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Abstract. Aggregation mechanisms of emulsions at high initial volume fractions (¢o > 0.01) is studied
using light scattering. We use emulsion droplets which can be made unstable towards aggregation by a
temperature quench. For deep quenches and 0.1 > ¢o > 0.01, the aggregation mechanism is identified as
diffusion-limited cluster aggregation (DLCA). An ordering of the clusters, which is reflected by a peak
in the scattering intensity, is shown to result from the intercluster separation, exhibiting different scaling
than that observed at lower volume fractions. This manifests an increasing similarity to spinodal decom-
position observed as ¢o is increased. For ¢9 > 0.1 and shallow quenches, different mechanisms, closer
to spinodal decomposition, are observed. These results allow the subtle boundaries between DLCA and

spinodal decomposition to be explored.

PACS. 61.43.Hv Fractals; macroscopic aggregates (including diffusion-limited aggregates) —
82.70.Gg Gels and sols — 64.70.Ja Liquid-liquid transitions

Colloid aggregation is a coarsening process driven solely
by kinetics; colloidal particles stick irreversibly to one an-
other as they collide due to their diffusive motion. The re-
sultant bonds can be sufficiently strong to prevent further
rearrangement, leading to highly disordered and tenuous
clusters, whose structure can be well-described as fractal
[1]. If there is no repulsive barrier preventing clusters from
sticking upon collision, the coarsening is driven solely by
the diffusion-induced collisions between the growing clus-
ters. This regime, called diffusion-limited cluster aggrega-
tion (DLCA), is amenable to detailed theoretical analysis,
and has become an important base case on which we can
build our understanding of other kinetic growth processes.
The initial growth of the DLCA clusters is completely ran-
dom; nevertheless, recent experiments with slightly more
concentrated suspensions than previously studied, have
shown that a surprising order can develop, manifested by
a pronounced peak in the small angle scattering intensity
as a function of wave vector, I(q), which reflects the devel-
opment of a characteristic length scale in the suspension
[2,3]. While first observed in three-dimensional DLCA,
similar behavior has also been reported for two-
dimensional aggregation of particles on the surface of a
fluid [4]. This surprising observation suggests that DLCA
has much in common with a completely different coarsen-
ing process, spinodal decomposition, which is not driven
exclusively by diffusion, but which instead reflects the evo-
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lution of phase separation as the system is quenched away
from equilibrium [5]. In both processes there is a pro-
nounced peak in I(q); in both processes this peak moves to
smaller ¢ as the system coarsens; in both processes, I(q)
exhibits scaling behavior [2,6-9]. At long times, DLCA
must produce a gel which spans the system, preventing
further coarsening. By contrast, spinodal decomposition
must ultimately result in the complete separation of the
two phases; however, recent studies of spinodal decompo-
sition in colloidal systems [10] have shown that a deep
quench can result in the formation of a gel-like structure,
kinetically arresting the phase separation, and further en-
hancing the apparent similarity between the two coars-
ening processes. Despite the intriguing similarities in the
two coarsening processes, there are intrinsic differences be-
tween DLCA and spinodal decomposition. In spinodal de-
composition, the characteristic length scale is initially set
by the fastest growth of a dominant fluctuation; by con-
trast, in DLCA, this length scale must originate solely
from the diffusive motion of the particles. Thus, a com-
plete understanding of their link remains elusive, calling
for further exploration of their similarities.

In this work, we report the results of an experimen-
tal study of the inherent similarities between aggregation
and spinodal decomposition. We focus on the behavior of
colloid aggregation as the initial volume fraction of parti-
cles, ¢y, is increased, and show that the similarity to spin-
odal decomposition becomes even more pronounced with
increasing ¢g. We use monodisperse emulsion droplets,



278

which can be made unstable towards aggregation by a
temperature quench; this allows us to explore the DLCA
process for suspensions with initial volume fractions above
¢o = 0.01. Index matching the suspensions enables us to
probe their behavior with light scattering, even at these
high volume fractions. We report the observation of three
different scenarios for the aggregation; these are controlled
by the quench depth and the initial volume fraction. Each
of these scenarios bears a striking similarity to spinodal
decomposition; together, they provide further important
insight into the nature of this similarity. In the first case,
when 0.008 < ¢ < 0.1, a pronounced peak in I(g) is ob-
served at a scattering wave vector, ¢,,. This evolves with
time as gm ~ t~1/3; this is in marked contrast to the be-
havior at lower ¢, where g, ~ t~1/% with d ¢ the fractal
dimension of the clusters. However, in both cases, all the
light scattering data at later times can be scaled onto a
single curve, with the scaling reflecting the fractal struc-
ture of the clusters. Thus, while the fractal dimension of
the clusters controls all the scaling at low ¢q, it is the
dimension of space that controls the scaling of ¢, with ¢
for higher ¢, identical to the behavior observed for spin-
odal decomposition. In the second case, when ¢g > 0.1,
completely different behavior is observed, and the sim-
ilarity with spinodal decomposition becomes even more
pronounced; we find that ¢, remains constant in time,
while (g, ) increases exponentially with ¢, similar to the
behavior expected in the early stages of a spinodal de-
composition within the linear Cahn-Hilliard theory [5,11].
However, full phase separation is arrested by gelation of
the system. Finally, the third case highlights the merg-
ing of aggregation and spinodal decomposition. When the
temperature quench is not as deep, and samples with a
high ¢ are used, no gelation is observed; instead we ob-
serve a process akin to a full phase separation in that the
resultant clusters are highly compact and can not span the
system to form a gel. Nevertheless, marked phase separa-
tion still occurs, as there are no remaining free particles in
equilibrium with the clusters. These experimental results
elucidate the nature of DLCA at higher volume fractions
and further cement the intriguing analogy between aggre-
gation and spinodal decomposition.

We use emulsions composed of monodisperse silicone
oil droplets in water mixed with glycerol (30% by weight)
to increase the index of refraction and eliminate multiple
scattering, and with 2 mM sodium dodecyl sulfate to sta-
bilize the droplets. The droplet radius is ¢ = 0.19 pm,
as determined with static light scattering. The suspension
also contains 0.35 M NaCl which makes the droplets sticky
as the temperature is lowered to the onset of the attractive
interaction at 35 °C. Above 35 °C, there is no apprecia-
ble attractive interaction; between 34.7 °C and 35 °C, the
attraction is weak, leading to an equilibrium between di-
lute and concentrated phases of droplets; below 34.7 °C
the attraction is much greater than kpT [12], the ther-
mal energy, and the droplets stick strongly to one another
upon collision. This allows us to rapidly and controllably
induce aggregation and then gelation of the emulsions.
This is accomplished by holding the sample temperature
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Fig. 1. Intensity as a function of scattering wave vector for an
emulsion with ¢o = 0.04 at a series of times. The inset shows
that, except at the earliest times, the data can be scaled onto
a single curve.

above 45 °C, and then quenching the sample temperature
to 30 °C, at rates of 3—5 °C/s. The evolution of the sys-
tem structure is monitored by static light scattering. The
sample is contained in a thin cell, 100 or 200 pm thick,
and light from an Art laser is passed through the cell. The
scattered light is imaged onto a screen, which is in turn
imaged onto a CCD camera. These images are digitized
and the intensity as a function of scattering vector, I(q),
is determined as a function of time.

1 First scenario, 0.008 < ¢y < 0.1
and deep quenches

Typical results for a sample which follows the first sce-
nario of aggregation are shown in Figure 1. We plot a
series of I(q) taken at different times after the aggrega-
tion begins using a sample with an initial droplet volume
fraction of ¢y = 0.04. We choose t = 0 as the time when
the first perceptible change in the scattering intensity is
observed. There is a pronounced peak in I(g) which grows
in intensity and moves to lower ¢ with time; ultimately
the system gels, and there are no further changes in I(q).
The scattering wave vector of the maximum intensity de-
fines a characteristic length scale of the system, ¢,!; at
gelation, we define this length scale as qg’l. As has been
observed previously [2,4,8], after a brief initial stage, all
the scattering curves can be scaled onto a master curve by
plotting qz{ I(q/qm) as a function of ¢/g.,. This scaling is
illustrated in the inset of Figure 1, where we use dy = 1.9.
Similar behavior is observed for all concentrations stud-
ied below ¢ = 0.08, with values of dy, required for the
scaling, varying from 1.7 to 1.9.

The time evolution of ¢,, that we observe is markedly
different than that observed at lower ¢y. There, the peak
in the scattering from aggregating colloids originates from
conservation of mass [13]; each cluster is surrounded by a
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Fig. 2. The time evolution of the scattering wave vector of the
maximum intensity, gm, for data with several different ¢o. All
the data lie on a single curve, decreasing as 7173,

depletion shell, with the resultant form factor of cluster
plus depletion shell leading to the observed peak. Thus,
g, ~ R, the characteristic size of the clusters, and the
time evolution of ¢, can be calculated from the condition
of diffusion-limited growth, which gives the rate of change
of the concentration of clusters, n [14],

‘Cll—;‘ = —16mDRn? (1)

where D is the cluster diffusion coefficient, and the prod-
uct DR is a constant. The cluster concentration is deter-
mined from ¢y by conservation of mass, assuming equal
cluster size,

d
n= 20 (%) (2)
487ad \ R

Integrating equation (1) using equation (2) gives, in the
limit of long times, g, ~ (¢ot)~*/% . The first experimen-
tal observation of this ring [2] using ¢9 < 10~* indeed
found ¢, ~ t7%% consistent with this prediction. By
contrast, our data exhibit a completely different behavior,
as shown in Figure 2, a logarithmic plot of g,, as a func-
tion of ¢ for several different ¢y. Unexpectedly, we find
that g, ~ t~1/3 and that the data all scale onto a single
curve, independent of ¢g. Thus, the origin of the peak in
the structure factor cannot be due to the characteristic
size of the clusters; instead, the peak must reflect spatial
ordering of the clusters, in addition to uniformity in size.
To see this, we replace the condition for the cluster con-
centration, equation (2), by the condition that the clusters
be equally spaced,

1
L (3)

where d is the separation between the center of neigh-
boring clusters. We consider ¢,, ~ d~! and we integrate
equation (1) using equation (3) to obtain, at long times,
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Fig. 3. The dependence of g4 on ¢o. For ¢o < 0.1, the data
have a $9'™® dependence, consistent with DLCA clusters with
a fractal dimension of dy = 1.7.

¢m ~ t~1/3_ independent of ¢y, exactly as observed. This
same t~1/3 scaling is also predicted and observed for spin-
odal decomposition [5]; thus the behavior of DLCA at the
higher ¢¢ investigated here is remarkably similar to that
of spinodal decomposition. This must arise from the pre-
dominance of spatial correlations in the DLCA process;
this is in sharp contrast to the behavior at very low ¢g,
where the peak arises from the depletion shell around the
clusters [8,13].

The behavior observed in our data is similar to that
observed in recent simulations of DLCA which preserve
the spatial configuration of the clusters [7,15,16]. In the
simulations, a minimum in the density correlation func-
tion, g(r), was observed, corresponding to the average
cluster separation; its time evolution was described by a
power law with an exponent closer to 1/3 than to 1/dy.
In fact, the exponent that best describes our data for
¢o = 8.5 x 1073 is 0.36 4 0.2, in excellent agreement with
the value observed in the simulations for a similar ¢¢. This
value is slightly greater than 1/3, presumably reflecting
the trend towards larger values that must occur as ¢y be-
comes very small and the exponent approaches 1/d;. We
emphasize that analysis of ¢, (t) provides a unique way
to obtain structural information in three-dimensional sys-
tems where direct observation is impossible. Interestingly,
in two-dimensional systems, where direct imaging is pos-
sible, it was experimentally observed that the peak of the
structure factor is linked to the separation between neigh-
boring clusters rather than to the cluster size [4].

2 Second scenario, 0.1 < ¢9 < 0.4
and deep quenches

The similarity between the aggregation process of these
sticky emulsions and spinodal decomposition is further
buttressed by the behavior at high ¢g, evidenced by the
ordering at gelation, as determined by g,. For diffusion
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Fig. 4. Time evolution of I(q) for ¢o = 0.23. The peak position
does not change, while the intensity increases exponentially
with time (inset).

controlled gelation, we expect g4 ~ ¢é/ (3=dy ); this is ob-
served, as shown by the dashed line in Figure 3, which
is a fit to a power-law dependence of g, on ¢y for the
data with ¢9 < 0.1. The exponent is 0.75, close to the
expected value, 0.83 for dy = 1.8. However, for ¢9 > 0.1,
there is a sharp change, and very little variation of g, with
¢o is observed. There is still a pronounced peak in I(q);
however, ¢, is independent of ¢, as shown in Figure 4 for
¢o = 0.23. Moreover, the intensity at g,, grows exponen-
tially with time until gelation occurs, typically in less than
2 s; this is shown in the inset of Figure 4. Similar behav-
ior is observed for all ¢ > 0.1, although the peak in I(q)
becomes broader as ¢g is increased. This broadening is
noticeably more pronounced when ¢y > 0.3. For ¢g > 0.4
no peak are longer observed. The behavior in this second
scenario is similar to that expected for the early stages
of a spinodal decomposition within the framework of the
Cahn-Hilliard linear theory [5,11]. The origin of this be-
havior for these emulsions is not clear. This may be an
intrinsic phenomenon, reflecting the inherent similarity of
DLCA with spinodal decomposition for high ¢¢. Alterna-
tively, this may be a consequence of the aggregation rate
becoming comparable to the quench rate at these high vol-
ume fractions. Simulations at these high ¢ would be most
helpful in determining the intrinsic nature of the behavior
of this second scenario.

3 Third scenario, 0.1 < ¢y < 0.4
and shallow quenches

The possibility of the quench rate competing with the ag-
gregation rate can be investigated further by performing
deliberately weaker or slower quenches; this is the third
scenario. This provides an opportunity for the structures
to anneal, thereby achieving more uniform and higher den-
sity; the deviation from equilibrium is less extreme than
any process that is completely kinetically controlled, such
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Fig. 5. The time dependence for an emulsion with ¢o = 0.16,
weakly quenched so that it undergoes spinodal decomposition.
The data scale (inset) but with an exponent of 3, indicative of
compact, rather than fractal, clusters.

as pure cluster aggregation, and thus, this regime is even
closer to spinodal decomposition. This scenario is achieved
by quenching only ~ 0.3 °C below 35 °C where the inter-
action is weaker than at lower temperature [12]; here the
attraction is still large enough to cause the particles to
stick, but is not sufficient to prevent rearrangements af-
ter the particles have stuck. This leads to more “classical”
phase separation rather than an aggregation process. A
pronounced peak is observed in I(g), as shown in Fig-
ure 5. The value of ¢, decreases with time, and, as shown
in the inset, scaling is again observed as in the first sce-
nario; however this scaling is now accomplished by using
1(q/qm)q3,, exactly the same as for spinodal decomposi-
tion [5]. In this third scenario, the system can fully phase
separate rather than gel, and g, continues to decrease
until it can no longer be observed.

The distinction between the deep quench, which is the
second scenario, and the shallow quench, which is the third
scenario, is in fact rather delicate. Small changes in the
quench depth can result in large changes in the aggrega-
tion behavior. For example, a slightly deeper quench can
result in the formation of a gel rather than a phase sepa-
ration; however this gel has a g4 that is smaller than that
observed for a very deep quench, reflecting the fact that
rearrangements within the clusters makes them more com-
pact so that they must be larger in order to form a gel.
In fact, a previous study [3] of this behavior was plagued
by this problem; the reported ¢¢ dependence of ¢, ex-
hibited a deviation from power-law growth at ¢y ~ 0.01,
presumably because the quench rate was not high enough.
However, the weaker quench does illustrate another of the
possible approaches of DLCA to spinodal decomposition.
Moreover, it suggests that the behavior for ¢y > 0.1 does
indeed correspond to spinodal decomposition.

The sticky emulsions studied here are an ideal sys-
tem for investigating the analogy between aggregation and
spinodal decomposition. Because the degree of adhesion is
controlled by the magnitude of the temperature quench,
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the behavior of these emulsions can be varied between
spinodal decomposition with a shallow quench, and DLCA
with a deep quench. However, even with a deep quench,
the DLCA-like behavior becomes increasingly similar to
that of spinodal decomposition as the initial volume frac-
tion of the particles increases. This reflects the fragile
boundary between these two important coarsening mech-
anisms; both processes engender ordering and scaling of
the light scattering, and both processes engender scaling of
their characteristic length scales, as signified by the time
evolution of the wave vector of the peak of the scattering
intensity. In fact, the behavior reported here suggests that
DLCA is simply one limit of spinodal decomposition, that
is achieved with a deep quench and a very low volume
fraction of one of the separating phases. In the traditional
picture for spinodal decomposition, the initial characteris-
tic length scale is determined by the depth of the quench,
and decreases with increasing quench depth [5]. Does this
length scale become identical to the one that characterizes
DLCA in the limit of very deep quenches? Based on the
results presented here, this is certainly a likely scenario.
However, further investigation of the similarity between
DLCA and spinodal decomposition is required to unam-
biguously determine this.
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