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ABSTRACT: We present an experimental study of the
structural and dynamical properties of concentrated suspen-
sions of different sized polystyrene microspheres dispersed in
glycerol for volume fraction concentrations between 10% and
20%. The static structure, probed with ultrasmall-angle X-ray
scattering, shows a behavior very similar to that of hard
spheres. The equilibrium dynamics is probed with ultrasmall-
angle X-ray scattering−X-ray photon correlation spectroscopy,
a new technique that overcomes the limits of visible light-
scattering techniques imposed by multiple scattering and is
suitable for studies of optically opaque materials containing micrometer-sized structures. We found that the intensity
autocorrelation functions are better described by a stretched exponential function and microspheres in a concentrated suspension
move collectively. We also found that the inverse of the effective diffusion coefficients displays a peak with respect to the
scattering vector that resembles the peaks in the static structure factors, which indicates that a long-lived, low free-energy state
exists. The relaxation time is approximately inversely related to scattering vector, a behavior consistent with models that describe
the dynamics in terms of random, local structural arrangements in disordered media.

■ INTRODUCTION

Colloidal suspensions of spherical particles in a liquid are
among the simplest of complex fluids. Their understanding is
seen as a stepping stone toward the goal of building a deeper
knowledge of more complex soft matter systems, and is of both
fundamental and practical importance. Fundamentally, studies
of colloidal particles can lead to better understanding of
structure and dynamics on the length and time scales relevant
to individual particles. Practically, colloidal suspensions and
their gels stand at the cross roads of material science, polymer
science and engineering, and soft matter physics. Better
understanding of such systems is likely to have a profound
impact on the paint, adhesive, and cosmetics industries, for
instance. While much effort, both theoretical and experimental,
has been made to achieve this goal, a complete picture of the
static structure and dynamics of colloidal dispersions has yet to
emerge, largely due to a lack of experimental techniques for
exploring the dynamic behavior of interacting particles.
Slow, complex relaxations in soft condensed matter materials

have been successfully studied using coherent visible light-
scattering techniques, most notably dynamic light scattering
(DLS).1 Prominent examples include studies of the dynamics of
colloidal particles in suspensions or at surfaces. However, it has
become apparent that there are limitations in the accessible
length scale, and complications due to multiple scattering
effects, both well-known obstacles intrinsic to the use of visible

light. Coherent X-rays overcome both limitations and were
naturally first used to revisit questions related to the dynamics
and hydrodynamics of colloidal systems,2−8 slow dynamics in
polymers,9−12 and capillary wave motions in complex
fluids.13−16 This extension of DLS is normally referred to as
X-ray photon correlation spectroscopy (XPCS). XPCS, which
was introduced less than two decades ago,17−20 has greatly
impacted many aspects of statistical physics and provided
access to a wide range of physical events with slow equilibrium
dynamics.
Conventional XPCS is based on a small-angle X-ray

scattering (SAXS) pinhole-geometry configuration as realized
at third-generation synchrotron radiation sources, where the
undulator beams are partially coherent. The magnitude of the
minimum accessible scattering vector, q, associated with this
configuration, however, is limited by the beam stop that is used
to block the intense main X-ray beam, and normally cannot
reach q < 0.001 Å−1. Here, q = (4π/λ) × sin(θ), with λ being
the wavelength and 2θ the scattering angle. Inspection of the
applicable q ranges of DLS and XPCS shows a gap between
about 1 × 10−4 and 1 × 10−3 Å−1. A wide variety of
microstructures in the size range from 1000 Å to several
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micrometers21,22 is best studied in this q range because this is
the regime where qD ≈ 1, where D is a representative
dimension of the microstructure.
A few recent developments are aimed at overcoming this

limitation. From the optical microscopy side, differential
dynamic microscopy (DDM)23−25 extends the effective low-q
limit by analyzing time series of microscope images with
Fourier analysis. However, DDM is restricted to wide field
imaging and can only probe the dynamics of dilute suspensions.
Confocal differential dynamic microscopy,26 on the other hand,
can provide information on the dynamics of dense, opaque,
fluorescent micrometer-sized objects, with fluorescence being a
prerequisite, however. In the X-ray regime, near-field coherent
X-ray imaging is also capable of revealing structural and
dynamic information of materials,27,28 albeit in a scattering q
range largely considered to be part of the range of DLS (10−5−
10−4 Å−1). Another technique, ultrasmall-angle X-ray scatter-
ing−X-ray photon correlation spectroscopy (USAXS−XPCS),
was also developed29,30 in response to this need. As compared
to the above-mentioned techniques, USAXS−XPCS is a far-
field scattering technique, which probes the particle dynamics
directly in reciprocal space, and has the advantage of faster
frequency response, should this be desired.
In this Article, we present both static and dynamic X-ray

scattering measurements of the structure and dynamics of
concentrated, charge-stabilized polystyrene microspheres dis-
persed in glycerol, a highly viscous fluid. The volume fractions
range from 10% to 20%. Our goal is to elucidate the
microspheres’ motion in a viscous medium in the chosen
volume and size range, and to present the USAXS−XPCS
technique as a viable option for detailed investigations of
colloidal dynamics in the previously inaccessible size range.
In the following sections, we first introduce the material

systems and the experimental methods. We then present the
methods used for the reduction and analysis of the static and
dynamic data, followed by detailed results and discussion.
Finally, we offer concluding remarks.

■ EXPERIMENTAL METHODS
Material System. Monodisperse, aqueous colloidal suspensions of

polystyrene (PS) microspheres with 10% solid mass fraction were
acquired from Thermo Scientific Inc., Fremont, CA. (Certain trade
names and company products are mentioned in the text or identified
in illustrations to specify adequately the experimental procedure and
equipment used. In no case does such identification imply
recommendation or endorsement by National Institute of Standards
and Technology, nor does it imply that the products are necessarily
the best available for the purpose.) The mean, manufacturer-specified
diameters of these microspheres were 1, 1.3, and 1.5 μm, respectively,
with a stated size uniformity smaller than 3%. It is well-known that the
time scales of colloidal dynamics are size dependent. Thus,
suspensions with a narrow size distribution simplify the interpretation
of the measured dynamics. The refractive index of the PS microspheres
was 1.59 at an optical wavelength of 589 nm. Therefore, the as-
acquired suspensions appear milky, making them nonideal samples for
DLS measurements. The manufacturer-stated solid density of the PS
microspheres was 1.05 g/cm3.

PS, due to its X-ray scattering length density, has a small X-ray
scattering contrast with water when in aqueous suspension. To
increase the scattering contrast, each aqueous PS suspension was
mixed with a predetermined amount of reagent-grade glycerol. The
difference in scattering length density between glycerol and PS (2.04 ×
1014 m−2) is significantly greater than that between water and PS (0.16
× 1014 m−2), which leads to a 160-fold increase in the X-ray contrast
and scattering intensity. The water was removed by placing each
mixture in a vacuum desiccation chamber for >600 h, although a small
residual amount of water remained. Three samples with different
concentrations of PS microspheres, (10, 15, 20)% by volume, were
prepared for each particle size. A 15 s sonication was performed on the
samples periodically as a precaution against particle aggregation. We
found that these PS suspensions remained well dispersed throughout
the sample preparation process, and before and after the X-ray
scattering measurements. The final suspensions remained milky under
visible light.

A second benefit of this transfer is that the viscosity of glycerol (1.5
Pa s at 25 °C) is about 3 orders of magnitude greater than that of
water (8.9 × 10−4 Pa s at 25 °C). Thus, on transfer to glycerol, the
dynamics of the suspensions are slowed considerably, enabling
dynamic measurements to be made with an existing photodiode
point detector at the beamline and reducing the required setup time

Figure 1. (a) Schematic of 1D USAXS configuration. (b) Schematic of USAXS−XPCS configuration, in which the addition of the Si (220) side
reflection crystals provides point collimation, and the addition of 2D, 15 μm × 15 μm slits serves as a secondary coherent source.
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for the measurements. The best time resolution that this detector can
achieve is ∼0.1 s.
Ultrasmall-Angle X-ray Scattering Measurements. The ultra-

small-angle X-ray scattering (USAXS) measurements were conducted
at the USAXS beamline (32-ID, and later 15-ID) at the Advanced
Photon Source (APS), Argonne National Laboratory.31 This instru-
ment employs Bonse−Hart-type double-crystal optics to extend the
scattering vector q range of small-angle X-ray scattering (SAXS) down
to 10−4 Å−1, which is normally inaccessible to pinhole SAXS cameras.
We used collimated, monochromatic X-rays in the standard 1D
collimated transmission geometry to measure the scattering intensity
as a function of q. The instrumental configuration is illustrated in
Figure 1a. The X-ray energy was 10.5 keV, which corresponds to an X-
ray wavelength of 1.18 Å. USAXS measurements were performed in
the q range from 10−4 to 1 Å−1 with a q resolution of ∼1 × 10−4 Å−1.
The beam size was 2.0 mm × 1.0 mm. The incident photon flux on the
sample was ∼1013 photons per second. Data were collected at 600
points, logarithmically distributed throughout the q range, and the data
collection time for each data point was 1 s. A large dosage of hard X-
ray radiation is known to create air bubbles in colloidal suspensions.
To reduce the possibility of bubble formation, the sample position was
scanned vertically in fixed steps during each USAXS scan. Radiation
effects were then found to be minimal.
Each sample was loaded into a custom-made sample cell with

polyamide-film entrance and exit windows and a 1 mm X-ray
scattering path. To determine the instrumental scattering profile, two
sets of USAXS measurements were collected: one with an empty cell,
and the other with the cell filled with glycerol. The contributions of
the polyamide windows and solvent to the scattering signal of each
suspension were then removed in the data reduction process.
Ultrasmall-Angle X-ray Scattering−X-ray Photon Correla-

tion Spectroscopy Measurements. XPCS applies the well-known
principles of dynamic light scattering to coherent X-ray scattering. In
general, a dynamic sample illuminated by partially coherent light gives
rise to a time-varying speckle pattern. Utilizing the partially coherent
X-rays generated by an undulator source, we used collimated,
monochromatic X-rays in a 2D collimated transmission geometry to
perform USAXS−XPCS measurements; the instrumental configura-
tion is illustrated in Figure 1b. The coherence-defining slits were set at
15 μm × 15 μm, which gave the best beam coherence at the sample
position. The X-ray energy was 10.5 keV. We used both a conventional
top-up operating mode and a special reduced horizontal beam size
operation mode of the APS storage ring, with the latter mode
providing better coherence. We found that the operating modes of the
storage ring affect the quality of the beam coherence, but not the
observed sample dynamics.
The point-detection data collection mode of USAXS−XPCS29 was

used to acquire the XPCS data for the PS suspensions with equilibrium
dynamics. With the photodiode point detector, we measured the
intensity fluctuations at q values of 0.00015, 0.0002, 0.0003, 0.0004,
0.0005, 0.0006, and 0.0007 Å−1. We set the total data acquisition time
to at least 20× the estimated dynamic time scale of the underlying
equilibrium dynamics at each q, which was obtained with trial
measurements. Depending on the individual dynamic time scale and
the coherent scattering intensity, we chose the time resolution at 1 s or
500 ms, with a readout delay of ∼100 ms.
The time resolution of this experiment is limited by the photodiode

detector. To further slow the dynamic time scale, we performed the
USAXS−XPCS measurements at 5 °C, which effectively increases the
viscosity of the solvent by a factor of ∼7.5 when compared to the
viscosity at room temperature (25 °C). The temperature of the sample
cell was controlled with a Linkam TH600 thermal stage (Linkam
Scientific Instruments Ltd., Tadworth, UK), which uses both electrical
resistive heating and liquid nitrogen circulation to provide rapid
heating and cooling. The heating/cooling rate was set at 50 °C/min.
We estimate that the temperature deviation from the thermocouple
readout was less than 1 °C, and the temperature gradient in the sample
was insignificant.
USAXS Data Reduction and Analysis Methods. The 1D

collimated USAXS data reduction and analysis were performed using

the standard SAXS data analysis package Irena,32 developed at the
APS. To eliminate the numerical error introduced by the desmearing
process,33 we performed data reduction and analysis on the slit-
smeared data, which is done by convolving the absolute calibrated
scattering intensity I(q) with a rectangular slit. The width of the slit is
determined by the chosen crystal optics; the length of the slit is related
to the sample to detector distance and the size of the photodiode
detector.

The reduced scattering intensity profiles I(q) show a large number
of Bessel oscillations that persist to the high-q end of each data set.
This attribute of the data indicates that the PS particles are spherical in
geometry and have a very narrow size distribution. To extract the exact
size distribution of the PS microspheres, we analyzed the scattering
profile assuming the scattering form factor for spheres, and a
consequent single sphere scattering intensity, I0(q), is given by:

= Δρ
−⎡

⎣⎢
⎤
⎦⎥I q V

qr qr qr
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2
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where Δρ is the difference between the scattering length densities of
the solute and solvent, and r and V are the radius and volume of the
sphere, respectively. To avoid complications introduced by the
unknown form of the scattering structure factor, the high-q region
of the scattering profile was modeled using a least-squares analysis
method based on integrating eq 1 over a Gaussian volume size
distribution. In this high-q region, the particle interference can be
regarded as negligible.

For a concentrated, isotropic system, the form factor and structure
factor contributions to the scattering intensity are separable. In our
case:

φ=I q
V

I q S q( ) ( ) ( )0 (2)

where φ is the volume fraction of particles within the sample volume,
and S(q) is a structure-factor representation. In our analysis, the
scattering structure factor was found by dividing the USAXS data by
the size-averaged single particle scattering intensity, which was
obtained by convolving the single particle scattering intensity with
the particle size distribution.

USAXS−XPCS Data Reduction and Analysis Methods. XPCS
probes the dynamic properties of matter by measuring the temporal
correlation of the scattering intensity, which yields the characteristic
relaxation times of the sample. Specifically, the intensity autocorrela-
tion function is defined by:34

=
⟨ + ′ ′ ⟩
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I t
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where I(t) is the integrated scattering intensity in an interval Δt
around a time t, and the angular brackets in eq 3 denote an ensemble
average. This autocorrelation function can be related to the
intermediate scattering function of the sample, following:

β= + | |g t f q t( ) 1 ( , )2
2

(4)

where f(q, t) = S(q, t)/S(q) is the normalized intermediate scattering
function. Here, S(q) = S(q, 0) denotes the static structure factor and
S(q, t) is the structure factor at time t. β is the optical contrast, which,
under ideal experimental conditions (e.g., fully coherent radiation and
no readout noise), would be equal to unity. In XPCS experiments, β
takes a lower value due to incoherent averaging introduced by the
partially coherent X-ray beam, the geometrical configuration of the
beamline, and readout noise. In our analysis, I(t) was the photodiode
readout (scattering intensity) normalized by the ion chamber readout
(incident intensity). We have previously shown that this normalization
does not affect the measured dynamics.29

The relaxation time represented by the calculated intensity
autocorrelation function was further analyzed by modeling the
autocorrelation function with a stretched exponential form (also
known as the Kohlrausch−Williams−Watts (KWW) function35). It is
defined as
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Here, τ is the characteristic relaxation time, and γ is an exponent (the
Kohlrausch exponent), which characterizes the shape of the
autocorrelation function. In eq 5, γ = 1 represents the case of simple
free diffusion as in Brownian motion, while γ < 1 commonly occurs for
dynamics of glass-forming liquids near their glass transition points. It is
with eq 5 that we extract the relaxation time constants of the particle
diffusion in these concentrated PS suspensions.

■ RESULTS AND DISCUSSION
The absolute-calibrated, differential-scattering cross sections
from 1.0, 1.3, and 1.5 μm PS glycerol suspensions at 10%, 15%,
and 20% vol are shown in Figure 2a, b, and c, respectively. At q

higher than 1 × 10−3 Å−1, the shape of the scattering profiles
does not depend on the volume concentration and shows a
large number of Bessel oscillations, characteristic of scattering
from highly uniform spherical objects. We used a least-squares
analysis method to analyze the Bessel oscillations at q higher
than 1 × 10−3 Å−1. The assumed Gaussian volume size
distribution convolutes the scattering intensity of a single
sphere, as specified in eq 1, and results in the final scattering
intensity. The results from the 20% volume, 1.3 μm PS
microspheres in glycerol sample are shown in Figure 3, in
which the blue solid line shows the scattering from the size-
averaged single particle scattering intensity, and the inset shows
the Gaussian size distribution of the PS microspheres. We
found that the size distribution can be described with mean
diameter ≈1.319 μm and Gaussian width ≈0.047 μm, Å. Both
of these parameters are close to the manufacturer-specified

values and confirm that the PS microspheres indeed have a very
narrow size distribution. In addition, we did not observe any
upturn at the very low-q range of the USAXS profiles, which
indicates that the PS microspheres do not aggregate and remain
well dispersed.
The size-averaged single particle scattering intensity

describes the measured intensity well for the high-q region.
The low-q region, however, shows significant deviations. This
difference, as shown in Figure 3, is due to the fact that
interparticle interactions exist in concentrated colloidal
dispersions. In our system, glycerol is a polar solvent, and PS
microspheres in glycerol form a typical colloidal dispersion.
The interactions between the PS microspheres, which are
charged particles, are best described by the Derjaguin−
Landau−Verwey−Overbeek (DLVO) theory.36 In the frame-
work of DLVO theory, the long-range, attractive van der Waals
interaction is balanced by a screened electrostatic repulsive
interaction introduced by the charges at the surfaces of the
colloids. In the case of PS suspensions, it has been shown that,
at least from the structure factor point of view, the colloidal
particles interacting via DLVO interactions can be reliably
assumed to have effective hard-sphere interactions due to the
fact that the length scale of the Debye layer is much smaller
than the particle size.3,4,37−39 Here, outside of the Debye layer,
the charges on these particles are screened and the particles
resembles neutral hard spheres.
We have performed structure factor analyses with both a

hard-sphere potential and a Hayter−Penfold RMSA (rescaled
mean spherical approximation) potential, which allows for
inclusion of the interparticle interference effects due to
screened Coulomb repulsion between charged particles in a
dielectric medium.40 We found that both potentials describe the
structure factors and the measured intensity profiles well, with
the Hayter−Penfold RMSA model fitting the data marginally
better, possibly due to its larger number of fitting parameters.
The scattering structure factor was found by dividing the

USAXS data by the size-averaged single particle scattering
intensity, for example, the USAXS data and the single particle
profile in Figure 3. Examples of the scattering structure factors
are shown in Figure 4a. We observed that the magnitude of the

Figure 2. USAXS scattering profiles for (a) 1.0 μm PS spheres at 10%,
15%, and 20% vol concentrations; (b) 1.3 μm PS spheres at 10%, 15%,
and 20% vol concentrations; and (c) 1.5 μm PS spheres at 10%, 15%,
and 20% vol concentrations. [Uncertainties are smaller than the
symbol sizes.]

Figure 3. An example of USAXS analysis for the sample with 1.3 μm
PS spheres at 20% vol. The size distribution, shown in the inset, is
acquired from least-squares fitting of the region where q is higher than
1 × 10−3 Å−1 of the USAXS profile. A structure factor was adopted to
account for the intermicrosphere interference.
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pronounced peak in the scattering structure factor increases as
the volume fraction of PS microspheres increases, correspond-
ing to the increased interparticle interaction between the
microspheres. The structure factor can be approximately
described with the Percus−Yevick pair-distribution function,41

which applies to monodisperse particles with a hard-sphere
interaction potential. The theoretical Percus−Yevick structure
factor functions corresponding to the samples in Figure 4a are
plotted in Figure 4b. Evidently, this model provides a good
description of the experimental structure factors at all volume
fractions, and, in particular, accurately reproduces the height
and position of the primary interference peak. Moreover, the
decrease at the low-q end of the experimental structure factor is
well described by the model, which suggests that the osmotic
compressibility of the PS microspheres agrees well with the
hard-sphere equation of state.36 We attribute the small
difference between Figure 4a and b to the charged sulfate
groups that are on the surface of the PS spheres, which

inevitably modifies, albeit slightly, the interparticle interaction
at a distance greater than the diameter of the PS microspheres.
Our result is in good agreement with a previous SAXS study of
PS suspensions in glycerol,3 even though the nominal size of PS
microspheres was much smaller (66 nm). The fact that the
hard-sphere potential fits the scattering structure factor
confirms that no significant aggregation of PS microspheres
exists in the suspension, which agrees with independent Zeta
potential results where their high absolute values directly lead
to excellent stability and dispersibility of the microspheres.
In our USAXS−XPCS experiments, the observed dynamics

reflect the motion of the PS microspheres in a medium of
glycerol with a small amount of residual water that has some
effect on the viscosity. Here, despite the remnant water, we
assume that the medium is homogeneous because both glycerol
and water are polar solvents and mix well with each other. We
measured the intensity fluctuations of these simple PS
microsphere suspensions at a series of q values and calculated
the intensity autocorrelation functions on the basis of the
normalized coherent-scattering intensities from these measure-
ments. Figure 5, as an example, shows the representative

intensity autocorrelation functions with delay times from 1 to
50 s, obtained for 1.3 μm PS spheres at 20% volume fraction.
These correlation functions have been normalized by their
respective optical contrast β. Here, the optical contrast is q-
dependent due to the different signal-to-noise level from the
photodiode detector that was used in these measurements. We
have previously shown that, although the scattering contrast is
modified due to the existence of detector noise, the observed
time scale is unaffected.29

From Figure 5, it is evident that faster dynamics are
associated with larger scattering vector q, an expected
phenomenon considering that the short-range, local fluctua-
tions (large q) occur more rapidly than long-range fluctuations
(small q) in interacting colloidal suspensions. Similar to Gutt et

Figure 4. (a) Experimental structure factor for 10%, 15%, and 20% vol,
1.0 μm PS microspheres in glycerol. (b) Theoretical Percus−Yevick
structure factor for 1 μm-diameter monodisperse hard spheres at 10%,
15%, and 20% vol.

Figure 5. Examples of the intensity correlation function for the sample
with 1.3 μm PS spheres at 20% vol. After acquisition of the fixed q
intensity fluctuation at q = 0.00015, 0.0002, 0.0003, 0.0004, 0.0005,
0.0006, and 0.0007 Å−1, respectively, eq 3 was used to calculate the
corresponding intensity correlation functions shown in this figure.
These correlation functions have been normalized by their respective
optical contrast. The inset shows the fits of the intensity
autocorrelation function at q = 0.0002 Å−1 with the simple exponential
decay function (γ = 1) and KWW function (γ ≠ 1).
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al.,42 we observed small fluctuations in the long time-delay end
of the intensity autocorrelation functions due to the partially
coherent nature of the beam and the limited detector
resolution.
The intensity autocorrelation functions were further analyzed

with eq 5 to extract the relaxation time constant of the
underlying dynamics, τ, which is the inverse of the relaxation
rate, Γ. We note that the KWW function has been successfully
employed in many dynamic investigations of colloidal
dispersions and gels,7,43−47 and is particularly useful for systems
in which the particle diffusion does not follow simple Einstein−
Stokes equations. Figure 6a, b, and c shows the relaxation time,
τ, obtained from fits of eq 5 to the USAXS−XPCS data from

10%, 15%, and 20% vol PS microspheres in glycerol
suspensions as a function of q for 1.0 μm PS microspheres,
1.3 μm PS microspheres, and 1.5 μm PS microspheres,
respectively. In every case, in agreement with what Figure 5
shows qualitatively, we found that the relaxation time τ shows a
monotonic decay as q increases. This phenomenon has been
observed in other colloidal dispersions in viscous media, such as
magnetic colloidal particles in glycerol5 and silica nanoparticles
in 1,2 propanediol.35 We also note that, at all q values, the
KWW exponent γ was greater than 1, as shown clearly by the
inset example in Figure 5 for the autocorrelation function at q =
0.0002 Å−1. This signifies that the motion of the PS
microspheres is at least partially collective in nature.
Interestingly, these results do not agree with those from a
previous XPCS study of a similar system (PS spheres with
nominal radius 665 Å in glycerol at 268 K),4 where it was found
that the intensity autocorrelation functions followed a simple
exponential decay (γ = 1) for PS suspensions with PS volume
concentration as high as 28%. These results suggest that,
despite the high colloidal concentration, the interparticle
interaction did not disrupt the free diffusion of the particles
and the PS particles still underwent Brownian-like motion. Our
results suggested otherwise; at volume concentrations as low as
10%, there are partially collective motions among the PS
microspheres due to their interparticle interactions. Our
calculations also show that despite the relatively large size of
the polystyrene spheres, the sedimentation (in our case,
floatation) rate is about 2 orders of magnitude below the
diffusion rate (Supporting Information), which shows that the
sedimentation effects are negligible.
We would also expect the dynamic time scale to be

systematic with respect to PS volume fraction. As shown by
Figure 6, this was not observed. For example, Figure 6a shows
an increasing τ with increasing volume fraction of 1.0 μm
spheres, whereas Figure 6b exhibits an apparently random τ-
ordering for 1.3 μm spheres. We believe that this nonsystematic
behavior is due to the small amount of remnant water in the
solvent; the transfer of microspheres from original aqueous
suspension to glycerol is not completed with a vacuum
desiccation procedure because water and glycerol are well
mixed.48 The viscosity of water−glycerol mixtures strongly
depends on the amount of water when the glycerol/water ratio
is high. For example, at 10 °C, a 99:1 glycerol to water mass-
ratio solution has a viscosity of 3090 mPa s.49 At the same
temperature, a 96:4 solution has a viscosity of just 1580 mPa s.
Therefore, a small change in the amount of water in the
suspension can lead to a drastic change in the effective viscosity
of the solvent, thus changing the time scale of the associated PS
microsphere dynamics.
Analogous to the case of dilute suspensions, the relaxation

rate of a concentrated suspension with collective motion can be
described by Γ = q2D(q), where D(q) is a wave-vector
dependent, effective diffusion constant that describes the
collective diffusion of interacting particles.5,50 The ratio
between D0 and D(q), where D0 is the diffusion constant for
a single particle undergoing Brownian motion in the same
medium under the same conditions, therefore, is proportional
to q2τ, given that τ = Γ−1. Figure 7 shows an example of the q2τ
dependency on q. For each of the different samples, we found
that the inverse of the effective diffusion coefficients displays a
peak that mimics the peaks in the static structure factors. Here,
the equilibrium structure of the suspension is represented by
the static structure factor, which shows the configuration of the

Figure 6. Relaxation time, τ, obtained from fits of eq 5 to the USAXS−
XPCS data from 10%, 15%, and 20% vol PS microspheres in glycerol
suspensions as a function of q for (a) 1.0 μm PS microspheres; (b) 1.3
μm PS microspheres; and (c) 1.5 μm PS microspheres.
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low free energy state in the reciprocal space. The effective
diffusion constant, on the other hand, quantifies the speed of
particle motion in these concentrated suspensions. This
proportionality suggests that the lowest free-energy config-
uration in the static case also has a long lifetime, as illustrated
by the peak in the inverse of the effective diffusion
coefficient.51,52 The proportionality between the structure
factor and q2τ, suggestive of de Gennes narrowing53 at
interparticle length scales, also indicates that the slow, local
dynamics follows a simple alpha relaxation mode, a distinct
feature of the collective diffusion in local structural rearrange-
ments.
Finally, we examined the power-law behavior of the q-

dependent time scales. This is demonstrated in Figure 8 where
the logarithm of τ is plotted as a function of the logarithm of q.
Our results show that, in all cases, the logarithm of τ is
approximately linearly related to the logarithm of q, with the
slope being −1.06 ± 0.22, that is, τ ≈ q−1.06±0.22. This inverse τ
≈ q−1 relationship was also observed in various dynamic
processes ranging from nanoparticle suspensions to depletion
gels.10,35,45,54,55 Theoretically, this behavior was explained by
Cipellettie et al.56 for the case where the underlying dynamics
can be described by particle motions due to relaxation of the
heterogeneous local stress. As a result of this mechanism, a
collective motion of the particles and their neighboring particles
again emerges.47,56

■ CONCLUDING REMARKS
In this Article, we have presented the first systematic study of
equilibrium dynamics with USAXS−XPCS, a dynamic
approach capable of filling the gap between DLS and
conventional XPCS in the time/frequency−scattering vector/
length scale domains. Taking advantage of the Bonse−Hart
type crystal optics, USAXS−XPCS provides access to a q range
that corresponds to large structures (∼0.1−1 μm) whose
dynamics are inherently slow.
With USAXS and USAXS−XPCS, we probed the static and

dynamic behaviors of concentrated suspensions of a series of
different sized polystyrene microspheres dispersed in glycerol
for volume concentrations between 10% and 20%. These
samples, although fundamentally very simple, present a

challenge for characterization with light-scattering techniques
due to their optical opaqueness originating from multiple
scattering. Hard X-rays, on the other hand, have much smaller

Figure 7. An example of un-normalized D0/D(q) for 1.3 μm, 20% vol
PS microspheres in glycerol suspensions.

Figure 8. Scaling behavior of dynamic time scale as a function of q: (a)
1.0 μm, (b) 1.3 μm, and (c) 1.5 μm microspheres in glycerol. [All
uncertainties in this Article represent one standard deviation.]
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scattering cross sections and are not hindered by multiple
scattering.
The USAXS measurements proved that these PS spheres are

highly monodisperse in size, which make them good model
systems for the investigation of particle dynamics in
concentrated suspensions. The structure factors of these
suspensions can be satisfactorily modeled with Percus−Yevick
hard sphere potentials, a behavior resembling that previously
identified in a PS nanocolloid suspension in glycerol, despite
the apparent size difference.
An analysis of the USAXS−XPCS data of these suspensions

shows that their intensity autocorrelation functions are best
described by the Kohlrausch−Williams−Watts function, which
suggests that these microspheres undergo a collective motion,
instead of simple Brownian motion found for the PS
nanocolloids in glycerol in the relevant concentration range.
The inverse of the effective diffusion coefficients displays a peak
when plotting against q. This peak is similar to the primary peak
in the static structure factor. The proportionality between these
two peaks, a characteristic of de Gennes narrowing, suggests
that these particles undergo collective motion. Furthermore, we
found that the relaxation time is inversely proportional to the
scattering vector, a behavior also related to collective motion of
particles.
Although the q range covered by USAXS−XPCS is small, its

relevant size range, however, is important to many material
systems, in particular soft materials such as various polymer
solutions and blends, organic and biological micelles, and
colloidal dispersions. It is also our hope that this first systematic
USAXS−XPCS study of simple colloidal systems serves as an
example to demonstrate the capability of USAXS−XPCS as a
new dynamic technique, a technique that can help in the
understanding of the vastly unexplored yet critically important
field of material dynamics.
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