantly improves the ordering of A1S. (d) SCFT simulations
demonstrate the distribution of BBL (21 vol %) is almost uniform with a slight accumulation at the interface of L-rich micelles and D-rich matrix in

the A1S phase formed by an LD; miktoarm star at f; = 0.39.

these two distinct but related materials, we were motivated to
try different annealing conditions to improve the ordering.
More generally, kinetic limitations often pose significant
challenges in achieving highly ordered Frank—Kasper
phases,'”****7*! particularly when dealing with copolymers
having complex architectures,'”**~** so these efforts might
reveal processing strategies that extend to other systems as
well.

To address this challenge, we explored a solvent addition
process aimed at facilitating the formation of high-quality
Frank—Kasper phases with LD3-39 and LD,-39. The approach
involved introducing a nonselective good solvent for both the
L and D blocks, which is intended to lower the glass-transition
temperature of the polymers and improve chain mobility*®
without inducing selective segregation that would shift volume
fractions.”**” An ideal choice of solvent would have a high
boiling point and low vapor pressure to avoid complexities
related to solvent evaporation.”® Upon screening various small
molecules, we selected butyl butyryllactate (BBL), which has a
boiling point of 250 °C at standard pressure and a vapor
pressure of 2 Pa at 25 °C. Using Small’s method,® the
solubility parameters & (in units of cal’/> cm™?) of BBL, L,
and D were calculated to be 8.77, 9.57 and 8.40, respectively;
see the Supporting Information for details. The solubility
parameter of BBL therefore lies in between that of the L and D
blocks, with a value sufficiently close to both such that it is
expected to be approximately nonselective.

Procedurally, a solution of BBL in DCM was added to LD;-
39 or LD,-39 followed by complete evaporation of the DCM
as confirmed by 'H NMR. Each sample was then subjected to
annealing at 100 °C for 24 h; see the Supporting Information
for details. Figure 7 compares the SAXS patterns of LD;-39

and LD,-39 at 100 °C before and after blending. A significant
improvement in the number of peaks and their sharpness was
observed in both cases by blending approximately 20 vol % of
BBL.

To further elucidate the role of BBL in facilitating the self-
assembly of miktoarm stars, we conducted an SCFT simulation
of the A1S phase formed by LDj; in a solution of 21% BBL—
the same composition used experimentally for LD;-39 (see the
Supporting Information for details). The solvent (denoted as
S) was assumed to be athermal, i.e., 15 = yps = 0, since the
solubility parameter of BBL is close to those of L and D
segments as mentioned above. As shown by a visualization of
the SCFT-relaxed structures in Figure 7d, the local volume
fraction of BBL varies from 20% to 23% at different spatial
locations, i.e., the distribution of BBL is almost uniform with a
slight accumulation at the interface of L-rich micelles and D-
rich matrix. The dominant effect of a nonselective athermal
solvent is therefore to screen unfavorable L—D interactions,
leading to a reduced effective Flory—Huggins interaction
parameter. In addition, we note that within the unit cell of an
AlS structure, there are 6 large micelles and 2 small micelles,
which appear to be nonspherical. We quantified shape
sphericity of the micelles using the isoperimetric quotient”

IQ = 367V?/A, where V and A are the volume and surface
area of a micelle, respectively, with spatial locations having p; >
0.5 considered to be the interior of micelles when performing
segmentation of the structure. Note that IQ = 1 corresponds to
a sphere. The isoperimetric quotient IQ for the large and small
micelles was determined to be 0.940 and 0.989 after the
addition of BBL, and 0.936 and 0.983 without BBL,
respectively. In other words, the micelles become slightly
more spherical after the addition of BBL, leading to reduced
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surface tension since a sphere is well-known to possess the
least surface area for a given volume among all shapes. These
results are consistent with observations from previous
experimental and computational studies of traditional block
copolymer morphologies containing nonselective good sol-
vent.”**~** This method holds promise for overcoming
kinetic issues commonly encountered with Frank—Kasper
phases formed from polymers having complex architectures
and block sequences.

B CONCLUSIONS

In this work, we leveraged a synergistic combination of SCFT
simulations and experimental techniques to discover Frank—
Kasper phases in AB, miktoarm star polymers having inherent
dispersity in n. Specifically, for LD; and LD, miktoarm stars
with L = poly(rac-lactide) and D = poly(dodecyl acrylate),
dispersity in the number of D arms still yields a wide range of
volumes fractions f over which well-ordered 6 and A15 phases
form. As n increases, order—order phase boundaries were
found to deflect toward larger f;, which is consistent with the
number of arms dominating conformational asymmetry effects
rather than the ratio of statistical segment lengths by /bp. This
result challenges the conventional thinking that a single
parameter € = n - (by/bg) can fully describe the effects of
conformational asymmetry in AB, miktoarm star systems.
Finally, reproducibly sluggish self-assembly kinetics observed
with samples near the A15—HEX boundary were significantly
accelerated by the addition of nonselective solvent, demon-
strating a processing route that may prove broadly useful in the
context of Frank—Kasper phases. In summary, #STAR is a
powerful technique that can be used to synthesize disperse
mixtures of miktoarm stars with self-assembly that closely
resembles precise analogues.
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