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THE aggregation of colloidal particles is of fundamental impor-
tance in colloid science and its applications. The recent application
of scaling concepts'” has resulted in a much deeper understanding
of the structure of colloidal aggregates and the kinetics of their
formation. Two distinct, limiting regimes of irreversible colloid
aggregation have been identified®. Diffusion-limited colloid aggre-
gation occurs when there is negligible repulsive force between the
colloidal particles, so that the aggregation rate is limited solely
by the time taken for clusters to encounter each other by diffusion.
Reaction-limited colloid aggregation occurs when there is still a
substantial, but not insurmountable, repulsive force beween the
particles, so that the aggregation rate is limited by the time taken
for two clusters to overcome this repulsive barrier by thermal
activation. These regimes correspond to the limiting cases of rapid
and slow colloid aggregation that have long been recognized in
colloid science®. An intriguing possibility suggested by recent work
is that each of these limiting regimes of colloid aggregation is
universal, independent of the chemical details of the particular
colloid system. Here we investigate the aggregation of three chemi-
cally different colloidal systems under both diffusion-limited and
reaction-limited aggregation conditions. A scaling analysis of
light-scattering data is used to compare the behaviour and provides
convincing experimental evidence that the two regimes of aggrega-
tion are indeed universal.

The two regimes have been studied theoretically’®, by com-
puter simulation® ' and by experimental studies of various
colloids®>'*2', Each regime is distinguished by several distinct
and characteristic features. The structures of the aggregates in
both regimes are fractal, so that the mass (or number of particles
in the cluster) scales as M0C(Rg/a)df, where R, is the radius
of gyration of the cluster and a is the radius of its constituent
particles. The fractal dimension is d; =~ 1.8 for diffusion-limited
colloid aggregation (DLCA) and d;~2.1 for reaction-limited
colloid aggregation (RLCA). For both regimes, the cluster mass
distribution, N(M), exhibits dynamic scaling, in that the shape
becomes constant and universal in time. For DLCA, N(M) is
slightly peaked around the average cluster mass, M, falling
exponentially beyond it. For RLCA, on the other hand, the
cluster mass distribution has a power-law form, again with an
exponential cutoff, N(M)~ M™2M "exp (—M/M). In both
cases, only M depends on time: for DLCA, M grows linearly
in time, whereas for RLCA, M grows exponentially.

Here we investigate three very different colloids: colloidal
gold, colloidal silica and polystyrene latex. The colloidal gold
has primary particles with a =7.5nm and an initial volume
fraction of ¢, ~3 x 107, The colloid is initially charge-stabilized
by citrate ions adsorbed on the gold particle surfaces. Aggrega-
tion is initiated by the addition of pyridine, a neutral molecule
which displaces the adsorbed citrate ions and thereby reduces
the stabilizing charge. The aggregation rate is controlled by the
amount of pyridine added: the final pyridine concentration is
1072M for DLCA and 107*M for RLCA. The interparticle
bonds formed are probably metallic. The colloidal silica has
a =3.5nm and is initially charge-stabilized by OH™ or SiO~ on
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the surface. Aggregation is induced by addition of NaCl, which
decreases the Debye-Hiickel screening length, thereby decreas-
ing the repulsive barrier between the particles. For DLCA,
¢o=2x107° and the salt concentration is 1.7 M; for RLCA,
do=1x10"" and the salt concentration is 0.6 M. The pH is
maintained at =11 by addition of NaOH, which ensures that
siloxane bonds are formed upon aggregation. The polystyrene
latex has @ = 19 nm and is initially charge-stabilized by adsorbed
carboxylic acid groups. For DLCA, ¢,=~8x 1077 and HCI is
added to a concentration of 1.2 M, both neutralizing the surface
charge and decreasing the screening length. For RLCA, ¢, =
7x107° and NaCl is added to a concentration of 0.2 M, decreas-
ing the screening length. The particle surfaces deform on bond-
ing, leading to large van der Waals forces between the particles.

Graphic suggestion of the universal behaviour can be seen in
the transmission electron micrographs shown in Fig. 1. Typical
clusters formed in both the DCLA and RCLA regimes of aggre-
gation are shown for each of the three colloids, and for com-
puter-simulated clusters. The DLCA clusters are all more open
and tenuous, reflecting their lower fractal dimension (d; < 2),
whereas the RLCA clusters are more compact, having d;> 2.
However, the similarity between the structures of the clusters
within each regime is striking, suggesting a universal nature for
the aggregation processes that lead to their formation.

To compare critically the behaviour of the colloids in each
regime, we use static light scattering to measure the fractal
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FIG. 1 Transmission electron micrographs of typical clusters of gold, silica
and polystyrene colloids prepared by both diffusion-limited and reaction-
limited cluster aggregation, and computer simulation. Note the striking
similarity in the structure of the clusters of different colloids in each regime.
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structure of the aggregates, and quasielastic light scattering
(QELS) to measure the aggregation kinetics and to probe the
shape of the cluster mass distributions. We show that, for each
regime, the QELS data can be scaled onto a single master curve,
the shape of which depends on the key features of the aggrega-
tion process. Comparison of the shapes of the master curves for
different colloids provides a critical test of the universality of
the aggregation process in each regime.

The sensitivity of light scattering to the properties of colloidal
aggregates arises from the dependence of the scattered intensity
on the cluster size and the scattering vector, g = (2rn/A) sin 6/2.
Here A =488 nm is the wavelength of the laser light used, n is
the index of refraction of the fluid and 8 is the scattering angle.
Because the fractal clusters are self-similar in structure, the
scattered intensity is a function of the product gR,. At low gR,,
the internal structure of the aggregate is not resolved, and the
scattering is completely coherent, so that the intensity scales as
M? independent of ¢. At high qR,, however, the fractal structure
of the cluster is resolved and the scattering intensity reflects this
with a g% dependence. In this case the total intensity scales
linearly with M.

Both static and dynamic light scattering average over the
cluster mass distribution, N (M ). Static light scattering measures
the time-averaged intensity, and hence is simply a sum over the
distribution, weighted by the average scattering intensity for
each cluster,

_3 N(M)I(4R,)

Ho==5Nonm

(1)
If gR » 1, where R is the average cluster size, then I(g)x g%,
directly reflecting the fractal dimension of the clusters. In Fig.
2, we show the static scattering from all the colloids, obtained
with gR >» 1. For each regime, the slopes of the data are the
same for each colloid, confirming the identical fractal structure
of the aggregates, with d;=1.85+£0.1 for DLCA and d;=
2.10+0.1 for RLCA.

By contrast to the static light scattering, QELS measures the
temporal fluctuations of the scattered intensity from the aggre-
gates resulting from their diffusive motion. We measure the
autocorrelation function of these fluctuations, and here restrict
our attention to its initial logarithmic slope, or ‘first cumulant’,
I';. For a single cluster, I'; = queﬁ(ng), where the effective
diffusion coefficient D, 4 reflects the contribution of both transla-
tional and rotational motion**. When gR, « 1, only translational
diffusion contributes and D.s(qR,)= D ={/Ry, where {=
kT /67, and 7 is the fluid viscosity. The cluster’s hydrodynamic
radius Ry is proportional to its radius of gyration™*°: Ry =
BR,, where g = 1. However, at gR, = 1, rotational diffusion also
contributes to the intensity fluctuations, and D.q(R,) increases
towards a limiting value of ~2D. This qR, dependence of D.g
reflects the anisotropy of the aggregates, giving QELS an addi-
tional sensitivity to the cluster structure.
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FIG. 2 Static light scattering measurements, showing universal behaviour
in each regime. The linear behaviour of the data in the logarithmic plot is
indicative of fractal clusters. For DLCA (top), the slopes give d;=1.86 for
gold, d;=1.85 for silica and d;=1.82 for polystyrene. For RLCA (bottom)
the slopes are consistently higher, with d;=2.14,2.07 and 2.09, respectively.

The average D,y measured by QELS is a sum over the distribu-
tion, weighted by the scattering intensity**:
= _E_ZN(M)I(ng)Deﬂ'(ng)
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This measures a different moment of the cluster mass distribution
than does the static intensity. In the limit of g0, D.z= D,
providing a good measure of the average cluster size, R = ¢/ D.

The combination of the sensitivity to the cluster mass distribu-
tion and to rotational diffusion leads to a pronounced g depen-
dence in the measured D, s, and provides a very sensitive probe
of the aggregation process. However, to fully explore this ¢
dependence at a single point in time during the aggregation
process would require an experimentally inaccessible range of
scattering angles. Instead, we exploit the dynamic scaling of the
cluster mass distribution to measure D.g over a much wider
range of gR. Thus, we determine D.s over the experimentally
accessible range of g, and repeat the measurements during the
aggregation process, as R increases while the shape of the cluster
mass distribution remains unchanged. The values measured at
each g are interpolated to obtain a series of data sets, each
consisting of D.4(q) evaluated at the same time. We normalize
D.¢ by D, and plot the data as a function of gR, where the
required parameter, D = {/ R, for each set is determined empiri-
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FIG. 3 Master curves from dynamic light scattering for each colloid for RLCA
(top) and DLCA (bottom). All material parameters have been scaled out: the
shape of the master curve is sensitive to the cluster mass distribution, the
static scattering from the aggregates and the anisotropy in their structure.
In each regime the master curves for different colloids are indistinguishable,
showing the universality of colloid aggregation. The solid lines are theoretical
calculations.
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cally by scaling the data onto a single master curve. With
sufficient data, there is always a substantial overlap between
data from different sets, making the scaling unambiguous. All
material parameters are scaled out, so that we obtain a critical
comparison between the behaviour of completely different col-
loids.

The master curves obtained for each colloid in each regime
are plotted in Fig. 3. The shape of the master curve for DLCA
is different from that of RLCA, reflecting the different shapes
of N(M) for each regime; the power-law form for RLCA leads
to a considerably stronger g dependence of the master curve.
In each regime, the master curves for the three colloids are
indistinguishable. We emphasize that the master curves for each
colloid are obtained independently, and there is no free para-
meter in comparing them. This is striking evidence of the univer-
sality of each of the regimes of colloid aggregation.

We can also calculate® the shapes of the master curves for
each regime using equation (2) and I(gR,) from simulation
clusters. The results are shown by the solid lines in Fig. 3. For
DLCA, we obtain good agreement with the data, except at high
gR. For RLCA, we obtain excellent agreement at all gR, using
an exponent for the cluster mass distribution of 7=1.5.

The scaling values of R accurately reflect the average cluster
radius in the distribution at each time, and are therefore a useful
measure of the aggregation kinetics, as shown in Fig. 4. The
DLCA kinetics are power-law, R < t*, for each colloid, showing
linear behaviour on the logarithmic graph. The exponent is
consistent with a =1/d;, giving Mx¢t as expected’. The
different offsets of the curves reflect the different primary particle
radii and different initial values of ¢,. By contrast, the RLCA
kinetics are exponential, showing linear behaviour on the semi-
logarithmic plot. Exponential kinetics are observed for the gold
and the silica over all times, and for the polystyrene at later
times.

The reaction-limited kinetics of polystyrene are initially
exponential, then slow down dramatically (while still remaining
exponential) after about one hour. This behaviour is observed
for RLCA measurements using small polystyrene spheres, and
is consistent with observations of others*’. The absolute rate of
aggregation, and the subsequent exponential kinetics, rule out
the possibility of this representing a crossover to DLCA. As
both the scaling of the master-curve data and the static scattering
strongly indicate RLCA behaviour throughout, we suggest that
this change results from an increase in the energy barrier between
the particles at later times, associated with partial coalescence
on aggregation, which has been observed for similar particles®.

We have presented experimental evidence from three different
colloid systems which demonstrates that the process of colloid
aggregation is universal, independent of the detailed chemical
nature of the colloids. This universality can be used to help
rationalize deviations that are bound to occur (for example, the
polystyrene  RLCA kinetics). Biological molecules exhibit
markedly different aggregation behaviour?’°3°, producing
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clusters with considerably higher d;. These observations may
be understood if the clusters undergo considerable restructuring
during aggregation.

We conclude by recalling that it has long been recognized
that the stability of lyophobic colloids can be rationalized in
universal terms by considering the interaction energy between
two approaching particles. What is remarkable about the results
presented here is that they demonstrate that the whole process
of their aggregation is universal, thereby greatly extending our
ability to understand the properties of colloids and their aggre-
gates.

Note added in proof: A recent paper’' has suggested that the
aggregation behaviour of colloidal gold is different from that
of other colloids, based on an interpretation of light-scattering
data which is claimed to exhibit multiple scattering resulting
from the optical resonance of the metallic particles. The results
presented here demonstrate conclusively that both the static and
dynamic light scattering from the gold aggregates is identical
to that from the more weakly scattering dielectric aggregates,
providing unambiguous evidence that there is no multiple scat-
tering from the metallic clusters, and that the aggregation of
colloidal gold is the same as the other colloids in each of the
limiting, universal regimes. O
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