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Charge heteroaggregation between hard and soft particles
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In this paper, the heteroaggregation of opposite sign hard and soft colloidal particles has been studied by
static and dynamic light scattering. The structure of the aggregates, as well as the aggregation kinetics, have
been investigated. At low electrolyte concentration, where both long-range electrostatic repulsive and attractive
forces are present, the aggregates were found to be more open than expected for diffusion-limited cluster
aggregation~DLCA!. However, the aggregate size time evolution is characteristic of diffusion-controlled
processes. At high electrolyte concentration, where DLCA would be expected, very compacted clusters were
found, as well as very rapid aggregation, leading to high polydispersity. These latter findings are interpreted in
terms of the differences in the homoaggregation speeds for the hard and soft particles.
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INTRODUCTION

The structure of colloidal aggregates has attracted m
research interest since it was shown that the concept of f
tals can be used to characterize the structure of random
ters growing under nonequilibrium conditions@1#. For many
colloidal dispersions, certain limiting values of the frac
dimension have been found. For example for dispersion
gold, silica and polystyrene particles,df'1.75 under
diffusion-controlled conditions, anddf'2.0 when the aggre
gation occurs in the presence of an energy barrier@2#. More-
over, a linear increase of the mean cluster size in time
characteristic for processes dominated by cluster diffus
whilst, in the presence of an energy barrier, the mean clu
size increases with time as a power law with an expon
larger than one. These two universal behaviors are know
diffusion-limited cluster aggregation~DLCA! and reaction-
limited cluster aggregation~RLCA!, respectively@3,4#. In
intermediate regions, a continuous variation between th
two limiting cases is usually found.

Heteroaggregation is a special type of particle aggrega
in which certain asymmetries are involved. For examp
variations in the aggregation rate constant for dimer form
tion occur when particles with different sizes coagulate@5#.
However, this initial asymmetry does not seem to affect
cluster-size distribution after long aggregation times@6#.

In the present paper, the aggregation of an equal num
of positive and negative particles is reported. At low elect
lyte concentration, the long-range electrostatic forces are
tractive between particles of opposite sign and repulsive
tween those of the same sign. Due to the presence
repulsive as well as attractive forces within the aggrega
more open clusters might be expected, compared to ho
coagulation under DLCA conditions. The main difference
the current work, with respect to previous papers@7–9#, is
the presence of an extra asymmetry, appearing when
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negative particles are hard spheres, and the positive one
soft particles. This fact modifies the short-range forces,
sponsible for stable bond formation, altering the aggrega
kinetics and cluster morphology.

Static and dynamic light scattering were employed to
termine the structure of the aggregates and to study the
netics of the aggregation processes, respectively. Furt
more, phase contrast optical microscopy was used for di
observations. The ionic concentration was used to con
both the strength and the range of the interactions. Thus
low electrolyte concentrations, long-range electrosta
forces dominate the kinetics as well as the aggregate st
ture, whilst at high electrolyte concentrations, the short
range van der Waals interactions may be expected to con
the aggregation behavior.

The outline of this paper is as follows: The first section
a brief summary about the experimental methods emplo
to determine the cluster structure and the growth kinet
together with instrumental details. The second section
scribes the experimental systems used and their basic c
acterization. The third section contains the experimental
sults and a discussion of these.

I. EXPERIMENTAL METHODS: BACKGROUND THEORY

A. Static light scattering

Static light scattering~SLS! allows the cluster fractal di-
mension,df , to be determined from the angular dependen
of the mean scattered intensity. For elastic scattering,
scattered light intensity from a system of clusters may
expressed in a factorized form as@10#:

I ~q!;P~q!S~q!, ~1!

whereq54p/l sin(u/2) is the scattering wave vector, withl
being the wavelength of the light in the solvent andu the
scattering angle. The form factor,P(q), is related to the
particle size and shape. The structure factor,S(q), depends
on the relative positions of the particles within the cluste
and hence, contains the information about the structure
©2000 The American Physical Society09-1
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the qR@1 limit, where R is the mean aggregate size,
power law in the scattering vector is found from which, t
fractal dimension may be determined. The structure facto
defined only for distances larger than the particle size
thus, that power law is only valid under the conditionqR0
,1, with R0 being the monomer size. In this scattering r
gion, the influence of the particle form factor can be n
glected and the angular variation of the intensity is rela
only to the cluster structure@11#:

I ~q!;q2df ,
~2!

qR0,1!qR.

For higherq values, the length scale corresponds to in
vidual spheres within the clusters and the intensity is rela
to the particle form factor. In lower-q regions, topological
length correlations between clusters could be studied.

B. Dynamic light scattering

Information about the aggregation kinetics can be
tracted from the time evolution of the mean hydrodynam
radius, which evolves as a power law in the time for a s
ficiently long time@12#:

^Rh&;tb,
~3!

b5
z

df
.

The kinetic exponentz, contains information on the ag
gregation mechanism.z is one for DLCA, describing a size
independent cluster activity. Whenz.1, the clustering be-
tween larger aggregates dominates and the mean cluster
increases faster than under diffusion conditions. On the o
hand, forz,1, the activity of the smaller clusters is great
and the mean cluster mass increases more slowly than
pure diffusion-controlled processes. When energy barr
are present, the larger aggregates are more active tha
smaller ones. Thus,z.1 for RLCA, existing a wide range o
values forz in the literature, being this fact associated w
the difficulty of establishing the repulsion-controlled agg
gation limit @12–16#.

It is interesting to point out that the exponentz depends
only on the kinetics of aggregation, whilstb contains also
information about the cluster structure. For example in
case of homogeneous kernels~most frequently used coagu
lation kernels reported in the literature!, and for nongelling
systems, the exponentz is related to the homogeneity expo
nent l by, z51/1-l @3,17#. This parameter describes th
tendency of a large cluster to join up with another lar
cluster. Kernels withl<1 correspond to nongelling system
i.e., an infinite cluster is formed at infinite time.l takes the
value 0 for DLCA, and 1 in the case of RLCA.

C. Experimental methods

The dynamic light scattering~DLS! experiments were
performed using a slightly modified Malvern 4700 Syste
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~UK! working with a 632 nm wavelength HeNe laser. Th
intensity autocorrelation functions were determined at diff
ent times during aggregations. The scattering angle was
at 60° for both homo and heteroaggregation experime
The mean hydrodynamic radius was obtained as a func
of time, as well as the system polydispersity, using cumm
lant analysis.

For static light scattering~SLS!, the mean scattered inten
sity was obtained for different angles in the range 20°–14
When the final cluster structure was totally established,
mean intensity, I (q), showed an asymptotic time
independent behavior, as predicted theoretically. From th
asymptotic curves, the fractal dimensions were determin

Optical microscopy experiments were carried out using
optical transmission phase contrast Nikon microscope~Ja-
pan!. Pictures were captured directly by a CCD camera~In-
tellicam, U.S.A.! and no image treatment was applied.

II. EXPERIMENTAL SYSTEMS

Two systems of spherical particles, with similar sizes a
surface charges, were used for the heteroaggregation ex
ments. PL2 is an aqueous suspension of charged surfact
free polystyrene microspheres, synthesized by emulsion
lymerization of styrene, using sodium persulfate as initia
@18#. The negative particle charge arises from sulfate gro
on the surface.

MG1 is an aqueous cationic microgel suspension synt
sized by the polymerization of poly~2-vinylpyridine!,
crosslinked with divinylbenzene~0.25 weight %!. The initia-
tor used was 2,28-azobis~2-amidinopropane! dihydrochlride
~V50, Wako! @19#. Two types of groups are able to confe
charge to the colloidal particles: amidininum groups aris
from the initiator, located essentially at the periphery of t
particles, and the constituent monomer 2VP, uniformly d
tributed within the particles. The pKa of 2VP is 5, and that of
the amidinium groups around ten@20#. Therefore, for pH
higher than five, the particles are in their collapsed sta
where the bulk of the particles is totally discharged and o
surface charge is present.

Samples were cleaned by serum replacement (PL2) and
dialysis (MG1). Table I summarizes some characteristics
the experimental systems. Particle sizes were measure
transmission electron microscopy, which showed the p
ticles to be spherical and highly monodisperse. The stab
was estimated by determining the critical coagulation c
centration~CCC! from the mean particle size as a function
the salt concentration~see Fig. 2 for details!. Systems presen
different stabilities, which allows the interactions and th

TABLE I. Summary of particle characteristics. Sizes and m
bilities were determined at pH56, for which the microgel particles
are in the collapsed state, and 1 mM NaCl. CCC, values were
termined for NaCl.

Sample
Diameter

~nm!
Mobility

(3108 m2 V21 s21)
C C C
~mM!

PL2 225610 21.260.1 '400
MG1 205614 1.060.1 '20
9-2
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CHARGE HETEROAGGREGATION BETWEEN HARD AND . . . PHYSICAL REVIEW E63 011509
the aggregation between different particles to be contro
through the electrolyte concentration.

The sign of the particles was studied through elect
phoresis measurements, determined by phase analyzing
scattering~PALS! @21#. The mobility was negative for the
system PL2 and positive for the particles MG1, confirming
the sign of the surface charge. Furthermore, the obta
values are not very different, ensuring that no import
charge asymmetry is present. The mobility was observe
be pH independent for both systems in a wide range aro
pH56, at which the aggregation experiments were p
formed. For more details about the particle characteriza
see@22#.

In the aggregation experiments, sonication was always
plied prior to the experiments to help ensure no aggrega
particles were present initially. The particle concentrat
was 1.03109 cm23 in every case. The salt employed w
NaCl ~Merck, analytical grade!, and temperature was alway
set to (2061) °C.

III. RESULTS AND DISCUSSION

A. Homoaggregation

Before the heteroaggregation experiments, both syst
were examined under well-known conditions, i.e., DLC
For the experiments, both PL2 and MG1 were coagulated
independently adding NaCl at a concentration of 750 m
~above the CCC!. Figure 1 shows that both systems exhi
similar behaviors for the average particle size, following
power law in the time with exponentb50.5860.02, in
agreement with the long-time scaling solution@Eq. ~3!#. Us-
ing static light scattering, decreasing long-time asympto
power laws for the mean scattered intensities were obta

FIG. 1. Power law dependence of the mean cluster-radius
time. The mean scattered intensity for homoaggregation of b
systems are also plotted at the upper-left-hand corner. The inte
curves correspond to aggregation times of 30 min and 42 min
MG1 and PL2, respectively.
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in both cases, indicating a regular fractal structure, being
fractal dimensions quite different:'1.8060.02 for PL2 and
'2.3560.06 for MG1. The former is commonly accepte
for DLCA. However, the second value indicates that ve
compact clusters grow for the microgel particles. This fin
ing could be related with the fact that the short-range van
Waals attraction force, responsible for the stability of t
cluster structure, is weaker for the microgel particles sin
even those the particles are in their collapsed state~in water!,
an inner structure keeps into the monomers, as demonstr
by Crowtheret al. @23# by measuring the monomer size fo
different solvents~mixtures alcohol-water!.

Using the values ofb and the cluster fractal dimension
the exponentz was calculated using Eq.~3! to be (1.06
60.03) for the polystyrene hard spheres, as expected
diffusion-controlled aggregation. However, for the microg
particles, the kinetic is faster, leading to a kinetic expone
z5(1.4160.04). This indicates that, in presence of a hi
salt concentration, there are two homoaggregation veloci
one for the microgel and one for the polystyrene particl
This feature will be employed in this work to design th
experiments in which, one of the species coagulates fa
than the other one, originating interesting results, far fr
classic behaviors.

The rapid kinetic observed for the microgel particl
could be related to the different solvency of the polym
with respect to that of polystyrene, that could originate ex
aggregating forces. At this moment, no model is available
explaining the interactions responsible for this unexpec
result. Nevertheless, this behavior agrees completely with
heteroaggregation experiments presented later, predicting
experimental heteroaggregation behavior.

B. Heteroaggregation

In the present paper, the aggregation of positive and ne
tive particles is emphasized. Thus, particle aggregation
performed under the influence of two long-range forces:
attractive electrical force between particles of a different s
and a repulsive one, between those with the same sign.

Heteroaggregation of an equal initial number of partic
of each species was tackled to simplify methods. Under
condition, no extra asymmetry needs to be taken into
count. The balance between the attraction and repul
forces was performed through the amount of salt added. T
is possible because of the different stability of the syste
Figure 2 shows the average particle radius determined a
24 hours by DLS, as a function of the electrolyte concent
tion for both systems. For concentrations above the C
~labeled in the plot!, the particles were observed to be tota
coagulated. Three aggregation regions can be defined. In
gion 1, both systems are stable~salt concentration below
both CCC values!. The aggregation between particles of o
posite sign should occur under the influence of electrost
attraction forces. In Region 2, the positive particles start
moaggregation while the negative ones do not homocoa
late. The positive-positive encounters should be diffusive
well as the positive-negative ones. Moreover, negati
negative encounters are excluded by the electrostatic re

th
th
ity
r
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A. FERNÁNDEZ-BARBERO AND B. VINCENT PHYSICAL REVIEW E63 011509
sion. In Region 3, the salt concentration is larger than
CCC values for both types of particles.

Figure 3 shows the time evolution of the mean radius
three selected runs. All the curves exhibit a power law
time. This means that the dynamic scaling solution for
Smoluchowski equation is also suitable for describing h
eroaggregation processes in diluted systems. In Fig. 4
mean cluster size has been plotted as a function of the
concentration for a selection of aggregation times.

In Region 1~Fig. 4!, the size evolution of the aggregate
is independent of the bulk ionic concentration, as expec
In this case, the only positive-negative encounters are p
sible, which are faster than diffusion. In addition, the rep
sion between particles with similar signs forbids homoagg

FIG. 2. Stability of the dispersions,s MG1 and j PL2. De-
lineating of the aggregation regions. The upper scheme indicate
permitted and forbidden reactions in the different regions. ‘d
stands for diffusion-controlled reactions.

FIG. 3. Evolution of the mean radius for two selected hetero
gregation experiments. DLCA is plotted for comparison.
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gation. Hence, a competition between these two effects m
control the aggregation. It is interesting to point out that
heteroaggregation at low salt concentration~1 mM!, the clus-
ters are observed to be larger than those growing un
DLCA ~Fig. 3!. This size difference can be due to changes
the aggregation kinetics and/or a modification in the parti
structure~compactness!. In order to answer this question, th
fractal dimensions were also determined for heteroaggre
tion and the results will be presented later.

In Region 2, the mean cluster size is sensitive to the
concentration~Fig. 4!. Now, the positive particles are able t
homocoagulate by diffusion, since the charge repulsion
been screened. For, the same reason, the negative-po
aggregation should also be diffusive. However, repulsion
tween any two negative particles occurs, since the cha
repulsion is not screened yet. Hence, a diffusive process
which not all the particles are reactive, occurs. The char
teristic aggregation time diminishes, and the evolution of
mean cluster size is slower than for pure diffusion. This
fect is observed by a decrease of the mean cluster size.

Finally, when the charge for both types of particles
totally screened~Region 3!, the aggregation is again salt in
dependent. However, an interesting result becomes appa
the cluster size for the aggregates in Region 3 is much la
than for DLCA ~see also Fig. 3!.

For informative data interpretation, a second independ
technique must be employed either to determine the clu
structure, or to characterize the aggregation kinetics~remem-
ber that the exponentb, obtained from the time evolution o
the mean cluster size@Eq. ~3!# contains information, not only
on the kinetics of aggregation, but also on the cluster str
ture!. In this work, the fractal dimension has been det
mined using static light scattering. Figure 5 shows the an
lar dependence of the mean scattered intensity, for diffe
heteroaggregation processes. The fractal dimensions f
the slopes are plotted as a function of the salt concentrat
at the upper-right-hand corner. Moreover, thedf values for

the

-

FIG. 4. Mean cluster radii for heteroaggregation, as a funct
of the ionic concentration, at different times. Horizontal dash
lines represent the size for clusters growing under DLCA, for
indicated times.
9-4
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CHARGE HETEROAGGREGATION BETWEEN HARD AND . . . PHYSICAL REVIEW E63 011509
the homoaggregation of PL2 and MG1 under DLCA condi-
tions are also plotted as reference.

In Region 1 a fractal dimension 1.6060.05 was found for
the lowest salt concentration~1 mM!, indicating a significant
reduction compared to the fractal dimension for DLCA pr
cesses (1.8060.02). This result indicates that clusters gro
ing under the influence of long-range attraction and repuls
forces are more branched than those obtained from a sim
diffusion process. This result is expected: although la
clusters have to be globally neutral in charge, the cha
distribution is inhomogeneous. The repulsion between p
ticles with a similar sign within the clusters favors their sep
ration, making the clusters more branched. This decreas
the fractal dimension is consistent with the increase of s
observed in Fig. 3.

At higher salt concentrations, the fractal dimension rai
monotonously up to (2.4060.06) for 750 mM. Thus, the
clusters show very compact structures. It is interesting
remember that the homoaggregation of system PL2 leads to
df;1.80, while the homoaggregation of system MG1 leads
to df;2.35, and no direct information is known only fo
pure heteroaggregation of PS2 with MG1. Thus, the value
for heteroaggregation at high salt concentration indicates
the compact clusters coming from the homoaggregation
tween microgel particles have a very relevant weigh in
average, and the observed fractal dimension is mainly du
the presence of those clusters. Although the aggregate s
ture is more compact, an increase in the cluster size
observed~see Fig. 3!. This implies that a change to faste
kinetics must be occurring.

FIG. 5. SLS measurements for heteroaggregation. The slo
depend on the salt concentration, indicating different fractal st
tures. DLCA is also plotted for comparison. The fractal dimens
as a function of the salt concentration for the heteroaggrega
processes is also plotted at the upper-right-hand corner. The fr
dimensions for the homoaggregation of MG1 and PL2 at 750 mM
are also plotted for comparison.
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Table II lists the exponentz values obtained from the
exponentb and df . At low salt concentration, where th
long-range attraction forces are particularly relevant, the
ponentz is similar to that for DLCA. The aggregation due t
the attraction between particles with different signs is be
compensated by the absence of aggregation originated
repulsion between those with similar signs, being the ove
aggregation speed not far from the diffusive one. Therefo
the difference in the cluster size evolution for heteroagg
gation at low salt concentration~Fig. 3!, is a consequence
only of the different cluster compactness since no real
ference in the aggregation kinetics is observed.

The value for high salt concentration~750 mM! indicates
important changes in the kinetic process. This fact is, o
again, a consequence of the difference between the hom
agulation of microgel and polystyrene particles. Thus,
aggregation reactions, in which the microgel particles
involved, dominate the overall rate of aggregation. Mo
over, the exponent for the microgel homoaggregation w
observed to bez5(1.4160.04), while for heteroaggrega
tion, z5(1.6160.03), indirectly indicating that the aggrega
tion between the negative polystyrene spheres and the p

FIG. 6. Time evolution of the polidispersity for heteroaggreg
tion at high salt concentration and DLCA.

es
c-
n
n
tal

TABLE II. Kinetic exponent for heteroaggregation process a
function of salt concentration.

@NaCl#
~mM! Exponentz

1 1.0460.03
5 1.1060.02

10 0.9260.03
93 1.1160.05

180 1.1760.03
750 1.6660.01

1000 1.6160.03
9-5
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A. FERNÁNDEZ-BARBERO AND B. VINCENT PHYSICAL REVIEW E63 011509
tive microgel spheres is faster than for DLCA.
In order to support this finding, the polydispersity,Q

5m1/2m2
2, obtained from the first and second cummulant~

m1 and m2 , respectively!, was monitored. The results ar
plotted in Fig. 6, where a dramatic increase in the polyd
persity is observed at long times. The polydispersity
DLCA is also plotted for comparison. The difference b
tween the homocoagulation velocities allows large and sm
clusters to be simultaneously present in the scramble, lea
to a high polydispersity when a sufficient number of lar
clusters have formed.

In order to gain further evidence of this long-time beha
ior at high salt concentration, transmission phase cont
optical microscopy was used to make direct observation
the aggregates. Figures 7 show pictures correspondin
DLCA, and heteroclusters, growing at high salt concen
tion. A more polydisperse system is clearly observed in
second case. Finally, the explanation based on difference
the homoaggregation velocities implies that the larger c
ters should be formed mainly by microgel particles~or
microgel-polystyrene particles!, while the smaller clusters
should be composed mainly by polystyrene monome

FIG. 7. Pictures of aggregated samples by transmission p
contrast optical microscopy.
d
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Computer simulations and labeling experimental techniq
are being currently carried out to investigate this predicti

CONCLUSIONS

Charge colloidal heteroaggregation between an eq
amount of hard and soft particles has been studied by s
and dynamic light scattering. The different reactions pres
in heteroaggregation were controlled by the amount of
added, since the stabilities of the systems are quite differ
In addition, the strength and range of the interactions w
also controlled. Thus, at low salt concentration, where
long-range electrostatic interactions dominate, the aggreg
show open fractal structures and a kinetic behavior typ
for DLCA, as a consequence of the compensation betw
the increasing velocity due to pure heteroaggregation
stopped homoaggregation reactions. However, at high
concentration, where the short-range interactions are
evant, the heteroclusters become very compacted, with
aggregation kinetics being extremely fast. These findings
explained accounting for differences between the homo
gregation speeds for both systems. This asymmetry all
large clusters formed from the homoaggregation of the
crogel particles to be present at the same time that sm
aggregates form to the aggregation of the polystyrene
ticles ~sufficiently long time!. This fact provokes an increas
of the polydispersity, observed by dynamic light scatteri
an optical microscopy.
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