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The static structure of quasi-two-dimensional colloidal mixtures of dumbbells and spheres is studied by
optical microscopy. Colloidal dumbbells, produced by aggregation of colloidal spheres, are mixed with spheri-
cal particles and confined between two parallel glass walls. The static structural properties of this system are
determined for various concentrations of spheres in the dilute limit of dumbbells. The dumbbell-sphere pair
correlation function exhibits a strong angular dependence, and also shows that the presence of dumbbells
favors the formation of triangular lattices even at sphere concentrations far from close packing.
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The structural properties of confined colloidal suspensions
are of current interest and are studied experimentally, under
different conditions, by optical microscopy �1–9�. Particu-
larly, the interest has been focused in monodisperse quasi-
two-dimensional �Q2D� systems, where a suspension of
spherical colloidal particles of uniform size �in the microme-
ter range� is confined between two parallel plane plates sepa-
rated at a distance slightly larger than the particles’ size.
Under such conditions, the particles form a single layer be-
tween the plates and one can use optical methods to image
local �within the field of view� equilibrium configurations of
the system at different times. From the analysis of such con-
figurations it has been possible to determine physical quan-
tities such as the static and dynamic structures arising from
the interparticle correlations �2–4,10–15�. In a homogeneous
monodisperse system of spherical particles, the static struc-
ture is described by the pair correlation function g�r1 ,r2�,
which is the conditional probability of finding a particle at
the position r2 given that one particle is at r1. When the
interparticle interactions are spherically symmetric, the pair
correlation function depends only on the interparticle dis-
tance r= �r2−r1�, i.e., g�r1 ,r2��g�r� where g�r� is referred to
as the radial distribution function and describes the equilib-
rium average distribution of the colloidal particles around
one of them. However, in nature and in many synthetic ma-
terials, colloidal species are not always spherical particles in
the unbounded homogeneous three-dimensional space. For
instance, proteins embedded in a biological cell membrane
are nonspherical particles constrained to move in a two-
dimensional �2D� space, hydrocarbon aggregates in oil fields
are frequently buried in porous and fractured rocks, etc.
Thus, it is important to investigate the structural properties of
nonspherical particles in confined geometries. Here we con-
sider the case of dumbbell particles in a monodisperse sus-
pension of spheres confined in a Q2D geometry. We use
optical microscopy to measure the local structure of the
spherical particles around the dumbbells in the dilute limit of
the latter, such that no phase separation is observed �16�. As
we see below, the nonspherical shape of the dumbbells in-
duces an angular dependence of the dumbbell-sphere pair
correlation function. Figure 1 shows illustrative images of
the system of interest. In Fig. 1�a� it shows an image of a
Q2D colloidal suspension containing dumbbell particles in a
sea of monodisperse spheres at the area fraction of spheres

�a=0.54. The spheres are polystyrene particles of diameter
�=1.9 �m and the dumbbells are formed by two of those
spheres, irreversibly stuck to each other. In this static picture,
the dumbbells are encircled to distinguish them from those
pairs formed momentarily. Figures 1�b�–1�k� show images
taken at time intervals of 5 s of a small region of the system,
at the center part of Fig. 1�a�, containing a single dumbbell
surrounded by spheres. This sequence allows one to appreci-
ate the time scale of the changes in the positional and orien-
tational configuration of the dumbbells and the time evolu-
tion of the local configuration of spheres.

The preparation of quasi-two-dimensional colloidal mix-
tures of dumbbells and spheres is done as follows. Protocols
for the fabrication of dumbbells from uniform spheres are
available in the literature �17–19�; here we follow the aggre-
gation and fractionation procedure described below. A mono-
disperse water suspension of polystyrene spheres of diameter
�, carrying negatively charged sulfate end groups on the sur-
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FIG. 1. �a� Optical microscopy image of dumbbell particles �en-
circled� in a monodisperse suspension of spheres. The spherical
particles are polystyrene particles of diameter �=1.9 �m and the
dumbbells are formed by two of those spheres irreversibley stuck
together. The suspension is confined between two glass plates sepa-
rated at a distance h=3.0 �m, forming in this way a quasi-two-
dimensional colloidal suspension. Figures 1�b�–1�k� are enlarged
images of a small squared box at the center of �a�, containing indi-
vidual spheres and only one dumbbell. These pictures were taken at
time intervals of 5 s.
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face, is extensively dialyzed against ultrapure water to elimi-
nate the surfactant added by the manufacturer �Duke Scien-
tific�. In a portion of the clean suspension, particle
aggregation is promoted by the addition of NaCl in a suffi-
cient amount to reach a final salt concentration of 500 mM.
This process is quenched after five minutes by dialysis of the
system in clean water. The suspension �contained in a closed
vial immersed in glycerol� is then heated up to a temperature
of 104 °C �which is above the polystyrene glass transition
temperature� for 20 min to produce sintering of particles in
contact. The suspension is allowed to cool down to room
temperature, then the different aggregates formed are sepa-
rated by centrifugation in a sugar density gradient tube. The
dimers band is recovered from the tube, and the particles are
resuspended in clean water and dialyzed again to eliminate
the sugar. The clean suspension of dimers is mixed with
spherical particles at different proportions. The mixture is
then confined between two glass plates following a standard
procedure �12�. Briefly, in a clean atmosphere of nitrogen
gas, the mixture of spheres and dumbbells is mixed with a
small amount of larger particles of diameter h. A small vol-
ume of this mixture ��1 �l�, is confined between two clean
glass plates �a slide and a cover slip�, which are uniformly
pressed one against the other until the separation between the
plates is h. Thus, the larger particles scattered across the
sample serve as spacers with an average distance of
�100 �m between them. The system is then sealed with
epoxy resin, and both species of mobile particles are allowed
to equilibrate in this confined geometry at room temperature
�24�0.1 °C�. The particles and the glass plates are nega-
tively charged and they repel each other. However, although
we do not add any electrolyte, the solution has a high ionic
strength due to the ionic species dissociated from the glass
walls �1�. Thus, the electrostatic repulsion is screened and
the particles can approach each other and eventually aggre-
gate or stick to the walls. Then, in order to help prevention
against aggregation we added SDS �sodium dodecyl sulfate,
enough to reach the critical micelar concentration �CMC�� to
the mixture of colloidal particles.

The samples are observed from a top view �perpendicular
to the walls plane�, using an optical microscope with a 60
� objective of numerical aperture 1.0. The motion of the
particles is recorded using standard video equipment. The
field of view is �80�60 �m2 �640�480 pixels�. Since
h /��1.6, the motion of the particles perpendicular to the
walls is highly restricted and the systems are treated as ef-
fectively two dimensional. Images of each system considered
here, are digitized and analyzed to obtain the x and y coor-
dinates of the spherical particles and those of the center of
mass of the dumbbells, and the orientations of the latter.
From that data, we determine the dumbbell-sphere and
sphere-sphere pair correlation functions from each image and
the final results presented below are the average over the
total video frames analyzed. Since the dumbbell-sphere cor-
relation function depends on both spatial and angular vari-
ables, we need to analyze a very large number of particle
configurations to accurately determine such dependence. In
practice, the pair correlation function is determined only in
discrete values of � and r, defined in Fig. 2, by counting all
the particles within the neighborhood �r��r ,�����. Here

we take �r=0.05� and ��=5°. Thus, in order to ensure
statistical independence of particle configurations and
smooth correlation functions, we analyzed a number of video
frames in the order of 2�105, corresponding to 2 h of con-
tinuous recording of the system’s evolution, at a rate of
30 frames /s. Since the correlation time of the particle con-
figurations is in the order of few seconds �13�, the total re-
cording time spans over three decades of that correlation
time. An impression of the system’s time-scale evolution can
be obtained from Figs. 1�b�–1�k�. Actual dumbbells are dis-
tinguished from those formed momentarily by following the
trajectories of all particles in the field of view during the total
time of the experiment.

Our results are presented in Figs. 3–5. Figure 3 shows the
pair correlation functions �a� sphere-sphere gSS�r� and �b�
dumbbell-sphere gDS�r ,�� in a system where �=1.9 �m, h
=3.0 �m, and �a=0.54. As one can see in Fig. 3�a�, at this
area fraction the sphere-sphere correlation function �closed
circles� has a high first maximum near to contact followed by
other oscillations of short range in accordance with a system
of particles with an effective short ranged interaction in the
liquid state. In Fig. 3�b� each curve represents gDS�r ,�� as a
function of r for a fixed value of �. We present here the
results for � in the range of 0°–90°, in steps of 5°. Let us note
that due to the symmetry of the dumbbell �see Fig. 2�, we
need to consider only the first quadrant. The curves in the
other quadrants are mirror images of those in the first quad-
rant and they are averaged together to increase the statistics.
Thus, as one can see here, various features of the dumbbell-
sphere correlation function differ notably from those of the
sphere-sphere correlation function. First of all, one can note
a strong and complex angular dependence of the pair corre-
lation function gDS�r ,��. At low values of � �i.e., �0°� the
dumbbell-sphere correlation function is practically the corre-
lation function between spheres gSS�r�. This can be seen in
Fig. 3�a� where gDS�r−� /2,�=0° � is shown for comparison
with the sphere-sphere correlation function. This means that
the spherical particles being along the long axis of the dumb-
bell regard it as an individual sphere, i.e., the partner particle
at the other side has no influence on the correlation function
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FIG. 2. Schematic of the geometry dumbbell sphere. The two
gray circles represent a dumbbell with its long axis along the x
direction. The center of coordinates is placed at the dumbbell’s
center of mass. The dashed circle represents a single sphere located
at a distance r and angle �. The solid line represents the angle
depending distance of closest approach of a hard disk to a hard
dumbbell dDS���, given in Eq. �1�.
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at this value of �. On the other hand, for �	0 the presence
of the second particle forming the dimer produces a strong
angular dependence on gDS�r ,��. The most notable effects
are the nonmonotonic dependence of the height of the first
peak gmax��� and the shift in the position of the first maxi-
mum rmax���. The former can be appreciated better in Fig. 4
where gmax��� vs � is shown for different values of the area

fraction of spheres �a �symbols�. Here one can see that for
�a
0.41 the height of the first peak has little dependence on
� in the range 0°–75°, and at larger angles it starts to increase
monotonically reaching its maximum at �=90°. At higher
particle area fractions, gmax��� has a more interesting behav-
ior. For instance, at �a=0.54 the height of the first peak
initially decreases with �, then it increases reaching a local
maximum at around �=40°, it then decreases having a local
minimum at ��60°, and finally, it increases again reaching
its maximum at �=90°. Thus, the probability of finding a
spherical particle close to the dumbbell is highest at �=90°,
i.e., in the region between the two particles forming the
dumbbell, and this probability increases with �a. This means
that, as the concentration of particles increases, the most
likely dumbbell-sphere configuration is the triangular one,
which is the close packing configuration of spheres in a 2D
crystal. In the case of a 2D crystal, a sphere sitting in the
interstitial area between two spheres �i.e., at �=90°� would
produce an exclusion zone to other neighbor particles from
being at angles ��40°, and the next particle would have its
highest probability at ��40°. This fourth sphere would in
turn exclude neighbor particles except at around �=0°. Inter-
estingly, the maxima and minima of gmax��� are located at the
same angular positions of a 2D crystalline structure, although
in our case the peaks are not sharp because our systems are
still in the liquid phase. Thus, our measurements of gmax���
show that at high particle concentrations, but still far from
the close packing concentration of particles �a�0.91, our
system already exhibits an incipient crystalline structuring of
spheres around single dumbbells.

Figure 5 shows the position of the first maximum rmax���,
as a function of the angle, measured in two of the systems
considered in Fig. 4: �a=0.27 �closed circles� and �a=0.54
�open circles�. As one can see here, rmax��� decreases as the
angle increases and the trend is quite similar for both con-
centrations of particles; in fact one curve can be obtained
from the other by a small shift in the vertical direction �the
curves for the other values of �a considered here follow the
same trend and fall in between the curves in Fig. 5�. In Fig.
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FIG. 3. �a� Sphere-sphere pair correlation function �closed
circles� in a system with �a=0.54. For comparison, the dumbbell-
sphere correlation function gDS�r−� /2,�=0° � is also presented
�open circles� �see the text for discussion�. �b� Dumbbell-sphere
correlation function gDS�r ,�� vs r for values of � in the range of
0°–90°, in steps of 5° �solid lines�.
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FIG. 4. The height of the first peak of the dumbbell-sphere
correlation function vs � for different concentrations of spheres
�symbols�. The solid lines are guides to the eye.
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FIG. 5. Position of the first peak of the dumbbell-sphere corre-
lation function as a function of � for �a=0.27 �closed circles� and
0.54 �open circles�. The solid line is the distance of closest approach
of a hard disk to a hard dumbbell dDS���.
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5 we compare our results with the calculated angle depen-
dent distance of closest approach dDS���, of a hard disk to a
dumbbell formed by two hard disks of the same diameter,
given by Eq. �1� �solid line�. As one can also see here, the
measured position of the first peak coincides qualitatively
very well with dDS��� and the quantitative agreement is bet-
ter as the particle concentration increases.

dDS��� =
�

2
�cos��� + 	3 + cos2���� . �1�

In this work we address the issue of the static structure of
a confined binary mixture of colloidal particles consisting of
dumbbells and spheres in the dilute limit of the former. The
particles are dispersed in water and restricted to move be-
tween two parallel plates becoming in this way an effective

two-dimensional system. The analysis of the local structure
of spheres around a single dumbbell shows a strong angular
dependence of the dumbbell-sphere pair correlation function,
being more pronounced for more concentrated systems �Fig.
3�. As it is shown in Fig. 4, at high concentrations of spheres
the presence of dumbbells induces the formation of local
crystalline structures. This arises the question of whether few
dumbbell impurities present in a monodisperse suspension of
effective hard spheres would produce any appreciable effect
on the order-disorder transition of the system. Our results
suggest they would, but considerably more experimental and
theoretical work is needed to get a definite answer.
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