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ABSTRACT

Molecular architecture plays a key role in the self-assembly of block copolymers, but few
studies have systematically examined the influence of chain connectivity on tetrahedrally close-
packed (TCP) sphere phases. Here, we report a versatile material platform comprising two blocks
with substantial conformational asymmetry, A = poly(trifluoroethyl acrylate) and B =
poly(dodecyl acrylate), and use it to compare the phase behavior of AB diblocks, ABA triblocks,
and (AB); and (AB)4 radial star copolymers. Each architecture forms TCP sphere phases at
minority A-block compositions (fa < 0.5), namely ¢ and A 15, but with differences in the location
of order—order phase boundaries that are not anticipated by mean-field self-consistent field theory
simulations. These results expand the palette of polymer architectures that readily self-assemble
into complex TCP structures and suggest important design factors when targeting specific phases

of interest.



The self-assembly of organic molecules creates a rich array of hierarchical order that
influences the properties of soft matter,'™ a topic which continues to stimulate research across
diverse fields including medicine,’ electronics,® and separations.!® Among the litany of possible
materials, block copolymers are particularly popular because key design parameters can be
predicted by theory and carefully controlled during synthesis.!! Historically, in developing a
thorough understanding of equilibrium block copolymer phase behavior, significant attention has
focused on linear AB diblocks — the simplest possible architecture — culminating in a well-
known set of classical mesophases: body-centered cubic (BCC) spheres, hexagonally-packed
cylinders (HEX), the double gyroid network (GYR), and lamellae (LAM).!? (A limited number of
other morphologies have been observed in the melt but only occupy a small sliver of phase space,
for example, close-packed spheres (CPS)!* and the O7° network.!*!%) The prototypical phase
behavior of AB diblocks shares remarkable similarities with that of more complex architectures
also involving two types of building blocks (A and B):!*!7 ABA triblocks,'®!® alternating
multiblocks (ABABA...),>*?! and radial (AB), stars?>* form the same morphologies at
comparable volume fractions (fa), as do B-g-A combs?*?’ and A,B, miktoarm stars*®*° but

withorder—order phase boundary deflection as a consequence of architectural asymmetry.

Recent discoveries surrounding the phase behavior of linear AB diblock copolymers have
significantly altered this classical picture of self-assembly. Two new equilibrium morphologies —
o and A15%" — have been identified that belong to a class of structures known as topologically

close-packed (TCP) phases,>** in addition to several related, kinetically-accessible variants
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including C14, C15,** and an aperiodic dodecagonal quasicrystal.>> These exotic unit cells, which
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are also found in inorganic alloys*® and liquid crystals, share a common packing motif

constructed from irregular, tetrahedral groupings of micelles arranged in characteristic Frank—



Kasper coordination polyhedra.*’ The formation of soft TCP phases in block copolymers has been
theoretically predicted by Shi,*!*** Grason,?® **> and coworkers to arise from conformational
asymmetry, a measure of the distinct space-filling tendency of each block.*® There are two
strategies for achieving large values of conformational asymmetry through molecular design as
parameterized by ¢ = (ba/bs)(ns/na) — increase the ratio of block statistical segment lengths
(ba/bp) and/or introduce arm-number asymmetry (np/na), i.e., mikto junctions.*’ (Recent
simulations have explored even more complicated branched architectures that require additional
parameters to fully account for similar conformational effects.*®) Large values of conformational
asymmetry (¢ > 1) stabilize mesophase geometries with greater interfacial curvature to higher
values of f.*>* Equilibrium TCP phases emerge if there is sufficient conformational asymmetry
to stabilize spheres in the vicinity of compositions that would otherwise form HEX in

conformationally symmetric analogues (¢ = 1).!

Given the similarities in the classical self-assembly of all AB-type block copolymers, one
might expect to find TCP phases with any architecture involving two types of blocks (A and B)
and substantial conformational asymmetry (¢ > 1). Current theory and experiments only hint at
this possibility. To the best of our knowledge, the only conformationally-asymmetric AB-type
block copolymers beyond linear AB diblocks that have been analyzed in this context by both
theory and experiments are AB, miktoarm stars (n = 2-5). Grason®® and Xie*! carried out self-
consistent field theory (SCFT) simulations that indicate AB, miktoarm stars should stabilize the

A15 and o phases, which was recently verified by scattering experiments.>->3

Here, we compare the melt phase behavior of AB, ABA, (AB)3, and (AB)4 linear and star
block copolymers with A = poly(trifluoroethyl acrylate) and B = poly(dodecyl acrylate) to yield

insights into the self-assembly of conformationally asymmetric and highly segregated samples of



varying architecture. The discovery of 0 and A15 in ABA, (AB)3, and (AB)4 materials qualitatively
mirrors the phase behavior of AB control samples but with differences in order—order phase
boundaries that are not accounted for by SCFT simulations. In summary, our results show the
formation of TCP phases is a general phenomenon shared by all AB-type block copolymers with

the appropriate choice of A and B block chemistry.

In designing a material platform to study the phase behavior of homologous AB-type block
copolymers, we sought a pair of A and B monomers that (1) polymerize via the same mechanism
to facilitate sequential block growth, (2) have significantly different statistical segment lengths to
accentuate conformational asymmetry, (3) exhibit a relatively large interaction parameter (y) that
promotes microphase separation at the low degrees of polymerization (N) known to favor TCP
phase formation,** and (4) have low-temperature glass and melting transitions (e.g., Ty and T <
25 °C) that facilitate processing and annealing. To satisfy these design criteria, we were drawn to
two acrylate derivatives: trifluoroethyl acrylate and dodecyl acrylate which can be polymerized
via photo-mediated atom transfer radical polymerization (ATRP) — a versatile technique that

produces polymers with low molar mass dispersities and high chain-end fidelity (Figure 1).%>-’
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Figure 1. Block copolymer architectures studied in this work with A = poly(trifluoroethyl acrylate)
(F, red) and B = poly(dodecyl acrylate) (D, blue) blocks synthesized via sequential photo-mediated
ATRP. Below, these materials are studied at minority compositions of the F block (fr < 0.5), which

forms the core of spherical domains.

We hypothesized that poly(trifluoroethyl acrylate) (F) and poly(dodecyl acrylate) (D)
blocks would have significantly different statistical segment lengths resulting in conformational
asymmetry that stabilizes TCP phases at minority compositions of the F block (fr < 0.5). This
assumption is predicated on a trend known in the literature that qualitatively relates the statistical

segment length to monomer structure.*® °® In general, for a given polymer backbone, increasing
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the size of the monomer pendant group decreases b. The substantial difference in size of -CH>CF3
(F) versus —Ci2H2s (D) should therefore enhance conformational asymmetry by reducing the
statistical segment length of the D block (br > bp). To estimate the magnitude of this effect, high
molecular weight (>120 kg/mol) poly(dodecyl acrylate) (D) and poly(trifluoroethyl acrylate) (F)
homopolymers were synthesized by photo-mediated ATRP, which proceeds under UV irradiation
in the presence of an aliphatic tertiary amine ligand (Mes-Tren) and low concentrations of CuBr»
(Table S1). The measurement of F and D entanglement molecular weights by oscillatory rheology
(Figure S8) yielded an estimate of & = bg/bp = (5.0 A)/(3.5 A) = 1.43 at 25 °C with a reference
volume vo = 118 A’ using universal correlations identified by Fetters (see Supporting
Information).>*%* We note that this value of bp as measured by rheology is somewhat different
than previous estimates based on neutron scattering (bp = 4.3 A at 25 °C with vo = 118 A%);*! due
to the absence of any literature reporting br from neutron scattering, here we use rheology-derived
values of bp for internal consistency. As a point of comparison, the o phase forms in poly(isoprene-
block-lactide)’! with ¢ = 1.15, and both o and A15 emerge in poly(lactide-block-dodecyl acrylate)?!
with & = 1.85. Our estimated conformational asymmetry (¢ = 1.43) is therefore likely high enough

to stabilize these morphologies.

The presence of fluorine in one block also gives rise to a large interaction parameter (y)
that promotes the formation of TCP phases by facilitating self-assembly at low degrees of
polymerization (N);>* note for all architectures we define N as the length of one diblock arm, so
the total degree of polymerization of FD, FDF, (FD)3, and (FD)4 is N, 2N, 3N, and 4N, respectively.
To measure y, we prepared a series of near-symmetric (ff = 0.50) poly(trifluoroethyl acrylate-
block-dodecyl acrylate-block-trifluoroethyl acrylate) triblock samples (denoted FDF) with varying

N using photo-mediated ATRP and the difunctional initiator ethylene bis(2-bromoisobutyrate)



(Figure 1). These telechelic macroinitiators were chain extended with trifluoroethyl acrylate to
yield FDF triblock copolymers with controlled molecular weights and narrow molar mass
dispersities D (Table S3, Figure S9). To prevent bimolecular coupling, the second F-block
polymerizations were terminated at approximately 60% conversion. After measuring order—
disorder transition temperatures (7opts) of the FDF triblocks by oscillatory rheology using
isochronal temperature ramps, y was estimated by applying the mean-field approximation
(x2N)opt = 17.996 (Figure S10). The resulting expression, y(7) = 84/T — 0.101, was assumed to
be identical for all architectures.'® Finally, both the D and F homopolymers have a T below room
temperature (Table S1) and the predominant thermal transition measured in FD copolymers is the
melting of D-block crystals circa 0 °C (Figure S12). These materials are therefore readily

processible at elevated temperatures (7> 25 °C).

In a similar manner to the compositionally-symmetric FDF triblocks described above, we
synthesized a library of FD, FDF, (FD)3, and (FD)4 samples across a wide range of F-block volume
fractions (fr = 0.15 — 0.50) by sequential photo-mediated ATRP using the initiators illustrated in
Figure 1. This diversity allows the dependence of phase behavior on molecular architecture to be
studied in detail. All samples were synthesized with only minor modifications of the solvent
composition and targeted conversion to prevent bimolecular coupling. Figure 2 shows
representative size exclusion chromatograms (SECs) of FD, FDF, (FD)s, and (FD)4 samples with
low molar mass dispersities (D < 1.08); see the Supporting Information for full characterization

(Tables S2-S5).
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Figure 2. SECs (normalized differential refractive index signal) of FD, FDF, (FD)s, and (FD)4
samples synthesized by photo-mediated ATRP. Note that with the FD diblock, F was polymerized
first (dashed red line) followed by D (blue solid curve). In the other three architectures, D was
polymerized first (dashed blue line) followed by F (solid red line). In all cases, P < 1.08.



All four architectures self-assemble into high quality TCP phases with aggregation of the
shorter F blocks forming the interior of each micelle. Figure 3a,b highlights the discovery of ¢ and
A15 at compositions circa fr = 0.25 and 0.30, respectively, in FD, FDF, and (FD)4 as demonstrated
by synchrotron small angle X-ray scattering (SAXS). In each sample of Figure 3a,b, morphologies
with long range order are evident from the sharp and numerous Bragg reflections that closely
match the expected Miller indices of ¢ (P4,/mnm) and A15 (Pm3n) space groups (for pattern
indexing, see Figures S20-21).%! (FD); also forms A15 (see Figure S14), however, the lower
compositional resolution of our (FD)3 library misses an interval (fr = 0.22—0.27) that likely contains
the o phase (Table S4). Note that the sharp peaks of the A15 phase in (FD)4 at relatively high
molecular weight (4N = 347) stand in contrast to SAXS data collected on smaller,
conformationally-asymmetric AB, miktoarm stars with A = polylactide and B = poly(dodecyl
acrylate) blocks,>?> where notable peak broadening is evident in AB, (N = 150) and AB; (N = 174)
lacks a discernable A 15 phase entirely. Figure 3¢,d shows real-space depictions of the o and A15
unit cells that were calculated from one-dimensional FDF SAXS patterns following an established
procedure: fitting intensities with Le Bail refinement and charge flipping the resulting structure
factor amplitudes to circumvent the crystallographic phase problem (see the Supporting
Information for details).®? The different micelles in each picture are false colored by Wyckoff

position to accentuate their symmetry-(in)equivalent shapes and sizes.
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Figure 3. SAXS profiles of the (a) ¢ and (b) A15 phases in FD, FDF, and (FD)4 block polymers
obtained after isothermal annealing for >19 h at 7' = 25-120 °C. Unit cell electron density
reconstructions (60% isosurface) of the (c) ¢ and (d) A15 phases generated from the highlighted
FDF scattering traces; flat depictions are unit cell projections along the c-axis. False colors
represent symmetry-distinct micelles occupying unique Wyckoff positions. The D block fills

uncolored regions of each unit cell.

Following the discovery of ¢ and A15, the impact of conformational asymmetry on the
phase behavior of each architecture was examined using SCFT simulations. Figure 4 presents the
stable phase windows of AB diblocks, ABA triblocks, and (AB)4 stars with the inclusion of TCP
candidate phases, namely A15, C14, C15, and o as a function of the statistical segment length ratio,

g, for fixed yN = 40. Similar architectural comparisons have been made previously under the
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assumption of conformational symmetry (¢ = 1)!® or without considering TCP phases as possible
stable structures,'® meaning only the BCC and CPS sphere phases were included. Our phase
diagrams demonstrate that conformational asymmetry (¢ > 1) is predicted to stabilize the o and
A15 phases in ABA triblocks of length 2NV and (AB)s stars of length 4N, much like the analogous
AB diblock copolymer melts with a degree of polymerization N. Although conformational
asymmetry slightly shifts order—order phase boundaries in the ABA triblock and to a lesser extent
the (AB)s stars relative to ¢ = 1, their mean-field phase behavior is for all practical purposes
indistinguishable. While not explicitly simulated, we expect that this conclusion equally applies to
(AB);3 stars. We also note that the (AB), architecture with B blocks connected at a star junction
has some inherent architectural asymmetry which favors curvature toward the B domain — i.e.,
even in the absence of statistical segment length asymmetry it behaves as if bg > ba — although
this modest effect is not enough to support TCP phases.'® ¢ Evidently, with F and D blocks, & =

ba/bg > 1 is sufficient to overcome this architectural asymmetry and stabilize ¢ and A15.
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Figure 4. SCFT simulations that include TCP candidate phases (g, A15, C14, and C15) predict
the phase behavior of AB diblocks (dashed lines), ABA triblocks (black solid lines), and (AB)4
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stars (dotted lines) is almost indistinguishable for all values of conformational asymmetry (¢) at
fixed y/N = 40. Note that the (AB)4 stars and ABA triblocks are four and two times larger (degrees
of polymerization 4N and 2N, respectively) than the AB diblocks (N) for comparison.'®

Nominally equilibrium FD and FDF phase diagrams (fr < 0.50) were constructed using
variable-temperature synchrotron SAXS experiments complemented by dynamic mechanical
thermal analysis to identify Topr values (Figure 5a,b, see Supporting Information for details). Both
architectures self-assemble into BCC, o, A15, HEX and GYR morphologies, however, the
experimental self-assembly of FD and FDF shows striking differences. Pure A15 forms in multiple
FDF samples across fr =~ 0.29—0.35 versus at a single composition of FD (ff = 0.30). Moreover,
coexisting A15 and HEX phases were consistently identified in the diblock (Figure S16) and the
fact that a small channel of pure A15 is found at even larger fr is strange. Note that two other
batches of FD prepared with fr = 0.27 (not shown in Figure 5 for clarity, see Table S6) similarly
formed mixed lattices. Repeated attempts to process these diblock and triblock samples by
extended annealing or with various quench protocols did not resolve the unexpected differences
nor the two-phase coexistence. At least three possible explanations could account for this unusual
behavior. (1) Molar mass dispersity permits phase co-existence per the Gibbs phase rule, although
we do not believe this effect dominates as & < 1.13 for all samples (Tables S2, S3, S6); if anything,
the triblocks are slightly more disperse than the diblocks. (2) The influence of end-groups that are
not accounted for in coarse-grained SCFT simulations may be non-negligible at low invariant
degrees of polymerizations (N, see Tables S2-S6). (3) Fluctuation effects, which also amplify at
small N, are known to play a role in the selection of TCP phases with diblock copolymers.?! While

fluctuation-corrected simulations analyzing TCP phase formation have not yet been performed on
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symmetric triblocks, it is conceivable that architecture could tip the balance in favor of certain

sphere phases which differ by miniscule amounts of intensive free energy.’!: 34
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Figure 5. The experimental phase behavior of conformationally asymmetric (a) FD diblocks, (b)

FDF triblocks, and (c) (FD)4 radial stars is comparable but exhibits unexpected differences. Points
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in phase space examined by SAXS are marked with open circles and (yN)opt values identified
using dynamic mechanical thermal analysis are indicated by filled circles. Data points obtained
from each sample are connected with dashed lines. Interpolated phase boundaries (solid lines) are

drawn at the compositional average of adjacent samples differing in morphology.

The phase diagrams of (FD); and (FD)4 radial stars resemble those of both the FD diblock
and FDF triblock (Figures 5c and S17). As the number of arms increases, notable reductions in
(xN)opr are observed. This result is consistent with stars having greater configurational constraints
that reduce the entropy of the disordered melt and therefore stabilize ordered phases to higher
temperatures.”? Overall, the star phase behavior qualitatively mirrors that of FDF triblocks,
although the experimental lack of BCC order in lieu of CPS is surprising. While this result might
also point to dispersity effects, we note that no two-phase windows were observed in the three or
four-arm stars. Notably, the regions of ¢ and A15 stability in both (FD)3 and (FD)4 appear narrower
than in FDF triblocks, consistent with SCFT predictions (Figure 4). As recently noted by Shi and
coworkers,* the star architecture may regulate the bridging fraction of A segments across micelles,
leading to a possible mechanism that controls the coordination number and biases formation of a
particular lattice. Our results do not immediately support or refute this effect, but we have
established the accessibility of TCP phases in architectures beyond linear diblocks, including ABA

triblocks and (AB), radial stars with conformationally-asymmetric A and B blocks (ba > bg).

Conformational asymmetry stabilizes interfacial curvature to larger fa, resulting in the
emergence of TCP sphere phases that adopt an optimal balance of particle sphericity and chain
stretching.*-** 6% This expanded sphere-forming window is expected to follow an established
sequence of CPS-BCC-o—A15 as fa increases.®! Our SCFT simulations generally reflect this trend,

as do the experimental phase diagrams, but significant quantitative discrepancies between

14



experiments and theory remain largely unresolved. Theoretically, the critical value of ¢ at which
A15 first becomes stable depends slightly on architecture: eap = 2.13, eapa = 2.25, and gapu =
2.27 (Figure 4). Each is significantly higher than our experimental estimate of ¢ = 1.43, even given
the modest uncertainty associated with measuring F and D statistical segment lengths by rheology.
While we cannot provide a conclusive explanation for this behavior, it may be related to the use
of the idealized continuous Gaussian chain model in SCFT. The observed mismatch of experiment
and SCFT is also consistent with other literature on low molecular weight block polymers
involving different choices of A and/or B blocks.!:>! In general, theory overestimates the value of
€ necessary to stabilize complex sphere phases at finite molecular weight, a condition also subject
to fluctuations and dispersity. Here, the theoretical ¢ that is most consistent with experiments also
depends on architecture. Whereas FD, (FD)3;, and (FD)4 form A15 over a narrow range of
compositions consistent with &teory = 2.13, the wider window found in ABA triblocks (fr = 0.29 —
0.35) more closely aligns with emeory circa 3.5. Nevertheless, F and D have enough conformational
asymmetry from a mismatch in statistical segment lengths to stabilize both the o and A15 phases,
the details of which depend on molecular connectivity. We emphasize that this level of
conformational asymmetry can be amplified further using the mikto architecture, which stabilizes

TCP phases over an even wider range of volume fractions.?® 3

In summary, we have studied the complex phase behavior of AB, ABA, (AB)3, and (AB)4
linear and star block copolymers, where A = poly(trifluoroethyl acrylate) (F) and B = poly(dodecyl
acrylate) (D). These materials are synthetically accessible via photo-mediated ATRP from various
functional initiators, exhibit sizeable conformational asymmetry (¢ = 1.43) due to the different
statistical segment lengths of F and D, have a large interaction parameter (yrp = 84/7—0.101), and

are thermally processable at convenient temperatures. Together, these attributes promote the
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formation of TCP phases in all four architectures. Differences in the phase behavior of FD diblocks
and FDF triblocks cannot be explained by mean-field SCFT simulations in contrast to
conformationally-symmetric analogues, which suggests that our collective understanding of TCP
phases at low degrees of polymerization remains incomplete. We anticipate that further studying
the correlations between chemistry, molecular design, and self-assembly will provide useful
insights in the quest to harness block copolymer phases and especially TCP morphologies in

contemporary applications.
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