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Diffusing-wave spectroscopy (DWS) was used to follow the sol-gel transition of concentrated colloidal
suspensions. We present a new technique based on a sandwich of two scattering cells aimed to overcome
the problem of nonergodicity in DWS of solidlike systems. Using this technique we obtain quantitative
information about the microscopic dynamics all the way from an aggregating suspension to the final gel,
thereby covering the whole sol-gel transition. At the gel point a dramatic change of the particle dynamics
from diffusion to a subdiffusive arrested motion is observed. A critical-power-law behavior is found for
the time evolution of the maximum mean square displacement d2 probed by a single particle in the gel.

PACS numbers: 82.70.Dd, 82.70.Gg
Aggregation and gelation of concentrated colloidal sus-
pensions is a fascinating topic both from a fundamental as
well as from a technological point of view. On one hand,
colloidal gels are ideal models for the study of the internal
dynamics and elasticity of highly disordered networks. On
the other hand, sol-gel processes are widely used in the in-
dustry, in various materials preparations, as for instance the
powder processing of ceramics [1]. A considerable amount
of experimental and theoretical works as well as computer
simulations has been carried out in the area of colloidal ag-
gregation and cluster formation [2–4]. In a series of recent
papers different groups have studied the properties of frac-
tal colloidal gels at very low volume fractions which are
accessible by static and dynamic light scattering [2]. How-
ever, little is known about the important case of high den-
sity colloidal gels where the local structural and dynamical
properties differ substantially from diluted samples due to
the high space filling of the particles. Previous studies in
dense systems have addressed the macroscopic phase be-
havior of depletion gels [4] and the viscoelastic properties
of nanoscopic size particle gels [5]. Structural information
about the latter systems has been obtained by light and neu-
tron scattering [6]. To understand however the viscoelastic
properties of high density gels it is indispensable to have
knowledge of the particle dynamics on length scales much
smaller than the size of the individual particles, since the
particle motion will be constrained to such small dimen-
sions. Another most interesting subject is the time evolu-
tion of these local properties at the transition from sol to
gel since it is this transition process that determines the
final properties of the gel.

In this Letter we report on a study of the sol-gel transi-
tion of highly concentrated turbid colloidal suspensions us-
ing diffusing-wave spectroscopy (DWS) [7]. We induced
the destabilization of a colloidal suspension using a novel
catalytic technique leading to fully reproducible results
over days and weeks. In addition we present an exten-
sion of DWS to the regime of nonergodic light scattering,
thereby allowing the investigation of the microscopic par-
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ticle dynamics from a stable suspension to the final stages
of the gel in a single experiment.

The measurements were performed on a destabilized
solution of polystyrene spheres, diameter d � �298 6

20� nm, at F � 20% volume fraction in a buoyancy-
matching mixture of water and heavy water. One of the
major problems in the study of concentrated colloidal
gels is the appearance of spatial inhomogeneities in the
destabilization process, in particular, if reproducibility is
demanded throughout the whole sol-gel transition. To
solve this problem we induced the coagulation of the
electrostatically stabilized suspension with an in situ
variation of the ionic strength without any local gradient
using an enzyme-catalyzed internal chemical reaction (the
urease catalyzed hydrolysis of urea [1]). In the stable
suspension the urea represents 10% of the solvent volume.
To destabilize the system we added urease at a temperature
T � 3 5 ±C where its activity is sufficiently reduced.
The urease concentration (125 units for 1 ml of H2O
and D2O, urease from Boehringer Mannheim GmbH)
was chosen such that the aggregation and gelation at the
selected temperatures (20 ±C, 35 ±C) take place slowly
over a period of hours or days to ensure complete gelation
while the ionic strength of the solvent saturates and
remains constant (but high) already after ca. 60–90 min
(as determined by conductivity measurements at 20 ±C).
The gels appear homogeneous and their features are fully
reproducible. We investigate the onset of aggregation
and follow the sol-gel transition in this extremely turbid
sample using DWS in transmission geometry. In the case
of DWS light is scattered multiply in the sample and
intensity fluctuations are due to the cumulative motion
of all scattering particles along photon diffusion paths of
length s. This allows one to study the particle dynamics in
strongly turbid systems on very small length scales down
to less than 1 nm [8]. For the particle size d�l and volume
fraction used in our experiments we can relate directly
the correlation function of the scattered light intensity to
the mean square displacement �Dr�t�2� of the scatterers:
© 2000 The American Physical Society
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g2�t� 2 1 � �
R`

0 P�s� exp�2�s�l��k2
0�Dr2�t��	 ds
2 [8].

The distribution of path lengths P�s� can be calculated
within the diffusion model and depends only on the sample
geometry (for details see Ref. [8]). Our DWS setup con-
sists of a solid state laser (l � 532 nm) where the beam is
expanded to a diameter of about 7 mm and illuminates the
sample as a uniform planar source. The transport mean
free path l�, a measure for the sample turbidity, was ob-
tained from a static transmission measurement relative to a
sample of known l� [9]. We find a value for l� of 13.7 6

1.4 mm which is in agreement with the value l� � 15 mm
expected for a suspension of hard spheres (in a solvent
with 10% urea) [10]. For the short time diffusion co-
efficient in the stable suspension (T � 20 ±C) we find
D�F� � 0.75 mm2�s which is smaller than the value ex-
pected for a dilute suspension �D0 � 1.4 mm2�s� due to
particle interactions [10]. During aggregation and gelation
we monitor the static transmission which allows us to
determine changes of l� due to a modified microstructure
[10]. An increase of about 30% in l� is observed for the
early stages of aggregation while later the value of l� ex-
hibits only minor changes and can be considered constant.

Figure 1(a) displays a sequence of typical intensity au-
tocorrelation functions g2�t� 2 1 during destabilization,
where t is the correlation time. At early stages, clusters
form due to particle aggregation and the decay of the cor-
relation function shifts to higher correlation times due to
the slower motion of the clusters. Gelation occurs when
a single cluster fills the entire sample volume. After the
sol-gel transition we observe that the correlation function
g2�t� 2 1 does not decay to zero but remains finite [inset,
Fig. 1(a)]. We identify the gel point tgel by the emergence
of this nonergodic scattering signal. Qualitatively this is
supported by our observation that this time coincides with
a macroscopic liquid-solid transition. Before tgel we ob-
serve that the sample shows still viscous flow upon tilting
while afterwards it does not. In a standard light scattering
experiment nonergodic contributions complicate the inter-
pretation of the experimental data significantly [11]. In
fact, in solidlike media, such as gels, scatterers are local-
ized near fixed average positions and therefore are only
able to execute limited thermally driven excursions, prob-
ing only a small fraction of all statistically possible spatial
configurations of the system. As a consequence the mea-
sured time-averaged intensity correlation function is differ-
ent from the ensemble-averaged correlation function. For
dilute, nonergodic systems different methods have been
described to properly average the experimental data [11].
For example, the sample can be rotated or translated while
the correlation function is collected, leading to an addi-
tional decay proportional to the rotation/translation speed.
In principle, this method can be directly transferred to tur-
bid samples. However, for fragile systems with rapidly
changing microstructure, the use of this method is prob-
lematic since it implies relatively high rotation/translation
frequencies (10–100 Hz) in order to limit the data acqui-
sition time.
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FIG. 1. Intensity autocorrelation function g2�t� 2 1 during ag-
gregation and gelation at T � 20 ±C; (a) stable 298 nm suspension
(20% vol. fract.) at t � 0 min and time evolution after destabil-
ization for t � 11, 16, and 82.5 min. Inset: Repeated (time-
averaged) measurements of g2�t� 2 1 in the gel state (single
layer) show the typical nonergodic light scattering signal of
solidlike systems. (b) Ensemble-averaged correlation function
g2�t, L1� 2 1 in the gel state after t � 108, 256, 734, 4683, and
14 400 min determined from the two-cell setup using Eq. (1).
The solid lines have been recalculated from the fit of Eq. (2) to
the �Dr2�t�� data. The raw data g2�t� 2 1 are also displayed
(dashed lines).

To overcome the nonergodicity problem in the case of
DWS we developed a noninvasive efficient new method
which intrigues by its simplicity. We prepared a sandwich
consisting of two independent glass cells (thickness L2 �
L1 � 1 mm) where the first cell contains the sample to
be investigated, which can be either a stable ergodic or a
gelling nonergodic sample. The second cell, which serves
to properly average the signal of the first cell only, con-
tains an ergodic system with very slow internal dynamics
and moderate turbidity. A static speckle spot of charac-
teristic size l2 at the cell interface is diffusively broadened
by the presence of the second layer to a size L2

2 ¿ l2.
Since the second layer is ergodic we obtain a two-
dimensional average over all speckle spots within the same
area L2

2. This scheme is therefore much more efficient
than translating or rotating the sample which always im-
plies one-dimensional motion. The correlation function
g2�t� 2 1 of the two-cell setup can be expressed by the
joint distribution function P�s1, s2� of path segments s1, s2
in both layers: g2�t� 2 1 � �

R`
0 P�s1, s2� exp�2�s1�l�

1� 3

k2
1�Dr2

1 �t��	 exp�2�s2�l�
2�k2

2�Dr2
2 �t��	 ds1 ds2
2. In the

case of independent scattering in both layers (i.e., no
loops of the scattering paths between the two layers)
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this distribution factorizes P�s1, s2� � P�s1�P�s2� and
therefore we can write the correlation function as a
product of the correlation functions of the two indepen-
dent cells: g2�t� 2 1 � �g2�t, L1� 2 1	 �g2�t, L2� 2 1	
which we call the “multiplication rule.” The factorization
of P�s1, s2� holds well if, e.g., the first layer has a high
optical density L1�l�

1 ¿ 1 while the second layer shows
only moderate multiple scattering L2�l�

2 * 1. From this
it is possible to determine directly the contribution of the
first cell by dividing the signal of the two-cell sandwich
g2�t� 2 1 with the separately measured autocorrelation
function g2�t, L2� 2 1 of the ergodic system in the second
cell:

g2�t, L1� 2 1 � �g2�t� 2 1	��g2�t, L2� 2 1	 . (1)

A general theoretical treatment of DWS in multilayered
media has been developed by Skipetrov and Maynard [12].
Numerical application of their results (with the properties
discussed above) reveals that the relative deviation from
Eq. (1) is less than 1023 for t � �1�5�t2, rapidly decaying
to zero for a shorter correlation time. Here t2 denotes the
decay time of g2�t, L2� 2 1 [13].

We adjusted the scattering properties of the second
sample cell using a 1.5% dispersion of polystyrene
spheres, diameter 810 nm, in a mixture of water and gly-
cerol (with a solvent volume ratio of 40:60). From Mie
theory we calculated a value for the total thickness of the
sample L2 � 2l�. Together with the high viscosity of
the solvent this leads to a relatively slow almost expo-
nential decay g2�t, L2� 2 1 � exp�2t�t2	 (decay time
t2 � 6 ms). Initially this decay is separated by about
4 orders of magnitude from the decay of the stable sus-
pension and therefore allows the coverage of a broad range
of correlation times during the destabilization and gelation
process. The light, passing through both cells, is measured
in transmission geometry with a single mode fiber and
subsequently analyzed with a digital correlator. With this
setup we are able to determine experimentally the corre-
lation function of the first (gelling) sample g2�t, L1� 2 1
over a wide interval of correlation times from 10 ns to
1 ms covering the whole sol-gel transition without any
modification or mechanical disturbance of the setup.

As long as the dynamics of the first sample are ergodic,
and therefore fast, we do not see the contribution of the
second cell which decays on a long time scale where the
correlation function of the first sample has already decayed
to zero. As shown in Fig. 1(b) this situation changes how-
ever during destabilization. After the gel point the sys-
tem becomes solidlike and the correlation function of the
gelling sample does not decay to zero but exhibits almost
a plateau with a remaining decay on very long time scales
far out of the time window covered by our experiments.
At this point we can also see the additional “forced” decay
of the second cell [Fig. 1(b)]. With increasing time the gel
becomes more and more dense which is manifested by an
increase in the plateau height. Furthermore the plateaulike
shape of the correlation function now becomes more clear
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since the internal restructuring is slowed down. These re-
sults demonstrate that the new two-cell technique can be
easily applied in practice and offers the advantage of high
statistical accuracy.

For a quantitative investigation of the microscopic par-
ticle dynamics we analyzed the particle mean square dis-
placement �Dr2�t�� as calculated from g2�t, L1� 2 1 and
l� [8]. Figure 2 displays the evolution of �Dr2�t�� dur-
ing the destabilization process. Initially we observe diffu-
sion of the particles over the whole accessible time range
which is manifested by the linear dependence of �Dr2�t��
on t [Fig. 2(a)]. In the first stage the formation of large
aggregates and clusters leads to a dramatic slowdown of
the single particle diffusion. Later the long time behavior
of �Dr2�t�� becomes more and more constrained. In this
regime, before gelation, the particle shows simple diffu-
sive motion only a length scale of

p
�Dr2� � 1 2 nm,

representing only a small fraction of the particle diameter
[Fig. 2(a)]. At the gel time the short time behavior changes
qualitatively from diffusion to a subdiffusive motion well
described by a power law �Dr2�t�� ~ tp . We find, within
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FIG. 2. (a) Mean square displacement �Dr2�t�� at different
stages t � 0, 82.5, 88, and 132 min of the gelation process (full
symbols before the gel point and open symbols after the gel
point). Within the measured range of correlation times �Dr2�t��
changes from a single diffusive behavior (full squares) to a
slowed down constrained diffusion (full circles). The behavior
in the gel state (open symbols) is well described by a subdif-
fusive motion [Eq. (2), solid lines]; (b) short time behavior of
the mean square displacement close to the gel point (full circles:
t � 82.5 min, open squares: t � 88 min): �Dr2�t�� ~ tp . A
qualitative change of the particle dynamics is observed at the gel
point (inset, dashed line) changing from free diffusion (p � 1)
to a subdiffusive motion (p � 0.7 6 0.05).
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FIG. 3. Critical time evolution of the maximum mean square
displacement d2 and the characteristic decay time tc (inset)
after the gel point. The dashed lines are power-law fits to the
d2�t0	 data with exponents 0.44 6 0.03 (20 ±C, open squares)
and 0.48 6 0.03 (35 ±C, open circles), where the error also takes
into account the uncertainty in tg. For tc�t0	 the fit yields an
exponent of 0.4 6 0.03 at 20 ±C (0.45 6 0.03 at 35 ±C).

our time resolution, that the exponent for diffusion p � 1
drops at the gel point and takes a value of p � 0.7 for all
t . tgel [Fig. 2(b)]. This indicates that already close to
the gel point tgel almost all particles are connected to the
gel network. Once the gel spans over the whole sample
the signal is dominated by a broad distribution of elas-
tic gel modes. We find that in the gel state the average
mean square displacement is well described for all t by a
stretched exponential,

�Dr2�t�� � d2�1 2 e2�t�tc�p

	 , (2)

leading to a plateau at long times (with p � 0.7 6 0.05)
[Fig. 2(a)].

This behavior is qualitatively similar to what is found in
dilute fractal gels, however, with reduced values for tc, d2

reflecting the compactness of the dense gel [2]. These re-
sults suggest that the exponent p � 0.7 6 0.05 is a com-
mon feature of colloidal gels even when the development
of a loose fractal structure is suppressed due to the high
space filling.

The plateau height d2 and the characteristic decay time
tc are important quantities related to the gel microstruc-
ture. d2 is a measure for the distance an individual particle
can move away from its average position while tc charac-
terizes the spectrum of excited modes in the gel. Both val-
ues therefore characterize the compactness and rigidity of
the gel. We analyzed the time evolution of d2 and tc for
two different temperatures T � 20 ±C and T � 35 ±C as
a function of the reduced time t0 � �t 2 tg��tg. We find
that while the gel gets more compact its elastic modes shift
to higher frequencies, i.e., shorter time scales. A distinct
power-law decrease is observed as a function of t0 with the
same exponent of the order of 0.4–0.5 for both d2�t0	 and
tc�t0	 (Fig. 3), therefore the ratio d2�t0	�tc�t0	 � 0.25 6

0.05 mm2�s is found to be almost constant over the whole
gelation process. We find this value in surprisingly good
agreement with a simple model for the particle motion in
a colloidal gel recently developed by Krall and Weitz [2].
For gels with a fractal dimension df � 1.9 (diffusion lim-
ited aggregation) they find d2�t0	�tc�t0	 � 1.2D0F0.9 �
0.39 mm2�s; here D0 � 1.4 mm2�s denotes the free par-
ticle diffusion constant (T � 20 ±C) [14]. Further studies
are now underway to investigate this dependence on con-
centration as well as on temperature and interaction po-
tential (ionic strength) in order to obtain a comprehensive
understanding of all properties affecting the microscopic
dynamics of these fascinating materials.
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