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Effect of Monomer Geometry on the Fractal Structure of Colloidal Rod Aggregates
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The fractal structure of clusters formed by diffusion-limited aggregation of rodlike particles is
characterized over three decades of the scattering vector q, and displays an unexpected dependence on
the aspect ratio of the constituent monomers. Monte Carlo simulations of aggregating Brownian rods
corroborate the experimental finding that the measured fractal dimension is an increasing function of
the monomer aspect ratio. Moreover, increasing the rod aspect ratio eliminates the structural distinction
between diffusion- and reaction-limited cluster aggregation that is observed for spheres.
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to scales that are at least many hundreds of times greater
that the monomer major axis. We explain the results in

To extract the structure factor, S�q�, intensity measure-
ments were divided by the form factor of an ensemble of
Colloidal aggregation and gelation are principal ex-
amples of disordered growth under conditions far from
equilibrium. A quantitative characterization of these phe-
nomena is valuable to understanding complex shapes and
forms that naturally assemble through nonequilibrium
pattern-formation processes. These processes have thus
long been subject to intense scientific study; basic prin-
ciples of colloidal aggregation are reviewed in Refs. [1,2].
Moreover, the disordered structures that arise due to the
nonequilibrium aggregation of multiple colloids exhibit
scale-invariant properties described by fractal geometry
[3–7]. Aggregation kinetics display two limiting regimes
[8]. In the first, particles form rigid bonds upon collision,
resulting in the fast aggregation kinetics of diffusion-
limited cluster aggregation (DLCA). In the second, slower
process, called reaction-limited cluster aggregation
(RLCA), only collisions that overcome an energy barrier
result in irreversible particle-particle bonds. Early re-
search focused on the aggregation of spherical particles
as a model system. These studies showed that colloidal
aggregation displays universal characteristics including,
in particular, fixed values of the cluster fractal dimension
in the DLCA and RLCA regimes [9]. The claim of uni-
versality stems from studies in which colloidal chemistry
and interparticle interactions were varied [10,11]. More
recently, additional universal properties of aggregating
spherical colloids have been reported [12–15].

In this Letter we extend the range of possible structures
resulting from nonequilibrium aggregation by generating
clusters composed of rod-shaped colloidal monomers. We
find a family of fractal objects with structure that can be
tailored by manipulation of the colloidal rod aspect ratio.
The structures formed are characterized by light scatter-
ing, and the underlying physics of the aggregation process
is probed by Monte Carlo simulation of the rod clusters.
Our findings identify a set of previously unknown DLCA
structures that arise due to the interaction of Brownian
motion and anisotropic excluded volume. The effect of
this interaction on cluster structure surprisingly persists
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light of the geometric role of the anisotropic excluded
volume of the primary rod monomers in mediating the
scaling between the mass of a cluster aggregate and its
characteristic size. While the role of monomer shape
anisotropy in the formation of equilibrium liquid crystal
phases has long been known [16], this report describes
unforeseen implications of this parameter for amorphous,
isotropic structures that facilitate a better understanding
of the unusual rheology [17], sedimentation [18], packing
[19], percolation [20], and self-assembly of anisometric
colloids [21] and nanorods [22].

Colloidal boehmite (AlOOH) rods with approximately
monodisperse dimensions were synthesized [23]. The
mean major and minor axes and aspect ratio of the
particles, denoted by a, b, and r � a=b, respectively,
were characterized by analysis of at least 50 particles
imaged by transmission electron microscopy. Particles
with aspect ratios of r1 � 3:9 (a1 � 52:2 � 16 nm, b1 �
13:5 � 3:5 nm), r2 � 8:6 (a2 � 101:7 � 25 nm, b2 �
11:8 � 3:4 nm), and r3 � 30:1 (a3 � 253:1 � 30:4 nm,
b3 � 8:41 � 1:3 nm) were studied. Aggregation in stable
aqueous suspensions was induced with either MgCl2,
Na2SO4, or NaOH.

The terminal internal structure of the clusters was
quantified over a range of three decades of the scattering
vector, q, by combined ultrasmall, small, and wide-angle
light scattering (USALS, SALS, and WALS). The
USALS apparatus (�0 � 0:633 �m) [24] probed the
range of scattering vectors 0:0461 �m�1 < q<
1:85 �m�1. The SALS range (�0 � 0:532 �m) [25] was
0:822 �m�1 < q< 6:76 �m�1. WALS (�0�0:488�m)
was performed on an ALV compact goniometer system
(Langen, Germany) with 3:58 �m�1 < q< 33:1 �m�1.
Measurements were conducted 3 h after initiation of the
aggregation process, at colloid volume fraction 
 �
10�4. Kinetic studies ascertained that this duration was
sufficient to achieve a fully developed structure over the
entire detectable range of the scattering vector for all
aspect ratios studied.
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randomly oriented rods in the Rayleigh-Gans-Debye ap-
proximation as warranted by previous calculations for
arbitrarily shaped particles [26]. Figure 1 plots S�q� of
clusters composed of rods of the three different aspect
ratios for the DLCA regime versus the dimensionless
product of the scattering vector, q, and the particle major
axis half-length, a=2. S�q� for DLCA-aggregated poly-
styrene spheres (a � 24 nm) in a density-matching mix-
ture is also plotted. While transient structure factor
measurements exhibited curvature at low q that is char-
acteristic of finite aggregate size [12], these effects pro-
gressively shifted to smaller q with time and were not
observed at steady state. To assess reproducibility, one
data set (r � 8:6) plots the average of nine independent
experiments. For these measurements, the average stan-
dard deviation is 11%. The power-law scaling of S�q� over
an extensive range of q indicates the clusters possess a
self-similar structure. Also apparent in clusters composed
of high-r rods is a gradual crossover to nonfractal behav-
ior at the highest q. Independent of aspect ratio, we find
that this transition occurs at qa=2 � 1. The measured
fractal dimension, Df, of each aggregated sample, ex-
tracted by a power-law fit to the data for qa=2 < 0:3, is
reported in the Fig. 1. The standard deviation in Df from
the nine independent experiments for r � 8:6 is 3%.

To evaluate physicochemical conditions for the DLCA
regime, the aggregation kinetics were examined by mea-
suring the intensity autocorrelation function (ALV-5000E
digital correlator, Langen, Germany) at q � 24:2 �m�1

during aggregation. The first cumulant, �1, was deter-
mined from the initial decay rate (t < 8 ms) of the elec-
tric field autocorrelation function g1�t�, where ��1

1 is
proportional to a measure of the effective cluster hydro-
dynamic radius. The evolution of ��1

1 for the aggregation
of colloidal rods with aspect ratio r � 3:9 at volume
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FIG. 1. Structure factor of DLCA clusters for various mono-
mer aspect ratios (r � 1 corresponds to spheres). Data are offset
for clarity. Drawn lines correspond to the measured fractal
dimensions. The inset plots the aggregation kinetics at various
electrolyte concentrations.
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fraction 
 � 1:5 � 10�5 for various electrolytes is shown
in the inset of Fig. 1. The concentrations �MgCl2	<
50 mM resulted in RLCA behavior as evidenced by the
significant retardation of the aggregation kinetics.
Addition of Na2SO4 or NaOH resulted in saturated
DLCA kinetics above a particular electrolyte concentra-
tion. Comparable results were obtained for tests at higher

 and different r.

Figure 1 reports the remarkable result that the Df of
DLCA clusters is an increasing function of the monomer
aspect ratio. This result is unexpected in light of the
universal behavior of DLCA colloidal sphere aggregation
[11]. The difference between the DLCA fractal dimension
of clusters composed of spheres (Df � 1:81 � 0:02) and
of rods with r � 30:1 (Df � 2:26 � 0:18) is much greater
than the uncertainty in its characterization, and is as
significant as the difference between the DLCA and
RLCA fractal dimensions in spheres. Figure 1 demon-
strates that clusters with radius > 102a are still strongly
influenced by the geometry of the monomer. This persis-
tent effect of primary particle geometry on the structure
of nonequilibrium aggregates indicates that the aniso-
tropic excluded volume of the colloidal rods affects the
cluster-cluster aggregation mechanism in an unforeseen
manner.

Monte Carlo simulations were used to independently
probe the dependence of Df on the monomer aspect ratio.
We developed a minimal model of Brownian rod DLCA
by adapting the early methods for DLCA of spheres
[5,6,27]. Simulations were carried out off-lattice in a
periodic L� L� L space, initially populated with N
randomly oriented rods, each constructed by linearly
aligning r spheres [28]. For each Monte Carlo step, t, a
cluster (or primary rod) was chosen at random and moved
with probability equal to its mobility, �i;t � Rgmin;t=
Rgi;t, where Rgi;t and Rgmin;t are the radii of gyration at
step t, of the cluster i and the smallest cluster present,
respectively [29]. Aggregates composed of two or more
rods were moved in a random direction while primary
rods were moved according to the translational diffusion
of a prolate spheroid of aspect ratio r [30]. Clusters were
moved a distance equal to a=2 if there were no obstacles
in their path. In the event that a full move would result in
a collision, the clusters were merged at the point of
intersection. This process was continued until the first
cluster with Rg � L=4 was detected. This model of col-
loidal rod DLCA neglects some interesting physics such
as the rotational diffusion, hydrodynamic interaction,
and internal rearrangement of clusters due to Brownian
forces. However, even this minimal model, comparable in
complexity to the classical work of Meakin on spherical
particles [27], is sufficient to establish the role of mono-
mer aspect ratio in the structure of DLCA aggregates.

Figure 2 is a logarithmic plot of Rg vs mass of the
cluster for various particle aspect ratios from the simu-
lations. The fractal dimension, Df, is the inverse of the
slope obtained from a linear fit to the data in the range of
155503-2
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cluster masses, M: �4Mmin;Mmax	, where Mmin and Mmax

are the masses of an individual rod and the largest cluster
present in the simulation, respectively. Parametric sensi-
tivity of the model was tested by varying 
, step size, and
by incorporating isotropic translational diffusion for pri-
mary rod particles. Df showed a slow increase with 
, but
was insensitive to the other changes. We therefore per-
formed simulations at a low, fixed 
 � 1:3 � 10�3.
Figure 2 shows that the simulated DLCA of rods yields
clusters with measured fractal dimension that increases
with monomer aspect ratio, just as observed for the
experiments. The Fig. 2 inset compares 2D projections
of terminal structures for particles with r � 11 and r �
1. The more highly branched r � 11 cluster results in a
larger measured fractal dimension.

Mean values of Df obtained from experiments and
simulations are compared in Fig. 3. Standard deviations
were generated by repeating the experiments at least 5
times and by performing the simulations with at least five
different initial seeding conditions (three seedings were
used for r 
 9). Good agreement between the experi-
ments and simulations is obtained. The finding estab-
lishes, by two different methods, the profound effect of
monomer geometry on the measured fractal dimension
of clusters that evolve as colloidal particles undergo
diffusion-limited cluster aggregation.

Possible origins of the small difference between Df of
the experiments and simulations are the dimensional
polydispersity of the primary particles used in the experi-
ments and any local annealing of the rods to the more
energetically favored parallel orientation after the initial
aggregation event. Although the probability of such in-
ternal rearrangements could itself depend on the aspect
ratio of the monomers, Fig. 3 indicates that this effect is
likely small. To investigate possible effects of the sedi-
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FIG. 2. Scaling of Rg with cluster mass, from Monte Carlo
simulations. Data are offset for clarity. The inset compares the
terminal structure of r � 11 and r � 1 (sphere) aggregates.
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mentation of dense rods (��=�� 2) USALS measure-
ments were executed both immediately after the
structure had developed, and after sedimentation of ag-
gregates to less than half the total sample volume had
occurred �40 h later. No distinguishable difference was
observed in the measured fractal dimension. Therefore,
the observed marginal discrepancy is not likely an effect
of sedimentation. However, the precise role of a finite
sedimentation velocity on Brownian rod aggregation is
a complex question that warrants future investigation.

In Fig. 4 we plot S�q� of aggregated colloidal rods
with r � 3:9 and r � 30:1 for both regimes and report
that rod aggregation leads, as r is increased, to a loss of
distinction between the DLCA and RLCA terminal struc-
tures. Measured values of Df are reported for various
values of r in the figure inset, together with those for
polystyrene spheres (a � 24 nm) in a density-matching
solvent (data not shown for clarity). The difference
between the fractal dimensions of the two regimes di-
minishes as the degree of anisotropy in the monomer
geometry increases. For spheres, the distinction between
structures in the two regimes stems from the enhanced
possibility of particles and small clusters to diffuse into
the larger tenuous aggregates in the RLCA process.
Because the DLCA and RLCA fractal dimensions are
similar, this densification mechanism is apparently ex-
cluded at high r. Likely, rods and small rod aggregates
have smaller probability relative to spheres of penetrating
the growing RLCA clusters because the effective ex-
cluded volume per unit mass carved out by the rotational
diffusion of a rod is greater than that of spheres by the
large factor r2. In addition, DLCA clusters of high aspect
ratio rods are already denser relative to those of spheres,
as indicated by their larger values of Df. Thus, for rods,
most paths into the cluster interior are blocked and the
slower RLCA process yields little incremental densifica-
tion relative to DLCA.

In conclusion, we discuss the mechanism respon-
sible for the observed deviation of rod aggregation from
the universal behavior found for colloidal spheres by the
following two-body geometric argument: Consider the
aggregation of a spherical particle with another. Let l be
the distance between the particle centers of mass at
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FIG. 3. Comparison of the measured fractal dimension versus
particle aspect ratio from experiments and simulations.
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aggregation. For spheres, l � a (a � particle diameter)
uniquely, and thus l=2 > Rg of an individual sphere since
Rg; sphere � a=

������

10
p

. In contrast, the anisotropy of ex-
cluded volume for cylindrical rods yields Rg for rotation
about the major axis, Rg;major � �b2=16 � a2=12�1=2

and, for rotation about the minor axis, Rg;minor �
b=

���

8
p

. Thus, a portion of the possible contacts of a test
rod particle with another will occur such that l=2 <
Rg;major. On a per unit mass basis, these contacts act
to decrease the mean cluster Rg relative to that of spheres,
thereby resulting in a tendency toward denser clusters and
a larger measured fractal dimension.

Clearly, this qualitative explanation, based on a two-
body interaction, is a simplification of the resulting
many-body structure. However, additional analysis of
the Monte Carlo simulations (data not shown) indicate
that such two-body interactions are sufficient to gener-
ate cluster structures that are monomer-aspect-ratio
dependent. Moreover, the mechanism also allows the ex-
periments and simulations to be reconciled with the per-
ception that, for q sufficiently small, scale invariance
requires that structures resulting from cluster-cluster ag-
gregation be independent of the details of monomer
shape. As clusters grow, the probability of anisotropic
excluded volume interactions decreases because the
high aspect ratio monomers are increasingly incorpo-
rated into the less anisotropic clusters. Thus, as q de-
creases the effect of rod shape on cluster structure should
be increasingly damped. Yet, Fig. 1 demonstrates that
clusters with sizes of order 102a still strongly display
the effect of this anisotropic interaction. Apparently, the
crossover to the asymptotic, universal DLCA behavior is
unexpectedly slow and thus the initial effect of the pri-
mary monomer anisotropy on cluster structure is extra-
ordinarily persistent.
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