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Abstract – We study colloidal particle dynamics of a model glass system using confocal and
fluorescence microscopy as the sample evolves from a hard-sphere glass to a liquid with attractive
interparticle interactions. The transition from hard-sphere glass to attractive liquid is induced
by short-range depletion forces. The development of liquid-like structure is indicated by particle
dynamics. We identify particles which exhibit substantial motional events and characterize the
transition using the properties of these motional events. As samples enter the attractive liquid
region, particle speed during these motional events increases by about one order of magnitude,
and the particles move more cooperatively. Interestingly, colloidal particles in the attractive liquid
phase do not exhibit significantly larger displacements than particles in the hard-sphere glass.

Copyright c© EPLA, 2009

Introduction. – Theory, simulation, and experi-
ment have demonstrated that a colloidal system can be
driven from a hard-sphere glass to an attractive glass
by increasing short-range attractions between colloidal
particles [1–9]. In colloidal suspensions this effect is
typically realized by adding nonadsorbing polymers to
the colloidal suspension. Depletion forces [10–12], induced
in this way, cause the particles to move closer to one
another, and the system exhibits a transition from a
hard-sphere glass to an attractive liquid [1–5]. Increasing
the polymer concentration even further causes the system
to enter an attractive glass phase [1–5].
Calculations and molecular dynamics simulations [6–9]

suggest that re-entrance to the glass phase is due to the
existence of two qualitatively different glassy states. In
hard-sphere colloidal suspensions the system enters a glass
phase through a caging mechanism: as the volume frac-
tion φ is increased, particles are increasingly trapped by
their neighbors, until a critical volume fraction φg ∼ 0.58
is reached; then caging becomes effectively permanent,
stopping long-range particle motion. In attractive glasses,
the attractive part of the potential causes particles to
move closer to one another and eventually binds them

(a)E-mail: phabdas@sju.edu

at contacts. In these glasses, structural arrest is due to
bonding. Thus, it is believed that the two types of glasses
should have different structural and dynamical properties.
Despite numerous theoretical and experimental studies

of the reentrant glass transition in colloidal suspensions,
to our knowledge, only a couple of investigations have
employed direct microscopic imaging to study the mecha-
nism of this process [4,5]. Notably, Kaufman and Weitz [4]
extracted qualitative information from microscopic images
about particle motion magnitude and observed that parti-
cles in repulsive glasses exhibit cage rattling and escape,
while in attractive glasses they exhibit large displacements
upon cage escape. In a different vein, Simeonova et al. [5]
reported that melting of the hard-sphere glass is accom-
panied by significant changes in the particle displacement
distributions and their moments.
In this letter, we employ confocal microscopy to

directly observe particle motions as a colloidal system
evolves from a hard-sphere glass into the attractive liquid
region. In the process we discover that the dynamics of
these two regimes systems are qualitatively different and
are readily characterized by “motional events” wherein
constituent particles move significantly farther than the
thermal fluctuations within their cages. We characterize
the transition using the properties of these motional
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events. Interestingly, the average displacement of particles
that exhibit motional events increases only slightly as
the system is brought from a hard-sphere glass to the
attractive liquid. However, the average event duration
(expressed in units of Brownian time) decreases by more
than an order of magnitude under the same conditions.
Thus, effective “motional event” speed is found to increase
with stronger inter-particle attractions by almost an order
of magnitude compared to hard-spheres. Moreover, as the
attractions increase, the number of particles exhibiting
motional events increases substantially, and the cluster
size of particles exhibiting motional events is correlated
over longer length scales. These findings suggest that
the “cage rattling” picture [13], while successful in
hard-sphere systems, does not work as well for glasses
and liquids with short-ranged inter-particle attractions.

Experimental. – The particles used in this study were
poly-(methylmethacrylate) (PMMA) spheres, sterically
stabilized by a thin layer of poly-12-hydroxystearic acid
(radius a= 1.1µm, polydispersity of ∼ 5%) and dyed
with rhodamine. The PMMA particles were suspended
in a mixture of cyclohexylbromide/cis- and trans-decalin
which nearly matches the density and the index of refrac-
tion of the PMMA particles to the solvent. Coulombic
interactions due to surface charges on the colloidal
particles were screened by adding 2mM of tetra-butyl-
ammonium chloride [14].
To induce the depletion attraction between PMMA

particles, linear polystyrene polymer (Mw = 7.5× 106 Da;
radius of gyration rg ≈ 106 nm) was added to the parti-
cle suspension. Specifically, a series of samples with poly-
mer concentrations, cp, varying from 0–1.8mg/ml was
prepared using the following method. For each suspension,
a colloidal sample was centrifuged to the random closed-
packed volume fraction (RCP). The sample was subse-
quently diluted by a mixture of the density matched liquid
and polymer, yielding a sample particle volume fraction of
φ= 0.60 (RCP in our samples was measured to be 0.66)
and the desired polymer concentration. After 24 hours
of homogenization by mixing and tumbling, the colloidal
suspension was loaded into a glass microscopy cell along
with a small piece of magnetic wire to be used later for
reinitiating the sample by stirring. The ratio of the poly-
mer radius of gyration to colloidal particle radius is 0.09.
We used fluorescent and confocal microscopy to capture

2D image slices in 3D samples with a time resolution of
6 s over a time period of 3 hours. Measurements began
10 minutes after stirring, insuring that flows within the
sample had time to subside [15], and measurements were
taken at least 35µm away from the cover slip surface to
minimize wall effects. The position of each particle within
the optical plane was obtained using standard particle
tracking techniques [16].
A side effect of adding polymer to induce the depletion

attraction is to increase the solution viscosity [3–5]. As a
result, at higher polymer concentrations colloidal particles

Fig. 1: Re-entrant phase diagram with repulsive and attractive
glass lines. We plot polymer concentration cp vs. hard-sphere
volume fraction. Solid triangles indicate samples studied
here and follow a transition from a hard-sphere glass to the
attractive liquid region.

diffuse more slowly. To facilitate comparisons of particle
dynamics between samples with different polymer concen-
tration and thus different viscosity, we scale the experi-
mental time for each sample by the time it would take an
isolated particle to diffuse its radius in a suspension with
the same polymer concentration. Therefore, we analyze

particle dynamics in units of Brownian time tB =
a2

D0(cp)
,

where D0(cp) is the diffusion constant for an isolated
particle in the solvent at the polymer concentration cp [4].

Results and discussion. – Figure 1 presents a phase
diagram of the reentrant glass transition. Solid triangles
in fig. 1 correspond to the samples studied, starting from
a hard-sphere glass (cp = 0mg/ml) and ending in the
attractive liquid region. The solid lines are schematic,
qualitatively indicating the glass transition boundaries.
We estimated the lower boundary using sample crystal-
lization (e.g., via the bond orientational order parameter
Ψ6). The upper boundary is a conjecture. Samples in the
attractive liquid region showed significant crystallization
compared to samples in the hard-sphere glass region.
Evidence for the reentrant glass transition has been

derived in the past [1–5]. Here it is apparent in the plot of
D(cp)/D0(cp) vs. cp (fig. 2), where D(cp) is the long-time
diffusion constant of the particles in suspension at high φ
with polymer concentration cp. Indeed, D(cp)/D0(cp)
changes by one to two orders of magnitude as the system
evolves from a hard-sphere glass (cp = 0mg/ml) into the
attractive liquid region (cp ∼ 2.0mg/ml).
Microscopy studies of colloidal suspensions permit

determination of particle positions during the entire
experiment. Thus, it is possible to quantify the behav-
ior of the most “active” particles in suspension; these
“active” particles have been of particular interest
recently [13,17–19]. We define particles to be active
when they move significantly farther than the thermal
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Fig. 2: Long-time diffusion constant D(cp) divided by bare
diffusion constant D0(cp) as a function of polymer concentra-
tion cp. Solid line is to guide the eye. Dashed line indicates
approximate phase boundary between hard-sphere glass and
attractive liquid. Inset shows mean square displacements vs.
Brownian time for representative polymer concentrations of
0mg/ml (�), 0.22mg/ml (+), 1.8mg/ml (�). Solid lines denote
linear fits to data at long times (i.e. in the more diffusive
regime). The slopes of these lines were used to determine long-
time diffusion constants D(cp).

Fig. 3: Spatial images of two classes of particle motional events.
Note that the time scale of motional events varies. The top
row shows a short-time scale motional event (particle jump),
whereas the bottom row shows an example of more gradual
motional event. Dashed lines approximately bound a region of
twice the standard deviation, σ, of the particle position.

fluctuations in their cages, following the definition of
particle “jumps” in ref. [19] (see top row fig. 3).
For each particle, we calculate running-five-point aver-

age position: r(t) = 15
∑t+2
i=t−2 r(i). Next, we calculate the

change in this average particle position, ∆r, during the
time interval ∆t: ∆r(t) = r(t)− r(t−∆t). Finally, we
compare the average displacement ∆r with average fluc-
tuations (σ) of the particle during the entire time, T ,

that the particle is tracked: σ2 = 1
N

∑i=N
i=1 (r(ti)

2− r(ti)2)

Fig. 4: a) Average displacement 〈∆r〉 of particles exhibiting
events vs. polymer concentration. Right axis denotes 〈∆r〉
scaled by particle diameter 2a. Solid line is a least-squares fit to
the data with slope 0.24. b) Average duration 〈∆t〉 of motional
events vs. polymer concentration. Event duration is in units
of Brownian time. Dashed lines indicate approximate phase
boundary between hard-sphere glass and attractive liquid.

where N is the total number of time steps (see fig. 3).
If ∆r(t)>

√
20σ, then we say that at time t the parti-

cle exhibited a motional event of duration ∆t (for further
details see ref. [19]). Typically, r(t) is constant with fluctu-
ations before and after a motional event. To properly iden-
tify events, it is important to choose an appropriate ∆t.
A short ∆t, e.g., comparable to one Brownian unit, is
useful for identifying quick events (jumps), but it is not
suitable for identifying more gradual motions; we observe
a wide range of motional event durations, including ones
that last more than several Brownian time units (bottom
row fig. 3). Therefore, to identify particles that change
their positions over relatively longer times, we perform
the above calculation for a range of ∆t’s. Furthermore, we
only include particles which exhibit a complete motional
event, i.e. an event that began and ended during the time
of the experiment.
We first focus attention on the distribution of position

displacements, ∆r, for motional events. Average particle
displacement 〈∆r〉 during an event vs. polymer concen-
tration is shown in fig. 4a. Interestingly, as the polymer
concentration increases, particles exhibiting motional
events travel further by only about 0.05µm, about one
tenth of the particle diameter. This small displacement
is on the order of the cage Brownian fluctuations and
tracking uncertainty. The observation is somewhat coun-
terintuitive, since one might expect that with increasing
polymer concentration, the number of colloidal particles
that become stuck to each other increases, thus creating
more free space for other particles to jump [5]. Our data
do not appear to support such a conjecture.
Similarly, we analyzed distributions of event dura-

tions. Figure 4b presents the average event duration (in
Brownian units) vs. polymer concentration. Average event
duration decreases from about 170 Brownian units for cp =
0mg/ml to about 15 Brownian units for cp = 0.8mg/ml.
For polymer concentrations in the attractive liquid region,
the average event time saturates at about 15 Brownian
units. Thus, as the polymer concentration increases,
particles that exhibit motional events do so in a shorter
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Fig. 5: Average event speed 〈∆r/∆t〉 in units of µm/tB vs.
polymer concentration. Solid lines are guide to eyes. Dashed
line indicates approximate phase boundary between hard-
sphere glass and attractive liquid.

Fig. 6: a) Number of motional events vs. polymer concentration
calculated from data of the same duration in Brownian time
units. b) Rate of motional events vs. polymer concentration.
Solid lines are guide to eyes. Dashed lines indicate approximate
phase boundary between hard-sphere glass and attractive
liquid.

time until the attractive liquid region is reached, wherein
all motional events take approximately the same time.
From event displacement and duration information,

we calculate particle motional event speed, 〈∆r/∆t〉,
and on fig. 5 we plot average particle event speed vs.
polymer concentration. Particles experiencing motional
events move faster with increasing polymer concentration.
For the samples in the vicinity of the attractive liquid
region, the event speed changes by almost an order of
magnitude with respect to the event speed in the hard-
sphere sample. Then, for polymer concentrations farther
into the attractive liquid region, the event speed saturates.
We next consider the raw number of particle events as

a function of polymer concentration as shown in fig. 6a.
The number of particle events initially increases from
about 3 to almost 100 and then saturates for polymer
concentrations in the attractive liquid region. We might
expect that as the attractive glass phase is approached,
the number of motional events would decrease. However,
such a plot (fig. 6a) does not account for the increase of
solvent viscosity with increasing polymer concentration.

Fig. 7: Microscopy images for polymer concentrations of
0mg/ml, 1.4mg/ml, and 1.8mg/ml. White dots are plotted
over the particles that are exhibiting events. Arrows on the
white dots indicate the direction of motion.

Fig. 8: a) Probability distribution of cluster size (number
of particles Nc) for the following representative polymer
concentrations: 0mg/ml (�), 0.36mg/ml (�), 0.48mg/ml (∗),
1.8mg/ml (×). b) Average cluster size 〈Nc〉 at different poly-
mer concentrations cp. Solid line is a least-squares fit to the
data linear with slope 0.21. Dashed line indicates approxi-
mate phase boundary between hard-sphere glass and attractive
liquid.

Thus, we calculate event rate by scaling the number of
events by the length of the data in units of Brownian
time tB (fig. 6b). The “viscosity normalized” event rate
increases with polymer concentration by more than an
order of magnitude until polymer concentrations of about
1mg/ml are reached. Therefore, the number of particles
that exhibit motional events, and hence are responsible for
the relaxation in the samples, increases significantly with
polymer concentration as the system fluidizes.
To analyze the collective behaviors of particles exhibit-

ing motional events further, we examine the spatial distri-
butions of particles that exhibit motional events. Figure 7
shows representative microscopy snapshots for three poly-
mer concentrations. White dots are plotted over parti-
cles that exhibit motional events with arrows indicating
the direction of the motion. As the polymer concentration
increases, a particle that exhibited a motional event has,
on average, more neighbors that are also moving signifi-
cantly. Thus, with increasing polymer concentration more
particles are moving cooperatively.
To look for spatial correlations of the particles that

exhibited a motional event, we analyze the nearest-
neighbor connectivity and thus identify clusters of
connected particles that exhibit a motional event. In fig. 8
we plot the frequency distribution of cluster size, P (Nc),
vs. number of particles in a cluster, Nc, for representative
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polymer concentrations. For low polymer concentrations,
particles have a tendency to move in small clusters. As
the polymer concentration increases, the particles move
in increasingly bigger clusters. At the highest polymer
concentration studied here, cp = 1.8mg/ml, we observed
clusters composed of as many as ten particles. Thus,
as the attractive liquid region is approached, structural
relaxation occurs because of the motion of small numbers
of large cooperative clusters of particles that exhibit
motional events, rather than mostly solitary particles,
as we observe in hard-sphere glass. This effect is also
indicated by average cluster size, Nc. The average cluster
size increases by almost a factor of two with polymer
concentration as shown in fig. 8b. However, the size
distribution of the clusters of particles that exhibited a
motional event is likely even broader than presented here
since clusters may extend beyond the viewing area of the
x -y focal plane.
In summary, we have studied a colloidal system with

short-range attractive potential in the reentrant region
using primarily the properties of “motional events”. We
observe the transition from a hard-sphere arrested phase
to a liquid-like phase. This transition is characterized by
increase in: D(cp)/D0(cp), event speed, and the event rate
of moving particles. Interestingly, particles exhibiting a
motional event do not move longer distances at higher
polymer concentration, but they do move faster (i.e. in
Browniant time units). The transition to the reentrant
region is also characterized by a growing number of parti-
cles that experience motional events. Moreover, the parti-
cles experiencing motional events are increasingly spatially
correlated with increasing attraction. The particles move
in clusters, and the distribution of the cluster size becomes
broader and shifts to larger average values with increasing
interparticle attraction.
Future microscopy studies should include exploration

of re-entrance into the attractive glass region and possi-
bly the influence of particle-to-polymer size ratio on the
system dynamics [20]. Also, since our studies provide only
2-dimensional information, 3-dimensional studies should
shed more light on the cluster size and distance traveled
by the particles exhibiting motional events. Finally, similar
systematic studies of particle dynamics in colloidal suspen-
sions with short-range attractions along the low volume
fraction extension of the attractive glass phase line may
lead to a unified description of glasses and gels.
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