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We have examined both the structure and surface chemlstry of gold clusters formed by the
kinetic aggregation
of colloidal gold particles. The highly disordered.
ramified aggregate?, can be
very accurately described as self-similar or fractal objects with a fractal dimension equal to 1.75.
Spectroscopic
studies performed with surface-enhanced
Raman scattering (SERS), clearly indicate
that colloidal gold surfaces are highly heterogeneous.
consisting both of donor and acceptor sites
which can be identified as Au(O) and Au(I), respectively.
Aggregation
occurs when negatively
charged species are displaced from the gold surface by more strongly bound molecular adsorhateb,
with the rate determined
by the nature and concentration
of the displacing
species. The new
insights afforded by the fractal description of the structure of the aggregates and the SERS probe
of the chemical nature of the colloid surface should lead to a more complete understanding
of the
basic mechanisms
of colloid aggregation.
This potential is illustrated with a quantitative
description of the dynamics of aggregate growth measured by dynamic light scattering.

1. Introduction
One of the principal,
long-term
goals of colloid science has been to
understand
the mechanisms
of flocculation
and the structure of the resulting
aggregates in terms of the microscopic interactions
between colloidal particles.
In the 130 years since Michael Faraday [l] inaugurated
the modern era of
colloid science, the problem of colloidal flocculation
has attracted a stellar
array of both chemists and physicists. Despite a number of classic studies
however, major gaps have existed in our fundamental
understanding
of aggregating colloidal systems. These have centered around two seemingly unrelated
problems,
one dealing with macroscopic
effects, the other with microscopic
effects. On the macroscopic
side, the large scale structure of colloidal aggre0039-6028/85/$03.30
83;Elsevier Science Publishers
(North-Holland
Physics Publishing Division)
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symmetry of the aggregates can be quantitatively
characterized
by their fractal
dimension,
shedding light on possible mechanisms by which the aggregates are
formed. Following this is a short theoretical section where we try to summarize
some of the current ideas in the field of aggregation, with special emphasis on
the kinetic models now in favor for describing the growth of fractal objects.
We then discuss our experimental
SERS results, which probe the chemical
nature of the gold surface and its adsorbates
and lead us to conclude that
colloidal gold surfaces are surprisingly
heterogeneous.
In the following section,
the new characterization
of the gold aggregate structure
and surface are
combined
to gain new insight into the fundamental
mechanisms
of aggregation. Our emphasis is on the dynamics of aggregation and the influence of the
surface adsorbates and fractal structure on these kinetic processes. Finally. we
conclude with a section that discusses some of the major questions that have
yet to be resolved. We show how these new techniques
may help in their
resolution.
leading to a much deeper and broader understanding
of the basic
mechanisms
of colloid aggregation.

2. Experimental

techniques

The aqueous gold sol used in these experiments
was prepared
from a
modified recipe described by Turkevich et al. [12]. We added 5 cmi of a lo-”
M solution of sodium tetrachloroaurate
to 90 cm” of triply distilled, deionized
water and heated the resulting solution to 90°C for 15 min. While stirring
vigorously, we rapidly added 5 cm3 a of reducing solution. composed of 0.5%
(by weight) sodium citrate. The solution was maintained
at 90°C for 30 min
during which time color changes from gray to blue to purple were seen before
the sol assumed the wine-red hue typical of gold particles much smaller than
the wavelength of light. After heating, the solution was cooled in an ice bath.
This procedure reliably provided us with gold suspensions
which behaved in a
highly reproducible
manner in a wide variety of experimental
tests [13]. As
determined
from transmission
electron microscope
(TEM) images, the sol
consisted of polycrystalline
gold particles. roughly spherical in shape, with an
average diameter of - 14.5 + 1.5 nm. Assuming all the gold in the solution
was reduced. the concentration
of particles was - 10” cm-“. Aggregation was
initiated by a variety of means, but in each case, we added one part in ten of
the aggregating agent to the freshly prepared colloid solution so as to maintain
the particle concentration
at a fixed value.
The primary technique
for the study of the structure
of the aggregate
clusters was with the use of TEM micrographs
[14,15]. The samples were
prepared using a carbon-coated
TEM grid which was placed in an air glow
discharge for several minutes. The resulting hydrophilic grid was readily wet by
the aqueous sol, several ~1 of which was placed on the grid and allowed to dry.

The drying process caused the three-dimensional
structure of the colloidal
aggregates to collapse to that the TEM images represent a two-dimensional
projection of the clusters.
Surface and kinetic studies of the colloid were performed
using light
scattering techniques. The SERS spectra were obtained with excitation in the
red, using about 80 mW from the 647.1 nm line of a Kr ’ laser. Quasielastic
light scattering
was done with the 632.X nm line of a HeNe laser. The
autocorrelation
function of the scattered light was measured with a digital
correlator
that had 12X real time channels.
Since the colloid scatters quite
intensely, high quality data were collected in a few seconds, and thus measurcments could be made sufficiently
frequently
to follow the dynamics
of the
fastest aggregation. The data were analyzed by calculating
the initial logarithmic derivative, or first cumulant
of the autocorrelation
function [16]. Despite
the fact that the autocorrelation
functions arc highly non-exponential.
reflecting the wide distribution
in cluster sizes, the first cumulant
can be used to
obtain an accurate measure of a mass-weighted
mean of the cluster size
distribution
[17]. allowing the aggregation dynamics to be followed.

3. Fractal

structure

of colloidal

aggregates

A key feature of the modern description
of the structure of highly disordered materials is the use of self-similarity
or scale invariance
[2.18]. A
self-similar
structure
has the property
that its basic appearance
remains
unchanged when the object is viewed on a dilated length scale. Such an object,
possessing no characteristic
or intrinsic length scale. but exhibiting this dilation
symmetry is often called a fractal.
A structure
which exhibits scale invariance
can be quantitatively
characterized in a number of ways. One of the most direct is to consider how some
physical property scales with the size of the object. Mass is a particularly
appropriate
parameter for the study of colloidal aggregates. Circles of radius R
are drawn around some point and the mass. M, within each circle is measured.
A fractal will exhibit scaling behavior. so that
M - R“r,

(1)

where d, is defined as the fractal dimension,
and quantitatively
characterizes
the long-range dilation symmetry. For the trivial case of a solid object, d, = d,
where d is the Euclidean dimension of space. However. for all cases of interest
here. d, < d, and is typically not an integer.
An alternate way of characterizing
a scale invariant structure is to consider
its average masssmass correlation
function, c(r), defined by.

c(r)=/p(r’)

p(r’+r)

dr',

(2)

where p(r) is the density at a position
exhibits a scaling behavior,

r. For a self-similar

structure,

c(v) also

c(r) - Yn,
(3)
where (Y= (i- d, is called the co-dimension.
The existence of power law
behavior exhibited by both M(R) and C(T) is evidence for scale invariance.
We note that an important consequence of power law behavior is that the total
mass of a fractal object actually grows more slowly than the cube of its size, so
that its density decreases as its size increases.

200 nm
Fig. 1. TEM micrographs

of a series of gold colloid clusters

on a single grid.
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In R
Fig. 2. Scaling of mass wth

sire for a series of gold crrlloid clusters on a grid. The mabs is scaled to

the moss of a Gngle particle (3.7 x IO

” g) and the radius

particle (14.5 nm). The \lope gives the fractal dimension.

is scaled to the diameter of a wygle

1.75.

These concepts can be used directly to analyze the structure of the colloidal
gold clusters [14,15]. We examined colloidal aggregates formed by the the
addition of 10-l M pyridine to the colloidal suspension
[4]. TEM pictures.
such as those shown in fig. 1, were taken and the mass and size of each cluster
was measured. Since the individual
gold particles are so uniform in size. the
mass of an aggregate can be determined
simply by counting the number of
individual
particles that make up the cluster. The radius is also measured
directly from the photograph,
correcting
for all the stages of magnification
used in producing
the image. The results of these measurements
for a typical
grid are shown in a logarithmic plot in fig. 2. The linear relationship
observed
is characteristic
of the power law behavior expected for self-similar
objects.
and the slope gives the fractal dimension
directly. Over several decades in
M(R) and H, for this and other grids. we find that gold colloidal aggregates
can be characterized
as fractals with d, = 1.75 + 0.05.
The internal structure of individual clusters can also be analyzed from TEM
images by calculating the average massmass
correlation functions, accounting
for their finite size [14.15]. The calculated
C,(Y) must be compared with the
expected correlation
function of a 2D projection
of a 3D fractal object. In
doing this. we rely on the result that, for d, < 2, the projection
of a fractal
remains a fractal. with the same fractal dimension [2]. The mass -mass correlation function of the projection will also exhibit scaling, but with cy = 2 - d,.
This is indeed what is found for the TEM images, and values of the fractal
dimensions
thus obtained are d, = 1.80 k 0.07. Thus, the internal structure of
an individual aggregate also exhibits fractal behavior, with a fractal dimension
identical to that which describes the aggregate distribution
as a whole.
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The results of the TEM analysis of the aggregate structure were verified
using an in situ probe of the structure of the clusters still in solution. Scattering
measurements
[19] provide the necessary probe since, for a fractal, the scattering structure factor, S(q), also exhibits a scaling dependence on the scattering
vector, q. Thus,

We have measured
S(q) from a solution of aggregated colloid using small
angle neutron scattering [20], and find that its behavior is consistent with eq.
(4). A fit to the data yields d, = 1.7, in excellent agreement with our TEM
analysis establishing
that electron micrographs
provide an accurate picture of
colloidal aggregates as they exist in situ in a suspending
medium.

4. Theoretical

developments

Kinetic growth processes such as colloidal aggregation
have also been the
subject of renewed theoretical interest in recent years. The emphasis of much
of this work has been toward developing an understanding
of the nature and
origin of the structures that result. Considerable
progress has been made using
Monte Carlo techniques
to simulate kinetic growth processes. A universal
feature of the models appears to be the self-similar nature of the clusters that
are formed. The models investigated can be divided into two major classes. In
what has become known as diffusion-limited
aggregation
(DLA) [21.22]. the
growth of aggregates takes place by the collision of an individual particle with
a growing cluster. The individual
particles diffuse independently
and become
part of the aggregate whenever a collision occurs. The second model, commonly known as cluster-cluster
aggregation
[23,24], takes into account the
possibility that clusters themselves can diffuse and stick together. Both models
have been extensively
investigated,
and in virtually all cases, the resultant
clusters are found to be scale invariant, with the fractal dimensions
depending
on the growth conditions.
For comparison
to our experimental
results, the more relevant model seems
to be that of cluster-cluster
aggregation.
Simulations
using this model have
been performed
in three dimensions
with the clusters undergoing
Brownian
motion with diffusion constants
that decrease as the clusters grow [25]. The
fractal dimension of the resultant clusters is found to be dr = 1.8. in remarkable agreement with the experimentally
measured value. By contrast, simulation
of DLA for d= 3 results in clusters with a substantially
larger fractal dimension, d, = 2.5.
While the agreement
between the value of d, that we measure and that
predicted
by the cluster-cluster
model is quite good. many fundamental
questions
remain to be answered.
In the models, the simple rules used to

determine the sticking of the clusters cannot be expected to adequately reflect
the complex chemical and physical interactions
that actually take place between the highly ramified colloidal aggregates. On a more fundamental
level,
the models used are all computer simulations,
and while they seem to give
good agreement with experiment,
there is as yet no basic understanding
of the
very origin of the dilation symmetry of the aggregates. These are issues that
still remain to be solved.
In addition to characterizing
the nature of the aggregation
process itself,
considerable
theoretical effort has been expended toward understanding
the
physical properties
of the resultant
clusters. The dilation symmetry
of the
aggregates leads to considerable
simplification
in the description
of many of
their properties. Thus there are predictions
about the behavior of the conductivity, elasticity and thermal properties
[26,27]. While these have yet to be
tested experimentally,
there is hope that many physical properties
of these
highly disordered
structures
will be describable
in relatively
simple, yet
quantitative
terms.

5. Surface chemistry of colloidal gold
Molecular adsorbates on the colloid surface play a key role in the aggregation process. The basis of their influence
can be readily understood
by
considering
the potential between two colloidal particles, following the DLVO
model [9,28]. The stability of a sol against aggregation
is determined
by the
height of the double layer repulsive barrier, caused by the screened Coulombic
potential
of the charges on the surface of the gold. If this is substantially
greater than kT. where li is the Boltzmann factor and T the temperature.
the
colloid will be stable against aggregation. This barrier will be reduced whenever
the extent of the diffuse double layer surrounding
the sol particles is decreased.
This can be accomplished
either by adding ionic salts to decrease screening
length in solution or by adding molecular adsorbates which reduce the surface
charge on the colloidal particles. Once the repulsive forces are diminished.
particles can approach
one another to distances where attractive
Van der
Waals interactions
cause them to irreversibly bind. The potentials for these two
cases are sketched schematically
in fig. 3.
It is our goal to study the effect of the molecular
adsorbates
on the
aggregation process. However. aggregation of the colloid is a required first step
to obtain SERS spectra of adsorbed molecules [29]. Hence, in order to detect
the species adsorbed to gold prior to the addition of molecular flocculants, we
initiated the aggregation by adding sodium chlorate (0.1 M). This salt reduces
the screening length in solution thus inducing aggregation.
but is believed to
have a low affinity for the gold surface [30]. In this fashion, we were able to
duplicate
the conditions
on the gold surface before the addition
of any
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k----O

SEPARATIONDISTANCE
Fig. 3. Schematic representation
of the interaction potential between two colloidal particles for the
cases of (a) a repulsive interaction
leading to a stable sol and (b) an attractive interaction
leading
to aggregation.
After the DLVO theory [9].

molecular adsorbates. As shown in fig. 4a, the most intense SERS band in the
spectrum at 1386 cm-’ (characteristic
of a carboxylate symmetric stretch), and
weaker bands at 802, 958 and 1416 cm-’
are all strongly suggestive of
adsorbed citrate ion [31]. This confirms the hypothesis that it is the adsorbed,
highly charged citrate ions, bound to the surface during the formation of the
colloid, that result in the remarkable stability of the sol. Interestingly,
no trace
of the chlorate ion could be detected on the surface even though we were in a
concentration
regime where previous workers suggested that some adsorption
might occur [30].
After sodium chlorate had aggregated
the sol, we conducted
a series of
surface displacement
experiments
[32], using pyridine, TTF and TCNQ. The
goal of these studies was twofold. Firstly, the citrate SERS bands were used to
measure the kinetics and extent of charge displacement
from the colloidal gold
surfaces as different adsorbates were added. Secondly, we hoped to exploit the
neutrality
of pyridine,
the electron-donating
propensity
of TTF and the
electron-accepting
propensity
of TCNQ to help elucidate the chemical nature
of the gold colloid surface.
The results of adding pyridine, TTF and TCNQ to gold sols previously
aggregated with sodium chlorate are summarized
in fig. 4. When pyridine is

700

1200
FREQUENCY (cm-')

1700

Fig. 4. SERS spectra showing the diaplncanent
resulta after a colloid v.as aggregated
chlorate. The adsorbates
seen are (a) citrate, (b) pyridme. (c) TTF and (d) TCNQ.
TTF displace the previously hound citrate. uhlle TCNQ doe\ not.

with s~~11urn
Pyridinr and

added. Fig. 4b shows that there is a decrease in the intensity of the 1386 cm ’
band of citrate by about 30% along with the appearance
of the ring breathing
modes of pyridine at 1014 and 1036 cm-‘. These observations
strongly suggest
that citrate is displaced from the gold surface by the more strongly bound
pyridine
molecule. When TTF is added, fig. 4c shows that this proficient
electron donor behaves much like pyridine,
displacing
even more of the
previously adsorbed citrate. In addition, TTF is quite efficient at displacing
adsorbed pyridine, suggesting the following hierarchy for attachment
of electron donors to colloidal gold surfaces:
chlorate

< citrate < pyridine

< TTF.

However. as fig. 4d shows. TCNQ behaves very differently from both pyridine
and TTF. In contrast to the electron donors in the series above, the electron
acceptor TCNQ adsorbs onto the gold surface without displacing previously
adsorbed citrate.
The contrasting
behavior of electron donors and acceptors toward adsorbed
citrate corroborates
a recently proposed multi-site model for the colloidal gold
surface [32]. Our SERS spectra [33] clearly show that TTF adsorbs onto gold as
TTF+ and that TCNQ adsorbs as TCNQ-,
consistent
with the existence of
acceptor and donor sites on the gold sol. The donor, or Lewis base site, where
TCNQ- is bound has been identified with the fully reduced metal. At this site,
an electron can be transferred
from the metal to TCNQ, by virtue of the
adsorbing
molecule’s
high electron affinity. The acceptor. or Lewis acid site,
binds not only TTF ’ but, as our displacement
experiments suggest, citrate ions
and pyridine as well. This site has been associated with gold metal in a higher
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most likely
since the
environment
of
against the
stable Au(III).
[lo] has
particles are
from a
complex of
reducing
chloroaurate
ions,
associating a
adsorbing
citrate
oxidation
state
gold at
earliest stages
the
colloid
Our results
that the
reduction
of
to Au(O)
presence of
does not
to completion,
that
some
remains as
to which
citrate remains
Pyridine
this citrate,
a complex
the form,
analogous to
complexes of
and pyridine.
displaces both
citrate and
pyridine,
reducing
Au(I) complex
virtue of
low
ionization
to yield
surface species
the form
To further
this notion
a heterogeneous
surface composed
Au(O) and
in various
we performed
employing
reducing
other than
to form
gold colloid.
acetone
dicarboxylate
an oxidative
product of
citrate,
was
by Turkevich
al. [lo]
be a
superior reducing
than
its
Thus we
that colloidal
particles prepared
the
DSAD
have fewer
sites than
prepared with
Indeed.
when
and TI’F
added to
DSAD sol
with sodium
we observed
weaker SERS
than we
with the
sol. These
are in
accord with
multi-site model
gold
colloidal

colloidal

state. It
suspension
that the
citrate
with a

6. Kinetics of aggregation
The ability to characterize the structure of the aggregates and determine the
chemistry of the colloidal gold surface can be used to study the relationship
between the short-range
chemical and physical forces between the colloidal
particles and the long-range symmetry of the structures that result. This should
shed considerable
new insight into the basic mechanisms
of the aggregation
process itself. In this paper, we discuss one important
aspect of this problem.
We emphasize the effect of the surface adsorbate on the aggregation dynamics.
and study the effects of the change in the double layer repulsive barrier that
occur with different amounts and types of adsorbates. In all cases, the solution
screening length is held constant.
We measure the dynamics
in two ways: a qualitative
measure of the
aggregation kinetics is obtained simply by observing the change in color of the
sol. By measuring
the time taken for the sol to turn blue, an approximate
measure of the aggregation rate is obtained. More precise measurements
of the
kinetics are obtained using dynamic light scattering to measure the mean size
of the clusters as a function of time [13,15].
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Adding concentrations
of 10 m3 M or greater of pyridine causes the gold sol
to aggregate very rapidly, turning it blue in less than a minute. The addition of
TTF causes substantially
more rapid aggregation than the addition of an equal
amount of pyridine. In contrast, in addition of TCNQ causes no aggregation
whatsoever
at all concentrations.
These results can he easily understood
by
considering
the conclusions of the SERS study. Both the pyridine and the TTF
displace the negatively charged citrate ions from the surface, thereby reducing
the height of the double layer repulsive barrier which had stabilized the colloid.
However, the pyridine is a neutral adsorbate, while TTF is actually adsorbed
as a positive ion. Since the surface is initially negatively charged. the effective
change in the total surface charge of the colloid is greater upon addition of
TTF than of pyridine. This causes a greater reduction
in the double layer
repulsive barrier, accounting
for the faster aggregation rate observed for TTF.
In contrast, TCNQ does not displace the citrate ions. and, furthermore.
is
adsorbed as a negative ion, increasing the total charge on the surface. This will
have the effect of increasing the height of the double layer repulsive barrier.
and actually making the colloid even more stable against aggregation,
consistent with our observations.
In addition to its dependence
on the nature of the adsorbed molecule, the
aggregation rate is also quite sensitive to the amount of adsorbate added to the
solution. We show an example of this behavior u-r fig. 5, where we have plotted
the aggregation rate, defined as the inverse of the time taken for the colloid to
turn blue, as a function
of concentration
of pyridine
in the aggregating
solution added. For pyridine concentrations
below 10 ’ M. the aggregation
proceeds quite slowly. As the concentration
is increased above lo--’ M. there is

--5

-4

-3

-i

log [PYRIDINE](M)
Fig. S. Variation
solution

of the aggregation rate of gold colloids wth

added in a one to ten mixture.

the concentration

of pyridlne

in ;I

sudden and dramatic increase in the aggregation rate by at least two orders
of magnitude.
However, it reaches a plateau at a concentration
of about 10 ’
M, and we observe no further increase in the aggregation
rate at higher
concentrations.
This behavior, which is also seen with the use of ionic flocculants [30], is probably due to a combination
of effects. The amount of pyridine
adsorbed on the surface, and hence the degree of reduction of the double layer
repulsive barrier is presumably governed by some type of Langmuir adsorption
kinetics, which will produce a relatively sharp onset of pyridine adsorption
as
the concentration
of pyridine in solution is increased. Furthermore,
the aggregation kinetics are quite sensitive to the exact height of the double layer
potential
barrier, and the probability
that two particles will overcome the
barrier and stick together upon collision will have an exponential
dependence
on the barrier height and hence the amount of charge displaced from the
surface by pyridine adsorption. The combination
of these two effects will result
in the very sharp increase in the aggregation rate that we observe.
While measuring
the aggregation
rate by monitoring
the color changes in
the sol gives quick and qualitative
results, a more precise description
of the
dynamics of the aggregation
must be obtained with quasielastic
light scattering. Using this technique, we measure the mean cluster radius as a function of
time after the addition of the pyridine, and see a distinct difference in the
behavior above and below the sharp change shown in fig. 5. When a high
concentration
of pyridine is added to the solution, the cluster size grows very
rapidly initially, but much more slowly at later times, as shown in fig. 6. In
contrast, if a lower concentration
of pyridine is added, the aggregation rate is
initially
very low, but increases at later times, as shown in fig. 7. If an
intermediate
concentration
of pyridine is added, the aggregation
behavior is
a

TIME (HRs)
Fig. 6. Dependence
colloids.

of the mean cluster size on time for diffusion-limited.

rapid aggregation

of gold

TIME

(hr)

initially similar to that of the slow aggregation,
but at later times becomes
more similar to the fast aggregation.
These results can be understood
in a qualitative
sense by considering
the
knowledge of the surface chemistry gleaned from SERS and of the fractal
nature of the aggregates derived from the TEM studies. In the case of the rapid
aggregation.
sufficient pyridine
is added to displace nearly all the citrate.
reducing the double layer repulsive barrier to a height less than XT. Thus the
gold colloids will stick on every collision. In this case. the aggregation rate is
solely limited by the time taken for the clusters to diffuse and collide. As the
clusters grow larger. the mean spacing between them increases, while their
diffusion constant decreases, thus increasing the average time taken for each
collision. This accounts for the decrease in the rate as the aggregation proceeds.
In contrast, if only a small amount of pyridine is added. the repulsive barrier is
only reduced slightly, and relatively few collisions will actually result in the
colloid particles sticking. Thus the rate-limiting
step in the aggregation process
is no longer the diffusion time. but rather the time taken for enough collisions
to occur for the particles to stick together. Because of the tenuous nature of the
fractal structures of the aggregates. the larger clusters will have more appcndages and branches, resulting in a higher number of points touching on each
collision. This will increase the sticking probability
for larger clusters causing
an increase in the aggregation rate. as is observed. In the intermediate
regime.
the aggregation
will initially
be limited by the time taken for sufficient
collisions to occur to cause the particles to stick. However. as the particles
grow, their diffusion constants decrease while the mean distance between them
increases. Thus the time taken for them to diffuse and collide will ultimately
dominate and become the rate-limiting
step in the aggregation process. There-

fore, the aggregation will initially behave like that of the slow aggregation. but
will ultimately
change over to the diffusion-limited
behavior
of the fast
aggregation.
Knowledge of the fractal structure of the clusters can be used to produce a
more detailed description
of the aggregation dynamics in the diffusion-limited
case. We begin by considering
the average cluster at a time, t. with a mass,
M( 0. and calculate the growth of this average cluster. d M/d t. We assume that
most of the growth comes from the collisions of clusters of roughly equal size.
as suggested by our measurements
of the q dependence
of the first cumulat of
the autocorrelation
function of the scattering light. Thus we take d A4 - M. Our
suspensions
are extremely dilute (volume fraction of particles about lO_“), so
that the collision rate for clusters. l/dt,
can be determined
using Fick’s law:
thus l/dt scales as CDR, where C is the concentration
of aggregates of mass
M, D is their diffusion constant and R their radius. Since the number of initial
gold particles is conserved, C = C,,/M, where C,, is the initial concentration
of
the colloidal particles. Finally, since D - R -‘, we find that l/d{ - l/M
so
that the rate of mass increase, dM/dr,
is a constant that scales as C,,. To find
the rate law governing
cluster growth, we take advantage
of the fractal
relationship
between the mass and the radius and integrate to obtain
R _ +/d,C;%,

(5)

In fig. 8. we have replotted the data from fig. 6 and show the time dependence
of the mean radius in a logarithmic
plot. As predicted. a linear behavior is
obtained
and the slope is 0.57, which. using eq. (7). results in a value of
d, = 1.75. in excellent agreement with the earlier studies of the structure of the
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aggregates. We have also measured the scaling of the aggregation behavior with
C,,. and again find good agreement with our prediction [13].
We note that the physics used to obtain the behavior of dM/dt
is the same
as that used by Smoluchowski
[8] to calculate the depletion of the clusters of
each mass in the aggregation process. The results we obtain for d M/dt can
also be obtained using the Smoluchowski
equations.
However, the traditional
Smoluchowski
approach to the kinetics does not account in any way for the
structure of the aggregates, and, in order to obtain the correct behavior of R.
which is what is measured. we must also include the fractal nature of the
structure of the aggregates.
The success of the traditional Smoluchowski
approach to the kinetics is even
poorer when applied to the case of slow aggregation. In this case the rate-limiting step is the probability
of overcoming the double layer potential barrier. and
this depends much more sensitively
on the details of the structure
of the
clusters, a feature not included
at all within the Smoluchowski
approach.
Again it is possible to use our knowledge of the structure of the clusters to
make an improved. yet still crude, model of the aggregation kinetics [ 151. While
the details of this model will be presented
elsewhere. we note here one
intriguing
implication
that arises. If the fractal dimension
is treated as a
variable, the data arc best fit by a larger value. d, = 2.3. There is in fact sonic
preliminary
evidence in support of this from the TEM micrographs
of the
clusters formed this way. Interestingly.
Schaefer et al. [34] have measured a
value of d, = 2.12 for silica colloids aggregated very slowly by the addition of
salt.
Although
these results are somewhat
speculative,
and must be further
verified experimentally,
they have profound
implications.
The range of the
interaction
forces between individual
gold particles extends roughly one particle diameter from their surface. This is orders of magnitude less than the total
size of the clusters ultimately
formed. which have radii roughly 10’ to IO’
times the single-particle
diameter. Nevertheless.
it appears that small changes
in these very short range forces can have large effects on the long-range
structure and symmetry of the clusters. Developing a detailed understanding
of
this effect and its origins is certainly
one of the major challenges
to he
addressed in the reviving interest in the kinetic aggregation process.

7. Concluding

remarks

In this review we re-examined
one of the classic problems in colloid science
- the aggregation of colloidal particles
with the aid of recent conceptual and
experimental
advances. The analysis of the long-ranged
structure of colloidal
aggregates
in terms of their fractal dimension
combined
with a detailed
chemical understanding
of the colloidal surface gained by SERS has led to a
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considerably
better understanding
of the flocculation
process. Our major goal
has been to use these macroscopic and microscopic level descriptions
to learn
about the kinetics of aggregation, but we believe that many other properties of
disordered systems can explored with a similar experimental
approach.
The ability to change the fractal dimension
of a colloidal aggregate by
subtle variations
in surface potential
seems a particularly
inviting prospect.
Indeed, for the case of slow aggregation
discussed briefly in this paper, we
already see evidence for such structural changes. We expect that other ways of
producing
random structures will follow from an increased understanding
of
colloid surface chemistry. Being able to produce a variety of random systems
whose structures have been quantitatively
analyzed, should lead to major and
significant
advances
in our understanding
of the properties
of disordered
materials.
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