PHYSICAL REVIEW E, VOLUME 63, 011509
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 negative particles are hard spheres, and the positive ones are
soft particles. This fact modifies the short-range forces, re-
The structure of colloidal aggregates has attracted muchponsible for stable bond formation, altering the aggregation
research interest since it was shown that the concept of frakinetics and cluster morphology.
tals can be used to characterize the structure of random clus- Static and dynamic light scattering were employed to de-
ters growing under nonequilibrium conditiofs]. For many  termine the structure of the aggregates and to study the ki-
colloidal dispersions, certain limiting values of the fractal netics of the aggregation processes, respectively. Further-
dimension have been found. For example for dispersions ghore, phase contrast optical microscopy was used for direct
gold, silica and polystyrene particlesyi~1.75 under oObservations. The ionic concentration was used to control
diffusion-controlled conditions, and~2.0 when the aggre- both the strength and the range of the interactions. Thus, at
gation occurs in the presence of an energy baffierMore-  low electrolyte concentrations, long-range electrostatic
over, a linear increase of the mean cluster size in time idorces dominate the kinetics as well as the aggregate struc-
characteristic for processes dominated by cluster diffusiorfure, whilst at high electrolyte concentrations, the shorter-
whilst, in the presence of an energy barrier, the mean clusté@nge van der Waals interactions may be expected to control
size increases with time as a power law with an exponenthe aggregation behavior.
larger than one. These two universal behaviors are known as The outline of this paper is as follows: The first section is
diffusion-limited cluster aggregatiofDLCA) and reaction- a brief summary about the experimental methods employed
limited cluster aggregatiofRLCA), respectively[3,4]. In  to determine the cluster structure and the growth kinetics,
intermediate regions, a continuous variation between thes@gether with instrumental details. The second section de-
two limiting cases is usually found. scribes the experimental systems used and their basic char-
Heteroaggregation is a special type of particle aggregatioacterization. The third section contains the experimental re-
in which certain asymmetries are involved. For examplesults and a discussion of these.
variations in the aggregation rate constant for dimer forma-

tion occur when particles with different sizes coagul@ | EXPERIMENTAL METHODS: BACKGROUND THEORY
However, this initial asymmetry does not seem to affect the o _
cluster-size distribution after long aggregation tiniék A. Static light scattering

In the present paper, the aggregation of an equal number Static light scatteringSLS) allows the cluster fractal di-
of positive and negative particles is reported. At low electro-mension d;, to be determined from the angular dependence
lyte concentration, the long-range electrostatic forces are abf the mean scattered intensity. For elastic scattering, the
tractive between particles of opposite sign and repulsive bescattered light intensity from a system of clusters may be
tween those of the same sign. Due to the presence @&xpressed in a factorized form EEO]:
repulsive as well as attractive forces within the aggregates,
more open clusters might be expected, compared to homo- 1(q)~P(q)S(q), 1)
coagulation under DLCA conditions. The main difference in
the current work, with respect to previous papgfs9, is  whereq=4/\ sin(0/2) is the scattering wave vector, with
the presence of an extra asymmetry, appearing when theeing the wavelength of the light in the solvent afdhe
scattering angle. The form factoR(q), is related to the
particle size and shape. The structure fac8§r), depends
*Email address: AFERNAND@UAL.ES on the relative positions of the particles within the clusters
"Email address: BRIAN.VINCENT@BRISTOL.AC.UK and hence, contains the information about the structure. In
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the gR>1 limit, where R is the mean aggregate size, a  TABLE I. Summary of particle characteristics. Sizes and mo-

power law in the scattering vector is found from which, the Plities tvr\:ere (:Ileterrr:]:netdtat QHS 1f°r ‘,(A"h"\‘l:hctrecrg'gogel' particles §

fractal dimension may be determined. The structure factor i?re In the colapsed state, and L mivi Nat. » values were de-
. . . . rmined for NaCl.

defined only for distances larger than the particle size and®

thus, that power law is only valid under the conditioR,

<1, with Ry being the monomer size. In this scattering re- sample DI?nTn?ter (Xlolglrc:]tz)lllltylsfl) E:mCMC):
gion, the influence of the particle form factor can be ne-
glected and the angular variation of the intensity is related PL~ 225+ 10 -1.2+0.1 ~400
only to the cluster structurgl1]: MG* 205+ 14 1.0:0.1 ~20
I(a)~q~, N
@) (UK) \{vorklng with a.632 nm'wavelength HeNg laser. The
qRo<1<qR intensity autocorrelation functions were determined at differ-

ent times during aggregations. The scattering angle was set
For higherq values, the length scale corresponds to indi-ath 60° for Eo(tjh ZOmo and g_eteroaggrgga}nog eXpe?mems'

vidual spheres within the clusters and the intensity is relatea_f,? mean ny ”ro ytr;]amlc :a Ius \IN%I'S obtained as a function

to the particle form factor. In loweg-regions, topological of ime, as well as the system polydispersity, using cummu-

. . lant analysis.
length correlations between clusters could be studied. For static light scatteringSLS), the mean scattered inten-

sity was obtained for different angles in the range 20°-140°.
When the final cluster structure was totally established, the
Information about the aggregation kinetics can be eximean intensity, I1(q), showed an asymptotic time-
tracted from the time evolution of the mean hydrodynamicindependent behavior, as predicted theoretically. From these
radius, which evolves as a power law in the time for a suf-asymptotic curves, the fractal dimensions were determined.

B. Dynamic light scattering

ficiently long time[12]: Optical microscopy experiments were carried out using an
optical transmission phase contrast Nikon microscqjze
(Rp)~t*, pan. Pictures were captured directly by a CCD camina
(3)  tellicam, U.S.A) and no image treatment was applied.
z
p= d’ Il. EXPERIMENTAL SYSTEMS

The kinetic exponent, contains information on the ag- Two systems of spherical particles, with similar sjzes and'
gregation mechanisnzis one for DLCA, describing a size- surface crjgrges, were used for the. heteroaggregation experi-
independent cluster activity. Whe>1, the clustering be- MenNts. PL is an aqueous suspension of charged surfactant-
tween larger aggregates dominates and the mean cluster m{&€ Polystyrene microspheres, synthesized by emulsion po-
increases faster than under diffusion conditions. On the othdyMerization of styrene, using sodium persulfate as initiator
hand, forz<1, the activity of the smaller clusters is greater [18]- The negative particle charge arises from sulfate groups
and the mean cluster mass increases more slowly than f& thef!”face- o ,
pure diffusion-controlled processes. When energy barriers, MG IS an aqueous cationic microgel suspension synthe-
are present, the larger aggregates are more active than tpiged by the polymerization of pd@-vinylpyridine),
smaller ones. Thug>1 for RLCA, existing a wide range of crosslinked with dlvmy!benzen@.ZS weight % The |n|t.|a-
values forz in the literature, being this fact associated with {Or used was 2,2azobig2-amidinopropanedihydrochlride
the difficulty of establishing the repulsion-controlled aggre-(¥20, Waka [19]. Two types of groups are able to confer
gation limit[12-16. charge to_ t_h_e colloidal partlcles:_amldmlnum groups arising

It is interesting to point out that the exponentlepends from the initiator, Iocate_d essentially at the penp_hery of the
only on the kinetics of aggregation, whilg contains also pgrtlcles, .an.d the con;utuent monomer 2yP, uniformly dis-
information about the cluster structure. For example in thdfibuted within the particles. The pfof 2VP is 5, and that of
case of homogeneous kernéteost frequently used coagu- the amidinium groups around ti20]. Therefore, for pH
lation kernels reported in the literatyyeand for nongelling higher than five, the particles are in their collapsed state,
systems, the exponentis related to the homogeneity expo- where the bulk (_)f the particles is totally discharged and only
nent X by, z=1/1-\ [3,17). This parameter describes the Surface charge is present.
tendency of a large cluster to join up with another large Samples were cleaned by serum replacement JRind
cluster. Kernels with <1 correspond to nongelling systems, dialysis (MG"). Table | summarizes some characteristics of
i.e., an infinite cluster is formed at infinite time.takes the the experimental systems. Particle sizes were measured by
value 0 for DLCA, and 1 in the case of RLCA. transmission electron microscopy, which showed the par-
ticles to be spherical and highly monodisperse. The stability
was estimated by determining the critical coagulation con-
centration(CCC) from the mean particle size as a function of

The dynamic light scatterindDLS) experiments were the salt concentratiosee Fig. 2 for detai)s Systems present
performed using a slightly modified Malvern 4700 Systemdifferent stabilities, which allows the interactions and thus

C. Experimental methods
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7 T ] in both cases, indicating a regular fractal structure, being the
fractal dimensions quite differerts 1.80+0.02 for PL” and
~2.35+0.06 for MG'. The former is commonly accepted
for DLCA. However, the second value indicates that very

=]
g’ ﬁ ] compact clusters grow for the microgel particles. This find-
s RN ing could be related with the fact that the short-range van der
E§ Waals attraction force, responsible for the stability of the
g 1000 - | cluster structure, is weaker for the microgel particles since,
> ] ~1 0.58 4 even those the particles are in their collapsed stataate,
;\f‘ an inner structure keeps into the monomers, as demonstrated

by Crowtheret al. [23] by measuring the monomer size for
different solventgmixtures alcohol-water

Using the values oB and the cluster fractal dimensions,
the exponentz was calculated using Ed3) to be (1.06
+0.03) for the polystyrene hard spheres, as expected for
diffusion-controlled aggregation. However, for the microgel
1 Y T oo particles, the kinetic is faster, leading to a kinetic exponent,
z=(1.41+0.04). This indicates that, in presence of a high
salt concentration, there are two homoaggregation velocities,

FIG. 1. Power law dependence of the mean cluster-radius wittP"€ for the mi(_:rogel and one f(_)r th? polystyrene Pa”ic'es-
time. The mean scattered intensity for homoaggregation of bot NS feature will be employed in this work to design the
systems are also plotted at the upper-left-hand comner. The intensi§XPeriments in which, one of the species coagulates faster
curves correspond to aggregation times of 30 min and 42 min fofan the other one, originating interesting results, far from
MG™ and PL, respectively. classic behaviors.

The rapid kinetic observed for the microgel particles
the aggregation between different particles to be controlle§ould be related to the different solvency of the polymer,
through the electrolyte concentration. with respect to that of po_Iystyrene, that could originate extra

The sign of the particles was studied through electro29gregating forces. At this moment, no model is available for
phoresis measurements, determined by phase analyzing lightplaining the interactions responsible for this unexpected
scattering(PALS) [21]. The mobility was negative for the result. Neverthe_less, thls_behawor agrees completely_w!th the
system PL and positive for the particles MG confirming ~ heteroaggregation experiments presented later, predicting the
the sign of the surface charge. Furthermore, the obtaine@XPerimental heteroaggregation behavior.
values are not very different, ensuring that no important
charge asymmetry is present. The mobility was observed to B. Heteroaggregation
be pH independent for both systems in a wide range around |, the present paper, the aggregation of positive and nega-
pH=6, at which the aggregation experiments were peryye particles is emphasized. Thus, particle aggregation is
formed. For more details about the particle characterlzatlorberformed under the influence of two long-range forces: an

see[22]. _ _ o attractive electrical force between particles of a different sign
In the aggregation experiments, sonication was always apsnq g repulsive one, between those with the same sign.
plied prior to the experiments to help ensure no aggregated Heteroaggregation of an equal initial number of particles
particles were prsesent initially. The particle concentrationys a5ch species was tackled to simplify methods. Under this
was 1.0<¢10°cm ? in every case. The salt employed was congition, no extra asymmetry needs to be taken into ac-
NaCl (Merck, analytical grade and temperature was always count. The balance between the attraction and repulsive

0o PL
O MG ]

t (min)

set to (26-1) °C. forces was performed through the amount of salt added. This
is possible because of the different stability of the systems.
Ill. RESULTS AND DISCUSSION Figure 2 shows the average particle radius determined after

24 hours by DLS, as a function of the electrolyte concentra-
tion for both systems. For concentrations above the CCC
Before the heteroaggregation experiments, both systeni&abeled in the plot the particles were observed to be totally
were examined under well-known conditions, i.e., DLCA. coagulated. Three aggregation regions can be defined. In Re-

For the experiments, both PLand MG" were coagulated gion 1, both systems are stablsalt concentration below
independently adding NaCl at a concentration of 750 mMboth CCC values The aggregation between particles of op-
(above the CCC Figure 1 shows that both systems exhibit posite sign should occur under the influence of electrostatic
similar behaviors for the average particle size, following aattraction forces. In Region 2, the positive particles start ho-
power law in the time with exponen8=0.58+0.02, in  moaggregation while the negative ones do not homocoagu-
agreement with the long-time scaling solutidg. (3)]. Us-  late. The positive-positive encounters should be diffusive, as
ing static light scattering, decreasing long-time asymptotiovell as the positive-negative ones. Moreover, negative-
power laws for the mean scattered intensities were obtaineglegative encounters are excluded by the electrostatic repul-

A. Homoaggregation
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[NaCl] (mM) FIG. 4. Mean cluster radii for heteroaggregation, as a function

FIG. 2. Stability of the dispersion) MG+ and @ PL". De- c_)f the ionic concent_ration, at different times. Horizontal dashed
lineating of the aggregation regions. The upper scheme indicates tH{9€s represent the size for clusters growing under DLCA, for the
permitted and forbidden reactions in the different regions. ‘diff indicated times.
stands for diffusion-controlled reactions.

gation. Hence, a competition between these two effects must
sion. In Region 3, the salt concentration is larger than th&ontrol the aggregation. It is interesting to point out that for
CCC values for both types of particles. heteroaggregation at low salt concentratitrmM), the clus-

Figure 3 shows the time evolution of the mean radius forters are observed to be larger than those growing under
three selected runs. All the curves exhibit a power law inDLCA (Fig. 3). This size difference can be due to changes of
time. This means that the dynamic scaling solution for thethe aggregation kinetics and/or a modification in the particle
Smoluchowski equation is also suitable for describing hetsStructure(compactnegs|in order to answer this question, the
eroaggregation processes in diluted systems. In Fig. 4 th&actal dimensions were also determined for heteroaggrega-
mean cluster size has been plotted as a function of the sdiPn and the results will be presented later.
concentration for a selection of aggregation times. In Region 2, the mean cluster size is sensitive to the salt

In Region 1(Fig. 4), the size evolution of the aggregates concentratior(Fig. 4. Now, the positive particles are able to
is independent of the bulk ionic concentration, as expectedilomocoagulate by diffusion, since the charge repulsion has
In this case, the only positive-negative encounters are podeen screened. For, the same reason, the negative-positive
sible, which are faster than diffusion. In addition, the repul-aggregation should also be diffusive. However, repulsion be-
sion between particles with similar signs forbids homoaggreiween any two negative particles occurs, since the charge
repulsion is not screened yet. Hence, a diffusive process, in
which not all the particles are reactive, occurs. The charac-
teristic aggregation time diminishes, and the evolution of the
mean cluster size is slower than for pure diffusion. This ef-
fect is observed by a decrease of the mean cluster size.

Finally, when the charge for both types of particles is
totally screenedRegion 3, the aggregation is again salt in-
dependent. However, an interesting result becomes apparent:
the cluster size for the aggregates in Region 3 is much larger
than for DLCA (see also Fig. B

For informative data interpretation, a second independent
technique must be employed either to determine the cluster
structure, or to characterize the aggregation kindtiesiem-
ber that the exponerg, obtained from the time evolution of
the mean cluster si4é&q. (3)] contains information, not only
on the kinetics of aggregation, but also on the cluster struc-
ture). In this work, the fractal dimension has been deter-
mined using static light scattering. Figure 5 shows the angu-

time (min) lar dependence of the mean scattered intensity, for different
heteroaggregation processes. The fractal dimensions from

FIG. 3. Evolution of the mean radius for two selected heteroagthe slopes are plotted as a function of the salt concentration,
gregation experiments. DLCA is plotted for comparison. at the upper-right-hand corner. Moreover, thevalues for

1000 -

<Rh> (nm)

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

[NaCl]
(mM) Exponentz
1 1.04+0.03
5 1.10+0.02
10 0.92+0.03
93 1.11+0.05
180 1.170.03
750 1.66-0.01
1000 1.610.03

Table 1l lists the exponent values obtained from the
exponentB and d;. At low salt concentration, where the
long-range attraction forces are particularly relevant, the ex-
ponentz is similar to that for DLCA. The aggregation due to
the attraction between particles with different signs is being
compensated by the absence of aggregation originated by
repulsion between those with similar signs, being the overall

FIG. 5. SLS measurements for heteroaggregation. The slopedggregation speed not far from the diffusive one. Therefore,
depend on the salt concentration, indicating different fractal structhe difference in the cluster size evolution for heteroaggre-
tures. DLCA is also plotted for comparison. The fractal dimensiongation at low salt concentratioffFig. 3), is a consequence
as a function of the salt concentration for the heteroaggregatioonly of the different cluster compactness since no real dif-
processes is also plotted at the upper-right-hand corner. The fractdérence in the aggregation kinetics is observed.

dimensions for the homoaggregation of M@nd PL at 750 mM
are also plotted for comparison.

the homoaggregation of PLand MG" under DLCA condi-
tions are also plotted as reference.

In Regian 1 a fractal dimension 1.600.05 was found for
the lowest salt concentratidih mM), indicating a significant

reduction compared to the fractal dimension for DLCA pro-

The value for high salt concentratig@d50 mM) indicates
important changes in the kinetic process. This fact is, once
again, a consequence of the difference between the homoco-
agulation of microgel and polystyrene particles. Thus, the
aggregation reactions, in which the microgel particles are
involved, dominate the overall rate of aggregation. More-
over, the exponent for the microgel homoaggregation was
observed to bez=(1.41+0.04), while for heteroaggrega-

.Cesses (1816002) This result indicates that clusters grOV_V- tion, 7= (16ﬁ 003), indirecﬂy indicaﬁng that the aggrega-
ing under the influence of long-range attraction and repulsiogign petween the negative polystyrene spheres and the posi-

forces are more branched than those obtained from a simple
diffusion process. This result is expected: although large
clusters have to be globally neutral in charge, the charge
distribution is inhomogeneous. The repulsion between par-
ticles with a similar sign within the clusters favors their sepa-
ration, making the clusters more branched. This decrease il
the fractal dimension is consistent with the increase of size
observed in Fig. 3.

At higher salt concentrations, the fractal dimension raises
monotonously up to (2.400.06) for 750 mM. Thus, the
clusters show very compact structures. It is interesting to
remember that the homoaggregation of system Rlads to
d;~1.80, while the homoaggregation of system M@ads
to d;~2.35, and no direct information is known only for
pure heteroaggregation of PSvith MG*. Thus, the value
for heteroaggregation at high salt concentration indicates tha
the compact clusters coming from the homoaggregation be
tween microgel particles have a very relevant weigh in the
average, and the observed fractal dimension is mainly due tc
the presence of those clusters. Although the aggregate struc
ture is more compact, an increase in the cluster size was
observed(see Fig. 3 This implies that a change to faster
kinetics must be occurring.

=4
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tion at high salt concentration and DLCA.
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Computer simulations and labeling experimental techniques
are being currently carried out to investigate this prediction.

CONCLUSIONS

Charge colloidal heteroaggregation between an equal
amount of hard and soft particles has been studied by static
and dynamic light scattering. The different reactions present
in heteroaggregation were controlled by the amount of salt
added, since the stabilities of the systems are quite different.

FIG. 7. Pictures of aggregated samples by transmission phade addition, the strength and range of the interactions was
contrast optical microscopy. also controlled. Thus, at low salt concentration, where the
long-range electrostatic interactions dominate, the aggregates
tive microgel spheres is faster than for DLCA. show open fractal structures and a kinetic beha_lvior typical

In order to support this finding, the polydispersi for DLCA, as a consequence of the compensation petween

> ) . ' ' the increasing velocity due to pure heteroaggregation and
= pa/2pu3, obtained from the first and second cummulants siopped homoaggregation reactions. However, at high salt
w1 and u,, respectively, was monitored. The results are concentration, where the short-range interactions are rel-
plotted in Fig. 6, where a dramatic increase in the polydis-evant, the heteroclusters become very compacted, with the
persity is observed at long times. The polydispersity foraggregation kinetics being extremely fast. These findings are
DLCA is also plotted for comparison. The difference be-explained accounting for differences between the homoag-
tween the homocoagulation velocities allows large and smafiregation speeds for both systems. This asymmetry allows
clusters to be simultaneously present in the scramble, leadirg'9€ clusters formed from the homoaggregation of the mi-

to a high polydispersity when a sufficient number of |argecrogel particles to be present at the same time that small
clusters have formed. aggregates form to the aggregation of the polystyrene par-

In order t in furth id  this | time beh ticles (sufficiently long time. This fact provokes an increase
_[norderto gain further evidence or this long-imeé benav- ¢ yhe polydispersity, observed by dynamic light scattering
ior at high salt concentration, transmission phase contrasj, optical microscopy.

optical microscopy was used to make direct observations of
the aggregates. Figures 7 show pictures corresponding to ACKNOWLEDGMENTS
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