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ABSTRACT

The dynamics of nanostructured soft materials crucially impact their associated
macroscopic material properties, yet they are often difficult to measure due to spatiotemporal
limitations of conventional instrumentation. Herein, we use X-ray photon correlation spectroscopy
(XPCS) to directly observe particle-scale dynamics during grain growth and coarsening in a BCC-
forming diblock polymer melt, with specific attention to the distribution of structural relaxation
times associated with the interplanar (110) distance. Following sample quenching from the
disordered state, these dynamical phenomena surprisingly exhibit little dependence on time and
thermal quench depth. We posit that these relaxations stem from collective particle motions during
grain rotation. We also observe unusual internally-referenced heterodyne correlations, which
enable measurements of speed distributions within the sample. These speeds are significantly
slower and appear at much longer annealing times than those previously reported during grain
nucleation and growth in microphase separated block polymer melts. Drawing on analogies
between polycrystalline hard and soft materials, we ascribe these speed distributions to
misorientation-dependent grain boundary migration during ordered domain coarsening and
anomalously fast, cooperative string-like particle motion along the grain boundaries. Thus, these
coherent X-ray measurements provide new opportunities to interrogate grain boundary structure

and dynamics in polycrystalline soft materials.



INTRODUCTION

The macroscopic properties of all polycrystalline materials depend sensitively on the
spatially periodic arrangements of their constituents as well as the associated grain boundary (GB)
structures and dynamics. As a result of techniques such as electron microscopy,'™ which enable
direct visualization of atoms and GBs, GB engineering has long been a focal point of hard
condensed matter. At much larger length scales, recent studies have employed light microscopy to
investigate analogous GB behavior in crystals formed by immutable, micron-scale hard sphere

colloids.*?

Fewer techniques are available to study GB behavior in nanostructured soft materials. For

self-assembled block polymers, analytical methods such as dynamic mechanical spectroscopy®’
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and various forms of polarized light®® or X-ray scattering enable investigations of grain

nucleation and growth from initially disordered polymer melts and solutions. However, these
methods struggle to characterize processes associated with grain coalescence and refinement.

While Bockstaller and coworkers recently used electron microscopy to characterize local grain
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coarsening in lamellar block polymers, significant needs remain in the development of

complementary scattering techniques to study the bulk dynamics of ordered mesoscopic grain

coarsening in microphase separated block polymers.

X-ray photon correlation spectroscopy (XPCS) is a non-invasive technique that probes
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dynamic phenomena at nanometer length scales in disordered and ordered soft materials, and

is thus well-suited for studies of GBs. In block polymers, XPCS has been used to probe dynamics
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in the fluctuating disordered melt state, with more recent work extending to ordered,

microphase separated structures.'®?%?! Patel et al. used XPCS to probe the effect of ordering on



‘micelle relaxation times’ during thermal quenches of a compositionally asymmetric diblock
polymer into a hexagonally-packed cylinders (HEX) phase.?’ Sanz et al. observed a diffusive
relaxation mode for ordered lamellar diblocks that they attributed to interfacial chain diffusion.?!
These results differ from recent reports by Hallinan and coworkers, who reported a hyperdiffusive
relaxation mode in strongly segregated lithium salt-doped lamellar diblocks, which they ascribed
to grain rotation.'® However, no studies have yet used XPCS to investigate the dynamics associated

with micellar sphere-packings such as the canonical body-centered cubic (BCC) morphology.

Herein we utilize XPCS to investigate the dynamics of a compositionally asymmetric
diblock copolymer melt that forms BCC domains below the order-disorder transition temperature
(Topt). Our previous report examined the early time behavior and relatively fast relaxations
associated with the fluctuating disordered state of the same sample.!® Here we focus on much
longer-time relaxation processes and dynamics associated with the ordered BCC domains. Upon
quenching the disordered sample to 7 < Toprt, we obtain small-angle X-ray scattering (SAXS)
patterns indicative of polycrystalline BCC order. Following our recently reported analytical
framework for XPCS data obtained from such polycrystalline materials,?” we extract a plethora of
dynamic information as functions of thermal quench depth and annealing time. Long after initial
phase nucleation and growth, we observe a distribution of structural relaxation times associated
with the (110) interplanar distance that we ascribe to grain rotation. We also observe unique
internally-referenced heterodyne correlations that enable extraction of speed distributions, with
pronounced modes at u = 0.01 A/s and 0.1 A/s. This heterodyne scattering apparently stems from
mixing of Bragg diffraction (internal reference speckle) with a fluctuating particle speckle pattern.
Based on considerations of potential physical mechanisms, we hypothesize that these speed

distributions arise from intensity fluctuations associated with misorientation-dependent GB



migration. An anomalously fast mode at u = 15 A/s is also observed, which we speculate stems
from cooperative, string-like motion of particles along high-angle GBs. The rich and complex GB
dynamics uncovered in this study highlights XPCS as a powerful method for investigating

mesoscale grain coarsening phenomena in polycrystalline soft materials.

Experimental

Polymer Synthesis. The diblock polymer sample under investigation was synthesized by
anionic polymerization and characterized as described elsewhere.?® Briefly, anhydrous and
anaerobic styrene and butadiene monomers were sequentially polymerized in dry cyclohexane at
40 °C using a sec-butyl lithium initiator under air-free conditions to generate a low dispersity
poly(styrene-block-1,4-butadiene) (PS-PB) diblock polymer with M, = 28.6 kg/mol, P = Mw/M, =

1.03, and poly(butadiene) volume fraction fpp = 0.20.'3

SAXS Characterization. Samples were hermetically sealed in aluminum pans under inert
atmosphere. SAXS measurements performed at Sector 5-ID-D of the Advanced Photon Source of
Argonne National Laboratory revealed a microphase-separated body-centered cubic (BCC)
structure at 7 < Topr = 153 = 1 °C, with a temperature invariant lattice constant @ = 26 nm

(additional sample characterization information is given in Ref. 18).

XPCS Data Collection and Analysis. Figure 1 illustrates the XPCS measurement protocol
used in this report at the 8-ID-E beamline of the Advanced Photon Source at Argonne National
Laboratory. The sample was first loaded into a 3 mm diameter, 3 mm thick stainless steel fluid cell
with Kapton® windows and heated to 170 °C for 2 min. At this temperature, the system exists in a
disordered state with composition fluctuations attributed to freely flowing, discrete particles
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(micelles) that are unconstrained by any lattice symmetry.'®?* This disordered sample was then
transferred to the sample stage, which had been pre-equilibrated at a target quench temperature 7'
< Topr. The temperature was maintained to within & 1 °C by resistive heating and Peltier cooling
elements. XPCS data acquisition with a frame rate of 1 Hz commenced on the sample immediately
following the quench (¢ = 0 s) at a random position in the sample over intervals of 1000 s. As
depicted in Figure 1, each subsequent measurement was performed at a different location in the
sample to mitigate degradation induced by X-ray exposure (the beam impinges on a 20 um x 20

um square area).

XPCS data from the polycrystalline sample were processed using the previously reported
analytical framework (see Ref. 22 and Supporting Information). The region on the area detector in
the vicinity of the (110) reflection of the polydomain sample at g = 0.0334 + 0.0005 A™! was split
into 750 azimuthal bins of approximately 100 detector pixels each, and the intensity in each bin
was linearly correlated through time to generate the intensity-intensity autocorrelation function
g2(t). These autocorrelation functions took multiple forms, the most common of which was a
conventional single relaxation that was modeled using a Kohlrausch-Williams-Watts (KWW)
form, g,(t) = b + ¢ - exp(-(t/r)’). Other autocorrelation function types included a variety of
heterodyne correlations, which were identified according to the procedures and definitions
outlined in Ref. 22 and in the Supporting Information. Finally, we also observed some correlations

that were too noisy to fit, which were labeled ‘weak intensity grains.’
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Figure 1. Schematic of XPCS experiments following the dynamic evolution of a BCC-forming
block polymer. After rapidly quenching the disordered sample to a target temperature 7' < Topr,
XPCS measurements were performed over 1000 s intervals to probe ordering and grain
coarsening in the resulting BCC polycrystal. The cartoon sample views are not to scale.

RESULTS AND ANALYSIS

XPCS was used to study the temporal evolution of micelle scale dynamics of the BCC-
forming PS-PB diblock polymer melt upon quenching from the disordered state. As functions of
time and quench depth, we recorded several types of autocorrelation functions associated with the
(110) primary scattering peak position ¢° = 0.0334 + 0.0005 A™!. Using our previously developed
analytical framework,?? these correlations were classified as ‘weak intensity grain,” ‘complex
heterodyne,” ‘clean heterodyne,” ‘low frequency heterodyne,” ‘single relaxation,” and ‘both low
and single.” The time and temperature evolutions of these classifications at various temperatures
below Topr are provided in Figure 2 (Figure S1 furnishes higher resolution charts at each

temperature).
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Figure 2. Temperature-dependent XPCS measurements of the BCC-forming diblock (Topt =
153 °C) obtained as a function of time at the (110) reflection ¢* = 0.0334 = 0.0005 A*!, following
thermal quenches from 170 °C. The times at which grains begin to form at each temperature
qualitatively agree with previous dynamic studies regarding nucleation and growth of order in
this sample.'® At 120 °C, the sample apparently becomes non-ergodic and no large-domain BCC
growth is observed during the XPCS measurement. The ordering kinetics for this diblock
polymer suggested that a measurement duration of 45,000 s was sufficient to capture nucleation
and growth at 130 °C, 135 °C, and 140 °C, whereas data was acquired at 125 °C and 145 °C over
90,000 s.

We attribute all of the correlations shown in Figure 2 to dynamic processes of particles
ordered in BCC grains (i.e. ‘on grain’), based on several pieces of evidence. First, the times
required for these ‘on grain’ correlations to appear at each temperature concur with rapid increases
in the dynamic elastic modulus (G') recorded by dynamic mechanical spectroscopy (DMS)
measurements on this sample (see Figure S2 and Ref. 18), which are associated with particle
ordering. Second, there exist no ‘on grain’ correlation functions at 7= 120 °C. This observation is
consistent with the uniform azimuthal intensity at g* at 7= 120 °C (Figure 3A) after ~25 h of
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isothermal annealing, which indicates that grains present in this non-ergodic regime are much
smaller in size than the incident X-ray beam. Figure S3 shows that the azimuthally-averaged SAXS
intensity exhibits a relatively broad principal peak at g* and a very weak, second order (200)
reflection indicative of marginal translational order. The nearly isotropic scattering ring at g*
obtained at 7' < 125 °C, which evidences a strong fixed correlation length between particles,
markedly contrasts the ‘spotty’ SAXS diffraction patterns observed at 7'= 130-145 °C, where we
expect conventional nucleation and grain growth to predominate (Figure 3B). In addition to the
2D X-ray patterns in Figure 3, Figure S3 furnishes additional evidence of the time-dependent
variations in azimuthal intensity with quench temperature. We also note that lower intensities and
‘spotty’ reflections prevented similar analysis of higher order reflections due to statistical

limitations.



Figure 3. 2D-SAXS patterns acquired at (A) 120 °C and (B) 145 °C after annealing at each
temperature for approximately 25 h plotted on identical logarithmic color scales. A dearth of
long-range order at low temperature in (A) produces almost no variation in intensity, whereas
the presence of many sizable BCC grains at higher temperature in (B) led to a ‘spotty’ intensity
at ¢". Figure S3 provides the time evolution of the azimuthally-averaged intensity along with
1D integrated patterns corresponding to these images.

We first focus on the XPCS data for single, KW W-type exponential relaxations. Following
quenches to various 7' < Topr that are associated with different nucleation and growth regimes for
this PS-PB diblock (Figure S2), KWW fits reveal a distribution of relaxation times at each
temperature as shown in Figure 4. In > 99 % of the cases, compressed exponentials with £ > 1
adequately fit the correlations (Figure 5), in agreement with prior reports of confined or non-

25,26

Brownian particle motion in other soft materials, and specifically lamellar block polymers.'¢
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Note that this sample exhibits very weak scattering intensity for g # ¢* (see Figure S3), thus we
are unable to probe the g-dependence of the structural relaxation times. The relaxation time
distributions were assumed to be Gaussian and fits to the distributions through time yielded mean
relaxation times 7 and standard deviations (Figure S4). The final average relaxation times are

shown in the bottom right panel of Figure 4 as a function of quench temperature.
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Figure 4. Final cumulative particle relaxation time distributions as a function of quench
temperature (N > 700 correlations, the sum of all blue data in Figure 2). The right-most bin at
log,(7/(1s)) = 3.75 contains all instances of 7> 10* s. The solid lines are Gaussian fits to the
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distributions. The mean relaxation time from these fits is plotted versus quench temperature in
the bottom-right panel.
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Figure 5: Data (black circles) and fits (red lines) of conventional correlation functions
obtained after annealing for approximately 24 hours following quenches from disorder. For the
correlation function at 125 °C (A), T =1150+20sand f =2.27 £0.03. At 145 °C (B), t =
580+ 10 sand f =1.43 £0.04.

The average relaxation times remain nearly constant at approximately T = 1000 s for all
quench temperatures, suggesting that the dominant relaxation mode measured by XPCS is
independent of temperature. Consistent with prior XPCS studies of ordering in block polymers,?%?!
the ‘on grain’ structural relaxations are much longer than those that we previously reported for the
supercooled fluctuating disordered state of this system.'® The order of magnitude increase in the
structural relaxation times upon ordering implies a change in mechanism from one dominated by
diblock polymer chain exchange between micelles in the disordered state (prior to ordering after
supercooling from 170 °C to 130 < 7'< 153 °C) to another mode of relaxation likely tied to the

ordered domain dynamics. Our results are also comparable to structural relaxations measured by

XPCS for strongly segregated lamellar poly(styrene-block-ethylene oxide) block polymers.'¢

12



However, the relaxation time measured by Oparaji et al.'®

showed an Arrhenius temperature
dependence, whereas those in this study exhibit very weak temperature dependences. We return to

this point below.

In addition to conventional relaxation times obtained from KWW fitting, we also observed
unique heterodyne correlations at 7 = 125-145 °C. While most systems require a stationary
external reference to generate heterodyne scattering,?’ the heterodyne correlations displayed by
the BCC ordered PS-PB material are internally referenced, indicative of two sources of scattering
of comparable scattering intensity that are moving relative to each other.?>*33% The framework
used to identify, classify, and fit XPCS heterodyne correlations for this polycrystalline sample was
developed previously?? and is outlined in the Supporting Information. A characteristic frequency
o associated with each internal particle speed u = w/g* was extracted by combinations of fast
Fourier transform analysis and fitting to mathematical models of heterodynes.? Figure 6 depicts
representative examples of slow (0.020 A/s), intermediate (0.31 A/s), and fast (> 15 A/s)

heterodyne correlation functions (see Figure S5 for additional examples).
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Figure 6. Representative heterodyne correlation functions: (A) a low frequency heterodyne with
@ =0.00065 s! (u=0.020 A/s) after annealing the sample at 130 °C for ~ 9 h, (B) a heterodyne
with @ = 0.010 s (u = 0.31 A/s) after annealing the sample at 130 °C for ~ 8.3 h, and (C) an
instrument resolution-limited heterodyne with @ > 0.5 s™ (u > 15 A/s) obtained after annealing
the sample at 145 °C for ~ 8 h.

Beyond other established metrics of sample stability,'® the constant speeds observed over
the 1000 s experiment indicate that these heterodyne correlations are not measurement artifacts.
Additionally, two-time correlation analysis suggests that the dynamics are relatively constant over
the course of the entire measurement (see Figure S6). For clarity, we first discuss the cumulative
speed distributions before considering their physical origins. Importantly, the vast majority of
heterodyne correlations do not appear until long after nucleation and growth has occurred on the
basis of DMS measurements (Figure S2), suggesting these speeds only manifest after the sample
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has developed a polycrystalline grain texture. This is evidenced by Figure 7, which shows the total
number of speeds measured as a function of the percentage of mesoscopic crystalline order in the

sample measured by DMS.
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Figure 7: The total number of observed internally referenced speeds at different growth times
as a function of temperature. At 120 °C, no heterodyne signals were observed. The percentage
of grain growth is taken as the point at which the elastic modulus reached 25 %, 50 %, and 75
% of its maximum value following quenches from disorder (see Figure S2). The number of
speeds increases dramatically between 75 % growth and the end of the experiment at all
temperatures, suggesting this phenomenon relates to inter-grain interactions.

In Figure 8 we plot the cumulative speed distributions from heterodyne scattering as a
function of quench temperature. These distributions are representative of the entire sample, i.e.
they are not limited by selective sampling, as each distribution comprises > 150 observed speeds
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(Figure 7). Moreover, the number of histogram bins was chosen to uniformly represent the data at
all temperatures based on the number of speeds present. By fitting a single Gaussian to the
distribution at 125 °C, we observe a sharp unimodal peak with an average speed of ~ 0.1 A/s.
While higher quench temperatures led to narrower distributions of T (Figures 4 and S4), the
cumulative speed distribution broadens at 130 °C and, above this temperature, splits into a
multimodal distribution with a new ‘slow’ mode appearing at ~0.01 A/s (green arrows in Figure
8). Limited degrees of freedom based on the number of bins used for the multimodal distributions
prevented reliable use of multiple Gaussian fits. The cumulative speed distribution is essentially
constant when 135 <7< 145 °C. At the highest quench temperature, we observe several instances
of a fast mode with speeds >15 A/s (blue arrow in Figure 8), with the lower bound set by the
instrument resolution (Figure 6C inset). While the observed speed distributions may be subject to
error associated with Doppler phase shifting in the beam direction, these variations are O(1) and
cannot alone explain the apparent multimodal speed distributions that span multiple orders of

magnitude.
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Figure 8. Final cumulative speed distributions derived from heterodyne scattering as a function
of quench temperature, in which the solid lines are Gaussian fits to the distribution centered on
the intermediate speed mode. Green arrows at 135 °C, 140 °C, and 145 °C indicate the emergence
of a slow speed mode, and the single blue arrow at 145 °C points to the fastest speed mode. The
bottom-right plot depicts the temperature-dependence of the average cumulative speeds.
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DISCUSSION

XPCS reveals a rich dynamic portrait of the polycrystalline BCC diblock polymer material
during grain nucleation, growth, and coarsening. We observe a distribution of structural relaxations
that can be fit using the ‘compressed” KWW function with > 1. The average relaxation times T
are approximately 1000 s and exhibit virtually no temperature dependence. We also observe
internally-referenced heterodyne scattering that is constant over the course of the entire 1000 s
measurement, as evidenced by the two-time correlations shown in Figure S6. From these
heterodyne correlations, we extracted speed distributions within this sample. These dynamic
processes are only observed long after initial nucleation and growth of BCC order (Figure 7). In
other words, the sample has already developed a full polycrystalline texture by the time we observe

‘on grain’ structural relaxations and heterodyne correlations.

The structural relaxations measured by XPCS result from intensity fluctuations of the (110)
Bragg peak and thus reflect physical processes that either: (1) cause fluctuations in the (110)
interplanar distance, or (2) alter the orientation of {110} planes with respect to the beam by grain
rotation. One potential mechanism consistent with the first process is relaxation of interstitial
defects or vacancies generated during the initial quenching process. However, we anticipate that
the concentration of such intrinsic defects is relatively low due to the constraint of filling space at
constant density, and therefore this effect should not contribute significantly to the fluctuating
scattered intensity. Substantial fluctuations in the (110) interplanar distance may also be caused by
fluctuations in micelle size resulting from individual chain exchange events, by analogy to the

lamellar diblock polymers studied by Sanz et al.?!

However, we previously measured considerably
faster relaxation times in the fluctuating disordered state of this same system prior to BCC grain

nucleation that are associated with block polymer chain exchange events.!'® The order of magnitude
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longer relaxation times in the ordered state likely implies that the physical mechanism of structural
relaxation is caused by longer-ranged, collective motion. We note that this collective motion may
be mediated by chain exchange events in the ordered state, where the energetic penalty for particle
volume perturbations is greater than in the disordered state, and therefore particle relaxation times
may become longer. However, the observed temperature independence of the relaxation time
distributions is not expected for chain exchange mediated relaxation, which we anticipate would

reflect the segregation strength of the system,®! thus ruling out this mechanism.

It is possible that the observed relaxations stem from lattice vibrations that propagate
through the sample, which cause fluctuations in the (110) interplanar distance in a manner
comparable to phonons in metals. A rudimentary 1D classical calculation can be performed to

approximate the phonon relaxation time based on the elastic modulus (G’) of the material, the

2
density p, and a relevant length scale (a) according to T2 o %.32 With G’ ~ O(10%) Pa,'8 p ~

0(10%) kg/m?, and the lattice parameter a ~ O(10°) m, this relationship yields a relaxation time of
order 107 s. This result qualitatively agrees with several reports that establish phonon dynamics in

33-36

a variety of comparable soft materials, and thus we surmise that phonon modes are not a likely

cause of the relaxation times recorded in this report.

We consequently speculate that the most likely source of structural relaxation in our system
is grain rotation. Grain rotation physically results from a net torque on a grain due to the
misorientation-dependent energy of its surrounding GBs. As pointed out by Hallinan and
coworkers, this long-range cooperative motion would account for the large intensity fluctuations
measured by XPCS.!® The orientation of the {110} layers with respect to the incident X-ray beam

determines the scattering cross-section, and the scattered intensity oscillates between conditions
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of maximal and minimal scattering extremes as the grain rotates. Based on this phenomenon,
scattering intensity fluctuations have been used to directly measure the rotation rates of
nanoparticles during in situ TEM experiments.’” Beyond providing the requisite intensity
fluctuations, grain rotation is known to occur during thermal annealing and has been observed by

38,39

TEM for polycrystalline metallic films and in lamellar block polymers.'*

The structural relaxation time distributions offer physical insights into the polycrystalline
structure of the BCC sample. Theoretical descriptions of grain rotation indicate that the rotation
rate scales as d * where d is the grain diameter, when grain rotation is primarily accommodated by
particle diffusion along GBs.** While one would intuitively expect grain rotation rates to increase
with temperature, as noted by Hallinan and coworkers,' the average relaxation time in our system
exhibits no temperature dependence. Scherrer analysis and Figure 3 (see Table S2) demonstrate
that the grain size is generally smaller at lower temperatures, which should lead to faster rotation
rates. However, this effect could be partially counterbalanced by the increased relaxation time of
the particle corona blocks and/or the formation of a larger population of more irregularly shaped
grains at the reduced temperatures. A strong sensitivity to grain size suggests that the broader
structural relaxation distribution (e.g., rotation rates) at 7 = 125 °C (Figures 4 and S4) directly
reflects a broader grain size distribution in this non-ergodic regime. By this same reasoning, the
narrower relaxation time distributions at higher temperatures may reflect a more uniform grain

size distribution.

We now consider potential physical phenomena that may give rise to heterodyne
correlations in our system. Gabriel et al. recently demonstrated how temperature gradients affect
correlation experiments, wherein compressed exponential relaxations could be accounted for by

assuming a constant velocity convective flow.*! In the present system, one could imagine that a
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constant flow velocity due to convective heat transfer could cause entire grain motion and lead to
the observed heterodyne correlations. However, a rudimentary calculation of the Rayleigh number
suggests that thermal equilibration in our sample is instead dominated by thermal conduction (see
Supporting Information for calculations). Conductive heat transfer is also consistent with the
physical, non-flowing state of the structured solid sample below the ODT, for which we observe
higher elastic contributions to the modulus at all temperatures.'® Therefore, we rule out the notion

of convective grain movement as the source of heterodyne speeds in our experiments.

Prior reports of block polymer grain growth rates following quenches from disorder to 7' <
Topr have noted comparable velocities to those in the current system.®!3#>* On the basis of work
by Liebig and Fredrickson, Balsara and coworkers developed an expression for the grain growth
front velocity, v = (R/a)[xN — (xN)oprlg(f), where R is the root mean-square end-to-end length
of the diblock polymer, a is the longest relaxation time of the chains, yN is the temperature
dependent segregation strength (y ~ T!), and g(f) is an O(1) shape factor.*>*>*¢ These parameters

1823 enabling calculation of grain growth front

were determined previously for this system,
velocities ranging from 4 — 60 A/s for different quench depths (see Supporting Information for
details). Our estimates also concur with simulations by Spencer et al. for BCC-forming block
polymers quenched from the disordered state (v ~ 60R, /T = 10 A/s).** However, both the order
of magnitude and temperature independence of our observed speed distributions conflict with the
grain growth rates estimated using both established methods (Figure 9). Consistent with this
notion, heterodyne correlations appear much later than the initial grain nucleation and growth
processes established by DMS (Figure S2). In other words, the vast majority of initially disordered
particles have been incorporated into the polycrystalline texture before we observe heterodyne

scattering. This inference distinguishes the current work from that of Headrick and coworkers,>%4’
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where surface propagation relative to stationary bulk defects gave rise to XPCS heterodyne

scattering; this mechanism is excluded here.
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Figure 9. Comparison of observed speeds documented in this report and the calculated grain
growth front velocities (red and blue curves), details of which are furnished in the Supporting
Information. The disparity between the observed and calculated speeds suggests that grain
growth is not the mechanism responsible for the heterodyne signals observed here.

In lieu of nucleation and growth mechanisms, we speculate that the dominant velocities in
the polycrystalline sample are due to defect migration throughout the bulk of the grains or GB
migration. The internal referencing of heterodyne correlations at g* strongly suggests that the well-
defined (110) interplanar distance within BCC grains serves as the ‘stationary’ internal reference
required for the observation of heterodyne scattering. Internally-referenced heterodyne scattering
in XPCS experiments also requires the scattering intensity of the moving object to be comparable
to that of the stationary reference;?’ we do not anticipate the scattering associated with bulk defects
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moving throughout our sample to be comparable to that associated with (110) diffraction. In
contrast, the more correlated motion of micellar particles at GBs within our polycrystalline sample
is a more likely candidate for the observed speeds. Furthermore, our measured GB migration rates
compare favorably with results from Lodge and coworkers, who reported an average grain growth
rate of 4 A/s for the BCC — FCC transition in block polymer lyotropic liquid crystals.* We expect
GB mobilities in the latter case to be generally faster than in the melt, consistent with the notion

that our measured speeds are due to GB migration during coarsening.

We posit that the speeds in our measurement may stem from two distinct yet related
coarsening phenomena: (i) grain boundary migration between misoriented grains in the
polycrystal, which give rise to the main distribution of speeds, and (ii) cooperative particle motion
along the grain boundary associated with the highest velocity mode of ~10 A/s. Schematics for
these potential modes are displayed in Figure 10. A number of studies have demonstrated that
grain boundary mobility depends sensitively on the relative misorientation between adjacent
grains, with low-angle grain boundaries (LAGBs) generally moving more slowly, and high-angle
grain boundaries (HAGBs) migrating quickly due to their higher interfacial energies!'>**-!,
Accordingly, we assign the slow velocity mode u; ;5 = 0.01 A/s to the LAGBs and the
intermediate speed mode at uy, .5 = 0.1 A/s to HAGB migration. In this light, the heterodyne
frequency distributions in our XPCS measurement not only provide valuable information about
GB dynamics but may also reflect the underlying distribution of GB misorientation angles within
the coarsening polycrystal. It is tempting to interpret the bimodal GB speed (and misorientation)
distributions in our system for 135 < 7'< 145 °C as evidence for preferential GB migration along

special {110} misorientation pairs, as the choice of a {110} rotation axis can transform a random

distribution of GB misorientations into a similar bimodal distribution.’> We therefore postulate
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that for 135 < T'< 145 °C, our sample possesses a random distribution of GB misorientations. The
bimodal heterodyne frequency disappears for 77 < 130 °C and the resulting unimodal speed
distributions are centered at uy 4.5 = 0.1 A/s. We note that the transition from bimodal to unimodal
speed distributions corresponds to a transition in the range of order from SAXS (Figure S3); hence
the presence of LAGBs is tied to longer-range order. Extension of the GB dynamics argument
presented here allows us to speculate that diffusion-limited growth in this non-ergodic low
temperature regime leads to a larger population of HAGBs between BCC grains. We note that
heterodyne correlations cease to appear as the quench temperature is decreased further to 120 °C.
Presumably, this is a consequence of the complete lack of GBs due to suppression of microphase
separated melt ordering below the ergodicity transition,” where liquid-like packing (LLP)

dominates the morphology.

(C)

Ucoor

(A) [110] [110]

Urace

Figure 10. Schematic illustrations demonstrating the postulated origins of the three velocities
(white arrows) that lead to heterodyne scattering signatures in the BCC-forming SB diblock
polymer. Two BCC grains with low (A) and high (B) misorientation angles lead to distinct grain
boundary speeds, u; 465 and uy 465, associated with different grain boundary energies. In (C),
the fastest speed mode corresponds to the cooperative, string-like motion of particles along the
boundary.

While grain misorientation may account for the majority of the speed distribution, the

highest velocity mode, only observed at 145 °C, is at least two orders of magnitude faster than the
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intermediate mode and also much faster than the GB velocity of 4 A/s measured by Lodge and
coworkers in dilute polymer solutions.*® In line with experimental and computational studies of
other soft materials, we postulate that this mode corresponds to the cooperative, string-like
movement of particles along HAGBs depicted schematically in Figure 10C, with characteristic
speeds of ucgop = 10 A/s.>*35 Observation of this high frequency heterodyne correlation
(velocity) over the entire 1000 s measurement implies particle movement of at least 1 um,
consistent with the average grain size arising from a simple Scherrer analysis of the data in Figure
3B (see Supporting Information). We note that the we cannot exclude other fast particle
mechanisms for this apparent speed, such as distinct yet related ‘crowdion’ movements or

dislocation ‘avalanches.”>¢%

CONCLUSIONS

In this report, XPCS measurements were conducted on a model BCC-forming diblock
polymer at various quench temperatures below the Topt. We observed structural relaxations that
we assign to grain rotation and used the width of the relaxation time distribution to infer a broader
grain size distribution at lower temperatures. We also observed unique internally-referenced
heterodyne correlations, from which we extracted velocity distributions within the sample. We
postulate that these speeds reflect grain boundary (GB) misorientation in the polycrystalline
material. In the nucleation-limited temperature regime (135 < 7' < 145 °C), larger average grain
sizes lead to a random distribution of GB misorientations. Decreasing the quench temperature into
the diffusion-limited regime (7 < 135 °C) leads to smaller average grain sizes with a higher

frequency of intermediate speeds, which we associate with HAGBs migration events. Finally, we
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observe an anomalously fast, instrument resolution-limited mode that we postulate corresponds to
rapid and cooperative particle displacement along the grain boundaries. The findings and analyses
in this report highlight the power of XPCS in unveiling detailed dynamic and structural

information in diblock copolymers with potential extensions to other soft and hard materials.
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