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ABSTRACT: Discoveries of Frank—Kasper phases and closely related dodecagonal %% ,,(”".*.’.';? c=@’=
quasicrystals (DDQCs) in soft, mesoscopic systems have galvanized efforts to unveil the L, > :‘
fundamental mechanisms that drive the formation of these remarkably complex micellar

packings. Toward this end, we report temperature-dependent small-angle X-ray scattering Lg-@ } Metastable

BCC DIS

analyses of a crystalline—amorphous poly(ethylene oxide)-block-poly(2-ethyl hexylacrylate) States

(OA) diblock copolymer with M, = 8300 g/mol, D = M,,/M, = 1.10, and volume composition LLP__ DDQC

fo = 0.21. On heating at ambient temperature, this polymer assembles sequentially into five

distinct morphologies prior to melt disordering at Topr = 69 °C: semicrystalline lamellae (L.), a liquid-like packing (LLP) of
particles lacking translational order, an aperiodically ordered DDQC, a periodic FK o phase, and a body-centered cubic (BCC)
packing of particles. Detailed investigations of thermal processing conditions that foster DDQC formation reveal that this metastable
morphology only forms in melts exhibiting LLP characteristics arising from either melting the L. phase at low temperature or
quenching a high-temperature disordered state, and that this DDQC eventually evolves into a ¢ approximant phase. Cooling a well-
ordered BCC phase induces direct formation of a ¢ phase with no evidence of DDQC formation, suggesting the critical importance
of particle size distribution of the disorganized yet segregated LLP state in triggering the emergence of a DDQC.

B INTRODUCTION The 2010 discovery of a FK o phase (P4,/mnm space group
symmetry), in which 30 particles of five symmetry-equivalent
classes order into a large tetragonal lattice, in a 1,4-
poly(isoprene)-block-poly(pr-lactide) (IL) melt marked the

Self-assembled soft materials furnish a robust platform for
investigations of the fundamental geometric principles under-
lying the organization of discrete particles into periodic

crystals. These particles, comprising tens to hundreds of induction of diblock copolymers into the growing class of FK
individual molecules, form micellar arrangements with unit phase-forming micellar soft materials."" To date, FK phases
cells that span orders of magnitude in length scale.! These have been observed in “normal” (type I) and “inverse” (type
range from sub-10 nm unit cells in electrostatically organized II) lyotropic liquid crystals of minimally hydrated surfac-
ionic surfactant dispersions in water’* to 100 nm unit cells of tants,”>'>"* molecularly complex dendrimers,"*~"° giant shape

block polymer micelles governed by van der Waals amphiphiles,'”~"” multiblock copolymers,” and block polymer
interactions.”™ A recent renaissance in the study of particle blends.”™® Diblock copolymers, which constitute the simplest
packings was stimulated by discoveries of mesoscopic Frank— and most theoretically tractable of these systems, are well
Kasper (FK) phases in soft materials. The FK phases are described by just three parameters: (i) the volume fraction of
tetrahedrally-close packed (TCP) structures conforming to the one block (f,), (i) the segregation strength (yN), as an

paradigm developed for transition metal alloys in the 1950s by
Frank and Kasper.”'® They are constructed from icosahedral
12-fold coordination motifs, which are locally the most
efficient means of packing tetrahedral atomic clusters, yet are
only capable of periodically tessellating space in conjunction
with supplemental higher order 14-, 15-, or 16-coordination
environments. In self-assembled soft particle packings, such
heterogeneity in local packing mandates the formation of
multimodal distributions of discrete particle sizes and shapes Received: December 29, 2020
reflecting the underlying lattice symmetry. This phenomenon Revised:  February 9, 2021
conflicts with the conventional wisdom that simple, high- Published: March 3, 2021
symmetry lattices comprising a single coordination environ-

ment such as a body-centered cubic (BCC) packing are

favored.

aggregate of the total volumetric degree of polymerization (N)
and the inter-segment interaction parameter y ~ T~", and (iii)
the conformational asymmetry, & = (b,/bg),” which captures
differences in the statistical segment lengths b, and by of the
component blocks with respect to a common reference

21-25
volume.
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In 2016, Gillard et al. demonstrated that rapidly quenching
the fluctuating disordered state (DIS) of a ¢ phase-forming IL
diblock copolymer melt leads to two-dimensional aperiodic
order through dodecagonal quasicrystal (DDQC) formation.”®
As in the case of periodic FK phases, this discovery in diblock
copolymers complemented early and scattered reports of soft
DDQCs”’~**—Iled by the seminal discovery of Zeng et al.**—
and augmented them by continued identification,**° partic-
ularly in linear diblock copolymer systems.”*' Quasicrystals,
which are widely documented in metal alloys,* " are
aperiodically ordered materials that lack translational symmetry
while exhibiting local rotational symmetry, such as the 124
screw axis characteristic of a DDQC.**® Recent observations
of such soft quasicrystals offer enticing opportunities to explore
the fundamental origins of aperiodic order across a wide range
of materials. The fact that DDQCs are typically found near FK
o and A1S5 phases is no coincidence, as the latter structures are
periodic approximants to DDQCs.””*® In other words, all
three states comprise the same local particle cluster motifs and
are distinguished only by the extent and symmetry of their
mesoscale order. Therefore, the mechanisms that stabilize
these structures are ostensibly intertwined. While quantitative
theories for periodic FK phase formation in soft materials and
particularly diblock copolymer melts have been estab-
lished,*”~* general conditions that enable DDQC formation
and the means by which they do so remain obscure.

Conformational asymmetry is a key molecular parameter
that stabilizes FK phases in neat diblock copolymer melts.**~>
Particles with f . < 0.40 undergo spontaneous symmetry
breaking to assume a multimodal particle size distribution via a
local particle shape optimization mechanism.”” This phenom-
enon stems from the fact that densely packed micelles sacrifice
an optimally spherical shape in order to fill space at constant
density, assuming instead polyhedral forms that encode the
lattice symmetry known as Wigner—Seitz (WS) cells."*™*
Micelle corona faceting, when transmitted to the particle cores
at modest f.,., produces additional interfacial contact area
(enthalpy) and chain stretching entropy penalties that are
relieved by assuming ogtimal particle shapes characteristic of
FK-phase WS cells.””* In order to broaden the palette of
conformationally asymmetric monomer pairs that form
complex particle packings, we sought to investigate the
morphologies of a conformationally asymmetric poly(ethylene
oxide)-block-poly(2-ethyl hexyl acrylate) (OA) diblock copoly-
mer (Figure 1) that forms particles with poly(ethylene oxide)
(O) cores.

Kim et al. established the importance of the segregated
particle size distribution in symmetry selection among nearly
energetically degenerate FK phases.””*” They demonstrated
that specific thermal processing protocols offer access to
particle size distributions that form Laves-type FK phases. In a
BCC-forming melt, Takagi et al. recently established that block
crystallization in 1,4-poly(butadiene)-block-poly(e-caprolac-
tone) with fc, = 0.18 offers a complementary means of
tailoring the particle size distribution that guides microphase-
separated structure formation.”® This result reflects the fact
that segment crystallization in crystalline—amorphous (CA)
diblock copolymers usually leads to disruption (“break out”) of
the segregated melt morphologies to yield lamellar phases (L)
comprising alternating semicrystalline and amorphous layers,
regardless of composition, when the melt segregation strength
and amorphous layer glass transition temperature present only
minimal kinetic barriers.*”™>% Thus, we further sought to assess
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Figure 1. (A) Structure of OA. (B) Illustration of the OA21 diblock
utilized in this study. (C) Schematic of the OA21 diblock
demonstrating the effects of large conformational asymmetry (&) on
interfacial curvature, visualized through differences in the pervaded
volume of each segment (filled ovals) that scales with the block radii

of gyration (RgA and RgB).

whether the semicrystalline O core domains of OA diblocks
offer an additional means of tailoring the particle size
distributions to favor periodic FK-phase selection or aperiodi-
cally ordered DDQC formation.

Herein, we describe the phase behavior of an OA diblock
polymer molecularly designed to disorder on heating and to
disorder on cooling due to O crystallization breakout. Small-
angle X-ray scattering (SAXS), differential scanning calorim-
etry (DSC), and polarized light microscopy (PLM) analyses of
this OA material at ambient temperature reveal the formation
of a L. morphology. Temperature-dependent SAXS studies
demonstrate the formation of DDQC, 6, and BCC packings on
heating prior to an order-to-disorder transition at Topr = 69
°C. Using various thermal processing strategies, including
directly melting the semicrystalline L. state, quenching a
thermally DIS, and quenching an ordered BCC structure, we
identify conditions that lead to formation of DDQCs. These
studies indicate that DDQCs nucleate prior to equilibrium o
phase formation only in cases where the preceding structure is
a micellar liquid. Furthermore, DDQCs do not form as
intermediates in the cooling-induced transition of a BCC phase
into an equilibrium ¢ phase. By analogy to earlier work by
Jayaraman et al,>® we rationalize this behavior in terms of the
shape of the underlying particle size distribution of the melt,
invoking Ostwald’s step rule’” to rationalize the develop-
ment of a metastable aperiodic order during the crystallization
of a micellar liquid.
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B EXPERIMENTAL METHODS

Materials. All reagents were purchased from Sigma-Aldrich
Chemical Co. (Milwaukee, WI). Triethylamine (Et;N), a-bromoiso-
butyryl bromide, and N,N,N’,N”,N”-pentamethyldiethylenetriamine
(PMDETA) were each stirred with calcium hydride (CaH,)
overnight, distilled under vacuum, and stored under nitrogen.
Poly(ethylene glycol) methyl ether (PEO—OH; nominally, 2000 g/
mol) was azeotropically freeze-dried with benzene and stored under
argon. CuBr was purified by a literature procedure.’® 2-Ethylhexyl
acrylate was stirred with Brockman type I basic alumina for 1 h under
ambient conditions and gravity-filtered in order to remove inhibitors
prior to use. Anhydrous CH,Cl, was obtained from a Vacuum
Atmospheres Co. (Hawthorne, CA) solvent purification system.
Anhydrous N,N-dimethylformamide (DMF) and CuBr, were used as
received.

Nuclear Magnetic Resonance Spectroscopy. 'H nuclear
magnetic resonance (NMR) spectra were acquired on a Bruker
Avance II HD 400 MHz spectrometer in CDCl;. Spectra for polymer
samples were acquired using a pulse repetition delay of >15 s to
enable quantitative integration for composition analyses. All spectra
were referenced to the residual protiated solvent resonance (5 7.26
ppm).

Size Exclusion Chromatography. Molar mass (M,) and molar
mass dispersity (D = M,/M,) were determined by size exclusion
chromatography (SEC) conducted on a system equipped with two
Agilent Polypore columns and a Wyatt Dawn Heleos II light
scattering detector. Butylated hydroxytoluene-stabilized tetrahydro-
furan (THF) was used as the mobile phase at a flow rate of 1 mL/
min. A weight-averaged refractive index increment dn/dc was
employed in the total molecular weight (M,,) measurement for the
diblock using (dn/dc)o = 0.068 mL/g and (dn/0c), = 0.072 mL/g for
the poly(ethylene oxide) and poly(2-ethyl hexylacrylate) segments,
respectively.®’

Matrix-Assisted Laser Desorption/lonization Time-of-Flight
Spectrometry. The molar mass (M,) and molar mass dispersity (D
= M,/M,) of the PEO—OH precursor were verified via matrix-
assisted laser desorption/ionization-time of flight spectrometry
(MALDI-ToF) analyses conducted on an AB Sciex S800 MALDI-
ToF/ToF mass spectrometer in the reflectron-positive ionization
mode. Samples were prepared directly on sample plates using an a-
cyano-4-hydroxycinnamic acid matrix and approximately 0.5 yL of a
50:50 volume acetonitrile/water solution with 1 vol % trifluoroacetic
acid.

Synthesis of a PEO—Br Macroinitiator (PEO—Br). PEO—OH
(15 g, M,y = 1980 g/mol, M, yarpr = 1917 g/mol, and B = 1.03)
was dissolved in CH,Cl, (100 mL) in a 250 mL Schlenk flask under
nitrogen. The reaction flask was cooled to 0 °C and excess Et;N (2.5
equiv per —OH end group, 18.75 mmol, 2.63 mL) was added,
followed by excess a-bromoisobutyryl bromide (2.2 equiv per —OH
end group, 16.5 mmol, 2.04 mL). The cooling bath was removed, and
the reaction mixture was allowed to warm to ambient temperature
and to stir overnight. Following solvent removal from the resulting
black reaction mixture via rotary evaporation, the solids were
dissolved in benzene (20 mlL), filtered through Brockman type I
basic alumina packed into a medium frit, and the filtrate was poured
into hexanes (500 mL). Solids isolated from this precipitation were
redissolved in C4Hg (20 mL) and reprecipitated into hexanes (500
mL) a second time. The resulting white paste was freeze-dried with
benzene and stored in a glove box under argon. Complete end
functionalization was verified through '"H NMR (400 MHz, CDCl,,
24 °C): 8§ (ppm) 4.35 (m, 2H, int: 1.97), 3.86—3.47 (m, 176H), 3.40
(s, 3H, int: 3.00), 1.97 (s, 6H, int: 6.02) from which one obtains
M, xuvr = 2100 g/mol.

Synthesis of OA Diblock. A mixture of 2-ethylhexylacrylate (42
mL, 202 mmol), PMDETA (253 yL, 1.21 mmol), CuBr, (22.6 mg,
0.10 mmol), and DMF (8.42 mL, 109 mmol) was added to an oven-
dried 250 mL Schlenk flask. This mixture was subjected to three
freeze—thaw degassing cycles, during the third of which CuBr (153 g,
1.08 mmol) was added under positive nitrogen pressure. The flask
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was then evacuated and thawed a final time prior to stirring at 45 °C
for 1 h to ensure that all components completely dissolved to yield a
homogeneous teal-colored mixture. An aliquot of this mixture (9.2
mL) was then transferred to a SO mL Schlenk tube charged with
PEO-Br (380 mg, 0.18 mmol) under nitrogen at ambient
temperature. Polymerization was initiated by plunging the Schlenk
tube into an oil bath at 70 °C and allowing it to react for 35 min. The
polymerization was halted by immersing the reaction tube in a beaker
of ice water, followed by opening it to air and diluting it with CH;OH
(10 mL). This mixture was further diluted with CH,Cl, (20 mL)
prior to filtering it through Brockman type I basic alumina packed in a
medium frit. The filtrate was concentrated by rotary evaporation and
precipitated dropwise into stirred acetone at —78 °C. Residual solvent
was removed from the isolated polymer under vacuum prior to freeze-
drying the diblock from benzene. M, sz = 9400 g/mol, b = 1.11 by
SEC in THF, and M,yyr = 8300 g/mol, and f, 0.21 by
quantitative '"H NMR spectroscopy.

Differential Scanning Calorimetry. DSC analyses employed a
TA Instruments Q1000 DSC. The samples (~5 mg) were placed in
hermetically sealed aluminum TZero DSC pans (DSC Consumables,
Austin, MN) under air. The samples were cooled to —100 °C and
then heated to 100 °C at 10 °C/min, and this cycle was repeated
twice. Reported data originate from the second heating and cooling
ramps.

Small-Angle X-ray Scattering. SAXS experiments were
performed at the Advanced Photon Source at Argonne National
Lab (Argonne, IL). Prior to SAXS analyses, all samples were freeze-
dried from C¢Hg and loaded into hermetically sealed aluminum
TZero DSC pans (DSC Consumables, Austin, MN) under argon.
Temperature-dependent synchrotron SAXS was carried out either at
the sector 12-ID-B beamline using 4 = 0.886 A with a Pilatus 2 M
detector with 1475 X 1679 resolution of 172 X 172 pm pixels over an
area of 253.7 X 288.8 mm” or at the sector 5-ID-D beamline using 1 =
0.7293 A with a Rayonix MX170—HS detector with a 3840 X 3840
resolution of 86.6 X 86.6 um pixels over an area of 170 X 170 mm>
Temperature control was afforded by a Linkam hot stage (+1 °C
temperature accuracy) in both cases. For extended sample annealing
experiments, annealing was performed on thermostatted hot plates
from which the samples were rapidly transferred to the pre-heated
Linkam hot stage. Patterns were calibrated using either silver behenate
(d = 58.37 A) at sector 12 or an Au-coated Si grating (7200 lines/
mm) at sector 5. 2D SAXS patterns were azimuthally integrated to
produce one-dimensional intensity I(q) versus scattering wave vector
magnitude q = Igl = 4747" sin (0/2) using the software available at
each beamline.

Polarized Light Microscopy. PLM experiments were conducted
on an Olympus BX53 Upright Microscope equipped with Olympus
U-pot and U-AN360P polarizers and an Olympus U-PCD2 phase
contrast condenser. Fine temperature control was afforded by a
Linkam LTS240 temperature control stage with images captured
using a QICAM Fast 1394 camera. In order to further increase image
contrast, a differential interference contrast full-wave plate (Olympus
U-P521) was also employed. The samples were prepared by
sandwiching a small amount of diblock copolymer (1—5 mg) between
a glass slide and a coverslip.

B RESULTS AND ANALYSIS

Synthesis and Molecular Characterization of OA21.
This study focuses on a model particle-forming OA diblock
copolymer with a minority O block (f, < 0.50). The poly(2-
ethyl hexyl acrylate) (A) corona block was selected in order to
stabilize a wide window of point particle phases with O core
domains, by virtue of the expected high degree of conforma-
tional asymmetry of the O/A monomer pair. Using packing
length arguments developed by Fetters et al.>® in concert with
the A homopolymer entanglement molecular weight (M, =~ 60
kg/ mol)® and the statistical segment length for 0," the
conformational asymmetry for this monomer pair is estimated

https://dx.doi.org/10.1021/acs.macromol.0c02871
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to be € ~ 3.5 (see the Supporting Information for detailed
estimation).”’

Cu-catalyzed atom transfer radical polymerization®® of 2-
ethylhexyl acrylate initiated from a PEO—Br macroinitiator,
which was derived from end functionalization of a semite-
lechelic a-hydroxy O homopolymer,”" yielded a composition-
ally asymmetric OA diblock copolymer. The OA21 diblock
described here exhibits fo = 0.21 with total M, \\r = 8300 g/
mol and P = 1.11, which corresponds to a segment density
normalized degree of polymerization of N = 124 relative to a
118 A® reference volume. Representative MALDI-TOF MS, 'H
NMR, and SEC characterization of the O homopolymer
precursor, PEO—Br, and OA21 are presented in Figures S1—
SS. In view of the narrow molar mass dispersity By = 1.03
measured by MALDI-MS for the O core segment with M, 5 =
1980 g/mol, we surmise that the broader overall B of OA21
stems from A-segment dispersity. Assuming that the
constituent segment dispersities are statistically uncorrelated,
we estimate D, = 1.19 (see the Supporting Information for
calculation details).”” In contrast to previous studies of
particle-forming systems with poly(lactide) cores, this slightly
broader D, is expected to destabilize the FK phases in OA
diblocks due to dispersity-induced shifts in the ordered phase
boundaries.”*”*> Nonetheless, the following findings establish
that particle packings of low N, high & diblock systems are
independent of constituent segment chemical identities.

Thermal Characteristics of OA21. The thermal tran-
sitions of OA21 were probed via DSC at a ramp rate of 10 °C/
min in the second heating and cooling thermograms given in
Figure 2. The broad, low-temperature change in polymer heat

oL 040
030} |

o~ 0.20 T =37°C
] ~ o =
2 (L 010 Ty =-70°C X, =0.72
'8 1 1 1 1
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-100 -50 0 50 100

Temperature (°C)

Figure 2. DSC thermogram of OA21 displaying glass transition at T,
~ —70 °C (inset) alongside melting (T,,) and crystallization (T)
endotherms and exotherms.

capacity is indicative of a glass transition temperature T, ~
—70 °C, which likely corresponds to overlapping signatures for
the constituent O and A segments. This DSC thermogram also
displays features consistent with a high degree of O segment
crystallinity, evidenced by a substantial melting endotherm
centered around a melting point at T, = 37 °C. The heat of
fusion AH = 34.5 J/g obtained by endothermic melting peak
integration implies a crystalline O weight fraction X, = AH/
(woAH,) = 0.72, where the diblock O weight fraction wg
0.24, and AH,, = 200 J/g is the melting enthalpy for perfectly
crystalline O.%” As compared to the precursor O homopolymer
with T,, = 52 °C and X, = 0.73 (Figure S6), the O segment in
OA21 displays a similar degree of crystallinity with a severely
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depressed T,,. This may be attributed to the increased degree
of chain folding required in the diblock case to match the
segmental interfacial area of the semicrystalline O block with
that of the substantial amorphous A-block at the diblock
junction.””®* This melting point depression may be estimated
in terms of the Gibbs—Thomson (G—T) effect, which predicts
a crystalline domain thickness of 2.4 nm (see the Supporting
Information for detailed calculations). The DSC cooling trace
in Figure 2 also indicates that deep undercooling is required to
recrystallize the O domain of OA21, implying a significant
kinetic barrier to O crystallization that may be attributed to the
anisotropic arrangement of the O blocks in the melt imposed
by the large amorphous A-block (vide infra). We note that no
order-to-disorder or order-to-order transitions were observed
by DSC, consistent with the fact that microstructural
transitions of asymmetric particle-forming diblock copolymer
melts typically exhibit transition enthalpies several orders of
magnitude less than those associated with segment backbone
crystallization (AHopr S 0.1 J/g).%

Morphologies on Heating OA21. Morphological studies
of OA21 relied principally on in situ high-resolution,
temperature-dependent synchrotron SAXS. The 1D SAXS
traces given in Figure 3 indicate that OA21 displays six distinct

| 74°C
2 mi
min DIS

F68°C
5 min

BCC ‘

SE63°C ,

< | 27 min o ‘
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5 10 min DDQC‘
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Semicrystalline
E v 0o 1
0.00 0.04 0.08 0.12 0.16
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Figure 3. Temperature-dependent SAXS profiles obtained from
OA21 on heating. Temperatures at the left of each trace indicate the
sample temperature at exposure. Associated time stamps refer to the
time elapsed between the previously marked temperature below the
trace in question with a ramp rate of 20 °C/min. Phase assignments to
the right of each trace refer to a semicrystalline state, a liquid-like
packing (LLP) of spheres, a DDQC, a FK ¢ phase (), a BCC packing
of spheres, and a fluctuating DIS, respectively, from bottom to top.

states on ramping the temperature from 22 °C through the
order-to-disorder transition Topr = 69 °C over an interval of
50 min. Below T, = 37 °C, SAXS traces consistent with the
representative 28 °C scattering profile shown in Figure 3 were
recorded. Instead of the sharp Bragg reflections characteristic
of a well-ordered microstructure, these patterns instead display
a series of broad correlations with sharply diminished
intensities at q > g¢* Assuming that these correlations
correspond to those associated with a poorly ordered
crystalline lamellar (L) structure, the initial g* = 0.037 A~
would correspond to a full period spacing d = 17.1 nm (d =
27/q*). From this value, we deduce that the total O layer
thickness is do = fod = 3.6 nm and the crystalline O domain
thickness is do . = X.do = 2.6 nm, where X = 0.75. Within the
monoclinic crystal structure of O homopolymer, each repeat
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unit contributes 0.278 nm along the O 3 X 7/2 helix axis. %

Accordingly, the O block comprising 45 monomer units has a
full contour length of Iy = 12.5 nm, of which [ 5 = 9.0 nm
participates in crystallization (I, = Xlo). In order to fit into
the observed 2.6 nm crystalline O domains, the crystalline O
blocks must be folded on average 2.5 times, assuming a O
block monolayer with a perpendicular O crystal stem
orientation relative to the microphase-separated interface, as
illustrated in Figure 4A. High degrees of non-integer chain
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Figure 4. (A) Schematic of the characteristic length scales of the L,
morphology of OA21, including the full period spacing (d), the A
domain layer thickness (d,), and the PEO domain layer thickness
(do). The O domain layer is further decomposed into constituent
amorphous (do,) and crystalline (d,.) regions. Chain conformations
shown are idealized, and the details of A-block chain end distributions
are unknown. (B) 1D-SAXS trace of sample OA21 in the
semicrystalline state observed at ambient temperature.

folding in semicrystalline monolayers with stems perpendicular
to the layer interface are anticipated by the diMarzio—
Guttman—Hoffman theory and have been observed exper-
imentally during breakout crystallization in compositionally
asymmetric CA diblocks.*”*’~® However, the higher order
correlations in the SAXS traces of the semicrystalline phase in
OA21 are incommensurate with the expected reflections at
2g*%, 3g*, and so forth for a lamellar structure (Figure 4B).
These correlations may instead be rationalized using a lamellar

form factor of the type

4nAp*

[1 = cos(gd e_ngz/z]
qu4 (qdy)

I(q) =

! 0
where Ap is the electron density contrast, ¢ is the layer
thickness dispersity, and d, = 13.5 nm [d, = (1 — f)d] is the
amorphous A layer thickness. Using an arbitrary value for Ap
and o = 0.10 yields a form factor (the solid blue line in Figure
4B) that qualitatively matches the observed SAXS pattern. A
Lorentz corrected version of Figure 4B may be found in the
Supporting Information, Figure S7. Notably, the crystal
thickness do . = 2.6 nm used in this analysis is close to do
= 2.4 nm predicted by the Gibbs—Thomson (G—T) analysis
(see Supporting Information eq S10). It is also possible that
the semicrystalline state does not consist of layers but is
instead characterized by discontinuous O domains by way of
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core-confined crystallization from the micellar melt.”*”"

Accordingly, form factors for other structures including
spheres, cylinders, and prolate ellipsoids were compared
against the semicrystalline SAXS trace (Figure S8). However,
these fits fail to capture the principal scattering features at g <
0.10 A",

Raising the temperature of OA21 from 28 to 40 °C over the
course of 6 min results in melting of this presumed L.
morphology and formation of an LLP of (nominally spherical)
particles. Melting of the crystalline O domain is indicated by an
abrupt increase in g* from 0.037 to 0.062 A™' in the SAXS
profiles in Figure 3 and disappearance of the sharp Bragg
reflections associated with the O crystals in the associated
wide-angle X-ray scattering patterns (Figures S9 and S10). The
assignment of the LLP state was informed by prior studies of
supercooled particle-forming diblock copolymer melts. LLP
refers to a metastable DIS far below Tgpy, which is
characterized by a vanishing concentration of free chains and
sharp interdomain interfaces typical of a strongly segregated
melt that lacks any crystallographic order in the constituent
particle arrangement.”””>~’* Takagi et al. previously docu-
mented the related formation of an LLP state from the L.
phase of a CA diblock on heating,** which subsequently
evolved into a BCC packing with time or at elevated
temperatures.

Heating the OA21 LLP to 43 °C over the course of 10 min
instead leads to the rapid emergence of a cluster of one
relatively sharp and three modestly broad Bragg reflections
(Figure SA). Drawing on a body of prior observations of
similar 1D-SAXS patterns,”>** of which some have been
accompanied by transmission electron or atomic force

Intensity (arb. units)

012

0.10

0.04

o-Phase

®z=1/4,3/4

Y @z=0,1
0z=1/2

z X

Figure 5. (A) 1D-SAXS intensity profile for the DDQC obtained at
43 °C assigned using the five-dimensional indexing scheme for the
expected Bragg reflections with unit cell parameters ¢ = 23.0 nm and a
= 22.6 nm. (B) Schematic depiction of the closely related structural
motifs underlying the DDQC and FK ¢ phase, illustrated using
projections along the spatially periodic z-axis (c-direction) of the
actual structures as decorated square-triangle tilings with edge length
a. The two different triangle types exhibit different out-of-plane spatial
arrangements along the c-direction.
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Figure 6. Images of 2D SAXS patterns acquired from OA21 isothermally annealed at 50 °C for 3 min (A and B) and for 883 min (B and D) and
the corresponding azimuthally integrated 1D-SAXS intensity profiles that demonstrate the time-dependent evolution of the DDQC into a FK &
phase. The red line in (E) demarcates the (00002) reflection of DDQC, which coincides with the (002) reflection of the ¢ phase, indicative of a

common layer spacing in the two structures.

: . 6,20,29,75 . :
microscopy images,”” "’ we assign this structure as a

polycrystalline DDQC. This DDQC is an aperiodic 2D
structure exhibiting P124/mcm symmetry, which comprises
periodically stacked layers in which particles are aperiodically
arranged with a 124 screw axis. Owing to the lack of periodicity
of this structure in 3D space, a 5D indexing scheme has been
employed for structure assignment following intermetallic
structure precedents’*® and related reports in soft matter
systems.”**° On this basis, we calculate that the periodic layer
spacing is ¢ = 23.0 nm with an in-plane periodicity length scale
of a = 22.6 nm with a nearly ideal ¢/a = 1.02. Although the
DDQC effectively exhibits an infinite unit cell, idealized
DDQC structures may be visualized using 2D square-triangle
tilings with the uniform edge length a depicted in Figure
SB.7677

On further heating to 63 °C over the course of 27 min, the
broad Bragg reflections of the DDQC are replaced by a dense
cluster of sharp reflections indicative of a periodic FK o phase
with P4,/mnm symmetry and large tetragonal until cell
parameters a = 43.4 nm and ¢ = 22.9 nm (c/a = 0.528).
Since the o phase is a periodic 3D crystalline approximant of a
DDQC, one expects the preservation of certain structural
elements in this transition. Notably, the periodic layer spacing ¢
= 22.9 nm is nearly invariant in this order-to-order transition.
Furthermore, the o phase may also be conceptualized in terms
of the related square-triangle tiling shown in Figure SB.”®
Previous experimental observations of diblock copolymer
DDQCs have strongly suggested that this aperiodic structure
is metastable and evolves to a periodic o phase with kinetics
that reflect the time scales for intermicellar chain exchange.é’26

Prior to disordering at Topr = 69 °C, OA21 undergoes
another phase transition in which the dense forest of peaks of
the o phase is replaced by a single, sharp reflection
accompanied by a higher order peak at \/ 2g* on heating
from 63 to 68 °C as shown in Figure 3. This pattern is
indicative of a BCC arrangement of particles with a lattice
parameter of 4 = 13.8 nm. The formation of the BCC 7phase
prior to disordering upon heating is anticipated in theory”~ and
is often experimentally observed, provided concentration
fluctuations do not mask the transition.”*** Above Topr, a
disordered phase is observed as evidenced by the 74 °C pattern
in Figure 3. This disordered phase (DIS) at T > Tpr has a
slightly broader q* peak than that of the low-temperature LLP
state, presumably due to weaker segregation between the core
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and corona blocks. Motivated by this rich phase behavior
exhibited by a single OA21 diblock copolymer, we further
explored the nature of the observed phase transitions with
specific attention to the conditions required for DDQC
formation.

Temporal Stability of DDQC in OA21. Since previous
reports indicated that the DDQC is a long-lived metastable
state that can evolve into the equilibrium FK ¢ phase over
time, we sought to assess the temporal stability of the OA21
DDQC on isothermal annealing at 50 °C (Figure 6). Prior to
SAXS data acquisition, the sample was heated from the
semicrystalline state (T < 37 °C) to T,pea = 50 °C over the
course of 4 min. After 3 min, a DDQC structure developed as
evidenced by the 2D SAXS pattern (Figure 6A,B) and the
corresponding 1D intensity profile in Figure 6E from which we
derived the lattice constants a = 22.7 nm and ¢ = 23.1 nm. The
radially symmetric Debye—Scherrer rings in the 2D pattern
encode a reciprocal lattice constructed of concentric spheres
corresponding to an average of many small, randomly oriented
grains in real space consistent with a polycrystalline DDQC.
Qualitatively, the pattern does not change over 20 min at 50
°C. However, after 883 min, the four prominent and
azimuthally homogeneous Debye—Scherrer rings of the
DDQC pattern are replaced by a dense set of azimuthally
heterogeneous rings (Figure 6C,D). The resulting 1D intensity
profiles derived from these patterns (Figure 6E) unambigu-
ously index to the o phase with a4 = 43.9 nm and ¢ = 23.1 nm.
We again note the common c¢ value between the DDQC and o
structures, indicated by the coincidence of the (00002) and
(002) reflections in the respective SAXS patterns (red line in
Figure 6E). These results directly indicate that the OA21
DDAQC state is metastable with respect to the ¢ phase at 50 °C.

Given the invariance in the periodic layer spacings of the
DDQC and o phases, one may be tempted to suggest that only
in-plane particle rearrangements are required for the DDQC-
to-o transition. However, the 2D SAXS patterns for the ¢
phase (Figure 6C,D) indicate widespread grain coarsening
through the loss of radial symmetry on account of a smaller
number of large grains contributing to the average reciprocal
space structure, which leads to a localization of the Bragg
reflection intensities in discrete spots. The formation of
“spotty” rings even in the o phase (002) reflection suggests
significant changes in the overall grain structure and
orientation distribution. Taken together, the 2D SAXS patterns
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Figure 7. Structural evolution of OA21 following quenching to 42 °C after pre-annealing at 66 °C for 6 min to foster BCC ordering. Time stamps
in both A and B correspond to the time elapsed since temperature reached the 42 °C set point. 1D SAXS traces are shown in (A), which
correspond to the 2D patterns in (B) following time stamps marking each. 2D patterns are rotated from their original orientation to facilitate direct

comparison of the relative positions of each of the rings.
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Figure 8. Structural evolution of OA21 following quenching to 45 °C from 74 °C through combined 1D (A) and 2D (B) SAXS patterns. 2D SAXS
patterns are rotated from their original orientation to facilitate direct comparison of the relative positions of each of the rings. The red arrows
highlight the development of a low-g feature in the initial BCC pattern, which is discussed more in the text.

in Figure 6 indicate that the growth of the ¢ phase from the
metastable DDQC occurs in all crystallographic directions and
that purely in-plane particle-based rearrangements do not lead
to this transition. Instead, the growth of ¢ from the DDQC is
marked by dominance of a greatly reduced number of large
grains.

Conditions for DDQC Formation: Quenches from
High T. Given that the OA21 DDQC readily forms from a
low-temperature LLP state derived from melting of the L,
phase, we sought next to understand whether this aperiodically
ordered phase could also be accessed on quenching a periodic
BCC micelle packing to a temperature characterized by an
equilibrium FK o phase (Figure 7). A well-formed BCC
structure was obtained by isothermally annealing OA21 at 66
°C for 6 min. Immediately following sample thermal
quenching to 42 °C (t = 0 min), SAXS analyses reveal that
the prominent primary (110) and secondary (200) peaks of
BCC remained unperturbed with the expected (211) form
factor extinction associated with the size of the O particle cores
(Figure 7A). The textured nature of the (110) peak in the top
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right panel of Figure 7B is indicative of large BCC grains,
reflecting the expected nucleation-limited growth of this phase
in proximity to Topr = 69 °C. On quenching to 42 °C, this
BCC lattice is metastable and the characteristic layer spacing
(002) reflection of the ¢ phase begins to materialize after 12
min of isothermal annealing. Note that this SAXS peak could
also correspond to the (00002) reflection of a DDQC, a
possibility not directly refuted by the poorly resolved and low-
intensity reflections flanking the BCC (110) peak at t = 12
min. At £ = 15 min and 37 min, the SAXS patterns exhibit pairs
of maxima located on either side of the BCC (110) peak,
which are inconsistent with the DDQC scattering signature
(¢f, Figure S). From patterns obtained between 12 and 37 min
of isothermal annealing at 42 °C (Figure 7B), we observe
significant texture in the new SAXS rings indicative of large,
ordered grain formation reminiscent of Figure 6C,D, which
suggests a direct BCC — BCC + ¢ — o transition that is
complete after 2700 min. Additional 2D SAXS patterns are
provided in Figure S11. Note that the spotty rings lead to
azimuthally integrated peak intensities that differ from
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expectation based on the literature.'" This transition sequence
stands in stark contrast to the previous case, wherein the
structurally disorganized (amorphous) LLP rapidly evolves
into a polycrystalline DDQC with a slower transition to the ¢
phase with coarse grain sizes. Considering the structural
similarities between the ¢ phases nucleated from BCC and
DDQC and the timescales in their formation (hours), both are
likely products of nucleation-directed phase growth, as
opposed to the rapid diffusion-limited process of LLP —
DDQC. Furthermore, the BCC — o transition is direct,
evidenced by the 37 min pattern of Figure 7A, which
demonstrates clear BCC/o coexistence as the textured BCC
pattern is smoothly replaced with an equally textured o pattern.
Accordingly, we find that an intermediate DDQC phase is not
seeded when quenching BCC below the BCC/o order—order
transition.

Next, we sought to understand whether quenching the DIS
state obtained from T = 74 °C > Typr to 45 °C forms a
DDQC by analogy to a processing strategy previously reported
by Gillard et al.”™ From the SAXS patterns given in Figure
8A,B, we observe very rapid nucleation of a BCC phase with
prominent (110) and (200) SAXS peaks at the f = 0 min time
point at 45 °C. We surmise that the low barrier to BCC
nucleation may originate with the high degree of chain
mobility in this system on account of the low T, s of the O and
A blocks. We avoid any comparative analyses of the grain sizes
associated with the BCC phases shown in Figures 7 and 8, as
these data were acquired at different synchrotron SAXS
beamlines with different beam and detector pixel sizes.
Intriguingly, a low-intensity low-q peak within the “skirt” of
the primary (110) BCC peak almost immediately appears in
the t = 0 min X-ray pattern obtained at 45 °C. This feature is
indicated by the red arrows in Figure 8. This peak corresponds
to an isotropic Debye—Scherrer ring in the associated 2D
SAXS pattern, symptomatic of either the (002) or (00002)
layer spacings of the ¢ or DDQC phases, respectively. At t = 6
min post-quench, this isotropic ring becomes more prominent
alongside a wider isotropic ring growing in on either side of the
originally textured (110) BCC peak. Furthermore, several
discrete scattering spots in the (002)/(00002) ring are noted.
Additional 2D SAXS patterns corresponding to Figure 8A are
provided in Figure S12. After t = 34 min, the BCC phase has
all but disappeared and is replaced by a more complex
scattering signature that contains distinctive elements of both
the high-intensity trio of low g peaks of a DDQC, and the extra
peaks and shoulders that arise from discrete spots in the 2D
SAXS patterns that are consistent with a ¢ phase. In contrast to
the 6/BCC coexistence noted 37 min after quenching the
ordered BCC phase to 42 °C, quenching from disorder yields a
DDQC/o coexistence with no signs of BCC after 34 min at 45
°C. On the basis of the aforementioned BCC — ¢ transition
triggered by thermal quenching (Figure 7), we suggest that
regions of the sample lacking lattice order post-quench enable
transient DDQC formation while the regions of the sample
that nucleate BCC directly transition to the ¢ phase. In other
words, the seeds for DDQC formation are sown in the high-
temperature and low-temperature LLP states. We do not
attribute the features in these SAXS traces to serial BCC —
DDQC — o transitions, and instead assert two parallel
pathways are operative that lead to either a BCC or a DDQC
packing that transforms to a ¢ phase.

Crystallization of OA21. A distinguishing feature of this
study is the semicrystalline nature of the O block of OA21,
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which enables direct access to a pure LLP state on melting the
L. phase, thereby circumventing any microstructural evolution
triggered by quenching the thermally disordered state.
Furthermore, this sequence of observed phase transitions
including DDQC formation is fully repeatable from SAXS
traces collected on thermal cycling of OA21 as shown in Figure
9. The traces given in Figure 9A belong to the same heating
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Figure 9. In situ temperature-dependent SAXS of OA21 demonstrat-
ing that the DDQC structure, the 55 °C pattern in (A) and 50 °C
pattern in (B), may be repeatedly recovered by crystallizing (B) and
re-melting (C) the O-segments of the diblock. Time stamps
correspond to the time elapsed since the previous temperature
following the arrows. Temperature changes were enacted with a
heating or cooling rate of 10 °C/min.

ramp as Figure 3 and reiterate the formation of the DDQC on
melting the L. state, now with an intermediate pattern inserted
at T = 37 °C, that was taken 2 min after reaching that
temperature. While the real-space structure giving rise to this
transient SAXS signature remains obscure, we speculate that it
reflects a coexistence of a diminishing L. phase with
concomitant growth of the LLP.

Following melt disordering (shown in Figure 9A), Figure 9B
illustrates the processes of recrystallizing the O domain
observed by in situ SAXS. The pattern at 54 °C was taken 1
min following a quench from 74 °C and demonstrates the
rapid nucleation of BCC with a lattice parameter a = 14.0 nm.
Cooling from that point to —20 °C over S min followed by
isothermal annealing for 9 min gives rise to the first (top) of
the three —20 °C patterns, which retain the BCC Bragg
diffraction peaks, albeit with an enlarged lattice constant of a =
15.2 nm and considerable peak broadening. Since T, = 37 °C,
this BCC structure is metastable with respect to L.. After two
additional minutes, a low-g feature materializes at the base of
the (110) primary BCC peak (Figure 9B, middle —20 °C
trace). This feature increases in intensity over an additional 4
min, during which all signs of BCC structure are destroyed
(Figure 9B, bottom —20 °C trace) by O breakout
crystallization. Applying the same indexing scheme to this L,
pattern as in Figure 4 reveals a reduced layer periodicity of d =
15.2 nm, which corresponds to do . = 2.4 nm and three chain
folds in the O-monolayer, assuming X, = 0.75.

In Figure 9C, this L_ structure melts into LLP at 40 °C over
3 min and ultimately grows the DDQC, both mirroring the g-
spacings observed in Figure 9A and indicating that the L, may
be reversibly formed and melted into a quasicrystal. The high
degree of undercooling required to achieve this emulates the
results obtained at a faster cooling rate on DSC, implying a
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substantial kinetic barrier associated with local chain rearrange-
ments required for L, growth.

Although the in situ SAXS experiments employed T, = —20
°C, crystallization of OA21 also progresses at higher
temperatures, albeit at a considerably slower rate as
documented by PLM analyses. PLM reveals that breakout
crystallization is macroscopically manifested in the develop-
ment of spherulites during isothermal crystallization at T, >
—10 °C, evidenced by the distinctive Maltese cross patterns in
the optical micrographs presented in Figure 10. The presence

Figure 10. Polarized optical microscopy of sample OA21 after
quenching from T = 75 °C > Tgpr to various crystallization
temperatures (T.) for various periods of time.

of spherulites is consistent with the L. structure assigned to
SAXS patterns. The absence of spherulitic order in the T, <
—15 °C panels of Figure 10 marks either the absence of long-
range order in the L. structure or the onset of confined
crystallization. However, the sudden and complete disruption
of the BCC structure in the semicrystalline state in the —20 °C
SAXS measurements displayed in Figure 9 indicates that rapid
breakout crystallization occurs.

B DISCUSSION

Quasiperiodic ordering in OA21 always emerges from micelle
packings with a minimal long-range lattice order referred to as
LLP. This is consistent with the observation of the first
reported diblock DDQC by Gillard et al, which was
rationalized to reflect the maturation of local tetrahedral
clustering thought to exist in the LLP state.”® However, this
rationale was not based on direct real-space imaging of the
local LLP structure. The detailed structural characteristics of
this state remain elusive, yet are presumed to be related to
those of both hard and soft particle glass.es.go_84 Thus, LLP
refers to a jammed state of diblock micelles wherein slow
intermicellar mass exchange inhibits the system from adjusting
the nonequilibrium particle size distribution of this super-
cooled DIS to one commensurate with a long-range lattice
order.”””?~"* Accordingly, the nucleation of local tetrahedral
packing into a metastable DDQC is thought to arise primarily
from particle-based rearrangements. This assertion is bolstered
by theories of DDQC formation in systems of identical
particles governed by pair potentials that exhibit similar
combinations of soft corona—corona and hard core—corona
repulsions that regulate diblock micelle self-assembly.* =
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Foundational to this line of thinking is the general tendency
for tetrahedral close packing in soft micellar systems.”” In
diblock copolymers, the spontaneous formation of specific and
discrete particle size distributions required by spatially periodic
TCP structures such as the o phase arises from local particle
shape optimization subject to interfacial area minimization.*”
This embodies a simultaneous minimization of enthalpically
costly particle core—corona interfacial tension and entropically
costly variations in the extent of diblock chain stretching
constrained by melt incompressibility, which precludes the
formation of spherical particles. Instead, diblock copolymer
particles assume the shape of polyhedral WS cells associated
with FK phases such as 6.°*%**7* Recent careful
examinations of these geometric principles have established
FK ¢ and AlS phases as equilibrium structures in diblock
melts, with ¢ favored for relatively lower core volume fractions
Seore £ 0.25, as is the case for OA21 and A1S favored for higher
core volume fractions approaching and exceeding f...
0.30.77%!

In contrast, the precise reason for the experimental
observation of metastable DDQCs prior to equilibrium
approximant phases such as ¢ or AlS remains obscure. Also,
occurrence of the Cl4 and CI1S Laves phases in diblock
copolymers following quenching of the disordered melt in
liquid nitrog‘en and subsequent heating to T < Tgpy is not
understood.””’ Neither C14 or C15 is predicted to be an
equilibrium state of order in single-component diblock
copolymers.' However, the phase transitions exhibited by
OA21 under a variety of thermal processing routes, outlined in
Figure 11, offer some clues concerning the appearance of the
DDQC.

Central to this investigation is the formation of an LLP state
upon melting of L, which bypasses the nucleation of any
higher temperature structures. Exactly how L. transitions to
LLP is unknown; however, we speculate that local clusters of
diblocks within the melted layers coalesce and pinch off in
order to minimize O—A contacts at temperatures well below

~
~

-~
Equilibrium
structures

Metastable
states

Temperature

Figure 11. Schematic of morphological transitions observed for the
OA21 diblock. Red arrows denote heating, blue arrows cooling, and
black arrows isothermal annealing. Experimentally observed phase
coexistences due to experimental heat transfer limitations were
omitted for simplicity.
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the Topy, where the free diblock concentration nominally
vanishes.”” Spontaneous layer fission likely results in a
heterogeneous, non-equilibrium particle size distribution.
Over the course of minutes, these particles adopt a
polycrystalline DDQC  structure, which, on heating or on
isothermal annealing, gives way to the ¢ phase with large grain
sizes. The rapidity of DDQC formation implies a formation
pathway based primarily on local particle rearrangements, in
contrast to the comparatively longer timescale associated with
o formation. We posit that the latter slow process requires rate-
limiting chain exchange between particles to adjust their sizes
and shapes. This assertion is consistent with the notion that
chain exchange slows as exp(—yN) and thus is very slow well
below the Topr where both DDQC and o are observed.
Particle-based rearrangements that give rise to a DDQC from
the LLP are conversely mediated mainly by A matrix chain
dynamics, which are fast given that T, s, & =70 °C.

The DDQC — o transition is not marked by a significant
change in the characteristic length scales of the system, a
principle demonstrated by the shared layer spacing of both
structures through this transition under isothermal conditions
(Figure S). On this basis, we propose that the average particle
aggregation number ((N,,) = 64) remains constant as ¢
overtakes DDQC with time. Crucially, (N,,,) discussed in
terms of TCP structures represents the mean value of a
discrete particle size distribution uniquely defined for each FK
phase. However, the size distribution in the aperiodic DDQC
is likely broader. In the decorated square-triangle tiling
formalism (Figure 5B), the ¢ phase comprises purely 3%.4.3.4
vertices, where three triangles (3) and two squares (4) encircle
each vertex wherein degeneracy is conveyed through the
superscript.”’  Quasiperiodic Stampfli tilings giving rise to
DDQCs, on the other hand, follow a dodecahedral motif of a
central 3¢ vertex encircled by six o-type 3%.4.3.4 vertices,
supplemented by regions of local 3%4% vertices.”””” This
variability in local packing constraints is accompanied by an
expansive set of particle sizes contributing to (N,q,). Therefore,
we infer that changes in N,,, during DDQC — o are confined
not only to the absolute value of (N,,) but the shape and
breadth of the underlying N, distribution. Accordingly, the
more diverse sets of particle types packing into the myriad of
local structures comprising the DDQC more closely mimics
the heterogeneity present in the LLP state than that of the o
phase. Therefore, the formation of DDQC out of the
supercooled LLP state may represent a temporary compromise
that optimizes local particle shape for a system with broader,
non-equilibrium particle size distribution.

Further support for this argument may be found in the
thermal transitions on cooling. Figure 11 suggests that a
DDQC forms on quenching from DIS to LLP but not from
BCC to o. The latter claim is supported by the fact that both
supercooled BCC states studied here, reached via quenching
equilibrium BCC (Figure 7) or DIS states (Figure 8) to 42 or
4S5 °C, respectively, transformed directly into well-ordered o
phases via BCC/o coexistence. Although the nucleation of
BCC during the DIS — 45 °C quench obfuscates unequivocal
observation of the DIS — LLP — DDQC progression, the
DDQC characteristic of SAXS patterns acquired in this
experiment suggest the presence of increased disorder during
this experiment relative to the BCC — 42 °C quench. Taken
together, these observations underscore that DDQC formation
sensitively depends on the immediately preceding state. The
BCC lattice, which has a narrow particle size distribution on
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account of its single coordination environment, provides a
favorable metastable platform from which ¢ can develop
directly via the same intermicellar mass exchange mechanism
at work in the DDQC — ¢ transition. This raises the question
as to why these BCC particles do not rearrange into a DDQC,
as with the LLP state. We posit that the shape and breadth of
the particle size distribution underlying each of these phases
modulates the observed metastable states, wherein the
intermediate state does not possess a broader particle size
dispersity than either the initial or final state. Both the LLP —
DDQC — o0 and BCC — o progressions present monotonic
trends in the underlying particle size heterogeneity, which
correspond to kinetically favorable mass redistribution path-
ways. This tendency for the metastable intermediate state to
closely mirror the properties of the initial state follows the
empirical trend put forth by Ostwald in 1897, rationalizing the
formation of complex intermediates from a liquid as found by
Kim et al.”’

The LLP state has been established as a vital ingredient to
the subsequent formation of a DDQC throughout the diblock
literature, irrespective of whether the supercooled LLP state
originated from deep thermal quenches,”® direct liquefaction of
freeze-dried powder,””*" or melting of a semicrystalline state,
including a blend of a CA diblock and a homopolymer.”” No
diblock DDQC has been observed to nucleate on cooling a
high-symmetry phase such as BCC, as these thermal pathways
only lead directly to 6.”%°” These observations further establish
that the DDQC is a metastable intermediate between LLP and
periodic DDQC approximants and that the formation of the
DDQC is inextricably linked to the dynamical processes
underlying order—order transitions in diblock copolymer
melts.

This raises the question of metastability of the diblock
copolymer DDQC in the context of the appearance of DDQCs
in other soft systems, namely, dendrons’>”*~”> and dendron-
like giant molecules."*”® In both cases, the DDQC appears
from a disordered LLP state in the phase space vicinity of the
AlS and o approximant phases. Intriguingly, some of these
dendron-based DDQC structures form directly on cooling
from disorder,”” and some are remarkably thermally stable,
making it difficult to draw conclusions concerning their
metastability.'® Generally, these other systems are charac-
terized by significantly smaller particle aggregation numbers,
which may frustrate the formation of the five discrete particle
volumes associated with the ¢ phase, thus favoring the DDQC.
Alternatively, restricted mass exchange could present kinetic
barriers to the development of the periodic ¢ structure.

CA diblocks such as the OA system studied here offer the
enticing capability to disorder the diblock melt not only on
heating but also on cooling, which then affords an additional
mechanism for guiding particle size dispersity and thus the
symmetry selection pathways of the system. This approach
may offer a new route for accessing as yet unobserved
metastable FK phases by analogy to recent discoveries of C14
and C15 structures in diblocks.”"”’ The current study elicits
the question of why metastable DDQCs so frequently precede
the well-developed ¢ phase. While many other periodic FK
approximants that exhibit different particle size and shape
distributions than the ¢ phase are known,”® only the C14, C15,
AlS, and Z phase have been observed in soft matter. Further
work mapping this rich free energy landscape of polymer
micelle packings will be required to fully resolve this issue.
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B CONCLUSIONS

The phase transitions of a highly conformationally and
compositionally asymmetric OA21 diblock copolymer were
investigated via in situ temperature-dependent synchrotron
SAXS. Below the melting temperature of the O block, T, = 37
°C, we found that this system forms a highly asymmetric,
layered L. structure. On melting, rapid layer fission results in
the formation of soft glassy LLP of particles that quickly
rearrange into a DDQC. With time or temperature, this
DDQC evolves into the o phase that transitions through BCC
prior to melt disordering at Topr = 69 °C on heating
Although the DDQC could be recovered by a rapid quench
from T > Topr to 45 °C, surprisingly, no DDQC was observed
on similarly quenching a well-formed BCC lattice. This finding
was rationalized in terms of the shape and breadth of the
underlying particle size distribution. We speculate that the
formation of a DDQC requires a certain breadth in the particle
size distribution or aggregation number dispersity. In other
words, the unimodal particle distribution characteristic of a
well-ordered BCC phase does not spontaneously broaden to
favor an aperiodic DDQC tiling but instead smoothly adjusts
to the five distinct particle shapes found in the FK o-phase.

The discovery of a non-poly(lactide)-based DDQC/o-
forming diblock highlights the independence of TCP structure
formation on the chemical nature of the self-assembling
polymer building blocks, suggesting the importance of widely
applicable, fundamental geometric principles. Whether or not
the relationship between the still mysterious LLP state and the
subsequent DDQC, formed en route to an equilibrium & phase,
may be applied to the broader range of mesoscopic systems
displaying analogous behavior, spanning sub 10 nm structures
composed of wedge-shaped dendrons to 100 nm unit cells of
tetrablock terpolymers, remains an open question.

Perhaps most intriguing are the possibilities afforded by the
semicrystalline nature of the O block of OA21. In the present
study, this was used to repeatedly form a DDQC from a pure
LLP state without traversing the high-temperature regions of
the phase space. We anticipate that similar CA diblocks will
find use in accessing new diblock copolymer melt morphol-
ogies through non-classical routes.
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