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Summary

We use three-dimensional confocal microscopy to study the structure of a dense
colloidal liquid confined between two parallel glass plates. The colloidal sample is at a
volume fraction of 50% and is a binary mixture of 2 µm and 3 µm diameter particles
to prevent crystallization. The plate separation ranges from 50 small particle diameters
to 3 small particle diameters. While particles form layers immediately adjacent to the
confining walls, we otherwise see little influence of the confinement on structure.

1. Introduction

Phase transitions are usually investigated in
the context of macroscopically large systems. How-
ever, confining samples so that one or more dimen-
sions are microscopic leads to new physics, including
confinement-driven phases [1]. Our interest in this pa-
per relates to amorphous phases: liquids and glasses.
In particular, the glass transition temperature TG is
often changed for a confined material [2]. TG is de-
fined based on a sharply increasing viscosity, or other
standard methods [3, 4]. In some experiments, the
glass transition temperature is decreased upon con-
finement (as compared with the transition tempera-
ture in bulk), whereas in others, the glass transition
temperature increases [2]. Computer simulations in-
dicate that confinement influences the arrangement of
atoms [5, 6, 7, 8], which might in turn relate to the
change of the glass transition temperature. However,
it is difficult to probe structure in nano-confined ma-
terials.

We study confinement effects on a dense colloidal
liquid, a model system which has a glass transition.
Colloids are comprised of small solid particles in a liq-
uid; often these are thought of as like hard spheres.
When the particle concentration becomes sufficiently
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high, the sample is analogous to a glass: it is micro-
scopically structurally disordered, yet behaves macro-
scopically like a solid rather than a liquid [9]. Much
previous experimental work has verified a variety of
similarities between the colloidal glass transition and
glass transitions in molecular systems [10, 11, 12, 13].
In our experiments, we study the structural character-
istics of a dense colloidal liquid confined between two
quasi-parallel plates, by using laser scanning confocal
microscopy to directly image the particles [14]. We
use a binary mixture of two particle sizes to prevent
crystallization [15], similarly to simulations which of-
ten use two particle species [5, 8]. The walls induce
layering of particles, but we find that confinement has
little other apparent influence on the structure of the
sample.

2. Experimental Details

We use colloidal poly-methyl-methacrylate
(PMMA) particles, sterically stabilized to prevent
inter-particle attraction [9, 10, 17]. The particles
are in a mixture of cyclohexylbromide and decalin,
which matches their index of refraction and density
[17]. While the particles are similar to previous ones
that act like hard spheres [9], in the solvent mixture
we use the particles are slightly charged and thus
have a slightly soft repulsive interaction in addition
to the hard-sphere core. To prevent crystallization
which would otherwise be induced by the walls [15],
we use a mixture of two particle sizes, with radii
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asmall = 1.18 µm and alarge = 1.55 µm. The two
species are approximately equal volume fractions,
φsmall ≈ φlarge ≈ 0.25, so the total overall volume
fraction is φ = 0.50 ± 0.05. The uncertainty of φ

is due to difficulties in precisely determining the
individual species particle size, polydispersity of
particle sizes (5% for both species), and difficulties
in determining relative volume fractions of the two
species. The sample is a colloidal liquid – while the
exact glass transition volume fraction is unknown for
this particular binary mixture, we estimate it to be
φg ≈ 0.6.

The sample is placed in a wedge-shaped sample
chamber, as shown in Fig. 1. This chamber is formed
by placing a thin piece of mylar plastic on one edge
of a microscope slide, and then putting a glass cover-
slip on the slide so that one end rests on the plastic
and the other directly against the slide, similar to the
method used by Refs. [15, 16]. The “thin” end di-
rectly against the slide is clamped, and the chamber
glued shut except for two small holes. The sample is
then added through one hole, allowing air to escape
through the other hole. The resulting shape is as de-
scribed in Fig. 1: a very long sample chamber that
ranges in thickness. The two plates are not exactly
parallel, but are tilted at an angle of 0.4◦ relative to
each other.

Fig.1 Sketch of sample chamber (not to scale). The
small particles are 2.36 µm in diameter and are shaded
gray to indicate that they are fluorescently dyed. The
large particles are 3.10 µm in diameter and are drawn
in white to indicate that they are not dyed and thus
invisible to the confocal microscope.

We use laser scanning confocal microscopy to
view the sample [14, 17]. This allows us to scan a
three-dimensional picture of the sample, with image
dimensions 50 × 50 × 20 µm3. We use a fast confocal
microscope (the Visitech “VT-Eye”) which can scan
this volume in 2.0 s, thus providing a nearly instanta-
neous snapshot of the sample, assuming particles don’t
move much in that amount of time. This condition is
easily met in our dense colloidal sample, where parti-
cles typically take ∼100 s to diffuse their own diameter

[18]. The small particle species is dyed with rhodamine
dye [17], and the large species is left undyed. Thus in
the results that follow, all data are for the small species
only.

Over our field of view, the change in thickness due
to the slight tilt of the sample chamber is less than
0.3 µm, which is negligible for all but the thinnest
regions; thus for our analysis, we treat the plates as
parallel. We cannot see any influence of the tilt angle
in either structure or dynamics, suggesting that this is
a reasonable approximation.

3. Results

In practice, we find that some particles stick to
the sample chamber walls. This is only a small frac-
tion; typically less than 20% of the wall area is coated
with stuck particles. The stuck particles are a mix-
ture of small and large particles. From the sequence
of 3D confocal images, we use conventional techniques
to track the motion of all of the particles in three di-
mensions [17, 19]. The stuck particles are easily iden-
tified by their lack of motion. Because they are stuck
to the walls, they serve as a useful tool for measuring
the thickness of the sample chamber locally.

Fig.2 The number density n as a function of the dis-
tance z between the walls. (a) All mobile particles.
(b) All immobile particles. The vertical dotted lines
in both panels indicate the mean z position obtained
from the immobile particles of (b). The distance be-
tween these two positions gives H = 11.05 µm for these
data.
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To determine the chamber thickness, we measure
the number density n(z) as a function of the distance
z between the walls. A typical example is shown in
Fig. 2, where (a) shows the free particles and (b) shows
the stuck particles. From data such as Fig. 2(b), it
is easy to determine the center of each peak. This
then is the position of the centers of the small particles
stuck to the walls, and indicates the maximum possible
extent for the centers of the free particles to be located.
These two positions are indicated by the dotted lines in
Fig. 2, and their separation determines H, the effective
local chamber thickness. Recall that only the small
particles are viewed with the microscope. Thus, the
actual sample chamber thickness is H +2asmall = H +
2.36 µm. While the uncertainty in locating particle
positions is 0.1 µm, by averaging over tens of stuck
particles, we can determine H to within 0.01 µm. Our
uncertainty in the particle size is poorer, ±0.05 µm,
thus here we report all thicknesses in terms of H.

Figure 2(a) shows layering of particles near the
wall. This has often been seen in computer simula-
tions [6, 20] and experiments [15]. The position of the
layer next to each wall is slightly displaced from con-
tact with the wall; compare the position of the stuck
particles in Fig. 2(b) with the layers in (a). This is
likely due to a like-charge Coulomb repulsion between
the walls and the particles. The layers quickly wash
out in the interior of the sample, which we attribute to
the binary nature of the sample. The spacing between
the interior layers is likely due to a mixture of two fac-
tors: sitting next to adjacent layers of either small or
large particles, and symmetry in z. (While we do not
have data from the large particles, DIC microscopy
shows that they too form layers near the walls, albeit
with positions that are shifted due to their size.)

One possibility is that the layers may wash out
due to quantization effects. For example, if H ≈
2masmall for some integer m, perhaps we would see
sharp layers of the small particles. To investigate this
possibility, a variety of concentration profiles are plot-
ted in Fig. 3 at different values of H. Rather than
seeing a quantization effect, it appears that the layer
adjacent to each of the walls is always prominent, and
the interior layers are always greatly reduced. In fact,
for the larger thicknesses shown in Fig. 3, the interior
layering is almost negligible. (Another possible quanti-
zation condition would come from forming hexagonal
layers, with a spacing of asmall

√
3. For the profiles

shown in Fig. 3, the values of H in terms of asmall

√
3

are 3.4, 3.8, 4.2, 4.6, 4.8, 5.4, and 5.7.)

Fig.3 The number density n as a function of the dis-
tance z between the walls. The curves are centered
around the midpoint between the walls, and the thick-
ness H is as labeled (in microns). The values of H
in terms of asmall are 5.9, 6.6, 7.3, 8.0, 8.2, 9.4, and
9.9. The curves are vertically offset for clarity, with
the offset proportional to H.

The height of the peaks of n(z) near the walls
changes from sample to sample, although not in a sys-
tematic way. This seems to be due to slight variability
in the number ratio between big and small particles;
more smaller particles results in a higher peak of n(z).

One final structural quantity we consider is the
pair correlation function, g(r). This function relates to
the probability of finding a particle a distance r away
from another particle; it is normalized so that g(r) = 1
for r → ∞. Figure 4 shows g(r) for several different
thicknesses H, for the small particles. The thicker line
indicates the result for large H, and little difference is
seen until H < 10 µm, where the thickness is only a
few particle diameters. At that point, the first peak
height begins rising, and the minimum at r = 3.7 µm
decreases slightly. The most pronounced difference is
seen in the most confined case, H = 7.79 µm, where
the first peak height rises significantly compared to the
other curves. These results indicate that the structure
remains relatively unchanged until the confinement be-
comes rather extreme. Despite the presence of the lay-
ers seen in Fig. 3, the pair correlation function shows
little variation with thickness over a large range of H.

One other notable feature seen in Fig. 4 is that
the position of the first peak of g(r) does not change
until the most confined case. This suggests that the
overall sample volume fraction φ is unchanged. (For
these slightly charged particles, samples with larger
φ show a first-peak position at smaller values of r,
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Fig.4 Pair correlation function g(r) for different thick-
nesses H. The solid line corresponds to H = bulk, and
the peak height increases with decreasing H = 16.28,
9.41, 8.67, and 7.79 µm. Inset: g(r) over a larger range
in r, for H = bulk.

and this is not seen. For pure hard spheres, the peak
position is always at r = 2a, but this is not the case
for our colloids.) The shift in the peak of g(r) for the
thinnest sample (H = 7.79 µm) suggests that in that
case, the volume fraction may be higher. Of course, φ

is somewhat poorly defined for samples with such close
boundaries, and the change in g(r) may reflect some
other structural configuration present in the thinnest
sample.

4. Conclusion

We have studied a dense binary colloidal sus-
pension confined between two nearly parallel plates.
While particles form layers immediately adjacent to
the plates, the interior of the sample shows much less
layering. The pair correlation function changes only
slightly, until the point where the distance between the
plates is less than ∼ 4 small particle diameters (equiv-
alently, ∼ 3 large particle diameters). These results
seem to indicate that if confinement changes the par-
ticle dynamics, as seen in other experiments [2], this
is either not due to structural influences, or else the
influence of the structure is quite subtle [8]. An alter-
nate explanation might be possible if particle motions
only change for thicknesses for which the structure is
observed to change; but this seems not to be the case
in our experiments. A further study of particle motion
is reported elsewhere [18].
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