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Dynamics of concentrated colloidal suspensions probed by x-ray correlation spectroscopy

O. K. C. Tsui and S. G. J. Mochrie
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139-4307

~Received 28 July 1997!

We report x-ray intensity fluctuation spectroscopy~XIFS! measurements of the equilibrium dynamics of
colloidal suspensions of charge-stabilized Sb2O5 spheres of radius 250640 Å in glycerol. The dynamics were
investigated for times between 4 and several thousand seconds, and for wave vectors,Q, from 0.003 to 0.012
Å21, well beyond wave vectors that can be studied with visible light. The unique advantages of XIFS for
studies of concentrated suspensions composed of refractive-index-mismatched components have not previously
been explored. Here, we study a dilute sample~sample I! and a concentrated sample~sample II!. For sample I,
the diffusion coefficient is independent ofQ, with a value consistent with the Stokes-Einstein relation. For
sample II~effective hard-sphere volume fraction,f50.18), the diffusion coefficient exhibits a minimum at the
peak of the structure factor, indicating modifications to Brownian behavior due to interparticle interactions.
@S1063-651X~98!10802-4#

PACS number~s!: 82.70.Dd, 61.10.Ht, 42.25.Kb
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The recent commissioning of high-energy, thir
generation synchrotrons—the European Synchrotron Ra
tion Facility ~ESRF! in Grenoble, France, in 1994 and th
Advanced Photon Source~APS! at Argonne National Labo-
ratory in 1996, together with the imminent operation
SPring-8 in Japan—present new opportunities for x-ray
search. At the ESRF, APS, and SPring-8, the use of und
tors, in conjunction with the small ring emittance and hi
lepton energy, produces x-ray beams that are several or
of magnitude more brilliant than those available at seco
generation sources. One of the most exciting opportuni
offered by the unprecedented brilliance is to investigate
dynamics of condensed matter on molecular length sc
using x-ray intensity fluctuation spectroscopy~XIFS!. IFS
using laser light—also known as photon correlation spect
copy ~PCS! or dynamic light scattering~DLS!—has long
been employed to investigate the dynamics of conden
matter on micrometer length scales in transparent media,
the principles are well known@1#: a sample is illuminated by
coherent radiation, resulting in a speckle pattern that va
in time as a result of temporal fluctuations within the samp
Time autocorrelations of the speckle yield the sample’s ch
acteristic times. The novelty of the present work lies, in pa
in the use of synchrotron x rays, rather than laser light,
carry out PCS@2–4#. This allows us to examine smalle
length scales than is possible with light scattering. Neut
spin-echo allows a similar range of wave vectors; howeve
is restricted to time scales faster than 1027 s. XIFS on the
other hand offers studies of slower dynamics with charac
istic times of 1024 s and longer@3#.

XIFS has recently been demonstrated in pioneering s
ies of dilute colloidal suspensions of nanoscale gold partic
protected from flocculation by fish gelatin@2#, and of frac-
tally aggregated palladium particles, also with a stabiliz
surfactant@3#. An XIFS study of the diffusion of polymer
micelles was reported in Ref.@4#. In the present paper, w
examine the dynamics of smaller and simpler particles. O
main goal here is to show the unique capabilities of XIFS
studies ofconcentratedsuspensions with significant van d
Waals interactions between the particles of the suspens
571063-651X/98/57~2!/2030~5!/$15.00
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and to elucidate any consequential effects on the dynam
For particles with large van der Waals interactions, lig
scattering studies of the mode structure are not possible
result of strong multiple scattering. This is because the e
tence of large van der Waals interactions accompanie
large refractive index mismatch between the colloidal p
ticles and the suspending fluid@5#.

Concentrated suspensions are of widespread practica
terest. Examples include paints, inks, cosmetics, and ce
foods@6#. Fundamental interest in the structure, phase beh
ior, and dynamics of colloids dates from the 1900s@7# and
continues today@6,5#. In recent years, a good understandi
has been achieved of the short-time diffusion of concentra
suspensions of hard spheres@8–10#, particles with long-
ranged Coulomb interactions@11#, and particles with
screened Coulomb interactions@12,13#. In contrast, the dy-
namics of suspensions having an attractive interaction h
hardly been studied, including most especially systems r
izing the DLVO interaction, which is composed of a van d
Waals attraction and a screened electrostatic repulsion,
which is generic to colloidal systems from clays to prote
@6#.

Our samples consisted of charge-stabilized Sb2O5 spheres
of radius 250640 Å in glycerol at;230 °C. The dynam-
ics were investigated for times between 4 and several th
sand seconds, and for wave vectorsQ from 0.003 to 0.012
Å21, well beyond what can be studied with visible light. T
prepare the sample, we started with a 20%-volume-frac
suspension in water purchased from Polysciences Inc., P
was twice concentrated by centrifugation and twice res
pended in glycerol by ultrasonication. Glycerol was chos
because it slows down the dynamics, thus permitting tim
resolved measurements using an areal charge-coupled d
~CCD! detector, realizing a large improvement in signal-t
noise ratio by averaging over a large number of CCD pix
@2,14#. A final centrifugation yielded the concentrate
sample ~sample II! with an effective hard sphere volum
fraction of 0.18. The dilute sample~sample I!, with an effec-
tive hard sphere volume fraction of less than 0.02, w
drawn from the supernatant. The samples were spread ac
2030 © 1998 The American Physical Society
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57 2031DYNAMICS OF CONCENTRATED COLLOIDAL . . .
a 0.3 mm hole in a 0.2 mm thick stainless steel plate, wh
was supported in an evacuated sample holder and the
electrically cooled to231.560.3 °C and226.860.2 °C for
samples I and II, respectively.

A partially coherent x-ray beam was prepared and ch
acterized at wiggler beamline X25 at the National Synch
tron Light Source~NSLS! @15#. In brief, 7 keV x rays within
a full width at half maximum ~FWHM! bandwidth of
Dl/l50.015 were selected by a tungsten-boron carb
multilayer pair, located 18 m from the 27-pole wiggl
source. Adjustable slits at 25 m were set todh54.2 mm in
the horizontal anddv58.9 mm in the vertical, so that the
transverse beam dimensions were smaller than the trans
coherence lengths calculated for the NSLS source dim
sions. Passing through the slits were;43107 photons per
second. As explained in Ref.@16#, under the reasonable a
sumption that the energy spectrum may be approximated
Lorentzian, the longitudinal coherence length isl2/pDl.
The criterion requiring that the maximum optical path leng
difference in the sample be less than the longitudinal coh
ence length (l2/pDl), leads to the conditionl2/pDl
*2Wsin2u1dsin2u, whereW is the sample thickness,d is
the vertical or horizontal slit dimension for scattering in t
vertical or horizontal direction respectively, and 2u is the
scattering angle, which was satisfied for wave vectors o
up to;0.0015 Å21, which is 8 times smaller than the max
mum wave vector studied in this work (0.012 Å21). The
success of the present experiment shows that the afore
tioned coherence criterion is too stringent to access the
sibility of XIFS experiments. In fact, this criterion woul
lead to a nearly fully coherent beam with a speckle cont
(b) close to unity. In the present experiment, however,
will show that sensible results are obtained forb.0.2 ~see
Fig. 2 below!.

The sample was 80 mm downstream of the slits, c
tained within an evacuated sample holder with kapton w
dows for x-ray access. Scattered x rays were collected u
a Princeton Instruments CCD camera, employing direc
ray detection, located a distance 2.5 m downstream of
sample. The CCD pixel size was 22322 mm2, which is less
than the coherence area of the scattering, i.e., less than
speckle size of ;45 mm ~horizontal! by ;90 mm
~vertical!—ensuring that the detection scheme preserved
instantaneous intensity fluctuations@15#. Two-dimensional,
time-resolved scattering data were acquired as a series o
6.00 and 4.00 s CCD exposures for samples I and II, res
tively, each separated by 0.61 s for readout and storage
dividual exposures comprised 4033653 pixels.

The scattering cross sections for samples I and II,
tained by circularly averaging CCD images within rings
pixels wide and subtracting fitted backgrounds, are show
Fig. 1~a! as solid and open circles, respectively. For sam
I, the cross section decreases monotonically with increa
wave vector. By contrast, the scattering from sample II
hibits a peak at 0.008 Å21, corresponding to pronounce
interparticle correlations—that is, the colloidal particl
show liquidlike order. The scattering cross section may
described by

V21ds/dV5r 0
2n~rp2rm!2v2uF~Q!u2S~Q!, ~1!
h
o-

r-
-

e

rse
n-

s a

r-

ly

en-
a-

st
e

-
-
ng
-
e

the

e

00
c-

In-

-

in
e
g
-

e

wherer 0 is the Thomson radius,n is the number density o
colloidal particles,rp andrm are the electronic densities o
Sb2O5 and glycerol, respectively,F(Q) is the average form
factor, v is the volume of the spheres, andS(Q) is a fluid
structure factor, containing the effects of interparticle cor
lations.

For sample I, no interparticle correlations are appar
and the observed scattering may be fit withS(Q)51. We
thus infer that the Sb2O5 volume fraction is less than 0.02
The best fit to data extending to 0.04 Å21 @Fig. 1~b!# indi-
cates a mean sphere radius ofR5250 Å and a standard
deviations540 Å. For sample II, we fit the data to the form
of S(Q) for hard spheres within the Percus-Yevick appro
mation @17#. Fits were performed withR held at 250 Å for
F(Q), yielding an effective hard-sphere radius,RS5281 Å,
and an effective volume fraction,f50.18. The fact that the
fitted value ofRS is only ;12% larger than the size of th
spheresR may suggest the existence of an effective
screened Coulomb repulsion between the particles@12#. Be-
causeS(Q) is not very sensitive to the interparticle potenti
and because there is some uncertainty in the fitted ba
ground, the high quality of the fit in Fig. 1~a! should not be
taken to imply that the Sb2O5 spheres interact via a hard
sphere potential. In fact, one expects their interaction to b
the DLVO type@18#.

To determine the variation of the diffusion time vers
wave vector, we first calculated the normalized autocorre
tion, g2(t), for each CCD pixel as a function of the dela
time t:

g2~ t !5~n2t !21(
s51

n2t

i si s1t / ī s ī s1t , ~2!

where n is the number of time steps,i s and i s1t are the
intensities at time stepss ands1t, respectively, andī s and
ī s1t are the average intensities at the wave vector in qu
tion at time stepss ands1t, respectively@2,14#. Second, we
averaged g2(t) over all pixels within rings of width
0.00031 Å21 ~10 pixels!, 0.00047 Å21 ~15 pixels!, or

FIG. 1. ~a! Scattering cross section vs wave vector for samp
at 231.5 °C ~solid circles! and sample II at226.8 °C ~open
circles!. The solid lines show the model discussed in the text. E
data set is scaled arbitrarily for clarity of display.~b! Scattering
cross section vs wave vector for sample I shown on a logarith
intensity scale. The solid line is the model discussed in the tex
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2032 57O. K. C. TSUI AND S. G. J. MOCHRIE
0.00093 Å21 ~30 pixels!, for wave vectors smaller tha
0.005 Å21, between 0.005 and 0.010 Å21, or larger than
0.010 Å21, respectively. The resultant autocorrelations
sample I are shown versus time at four wave vectors in F
2~a!. It is apparent that these data are of high quality,
abling unambiguous determination of the characteristic tim
of the sample.

To quantify the experimental autocorrelations of Fig.
we have fit the data at each wave vector to a single expo
tial decay:

g2~ t !5a1be22t/tQ. ~3!

This model, shown as the solid lines in Fig. 2~a!, provides a
good description of the data. The fitted values of the ba
line, a, are close to unity, except at small wave vecto
where the signal of interest suffers a non-circular
symmetric background produced by scattering from the s
The zero-time interceptb is consistent with an analysis o
the visibility of static speckle patterns@15#, indicating the
absence of thermal motions occurring on shorter time sca

Shown in Fig. 2~b! are autocorrelations versus time f
sample II at four representative wave vectors. The solid li
in this figure correspond to fits to the same model@Eq. ~3!#,
which, however, provide a poorer description of the autoc
relations than for sample I, especially at smaller wave v
tors. It is then better to characterize the decay in terms of
cumulants@1#:

g2~ t !5a1be22t/tQ1c2~2t/tQ!2/22c3~2t/tQ!3/6, ~4!

FIG. 2. ~a! Autocorrelation vs time for sample I at231.5 °C at
four wave vectors. Solid lines correspond to an exponential de
vs time. ~b! Autocorrelation vs time for sample II at226.8 °C at
four wave vectors. Solid lines correspond to an exponential de
vs time. The dashed lines correspond to fits to the cumulant exp
sion Eq.~4!.
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where 2/tQ , c2, andc3 may be interpreted as the mean, t
relative variance, and the relative skewness, respectively
the decay rate distribution@1#. It is noteworthy that the value
of 2/tQ so determined also equals the initial decay rate an
related to the short-time diffusion coefficientD via D
51/(tQQ2). The resultant best fits, which provide a goo
description of the data, are shown in Fig. 2~b! as dashed
lines. A distribution of particle sizes could give rise to
distribution of decay rates. However, the fact that the au
correlations of sample I are well described by single ex
nentials indicates instead that interparticle interactions or
nate this behavior. To this end, it has been proposed tha
initial exponential decay corresponds to diffusion of a p
ticle within a region bounded by the neighboring particle
and that the slower variation at longer times involves esc
from this region @9#. This interpretation seems consiste
with the observation that the non-single-exponential beh
ior is more pronounced at smaller wave vectors, where
characteristic time of the dynamics is longer.

In Fig. 3, the fitted time constants for sample I using t
single-exponential model and for sample II using the cum
lant form are shown as solid and open circles, respectiv
In both cases, the time constant is largest at the sma
wave vectors and decreases with increasing wave vec
There is, however, an important difference between the
havior of the two samples, highlighted in Fig. 4~a!, which
plots D0 /D versus wave vector, where D0
5kBT/6ph(T)R is the diffusion coefficient of an isolate
sphere of radiusR in pure glycerol@6#. @h(T) is the viscosity
of pure glycerol@19# h(231.560.3 °C)573106420 P and
h(226.860.2 °C)532906140 P.# For sample I,D0 /D is
nearly constant versus wave vector, as expected for a d
suspension of spheres undergoing Brownian diffusion.
estimate that a water content of about 3% would decrease
liquid viscosity from that of pure glycerol by a factor o
about 2.5, changingD0 /D from 1 to the observed value o
0.38. In contrast to the behavior for sample I, the value
D0 /D for sample II shows a significant wave-vector depe

y

y
s-

FIG. 3. Time constants for sample I at231.5 °C~solid circles!
and sample II at226.8 °C ~open circles!. The lines are guides to
the eye.
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57 2033DYNAMICS OF CONCENTRATED COLLOIDAL . . .
dence, increasing from;1.2 at 0.003 Å21 to ;2.5 near
0.011 Å21, where the structure factor peaks@Fig. 4~b!#.
Slower diffusion for wave vectors approaching the peak
the structure factor (Qm) has been observed previously
light scattering studies of suspensions of interacting collo
particles@20,11,8,9#.

The effective diffusion coefficient of a concentrated c
loidal suspension, derived from the initial decay of the au
correlation, is generally written asD(Q)5D0H(Q)/S(Q)
@9,10,12,13#, where the functionH(Q) encompasses the e
fect of hydrodynamic interactions—derived from the velo
ity field in the suspending fluid created by the neighbor
particles—andS(Q) is the static structure factor that a
counts for the effect of direct interparticle interactions. F
dilute suspensions,H(Q) and S(Q) equal unity @11#. For
concentrated suspensions with hard sphere@9,10# or screened
Coulomb@12,13# interactions, however,H(Q) shows a peak
at Qm with a value that is less than one for hard spheres
approximately one for charged particles. By contrast,
peak in S(Q) at Qm is more pronounced. As a result, th
structure factor always dominates the dynamics aroundQm
in these systems, giving rise to a minimum inD at Qm . In
Fig. 4~b! is shown the structure factor for sample II inferre
from the fits to the data of Fig. 1. Evidently,S(Q) increases
by a factor of about 5 as the wave vector increases from z

FIG. 4. D0 /D vs wave vector for sample I at231.5 °C ~solid
circles! and sample II at226.8 °C ~open circles!. The dashed line
corresponds toD0 /D50.38. The solid line is a guide to the eye.
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to Qm . In the same wave vector range,D0 /D rises only by
a factor of 2@Fig. 4~a!#. We thus infer thatH(Q) for sample
II shows a weaker peak atQm than S(Q), similar to what
was observed in hard-sphere and charged-particle sus
sions, as noted above. Physically, for the density wave c
acterized by wave vectorQm , the particles are separated b
the optimum distance, so that any attempt to move the p
ticles away from this preferred configuration is suppresse

The other notable difference between sample I and sam
II is that the collective diffusion coefficient, given by th
small-Q limit of D, is smaller by a factor of about 3 fo
sample II than for sample I. In contrast, light scattering stu
ies of hard-sphere-like particles find that collective diffusi
increases weakly with increasing concentration@8,9#. In the
case of charged suspensions with repulsive Coulomb in
actions, the collective diffusion coefficient also increas
with increasing concentration. It is natural to suppose t
the different behavior we observe is the result of attract
van der Waals interactions among the Sb2O5 spheres@21#.
Further studies will elucidate this point.

In conclusion, we have demonstrated that XIFS is able
study dynamical behavior of concentrated colloidal susp
sions with large van der Waals interactions in which diff
sion parameters are considerably modified by interpart
interactions. The prospects for XIFS are exciting indeed.
sides its capability to access molecular length scales, the
portunity offered by XIFS for the investigation of the dy
namics of concentrated suspensions with refractive-ind
mismatched constituents is unprecedented. For exampl
will be possible to extend to van der Waals systems the be
tiful measurements on the behavior near the glass trans
carried out for hard-sphere colloids by van Megen and U
derwood@22#. In view of the emerging realization that th
range of interparticle potentials is extremely important
determining the phase behavior—specifically, sufficien
long-ranged attractive potentials are necessary for existe
of a stable liquid-gas critical point@5#—such studies will be
particularly interesting.
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