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ABSTRACT

The hexagonally close-packed (HCP) sphere phase is predicted to be stable across a narrow
region of linear block copolymer phase space, but the small free energy difference separating it
from face-centered cubic spheres usually results in phase coexistence. Here, we report the
discovery of pure HCP spheres in linear block copolymer melts with A = poly(2,2,2-trifluoroethyl
acrylate) (“F”) and B = poly(2-dodecyl acrylate) (“2D”) or poly(4-dodecyl acrylate) (“4D”). In
4DF diblocks and F4DF triblocks, the HCP phase emerges across a substantial range of A-block
volume fractions (circa fa = 0.25-0.30), and in F4DF it forms reversibly when subjected to various
processing conditions which suggests an equilibrium state. The timescale associated with forming
pure HCP upon quenching from a disordered liquid is intermediate to the ordering kinetics of the
Frank—Kasper ¢ and A15 phases. However, unlike ¢ and A15, HCP nucleates directly from a
supercooled liquid or soft solid without proceeding through an intermediate quasicrystal. Self-
consistent field theory calculations indicate the stability of HCP is intimately tied to small amounts
of molar mass dispersity (P); for example, an HCP-forming F4DF sample with fa = 0.27 has an
experimentally measured P = 1.04. These insights challenge the conventional wisdom that pure
HCP is difficult to access in linear block copolymer melts without the use of blending or other

complex processing techniques.
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INTRODUCTION

The optimal packing of solids into periodic and aperiodic structures has fascinated
mathematicians for centuries with implications across nearly all fields of science, from chemistry
to physics. Perhaps the simplest example relates to the conjecture offered by Kepler in 1611, which
states the densest packing of equal-volume hard spheres is approximately 74.05% in 3 dimensions
corresponding to layers with p6mm plane-group symmetry that stack in a face-centered-cubic
(“FCC”: ABCABC...) or hexagonally-close-packed (“HCP”: ABAB...) sequence. Remarkably,
despite contributions from Carl Gauss and inclusion in Hilbert’s famous Twenty-Three Unsolved
Problems in Mathematics (1900), the Kepler conjecture took nearly 400 years to prove, a feat
finally achieved by Thomas Hales in 1998. The importance of this packing problem is by no means
insignificant—many materials governed by seemingly distinct physical interactions tend to favor
the formation of FCC and HCP densely packed solids, from marbles in a jar to the atomic crystal

structure of elements and alloys.'*?

A marked difference arises when the spheres have a soft shell with configurational entropy.
In such cases, body-centered cubic (BCC) symmetry (space group Im3m) often emerges instead
of FCC (Fm3m) or HCP (P65/mmc) as exemplified by a host of soft materials, including
polymer-functionalized nanoparticles® and lyotropic liquid crystals.* This trend is particularly
evident in the phase behavior of block copolymers, which has attracted significant attention over
the past ~50 years due to a convergence of enabling synthetic methods and theoretical advances.’
The conventional melt phase behavior of block copolymers—parametrized by the volumetric
degree of polymerization (N), Flory—Huggins interaction parameter (y), and block volume
fractions (fa, f8, ...)—is dominated by four morphologies: BCC spheres, hexagonally-packed

cylinders (HEX), the double gyroid network, and lamellae.>® (Recent experiments have also



identified two equilibrium Frank—Kasper phases, o’ and A15,? at elevated values of conformational
asymmetry, ¢ > 1.) Close-packed sphere (CPS) phases (HCP and FCC) are predicted by self-
consistent field theory (SCFT) to be stable in several variations of branched block copolymer melts,
including (BAB), stars,” AB, miktoarms,'®!! and ABAT'? or (Bt)AB(AT) tethered copolymers, '3
but they are almost entirely absent from monodisperse linear block copolymer phase diagrams'*
because of “packing frustration.”'>!® This concept is based on the energetic dichotomy of (1)
minimizing A-B interfacial area and (2) maintaining uniform chain stretching. In the case of
particle phases, the former favors spherical interfaces, while the latter is optimized when the A—B
interface deforms to match the shape of its local Wigner—Seitz cell. These two extremes are clearly
at odds and the BCC phase ends up being lower in free energy than HCP and FCC since it has a

more spherical Wigner—Seitz cell—a truncated octahedron.!”

Although the BCC phase dominates sphere-forming regions of linear block copolymer
phase diagrams, CPS phases are predicted to occur in a small area bordering the disordered state
at extreme compositions (fa or fg < 0.5). In pioneering work, Huang and coworkers provide a
sense of how limiting these constraints are: a single poly(ethylene oxide)-b-poly(1,4-butadiene)
(PEO-b-PBD) diblock copolymer (M, = 14.7 kDa, & = 1.05, fpeo = 0.18) self-assembled into
coexisting CPS and disordered micelles over a temperature range of about 4 °C.'8 (We note that
the original publication identified this CPS phase as FCC, the purity of which was later called into
question.'>?°) Hsu recently reexamined the phase behavior of PEO-b-PBD with a significantly
lower molecular weight (M, = 3 kDa, P = 1.04, fpro = 0.167) and identified a slow transformation
from BCC to HCP spheres over the course of 120 h at 27 °C, which persisted across a slightly
larger temperature range to ~40 °C.2° This result is rather surprising; even though SCFT

calculations indicate the HCP is globally stable, conventional wisdom suggests experimentalists



are unlikely to find pure FCC or HCP because the free energy difference separating them is

vanishingly small."”

The formation of close-packed spheres at extreme compositions near the order—disorder
transition is related to chain pullout, which relieves packing frustration by filling the far reaches
of Wigner—Seitz cells with compositionally asymmetric chains that approximate homopolymer.

t2 1-24

This effect can be amplified to further stabilize CPS phases by adding solven or homopolymer
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chains, increasing the molar mass dispersity of a block copolymer, or applying external
fields (e.g., shear or flow).?>** Experimentally, these techniques often sacrifice long-range order
or involve complex processing that results in the transient formation of coexisting FCC and HCP.
To the best of our knowledge, there are no efficient ways of stabilizing a pure HCP phase in

quiescent block copolymer melts across substantial portions of yN—fa space.

Here, we demonstrate through a combination of synthesis, characterization, and theory,
that linear block copolymers can form pure HCP sphere phases over a wide range of compositions
(fa = 0.25-0.30) and temperatures (7 = 25—-180 °C) with the appropriate choice of A- and B-block
chemistry. Our primary analysis focuses on a series of symmetric ABA triblocks with A =
poly(2,2,2-trifluoroethyl acrylate) (“F”’) and three different midblocks: B = poly(dodecyl acrylate)
(“D”), poly(2-dodecyl acrylate) (“2D”), or poly(4-dodecyl acrylate) (“4D”’). These materials show
surprisingly different self-assembly; while FDF forms a mixture of FCC and BCC across a limited
range of compositions at fr < 0.5, switching the B block to F2DF or especially F4DF results in
large regions of pure HCP. Similar results are observed with an analogous poly(4-dodecyl
acrylate)—block—poly(2,2,2-trifluoroethyl acrylate) diblock (“4DF”), suggesting the choice of
monomers is crucial for stabilizing a pure HCP phase. This effect cannot be captured by SCFT,

but mean-field calculations do hint at important mechanisms that stabilize HCP. Critically,



properly accounting for very small amounts of dispersity leads to good agreement between theory
and experiments. These studies reveal surprising new insights into the formation of a pure and
readily accessible hexagonally close-packed sphere phase in linear block copolymer melts.

Scheme 1. Synthesis of FDF, F2DF, and F4DF triblock copolymers via sequential photo-mediated

atom transfer radical polymerization (ATRP).
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RESULTS AND DISCUSSION
Synthesis

Before discussing the serendipitous discovery of a stable and pure HCP phase in linear
copolymer melts, we briefly describe the synthesis of various ABA triblock and AB diblock
copolymers. Three types of symmetric ABA triblock copolymers were synthesized via sequential
photo-mediated atom-transfer radical polymerization (ATRP) starting from the bifunctional
initiator 1,2-bis(bromoisobutyryloxy)ethane (BBiBE, Scheme 1, Figure Sl1): poly(2,2,2-
trifluoroethyl acrylate)-block—poly(dodecyl acrylate)-block—poly(2,2,2-trifluoroethyl acrylate)
(“FDF”), poly(2,2,2-trifluoroethyl acrylate)-block—poly(2-dodecyl acrylate)-block—poly(2,2,2-
trifluoroethyl acrylate) (“F2DF”), and poly(2,2,2-trifluoroethyl acrylate)-block—poly(4-dodecyl
acrylate)—-block—poly(2,2,2-trifluoroethyl acrylate) (“F4DF”). This is a convenient synthetic
platform with the same reaction conditions being used for each A/B monomer pair, yielding
materials with low molar mass dispersities and high chain-end fidelity. See the Supporting
Information for details regarding the synthesis of 2-dodecyl acrylate and 4-dodecyl acrylate
monomers by esterification of commercially available alcohols with acryloyl chloride (Figures S2
and S3).3!? Libraries of FDF, F2DF, and F4DF triblock copolymers, as well as analogous 4DF
diblock copolymers, were synthesized across a range of F volume fractions (fr = 0.15-0.55).
Figure 1 shows representative size-exclusion chromatograms (SECs) of three triblock
copolymers—FDF-28, F2DF-27, FADF-27—which will be the focus of our analysis below. Note
that our sample nomenclature FXF-YY defines X as the type of B block (D, 2D, or 4D) and YY as
the F-block volume percent (i.e., fr X 100). See the Supporting Information for complete

characterization data of the entire sample library (Figures S4—S7 and Tables S1-S4). In summary,



the SEC traces of all block copolymers and their macromonomer precursors were monomodal and

reasonably symmetric with low molar-mass dispersities (P < 1.15).

F2DF-27
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Figure 1. SECs (normalized differential refractive index signal) of representative triblock
copolymers FDF-28, F2DF-27, and F4ADF-27 prepared by sequential photo-mediated ATRP from
a bifunctional initiator. D, 2D and 4D were polymerized first (dashed blue lines) followed by
growth of the outer poly(trifluoroethyl acrylate) F blocks (solid red lines). See Table 1 and the

Supporting Information (Tables S1-S3) for a comprehensive tabulation of characterization data.



Table 1. Molecular characterization of representative FXF (X =D, 2D, 4D) triblock copolymers.

Entry DPy*  DPf® Myps® (g/mol) DY fi© Nt Topr® (°C)

FDF-28 43 38 16,500 1.02 028 213 110
F2DF-27 44 39 16,900 1.06 0.27 219 108
F4DF-27 42 33 15,400 1.04 027 183 132

“Number-average degree of polymerization of the X precursor (D, 2D, or 4D) from multi-angle laser light
scattering size-exclusion chromatography (MALLS-SEC) analysis in THF. *F-block number-average
degree of polymerization calculated by 'H NMR analysis of the triblock copolymer. “Total molar mass of
the block copolymer. Molar mass dispersity determined using MALLS-SEC. *Volume fraction of F based
on measured homopolymer densities (see Table S5) and 'H NMR. ‘Total volumetric degree of
polymerization based on homopolymer densities and a reference volume of 118 A*. #Order—disorder
transition temperature determined from DMTA performed on heating at a rate of 2 °C/min.

Phase Behavior

Phase diagrams were constructed for FDF, F2DF, and F4DF using a combination of small-
angle X-ray scattering (SAXS) to interrogate self-assembly (Figures S8-S14) and dynamic
mechanical thermal analysis (DMTA, Figure S15) to measure order—disorder transition
temperatures (7opt) by monitoring changes in G’ on slow heating (2 °C/min) at a fixed low
frequency (w = 1 rad/s). To map volumetric degree of polymerizations (N) onto segregation
strength (yN), the Flory—Huggins interaction parameter y = a/7T + f of each monomer pair was
determined from experimentally measured Topt values for a series of compositionally symmetric
samples (fr = 0.5) using the mean-field result for symmetric triblock copolymers: (yN)opt =
18.996.2%3 See the Supporting Information (Figure S16) for details of our analysis by linear
regression, which yielded the following expressions: yrpr = (84 = 1)/T—(0.101 £ 0.003),% yropr =
(77 = 7)/T — (0.06 £ 0.03), and yrapr = (59 £ 5)/T + (0.02 £ 0.01). Note that the FDF expression

was previously reported and is reproduced here for comparison.®



Figure 2 summarizes the phase behavior of FDF, F2DF, and F4DF at minority F-block
volume fractions (fr < 0.5). A number of unique features are apparent, most notably regions of
pure HCP found with F2DF and F4DF triblocks, which is also observed in 4DF diblocks (Figure
S11). Figure 3a shows a synchrotron SAXS pattern of F4DF-27 obtained after thermal annealing
at 120 °C for 14 h. This phase is pure as evidenced by the close agreement between the Bragg
peaks present and those expected for space group P63 /mmc (#194) with Wyckoff position 2¢
occupied. Although HCP and FCC share many Bragg reflections that occur at identical magnitudes
of the scattering wave vector (¢) when the interlayer spacing is matched (d(o02),1nce = d(11),rcc),
unique reflections that would be expected for space group Fm3m (#225) with Wyckoff position
4a occupied are absent. For example, if FCC were in coexistence with HCP, its {200} family of
reflections would appear as a shoulder to the right of the predominant HCP triplet, which is not
observed (Figure S17). The high purity of this HCP phase allowed us to reconstruct the real-space
electron-density distribution from the one-dimensional SAXS data using an established procedure:
the magnitude of each reciprocal lattice vector was fit with Le Bail refinement (Figure S18)
followed by charge flipping to circumvent the crystallographic phase problem.®* Hexagonal
symmetry is apparent when projected down the ¢ axis (Figure 3b), as is the AB layer stacking
when viewed along (100] (Figure 3c). Note that these two depictions of the unit cell are false
colored to emphasize the alternating layer stacking; each micelle is necessarily identical and
related by symmetry operations. Notable distortion of the micelles is also evident, for example,

along (120].
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Figure 2. Phase diagrams for FDF, F2DF and F4DF triblock copolymers. Note that we previously
reported the FDF phase diagram,* which is reproduced here for comparison. See the Supporting
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Figure 3. (a) FADF-27 forms a pure HCP sphere phase as evidenced by SAXS obtained after
thermal annealing at 120 °C for 14 h. (b,c) Unit cell electron density reconstruction from the one-
dimensional SAXS data shown in (a); (b) and (c) are unit cell projections of the electron density
map along the ¢ and a axis, respectively. False coloring highlights alternating layers of aggregated
F blocks (fr = 0.27) which are actually symmetry-equivalent, occupying Wyckoff position 2¢. 4D

blocks fill the remaining space between micelles.

The phase diagrams in Figure 2 also reveal channels of stability for two complex spherical
packings—o and Al15—that are members of the infinite family of Frank—Kasper phases. ¢ and
A15 have recently been established as equilibrium phases in AB-type block copolymer melts,
including AB diblocks,”®*” ABA triblocks,>> (AB), radial stars,®** and AB, miktoarm
stars, %1383 These structures emerge when copolymers have non-negligible conformational
asymmetry (¢g), a parameter that captures the tendency of each block to fill space unequally on

either side of the A—B interface. We have previously estimated the conformational asymmetry of

12



FDF as erp = br/bp = 1.43, where b; is the statistical segment length of block i as calculated from
the entanglement plateau measured by rheology.>® Here, we attempted to perform a similar analysis
to estimate er2p and erap but encountered difficulties synthesizing the homopolymers of 2-dodecyl
acrylate and 4-dodecyl acrylate with sufficiently high molecular weight (> 100 kDa) to show a
prominent entanglement plateau. Nevertheless, the fact that A15 appears in the F2DF and FADF
phase diagrams strongly suggests erop and erap are comparable to erp, as the stabilization of the

A15 phase requires even higher values of ¢ than the ¢ phase.

Another striking feature of the FDF, F2DF, and F4DF phase diagrams in Figure 2 is their
markedly different phase portraits. As we previously reported, the phase diagram of FDF roughly
follows expectations;*> sphere phases traverse the sequence BCC—-A15 as fr increases. (We note
in passing that samples at low fr show a reversible, temperature-dependent CPS—BCC order—order
transition that is counter to theoretical predictions.*) In contrast, F2DF and F4DF both form pure
HCP but with different windows of stability. F2DF self-assembles into pure HCP at a single
composition (fr = 0.23, Figure S9) and four different FADF samples did so spanning at least 5
volume percent (fr = 0.25-0.30, Figure S10). While the precise location of order—order phase
boundaries is not currently known, it is clear that the HCP window in F4DF significantly intrudes
on the ¢ phase. Similarly, the formation of pure HCP was also observed in three different 4DF

diblock samples (fr = 0.23-0.29, Figure S11).

13



—
o
—

sCL
; 200 s

HCP
800s

HCP
3600 s

] HCP
14 h

Intensity (a.u.)

140 °C

120 °C

'0.04 008 0.12 0.16

q(A)

—
)
S

f

DIS

E LLP

LLP+

LLP+

Intensity (a.u.)

0

HCP

140 °C

v

25 °C
90 °C

v

110 °C

v

120 °C

'0.04 0.08 012 0.16

gA

(b)

60 -

G' (kPa)

20

(d)

109 ]

G (kPa)

100

10

40

"]02 4

101 |

T=120°C
965 A
o HCP
o)
s}
o)
SCL
(=]
v o
o [olel GCCG:‘?
107 102 103 104
Time (s)
20 40 60 80 100 120 140

Temperature (°C)
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DMTA measurements after rapid quenching from the disordered state (7> Topr) to 120 °C. (¢,d)
Temperature-dependent (¢) synchrotron SAXS and (d) DMTA (y = 1% and o = 1 rad/s) measured

upon heating from 25 °C to Topr at 15 °C/min. Prior to the measurements in (¢) and (d), samples

were rapidly quenched from the disordered state to 25 °C at 15 °C/min. SAXS patterns were

collected sequentially from top to bottom at each temperature as indicated and have been shifted

vertically for clarity. Legend: DIS = disordered, SCL = supercooled liquid, LLP = liquid-like

packing, LLP+ = liquid-like packing coexisting with an ordered morphology, HCP = pure

hexagonally close-packed spheres.
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Time- and temperature-dependent experiments indicate the pure HCP phase found in
F4DF-27 forms irrespective of processing conditions. Figure 4a,b shows SAXS and DMTA
experiments that follow the ordering kinetics of F4DF-27 after directly quenching from 7°> Topt
to 7=120 °C (Topr — T = 10 °C) at a rate of approximately 100 °C/min. As evidenced by SAXS
(Figure 4a), a clean HCP phase quickly nucleates and grows within 800 s from the disordered,
supercooled liquid (SCL) state. This scattering pattern remains unchanged over 14 h. Analogous
processing was performed by DMTA (Figure 4b), which indicates a gradual increase in the storage
modulus G’ as a function of time. We interpret this stiffening as representing the transformation
from a supercooled liquid with G’ ~ 0 to an ordered, soft-solid (HCP). G’ plateaus on a timescale
that is consistent with the SAXS measurements, and the fact that it stops changing further supports
the inference that the resulting HCP phase is stable. A complementary set of temperature-
dependent experiments was also performed to probe the formation of HCP on heating. F4ADF-27
was first cooled from the disordered state (77> Topr) to 25 °C at 15 °C/min, followed by monitoring
the morphology (Figure 4¢) and dynamic response (Figure 4d) on heating at 15 °C/min with
SAXS and DMTA, respectively. At 25 °C, F4ADF-27 exhibits liquid-like packing (LLP), which we
note is characteristic of a disordered solid (G’ > 0) rather than a disordered liquid (SCL, G’ ~ 0)."”
Upon heating, the LLP state directly transforms into HCP at 7'~ 120 °C as demonstrated by the
formation of sharp Bragg reflections in the SAXS pattern and additional stiffening measured by
DMTA. Further heating the sample leads to disordering at approximately 7opr = 132 °C. In
summary, with F4DF-27, different processing pathways all yield HCP spheres, suggesting it is

indeed an equilibrium morphology.

15
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Figure 5. Time—temperature—transformation diagrams for FDF-28, F2DF-27, and F4DF-27
indicate the HCP phase nucleates directly from a supercooled liquid, unlike o and A15 that proceed

through an intermediate dodecagonal quasicrystal (DDQC). The kinetics of ordering were

16



determined by time-dependent SAXS and DMTA after rapidly cooling from 7> Topr at a rate of
approximately 100 °C/min. Filled circles represent o (red circle), A15 (green circle), HCP (navy
blue circle), DDQC (light blue square), and LLP (grey pentagon). Empty circles signify phase
coexistence that occurs during gradual nucleation and growth. Solid and dashed lines are guides

to the eye. Order—disorder transition temperatures are indicated by horizontal dashed lines.

Our ability to controllably and reversibly form HCP allows the ordering kinetics of this
close-packed sphere phase to be compared with more complex Frank—Kasper analogues. Figure
5 shows time—temperature—transformation (TTT) diagrams for FDF-28, F2DF-27, and F4DF-27,
which were constructed using a combination of SAXS and DMTA as outlined above (see also
Figures S19-S23). These samples have nearly identical volume fractions and molecular weights
(Table 1) but very different phase behavior (Figure 2); at long times, FDF-28 (¢) and F2DF-27
(A15) self-assemble into Frank—Kasper phases, while F4ADF-27 forms HCP. The most salient
feature of Figure S is the dodecagonal quasicrystal (Figures S24—S25) that transiently forms in
FDF-28 and F2DF-27 at deep quench depths between SCL (or LLP at lower temperatures) and the
equilibrium Frank—Kasper phase (¢ or Al5). In contrast, there is no evidence of quasicrystal
formation in F4DF-27, which proceeds directly from SCL or LLP to HCP. These results are
consistent with Frank—Kasper phases being closely related to two-dimensional quasicrystals, while
HCP is not. Figure 5 also contains interesting implications about the relative ordering kinetics of
various sphere phases in samples with nearly identical molecular weights and compositions (Table
1). Comparing the fastest ordering time or “nose” of each TTT diagram (i.e., 7= 100 °C and ¢ =
200 s for FDF-28; T= 90 °C and ¢ = 2000 s for F2DF-27; T= 120 °C and ¢ = 400 s for F4ADF-27),
which represents the optimal combination of nucleation and growth,!”** the A15 phase (Figure

Sb, F2DF-27) forms about one order of magnitude slower than ¢, with HCP intermediate between

17



the two. The origin of these rate differences may be related to intrinsic characteristics of each phase.
A15, g, and HCP have variable numbers of symmetry-distinct micelles per unit cell (2, 5, and 1,
respectively), which adjust shape and volume while approaching equilibrium. However, the
samples in Figure 5 also have different segregation strengths at their respective noses: (yN)ioo°c =
26 (FDF-28, o) < (yN)120cc = 31 (FADF-27, HCP) < (yN)9occ = 33 (F2DF-27, A15). This relative
ordering suggests diffusion effects are at least partly responsible for the range of observed ordering
times since the diffusion constant scales as D ~ exp(—N).*! The different bulkiness of each
midblock (D, 2D, and 4D) may also impact the relative ordering time of each phase by changing
the monomer friction coefficient. Nevertheless, the kinetic data in Figure S offer a glimpse at the
relevant timescales associated with forming various spherical phases in similar block copolymer

melts.

Origins of HCP Stability

The appearance of pure HCP in Figures 2-5 is surprising from two standpoints. First, the
HCP and FCC phases are theoretically separated by such a small difference in free energy per
chain (~107*kT) that one would intuitively expect phase coexistence.!® This order of magnitude is
even smaller than the difference between various Frank—Kasper phases (~107kT), which are
susceptible to kinetic trapping during processing.*? Yet we find no hints that processing influences
the formation or long-term stability of a pure HCP phase (Figure 4). Second, from a chemistry
perspective, the phase diagrams of FDF, F2DF, and F4DF are strikingly different (Figure 2)
despite their remarkably similar chemical structures; the pendant groups of each mid-block (D, 2D,

and 4D) are simple constitutional isomers of Ci2Hzs (Scheme 1).

To better understand the origins of HCP stability, we constructed an SCFT model meant to

mimic FDF, F2DF, and F4DF triblocks. We initially suspected that conformational asymmetry
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might account for the differences in phase behavior. Consequently, F end blocks were modeled as
linear freely jointed chains while the central block was modeled as a freely jointed chain with one
or two pendant groups on each backbone bead. See the Supporting Information for more details.
As shown in Figure 6, SCFT calculations on monodisperse melts (P = 1.00) predict very similar
order—order phase boundaries across the series of triblocks. Moreover, there is strong disagreement
between the monodisperse calculations and the experimental F4DF phase diagram: SCFT predicts
narrow regions of HCP and BCC, a large ¢ window, and no A1l5. (We note that the Al15
discrepancy is likely related to SCFT overestimating the amount of conformational asymmetry
necessary to stabilize Frank—Kasper phases.®) As a result, conformational asymmetry is clearly not

responsible for the phase behavior observed experimentally.

FDF, D =1.00 - DIS I
F2DF, © = 1.00 - I
F4DF, D =1.00 - I
FDF, D = 1.04 - - BCC
F4DF, D = 1.04 - -
T T T . .

0.10 015 020 025 030 0.35
fa

Figure 6. SCFT phase diagram at yN = 40 for monodisperse (P = 1.00) and slightly disperse (D =
1.04) triblock copolymer melts.

Previous calculations by Matsen have indicated appreciable molar mass dispersity (P> 1.2)
in the A block of AB diblock'® or BAB triblock?® copolymers can stabilize HCP over a wider

region of phase space than monodisperse analogues. Although these levels of dispersity are
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significantly higher than those found in FDF, F2DF, and F4DF (Table 1, Figure 1), we were
inspired to investigate this effect in more detail. F4ADF was selected as a representative example
since it shows the largest region of HCP stability (Figure 2¢). SCFT models were designed to
include small amounts of molar mass dispersity in the F and 4D blocks that match the values
measured experimentally (P = 1.04, see Table S6 and Figure S29). Free energies of the DIS, BCC,
HCP, and FCC phases were computed at yN = 40 for these slightly disperse melts and compared
to the monodisperse calculations described above (Figure S28). The stability windows of each
phase are shown in Figure 6, which indicates small amounts of dispersity in all three blocks
significantly widens the channel of HCP stability with a width (Afr ~ 0.07) comparable to that
found in the experimental F4DF phase diagram (Afr ~ 0.05, Figure 2¢). Two mechanisms related
to dispersity stabilize the HCP phase, which are revealed by examining the spatial distribution of
different chains (Tables S7—S10). Density profile plots indicate short A blocks are relatively
abundant at interstitial sites, meaning they pull out from spheres because of a low enthalpic penalty.
However, a different mechanism for relaxing packing frustration is also present, whereby B blocks
that are longer than average can extend to fill interstitial sites with a smaller entropic penalty than
average-length B blocks. While these mechanisms have been known in the context of diblocks and
triblocks with dispersity confined to one block, their effect is evidently amplified when operating
in tandem as illustrated in Figure 7. Finally, we emphasize that the stabilization of HCP is
seemingly related to molar mass (and accompanying composition) dispersity in the block
copolymer chains; there is no evidence of homopolymer contamination in F4DF-27 as assessed

using automated flash chromatography (Figures S30-S31).4
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Figure 7. Proposed mechanisms that stabilize the HCP sphere phase in low-dispersity ABA
triblock copolymer melts. Some (but not all) of these are also available in analogous AB diblock
copolymers. (a) An interstitial site that average-length chains must stretch to fill, resulting in an
entropic penalty. (b) A chain with one short end that has pulled out of a sphere, which can more
easily reach interstitial sites. (¢) A chain with two short ends that have pulled out of a sphere,
allowing the entire molecule to migrate to an interstitial site. (d) A long B block, which can stretch

to fill interstitial regions without experiencing a severe entropic penalty.

Our SCFT calculations capture the important role of block dispersity in stabilizing the HCP
phase, but they do not explain the significant differences observed when comparing the
experimental phase diagrams of FDF, F2DF, and F4DF. At present, we can only speculate as to
the cause of this unexpected result. A potentially important consideration is the local packing
behavior of B blocks near interstitial sites in the HCP unit cell. The branching present in the 2-
dodecyl and 4-dodecyl repeat units could conceivably organize differently than straight alkyl
chains in the linear dodecyl analog. This type of local liquid structure is not captured by SCFT,
but it might be revealed in a fully fluctuating field-theoretic simulation. We emphasize that a wide,
likely pure HCP window was also observed experimentally in 4DF diblock copolymer melts with

fr=0.23-0.29 (Figure S11). SCFT calculations indicate analogous diblocks have a similar window
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of predicted HCP stability (fr = 0.21-0.26, Figure S32), albeit slightly smaller than the triblock
because there are fewer mechanisms available to relieve packing frustration (Figure 7). Together,
these results suggest that architecture (AB vs. ABA) is not solely responsible for stabilizing HCP.
Instead, the choice of monomer (4D or 2D) seems critical. A possible explanation lies in potential
side reactions that occur during the synthesis of F2DF, FADF, and 4DF. Tertiary carbons in the 2-
dodecyl and 4-dodecyl repeat units may undergo hydrogen atom abstraction yielding side-chain
radicals that can cause branching.** This behavior, which may not be obvious in size-exclusion
chromatograms, could conceivably influence phase behavior, particularly given the sensitivity of
self-assembly to small levels of dispersity as suggested by SCFT. Detailed nuclear magnetic

resonance experiments might be sensitive enough to pick up such impurities.

CONCLUSIONS

In summary, pure hexagonally close-packed spheres are stable and accessible in linear
ABA and AB block copolymer melts. Time- and temperature-dependent small angle X-ray
scattering and dynamic mechanical thermal analysis experiments suggest HCP is an equilibrium
phase since it forms reversibly under different processing conditions. The timescale associated
with nucleating and growing the HCP phase from a supercooled liquid or soft solid is intermediate
to o and A15 with polymers of comparable molecular weights and volume fractions. However,
unlike ¢ and A15, the HCP sphere phase forms without proceeding through an intermediate
dodecagonal quasicrystal. Self-consistent field theory calculations indicate small amounts of molar
mass dispersity (Piotal = 1.04) help stabilize HCP when one block is composed of 2-dodecyl or 4-
dodecyl acrylate. These results reveal design rules that can be used as the basis for the formation

of unique morphologies in block copolymers, an important class of soft materials.
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