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Experimental study of colloidal aggregation in two dimensions.
III. Structural dynamics
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Time-dependent aspects of the structural self-similarity of colloidal aggregates formed in a two-

dimensional system at a liquid-air interface are considered. The aggregation was induced by the
addition of CaC1& to the aqueous phase, the electrolyte concentration governing the growth condi-

tions. At all subphase molarities large clusters, necessarily formed late in the aggregation process,
showed evidence of internal reorganization, the fractal dimension of the cores of the clusters being

significantly larger than that for the global cluster structure. Early in the aggregation process, during

a regime of slow cluster growth, the overall cluster morphology resembled that of reaction-limited

cluster-cluster aggregation for all CaC12 concentrations. However, during the later, rapid growth

phase the fractal dimensions of the clusters fell at high subphase molarities, becoming compatible

with expectation for diffusion-limited aggregation. It is shown that all of these observations are

in accord with the hypothesis that the intrinsic particle-particle reaction probability, while exper-

imentally variable, was small under a11 conditions. A possible explanation for this hypothesis is

discussed.

PACS number(s): 68.70.+w, 82.70.Dd, 81.35.+k

I. INTRODUCTION

This is the third in a series of papers reporting the
results of an extensive investigation of the aggregation
of colloidal particles trapped at a liquid surface, where
they form a quasi-two-dimensional system. The first pa-
per of this series (hereafter referred to as paper I, [1])
considered structural aspects, and the second (paper II,
[2]) kinetic aspects of these processes. This paper exam-
ines the evolution of the cluster structure with time as
the aggregation proceeds, and shows how certain appar-
ently conflicting aspects of the two separate studies can
be reconciled.

It is appropriate to summarize certain relevant theoret-
ical points briefly. Cluster-cluster aggregation has been
widely used in computer simulations of random growth
processes [3]. In difFusion-limited cluster-cluster aggrega-
tion (DLCA) particles and clusters difFuse, aggregating
irreversibly on first contact (i.e. , the probability of reac-
tion approaches 1). Reaction-limited cluster-cluster ag-
gregation (RLCA) only difFers in that the reaction prob-
ability is much less than 1, allowing more contacts to
be explored before irreversible aggregation occurs. Cer-
tain generalizations of the simple RLCA model [4—6], in
which the cluster diffusivity or the reaction probability
are allowed to vary with cluster size, predict scaling be-
havior in accord with the observed kinetics (paper II).
The diffusion coeKcient D, is assumed to scale as [4, 5]

+s = +OS~)

where Vo is a constant and p is the diffusivity exponent.
Similarly, the probability that clusters of sizes i and j

react on contact to form a cluster of size i +j is assumed
to scale as [6)

P;s(cr) = Pp(ij), (2)

where Pc, the intrinsic or particle-particle reaction prob-
ability, is a constant and o is the sticking probability
exponent. The exponents p or o govern the aggregation
kinetics. These may fall into two qualitatively difFerent
classes (corresponding to DLCA or RLCA), depending on
whether the exponents lie above or below critical values

[5, 6]. The critical value p, (or o,) at which crossover oc-
curs depends upon the space dimensionality d and upon
the magnitude of the other exponent, the effects of the
two exponents being similar (and apparently additive) [5,
6].

The aggregates formed in our experiments were frac-
tal in nature (paper I), the fractal dimension changing
from a value characteristic of RLCA to one expected for
DLCA as the electrolyte concentration in the fluid sup-
porting the colloidal particles was increased above a crit-
ical value (about 0.45M CaClq). The average cluster
anisotropy, while much more scattered, also appeared
to change at this point. These morphological parame-
ters were determined using data for the entire ensemble
of clusters observed throughout the aggregation process.
The structural studies thus suggest a rather clean and
simple picture: at low substrate molarity electrostatic re-
pulsion between the charged colloidal particles inhibited
the close approach required for irreversible aggregation
into the primary minimum of the interparticle potential,
whereas at higher molarities the Debye screening length
became so small that such reactions became the rule, and
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DLCA would be expected.
However, the kinetics showed no clear signs of such

a crossover from RLCA to DLCA behavior as the sub-
strate molarity was increased (paper II). On the contrary,
the cluster size distribution n, (t) never exhibited the
well-de6ned peaks associated with DLCA, but generally
decayed monotonically with cluster size s, as expected
for RLCA. However, at all electrolyte concentrations a
crossover from slow to rapid aggregation was evident in
both the average cluster size and the number of clusters.
Slow kinetics have usually been associated with RLCA,
while rapid growth has been connected to DLCA. The
observed dependence of the kinetic phenomena upon sub-
strate molarity was restricted to a variation of the static
and dynamic exponents describing the scaling behavior
of the cluster size distribution. These variations could be
understood as the consequences of an increase in the cr

exponent as the electrolyte concentration was raised.
While cluster motion controlled by diffusion should in-

volve p ( 0 (larger aggregates difFuse more slowly), the
clusters observed in the present work tended to move
more rapidly as they grew. While the underlying mech-
anism is not immediately apparent, and is not Brownian
motion, this clearly implies an "efFective" p ) 0 (paper
II), the actual value probably being independent of sub-
phase molarity. Thus the observed aggregation kinetics
demanded that the sticking probability exponent cr, while
negative, increased systematically with subphase rnolar-

ity. Apparently this variation was not large enough to
overcome the effects of the positive effective p, so that
the RLCA-hke kinetics were not carried over to DLCA-
like behavior under any circumstances.

There is thus some confhct between the results of pa-
pers I and II: distinct changes in structure do not seem to
be accompanied by the expected corresponding changes
in kinetics. Conversely, the crossovers seen in the time
dependence of the kinetic behavior do not seem responsi-
ble for inducing those structural changes which are seen.
The present paper considers the temporal evolution of
the cluster structure as reBected by the self-similarity of
the aggregates, and shows how these different results may
be reconciled. A major conclusion is that a determina-
tion of either the fractal dimension of structures arising
in a random aggregation process, or the growth kinetics
alone, provides a rather limited amount of information
on the physical processes involved.

II. EXPERIMENTAL CONSIDERATIONS

The experimental system comprised 1-pm-diam
polystyrene latex spheres dispersed as a monolayer on
the surface of an aqueous subphase. Aggregation was
initiated by adding a CaC1~ solution to the subphase,
thereby increasing the screening of the electric charge
on the particles. Video-microscope images were recorded
and analyzed to yield the structural characteristics of the
clusters, as well as the cluster size distribution. Each
pixel in the image was about the size of a colloidal par-
ticle, and so it is convenient to quote cluster masses and
dimensions in units of pixels. The reader is referred to

papers I and II for all details of the experimental methods
and data analysis.

In examining the self-similar structure of the clusters
three methods were used (paper I); within errors they all
gave the same value for the fractal dimension. In assess-
ing changes in D with time we are therefore at liberty to
use that method best suited to the particular situation in
hand. The correlation method was the least precise, and
is thus not used here. The radius of gyration method is
based on the scaling of the global cluster structure:

McxRg

and, with its effective r weighting, is not well suited
to study any internal restructuring. The nested-squares
method, however, yields information on the internal self-
similarity of the clusters. The number of particles in
a self-similar cluster which fall within a box of side t
centered on the cluster centroid should scale as

Ni, (l) oc l

(for details see paper I).

III. RESULTS AND DISCUSSION

We may select the size range of clusters to be included
in the fractal analysis, or we may exercise a certain con-
trol over the age of the clusters, measured from the ini-
tiation of aggregation, by only including pictures taken
at specific times. In this way we address two questions:
the possible restructuring of the aggregates as they grow,
and the interplay between the kinetics of the growth and
the structure of the clusters.

A. Cluster restructuring

To investigate any internal reorganization which may
have occurred we wish to study the structure, partic-
ularly the internal structure, of clusters formed in the
later stages of the aggregation process. We consider a
typical experiment, involving aggregation on a 0.73M
CaClz subphase. During this experiment ll images were
recorded at 15-min intervals following initiation of ag-
gregation. Averaged over the ensemble of all aggregates
observed in these images, the fractal structure was com-
patible with expectation for two-dimensional DLCA We.
now consider how this structure evolves with time.

Figure 1 shows the evolution of the cluster size dis-
tribution as a function of time, enabling the growth of
the clusters to be followed. Clusters of s & 500 were
not observed in the images until t 0 75 min; such clus-
ters will be described, in terms of the experimental time
scale, as "late" clusters. The structure of clusters formed
late in the aggregation was selectively studied by includ-

ing only such clusters in the analysis. Smaller clusters,
however, were present at all times and thus cannot be
separated: small and medium-sized clusters present in

images recorded late in the aggregation may have been
of recent formation or may have been relics of earlier
stages of growth.

For considering restructuring efFects the nested-squares
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statistical structure of the aggregates [Fig. 2(a)) because
the much more numerous smaller aggregates dominated
the scaling behavior at the smaller t.

While such restructuring effects would be expected,
and are observed, at lower subphase molarities where
the screening of the particle charge is incomplete, so that
particle-particle reaction probability is much less than 1,
its occurrence in the regime of apparent DLCA structure
(associated with cluster-cluster reaction probability near
unity) is unexpected. Similar results were, in fact, ob-
served for experiments over the entire range of subphase
molarities studied. In all cases D inferred from the cen-
tral region of the large clusters lay in the range 1.9—2.0,
while the self-similarity of the peripheral regions was in
accord with the global values reported in paper I (i.e.,
RLCA or DLCA depending on subphase molarity).

This structural effect can be qualitatively understood
on the basis of results from our study of the kinetic as-
pects of the growth (paper II). It was found that at ott
experimental molarities the particle-particle or particle-
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FIG. 1. Cluster size distributions measured at various
times (in minutes, see legend) from initiation of aggregation
for an experiment on a 0.73M CaClq subphase. Data for 30
and 120 min are omitted for the sake of clarity. The lines are
spline fits to the data and serve to guide the eye. C)
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method was used. Figure 2(a) shows the scaling thus ob-
tained when the ensemble of all clusters formed at any
stage in the aggregation process was included. Fractal
scaling is apparent over a large range in box sizes. As in

paper I, data for t ( 10 were neglected in determining
the scaling, as they seem to depart somewhat from the
overall trend. The fractal dimension D obtained from
the remaining data was 1.434 + 0.004, in good accord
with predictions for DLCA. Figure 2(b) shows the scal-
ing behavior for clusters formed late in the aggregation
process —i.e. , those with s ) 500. Clearly, these large
or late clusters do not exhibit such simple self-similarity
as all clusters: the data exhibit a prominent kink. The
slopes obtained by a weighted least-squares Gt to the data
were 1.95 +0.01 for the first ten points on the graph (i.e. ,

t & 21) and 1.45+0.02 for data above the fourteenth point
(i.e. , l & 29). The central region of these large clusters,
over a radius of approximately 20 pixels, thus appears
to be more compact than the peripheral regions. How-
ever, the peripheral regions of the large clusters retain a
DLCA-like fractal scaling. This behavior was not so ap-
parent in the results of the radius of gyration method as
it is less sensitive to such internal details of cluster mor-
phology, the implicit weighting causing it to favor the
scaling apparent at the extremities of the cluster.

Thus large clusters, formed during the later stages of
the apparently DLCA aggregation process, are not as
uniformly self-similar in structure as the smaller ones.
The effects evident in Fig. 2(b) were not apparent when
all clusters were included in a determination of the overall
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FIG. 2. Nested-squares scaling for the experiment of
Fig. l. (a) Including all clusters observed at all times in the
experiment. The straight-line fit (of slope 1.434+ 0.001) to
data for / ) 10 is shown. (b) For large clusters, s ) 500. The
lines are fits to the data at low (I ( 21, slope 1.95+0.01) and
large (l ) 29, slope 1.45 + 0.02) box dimensions.
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cluster sticking probability was small, suggesting that the
particle charge was still incompletely screened even at the
highest salt molarities. The high fractal dimension of the
inner parts of late clusters could arise from any or all of
the following effects:

(i) slow restructuring of individual particles within the
cluster interior over a length scale of +20 pixels, due to
a shallow interaction potential [7];

(ii) mechanical instability of the clusters above a cer-
tain critical size, leading to a readjustment of the large
"arms" of the cluster [8];

(iii) the larger clusters move faster than smaller ones,
as described by the positive effective exponent p: the ob-
served quickening rate of aggregation mainly arises from
the large clusters sweeping up small ones or individual
particles as they move. Given the low intrinsic sticking
probability deduced from the kinetics, small clusters or
particles may be able to penetrate the tenuous structure
of the larger clusters. The consequent attachment to in-
ner sites would cause an increase in fractal dimension of
the central region.

It is not clear which of these mechanisms actually leads
to the observed results; indeed a combination may be
involved. We have visually observed all the processes,
but cannot assess their relative importance. However, all
are based on the same premise: as postulated, the charge
on the colloidal particles is incompletely screened, giving
rise to remnant long-range electrostatic repulsive forces.

This report concerns observation of restructuring of
colloidal aggregates in two dimensions. Aubert and Can-
nell [9] have reported restructuring of three-dimensional
silica aggregates.

B. Interplay of structure and kinetics

If the particles in our interfacial system always had a
small particle-particle sticking probability, irrespective of
the molarity of the aqueous subphase, it would naively
be expected that the structures and kinetics observed
in our experiments should resemble those characteristic
of RLCA. In experiments at all molarities there was a
change in the aggregation kinetics from slow to rapid
(Fig. 3) as the clusters grew larger (paper II). However,
the measured fractal dimensions (paper I) did not reflect
these observed changes in kinetics, being in accord with
expectation for DLCA only at the higher molarities. This
change in the kinetics is in fact entirely compatible with
RLCA. Similar phenomena have been found in certain
simulations [5, 6], and such a crossover has apparently
been observed in other experiments [10]. The crossover to
rapid growth occurs because of the many possible contact
points between larger clusters, so that the cluster-cluster
sticking probability tends to unity as the clusters grow,
despite the small probability of irreversible reaction on
Erst contact.

To investigate whether this pronounced change in ag-
gregation kinetics also left its imprint on the cluster
structure, we have analyzed images recorded before and
after the crossover in the growth kinetics separately. To
illustrate the range of results, data from two experiments

4.0

3 0
I-

o 2.0
hQ0

I

1.0-

o.o I

0.5
c l~~ Ll s & L 1 L.

1.5 2.0 2.5

log, o(t)

3.0

FIC. 3. The variations with time of the total number of
clusters for two experiments, on a 0.25M subphase (o) and a
0.73M subphase (0). The lines are to guide the eye No. te
the clear change in aggregation rate in both cases, indicated
by the rapid decrease in N(t). See text for discussion.

at opposite extremes of the range of subphase molarities
used —0.25M and 0.73M—are considered (Fig. 3). The
crossover, characterized by a rapid depletion of the num-
ber of clusters, occurred at different times in the two
cases due to different experimental procedures used to
poison the subphase with CaClg. These differences af-
fected neither the structural (paper I) nor kinetic (paper
II) scaling behavior observed, and so are neglected. Here
the overall cluster structure is of interest so that the ra-
dius of gyration method of determination of D is more
appropriate, being less vulnerable to internal restructur-
ing effects than the nested-squares method.

For a subphase molarity of 0.25M it was found that
the fractal scaling was similar for all clusters (Fig. 4),
whether observed before or after the change from slow
to rapid aggregation. The fractal dimensions found were
less precise than the value for all clusters together (1.58+
0.02), but were clearly identical: 1.60 6 0.04 and 1.58 +
0.03 before and after the crossover, respectively. D thus
changed little with time and, within experimental error,
was consistent with predictions for RLCA [3].

However, the experiment at 0.73M was quite differ-
ent (Fig. 5): the scaling behaviors observed before and
after the onset of rapid aggregation were distinctly dif-
ferent. Whereas over the entire ensemble of images for
all experimental times the fractal dimension was found
to be 1.443 + 0.013, the measured fractal dimensions
for t ( 60 min and t ) 60 min were 1.58 + 0.03 and
1.42 + 0.02, respectively. Thus at these high subphase
molarities the crossover from slow to fast aggregation
kinetics was associated with a change in the aggregate
structure. During the slow aggregation phase the cluster
morphology resembled that predicted for RLCA, whereas
in the rapid phase DLCA-like structure appeared. Sim-
ilar conclusions were drawn for all experiments involv-
ing subphase molarities above the critical value at which
the apparent change in cluster structure from RLCA to
DLCA occurred (paper I).

Why does such a change in structure only accompany
the kinetic crossover at the higher subphase molarities?
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Why does it not occur at the low molarities (& 0.5M)'?
The aggregation kinetics (paper II) confirmed that the
sticking probability exponent (o) varied with subphase
molarity. The power-law divergence of the average clus-

ter size, or the total number of clusters (Fig. 3), was more

rapid for the higher subphase molarities, suggesting that
the effective cluster-cluster sticking probability also in-

creased. In particular, 0 rose with CaClz concentration
from apparently rather small values at the lowest concen-
tration used. If the exponents p and o do indeed affect
the structure as well as the kinetics, as expected on the
basis of the intimate relation between the two aspects
of the aggregation process [11], then a rise in o should

be accompanied by changes in the morphological aspects
of the clusters. At small subphase molarities 0 was ap-

parently so low that the cluster-cluster sticking probabil-

ity [Eq. (2)] never became large enough to precipitate a
crossover to DLCA-like structure, even in the later stages
of aggregation where the growth became relatively rapid.

These conclusions are directly supported by the cluster
size distributions observed in these experiments. These
distributions can be written as

(5)

where z is a dynamic scaling exponent: the weight aver-

age cluster size S(t) scales as t' [4—6]. The cutoff func-
tion F(x) can take one of two different universal forms,
depending whether or not the combined diffusivity and
sticking probability exponents exceed a critical value.
Now p appears to have been constant in the present ex-
periments, so the universal form of F(x) is determined
solely by o. If o is above a critical value (affected by the,
unknown, value of p) then F(x) falls algebraically with
x for x « 1 and F(x) « 1 for x » 1 [6]. However, if o is
below this critical value, F(x) « 1 for both x « 1 and
x » 1 [6]. See paper II for details.

Equation (5) suggests that if szn, (t) is plotted against
s/S(t) the observed cluster size distributions should col-
lapse onto a common form: F(x). Rescaled cluster
size distributions for two experiments at extremes of the
range of electrolyte concentration are plotted in Fig. (6).
The general shape of F(x) is clearly similar in both cases,
so we conclude that no great change in aggregation con-
ditions occurs over this range. In particular the form of
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FIG. 4. The radius of gyration scaling for the 0.25M data
of Fig. 3. (a) Data for the slow aggregation phase, i.e., for
t & 210 nun: D = 1.60 + 0.04. (b) Data for the rapid growth
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FIG. 5. The scaling for the 0.73M data of Fig. 3. (a)
Data for the slow aggregation phase, i.e., for t & 60 min:
D = 1.58 + 0.03. (b) Data for the rapid growth phase, after
this time: D = 1.42 + 0.02.
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C. Interparticle interactions

Some features of the basic particle-particle interaction
may now be deduced from these observations of the col-
loidal aggregation at a liquid surface. They may be ap-
plicable to similar systems.
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be below its critical value under all experimental condi-
tions.

The basic growth process involved at all subphase mo-
larities was thus chemically or reaction limited, and it
now seems fortuitous that the fractal dimensions de-
termined in paper I for the higher substrate molarities
agreed so closely with the absolute values expected for
Dl CA. For these experiments all clusters, at all experi-
mental times, were included in the analysis and values of
D 1.44 were obtained. The low values of D appear, in
fact, to originate in a domination of the scaling over any
extended region by the larger clusters. These only ap-
pear during the rapid growth regime, where the clusters
seems to diverge algebraically in size, and usually have a
low fractal dimension.

The spatial distribution of the charge resulting from
dissociation of the surface charge groups on the wetted
area of the particle and the Debye-Hiickel double layer in
the Huid is asymmetric with respect to the plane of the
interface, so that the electrostatic part of the interparti-
cle force is a dipole-dipole repulsion [12]. The range of
this repulsive force can be reduced by increasing the elec-
trolyte concentration, until the van der Waals attraction
would be expected to dominate.

However, the present data suggest that the particle-
particle sticking probability never approaches unity, as
would be expected from this simple picture. It was found
(paper I) that the CaClq concentration in the subphase
required to induce aggregation in surface colloidal mono-
layers was far in excess of that required to cause aggre-
gation in bulk colloidal suspensions. Hurd and Schaefer
[13] have ascribed this to repulsive forces between coun-
terions in the fluid and their image charges above the sur-
face, which lead to a depletion in counterion density near
the surface. While this may occur, another mechanism
will provide an explanation for some of the apparent dis-
crepancies between structure and kinetics in the present
study.

We believe that these efFects arise from a portion of the
particle charge remaining unscreened by the counterions,
even at high subphase molarities. The polystyrene latex
spheres are not completely wetted by water: for typical
tensions for the various interfaces [14] only about 70Fo
of the surface of 1-pm spheres is wetted by the aque-
ous subphase. We believe that some surface charge on
the particles may arise from dissociated surface groups
which lie above the water-particle contact line. The par-
ticles are probably completely wetted during the rather
turbulent spreading process, and defects on the molecu-
larly rough particle surface would cause pinning of the
contact line [15], and thus incomplete dewetting of the
surface above the level of the Huid. Such remnant wetted
areas may remain in contact with the subphase or might
form isolated regions on the surface. Given the surface
charge density on the particle (4 pC/cmz, paper I), even a
small fraction of dissociated surface charge groups above
the fluid level would suffice to provide a significant rem-
nant charge beyond the inHuence of the counterions in

the subphase.
Thus raising the CaClz concentration in the subphase

increases the screening of only part of the particle charge,
leaving part unscreened. This latter charge would be
independent of the subphase molarity and would thus
provide a constant particle-particle repulsion, leading to
the rather low effective reaction probability evident in
our experiments.

l.~.~m
—1 0 1

log [s/S(t)]
FIG. 6. Rescaled cluster size distributions for the experi-

ments of Figs. 3—5: (a) 0.25M subphase, (b) 0.73M subphase.
Note the similarity of the common form found in both cases.

IV. CONCLUSIONS

A major conclusion of the present results is that, as
an isolated parameter, the fractal dimension provides lit-
tle evidence about the nature of the aggregation process;
the overall picture is usually much more complex than
that described by D alone. This clearly demonstrates
the need to consider cluster structure and aggregation
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kinetics in conjunction. While the absolute values of D
found experimentally may have only limited significance,
we have shown that the observed variations with sub-
phase molarity of the fractal dimension and of the cluster
size distribution are both consistent with a constant pos-
itive diffusion exponent and an experimentally variable
sticking probability exponent.

The details of both the kinetics and the structure, par-
ticularly the dynamic aspects of the latter, were found to
be consistent with these suggestions. However, the prob-
ability of a particle-particle encounter resulting in irre-
versible reaction was significantly less than unity, so the
process was reaction limited under all conditions. This
could occur if a fraction of the particle surface charge re-
mained unscreened by the Debye cloud of counterions at
all molarities. Using this hypothesis we have been able

to account for all the observed results in a self-consistent
manner.

These results illustrate the crucial relationship between
the dynamics and structure that is inherent in kinetic
growth processes [11]. The fractal nature of the clus-
ters directly afFects the scaling of their mass with both
time and size. Our results suggest that changes in the
short-range interparticle interactions which can alter the
dynamics of aggregation may also cause changes in the
long-range structure of the resultant clusters.
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