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Particle Dynamics in a Diblock-Copolymer-Based Dodecagonal Quasicrystal
and Its Periodic Approximant by X-Ray Photon Correlation Spectroscopy
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Temperature-dependent x-ray photon correlation spectroscopy (XPCS) measurements are reported for a
binary diblock-copolymer blend that self-assembles into an aperiodic dodecagonal quasicrystal and a
periodic Frank-Kasper ¢ phase approximant. The measured structural relaxation times are Bragg scattering
wavevector independent and are 5 times faster in the dodecagonal quasicrystal than the ¢ phase, with
minimal temperature dependence. The underlying dynamical relaxations are ascribed to differences in
particle motion at the grain boundaries within each of these tetrahedrally close-packed assemblies. These
results identify unprecedented particle dynamics measurements of tetrahedrally coordinated micellar block
polymers, thus expanding the application of XPCS to ordered soft materials.
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Comparatively little work has addressed the symmetry-
dependent particle dynamics in self-assembled soft materi-
als, particularly tetrahedrally close-packed Frank-Kasper
(FK) phases [1-6] and related quasicrystals [7-11].
Originally discovered in metal alloys [12—14], aperiodically
ordered quasicrystals display local rotational symmetries
with no long-range translational order. Recent experiments
and simulations on metallic dodecagonal quasicrystals
(DDQCs) exposed the importance of particle and grain
boundary dynamics in polycrystalline configurations [15],
and TEM imaging revealed phason dynamics in a decagonal
Al-Cu-Co quasicrystal [16]. Complementary studies of
particle-forming soft materials identify DDQCs as meta-
stable intermediates relative to equilibrium FK phases, such
as the 3D periodic o phase [8,10,17], both of which exhibit
similar arrangements of 2D square and triangle tiling
motifs [18]. The latter reports primarily focused on the
static structures of these complex assemblies, with only
limited insight into the constituent particle dynamics by
dynamic mechanical spectroscopy (DMS) [3,8], which
convolves relaxation processes across many length scales.
Thus, the explicit impacts of aperiodic and periodic mes-
ostructural symmetries on the underlying micelle dynamics
therein are unknown.

X-ray photon correlation spectroscopy (XPCS) offers
exciting opportunities to reveal dynamic information as a
function of the scattering wavevector (g) at nanometer
length scales, which has motivated XPCS studies of
disordered [19,20] and ordered block copolymer melts
[21,22]. Recently, a particle-forming polystyrene-block-
1,4-polybutadiene (SB) diblock-copolymer melt was
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characterized in the supercooled disordered liquidlike
packing (LLP) [23] and body-centered cubic (bcc) ordered
states [24]. This work crucially hinged on a new analytical
framework for handling significant intensity variations at a
given ¢ value (i.e., azimuthally anisotropic scattering)
characteristic of ordered polycrystalline materials [25].
This report expands the application of XPCS to a single
binary SB diblock-copolymer blend that forms both aperi-
odic DDQC and 3D periodic ¢ phases under different
thermal processing conditions, revealing strikingly differ-
ent dynamic signatures that characterize these low sym-
metry particle packings.

This study focuses on a blend of SBI19 (M, =
30 kg/mol, fg =0.19,p=1.02) and SB49 (M, =
27 kg/mol, fg = 0.49,D = 1.01) with an SB19 volume
fraction of ¢gg19 = 0.125. These polymers were syn-
thesized by anionic polymerization as reported previo-
usly [26]. The blend, denoted SB-B, has an average
B-volume fraction (fg) = 0.23, and an order-disorder
transition temperature Topr = 180 °C. The full phase por-
trait for this blend system is presented in Supplemental
Material, Fig. S1 [27-37].

SB-B powder was sealed in an aluminum sample cell in a
glovebox under argon at 150°C to prevent oxidative
degradation during extended high temperature annealing.
Sample thermal history imprinted during this loading
procedure was erased by heating the sealed SB-B sample
to 200 °C for 5 min prior to quenching in room-temperature
tap water, vitrifying the matrix S block and trapping a
metastable disorganized LLP state. The sample cell was
then loaded into a temperature-controlled sample holder at

© 2024 American Physical Society
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FIG. 1. (a) Thermal treatment of SB-B to form DDQC and o
phases for XPCS studies. The dotted line from ~1500 s to
~6000 s refers to a 72 h off-beam isothermal annealing step at
150°C. (b)-(e) 2D-SAXS detector images and corresponding
1D-SAXS traces for (b),(d) DDQC and (c),(e) 0. Shaded boxes
labeled with (hkl) reflections in (d),(e) correspond to the Ag
slices in which XPCS analyses were performed.

Intensity (arb. units)
2]
)
¢ )
)
©
\
\
7
j

the x-ray beamline at 150 °C establishing the t = 0 min
point in the thermal history diagram in Fig. 1(a).
Time-resolved coherent small angle x-ray scattering
(SAXS) measurements subject to XPCS analysis were
performed at Sector 8-ID-I at the Advanced Photon
Source (Argonne, IL). SAXS patterns were collected on
a LAMBDA 750K 2D pixel array detector, with an incident
wavelength 4 = 1.14 A, and a 4.000 m sample-to-detector
distance. To minimize sample beam damage while maxi-
mizing scattered x-ray intensity and experimental time
frames, two measurement protocols of varying frame rate
and exposure time were used. For the DDQC measurement,
raw XPCS data comprised 1000 detector images (frames)
collected at a frequency of 1 Hz with a 1 s exposure time,
totaling 16.7 min per measurement with 200 s of x-ray
exposure. For the ¢ phase, 3600 frames were collected at a
frequency of 1 Hz with a 0.1 s exposure time every second
for a total experiment time of 60 min and 1800 s of x-ray
exposure; note the reduced x-ray exposure time was
supplemented with greater beam attenuation to counteract
the higher x-ray dose. Sample stability measurements
presented in Supplemental Material, Fig. S2 [27] confirm
that no substantial degradation occurred during measure-
ment, evidenced by a stable total SAXS intensity captured
in each acquired frame. In each protocol, the x-ray spot size
was 15 pm x 15 pm; a 0.5 mm sample thickness yields a
total illuminated sample volume of 112500 pm?. Structural

assignments of ¢ or DDQC phases were made by indexing
time-averaged 1D-SAXS profiles, plotted in terms of
scattered intensity versus scattering wavevector magnitude
lg| = g = 472" sin(0/2), where @ is the scattering angle,
to the known space group symmetries [3,8].

After 10 h at 150°C, SB-B developed no crystallo-
graphic order, motivating XPCS measurements made dur-
ing a cooling ramp indicated by the step pattern highlighted
in the gray oval centered on 1000 min in Fig. 1(a). Sample
temperature was reduced in 5°C steps at 20 °C/min with
25 min of equilibration and 16.7 min of measurement at
each temperature according to the DDQC measurement
protocol (1000 frames, 1 Hz frequency, 1 s exposure). This
cooling ramp induced rapid DDQC formation starting at
145 °C, evidenced by representative 135 °C 2D [Fig. 1(b)]
and 1D [Fig. 1(d)] time-averaged SAXS patterns. The
indexed, azimuthally integrated 1D-SAXS trace in Fig. 1(d)
displays four characteristic reflections of the DDQC
aligning with the established five-dimensional indexing
scheme (hjhyh3hshs) [26], which reveals an in-plane
particle center-to-center distance (square-triangle tile edge
length, vide infra) a = 47.5 nm within the aperiodically
ordered layers with a periodic layer spacing ¢ = 48.5 nm.

Following XPCS measurement of the SB-B DDQC, the
sample was removed from the beamline and annealed on a
hotplate at 150°C for 72 h, replaced into the in situ
temperature-controlled environment at 150 °C, and another
cooling ramp down to 105°C was performed now with
dwell and measurement times of 5 h and 1 h, respectively,
at each temperature under the ¢ XPCS protocol (3600
frames, 1 Hz, 0.1 s exposure). The cooling rate during this
second ramp was 20°C/min during each temperature
change. SB-B produced SAXS patterns similar to those
shown for 135°C in Figs. 1(c) and 1(e), indexing to
the P4,/mnm symmetry space group of a FK o phase
with lattice parameters @ = 92.1 nm and ¢ = 48.9 nm,
and an average total particle radius (core and corona)
R =149 nm. The close agreement between the c-axis
layer spacings of ¢ and DDQC implies the expected shared
particle size across both structures.

Intensity-intensity autocorrelation functions, g,(q, @, dt),
with azimuthal angle (¢) and frame time spacing (df) were
calculated from frames collected for each structure at each
temperature. Regions of the 2D-SAXS patterns correspond-
ing to different structural features of each sample were
binned and averaged together. The 2D-detector image
obtained from the SB-B DDQC phase [Fig. 1(b)] exhibits
a nearly isotropic powder diffraction pattern with minimal
azimuthal (in ¢) intensity variations. Accordingly, intensity
autocorrelation analyses for the DDQC were performed
using an established multi-z algorithm [38,39] at four
discrete g values corresponding to the prominent Bragg
reflections in Fig. 1(d), averaged over ¢ with a peak-
ring width of Ag = 0.001 A™!, yielding g, (g, dt) results
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FIG. 2. Acceptance regions on the 2D detector used to generate
9,(q, @, dt) autocorrelation functions employed in this study.
(a) Regions of the 2D detector used for XPCS analysis of the
SB-B DDQC phase with (b)—(e) resulting autocorrelation func-
tions ¢,(g,dt), from inner to outer Debye-Scherrer rings.
(f) Regions of the 2D detector examined for XPCS analysis of
the SB-B ¢ phase. (g) Azimuthal binning of ¢ Debye-Scherrer
rings, with (h) one bin isolated for clarity and (i) its corresponding
autocorrelation functions ¢, (g, ¢, dt). Blue curves in (b)—(e), (h)
are fits to Eq. (1).

presented in Figs. 2(b)-2(e), corresponding to the (00002),

(12100), (01102), and (12101) reflections.
The ¢,(g,dt) functions were fit with a Kohlrausch-
Williams-Watts (KWW) stretched exponential [31],

o)

with relaxation time 7, stretching exponent /5, baseline b,
and coherence c, as shown for the 135 °C DDQC dataset by
blue curves in Figs. 2(b)-2(e).

In contrast to the azimuthally uniform scattering of the
DDQC, the o 2D-SAXS patterns exhibit considerable
texture indicative of large coherent domains within the
polycrystalline structure, which preclude conventional azi-
muthal averaging during autocorrelation analysis. Instead,
evaluation of these XPCS data employed an analysis
procedure recently reported by this group [24,25] for a
polycrystalline bcc-forming SB diblock melt. Beyond
localizing the XPCS analyses at g ranges centered on
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FIG. 3. Temperature- and ¢g-dependent relaxation times
(bottom) and stretching exponents (top) measured by XPCS
for DDQC (solid blue points) and ¢ (open red points). 1D SAXS
traces of the DDQC (bottom blue curve) and o (top red curve) are
provided for reference in the relaxation time panels. The
“150* °C” label corresponds to ¢ data, the DDQC data in this
panel was collected at 145 °C.

Debye-Scherrer rings (Ag = 0.00075 A~"), this approach
further decomposes each ¢ ring into 750 partially over-
lapping ¢ bins (A@ ~1.2°) to extract autocorrelation
functions for separate Bragg spots associated with individ-
ual crystal grains. A set of five such bins is illustrated in
Fig. 2(g), along with an enlargement of one bin [Fig. 2(h)]
and its corresponding ¢,(g, @, dt). As this curve is well
described by the KWW function [Eq. (1)], the corresponding
bin is classified as a “single relaxation.” Similar fitting and
sorting were executed for each of the 750 bins for each of the
8 reflections yielding a total of 6000 bins examined for
the SB-B ¢ phase [25]. This binning analysis revealed that
the o phase produced numerous oscillating g,(q, @, dt)
functions known as heterodynes, attributed to optical mixing
of x rays scattered from two sources moving relative to one
another [35,37]. However, since >99% of the correlations
observed in this work are single relaxations, the remainder
of this report focuses on these types of bins. Additional
information about ¢ phase heterodynes is given in
Supplemental Material [27].

Application of Eq. (1) to the g,(q, dt) curves obtained
from the DDQC and o phases at 105, 120, 135, and (145)
150 °C yields 7 and f values that are presented as a function
of ¢ in Fig. 3. Immediately apparent is the lack of ¢
dependence of these 7’s—for both structures. Notably, the
temperature-dependent relaxation times 7 = 1000-3000 s
observed for ¢ are considerably longer than those of the
DDQC. Furthermore, in contrast to the DDQC (f ~ 1.3),
compression exponents for ¢ tended to approach or
exceed f ~2.0.

Also, the results in Fig. 3 reveal a modest temperature
dependence of 7 for both the DDQC and ¢ phases. For the
DDQC, 7 increases from 7 = 200 s to 500 s on cooling from
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145°C to 105°C; lower temperature measurements were
not feasible due to dynamical slowdown due to the glass
transition temperature of the matrix block, 7'y g & 100°C.
Temperature-dependent z values of the ¢ phase mirror
this gradual increase in 7 with decreasing temperature,
approaching the full experiment timescale of 3600 s
near 100°C.

Intensity fluctuations in the reciprocal space map mea-
sured by XPCS at g, corresponding to the respective
DDQC and o interplanar (hh,h3hyhs) and (hkl) spacings
and their associated relaxation times encode spatiotemporal
fluctuations in these ordered mesocrystalline assemblies.
The 7 values deduced by our analyses lack any systematic
Bragg plane symmetry dependence (Fig. 3). Thus, the
dynamic processes measured by XPCS with 1 <7 <
3000 s do not occur along a preferred crystallographic
axis. Since the axially symmetric ¢ and DDQC phases can
be conceptualized as variations of the same square-triangle
tiling motif as in Figs. 4(a) and 4(b) with nearly coincident
(002) and (00002) c-axis spacings (g = 0.026 10\_1) [8,18],
the g-independent 7 values rule out the possibility of
specific interplanar spacing fluctuations associated with
the propagation of symmetry-dependent phonon modes.
Comparison of the dynamical timescales reveals a remark-
able difference in 7 in moving from 2D aperiodic order
(DDQC) with 72500 s to 3D periodic order (o) with
7= 2500 s illustrated in Fig. 3. This fact, coupled with the
nearly identical coordination environments, particle radii
(R = 14.9 nm, including particle core and corona), and
volumetric particle densities in the two structures arising
from the same sample, suggests that thermal motion (e.g.,
“rattling”) of the particles in their coordination cages is not
the source of the observed signal. We further discount
phason dynamics, which are characterized by very long
relaxation times [16].

Structural relaxations in the ¢ and DDQC assemblies
could alternatively occur through intermicellar block
copolymer chain exchange, due to the intrinsically recon-
figurable nature of these soft particles [3,40]. However,
the modest 7' dependences of the 7 for both DDQC
and ¢ (within a factor of 2) above T, of the § block are
inconsistent with the expected exponential temperature
dependence of the chain exchange rate [40].

Instead, the slow relaxation times recorded for the DDQC
and o phase likely stem from grain boundary dynamics.
Grain rotation and grain boundary diffusion have been
previously invoked to rationalize dynamics measured by
XPCS in diblock-copolymer lamellar phases [22] and bcc
particle-forming diblock melts [24]. Induced by torques
experienced by adjacent crystalline grains due to misor-
ientation of the grain boundaries, grain rotation requires
highly cooperative motion of many particles across large
distances with a relatively large activation barrier [41].
However, grain boundary diffusion forgoes this need for
cooperative motion and its associated activation energy is
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FIG. 4. 2D square and triangle tiling patterns of (a) ¢ and
(b) DDQC phases in the (a),(b) plane and projected along the ¢
axis. The three tiles used to construct each phase and the relative
positions of particles decorating each tile are also shown.
(c) Three types of DDQC grain boundaries associated with
(1) grains with parallel periodic ¢ axes but incommensurate
stacking of the columns with aperiodic order in the a-b planes;
(2) grains with coincident c-axis periodic order and incommen-
surate rotational symmetry in the a-b planes; and (3) grains with
nonparallel ¢ axes.

much lower. Consequently, we consider differences in the
grain structures of the DDQC and ¢ phases of SB-B.

A Scherrer analysis [42] of the (002) and (00002)
reflections in the ¢ and DDQC SAXS patterns, respectively,
(Fig. 1 and [8]) indicates comparable extents of periodic
order along the ¢ axis (>10dy, and >10d,, limited by
instrument resolution). The numerous Bragg rings that
exhibit “spotty” textures in the 3D-periodic ¢ phase SAXS
patterns indicate the presence of large crystalline grains that
coarsen on extended thermal annealing. These observations
suggest that grain boundary formation in the ¢ phase is
energetically costly. On the other hand, the isotropic and
relatively limited number of Bragg rings obtained from the
axially symmetric DDQC state suggest that this sample
contains small aperiodically arranged columns of aperiod-
ically ordered particles. This observation is consistent with
earlier studies of diblock copolymers [8,43] and their
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blends [26]. Both ¢ and DDQC crystal structures can be
visualized as 2D tilings of decorated squares and triangles
following a shared motif (Fig. 4). In this framework, o
comprises a single local arrangement of tiles, 3 triangles
and 2 squares around a shared vertex [denoted 32434,
Fig. 4(a)]. In contrast, real-space TEM imaging of diblock
DDQCs reveals dodecagonal cogwheels interspersed within
a disorganized 2D square-triangle tiling [Fig. 4(b)] [9],
that nonetheless preserves local twelvefold rotational
symmetry [44]. Thus, the energy associated with grain
boundary formation in DDQCs is apparently relatively low.
Since the particle packings in DDQC grain boundaries only
need to conform to the local twelvefold symmetry with no
translational symmetry, we speculate that the interfaces
between the aperiodically ordered domains (grains) in the
DDQC have a larger grain boundary width relative to
the o phase; representative grain configurations for the
polycrystalline DDQC are depicted in Fig. 4(c). Thus, the
larger grain boundary surface area arising from smaller
grain sizes and larger grain boundary widths in the DDQC
reduce particle confinement and enhance their mobility, as
compared to the presumably narrower and more confining
grain boundaries of the ¢ phase, in accord with the
observed 7 value trend [45,46].

Here, we note that the longer data acquisition time
required to obtain acceptable XPCS counting statistics for ¢
(60 min) versus DDQC (16.7 min), and the significantly
greater variance in the 7,; values (Fig. 3), are consistent with
the presence of much less grain boundary material in the ¢
versus DDQC specimen.

Figure 3 also illustrates an apparent shift in the f value
through the DDQC — & phase transition, wherein fppgc ~
1.3 and f, ~ 2.0. Whereas f ~ 1 suggests diffusive dynam-
ics, f>1 has been related to jamming transitions for
disordered particle packings [47,48]. However, it is not yet
clear how these principles translate to the grain dynamics of
ordered materials. Structural heterogeneities in the local
particle arrangements of the aperiodic DDQC implied by
the apparently random square-triangle tiling possibly result
in faster particle movement at grain boundaries, especially,
relative to the ¢ phase that exhibits a structurally periodic
tiling arrangement. Accordingly, grain boundary motion in
o may be highly restricted in a manner reminiscent of a
jamming transition in a glass, which manifests as > 1.

We report XPCS measurements of a single bidisperse
SB-B blend sample, which forms both aperiodic DDQC
and 3D-periodic ¢ phases on judicious thermal processing.
Relaxation times for both structures, obtained from an
identical sample, are independent of the scattering wave-
vector and weakly temperature dependent. Particle dynam-
ics exhibited by the DDQC are 5 times faster than for o,
which is ascribed to differences in their grain boundary
structures and dynamics. These results expose a new
approach for exploiting XPCS to characterize particle
dynamics in ordered soft materials, a technique that will

be broadly available to the condensed matter physics
community with the advent of upgraded synchrotron user
facilities that offer access to greatly enhanced x-ray beam
brilliance and coherence.
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