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The microstructure and rheological properties of a model colloidal system was probed in the vicinity
of the glass transition by small-angle and ultra small-angle x-ray scattering, dynamic light scattering
�DLS� and bulk rheology. The volume fraction of the particles was deduced by modeling the
structure factor and the absolute scattered intensity in a self-consistent way. The glass transition
��G� was identified from the frequency dependence of the shear moduli in the linear regime. The
experimentally observed behavior was then compared with the viscoelastic properties derived from
mode-coupling theory �MCT� using the experimental structure factor as input to the theory. The
ensemble-averaged intermediate scattering functions from DLS measurements were also compared
with those calculated from the MCT and reasonable agreement was obtained. © 2009 American
Institute of Physics. �doi:10.1063/1.3240345�

I. INTRODUCTION

Colloidal suspensions have been widely used to mimic
supercooled liquid and glass transition in hard-sphere �HS�
systems.1–4 In a HS repulsive system, the glass transition at
high packing densities corresponds to the trapping of each
particle by the cage formed by its nearest neighbors.5,6 The
addition of a short-ranged attraction leads to a different glass
scenario, namely, the attractive glass, and these arrested
states have been an active area of research over the last
decade.7–13 In general, a good agreement between experi-
mental observations and predictions by mode-coupling
theory �MCT� as well as computer simulations has been
obtained.14–19 Nevertheless, one-to-one correspondence be-
tween the experimental microstructure and dynamical prop-
erties predicted by MCT is lacking to date. Therefore, the
understanding of colloidal glassy structure and dynamics is
still incomplete.

Experimentally, there are three major bottlenecks: �I� the
exact separation of the structure factor from the measured
intensity is still a challenging task; �II� for moderate polydis-
persities, the volume fraction of the particles is difficult to
obtain; �III� accurate dynamic measurements are not easy
due to nonergodicity, aging, and the presence of heterogene-
ities in the samples. From a fundamental point of view, the
dynamics of colloidal dispersions differ from those of atomic
systems in two respects. First, the short-time motion is dif-
fusive rather than ballistic. Second, hydrodynamic interac-
tions couple the motions of different particles in a compli-
cated and subtle way.

The purpose of this article is to probe the microstructure
and rheology of model colloidal glasses quantitatively and to
compare the derived viscoelastic properties with the predic-
tions by MCT using the experimental structure factor as in-
put to the theory. For HS colloidal glasses, the main control

parameter is the packing or volume fraction ��� of the par-
ticles assuming that the finite polydispersity of the particles
has a less critical influence on the glass transition. However,
experimentally � is often uncertain at the required precision.
Here, we have determined the effective � using the absolute
scattered intensity and known mass density of particles to-
gether with the modeling of the structure factor in a self-
consistent way.

In this work, we used the model colloidal system poly-
�methyl methacrylate� particles �PMMA� in cis-decaline. We
have determined the structure factor of interparticle interac-
tions using high resolution small-angle and ultra small-angle
x-ray scattering �SAXS and USAXS, respectively�, particle
dynamics by dynamic light scattering �DLS� and viscoelastic
properties from stress-controlled rheology. As mentioned be-
fore, the experimental structure factors were used as input to
the MCT calculations to predict the corresponding interme-
diate scattering function and rheological properties.

II. EXPERIMENTAL

A. Material

Colloidal particles consisted of PMMA core stabilized
by a thin layer ��10 nm� of poly�hydroxystearic� acid
�PHSA� and suspended in cis-decaline �Sigma-Aldrich�.1

The size of the particles was measured by SAXS with a
dilute suspension. The volume fraction ��� of the suspen-
sions was estimated from the structure factor measured by
means of USAXS and from the absolute intensity scale.

B. SAXS and USAXS

USAXS measurements were performed at the High Bril-
liance beam line �ID2�, European Synchrotron Radiation Fa-
cility in Grenoble �France�, using a Bonse–Hart camera.20

The crossed analyzer configuration in the setup permitted to
obtain intensity profiles, I�q�, directly in absolute scale,a�Electronic mail: narayan@esrf.eu.
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without any smearing. Typical USAXS scans provide
a useful q range of 10−3 nm−1�q�0.2 nm−1, where q
=4� /�0 sin�� /2�, � being the scattering angle. The incident
x-ray wavelength ��0� was 0.1 nm in all the experiments.
The samples were loaded in thin walled flat glass capillaries
with 0.5 or 1 mm thickness. Additional SAXS measurements
were made using the pinhole camera, with 10 m sample to
detector distance, corresponding to a q range between 0.01
and 0.3 nm−1. The scattering form factor was measured us-
ing a flow through capillary of �2 mm diameter, where the
sample and solvent scattering can be measured at the same
place allowing very reliable subtraction of the background.
Both SAXS and USAXS measurements were performed at a
temperature of 20 °C.

C. Rheology

High resolution rheology was carried out using a stress-
controlled rheometer �Haake, RS300 equipped with micro-
torque option� having a plate-plate geometry, thermostated to
�0.01 °C. For the rheology experiments, the suspensions of
PMMA particles were homogenized at ambient temperature
and then transferred to the plates maintained at 18 °C in
order to minimize solvent evaporation. The thickness of the
sample was 0.5 mm and special care was paid in the deter-
mination of the diameter of the sample for each measurement
performed. The evaporation losses were reduced using a sol-
vent trap and by limiting the duration of the experiment to
less than 24 h. The rheological behavior was probed both in
the linear and nonlinear regime, which were accurately es-
tablished by preliminary stress sweep measurements. In ad-
dition, the sinusoidal form of the response signal was
checked for each run in order to verify the absence of pos-
sible slip at the wall. After the experiment, a portion of the
sample was aspirated into flat x-ray capillaries in order to
determine � using USAXS.

D. DLS

DLS experiments were performed using a goniometer
�ALV GmbH� fitted with a temperature controlled toluene
bath. The incident laser wavelength was 532 nm �20 mW,
diode pumped, frequency doubled Nd-YAG laser, Melles-
Griot�. An ALV 5000-E dual channel correlator was used to
record simultaneously the intensity autocorrelation function
g�2��q , t�. Measurements were performed at the scattering
angle �=90° for the suspension at high volume fraction. The
ensemble-averaged intensity was estimated by measuring the
scattering from different parts of the sample. DLS samples
were contained in cylindrical borosilicate capillaries of a di-
ameter of 1.5 mm. The refractive indices of particles and
solvent are 1.49 and 1.48, respectively. Under these condi-
tions, the DLS measurements do not significantly suffer from
multiple scattering.

III. THEORETICAL BACKGROUND

A. Static Structure

The scattering intensity I�q� from a colloidal suspension
of monodisperse particles can be expressed as follows:

I�q� = NV2��2P�q�S�q� , �1�

where N is the colloid number density, V is the particle vol-
ume, �� is the scattering contrast, P�q� is the form factor
describing the shape of the particles, and S�q� is the structure
factor describing the interparticle interactions.21 In the case
of a relatively dilute suspension, S�q��1 and I�q� is gov-
erned by the shape of the scattering objects. However, col-
loidal particles have a size distribution which in this case can
be approximately described by a Schulz size function, f�R�.22

The measured I�q� for a dilute suspension of PMMA par-
ticles is adequately described by a core-shell P�q� function
weighted by the size distribution,

I�q� = N�
0

	

P�q,R�f�R�dR , �2�

f�R� = �Z + 1

Rm
	Z+1 Rm

Z


�Z + 1�
exp�−

Z + 1

Rm
	 , �3�

P�q,R� = �16�2/9����core − �shell�Rc
3F�q,Rc�

− ��solvent − �shell��Rc + tsh�3F�q,Rc + tsh��2, �4�

where Rc is the size of the core particle, tsh is the shell thick-
ness, �core, �shell, and �solvent are the scattering length densities
of the core, shell, and solvent, respectively,21 and F�q ,Ri�
indicates the scattering amplitude of a sphere of radius Ri

and P�q ,Ri�=F2�q ,Ri�, with

F�q,Ri� = 3�sin�qRi� − �qRi�cos�qRi��/�qRi�3. �5�

The suspensions at high volume fractions were modeled us-
ing the structure factor of HS, calculated by the Ornstein–
Zernike integral equation within the Percus–Yevick �PY�
approximation.23 In the monodisperse case, the structure fac-
tor is related to � and to the interparticle interaction poten-
tial, V�r� through C�q� which represents the Fourier trans-
form of the pair correlation function, C�r�23

S�q� = 1/�1 − NC�q�� . �6�

For a HS system N is related to � as �=�N�3 /6, where � is
the effective HS diameter ideally given by the core-shell di-
ameter ��=2�Rc+ tsh��. The PY solution at high � is known
to overestimate the peak of S�q�. Thus, S�q� is calculated
using a reduced volume fraction �� as given by the Verlet
correction,23 i.e., ��=�real−�real

2 /16.
For a polydisperse system, S�q� and P�q� are coupled

and the effective structure factor, SM�q�, involves both S�q�
and P�q�.21,22 For the experimental HS parameters and poly-
dispersity, SM�q� was calculated using the generalized indi-
rect Fourier transform �GIFT� package.24

Above the glass transition, I�q� showed an upturn at low
q values that could be a signature of static heterogeneities. In
this case, the excess intensity is described by an additional
Lorentzian term,25 Sc�q�

Sc�q� =
I0

�1 + q2�2�p , �7�

where � is proportional to the size of the heterogeneities and
p is a power law exponent, with 2p�df, the fractal dimen-
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sionality and p=2 for compact clusters. The total intensity
including the Lorentzian term is given by:

I�q� = NV2��2
P�q���SM�q� + Sc�q�� , �8�

where 
P�q�� is the polydisperse P�q� function and in the
monodisperse case, SM�q��S�q�.

B. Rheology

Rheological measurements were carried out both in the
linear and nonlinear viscoelastic regimes. Preliminary stress
sweeps have been performed in order to determine the yield
threshold �y� for each colloidal suspension investigated. For
���G, the frequency behavior of the elastic �G�� and vis-
cous �G�� components is typical of a viscoelastic fluid, with
G��G�. Their low frequency response showed the limiting
power laws correspond to the classical Maxwell behavior:26

G� � �2

�9�
G� � � .

The glass transition was identified by the weaker frequency
dependence of G� and G�.27–29 In the glassy state, the fre-
quency dependence of G� and G� in the linear regime was
described within the model proposed by Mason and Weitz,29

based on MCT combined with hydrodynamic flow equations,
introduced to describe the high frequency behavior:

G���� = Gp + G��
�1 − a�cos��a

2
	��t��a

− B
�1 + b�cos��b

2
	��t��−b + GD� ��� ,

�10�

G���� = G��
�1 − a�sin��a

2
	��t��a

+ B
�1 + b�sin��b

2
	��t��−b + GD� ��� + �	� .

The parameters a and b were determined from the value of
the critical exponent,30 �, derived from the MCT analysis.
For the PMMA system, � was found to be �0.67 corre-
sponding to a=0.34 and b=0.69. These exponents are
slightly different from the ones for monodisperse HS, and
they signify the deviation from ideal HS behavior. The am-
plitude B was fixed to the expected value of 0.963.3 Thus, the
free fitting parameters were the plateau modulus �Gp�, the
time �t�� which is related to frequency where the minimum
of G� is observed, the viscoelastic amplitude �G��, the high
frequency suspension viscosity ��	� and GD� , calculated from
the short-time diffusion coefficient.29 Finally for glassy
samples, a power law behavior of the two viscoelastic
moduli was also observed for applied stress well above the
yield point.

C. MCT

MCT is a first-principle theory, based on uncontrolled
approximations, which predicts the glass transition in terms
of an ergodic to nonergodic transition.2,3,5 It also describes

the full dynamical behavior �except for a microscopic time-
scale� of a system in the vicinity of the glass transition. A
great advantage of the theory is that it can predict the dy-
namics using static information as only input.

MCT has been applied for a long time to experimental
HS realizations, providing a good description of the glass
transition.6,14 However, a discrepancy of about 10% in the
value of �G is usually found.3 This discrepancy can improve
either with better approximations involved in the derivation
of MCT equations31 or with a better estimate of the input
S�q�. For this reason, in this study we apply the theory di-
rectly using the experimental structure factor, taking advan-
tage of the extended q-range of the measurements, which
allows to probe the full behavior of S�q� from the compress-
ibility limit to its final asymptotic limit of 1. For simplicity,
we neglect the polydispersity of the particles and treat it as
an effective monodisperse system with the experimental
S�q�. The polydispersity effects, which in general smear out
the peaks of S�q� as it will be shown in the following, is not
expected to have a dramatic effect on the glass transition for
HS systems, apart from a shift in the transition point and
some changes in the characteristic exponents. Differently,
such effects would become relevant in the case of systems
with additional short-ranged attractive interactions, where
the mechanism for arrest is dominated by the large-q signal
in S�q�,32,33 for which therefore a truly multicomponent
MCT treatment should be applied.

The MCT equations were solved for 2000 q values rang-
ing from 0 to 0.533 nm−1, in order to ensure a full decay to
zero for the glassy nonergodicity parameters. Experimental
structure factors show oscillations up to 0.3 nm−1, above
which we set them equal to 1, since the residual oscillations
are very small.

The viscoelastic properties of the system can be calcu-
lated in the mode-coupling approximation. In particular, the
stress correlation function �C���t�� is related to an integral
over all wavevectors of the density correlation functions
fq�t�:34

C���t� =
kBT

60�2�
0

	

dqq4�d ln S�q�
dq

fq�t�2

, �11�

where C���t� is measured in units of kBT /�3. In order to
calculate elastic and viscous moduli, the stress correlation
functions calculated from Eq. �11� have to be Fourier trans-
formed

G��� = i�C̃��� , �12�

where C̃��� is the Fourier transform of C���t�. The qualita-
tive comparison between MCT predictions for the viscous
and elastic moduli and the experimental rheological behavior
will be discussed in the Results section.

D. Dynamics

In the DLS experiments, the normalized time autocorre-
lation function, g�2��q , t�, was measured35
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g�2��q,t� =

I�q,0�I�q,t��


I�q,0��2 , �13�

where I�q , t� is the scattered intensity at a given wavevector
q and time t. The g�2��q , t� function is related to the normal-
ized intermediate scattering function, f�q , t�, assuming that
the system is an ergodic media36,37

g�2��q,t� = 1 + ��f�q,t��2, �14�

where � is the coherence factor of the instrument.
For diffusive behavior, f�q , t� at short times decays by an

exponential function:

f�q,t� � exp�− Dsq
2t� , �15�

where Ds is the short-time diffusion coefficient and the cor-
responding relaxation time D=1 / �Dsq

2�. When the system
becomes nonergodic, the particles are trapped in the cages
formed by their neighbors and the measured g�2��q , t� varies
when scanning through different positions in the sample.
Therefore, for nonergodic systems the time and ensemble
average are no longer equivalent and f�q , t� decays to a finite
value, the so called nonergodicity parameter f�q ,	�, which
represents the frozen component of the fluctuations.8 f�q , t�
and f�q ,	� are then obtained according to36,37

f�q,t� = 1 +

I�q��t


I�q��E
��1 + gt

�2��q,t� − gt
�2��q,0� − 1� , �16�

f�q,	� = 1 +

I�q��t


I�q��E
��2 − gt

�2��q,0� − 1� , �17�

where 
I�q��t and 
I�q��E indicate the time-averaged and
ensemble-averaged intensity, respectively. The experimental
f�q , t� is directly related to the theoretical fq�t�.

IV. RESULTS

A. Colloidal particles characterization

In Fig. 1, I�q� from the combination of USAXS and
SAXS measurements for a dilute suspension of PMMA in
cis-decaline is shown. The data were fitted using the polydis-

perse core-shell spherical scattering function Eqs. �2�–�4�
weighted by a Schulz size distribution �implemented in

SAXS utilities program38� with mean core radius R̄c of
107 nm and polydispersity of 10%. The shell thickness was
fixed to 10 nm, on the basis of the size of the stabilizer. The
volume fraction evaluated from the absolute intensity level is
�0.005.

B. Microstructure

The evolution of the structure of PMMA suspension
from the fluid to glassy state is shown in Fig. 2. The fitted
line for I�q� in the fluid state results from Eq. �1� with the
P�q� function in Fig. 1 and a monodisperse HS S�q� calcu-
lated using an effective diameter, � of core-shell particles.
However, the effective HS diameter was found to be slightly
smaller than the size calculated from the form factor analysis
in both the fluid and glassy states ���225 nm�, with �

=2�Rc+ tsh�−� due to possible interpenetration of particle
shells at these high volume fractions. In the glassy state, in
addition to HS structure, an upturn of intensity was observed
at low q values. This is attributed to large scale heterogene-
ities in the sample and the total intensity is described by Eq.
�8�. The polydispersity of the particles is known to influence
not only the P�q� function, but also S�q�. The deviation be-
tween the data and the fits is a consequence of the use of
monodisperse S�q�. The polydisperse structure factors, SM�q�
deduced from I�q� in Fig. 3�a� and the experimental P�q� are
shown in Fig. 3�b�. The transition from fluid to glassy state is
monitored by the shift in the first structure factor peak to-
ward higher q values and by the increase in its height. In Fig.
3�c� we show a comparison between the experimental data
for the volume fraction ��0.54, and S�q� calculated via PY
closure for the monodisperse HS case, as well as the SM�q�

FIG. 1. SAXS intensity pattern I�q� for dilute suspension of PMMA
���0.005�. The solid line represents the best fit to core-shell spherical
form factor weighted with Schultz size distribution; mean core radius
Rc=107 nm and polydispersity 10%.

FIG. 2. Combined USAXS and SAXS intensities and corresponding fits to
Eqs. �1� and �8� �solid lines� for PMMA suspensions of ��0.54 �open
circles� and ��0.59 �open squares�, respectively. The effective � was
225 nm. USAXS and SAXS intensities were merged at q�0.025 nm−1.
Inset presents the corresponding experimental SM�q� derived from I�q�. For
better visibility both the absolute I�q� and the corresponding SM�q� of higher
� are multiplied by 10.
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obtained using the GIFT for two different values of polydis-
persities around the experimental one. While the inclusion of
polydispersity goes in the direction of improving the data
description, it remains rather unsatisfactory. This suggests
that PMMA particles deviate from polydisperse HS behavior
at the microstructural level. A further improvement may be
obtained using the approximation developed by Gazzillo and
Giacometti,39 but the need for a precise description of S�q�
even at large wavevectors for the use of MCT prompted us to
rely exclusively on the experimental data.

C. Rheology

In order to characterize the glass transition, we per-
formed bulk rheology investigations. Figure 4�a� depicts the
typical yielding behavior of the sample and the correspond-
ing elastic �G��, and the viscous �G�� components as a func-
tion of the applied stress �� for PMMA suspension of �
�0.57, at �=0.628 rad /s. As previously reported,40 G�
shows a peak near the yield point ��3 Pa�, typical feature
observed in soft glassy materials,27 which is a sign of the
structural rearrangements occurring in the system. The varia-
tion in the elastic and viscous components below �=1 Pa�
and well above �=10 Pa� the yield point �y� is shown in
Fig. 4�b�. At low stress values, G� and G� show only a weak
frequency dependence demonstrating the glassy behavior of
the sample,27 while the application of large enough stress
well above the yield stress causes the glass to flow and the
terminal behavior is approached �G���2, G����. At 
=1 Pa the model proposed by Mason and Weitz29describes
the experimental data when the elastic component is the
dominant one. The fast dynamics involving the hydrody-
namic interaction has been independently obtained from
DLS measurements and incorporated in the frequency depen-
dence of the viscoelastic modulus. The dependence of the

(b)

(a)

(c)

FIG. 3. �a� Measured I�q� for different volume fractions of PMMA in cis-
decaline. For clarity, the absolute intensities are multiplied by the factor
indicated in the legend. �b� The evolution of SM�q� deduced from the
measured I�q� in the liquid to the glassy states. �c� S�q� corresponding to
��0.54. The lines indicate the corresponding simulation of polydisperse
SM�q�PY, for �=225 nm and polydispersity in size distribution from 0 up to
10%.

(b)

(a)

FIG. 4. �a� Rheological measurements at a frequency of �=0.628 rad /s
showing G� �open symbols� and G� �filled symbols� as a function of the
applied stress  for PMMA suspension of ��0.57. The dashed line indi-
cates the yield point, y. �b� The frequency dependence of the storage G� and
loss G� modulus for PMMA suspension of ��0.57, showing glassy
�=1 Pa� and fluid behavior �=10 Pa�, respectively, as a function of the
applied stress. The solid lines represent the best fits to Eqs. �10� and �9� for
the glassy and fluid states, respectively.
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fitting parameters �Gp, G�, and t�� on the volume fraction is
shown in Fig. 5. Gp and the viscoelastic amplitude G� in-
crease considerably with �, in analogy with similar results
reported on different PMMA samples.40,41

In Fig. 6 the stress correlation function C���t� calculated
within MCT �Eq. �11�� using the experimental S�q� as input,
is shown for three different volume fractions, above and be-
low the predicted MCT transition. Recently, a comparison
between the computer simulations and MCT results for
C���t� for both HS and attractive glasses42,43 has been re-
ported, showing that the maximum contribution for the inte-
gral determining C���t� in Eq. �11� occurs at a well-specified
wavevector, which for HS glasses is found to be close to the
first peak of S�q�. This means that the relaxation of the stress
correlation is controlled by the same length-scale controlling
arrest at the local level. Here, we provide a comparison be-
tween C���t� and the �squared� density correlator fq

2�t� at the
main peak of S�q� �i.e., q��7.5�. However, we find that this
choice of wavevector does not describe well the long-time

relaxation of C���t�, while instead a very good agreement is
obtained if we consider a larger wavevector, i.e., q�=9.5,
which is actually close to the first minimum of S�q�. The
origin of this discrepancy may be attributed to a combination
of factors including the size polydispersity and softness of
interaction potential. However, we want to stress that, in
agreement with the simulation results of Puertas et al.,42,43 a
dominant length-scale contributing to the integral appearing
in Eq. �11� is responsible for describing the full long-time
behavior of C���t� also in our particular case.

Figure 7 I and II show the behavior of the elastic G� and
viscous G� moduli from MCT calculations using SM�q� data
in Fig. 3�b�. For a comparison, Fig. 7 III and IV illustrate the
corresponding experimental data as a function of increasing
volume fraction. Experimentally, we observe that the fluid
state is located below ��0.56; at the volume fraction of
0.55, fluidlike behavior is indeed observed over the full
range of stress investigated. To track more precisely the lo-
cation of the predicted MCT transition, we have also inter-
polated data in the range 0.57���0.58. Theoretically, we
observed the ergodic to nonergodic transition ��G� around
��0.571, a value quite close to the experimental one.
Hence, the direct use of experimental S�q� significantly im-
proved the location of the MCT transition, despite the fact
that we used a monodisperse approximation for the system.
The MCT exponent parameter � is found to be �0.67, quite
close to the typical HS one.3

Comparing the theoretical curves for G� and G� with the
experimental ones over the same frequency window, we ob-
serve a qualitative agreement between the MCT and the ex-
perimental data, though a significant underestimation of both
moduli is found similar to that observed in the comparison
with simulations reported in Ref. 43. These findings suggest
that the mode-coupling approximation for the stress correla-
tion function, used to derive Eq. �11� is too severe, missing
out some substantial contributions to the stress relaxation,
though its functional form appears to be correctly predicted.
The value of the glass transition ��G� from MCT is also
reported in Fig. 8, together with the dependence on � of the
yield stress y, obtained from the rheological investigation.

To complete the comparison between MCT and experi-
ments, in Fig. 9 we report the experimental and the predicted
f�q , t� from MCT for various volume fractions using the ex-
perimental SM�q�. The microscopic time has been chosen to
be �3.5 ms, in order to match the experimental time win-
dow. We observe a quite remarkable agreement between the
two sets of curves, both in terms of the growth of the relax-
ation time, of the functional form of the relaxation and also
on the value of the long-time plateau, considering that we
tried to compare sufficiently close values of � compatibly
with the available experimental measurements. We note that
the two sets of curves correspond to slightly different values
of the wavevector �q=0.0247 nm−1 in experiments versus
q=0.027 nm−1 for MCT�, such a shift being applied in order
to optimize the agreement, and again probably resulting from
the fact that the real system is polydisperse while we use a
monodisperse theoretical treatment.

Finally, we have attempted similar analysis using the

FIG. 5. Volume fraction dependence of the parameters �a� Gp, G�, and �b�
t� obtained from the fit to Eq. �10� above �G.

FIG. 6. MCT predictions for the stress correlation function C���t� for the
volume fractions of 0.56, 0.571, and 0.59. The squared density correlation
functions, fq

2�t�, arbitrarily scaled in amplitude in order to overlap the long-
time behavior, calculated for q�=7.5 and 9.5 are also shown.
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experimental S�q� data for a model attractive colloidal glass
system consisting of silica particles suspended in a marginal
solvent �n-dodecane�.44 However, in this case the smearing
of high q oscillations in the SM�q� due to polydispersity led
to a suppression of the attractive glass transition. In other
words, experimental S�q� and one component MCT is not
sufficient to predict an attractive glass transition and full
multicomponent analysis is required.

V. DISCUSSION

The static structure, dynamics, and rheological behavior
of a model colloidal system was studied over a concentration
range in the vicinity of the glass transition. The model sys-
tem presented here is convenient for testing the theoretical
predictions, as well as for quantitative scattering studies. The
combination of SAXS and USAXS provided quantitative
S�q� data which could be used as input to MCT. The volume
fraction is often an uncertain parameter in colloid science. As
shown here, the volume fraction can be deduced in situ using
the S�q� together with the absolute scale of I�q�. However, it
has been shown that SM�q� deviates appreciably from theo-
retical polydisperse models. These deviations from the ideal
HS behavior were observed at high volume fractions, which
could have influenced the exact location of �G. MCT has
been shown to be very sensitive to structural features on the
nearest-neighbor length scale �i.e., the structure factor peak
values� when predicting the arrested state.45 Nevertheless, in
the case of HS, the use of the experimental S�q� as input for
MCT calculations seems to be able to predict quite accu-
rately the location of the glass transition, without requiring

FIG. 7. MCT predictions for G� �I� and G� �II� calculated from the experi-
mental S�q� of PMMA suspensions at different volume fractions. The MCT
transition is also indicated in the graphs. Experimental elastic G� �III� and
shear viscous modulus G� �IV� as a function of the frequency for PMMA
suspensions at different volume fractions.

FIG. 8. The yield stress �y� as a function of the volume fraction for con-
centrated suspension of PMMA particles. The dashed line indicates the
MCT prediction for the fluid to glass transition.

FIG. 9. Normalized intermediate scattering functions f�q , t� at q
=0.0247 nm−1 for PMMA suspension of ��0.54, 0.57 and 0.60. The direct
comparison with the theoretical behavior from MCT calculations at q
=0.027 nm−1 is also shown. Note that the temporal scale of MCT has been
rescaled to match the experimental time window �tMCT�3.5 ms�.
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the inclusion of higher order coupling terms in the MCT
kernel.

In the glassy state an intense low-q upturn in the scatter-
ing data seems to suggest the presence of static heterogene-
ities which disappears upon shearing. We note that, however,
this upturn is irrelevant for determining the MCT transition,
which was found to happen at a certain �G independently of
whether such low-q increase was included or not in the cal-
culations. The fluid to glass transition was accurately de-
tected experimentally from the frequency dependence of the
elastic and viscous components of the shear modulus. In the
fluid state, the terminal regime was observed, while above
the glass transition the model of Mason and Weitz29 was
found to satisfactorily describe the frequency dependence of
the shear moduli.

The MCT calculations qualitatively reproduce the ex-
perimental rheological behavior of the repulsive glass. Better
agreement was found for the elastic than the viscous compo-
nent, when comparing the same frequency window, but in
general the amplitudes of the moduli appear to be rather low.
In contrast to previous rheological studies on flow behavior
of colloidal thermosensitive core-shell particles,15,16 we did
not achieve a complete quantitative description of our ex-
perimental rheological parameters by the theory. The density
relaxation is however quite well described by the theory as
compared from DLS measurements, in agreement with pre-
vious experimental studies of HS glasses.6

VI. CONCLUSION

In this article we have reported a study of the micro-
structure and rheology of a model colloidal system in the
proximity of the glass transition. The combination of
USAXS and SAXS allowed a precise determination of the
S�q�, from the compressibility limit to its final high-q limit of
1. The effective � was estimated by the modeling of S�q�
together with the absolute scale of the scattering intensity.
Although, PMMA particles in cis-decaline are considered as
a model HS system, significant deviation from the PY model
structure factor is noticed at higher q ranges. This departure
from ideal HS microstructure could be at the origin of the
higher �G observed in this system.

The rheological properties were compared with those de-
rived from MCT using the experimental structure factors as
input to the theory. The experimental behavior of the vis-
coelastic moduli satisfactorily reproduced the predicted ones,
approaching the glass transition. While there is a qualitative
agreement with the viscoelastic properties calculated by
MCT, the direct comparison between theory and experiment
suggests that a one-to-one correspondence could not be
achieved. The use of a modified version of MCT, including
explicitly shearing effects in the memory kernel,15,16,46,47 is
probably the route to be pursued in future investigations.
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