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Structure and dynamics of dense colloidal ellipsoids at the nearest-neighbor length scale
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Anisotropic particles are known to exhibit a richer and more complex phase behavior in comparison to their
spherical counterpart. While the majority of the existing studies address structural properties, the dynamic
behavior of anisotropic particles is a relatively lesser explored avenue. Using multispeckle ultra-small-angle
x-ray photon correlation spectroscopy (USA-XPCS), we have carried out a systematic investigation of the
structural and dynamic properties of colloidal ellipsoids at the nearest-neighbor length scale. The USA-XPCS
measurements have allowed us to probe, as a function of the volume fraction, the g-dependent effective structure
factor, Seir(q), along with the effective long time diffusion coefficient, D¢ (g), for this anisotropic system. Our
results indicate a scaling behavior of Deg(q) with 1/S.¢(g) from which we have estimated the effective amplitude
function A.s(q), which can be directly related to the effective hydrodynamic function Heg(g). Aegr(q) shows a
similar g dependence to that of S(g). Our investigation also allows for the precise determination of the volume

fraction corresponding to the arrest transition.
DOI: 10.1103/PhysRevResearch.3.023254

I. INTRODUCTION

Unlike their spherical counterparts, anisotropic particles
exhibit a richer phase behavior with enhanced complexity
due to their orientational degrees of freedom. In addition to
the usual gas, liquid, crystal, and glass phases, anisotropic
particles such as rods and plates are known to exhibit liquid
crystalline phases [1,2]. While the majority of the existing
studies address structural properties, not much is known about
the dynamic behavior of anisotropic particles. The most well-
studied systems in this regard are perhaps the colloidal rods
and ellipsoids [3—7]. However, since most of these studies
were carried out using the particle tracking method, they are
all quasi-two-dimensional. Several studies combining polar-
ized and depolarized light scattering have reported the average
translational and rotational diffusion coefficients in the bulk
[8-11] for different anisotropic particles. However, multiple
scattering at high concentrations renders these measurements
quite challenging, if not impossible. As a result, most of the
studies have been carried out in the dilute regime, and barring
a few reported cases, a systematic description of the dynamics
near the ordered or arrested glassy phase is still lacking for
bulk systems.

Theoretical studies on ellipsoidal particles predict a kinetic
phase diagram as a function of packing fraction (¢) and aspect

“antara.pal @fkem1.lu.se

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2021/3(2)/023254(8) 023254-1

ratio (p) [12,13]. Three types of glass transitions have been
predicted: the first is the conventional cage-driven one, which
is typical for spherical particles, while the origins of the other
two are related to the orientational degrees of freedom. For
nonspherical particles, a glass phase is predicted that consists
of nematic domains where the interdomain orientations build
an orientational glass. Finally, a third type of glass transi-
tion is predicted for nearly spherical ellipsoids where the
orientational degrees of freedom with odd-parity flips freeze
independently from the positions.

Synchrotron-based multispeckle x-ray photon correlation
spectroscopy (XPCS) using coherent x-rays has recently
emerged as an alternative technique to study dynamics in di-
verse soft-matter systems such as colloids [14—17], polymers
[18], gels [19-21], and supercooled liquids [22,23]. Although
the basic principle of XPCS is analogous to that of dynamic
light scattering (DLS), the use of x-rays instead of visible
light makes it more suitable to circumvent problems related to
multiple scattering and absorption that are often encountered
in DLS when opaque systems made up of inorganic mate-
rials are investigated. Barring a few studies [14,24-26], the
majority of the experimental studies reported in the literature
that have used XPCS to study the dynamics of colloids have
been predominantly restricted to the use of spherical particles
[17,27,28]. The presence of anisotropy both in the particle
shape as well as in their interaction potential will result in
complex self-assembled structures and dynamics.

Herein, we present a detailed experimental study on the
evolution of (an)isotropic dynamics of colloidal ellipsoids of
p = 2.9 as a function of ¢. Using XPCS in the ultra-small-
angle regime, we have been able to investigate the dynamics
at the nearest-neighbor length scale, d. At this length scale,
XPCS probes the relaxation of the dominant local structure
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FIG. 1. (a) A representative TEM image of the core-shell
hematite-silica colloidal ellipsoid. (b) Experimental scheme for the
multispeckle ultra-small-angle x-ray photon correlation spectroscopy
experiment.

determined by the nearest-neighbor cage. Our results indicate
that at all the concentrations investigated, the density fluctu-
ations relax via a single decay process, which can be related
to the long time effective diffusion coefficient, D.. Further,
D scales as the inverse of the effective structure factor,
Seir(g), for all ¢. Analogous to the effective hydrodynamic
function, Heg(g), which is the proportionality constant used in
the scaling behavior of the effective short time diffusion co-
efficient, D3 (g), with the inverse of Setr(g) [29-34], we have
defined the proportionality constant for the long time scaling
behavior as an effective amplitude function, Aes(g). Using the
aforementioned long time scaling, we have calculated A.¢(g)
for colloidal ellipsoids with p = 2.9, which shows a similar ¢
dependence to that of Ss(q). We found that both the structural
correlations and the diffusion coefficients are isotropic except
at the highest concentration studied, ¢max = 0.42, where a
nematic phase is formed. Further, the variation of D¢g as a
function of ¢ indicates that the system approaches a kineti-
cally arrested state at ¢,, = 0.47, which is in good agreement
with the simulation.

II. EXPERIMENTAL SECTION
A. Synthesis

Hematite (Fe,O3) spindles were first synthesized in wa-
ter following the approach described by Ocana et al. [35]
and were later coated with a silica layer in ethanol using
the method developed by Graf et al. [36]. After purification
by repeated centrifugation/redispersion cycles in water, the
colloidal particles were kept in water as a stock dispersion of
2.5 wt. %. Details of the synthesis of similar particles can be
found elsewhere [37,38].

B. Characterization and methods

The characterization of the shape and size of the ellip-
soidal colloids was carried out using transmission electron
microscopy (TEM) (TEM-CM100 microscope from Phillips
operating at 100 keV). From the resulting TEM images
[Fig. 1(a)], using ImagelJ, the particle size distribution was
determined by analyzing at least 100 particles. The particle
semilong (a) and semishort (b) axes were found to be a =
156.7 & 12.2 nm and b = 53.7 & 4 nm, respectively, leading
to an aspect ratio of p = 2.9.

In view of their large size and high opacity, the dynamics
of these particles was investigated using multispeckle ultra-
small-angle x-ray photon correlation spectroscopy (USA-
XPCS). Experiments were performed at the beamline ID02,
ESRE, in a pinhole ultra-small-angle x-ray scattering (US-
AXS) geometry. This unique instrument allows XPCS mea-
surements on particle suspensions down to the um~! g-range
[39]. A schematic of the experimental setup is shown in
Fig. 1(b). The dispersion was filled in 1 mm capillaries, which
were then flame-sealed in order to prevent the evaporation of
water. In the next step, the individual capillaries were placed
vertically such that the x-ray beam and the axis of the capillary
are perpendicular to each other. Experiments were performed
using an x-ray of wavelength 0.995 A and a sample to detec-
tor distance of 20.0 m. The two-dimensional x-ray detection
was achieved using a Eiger5S00K detector. The correlation
functions were calculated using the PYXPCS software pack-
age, developed at beamline ID10, ESRF. For concentrations
that show isotropic diffraction patterns (0.17 < ¢ < 0.42), we
have used an azimuthal average over 0 to 27 to extract infor-
mation that depends only on the magnitude of ¢q. However,
since ¢ = 0.42 shows an anisotropic diffraction pattern, we
have used two different azimuthal sectors to analyze the data,
as shown in Fig. 3(a).

III. RESULTS AND DISCUSSIONS

Both DLS and XPCS measurements provide information
about the particle dynamics on a length scale which is of
the order of 1/¢ via the intensity-intensity autocorrelation
function,

(1(G, OIG, T +1))
1(@)*

where |g| = 4 sin(6/2)/A is the magnitude of the scattering
vector, 0 is the scattering angle, and A is the wavelength in the
scattering medium. Figure 2 represents the structural correla-
tion and dynamics at the lowest concentration, ¢, = 0.17.
Concentrations lower than ¢, could not be studied due to
the inherent limitation in the speed of data acquisition set
by the 2D detector. Figure 2(a) shows the scattering pattern
which is in the form of a broad ring, indicating an isotropic
arrangement of the particles with significant positional cor-
relations. Figure 2(b) represents the effective structure factor,
which is obtained by dividing /(g)/¢ by the normalized inten-
sity of a very dilute sample of concentration ¢g; = 0.0045;
here I(g) is the radial intensity profile. The black symbols
in Fig. 2(b) indicate the g values at which we have mea-
sured the dynamics of the system. Figure 2(c) shows the
intensity autocorrelation functions, g*(g, ), of the sample
for different ¢ values. The intermediate scattering func-
tion g)(g, 1) is related to g (g, ) via the Siegert relation,
gV, 1) = [g®(G,t) — 11/8, where B is the coherence
factor of the experimental setup. g"(g,t) can be de-
scribed phenomenologically by a Kohlrausch-Williams-Watts
(KWW) expression,

g"(q, 1) = exp[—(t/t.)" ], 2)

where 7. is the relaxation time and y is the KWW exponent
that depends on the mechanism responsible for the relaxation

§2G. 1) = (1
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FIG. 2. (a) 2D scattering pattern and (b) effective structure factor for ¢,,;, = 0.17. The black filled circles indicate the g values where the
dynamics was measured. (c) Intensity autocorrelation functions for different ¢ values indicated by the black filled circles in (b). The symbols
represent the experimental data, while the line corresponds to the fit with the KWW model. (d) Variation of D.g as a function of ¢; the black
filled circles indicate the experimental data, and the blue dashed line is a guide to the eye.

of the density fluctuation. The average value of 7. is (f.) =
(t./y)I'(1/y), where I'(1/y) is the Euler Gamma function
[40]. For freely diffusing (Brownian motion) particles, y = 1
and (t.) = t.. In this case, the relaxation time is related to the
diffusion constant D by 1/(t.) = Dg?. In principle, for any
value of y we can still define an effective diffusion coefficient,
Deir = 1/({t.)g?), which is shown in Fig. 2(d) as a function of
q for ¢min. One can observe that 1/D.g(q) follows a similar
trend with g as Se(q) [Fig. 2(b)]. This particular behavior,
known as de Gennes narrowing, was initially described for
simple liquids [41]. For colloidal short time diffusion, it can
be mathematically represented as [29]

D(q)/Do = Hei(q)/Sei(q),

where Dy is the free-particle diffusion coefficient.

The relaxation of density fluctuation at the nearest-
neighbor length scale exhibits increasingly separated short
and long time processes that are qualitatively described by
local diffusion or rattling in the nearest-neighbor cage, fol-
lowed by the opening of the cage and subsequent diffusion
out of the cage, respectively. At low volume fractions only
a single relaxation process exists, while at higher volume
fractions, once the interaction effects such as caging become
strong enough, a separation between the short and long time
diffusion emerges. The time scale (¢) for short time diffu-
sion is limited by 1y < t < 17, where Ty = R?py1/1s01¢ and
7, = R?/Dy [29]. Here, R is the particle radius, pgo is the
solvent density, and 7y is the solvent viscosity. Given the
size of our particles (50 x 150 nm), the limit of short time

3

diffusion in our case comes out to be 107 <« t « 1072 s. As
our measurements were performed within the time window
5x 107 <t < 107! s, our data are mainly dominated by
the long time relaxation processes. For this system, we find
that the variation of 1/D.(q) with g follows a trend that is
similar to that followed by Ses(g) with g. Therefore, following
Eq. (3), one can propose

Deit(q)/ Do = Acir(q)/Sete(q), “4)
where A.g(q) is defined as the effective amplitude function.
The majority of the studies in the literature have demonstrated
that the short time diffusion coefficient follows 1/Ses(q)
behavior, whereas only a handful of them report about a
similar scaling behavior for a long time diffusion coefficient
[30,42,43] for both hard sphere and screened Coulomb inter-
actions. Banchio et al. [43] have used simulations along with
mode coupling theory and experiments to show the same scal-
ing behavior for long time diffusion coefficients with 1/Se(q)
as for short time ones. To the best of our knowledge, at
present there is a lack of both theoretical and/or simulation
studies that can account for this kind of scaling behavior for
anisotropic particles. Interestingly, our experimental results
clearly demonstrate that this phenomenological behavior also
holds good for anisotropic systems as well.

Similar 2D scattering patterns indicating isotropic arrange-
ment of particles have been observed for all concentrations
except at ¢max = 0.42, where an anisotropic diffraction pat-
tern representing the formation of a nematic phase is found.
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FIG. 3. (a) Experimentally measured 2D scattering pattern for ¢, = 0.42. Azimuthal sector averages have been taken between two red
(yellow) arrows to study the dynamics along the horizontal (vertical) direction. Intensity autocorrelation functions for different ¢ values along
(b) the horizontal and (c) the vertical direction, respectively. The symbols represent the experimental data while the line corresponds to the
fit with the KWW model. Variation of D, (g) as a function of ¢ along (d) the horizontal and (e) the vertical direction, respectively; the black
filled circles indicate the experimental data, and the blue dashed line is a guide to the eye.

The 2D diffraction pattern [Fig. 3(a)] at ¢max = 0.42 exhibits
a strong structural correlation along the horizontal direction.
The structural peak along the horizontal direction corresponds
t0 gmax = 0.054 nm™~', indicating a nearest-neighbor distance
of 116 nm, which is in reasonable agreement with the length
of the short axes of the ellipsoids. To obtain the direction-
dependent correlation functions, calculations were performed
within two azimuthal sectors shown by red and yellow arrows
[Fig. 3(a)], each defining a triangular region of interest along
the horizontal and vertical direction, respectively. Comparing
the intensity autocorrelation functions along horizontal and
vertical directions, one can already see that along the hori-
zontal direction, the relaxation time is slower than that along
the vertical one [Figs. 3(b) and 3(c)]. The difference becomes
quite prominent when one considers the variation of Deg(q)
as a function of g as shown in Figs. 3(d) and 3(e); De(q) is
almost three to five times larger along the vertical direction
than the horizontal one depending on g. This anisotropy in
D.s(q) is quite expected for a nematic phase where along
the nematic periodicity particles are supposed to have lower
mobility than that along the perpendicular direction.

Figures 4(a) and 4(b) represent the effective structure factor
and the corresponding dynamics at different concentrations
(represented by different colors), respectively. Since @pmax =
0.42 shows an anisotropic diffraction pattern, in Fig. 4 we
have used the data along the horizontal azimuthal sector
[Fig. 3(a)]. As ¢ increases, the structural correlation builds
up; the relative increase in the height of the structure factor

peak accompanied by a decrease in its width with increasing
¢ [Fig. 4(a)] indicates an increase in the range of translational
order. Further, the ¢ value corresponding to the structure
factor peak, g, shifts toward higher g with increasing ¢,
indicating a denser or closely packed system at higher concen-
tration [Fig. 4(a) (inset)]. The shift of ga.x With concentration
follows a ¢'/3> behavior (red continuous line), which is a
characteristic of soft repulsive systems. Figure 4(b), which
shows the variation of 1/Deg(g) as a function of ¢, indi-
cates not only a de Gennes narrowing for the long time
diffusion coefficient, but also a slowing down with increas-
ing ¢ due to crowding effects or caging. Our findings are
similar to those reported for spherical colloids [29-31], al-
though the degree of structural correlation and the magnitude
of the de Gennes narrowing is smaller for ellipsoids with
comparable interaction potentials. Further, a strong jump in
the dynamics can be seen at the highest concentration due
to the onset of a phase transition to a nematic phase. In
principle, having measured Se¢(g) and Deg(g), one can now
extract Ag(q) [by using Eq. (5)], shown in Fig. 4(c) for
different concentrations. To calculate A.¢(q), we have used
Dy = 2.06 x 10° nm?/s, measured using DLS at very dilute
concentration, ¢g; = 0.0045. One can see that A.¢(g) also
exhibits a strong g dependence and follows a trend similar
to Ser(q). Further, if dynamic scaling is also valid for our
ellipsoids with A¢¢(g) and H.g(g) being related by a multi-
plicative constant [30], then one can expect similar behavior
for Hesr(q) for this anisotropic system as well. Although there
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FIG. 4. (a) Variation of the structure factor Se(g) as a function of g. The solid lines represent the experimental data, while the symbols
indicate the g values where the dynamics was measured. The inset shows the variation of the g value corresponding to the structure factor
peak, g, as a function of ¢ along with the fit with g,, o< ¢'/* as a solid red line. (b) Variation of 1/D(g) as a function of g. (c) Variation of
the amplitude function A.x(g) as a function of ¢. (d) Variation of the exponent y as a function of ¢. For (b), (c), and (d), the symbols indicate
the experimental data while the solid lines are a guide to the eye. For all of (a), (b), (c), and (d), different colors correspond to different volume

fractions ¢.

are reports in the literature on the theoretical and experimental
studies on H(g) for the hard and charged sphere systems
[16,44,45], to the best of our knowledge there is no such
experimental study on anisotropic particles.

From the fitting of the correlation functions, we observe
that the stretching exponent, y, in Eq. (2) changes with con-
centration. For ¢, y is just above 0.8, indicating a mild
polydispersity or interaction-related contribution to the shape
of the correlation functions. With an increase in concentration
in the liquid regime, y drops to a lower value (*0.5) at the
highest concentration. Similar behavior has been reported in
the literature for an anisotropic platelet system [11]. However,
the situation changes drastically for ¢y,.x, where the formation
of a nematic phase is observed. For ¢n,x, the value of y > 1
represents a compressed exponential behavior that may sig-
nify a hyperdiffusive process. This is expected for a highly
ordered nematic phase, and it can be understood by consider-
ing the hopping of particles between the two nearest-neighbor
sites. For a given value of ¢, y decreases monotonically with
increasing ¢ in the liquid phase followed by a sudden increase
in the nematic phase (Fig. 5).

The concentration dependence of the normalized diffusion
coefficient at gy, Der(gm )/ Do, can be seen in Fig. 6(a). When

¢ approaches the liquid-to-nematic phase transition, the dif-
fusion coefficient is reduced strongly, almost four orders of
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FIG. 5. Variation of y as a function of ¢ for different g’s.
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while the dashed line indicates the fit with modified VFT law.
(b),(c) 2D scattering patterns for ¢ = 0.345 (isotropic arrangement
of particles) and ¢ = 0.42 (formation of a nematic phase), respec-
tively. The inset shows the fitting of the experimental data with VFT
law excluding the data corresponding to ¢pax.

magnitude compared to Dy. This clearly indicates that with an
increase in ¢, the system approaches kinetic arrest. We have
fit our experimental data to the (modified) Vogel-Fulcher-
Tammann (VFT) expression, which is usually used to describe
the increase in viscosity of glass-forming molecular liquids
with decreasing temperature. In the modified expression, tem-
perature is replaced by 1/¢, because for colloidal dispersions
¢ plays a similar role to that of the temperature for molecular
glasses. Further, for colloids, a modified VFT law is usually
applied to describe the rise in the viscosity with ¢ and its
dramatic increase at ¢ = ¢, [46,47]. In our case, we have
further modified it by replacing ns0/10, Where ny, and 1
are the viscosity of the solvent and the zero shear viscosity
of the system, respectively, with Deg(g,,)/Do, to obtain a
mathematical expression:

Dest(gm)/Do = ex ( ik ) 5)
eff (dm 0 — p ¢m — ¢ .

The fit of Eq. (5) can be seen in Fig. 6(a) as the dashed line,
where we found ¢,, to be 0.47.

The system thus shows an isotropic arrangement of parti-
cles until ¢ = 0.345 [Fig. 6(b)], and at ¢ = ¢Pmax = 0.42 the
formation of a nematic phase is observed, as is evident from
the diffraction pattern shown in Fig. 6(c). This indicates that
the isotropic to nematic transition lies between ¢ = 0.34 and
0.42, which is in good agreement with the phase diagram
predicted by simulation [48]. However, the data shown in
Fig. 6(a) also indicate that while the slowing down of long
time collective diffusion and dynamical arrest is due to the
formation of nearest-neighbor cages, the arrest occurs within
the nematic phase, while the simulations suggest that for
p = 2, the slowing down mechanism is driven by a precursor
of nematic order [13]. Given this discrepancy, we obviously
need to test whether the resulting fit with Eq. (5) shown in
Fig. 6(a) is strongly biased by the data point that lies in the
nematic phase. Therefore, we have also fitted our experimen-
tal data with Eq. (5), but excluding the data for ¢,x shown
in Fig. 6 (inset), resulting again in a value ¢,, = 0.47.

Unfortunately, there are only a few studies available in
the literature regarding the structural and dynamic properties
of ellipsoidal colloids with comparable axial ratios in the
vicinity of the arrest transition [49—-51]. One of them describes
dynamical arrest based on rheological measurements [51]
for ellipsoidal particles with an axial ratio p = 4.8 without
providing information on the structure and dynamics of the
system. The other two describe the glass transition in bulk
ellipsoidal systems with insight into the underlying arrest
scenario based on a characterization of either collective or
self-diffusion and complementary structural information from
DDM (p = 3.76 [49]) or confocal microscopy (p = 3.5 [50]).
Both studies find no evidence for a bulk nematic phase prior
to dynamical arrest, quite in contrast to our observations.
Although the actual particle systems and their axial ratios
used in the different investigations were not identical, this
discrepancy nevertheless raises questions. While the differ-
ence between the simulation results [13] and our experimental
observations could possibly be accounted for by considering a
soft repulsive potential from weakly screened residual charges
and polydispersity in our system, this seems an unlikely ex-
planation for the different findings in the other experimental
studies given the similarity in polydispersity and surface char-
acteristics for the particles used in at least one of these other
studies [49]. One possibility could be that the suspensions
are subjected to sufficiently large shear forces when filling
them into the capillaries. This could lead to a shear-induced
alignment of prenematic domains, resulting in a measurable
bulk anisotropy, indicating the formation of a nematic phase.
It is clear that further investigations into the phase behavior
and dynamical arrest of ellipsoidal particles are needed to
shed more light on the collective dynamics and the origin of
dynamical arrest in these systems.

IV. CONCLUSION

In this article, we report the dynamics of colloidal el-
lipsoids at the nearest-neighbor length scale over a broad
concentration range by employing ultra-small-angle XPCS.
Although the literature is replete with simulations investi-
gating the glass transition for ellipsoidal particles, there is a
scarcity of experimental reports on these systems. It is for
this reason that we have performed a systematic study of the
structural and dynamical properties of a model ellipsoid sys-
tem using XPCS. With this study, we have not only shown the
relation between the self-assembled structure and dynamics,
but we also determined experimentally the amplitude func-
tion for an anisotropic system. Although there are several
reports in the literature pertaining to the scaling behavior
of the short time diffusion coefficient with the inverse of
the effective structure factor for (an)isotropic systems, to the
best of our knowledge our study is the first one to shows
that an analogous scaling behavior also exists for the long
time diffusion coefficient for an anisotropic system. There
remain, however, a number of questions when comparing
our current findings with those previously reported for other,
similar systems. Additional studies are clearly needed, in
particular aiming at information about the rotational dynam-
ics and short-time collective diffusion on nearest-neighbor
length scales when approaching dynamical arrest. While such
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information could in principle also be obtained from XPCS,
it will require significant improvement in the time resolution
of two-dimensional XPCS detectors required for such studies.
Moreover, a quantitative understanding of our findings for
the g-dependent long-time collective diffusion coefficient will
also require further simulations that include an appropriate
treatment of hydrodynamic interactions.

Until recently, measuring the collective dynamics of
anisotropic colloidal particles at the nearest-neighbor length
scale at these high concentrations would have been perceived
as very difficult experimentally. The traditional experimental
tools such as DLS or confocal microscopy require transparent
systems, and there is a lack of available model systems that are
suitable for high concentration studies. However, our investi-
gation has demonstrated that XPCS allows us to circumvent
this problem and characterize different anisotropic systems as

they undergo a colloidal glass transition. This opens up new
avenues for exploring the dynamics of strongly interacting
colloidal systems with a large variety of shapes and chemical
compositions. We believe that our results will inspire future
experimental studies on concentrated anisotropic particles.
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