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Introduction
Dispersions of monodisperse spherical particles with effec-
tively hard-sphere interactions are the simplest Complex Flu-
ids. Indeed, one may hope to build understanding of more
complicated soft matter on the behavior of hard-sphere col-
loidal dispersions. Here, we report that suspensions of
polystyrene latex spheres in glycerol constitute a hard-sphere
system.

In fact, PS spheres in glycerol are a prototypical col-
loidal system, for which the interactions – so-called Derjaguin-
Landau-Verwey-Overbeek (DLVO) interactions, consisting of
a screened electrostatic repulsion between charges at the
spheres’ surfaces plus a longer-ranged, attractive van der
Waals component [1, 2] – are representative of a large class
of colloids. Nevertheless, colloidal particles interacting via
DLVO interactions are frequently taken to have effectively
hard sphere interactions [3, 4]. This hypothesis has found
recent support in elegant experiments, demonstrating that
screened, charged polystyrene colloids behave according to
the hard-sphere equation of state [5]. In Ref. [5], to mimic
hard spheres, the screening was chosen so that the electro-
static repulsion counterbalances as far as possible the van der
Waals attraction. Our SAXS measurements, described below,
demonstrate that the interactions between PS spheres in glyc-
erol are indistinguishable from those of hard spheres.

Methods and Materials
To prepare the samples, an aqueous suspension containing
PS latex particles with a nominal radius of 71 nm was pur-
chased from Duke Scientific. The relative standard deviation
in radius was 0.025. Known weights of the as-received sus-
pension were mixed with known weights of glycerol. Water
was then removed by evaporation under vacuum, leaving the
PS spheres suspended in glycerol. Samples were manufac-
tured with nominal sphere volume fractions ofφ= 0:027, 0.13,
0.28, 0.34, 0.49, and 0.52. For the x-ray experiments, samples
were mounted in an evacuated, temperature-controlled sample
chamber.

The measurements were carried out at the SAXS station
at beamline 8-ID at the Advanced Photon Source (APS). We
employed x-rays of energy 7.66 keV produced by a 72-pole
undulator. A silicon mirror and germanium monochromator
selected a relative energy bandwidth of 3�10�4 full-width-at-
half-maximum. Subsequently, a pair of precision crossed slits,
55 m from the undulator source and 40 cm upstream of the
sample, selected a 20µm horizontal by 50µm vertical portion

of the beam. The resulting flux on the sample was� 1010 pho-
tons per second. Scattered x-rays were detected 4.85 m further
downstream using a CCD detector.

Results
The time- and circularly-averaged x-ray scattering cross-
sections are displayed in Fig. 1 for wavevectors fromQR = 1
to QR = 10 for each sample. At large wavevectors the shape
of the scattering appears independent of volume fraction and
shows intensity oscillations characteristic of uniform spheres.
The solid line in Fig. 1 shows the best fit to theφ= 0:027-
data of a model for the scattering of hard spheres with a vol-
ume fraction of 0.027 and a relative polydispersity in radius of
0.025 [6], convoluted with our experimental resolution. The
sole fitting parameter was the mean particle radius, resulting
in a best-fit value of 66.5 nm, in fair agreement with the man-
ufacturer’s value. The model provides a good description of
the data forQR < 3. However, significant deviations from
the theoretical form appear at the scattering minima. We as-
cribe the discrepancy to small departures of the latex particles
from spherical symmetry. Similar behavior was observed in
Ref. [7].

A pronounced peak develops nearQR ' 3:5 as the vol-
ume fraction increases, corresponding to increasing interparti-
cle correlations. This behavior is highlighted in Fig. 2, which
shows as the open circles the structure factors,S(Q), for each
sample, obtained by dividing the measured scattering by the
particle formfactor, for which we used the measured scattering
from theφ= 0:027 sample after applying a small correction
for the structure factor. To make clear the behavior at small
wavevectors, we illustrate these data on a logarithmic scale.

Discussion
The data of Fig. 2 are analogous to the liquid structure factor
of an atomic fluid. The principle peak of the structure fac-
tor approachesQR ' 3:5 at large volume fractions, consistent
with what may be expected for hard spheres. By contrast, par-
ticles with long-ranged Coulomb repulsions can be expected
to exhibit a larger mean separation, so that the first peak of
the structure factor occurs at smaller wavevectors, and to ex-
hibit a greater degree of ordering at lower volume fractions.
The dashed lines in Fig. 2 correspond to the model hard-sphere
structure factor for particles with a mean radius ofR= 66:5 nm
and a polydispersity in radius of 0.025 [6], fitted to the mea-
sured structure factor, varying only the volume fraction for
each data set.
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Figure 1: Cross-section for several different volume fractions
of PS spheres in glycerol vs.QR.

Evidently, the model provides a good description of the ex-
perimental structure factors at all volume fractions, in partic-
ular reproducing the position of the principle peak accurately.
Gratifyingly, the best-fit values for the volume fractions of the
different samples are indistinguishable from the nominal vol-
ume fractions. It is, in addition, especially notable that the
behavior of the measured structure factor at small wavevectors
is reproduced well – within 10% – by the model. This informs
us that the osmotic compressibility of PS spheres in glycerol
is well described by the hard sphere equation of state [1]. We
view the agreement between the model and measured structure
factors at small wavevectors, as well as the agreement between
the measured and predicted positions of the principal peak in
the structure factor, as convincing evidence that PS spheres in
glycerol manifest hard-sphere configurations.

Acknowledgements
8-ID was developed with support from the NSF Instru-
mentation for Materials Research Program (DMR 9312543),
from the DOE Facilities Initiative Program (DE-FG02-
96ER45593), and from NSERC. Work at MIT was also sup-
ported by the NSF MRSEC Program (DMR 9808941). D. L.
acknowledges the JSEP for support. The APS is supported
by the DOE under contract No. W-31-109-Eng-38. We thank
Harold Gibson for his invaluable assistance.

References

[1] P. N. Pusey,Liquids, freezing and the glass transition
(North-Holland, Amsterdam, 1991).

0.01

0.1

1.0

0.01

0.1

1.0

0.1

1.0

0.1

1.0

1.0 10.02. 5.

1.0

0.2

0.5

φ=.52

φ=.49

φ=.34

φ=.28

φ=.13
 

QR

S
tr

uc
tu

re
 F

ac
to

r

 

Figure 2: Measured and model structure factors,S(Q), (cir-
cles and dashed lines, respectively) vs.QR for PS spheres in
glycerol.
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