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A thermally reversible repulsive hard-sphere to sticky-sphere transition was studied in a model colloidal
system over a wide volume fraction range. The static microstructure was obtained from high resolution small
angle x-ray scattering, the colloid dynamics was probed by dynamic x-ray and light scattering, and supple-
mentary mechanical properties were derived from bulk rheology. At low concentration, the system shows
features of gas-liquid type phase separation. The bulk phase separation is presumably interrupted by a gelation
transition at the intermediate volume fraction range. At high volume fractions, fluid-attractive glass and repul-
sive glass-attractive glass transitions are observed. It is shown that the volume fraction of the particles can be
reliably deduced from the absolute scattered intensity. The static structure factor is modeled in terms of an
attractive square-well potential, using the leading order series expansion of Percus-Yevick approximation. The
ensemble-averaged intermediate scattering function shows different levels of frozen components in the attrac-
tive and repulsive glassy states. The observed static and dynamic behavior are consistent with the predictions
of a mode-coupling theory and numerical simulations for a square-well attractive system.
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I. INTRODUCTION

One of the fascinating features of colloidal systems is that
they allow us to simulate the simplest interaction potential,
namely the hard-sphere potential �1,2�. The well-known ex-
ample is the sterically stabilized colloidal particles sus-
pended in a good solvent for the stabilizing layer �1�. It has
been well established that this simple system can exhibit
fluid, crystal, and glassy phases, as well as their coexistence
as a function of the volume fraction � analogous to that in
atomic systems �2�. Colloidal systems have the advantage
that the interparticle potential can be tuned. Moreover, the
length and the time scales of the microstructure and the dy-
namics are more accessible to laboratory experiments. As a
result these systems readily permit us to quantitatively verify
the predictions of statistical mechanical theories and com-
puter simulations �1,2�.

With the introduction of a short-ranged attractive interac-
tion to the repulsive hard-core potential, additional features
appear in the phase diagram. The classical example is the
Baxter’s sticky hard-sphere model �3�. This model potential
involves an infinitely deep attraction at close contact �sticky
surface�. The resulting phase diagram at low � range shows
a gas-liquid type phase separation with a critical point �4�.
Beyond the critical region, there exists a line of gelation
which extends to high � range. While Baxter’s model is
relatively simple to be studied using Ornstein-Zernike �OZ�

integral equation and Percus-Yevick �PY� approximation, it
has a rather unphysical infinitely deep potential at close con-
tact �5�. Consequently, the square-well �SW� attraction has
been proposed as a more realistic interaction than the Baxter
potential to mimic colloidal systems with short-ranged at-
traction �5,6�. In this case, the potential, V�r�, has a finite
width � and depth u. Recently, such colloidal systems have
received considerable renewed interest in terms of their dy-
namical properties �6–12�. Mode coupling theory �MCT�
�6,13� and computer simulations �CS� �14,15� have success-
fully predicted two different glass transitions �as schemati-
cally presented in Fig. 1�. In the conventional repulsive col-
loidal glass, the ergodicity is lost due to blocking of particle
diffusion by the dense surrounding cages formed by their
nearest neighbors. In the attractive glass, the particle motion
is jammed even at low � by the short-ranged attraction or
stickiness. The stickiness is characterized by the parameter
�B which is an effective temperature �5�. These two glass
lines meet at high � defining a reentrant transition of repul-
sive glass-fluid-attractive glass as the attractive interaction is
progressively increased for a certain range of � �6,13�. The
attractive glass line extends beyond the reentrant region to a
higher order singular point in MCT �A3� delineating a glass-
glass transition �8�. In experiments, similar dynamical arrest
including the reentrant transition �16–18� as that predicted by
theory and simulation have been observed in a diverse class
of short-ranged attractive colloidal systems �19–24�.

This paper presents a detailed investigation of the evolu-
tion of static structure and dynamics in a model short-ranged
attractive colloidal system. The experimental system con-
sisted of sterically stabilized silica particles in a marginal
solvent. In this case, the transition between attractive and

*Electronic address: narayan@esrf.fr
†Present address: DSM Research, P. O. Box 18, 6160 MD Geleen,

The Netherlands.

PHYSICAL REVIEW E 74, 051504 �2006�

1539-3755/2006/74�5�/051504�12� ©2006 The American Physical Society051504-1

http://dx.doi.org/10.1103/PhysRevE.74.051504


repulsive states is thermally reversible and occurs at a well
defined temperature, TA. As a result the attractive interaction
can be turned on and off by a simple variation of tempera-
ture. The phase diagram and static microstructure were ob-
tained from quantitative ultra small-angle x-ray scattering
�USAXS� experiments. The dynamical behavior was probed
by dynamic light scattering and x-ray scattering �DLS and
DXS, respectively�. These dynamic scattering studies were
complemented by bulk rheological measurements allowing
us to extract the low-frequency mechanical properties of the
system. The present work directly investigated the evolution
of SW parameters and the corresponding changes in dynami-
cal behavior at different � ranges. As � is systematically
increased, the intermediate range clustering and gelation be-
havior crossed over to a region of higher order glass transi-
tions. In this higher � region, the static structure factor
showed only subtle variations but particle dynamics and bulk
rheology changed dramatically with the onset of attraction.
From the long time behavior of intermediate scattering func-
tion and the frequency dependence of shear moduli, a tran-
sition between attractive and repulsive glasses was identified.
At still higher ��0.6, the repulsive-attractive glass transi-
tion appears to be characterized by a peculiar dynamical state
suggestive of slow propagation and damping of acoustic
waves in the sample. In addition, the yielding behavior of
attractive glass and the transition to fluidlike behavior were
examined.

II. THEORETICAL BACKGROUND

A. Static structure

The scattered intensity I�q� from a colloidal suspension of
monodisperse spherical particles can be expressed as follows
�25�:

I�q� = Np��2Vp
2P�q�S�q� , �1�

where Np is the colloid number density, ��=�p−�m is the
scattering contrast with �p and �m being the x-ray scattering
length densities for the particle and the suspending medium,
respectively. Vp is the average particle volume, P�q� is the
form factor describing the shape of the particles, and S�q� is
the structure factor of interparticle interaction. The scattering
vector, q= �4� /�0�sin�� /2�, depends on the scattering angle
� and the incident x-ray wave length �0.

P�q� can be determined from a dilute noninteracting
sample. The measured P�q� for the silica colloidal particles
used in this work is adequately described by a polydisperse
sphere scattering function with Schulz size distribution. In
this case, the polydisperse P�q� ��P�q��� has an analytical
expression �26�.

The structure factor of a short-ranged interacting colloidal
system can be calculated using the OZ integral equation and
the PY approximation �27�. The resulting S�q� �SPY�q�� is
related to � and the interparticle potential V�r� through the
direct correlation function C�r��27�

S�q� = 1/�1 − NpC�q�� , �2�

where C�q� is the Fourier transform of C�r�. For a hard-
sphere system, Np is related to � as

�HS = �Np�3/6 �3�

where � is the effective hard-sphere diameter, which in-
cludes not only the diameter of the core but also the nonpen-
etrable thickness of the shell.

For a short-ranged attractive system the interparticle in-
teraction is approximately described by hard-sphere repul-
sion with an attractive square-well potential �5,6,28,29�

V�r� = �	 0 
 r 
 �

− u � � r � � + �

0 � + � 
 r

, �4�

where u and � are the depth and the width of the attractive
square well, respectively. The strength of attraction is char-
acterized by the stickiness parameter �B �5�,

�B = �1/�12���exp�− u/kBT� , �5�

with

� = �/�� + �� . �6�

C�q� for a square-well attractive system can be expressed
analytically using the leading order series expansion of the
PY approximation �5,6,28,29� with the effective volume
fraction �SW,

�SW = �Np�� + ��3/6. �7�

The S�q� of the square-well system can also be calculated in
the mean spherical approximation �MSA�, which assumes a
constant C�r� within the well �6,25�. However this solution
has a tendency to over-predict the potential well parameters
and a suitable rescaling is necessary to compare with the
numerical results �6�.

FIG. 1. �Color online� A schematic phase diagram of spherical
particles interacting by a square-well potential, illustrating the re-
pulsive �B1� and attractive �B2� glass transition lines which meet at
high � near the third order singular point A3 in MCT. At interme-
diate �, the approach to the phase separation and the associated
critical point is interrupted by B2. The indicated values of � and �B

are obtained experimentally in this work.
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The polydispersity of the particles not only influences
P�q� but also S�q� �27�. Therefore, the interparticle interac-
tion of a polydisperse system is described by an effective
S�q� �SM�q��. At low and intermediate �, SM�q� can be cal-
culated using the decoupling approximation, which has an
analytical expression in the case of a Schulz size distribution
�26�. In this approximation, SM�q� is related to the monodis-
perse S�q� by the following expression �26,27�:

SM�q� = 1 +
�F�q��2

�F2�q��
�S�q� − 1� , �8�

where F�q� is the form amplitude with �P�q��= �	F�q�	2�. The
decoupling approximation has limited applicability and it
fails at high � and high polydispersities �30�. As a result, the
monodisperse S�q� works better in the low q region for high
� at low polydispersity. Even at intermediate �, Eq. �8�
tends to overpredict SM�q� in the low q range, which leads to
an underestimation of u for a SW system.

Furthermore, PY solution at high � is known to overpre-
dict the peak of S�q�. As a result the S�q� needs to be calcu-
lated, using a reduced volume fraction �� as given by the
Verlet correction �27�,

�� = � − �2/16. �9�

When the particles become sufficiently attractive, they
form clusters which give rise to an excess scattering at low q.
This additional scattering can be described by a Lorentzian
term Sc�q� corresponding to the structure factor of the col-
loidal clusters �31�,

Sc�q� =
IM

�1 + q22�p , �10�

where IM and  are proportional to the average mass and
characteristic size of the clusters, and p is a power-law ex-
ponent related to the fractal morphology of the clusters. The
exponent p�df /2, where df is the fractal dimension of the
clusters.

The total intensity in the decoupling approximation in-
cluding the cluster term is given by

I�q� = Np��2Vp
2�P�q���SM�q� + Sc�q�� . �11�

In the analysis of the low and the intermediate � range Eq.
�11� will be used. At very high �, the cluster contribution is
not apparent over the measured q range and the correspond-
ing I�q� will be analyzed using Eq. �1� with a polydisperse
P�q�.

B. Dynamics

The dynamic light or x-ray scattering experiment provides
the normalized time-averaged intensity auto-correlation
function, gT

�2��q , t� �32�. The quantity of interest is the inter-
mediate scattering function, f�q , t�, obtained from the
ensemble-averaged auto-correlation function, gE

�2��q , t�,
which is related to the dynamic structure factor S�q , t�.

For an ergodic medium, time and ensemble averages are
equivalent, gT

�2��q , t�=gE
�2��q , t� �33,34�, and f�q , t� is calcu-

lated from the measured gT
�2��q , t� �33,35�,

gT
�2��q,t� = 1 + gT

�2��q,0��f�q,t��2. �12�

For a purely diffusive system, f�q , t� at short times decays
by an exponential function

f�q,t� � exp�− Dsq
2t� , �13�

where Ds is the short-time diffusion constant and the corre-
sponding relaxation time �c=1/ �Dsq

2�. In the case of attrac-
tive particles, when their motion is constrained due to sticki-
ness, the corresponding f�q , t� decays by a stretched
exponential function �36–38�,

f�q,t� � exp�− �t/�s��� , �14�

where � is the stretching exponent, �s is related to �c by �c
=��1/����s /��, and � is the usual gamma function �25�.

In the extreme case when the system becomes nonergodic,
i.e., the particle diffusion is blocked either by the cages
formed by the neighboring particles �repulsive glass� or by
the stickiness �attractive glass�, the measured gT

�2��q , t� at a
particular angle varies strongly when scanning through dif-
ferent positions in the sample. In this case, f�q , t� can be
extracted by two different methods. The former involves de-
termining the ensemble averages by summing gT

�2��q , t� over
a large number of sample positions. In the latter approach,
f�q , t� is calculated from a single gT

�2��q , t� and the corre-
sponding time-averaged intensity �I�q��T at a particular posi-
tion in the sample, together with I�q� measurements averaged
over many positions in the sample �I�q��E �33,35�,

f�q,t� = 1 +
�I�q��T

�I�q��E
�
1 + gT

�2��q,t� − gT
�2��q,0� − 1� . �15�

In this study, the latter approach is used to obtain f�q , t�.
For a nonergodic system, f�q , t� decays to a finite value,

f�q , 	 �, which is called the nonergodicity parameter �7�.
f�q , 	 � represents the frozen component of the fluctuations
�34�,

f�q, 	 � = 1 +
�I�q��T

�I�q��E
�
2 − gT

�2��q,0� − 1� . �16�

As a result, f�q , t� is a very sensitive quantity to differen-
tiate between fluid, repulsive, and attractive glassy states.

C. Rheology

The rheology is a very powerful technique to distinguish
between fluid, gel, and glassy states, provided the appropri-
ate linear viscoelastic range is selected. The low-frequency
elastic and loss moduli, G� and G�, respectively, show
power-law dependence on angular frequency � �39�,

G� � ��2 for x � 3

�x−1 for 1 
 x 
 3
, �17�

G� � �� for x � 2

�x−1 for 1 
 x 
 2
. �18�

The transition from fluid to glass is characterized by a mean-
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field noise temperature x that is equal to 1 at the glass tran-
sition, higher than 1 for fluidlike behavior, and lower than 1
in the glassy state. At the glass transition both moduli be-
come nearly frequency independent �39–42�.

III. EXPERIMENTAL TECHNIQUES

The USAXS measurements were performed at the High
Brilliance beamline �ID2� at the European Synchrotron Ra-
diation Facility �ESRF� in Grenoble, France using a Bonse-
Hart instrument �43�. This setup involved two crossed ana-
lyzers which permitted us to obtain intensity profiles, I�q�,
directly in an absolute scale without any smearing. The in-
tensity was recorded with a high dynamic range avalanche
photodiode. Typical USAXS scans provided a useful q range
of 10−3 nm−1
q
0.2 nm−1. The incident wavelength ��0�
and intensity were 1 Å and 5�1012 photons/s, respectively.
For q
6�10−2 nm−1 the beam intensity was attenuated by
more than 15 times. Optionally, the coherent part of the beam
was selected with a small slit setting �0.03�0.03 mm� and
the scattered signal was fed to an ALV 5000-E dual channel
correlator. This allowed us to record simultaneously the
intensity-intensity autocorrelation function gT

�2��q , t�. Supple-
mentary SAXS measurements were made using the 10 m
pinhole SAXS camera at ID2, covering the q range
0.01 nm−1
q
0.5 nm−1. The measured two-dimensional
�2D� patterns were normalized to an absolute scale and azi-
muthally averaged to obtain the I�q�. Additional DXS �x-ray
photon correlation spectroscopy� measurements were per-
formed at the Troïka beamline �ID10A, ESRF�, which is op-
timized for coherent scattering experiments �44�. In this case,
the coherent beam was defined by a 12 �m pinhole, which
gave a flux of 109 photons/s and the intensity was recorded
using a scintillator detector coupled to an ALV 5000-E cor-
relator. The incident wavelength was 1.6 Å in that setup. To
limit radiation damage and beam heating, the sample was
translated �avoiding continuous exposure at the same posi-
tion� in between the measurements in both USAXS and DXS
experiments. Possible multiple scattering in the USAXS re-
gion was checked by comparing the width of the rocking
curve.

DLS experiments were carried out using a ALV goniom-
eter fitted with a toluene bath. The incident laser wavelength
was 532 nm �30 mW, diode pumped, frequency doubled
Nd-YAG laser, Melles-Griot�. The scattered intensity was
recorded with an avalanche photodiode. The correlator was
the same as that used in the DXS experiments. Only the
measurements done at an angle of 90° are reported here. The
acquisition time �ta� of each gT

�2��q , t� was 600 s. The
ensemble-averaged intensity was estimated by rotating the
sample.

Samples for USAXS and DXS were contained in thin-
walled flat borsilicate glass capillaries with sample thickness
0.5 or 1.0 mm for dilute samples. The capillaries were flame
sealed to avoid evaporation loss. The form factor was mea-
sured using an in-vacuum flow-through capillary cell which
reduced the background scattering and allowed to subtract
the remaining background precisely. DLS samples were con-
tained in cylindrical borsilicate capillaries of a diameter of

1.3 mm. The refractive indices of particles and solvent are
1.45 and 1.43, respectively. Under these conditions, the DLS
measurements do not suffer significantly from multiple scat-
tering. Supplementary USAXS experiments were performed
on the same samples used in DLS. This permitted us to de-
termine the S�q� and � by USAXS.

For USAXS and DXS the sample was placed in a ther-
mostated oven with temperature stability better than
±0.005 °C. For DLS, the temperature of the toluene bath
was regulated within 0.2 °C using an external water bath
�Huber�. Prior to measurements, samples were homogenized
at the high temperature fluid state.

High resolution rheology was performed using a stress-
controlled rheometer �Haake, RS300 with microtorque op-
tion� with plate-plate geometry thermostated to ±0.01 °C.
Typical sample diameter and thickness were 8 and 0.5 mm,
respectively. The gap was varied to check the influence on
the measurement. Special care was exercised for reducing
the evaporation losses using a solvent trap and correcting for
the real size of sample between the plates. However, the
maximum duration of the experiment was still limited to less
than 24 h. The applied low-frequency oscillatory stress was
well within the linear viscoelastic range which was verified
by a stress sweep at each temperature for several � values. In
addition, the sinusoidal form of the response signal was
checked for each measurement. After the experiment, the
sample was extracted and � was determined by USAXS.

IV. MATERIALS

The silica particles were prepared using the Stöber
method �45� and subsequently grafted with stearyl alcohol
�1-octadecanol� using the well-known procedure �46�. The
particles were stored in cyclohexane where they remain
stable for years.

The required amount of samples were prepared by evapo-
rating the cyclohexane and resuspending in n-dodecane
�Sigma-Aldrich, 99%� in a clean glass vial. In order to re-
move possible permanent aggregates, the original suspension
in cyclohexane was filtered through millipore filters
�0.4 microns�. After the addition of the required amount of
dodecane, the vial was heated to 60 °C and agitated in an
ultrasonic bath for more than 20 min. The samples for x-ray
and light scattering measurements were transferred to the
scattering cells at higher temperature �above 60 °C� where
the particles form a stable suspension. For the concentrated
samples, the hot suspension was aspirated into an open cap-
illary using a gas-tight syringe �Hamilton� and then flame-
sealed on both ends. In order to determine the scattering
length density of the particles, a dilute suspension ��

0.01� was prepared in chloroform. The contrast was varied
by diluting the stock solution with cyclohexane. In order to
account for the volume of mixing in binary solvent mixtures
used for the contrast variation experiment, the density of
each mixture was determined by an ANTON PAAR DMA 58
density meter. Both chloroform and cyclohexane are good
solvents for the stearyl chains.

For the rheology experiments, the suspension was homog-
enized at 60 °C in the glass vial and then transferred onto the
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lower plate maintained at 18 °C �in order to avoid solvent
evaporation� using a spatula. After the rheological experi-
ment, a portion of the sample was extracted into flat x-ray
capillaries for the determination of � using USAXS.

V. RESULTS

A. Particle characterization

Figure 2 shows the I�q� of a dilute sample in dodecane at
50 °C ���0.0001� obtained by SAXS. The continuous line
is a fit to the polydisperse sphere model. The polydispersity
is described by a Schulz size distribution with a mean par-

ticle radius R̄=64.5±0.1 nm and polydispersity of

7.4±0.5%. However, R̄ and polydispersity can vary between
different batches of sample preparation by a couple of na-
nometers and a few percent, respectively. Therefore, they
were reassessed for each sample using the high q oscillations
in the scattered intensity.

To determine the scattering length density of the particles
��p�, a contrast variation experiment was performed. The ini-
tial sample in chloroform ��
0.01� was systematically di-
luted with cyclohexane, thereby increasing �p. All samples
were contained in 2 mm capillaries and the measurements
were performed at room temperature. Figure 3�a� shows the
plot of �p vs the square root of I�0� derived from USAXS
normalized by the corresponding �. In this case the exact
contrast match point was not reached but the contrast of the
particles was estimated by extrapolating to zero intensity
leading to �p�0.00168 nm−2 which corresponds to a silica
density of 1.98�103 kg/m3. This value is smaller than the
known bulk density of amorphous silica �2.2�103 kg/m3�
but significantly higher than that found for Stöber silica par-
ticles �1.6�103–1.8�103 kg/m3� �25,46�. This difference
in densities may be attributed to the densification of the par-
ticles during the esterification process. For all subsequent
analysis the measured value of �p was used.

The exact concentration of colloids is often subject to
uncertainties. The widely used method of measuring the con-
centration by solvent evaporation and dry weighing is sus-

ceptible to errors due to incomplete drying and the small
amount of residuals to be weighed. Further complications
arise when particles are porous and a complete evaporation
could only be obtained by baking in a high vacuum. In the
case of hard-sphere suspensions, the freezing concentration
has been used to determine � �1�. However, the exact agree-
ment between theoretical freezing � and experimental value
has been assumed in this case. To overcome these uncertain-
ties, the absolute scattered intensity together with the mea-
sured �p was utilized �Eq. �1�� for determining � in situ.

Figure 3�b� shows the normalized USAXS intensity for a
sample of stearyl silica spheres in dodecane with ��0.5 at
60 °C. The continuous line corresponds to Eq. �1� with a
hard-sphere S�q�. In this analysis, Np is constrained to the
same value in both the prefactor and � in S�q� �Eq. �3��. The
good agreement demonstrates that Np can be reliably de-
duced from the absolute level of I�q� for a hard-sphere sys-
tem. The inset shows the comparison of the � values deter-
mined from the absolute intensities �I�0�� and the
polydisperse S�q�PY when they are allowed to vary indepen-
dently. The linear behavior confirms the self-consistency in
determining � from absolute intensity. In the case of stearyl

FIG. 2. �Color online� An experimental form factor of stearyl
silica particles determined from a very dilute suspension ��
�0.0001� in dodecane at 50 °C. The solid line is a fit to the poly-
disperse sphere model with a Schulz size distribution with a mean
radius 64.5 nm and polydispersity of 7.4%.

FIG. 3. �Color online� �a� The contrast variation of stearyl silica
particles using a binary mixture solvent composed of cyclohexane
and chloroform ��
0.01�. The linear fit to the data is extrapolated
to the match point �0.00168 nm−2� corresponding to a silica density
of 1.98�103 kg/m3. �b� The normalized USAXS intensity for a
stearyl silica sample of ��0.5 in dodecane at 60 °C. The continu-
ous line corresponds to Eq. �1� with Np constrained to the same
value in both the prefactor and S�q�. The inset shows the compari-
son of the � values determined from the absolute intensities �I�0��
and the polydisperse S�q�PY.
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silica particles in dodecane, the contrast of the shell is
matched with the solvent. Therefore the absolute intensity is
essentially determined by the core volume fraction �C while
S�q� is influenced by the core as well as the nonoverlapping
part of the shell. The agreement between the �C deduced
from the absolute level of I�q� and � obtained from S�q� fit
�inset of Fig. 3�b�� suggests that the nonoverlapping region
of the shell is smaller than 1 nm.

B. Microstructure and dynamics

Figure 4 illustrates the transition from repulsive to attrac-
tive particles for a dilute sample in dodecane ���0.01�. At
this � range, the shape of the scattering curve at high tem-
perature is nearly identical to the form factor except in the
intensity level due to the difference in Np. The transition to
attractive spheres occurs at about TA�15 °C for this sample.
However, the exact value of TA can vary from sample to
sample for the same � by several degrees which could be
attributed to the differences in the unremovable amount of
cyclohexane or any other remnant solvent present in the
sample. Another sensitive parameter that could affect TA is
the grafting density of the stearyl chains. In Fig. 4, the fitted
line for I�q� below TA represents Eq. �1� involving S�q� of
the square-well potential with u=3.6kBT and �=0.015, cor-
responding to �B�0.12. This establishes the short-ranged na-
ture of attraction in this system. The curve at 10 °C shows
the formation of aggregates and their sedimentation with
time, as indicated by the upturn of I�q� at small q and the
overall lowering of the curve. It should be noted that the S�q�
at this concentration range can also be described by a poten-
tial with a larger width ��=0.1� and a smaller value of u. As
will be explained later, such a large value of � is not consis-
tent with the behavior of S�q� at high �.

In this system, the range of the SW potential is deter-
mined by the maximum overlap range of the stearyl layer
�47,48�. The thickness of the stearyl layer is about 1.9 nm, as
observed by SAXS at high q range using a concentrated
sample �shell scattering from the coating�. The above value
of �=0.015 corresponds to � approximately equal to the
thickness of the stearyl layer as given by Eq. �6�, indicating
a nearly complete overlapping of the stearyl chains. The
transformation of stearyl silica particles from hard sphere to
sticky hard sphere in certain organic solvents with tempera-
ture is usually attributed to the change of solvent quality near
the � temperature of the grafted chains �4�. The situation is
rather different in the case of alkanes �47�. In bulk solutions,
stearyl alcohol �octadecanol� precipitates from dodecane at
these temperatures and eventually crystallizes. Therefore, the
most likely scenario is a lyotropic ordering transition of the
grafted stearyl chains at the surface of the particles �47,48�.
However, there was no evidence for freezing of the solvent
around the grafted chains from the wide angle x-ray scatter-
ing in contrast to that suggested by previous work �48�. It is
unlikely that the macroscopic London–van der Waals attrac-
tion between silica cores changed so dramatically over such
a small temperature range �49�.

As the concentration is increased, similar behavior, shown
in Fig. 4, can be observed when the attractive interaction is
turned on by cooling the sample below TA. Figure 5�a� shows
the evolution of I�q� for a sample of ��0.12. In addition to
the short-ranged attraction, there is a significant excess scat-

FIG. 4. �Color online� The SAXS curves showing the thermally
reversible transition from repulsive to attractive particles in a dilute
sample. At 40 °C the particles are repulsive and the shape of the
scattering curve is nearly identical to the form factor. For compari-
son, the form factor data in Fig. 2 is also displayed after multiplying
by a factor 410. The particles are attractive at 12 °C and the con-
tinuous line is a fit to Eq. �1� using the square-well S�q� with �
=0.015 and u=3.8kBT, corresponding to �B�0.12. The scattering
curve at 10 °C depicts the formation of aggregates and their sedi-
mentation with time. Note that the upper curve �40 °C� is multi-
plied by 3 for clarity.

FIG. 5. �Color online� Representative USAXS curves and cor-
responding fits to Eq. �11� �continuous lines� for samples at inter-
mediate volume fractions ��a� ��0.12 and �b� ��0.22�. The pre-
sented data demonstrate the onset of short-ranged attraction and the
subsequent formation of colloidal clusters upon cooling the samples
below TA. For better visibility, the absolute I�q� is multiplied by the
factor indicated in the legend.
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tering at low q which can be attributed to the formation of
clusters below TA. This cluster scattering is described by the
additional term in the structure factor given in Eq. �11�. The
exponent, p is found to be 1.15 which suggests that the clus-
ters have fractal morphology with df �2.3. This is similar to
the value of df observed in a closely related system �50,51�,
but significantly different from Porod behavior �p=2� ob-
served in certain other short-ranged attractive systems
�23,41�.

Figure 5�b� shows the corresponding behavior at a higher
��0.22. As in the previous figure I�q� is adequately de-
scribed by Eq. �11�. The differences between the fit param-
eters for these two samples will be discussed later. In order to
better understand the observed static behavior, the dynamics
of the system in this concentration range was probed using
DXS. Figure 6 shows representative intermediate scattering
functions for a sample ��0.19, obtained from gT

�2��q , t�. The
decay of f�q , t� changed from single to stretched exponential
as the temperature is decreased below TA, implying con-
strained dynamics with a large value of �c. The details of the
system at the intermediate range can be better illustrated by
comparing the attractive well parameters together with �c.

Figure 7 shows the evolution of the fit parameters for the
data presented in Fig. 5�a� �initial ��0.12�. As the tempera-
ture is decreased, the attractive well evolves together with a
slowing down of the dynamics. Concurrently, there is an in-
crease in the local � which can be attributed to the clustering
process. When the volume fraction within the clusters
reaches a certain value, the relaxation rate 1 /�c goes to zero,
indicating the complete jamming of the local dynamics. The
arrested dynamics prevents a macroscopic phase separation
of the system. For a comparison, Fig. 8 presents the evolu-
tion of the fit parameters for the data shown in Fig. 5�b�
�initial ��0.22�. At this concentration, the local � remains
the same within the uncertainties of the fit. However, 1 /�c
goes to zero as the depth of the potential reaches about kBT.
In this � range, the deduced value of u is somewhat lower
than that in Fig. 4. For instance �B has reached only 0.8 at
16.1 °C in Fig. 5�a�. This could be attributed to a cumulative

effect of the decoupling approximation and the correlation of
the cluster term with the attractive part of S�q�.

When the concentration is increased further, the cluster
scattering became less evident in the USAXS region. Figure
9 shows the typical variation of I�q� in the low q region. The
dominant effect is the evolution of interaction �u increasing
to 2kBT, corresponding to �B�0.75 at 29 °C�. In addition,
the cluster term is necessary to fully describe the total I�q�.
At this concentration range, the decoupling approximation
breaks down �overestimation of S�q� at low q� and, therefore,
the fitting was performed using a monodisperse S�q� in Eq.
�11�.

FIG. 6. �Color online� The intermediate scattering function ob-
tained from DXS at q=0.0173 nm−1 for a sample with ��0.19.
The functional form changes from single to stretched exponential
behavior when the particles become attractive.

FIG. 7. �Color online� The evolution of the fit parameters for the
data shown in Fig. 5�a� and the corresponding relaxation rates de-
duced from DXS at q=6.3�10−3 nm−1. The vertical line is a guide
to the eye, indicating the temperature at which the fitted u�kBT.

FIG. 8. �Color online� The evolution of the fit parameters for the
data shown in Fig. 5�b� and the corresponding relaxation rates de-
duced from DXS at q=6.3�10−3 nm−1. The vertical line is a guide
to the eye, indicating the temperature at which the fitted u�kBT.
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The clustering effect became less apparent at still higher
concentrations. Figure 10�a� shows the evolution of the in-
tensity for a sample of ��0.535. The low q upturn in I�q�
observed at intermediate � range has changed to a plateau
region. Figure 10�b� depicts the corresponding change in
S�q�, fitted with the SW term alone �Eq. �1��. At this concen-
tration range, the Verlet correction became more important
and therefore the PY solution used the reduced � given by

Eq. �9�. The mismatch near the main peak of S�q� is attrib-
uted to the effect of polydispersity �27� and also the possible
overprediction of the series expansion of PY �29�. At this �,
the maximum observed value of the potential depth reaches
about 1.5kBT ��B�1.24�. The significance of Eqs. �3� and �7�
is more acutely felt as indicated by a small decrease of �
�1–2 nm from the hard-sphere value �134 nm� when the
system transforms from repulsive to attractive spheres. As a
result, the increase of the effective � due to square-well at-
traction �Eq. �7�� is compensated by this decrease of �.
Therefore the fits used a constant value of � over this con-
centration range. Furthermore, the insignificant shift in the q
value of S�q� peak with the onset of attraction indicates that
� has a small range �=0.015� in this system. This feature of
S�q� is somewhat different from the light scattering results
on reentrant systems involving colloid-polymer mixtures
�16,18�. The main difference in this case is that USAXS data
provided the true partial S�q� of colloid-colloid interactions
and there is no cross term involved unlike in colloid-polymer
mixtures. In addition, S�q� is properly normalized, using an
experimentally determined P�q� and the high q limit of I�q�
�S�q��1�.

Although the observed variation of S�q� is somewhat
subtle at this �, the dynamics is expected to evolve signifi-
cantly �42,52�. Figure 11 shows the dramatic slowing down
of the dynamics as probed by DLS. At high temperature, the
sample behaved like a fluid as indicated by the exponential
decay of f�q , t� �see the inset of Fig. 11�. When the tempera-
ture is decreased, f�q , t� changed to nonergodic behavior
�f�q , 	 ��0.7� prior to the evolution of SW �u=0 in Fig.
10�b��. In addition, f�q , t� tends to show the double relax-
ation characteristic of a repulsive glass transition. These two
decays correspond to � and � processes �breakup and rat-
tling of cages, respectively� �13,38�. With further lowering of
temperature, the system transforms to attractive spheres as
shown in Fig. 10�b�. In the attractive state, f�q , t� remained
flat with �f�q , 	 ��0.98� corresponding to almost com-
pletely jammed dynamics. This means that the system trans-

FIG. 9. �Color online� The USAXS curves and corresponding
fits �continuous lines� for a sample at higher ��0.43 showing the
typical evolution of S�q�. The fit parameters for u and  are indi-
cated in the legend, and �B�0.75 at 29 °C. For better visibility, the
absolute I�q� is multiplied by the factor indicated.

FIG. 10. �Color online� �a� The evolution of I�q� at high �
�0.535 showing only subtle variations in S�q�. The data can be
satisfactorily fitted by the square-well model without the cluster
term �Eq. 1, continuous lines�. �b� S�q� deduced from above I�q�
and the corresponding fit to the square-well model �continuous
lines� with the indicated u and �=0.015 values ��B�1.24 at 28 °C�.
The mismatch at the peak of S�q� is attributed to the effect of the
polydispersity. For better visibility, I�q� and S�q� are multiplied by
the factor indicated in the legend.

FIG. 11. �Color online� The intermediate scattering function ob-
tained from DLS at q=0.024 nm−1 for the same sample as in Fig.
10 ���0.535�. At high temperature, the sample behaves fluidlike
as indicated by the exponential decay of f�q , t� �see also the inset�.
The systematic slowing down of the dynamics upon cooling indi-
cates the transition to repulsive glass �f�q , 	 ��0.7� and then to
attractive glass �f�q , 	 ��0.98�.
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formed from repulsive to attractive glass with the introduc-
tion of short-ranged attraction �see also Fig. 10�b��.

Analogous behavior was observed at still higher concen-
tration. Figure 12 ���0.59� shows that the changes in static
structure is barely detectable. In the glassy states S�q� tends
to show a low q upturn, presumably due to heterogeneities in
the sample �53�. Although the variations were subtle, the
change can be described by the evolution of the square-well
potential as for ��0.535. Figure 13 shows the correspond-
ing dynamics over this temperature range. In this case, the
high temperature fluid phase is not accessible within the
range of the toluene bath used in the experiment �
70 °C�.
As in the previous case, the double relaxation can be clearly
seen in the repulsive state with f�q , 	 ��0.7 at 36 °C. The
f�q , t� becomes flat in the attractive state with f�q , 	 �
�0.99 at 24 °C. In the intervening region demarcating the
repulsive and attractive glassy states, f�q , t� shows very pro-
nounced oscillations at longer t �reminiscent of an hetero-
dyning effect�. These oscillations presumably induced by ex-
ternal mechanical vibrations can be described by a function,
f�q , t��cos��st�, as presented in the inset �with �s

=0.345 rad/s�. This peculiar behavior is suggestive of the
slow speed �=�s /q� and low damping of acoustic waves in
the sample at this particular dynamical state.

Finally, the error bars in the fit parameters of static struc-
ture are smaller than the size of the symbols in the plots
except in the transition region below TA. In this range, a
competition between the attractive and the cluster terms be-

comes evident. As a result, the uncertainties in the fit param-
eters can be as high as ±25%. Nevertheless, the terminal
values of the parameters have a very small uncertainty. The
error bars of f�q , t� depend on the particular choice of sample
position �and the angle�. The errors originate mainly from
finite acquisition time �ta� for each time averaged gT

�2��q , t�,
and the variance in measured time and ensemble-averaged
intensities �34,54�. The estimated uncertainty is of the order
of ��c / ta�0.5. f�q , t� was calculated from different �gT

�2��q , t��
and the variation between different runs is less than 8%. The
reported f�q , t� is an average over several measurements.

C. Rheology

The observed features in the dynamics can be comple-
mented by bulk rheology. Figure 14�a� depicts a dramatic
variation of G� and G� as a function of the temperature for
an applied stress of 5 Pa with �=0.628 rad/s. The attractive
to repulsive transition is characterized by a significant de-
crease of G� and G�. Figure 14�b� depicts the frequency de-
pendence of G� and G� at selected temperatures. Over this
temperature range, G� and G� showed only very weak fre-
quency dependence ���x−1 ,x→1� demonstrating the glassy
behavior at all temperatures investigated �see Eqs. �17� and
�18��. Figure 15�a� illustrates the onset of flow as a function
of applied stress at two different temperatures. At this � the
system transforms from attractive glass to fluid as the tem-
perature is increased �55�. Figure 15�a� illustrates that the
yield stress decreases as the attractive glass-fluid transition is
reached. In Fig. 15�a�, the yield stress corresponds to the
point where the measured strain rises or G� drops sharply
with the applied stress. Furthermore, the attractive and repul-

FIG. 12. �Color online� �a� The evolution of I�q� at higher �
�0.59 demonstrating little changes in static structure with tempera-
ture. The fitted line at 40 °C refers to hard-sphere S�q� �Eq. �1��. �b�
S�q� derived from the data in �a� and the respective fits to the
square-well model �continuous lines�. For better visibility, the ab-
solute S�q� is multiplied by the factor indicated in the legend.

FIG. 13. �Color online� The intermediate scattering function ob-
tained from DLS at q=0.024 nm−1 for the same sample as in Fig.
12 ���0.59�. The high temperature fluid phase is not accessible
within the experimental temperature range �
70 °C� and the
sample remains in the repulsive glass state above 36 °C �f�q , 	 �
=0.7�. With further cooling, the sample transforms into an attractive
glass below 33 °C. In the intervening temperature range, f�q , t�
shows pronounced oscillations at longer t, suggesting very slow
propagation and damping of mechanical vibrations. The inset shows
a smooth cosine behavior of these oscillations, cos��st�, with �s

=0.345 rad/s at 35.3 °C. f�q , 	 � reaches nearly 1 below 25 °C,
indicating a completely jammed state.
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sive glasses can be transformed to fluidlike behavior by ap-
plying a higher stress. Figure 15�b� shows the glassy and
fluidlike behavior for ��0.52 at 23.3 °C at two different
stress values. The refluidization �G���2 ,G���� of the sys-
tem at the higher stress value �200 Pa� is consistent with the
generalized jamming phase diagram for an attractive system
�56�.

The main uncertainty for G� and G� arise from the aging
behavior of the sample. The presented G� and G� correspond
to their values after reaching the plateau level at each tem-
perature step. In addition, the measurement time and � range
were restricted to an interval over which G� and G� remained
nearly constant. In the linear viscoelastic domain at low
stress levels, G� and G� are not sensitive to the applied
stress. In the repulsive state as the sample is heated above
35 °C, G� and G� tend to marginally increase which could
be attributed to slight solvent evaporation. At intermediate �
between 0.52 and 0.536, reentrantlike behavior can be ob-
served as the sample is heated from the attractive state. For
instance G� first decreased sharply and then increased �a dip
in G� more pronounced than in Fig. 14�a��. However, this
transition is also dependent on the temperature step and the
magnitude of the applied stress. Therefore, the rheological
characterization of the reentrant transition requires more pre-
cise scrutiny of linear viscoelastic range.

VI. DISCUSSION

The static structure, dynamics, and rheological behavior
of a model short-ranged interacting colloidal system was
studied over a wide concentration range including the vicin-
ity of the reentrant glass-fluid-glass transition. The thermally
reversible nature of the transition enabled the quantitative
comparison of measured properties more straightforward.
The different parameters involved in modeling were deduced
by independent experiments. The short-ranged nature of the
interparticle interaction was established from dilute samples.
The intermediate concentration range allowed us to monitor
the evolution of the square-well parameters and the forma-
tion of aggregates and their subsequent gelation. In this
range, the macroscopic phase separation is presumably inter-
rupted by the gelation �37�. Recent experiments using
colloid-polymer mixtures reported a spinodal decomposition
assisted gelation process �57�. However in this system, the
location of spinodal line is expected to be at a much smaller
value of �B ��0.1� �3,5�. The high � data showed only subtle
changes in the static structure but the highly quantitative
measurements allowed us to deduce the relevant changes in
the SW parameters.

The complementary dynamic scattering experiments per-
mitted us to probe the dramatic changes in the particle dy-
namics across the glass transitions and relate them to static
properties. At low � the dynamics changed from single ex-

FIG. 14. �Color online� �a� The variation of low frequency elas-
tic moduli as a function of temperature for an applied stress of 5 Pa
and �=0.628 rad/s ���0.54�. The dramatic change in the particle
dynamics is manifested by a significant increase in the elastic
moduli G� and G� as the temperature is lowered. �b� The weak
frequency dependence of G� and G� depicts the glassy nature of the
sample at selected temperatures.

FIG. 15. �Color online� �a� The variation of G� and strain with
applied stress for a sample of ��0.52 at two temperatures, illus-
trating the limiting linear viscoelastic range ��=0.628 rad/s�. �b�
Frequency dependence of G� and G� at low and high stress values
�5 and 200 Pa, respectively� showing glassy and fluid behavior as
functions of the applied stress for the same sample of ��0.52 in
the attractive glassy state �23.3 °C�.
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ponential to stretched exponential behavior and the complete
slowing down of the dynamics was only observed with en-
hanced packing within the clusters. Although the temperature
is a very convenient parameter to tune the interactions, addi-
tional effects such as mentioned below might appear. For
instance, there is a change in the macroscopic London–van
der Waals interactions due to the temperature dependence of
the dielectric constant �49�. In addition, the effective � of
colloids decreases slightly �
0.02% / °C� as the temperature
is increased due to the thermal expansion of the solvent. The
latter effect marginally contributes to the transition from
fluid to repulsive glass shown in Fig. 11. Alternatively, this
transition could be indicative of the peculiar trajectory of the
glass line B1 in Fig. 1 in which the system transforms from
repulsive glass to fluid behavior as �B is increased. Such a
transition is also observed in a concentrated block copolymer
system �17� and is reminiscent of the B1 line obtained by
MCT for a SW width of 4% �6�.

The attractive and repulsive glasses demonstrate distinctly
different behavior of the nonergodicity parameter. The attrac-
tive glass shows a very high amount of the frozen component
�f�q , 	 �→1�. More interestingly at high volume fractions,
the transition between attractive and repulsive glass is char-
acterized by a peculiar dynamical state, involving an elastic
glass as indicated by the slow propagation and low damping
of mechanical vibrations. This behavior could be related to
anomalies in the elastic properties near the third-order singu-
lar point �A3�.

Complementary rheological measurements confirmed two
glassy states in this system and vividly demonstrated that the
attractive glass has a higher rigidity and yield stress. The
sharp attractive to repulsive transition is in agreement with
the predictions of MCT �6,52� but differs from more recent
numerical simulation which suggested that the activated
bond breaking preempts a sharp glass-glass transition �58�.
The aging times involved in experiments and simulations
vary by many orders of magnitude which might explain the
observed difference. The soft glassy rheology is sensitive to
the applied stress. This is consistent with the generalized
jamming phase diagram of an attractive system �56�. As a
result, the experimental results presented here clearly relate
the static and dynamic behavior predicted by MCT and the
phenomenological approach based on jamming phase dia-
gram.

Further dynamic scattering and rheological experiments
will be useful to explore the dynamical singularities near the
so-called A3 point �59�. Finally, it is interesting to note that

the observed � corresponding to glass-fluid transition is
close to the MCT value for a hard-sphere system �0.516�
�6,13�.

VII. CONCLUSION

The results obtained in this work clearly demonstrate a
broad range of static and dynamic behavior as a function of
� for a square-well attractive system. At low and intermedi-
ate volume fractions, the static structure factor exhibits the
features of phase separation and gelation, respectively. With
the onset of attraction, the static structure factor shows only
small variations at high volume fractions but the correspond-
ing dynamics displays remarkable features, demonstrating
the kinetic nature of the underlying transitions. From the
long-time behavior of the intermediate scattering function,
repulsive to attractive glass transition was identified. This
was complemented by the behavior of the low frequency
shear moduli obtained from bulk rheology. The observed fea-
tures are in agreement with recent mode-coupling theoretical
predictions �52�, as well as the generalized jamming phase
diagram of attractive colloidal systems �56�, but the sharper
glass-glass transition differs from computer simulations �58�.
At high volume fraction, the static structure is similar to the
repulsive glass, but the rheological parameters are closer to
the attractive glass in both attractive and repulsive states.

The model system presented here is convenient for testing
the theoretical predictions, as well as for quantitative scatter-
ing experiments. Ultrasmall-angle x-ray scattering is a pow-
erful technique to elucidate the multilevel structural features
in this type of systems. The volume fraction is often an un-
certain parameter in colloid science. As shown here, the ab-
solute scattered intensity can be used to deduce the volume
fraction in situ. In addition, the combination with dynamic
scattering allows us to obtain static interactions, dynamics,
and phase behavior from the same experiment. These fea-
tures can be further exploited to resolve certain longstanding
issues in colloid science.
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