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The phenomenon of glass transition, such as the anomalous divergence in viscosity without apparent struc-
tural change, remains inadequately understood. We employ spatial confinement to probe length scale depen-
dence on structural relaxation and concomitant glassy dynamics of a hard-sphere poly-�methyl methacrylate�
colloidal suspension via confocal microscopy. Remarkable film thickness dependent scaling behavior is ob-
served, where the mobility and relaxation processes of a “fluid” suspension are found to be significantly
impeded as film thickness is reduced below 15–20 particle layers.
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Glassy materials are an intriguing class of amorphous sol-
ids which are typically formed by quenching liquids well
below their freezing temperatures to rigidity, yet bypassing
crystallization. Numerous experimental and theoretical in-
vestigations have sought to understand the complex phenom-
enon of the glass transition, such as the divergence of vis-
cosity and relaxation times in the “supercooled” regime, yet
the physics of this phase transition remains widely debated
�1,2�. Understanding the properties of the glass transition
will lead to insight into disordered systems in general with
their broad applications ranging from photonic materials syn-
thesis to protein folding �1–4�.

Theoretical work on glass-forming liquids by Adam and
Gibbs �5� attributes the viscosity growth to the existence of
“cooperatively rearranging regions” �CRRs� whose charac-
teristic length scale grows upon rapid cooling. As free vol-
ume restrictions become significant due to the increase in the
sizes of CRRs, particles cannot relax independently and
move as cooperative groups to achieve structural relaxation.
Consequently, structural relaxation is impeded. The validity
of the Adam-Gibbs theory has been examined mainly with
glass-forming molecular fluids �6� and recently with model
colloidal suspensions �7,8�. However, defining such charac-
teristic length scales as hallmarks of the glass transition re-
mains a subject of great contention �9–12�.

We employ confinement as an experimental approach to
explore length-scale dependence on glassy behavior of a col-
loidal suspension, by which a dimensional reduction impedes
structural relaxation while temperature and volume fraction
are kept constant. This approach allows us to probe how the
structure and dynamics of a bulk fluid colloidal suspension
are modified as film thickness approaches a dimension com-
parable to the particle size. Of particular interest, the origins
of cooperatively rearranging regions can be explored, as con-
strained motion of confined colloidal particles may result in a
phase shift from a fluid to an apparent ‘‘supercooled’’ re-
gime; particles thus follow one another in a cooperative fash-
ion to achieve structural relaxation until the glass transition
is approached where motion is “frozen in.” We thereby probe
a critical length scale upon a transition from an ergodic fluid
to a nonergodic glass state by spatial confinement, where

film thickness provides an additional length scale to under-
stand the divergence in viscosity near the glass transition. We
also examine the film thickness dependence of several time
scales, such as cage rearrangement time as well as the �- and
�-relaxation times, for structural relaxation.

The effect of confinement on the glass transition of poly-
meric thin films has been studied extensively, where the mea-
sured Tg and relaxation times under confinement increase or
decrease from the bulk values depending on the cooling rate
�13–16�. Experiments by the modified surface forces appara-
tus with a nanorheometer �17,18� reveal a glasslike transition
for confined molecular fluids, where the longest relaxation
time diverges as film thickness reduces. However, these mea-
surements are ensemble averaged over film thickness and
only provide indirect information regarding the packing con-
figuration and dynamics of polymeric thin films.

In this Rapid Communication, we focus on the confine-
ment induced glass transition of a model hard-sphere colloi-
dal suspension where the packing configuration and dynam-
ics are directly visualized by confocal microscopy at a single
particle resolution. We report strong film thickness depen-
dent glassy behavior of confined colloidal suspensions, in
which colloidal particles in an initially fluid state show a
significant reduction in their mobility and undergo a glasslike
transition as film thickness becomes comparable to the par-
ticle diameter. In the range of volume fractions we explore,
scaling behavior is evident: the onset of slow, glasslike dy-
namics occurs when film thickness, H, normalized by par-
ticle diameter, d, is reduced to H /d=15–20. Furthermore, a
glass transition is induced at H /d�10, where the measured
�-relaxation time diverges. These results suggest a remark-
able free-volume effect on structural relaxation.

A hard-sphere colloid, synthetic poly-�methyl methacry-
late� �PMMA� �d=1.2 �m, polydispersity �5%�, sterically
stabilized and fluorescently labeled with Rhodamine 6G
��ex=488 nm�, suspended in a mixture of decalin and cyclo-
hexyl bromide, are prepared through a procedure described
elsewhere �19�. The suspensions are nearly index of refrac-
tion �n=1.5� and density �	=1.225 mg /ml� matched, thus
minimizing particle sedimentation and light scattering. The
volume fractions, 
 of confined suspensions are determined
by counting the number, n, of fluorescent particles present in
the viewing volume, V, of confocal micrographs via centroid
finding algorithms �20� and calculated as: 
=n�d3 /6V. Bulk*yzhu3@nd.edu
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volume fractions, 
=0.40–0.61 of PMMA suspensions,
which range from a fluid regime up to a glass regime accord-
ing to the hard-sphere phase diagram �10�, are studied in this
work.

We use a custom-built compression apparatus mounted on
the sample stage of an inverted confocal laser scanning mi-
croscope �Zeiss LSM 5 Pascal, objective lens 63x, NA=1.4�
to directly observe the structure and dynamics of confined
colloidal thin films, as shown in Fig. 1�a�. To reduce the
depletion of PMMA from smooth glass surfaces, a thin layer
of undyed PMMA is sintered at �80 °C �cf. Tm,PMMA
=130 °C� on a glass coverslip for three hours to roughen the
confining surfaces and enhance particle-surface interaction.
Suspensions are injected into a compressible sample cell by a
pipette and sealed with UV-curing glue. The sample cell is
then mounted on the confinement apparatus and left undis-
turbed for �30 minutes before measurements. We systemati-
cally decrease film thickness stepwise. Film thickness is de-
termined by both the readings of micrometers and confocal
z-stack profile with an accuracy of �0.1 �m �21�. Images of
the confined suspension are recorded in time series at an
interval of 1–5 s over a scanning area of 4747 �m2,
where a representative image from our experiments is shown
in Fig. 1�b� �21�. Wall effects are mitigated by acquiring
images at the midplanes of the colloidal thin films. Typical
particle trajectories for a strongly confined thin film are il-
lustrated in Fig. 1�c�.

To provide direct evidence of how confinement alters the
mobility of colloidal suspensions, we start with a PMMA

suspension of 
=0.43, which is in the fluid phase with
highly mobile particles in the bulk. The particle mobility is
quantified in terms of the mean-square displacement �MSD�
as

��x2� =
1

N
�
j=1

N

���x�t� − x����2� , �1�

which is averaged over all particles and initial times, t, along
the x coordinate �22,23�, where N is the number of particles
in the scanning area and � is the lag time. Figs. 2�a� and 2�b�
show the computed ��x2� against � at varied film thickness
for 
=0.43 and 0.57, respectively. As film thickness de-
creases to H /d	17 for the sample of 
=0.43, a marked
reduction in the particle mobility is observed. Particles are
trapped in cages formed by their neighbors for long times;
subsequently, long-time diffusive behavior is observed for
��100 s when particles escape their cages �23�.

To verify the generality of this confinement-induced phase
shift, we also examine a dense suspension, 
=0.57, which is
in the “supercooled” regime and close to the colloidal glass
transition. As shown in Fig. 2�b�, a similar confinement ef-
fect on PMMA mobility is observed. Indeed, the mobility is
consistently reduced with decreasing film thickness and the
onset of the confinement effect shifts to greater film thick-
ness at higher volume fractions. Additionally, it is intriguing
to observe that the plateau in MSD is lower in magnitude and
extends over longer lag times at a reduced film thickness,
suggesting severely constrained particle motion with little
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FIG. 1. �Color� �a� Schematic diagram of the compression
sample cell that is mounted on the stage of an inverted confocal
microscope. �b� Fluorescent micrograph of PMMA suspension of

=0.57 confined at normalized film thickness, H /d=4 and �c� cor-
responding trajectories of confined particles obtained from particle
tracking where one-quarter of the entire scanning area is repre-
sented. Single-particle trajectories �green� are magnified.
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FIG. 2. Mean-square displacements �MSD� of confined PMMA
suspensions for �a� 
=0.43, highly fluidized suspension, for the
bulk �H /d	100� �squares�, and film thickness H /d=25 �circles�,
17 �upper triangles�, and 4 �down triangles�, and �b� 
=0.57, a
“supercooled” suspension according to the hard-sphere phase dia-
gram �11�, for the bulk �H /d	100� �squares�, and H /d=17 �upper
triangles� and 5 �down triangles�. In-plane volume fraction of con-
fined colloidal thin films is examined against positions in the z
direction away from the bottom surface for PMMA suspensions of

=0.43 �squares� and 0.57 �circles� at H /d=5 and 17, as shown in
Figs. 2�c� and 2�d�, respectively. Shaded areas in Figs. 2�c� and 2�d�
indicate the depletion layers, which are excluded from our data
analysis, and the circled datum points indicate the midplanes chosen
for 2D dynamic characterization.
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change in cage topology. The film thickness dependence of
the onset of slow dynamics might be coupled with the “Lin-
demann length” associated with cage rattling near the glass
transition �8�, which typically decreases as volume fraction
increases, or in our case, as film thickness is reduced. The
Lindemann rule is a reliable criterion to infer cage topology
from the vibration amplitude of a particle, which can be ob-
tained from its mean-square displacement �8�. In our study,
we expect that a reduction in free volume at a lesser film
thickness could considerably affect relaxation dynamics
where colloidal particles cannot relax independently and in-
stead facilitate motion in a cooperative fashion to achieve
structural relaxation. To further confirm the free-volume ef-
fect that might be responsible for the measured slow dynam-
ics of strongly confined colloids, we examine the wall effect
on in-plane volume fraction of confined PMMA suspensions
as shown in Figs. 2�c� and 2�d�. We observe that the two-
dimensional �2D� volume fraction of midplanes that are 2–3
particle layers away from the substrates remains relatively
constant for thick films, i.e., H /d	17. This suggests that the
increase in friction due to the sintered PMMA results in a
greater particle density at the walls, at a cost of disturbing the
layering, thus the effect of the depletion layer is reduced. At
H /d	5, we observe a considerable increase in volume frac-
tion at the midplanes. The sharp increase in volume fraction
for certain values of film thickness where structural arrest is
observed suggest an important observation, while local pack-
ing fraction at the midplane of the confined film may show a
sharp increase, the overall volume fraction of the film is
essentially constant. Therefore, our findings suggest dramatic
spatial variations in densities for the confinement induced
glass transition. These variations inherently govern the slow-
ing down of dynamics and subsequent arrest, similar to su-
percooled liquids close to Tg.

The MSD data naturally raise the question: How does
confinement alter structural relaxation? To gain quantitative
insight into film thickness dependence of structural relax-
ation, we compute the “self-part,” Fs�q ,�� of the intermedi-
ate scattering function �ISF� in 2D, which is defined as

�Fs,�q,��� = Re
 1

N
�
j=1

N

�exp�iq�rj�t� − rj������� �2�

where the 2D ISF is computed at q=2� /d �d=1.2 �m� and
�rj�t�−rj���� is the in-plane displacement of the jth particle
averaged over all initial times, t0 �24,25�. The 2D ISF is the
spatial Fourier transform of the self-part of the van Hove
correlation function, Gs�r ,��, which indicates the fraction of
particles located in a radially distributed region from r to r
+dr at a given �, provided that the particles are initially
located at their respective origins at t0. The normalized self-
ISF, defined as f�q , t�= �Fs�q ,�� / �Fs�q ,0��, where �Fs�q ,0��
is the static structure factor, is shown in Fig. 3 for confined
PMMA suspensions of 
=0.43 and 0.57. The decay of
f�q ,�� is fast for H /d�25 and the simple exponential decay
indicates that all particles relax independently. In contrast,
two-step decay, characteristic of supercooled liquids, is ob-
served at H /d�17. It is intriguing to see that the normalized
ISF does not decay to zero over �0.5 h, suggesting a tran-

sition from a fluid to a “supercooled” regime, where the in-
termittent process of cage trapping and subsequent cage re-
arrangement retards the decay of the ISF. When film
thickness is further reduced to H /d	4–5, no long-time de-
cay in f�q ,�� is observed, which is similar to the behavior of
bulk colloidal glasses �12�; the ISF approaches time invari-
ance, reflecting the nonergodic state of confined colloidal
suspensions where particles remain permanently trapped in
cages formed by their neighbors.

It is of great interest to examine the time scales of struc-
tural relaxation in confined colloidal suspensions, which can
be extracted from the normalized ISF, f�q ,��. The �-
relaxation time can be clearly identified by the end of the
plateau in f�q ,��, while the �-relaxation time can be deter-
mined by fitting the Kolrausch-Williams-Watts �KWW� for-
mula �9�, f�q ,��=exp�−�� /�����, to the normalized ISF. We
define the onset of the �-relaxation process as the time scale
when f�q ,�� becomes equal to e−1. As shown in Fig. 3�c�, the
�-relaxation time, obtained from KWW fitting for varied
bulk volume fractions, clearly exhibits a strong dependence
on film thickness. The �-relaxation time diverges as film
thickness approaches H /d�17, indicating the onset of the
glass transition where the �-relaxation process is suspended
�12�.

The self-ISF is a dynamic quantity that indicates the pre-
served fluctuations of particles around their initial positions
for all times. However, it is of great importance to deduce
how system memory �26� and hopping events �27� may af-
fect structural relaxation of a thin film. Bearing this in mind,
we analyze the autocorrelation function associated with the
ISF, which is computed as
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FIG. 3. Normalized self-intermediate scattering function �ISF�,
f�q ,��, of PMMA suspension for �a� 
=0.43. The decay is increas-
ingly stretched as film thickness decreases from the bulk �H /d
	100� �squares�, and H /d=25 �circles� and 17 �upper triangles�,
until nonergodicity sets in at H /d=4. Similar scaling behavior is
observed for �b� 
=0.57, for the bulk �H /d	100� �squares�, and
H /d=17 �upper triangles� and 5 �down triangles�. �c� Logarithmic
� relaxation time, ��, is plotted against normalized film thickness,
H /d, for 
=0.43 �squares�, 0.49 �circles�, and 0.57 �triangles�. The
shaded area indicates the divergence of ��.
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g��� =
�Fs�q,t0�Fs�q,���
�Fs�q,t0�Fs�q,t0��

�3�

and averaged over all initial times, t0. Our autocorrelation
function reveals the time scale at which cage rearrangement
occurs, as this information is not accessible with the self-
intermediate scattering function that is usually a common
probe for slow dynamic processes. As shown in Fig. 4 for

confined PMMA suspension of 
=0.57, the correlation time
is consistently shifted to longer lag times as film thickness is
reduced. In addition, the cage rearrangement time scales can
be obtained from the time constants associated with the ex-
ponential decay of g���. For H /d�25 we find that the cage
rearrangement time, �c=109 s, roughly corresponds to the
upturn in the MSD. Similar behavior is observed at H /d
	17 and 	5, where cage rearrangement becomes retarded
as �c shifts to 294 s and 1524 s, respectively.

In summary, we have shown dramatic change in particle
mobility and structural relaxation of colloidal suspensions
under confinement. In particular, it is clear that glassy dy-
namics can be induced by decreasing film thickness while
volume fraction remains constant. This phenomenon is pri-
marily due to a reduction in film thickness of colloidal sus-
pensions, which restricts considerable changes in the topol-
ogy of caged colloidal particles upon confinement and is
responsible for the divergence of the �-relaxation times ob-
tained from the normalized intermediate scattering function.
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FIG. 4. Autocorrelation function, g���, of confined colloidal sus-
pension of 
=0.57 for the bulk �squares�, H /d=17 �upper tri-
angles� and H /d=5 �down triangles�. Inset: Collapsed auto-
correlation function to confirm the scaling behavior. The data were
collapsed into a single curve based on their respective time con-
stants, �c=109, 294, and 1524 s, for the bulk, H /d=17 and H /d
=5, respectively.
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