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Two-dimensional aggregation of polystyrene latex particles
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Salt-induced aggregation of polystyrene latex confined to two dimensions on an air-water interface has
been studied. Fractal dimensions of the aggregates are determined (i) from relation between the radius
of gyration and cluster masses and (i) by the box method. They both increase with aggregation time.
While the fractal dimensions are insensitive to electrolyte concentration, the aggregation rate does de-
pend on it. Our results for aggregation kinetics are in good agreement with the dynamic scaling law
1, (t)~m “2f(m /t?), for z =1, for dilute latex dispersions [n,,(t) is the number of clusters of size m at
time z]. A nonlinear behavior in time, however, is observed for more concentrated latex dispersions. We

find bell-shaped cluster-size distributions.

PACS number(s): 82.70.Dd

I. INTRODUCTION

Aggregation in colloidal suspensions has been the sub-
ject of many theoretical, computer-simulation, and exper-
imental studies recently [1-7]. It is an important
phenomenon in a wide variety of physical [1], chemical
[8], and biological [9] processes. Colloid aggregates are
highly ramified fractal structures [10]. It is now generally
accepted that there exist two limiting regimes of irrever-
sible colloid aggregation: fast diffusion-limited cluster
aggregation (DLCA) and slow reaction-limited cluster ag-
gregation (RLCA) [11]. Fractal dimensions, cluster-size
distribution, and aggregation kinetics are specific to each
regime. The two limiting behaviors are believed to be
universal in the sense that they do not depend on details
of interparticle interactions. Indeed, it has been shown
recently that various systems such as colloidal gold, sili-
ca, and polystyrene do exhibit such universal behavior
[4,5].

In the DLCA regime aggregation is limited only by
diffusion of colloid particles. The fractal dimension D of
grown structures is about 1.45 in two dimensions (d =2)
and about 1.80 in d =3. Average cluster mass grows
linearly with the time of aggregation. In the RLCA re-
gime repulsive forces between particles are not negligible
and their Brownian motion is therefore not independent.
This leads to much slower rates of aggregation and to the
formation of more compact structures. RLCA clusters
grow exponentially in time; furthermore D =1.6 and 2.10
in d =2 and 3, respectively. Most aggregation experi-
ments do not meet conditions for ideal DLCA or RLCA
processes. Consequently, both fractal morphology and
aggregation kinetics may deviate from the predicted ones.
Some experimental results can be interpreted as a cross-
over behavior in the intermediate regime between RLCA
and DLCA, although deviations are too large and unex-
plained sometimes [12,13].

By now, the number of theoretical predictions and
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computer simulations exceed the number of experimental
results by far. In two-dimensional systems, fractal di-
mensions ranging from 1.2 to 1.74 have been obtained un-
der different experimental conditions [14—16]. In partic-
ular, the result of Hurd and Schaefer [16] of
D =1.2010.15, found for aggregation of silica particles
on an air-water interface, has motivated calculations in
which long-range interactions between aggregating parti-
cles have been invoked [17]. Other models [18,19] that
take into account effects of cluster-cluster interactions
also yield smaller values for D in d =2. However, there
is no clear theoretical picture of two-dimensional aggre-
gation thus far.

In this paper, we report results of a two-dimensional
aggregation experiment. We have studied salt-induced
aggregation of polystyrene particles confined to an air-
water interface using direct visual observation with a
phase-contrast microscope and computer image-analysis
methods. The fractal dimension, cluster-size distribution,
and time evolution of average cluster masses have been
determined for various electrolyte concentrations and
two different, polystyrene monomer concentrations. We
have found that the fractal dimension D, obtained from
the relation between the radius of gyration and mass of
clusters, is about 1.48 for large mean cluster masses, for
all electrolyte concentrations studied. This value is close
to the one found in DLCA two-dimensional simulations
(D=1.45) [7]. However, we believe that the asymptotic
value of D may be larger since it shows a tendency to in-
crease with increasing aggregation time. On the other
hand, the Hausdorff-Besicovitch fractal dimensionality,
D,, of largest clusters observed at various stages of aggre-
gation varies significantly with cluster mass m: from a
value of about 1.1, for small clusters (m =10?), to a value
of about 1.6 for large aggregates (m =3X 10*). This be-
havior has been found for all salt concentrations used.
For more dilute polystyrene concentrations, the mean
cluster mass grows about linearly with the aggregation
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time. The dynamic scaling law n,, (t)~m ~f(m /t?),
where n,,(t) is the number of clusters of size m at time ¢,
is obeyed for z =1, in agreement with the DLCA model
predictions. A nonlinear behavior in time is observed for
more concentrated latex dispersions. Bell-shaped
cluster-size distributions are found in all runs.

The outline of this paper is as follows: in Sec. II we
describe experimental details; results are reported and
discussed in Sec. III; the conclusions are in Sec. IV.

II. EXPERIMENT

A monodisperse sulfonated polystyrene colloid was
used in this study. The polystyrene spheres had a diame-
ter of 178+8 nm and their surface-charge density was
—(17 uC/cm?) [20]. All polystyrene latex suspensions
were first carefully cleaned by ultrafiltration. The samples
were prepared by spreading techniques [16,21]. A small
amount of freshly cleaned latex, dispersed in 20% aque-
ous methanol, was carefully added from a microsyringe
to the flat surface of the electrolyte solution. We used
two monomer concentrations corresponding roughly to
1X107 and 5X 107 particles/cm?. They were spread over
an area of about 0.25 cm?. Aggregation was induced by
adding sodium chloride (NaCl) to the solution. The effect
of salt ions is to decrease the Debye-Hiickel screening
length, and thus to lower the repulsive barrier between
charged latex particles [22]. The electrolyte concentra-
tions used varied from 0.2M to 1.0M in order to cover
diverse regimes of aggregation. To assure DLCA condi-
tions, hydrochloric acid (HC1) was added to a concentra-
tion of 1.5M in two runs. In this regime, the time re-
quired for the polystyrene clusters to reach a size of 40
pm was about 30 min; that is about ten times less than
the time needed for clusters to reach the same size in a
0.25M NacCl solution.

After spreading of latex five to ten minutes were al-
lowed for solvent evaporation before measurements. Op-
tical observations and photographs were made during
each aggregation experiment using a phase-contrast mi-
croscope. A magnification of 400X was used throughout
with a corresponding resolution of about 0.8 um. We ob-
served single particles sticking to each other initially and
cluster-cluster aggregation at later times. The micro-
graphs obtained (Fig. 1) were digitized and further
analysis was done on a computer workstation. Since indi-
vidual particles within a cluster could not be resolved in
the photographs, equal-mass segments were judged by
eye (about five particles per segment). This can introduce
systematic errors; however, it does not affect the scaling
relations used to determine the fractal dimension. In ad-
dition, several photographs were analyzed by a digital im-
age processor. We did not find any change in results
despite the fact that the assignment of the equal-mass
segments was somewhat arbitrary.

Only solvents of spectroscopic grade were used. All
electrolyte solutions were prepared with Millipore Milli-
Q filtered water (with a resistivity of about 18 MQ cm)
and all experiments were performed at a temperature of
(20%+1)°C.

III. RESULTS AND DISCUSSION

A. Fractal structure

We used two methods to measure the fractal dimension
of the aggregates. First, we determined the radius of
gyration of clusters, R,,asa function of the cluster mass
m (which is proportional but not equal to the number of
particles) at various stages of aggregation. A plot of the
logarithm of R, versus the logarithm of m is shown in
Fig. 2 for 157 clusters observed in one of the experimen-
tal runs. Linear dependence holds over more than two
decades in mass. The inverse of the slope gives the frac-

(b)

FIG. 1. Photograph of clusters obtained for 1.5M NaCl at
two aggregation stages: (a) 10 min and (b) 270 min after disper-
sion. Area shown is about 150X 150 um?.
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FIG. 2. A plot of the logarithm of the radius of gyration R,
vs the logarithm of cluster mass m (m is the number of equal-
mass segments counted in the cluster). The inverse of the slope
gives the fractal dimension D;.

. . 1/D
tal dimension D, as R,~m . Second, we used the

box method to find the Hausdorff-Besicovitch [23] fractal
dimension D, of the largest clusters observed at different
aggregation times. In this method, the number of square
and nonoverlapping boxes N(e€) of side € need%d to cover
a cluster is determined; it scales like N(e)~e >

Figure 3 shows the fractal dimension D, for various
salt concentrations as a function of the mean cluster size
(mass) S (¢) defined by [2]

S(1)=3m?n,,(1)/Smn,, (1), (1)

where n,,(t) is the total number of clusters of mass m at
time ¢. The data shown correspond to different stages of
aggregation between 10 min and 3 h. We could not
determine D, for longer times because of limitations in
our experimental setup. The scatter in the values of D, is
large; nevertheless a trend of an increase with increasing
S(t) (or t) is observed. This trend is more obvious for
lower electrolyte concentrations. For large mean cluster
masses, D;=1.48. This is close to the value found in
two-dimensional DLCA simulations (D =1.45) [7].
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FIG. 3. Variation of the fractal dimension D, (obtained from
the relation between the radius of gyration and cluster mass)
with mean cluster size S(¢) for three different electrolyte con-
centrations.
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However, we believe that D, is larger for larger values of
S(t), which we could not observe. A value of
D, =1.55+0.03 was obtained, after 30 min, for a fast ag-
gregation run (when HCl was added to the electrolyte
solution).

Figure 4 shows values of D, found for the largest clus-
ters within the field of view formed at various stages of
aggregation. D, varies significantly with cluster mass m:
from a value of about 1.1 for the smallest clusters to a
value of about 1.6 for the largest aggregates observed.
This behavior for over two decades in mass was found for
all electrolyte concentrations used in our experiments.
For the largest clusters which we could measure,
m =3X10% D, is about 1.6, in agreement with the value
obtained in two-dimensional RLCA simulations [6]. The
data points shown in Fig. 4 seem to follow the simple re-
lation D,~m?, with «=0.06, in the 10*<m <3X10*
range. This fit is clearly not to be extrapolated too far as
it leads to D,>2. Other relations, for instance,
D,=1.6—exp(—Bm)/m?, with B=10"* and y=0.16,
also fit the data (as shown by a dashed line in Fig. 4) just
as well. The latter relation saturates at a value of 1.6 as
m — oo. Clearly, we cannot discriminate between these
fits.

Whereas (surprisingly), the fractal structures studied
are insensitive to electrolyte concentration, the aggrega-
tion rates do depend on it. That is discussed in the next
subsection. Both fractal dimensions, D; and D,, become
larger as the aggregation proceeds; D, seems (perhaps) to
tend to a limiting value of about 1.6. In our experiment,
latex particles are assumed to be trapped by surface-
tension forces at the air-water interface. The surface-
energy well is deep enough [24] to assure that the system
studied is strictly two dimensional. Furthermore, the
effect of gravitational forces is negligible [24]. Thus par-
ticles float on a completely flat interface. Taking into ac-
count only electrostatic interactions, we would expect a
variation in the fractal dimension of aggregates formed at
different electrolyte concentrations. With increasing salt
concentration, electrostatic repulsion between latex parti-
cles should decrease while the van der Waals attraction
remains essentially unchanged. Consequently, as electro-
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FIG. 4. Variation of the Hausdorff-Besicovitch fractal di-
mension D, with cluster mass for three different electrolyte con-
centrations.
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lyte concentrations increase, the aggregation process
should cross over from RLCA- to DLCA-like behavior,
with the fractal dimension crossover between the two
corresponding limiting values. No such variation takes
place, however. That suggests that other effects are more
important. In particular, anisotropic repulsive interac-
tions may account for the low dimensionality of clusters
at early stages of aggregation. Hurd and Schaefer argued
that a barrier for a particle approaching a dimer is orders
of magnitude lower for end-on approach than for side-on
approach [16]. That would lead to less branching and
lower D. In addition, simulations by Jullien [18,19] have
shown that D is reduced when cluster polarization effects
favoring sticking on tips are taken into account. In our
system, these interactions are expected to be independent
of salt concentration.

The fact that D grows with time suggests the idea of
“restructuring” that is related to not-fully-irreversible
bond formation [25,26]. In many cases aggregation may
be thought of as a process of several stages. First, clus-
ters stick to each other and are held together by van der
Waals attractive forces. Thermal or external force fluc-
tuations can, however, disrupt these relatively weak in-
teractions and produce rearrangement of particles lead-
ing to more compact structures. Indeed, numerical simu-
lations of a cluster-cluster reversible aggregation model
show that restructuring can give rise to an appreciable in-
crement of the fractal dimension with time [26]. It has
been found experimentally that rapid aggregation pro-
duces clusters with an initially lower fractal dimension
(D=1.75 in d =3) which restructure within a period of
hours (days) to more compact stable aggregates with
D=2.1(2.4) [25,27]. However, no spontaneous re-
structuring was observed in a recent detailed study [28].
Thus, although restructuring seems to offer a reasonable
explanation for the observed variation of D with m, it
remains to be established whether restructuring is an in-
trinsic effect or is produced by some external perturba-
tion. We find it interesting that restructuring yields ag-
gregates that have about the same fractal dimension as
RLCA grown clusters. To our knowledge, restructuring
effects had not been observed in two-dimensional systems
to date.

B. Aggregation kinetics

The total number of clusters in the system,
N(t)=3,.n,,(t), normalized to a unit surface, and the
mean cluster size S(¢) were determined at various stages
of the aggregation experiment. In some cases, the data
for a small range of cluster sizes were averaged to obtain
the final results. Figure 5 shows how S(¢) varies with
time for a dilute latex dispersion at three different electro-
lyte concentrations. A linear behavior S(¢)~t holds over
a decade and a half in time. Aggregation proceeds faster
for more concentrated electrolytes; the growth rate of ag-
gregates for 0.25M solution is more than an order of
magnitude lower than the growth rate for 1.5M solution
(quite likely in the DLCA limit). Figure 6 shows how
S(t) and N (t) vary with time for 1M NaCl solution. It is
observed that S(z)~t*and N(¢)~t % with z=1.1%0.1.
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FIG. 5. Mean aggregate size S(z) as a function of aggrega-

tion time for a dilute latex dispersion on three different electro-
lyte solutions.

Such behavior is a consequence of dynamic-scaling
theory [2,29]. It has been shown that Monte Carlo re-
sults [2,30-32] can be well described by a scaling func-
tion of the form

n,(t)~m~1f(m/t?), 2)

which is expected to be valid for dilute suspensions at
large S and ¢. In particular, a value close to one is found
for z in the DLCA limit [31]. Statistical errors for n,,(¢)
are very large in our data but quantity N, ()= 37 n,(¢)
is a fairly smooth function of m. It follows straightfor-
wardly from Eq. (2) that N, (¢) scales as

N, (t)~m "'g(m /t?), (3)

where g (x) depends on cluster mobility and the dimen-
sion. The product mN,,(t) [N, (¢) is normalized to a unit
surface] is plotted versus m /t? (with z=1.0) for two
different electrolyte concentrations in Fig. 7. The data
points correspond to various values of ¢ for the dilute la-
tex dispersion. It is remarkable that all the data for 1M
NacCl solution collapse on a single universal curve which
covers over three orders of magnitude in m/t. For
0.25M NaCl solution the data collapse onto a single
curve only for m /t > 1. Thus the scaling rule given by
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FIG. 6. Total number of clusters N(¢) and mean cluster size
S(t) as a function of aggregation time for a dilute latex disper-
sion on a 1M NaCl solution.
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FIG. 7. Scaling of the time-dependent cluster-size distribu-
tions for a dilute latex dispersion for two different electrolyte
concentrations.

Eq. (2) is consistent with our experimental results for di-
lute latex concentrations.

Figure 8 illustrates how the cluster mass distribution
varies with cluster mass for two different aggregation
times. A well-defined peak is observed in n,,(¢); for small
masses, n,,(t) is very small. A cluster-size-dependent
diffusion coefficient would produce this effect, as numeri-
cal simulations have shown [31]. In addition, a mass-
dependent sticking probability may have a similar effect
on n,,(t) [29].

The kinetics of cluster-cluster aggregation at higher
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FIG. 8. Cluster-size distribution for two different aggregation
times for a 1M NaCl solution and a dilute latex dispersion.
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FIG. 9. Number, s(#), and mass, S(¢), average aggregate size
as a function of time for more concentrated latex dispersion at
two different electrolyte solutions.

polystyrene-particle concentration is more complex. Fig-
ure 9 shows how S(¢) and s(2)=3,,mn,(t)/3,.n,(t)
depend on aggregation time for two different electrolyte
concentrations. A nonlinear behavior is evident for large
t. Both S(z) and s(¢) increase about linearly with time
for t <100 min but grow faster at larger times. In the
latter region, z>2 if the relation S(z)~t? is assumed.
We are not in a position to make any statement about
this behavior because of large errors in our data and
small range of time studied.

IV. CONCLUSIONS

The fractal dimension of aggregates and the dynamic
cluster-size distribution were obtained at various stages
of (salt-induced) latex aggregation in two dimensions.
We find that the fractal dimension increases as aggrega-
tion proceeds. (Anisotropic repulsive interactions favor-
ing aggregation on tips may account for the low values of
D observed for short times, while restructuring of clusters
can give rise to D increasing with time). The fractal di-
mension is insensitive to electrolyte concentration; how-
ever, electrolyte concentration controls the aggregation
rate. Our results for the kinetics of aggregation are in
good agreement with recent scaling theory [2]. The bell-
shaped cluster distributions obtained suggest that
cluster-size-dependent mobility is important in aggrega-
tion. The estimated value (1) of the scaling exponent z
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shows that our experiments are in fast (DLCA) or quasi-
fast aggregation regime. Deviations from this behavior
are observed at larger latex concentrations.
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FIG. 1. Photograph of clusters obtained for 1.5M NaCl at
two aggregation stages: (a) 10 min and (b) 270 min after disper-
sion. Area shown is about 150X 150 um?,



