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Abstract The stability of tungsten trioxide (WO3)
suspensions in various common polar solvents such
as water, acetone, isopropanol (IPA), ethanol, 1methoxy-2-propanol (1M-2P) and N,N-dimethylformamide (DMF) was investigated. The morphology of
WO3 aggregates formed by irregular nanoparticles
(d * 40 nm, with 1 lm nominal diameter compact
aggregates) and by nanowires of different types
(uneven, single or bundled in diameter) and dimensions (nominal lengths of 2, 4, 6, and 10 lm) were
described by means of the small angle static light
scattering and the elliptically polarized light scattering (EPLS) techniques. Aggregation of low aspect
ratio (bundled) 2 lm nanowires monitored through
the change in spatial extent of the aggregate was
found to be minimal (i.e., radius of gyration, Rg *
1.8–2.2 lm in 1-methoxy-2-propanol), with a minimal change in aggregate structure (i.e., fractal
dimension, Df * 1.8–1.9 in 1-methoxy-2-propanol)
in a time period of about 1 week. Fractal dimension
was found to be the lowest for the low aspect ratio
nanowires when suspended in N,N-dimethylformamide (Df * 1.4). Aggregates of very high aspect

ratio single nanowires (L/D * 250 with 10 lm
nominal length) were also observed to form stable
dispersions in a period of about a week. Aggregate
structures that would lead to observed fractal dimensions were proposed. Information on how well
inorganic nanowires are dispersed in various solvents
is based singly on the time consuming and intrusive
advanced microscopy analyses (such as SEM and
TEM) in the literature, and without any reference to
the underlying structures. To our knowledge, this
study is the first attempt for in-situ description of the
underlying causes, such as aggregate morphologies,
aggregation rates and solvent types, of the observed
dispersion and sedimentation behaviors of inorganic
nanowires that were not subjected to any surface
treatment or functionalization.
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Dispersion of nanoparticles in a variety of solvents is
important for applications involving cosmetics, pharmaceuticals, paints, inks, composites and catalysts.
However, this can be extremely difficult as nanoparticles tend to agglomerate fairly quickly, especially
without some type of a dispersing agent (Hou et al.
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2006). Nanomaterial powders are dispersed in solvents by breaking their agglomerates using
mechanical milling or ultrasonication, and are stabilized using surfactants, polymer coatings or by the
use of pH (Lee et al. 2003; Saltiel et al. 2004). The
stability of these colloidal systems is generally
described by the DLVO-type electric double layer
repulsion counteracting against the van der Waals
attraction (Bushell et al. 2002). Recently, there has
been significant progress in the synthesis of one
dimensional nanowires, the cylindrically shaped
materials with high aspect ratios. Typical diameters
of these nanowires range between 1–100 nm and
lengths range between 1–10 lm. Due to their high
aspect ratios, the agglomeration behavior of nanowires within solvents is expected to be different than
that of spherical nanoparticles. Only recently, a few
studies discussed the dispersion of nanowires in polar
solvents (Nicolosi et al. 2005; Deepak et al. 2006).
The process of aggregation is integral to how
colloid systems evolve, and it is important to
understand the structure and properties of the resulting clusters to better control many important
industrial processes (Sorensen 2001; Filippov et al.
2000). Extensive in-situ agglomeration studies are
available on particles, which consist of a number of
small, nearly spherical particles (called spherules,
primary particles or monomers) which join together
to form tenuous clusters (called floccules, flocs or
aggregates). Such geometries usually cannot successfully be approximated as dense porous spheres or
other simple shapes and conventional geometrical
tools, but are statistically described in terms of the
concepts of fractal geometry (Filippov et al. 2000;
Brasil et al. 1999). The research on fractal aggregates
formed by primary particles in shapes other than
spheres, however, is scarce.
Characterization of colloidal particles can be
achieved using advanced microscopy techniques,
such as SEM, TEM or AFM. However, off-line
analysis techniques such as SEM have the potential
risk of modifying aggregate structure during handling
or biasing aggregate orientation on a slide. The small
angle static light scattering technique, on the other
hand, is a powerful in-situ characterization tool that
can produce accurate results rapidly (Bushell et al.
2002; Sorensen 1997). Static light scattering technique samples large numbers of aggregates at the
same time, and provides a statistical average of the
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aggregate mixture. Elliptically polarized light scattering (EPLS) techniques are also based on static light
scattering and provide more details about the size,
size distribution, shape and structure of particles or
their agglomerates. Details of the EPLS technique
used in this study can be found in (Govindan et al.
1995; Mengüç and Manickavasagam 1998; Aslan
et al. 2006).
In the present study, we studied the effect of
geometry of nanomaterials on the stability of the
dispersions in various commonly used polar solvents
such as water, ethanol, 1-methoxy-2-propanol
(1M-2P) and N,N-dimethylformamide (DMF). Tungsten trioxide (WO3) nanomaterials were used to
compare the dispersion behavior of nanowires with
that of irregular nanoparticles. The morphology of
WO3 aggregates formed by irregular nanoparticles and
nanowires were determined by means of the small
angle static light scattering and the EPLS techniques.
Scattered light intensities were used to describe spatial
extent (or radius of gyration, Rg) of the aggregates,
their fractal dimension (Df), and the change in
aggregate structure as a function of time and solvent
type. The shapes of irregular nanoparticles and
nanowires were also verified using SEM images.

Theory
Statistical scaling law
Fractal aggregates are scale invariant, i.e., within
limits they appear the same when viewed over a
range of scales (Sorensen 2001). The mathematical
description of a fractal aggregate is simple and can be
expressed as
N ¼ kg ðRg =ro ÞDf

ð1Þ

where N is the number of primary particles, Rg is the
radius of gyration of the aggregate, ro is the radius of
primary particles, kg is the structure pre-factor and Df
is the fractal dimension of the aggregate.
Aggregates of fine particles, such as nanowires
used in this study, are not fractals in the strict sense of
the word. Since their scaling is only observed over a
finite range of length scales, these aggregates should
be called ‘‘natural fractals’’ (Bushell et al. 2002). In a
rare study of aggregates formed by non-spherical
primary particles, fractal nature was established for a
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system of large carbon rods (*140 lm long, 35 lm
in diameter) confined to a two dimensional surface
using image analysis (Vincze et al. 1997). Fractal
behavior was also observed for aggregates of carbon
nanotubes (Chen et al. 2004; Saltiel et al. 2005).
Determination of structure from light scattering
experiments is based on the Rayleigh-Gans-Debye
(RGD) theory. The basic approach of RGD theory
is to model the scattering body as a collection of
Rayleigh scatterers that do not interact with each
other. If also the suspension is sufficiently dilute,
the interaction between aggregates can be described
as independent scattering (Modest 1993), and the
scattered intensity is proportional to naN2, where na
is the number density of aggregates in the solution
(Sorensen 2001). Even in cases where the Rayleigh
scatterers are too close to be independent and the
primary particles are not small compared to the
wavelength of incident light, RGD theory still
provides conservative limits for the fractal analysis
of scattered intensity profiles given the fact that Df
is determined on a log-log plot of scattered
intensity as a function of scattering angle, from
the slope of the scattering curve rather than of its
absolute value.
Although, real processes that form natural fractals
may impose more limitations, in a real physical
process, fractal dimension for most aggregates
assume a value within the range (Bushell et al. 2002)
1  Df  3

ð2Þ

The 1.8 \ Df \ 2.1 range is universally agreed in
the literature for cluster–cluster type aggregations
(CCA) (Bushell et al. 2002). Higher fractal dimensions are also reported in the literature e.g. for
hematite aggregates in the range 2.3 \ Df \ 2.9
(Raper and Amal 1993). The lower end corresponds
to diffusion limited aggregation and the upper end to
reaction limited aggregation processes in this and in
the universal cluster-cluster aggregation range mentioned above. However, there is no ‘‘universal’’
agreement on the limits of particle–cluster aggregation (PCA) mechanism. The most commonly
referred value is Df = 2.5 for diffusion limited
PCA, although higher values have also been
reported (Brasil et al. 2001). Polarizable clusters,
on the other hand, were shown to have linear
aggregates with much lower fractal dimension
values (Df * 1.4) (Jullien 1986).

Determining aggregate morphology from the
angular scattered intensity pattern
In the case of small angle static light scattering
experiments, overall variation at small q is entirely
due to aggregate structure effects S(q), hence I(q) 
S(q). The aggregate structure factor, in the case of
RGD scattering has the following form
SðqÞ / qDf

ð3Þ

where q given by
q ¼ j~
qj ¼

 
4pn
h
sin
k0
2

ð4Þ

is the magnitude of the scattering wave vector, and n
is the refractive index of the dispersion medium, ko is
the in vacuum wavelength and h is the angle at which
the radiation is scattered (Bushell et al. 2002). The
overall variation in intensity at large q, however, is
due to primary particles and scattering is described by
the Porod regime. In this region the length scale of
scattering experiment (ko  q–1) can resolve the size
of individual monomers (Sorensen 1997)—a topic we
have investigated in another study (Kozan and
Mengüç 2007).
The above proportionality for S(q) can be used to
determine Df from the negative slope of the linear
region of a log-log plot of I versus q measurement in
the range (Bushell et al. 2002)
1
1
q
Rg
r0

ð5Þ

Rg is best determined from analysis of scattering in
the Guinier regime, where qRg \ 1, which corresponds to I(0)/I(q) \ 4/3 according to the Guinier
equation expressed as (Sorensen 2001)
Ið0Þ
1
ﬃ 1 þ R2g q2
IðqÞ
3

ð6Þ

Although the plot of I(0)/I(q) versus q2 remains linear
(the slope yields R2g/3) well beyond these limits for
systems with polydispersity in aggregate size (Sorensen 2001), this relation should be used cautiously and
only when there is sufficient amount of measurements
at low q.
An important note on experiments based on the
small angle light scattering techniques is that they
inadvertently detect scattering from an ensemble of
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cluster sizes. The polydispersity in the cluster size
causes the shape of the structure factor to be different
than that for a single cluster size (Sorensen 2001). A
narrow size distribution causes a rapid transition,
whereas a wide size distribution causes a slow
transition to the fractal scattering region (Bushell
et al. 2002). The scattered light intensity, Ivv, when
plotted against scattering vector, q, hence gives an
effective structure factor for the ensemble, Seff. The
Rg measured by the experiment is then the average
radius of gyration, Rg (Sorensen 2001). Polydispersity in primary particle size, on the other hand,
causes the sharp ripples observed in the Porod regime
to fade away, however the q–4 dependency originating from the Lorenz-Mie spheres remains (Sorensen
1997; Dimon et al. 1986).
The intensity and polarization state of light can
also be described by four Stokes parameters in the
form of a column vector [K] (Govindan et al. 1995;
Mengüç and Manickavasagam 1998; Aslan et al.
2006). These four parameters can be obtained by
using a set of filters in front of the beam. The incident
and scattered Stokes vectors are related through the
amplitude scattering matrix [S].
½K s ¼ ½S½K i

ð7Þ

Elements of the scattering matrix Sij provide information about the randomly oriented particles in the
scattering media. EPLS is a powerful tool to identify
particle morphology and is used to determine particle
size and shape for conventional, as well as fractal
geometries.
Experimental determination of fractal dimension
from EPLS using scattering matrix elements has been
illustrated in a recent work (Saltiel et al. 2004).

Structure factor is expressed in terms of two of the
scattering matrix elements
SðqÞ ¼ S11  S12

ð8Þ

The fractal dimension is then determined in a similar
manner from the negative slope of the linear region of
a log-log plot of S11–S12 versus q measurement. This
was also shown to be a viable method in determining
the fractal dimension of aggregates of one dimensional geometries, such as single and multi-walled
carbon nanotubes (Chen et al. 2004; Saltiel et al.
2005).

Nanowire synthesis and sample preparation
Bulk synthesis of WO3 nanowires was carried out in a
Hot Filament CVD reactor shown in Fig. 1 using a
procedure described in (Vaddiraju et al. 2003). A
detailed outline of the setup and the synthesis
procedure is reported elsewhere (Thangala et al.
2007). Briefly, two different sets of experimental
conditions were used for synthesis of nanowires, i.e.,
‘‘with’’ and ‘‘without’’ heating the quartz tube by
means of a furnace around it. In the first set of
experiments, the tube furnace was heated to 800 C.
Argon and air gas mixtures at a ratio of 100/0.4 sccm
were used. Also, the tungsten filament was heated to
a temperature of about 1690 C. In the second set of
experiments, no furnace heating was used. In this
case, the radiation from the tungsten filament
(1690 C) heated the quartz tube to temperatures
around 500–600 C. Air was used as feed gas at a
flow rate of 11 sccm. These experiments typically
resulted in the deposition of ‘‘bundled’’ nanowires;

Fig. 1 Schematic of the
scale up Hot Filament CVD
reactor with tungsten
filament inside the vacuum
chamber
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Fig. 2 Classification used
in this study is based on
appearance of nanowires
and their aggregates,
structures shown here are
with approximate
dimensions (not to scale)
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Uneven

100 nm
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Bundled

Compact

2 mm

Snow
F la k e

40 nm

2 mm

Single

4, 6, 10 m m

Pencil
Bunch

6 mm
Tenuous
10 m m
Stringy

4 mm
Less Tenuous

Table 1 Summary of synthesis and dispersion conditions of WO3 nanowires and nanoparticles
Sample

Nominal Dia., (nm)

Synthesis conditions

2 lm wires

200 (uneven)

Ts = 900 C; 1.5 sccm O2 ; 100 sccm Ar; Tf = 1690 C

EtOH

2 lm wires
4, 6, 10 lm wires

100 (bundled)
40 (single)

Ts = 600 C; 11 sccm air; Tf = 1690 C
Ts = 800 C; 0.4 sccm air; 100 sccm Ar; Tf = 1690 C

1M-2P, DMF, H2O
Acetone, IPA

Nanoparticles

40

Commercial powder

EtOH, Acetone

whereas by heating the furnace walls more uniform
‘‘single’’ nanowires or nanowires with large
‘‘uneven’’ diameters (Fig. 2) were obtained as a
result of different substrate temperatures and gas flow
rates. In Fig. 2 we also suggest some possible
aggregate structures based on our discussions below.
Table 1 presents a summary of experimental conditions used in all three sets.
WO3 nanowires that resulted on quartz slides
placed inside the boats (in complete contact with the
quartz boat) were carefully scrapped off without
scratching the surface of the substrate. The nanowire
powder thus obtained was dispersed into different
solvents. Once the nanowires or irregular nanoparticles were combined with the selected solvent,
ultrasonication (UP200S Ultrasonic Processor) was
used to disperse the nanomaterial in the solution.
High power ultrasonication using an ultrasonic horn
(24 kHz, 200 W) was performed for about 2 min
followed by the use of a low power ultrasonic bath
for about 15 min to further disperse the nanowires. In
the case of bundled nanowires, solutions were left on
the shelf in glass vials for a few hours after the
ultrasonication process. Thicker wires and their

Solvent

agglomerates sedimented and the well-dispersed
portion of the solution was taken out into a new
glass vial. The sediment was collected and the weight
percent of the dispersed nanowires in the solution was
calculated.
Solutions containing single nanowires which had a
nominal diameter of about 40 nm were then subjected to high power ultrasonic horn for different
ultrasonication periods to obtain nominal lengths of
4, 6, and 10 lm. Nanowires with large uneven
diameters (*200 nm) were *2 lm in length. Nanowire bundles prepared without heating the reactor
walls, on the other hand, were found to be about
100 nm in diameter with a nominal length of about
2 lm. Irregular nanoparticle solutions were prepared
using commercially available 40 nm diameter WO3
nanoparticles (Aldrich, Inc.).

Experimental setup
The experimental setup used for EPLS measurements
in this study was first proposed by (Govindan et al.
1995; Mengüç and Manickavasagam 1998) and later
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modified and improved by (Aslan et al. 2006). The
setup was used to measure scattering matrix elements, but was modified to also carry out the
vertically polarized incident and detected light (Ivv)
measurements. Of the six scattering elements available, only S11 and S12 elements were utilized in this
study to demonstrate the capability of the system in
determining the fractal dimension. For the Ivv measurements the quarter wave plate located after the
polarizer in the path of the incident beam, and the
quarter wave plate located before the polarizer in the
path of the scattered beam were removed.

In-situ agglomeration characterization procedure
Just as for light scattering for the purpose of particle
sizing, small angle static light scattering is only good
for rather dilute samples (Bushell et al. 2002), where
the interaction between particles can be described as
independent scattering (Modest 1993). The samples
which arrived as suspensions of WO3 irregular
nanoparticles and WO3 nanowires were diluted to
volume fractions in the order of fv = 10–6 to ensure
independent scattering behavior. Measurements performed on single nanowire suspensions in ethanol,
propanol, and acetone were performed while the
diluted sample was stirred gently with a small size
stirrer set at a low rpm. The paddle type stirrer (IKA
model RW11) was immersed in the liquid away from
the path of the laser beam close to the liquid surface.
Ivv measurements were first performed for suspensions of WO3 (q = 7.16 g/cm3, m = 1.98 + i0.009)
nanoparticles and uneven WO3 nanowires in ethanol
(q = 0.789 g/cm3, n = 1.36). Samples were carefully
drawn out of their bottles with a Fisherbrand
Finnpipette and transferred into sample holder containing 100 mL of the solvent used. After gently
stirring the suspension, the sample cell was placed in
the experimental setup. Although the samples were
dispersed, or broken to desired length by means of
ultrasonication in the synthesis and sample preparation stage, no ultrasonication was used on any WO3
samples during light scattering measurements. Measurement of Ivv intensity was performed starting from
scattering angle h = 3. Measurements on single
WO3 nanowires with higher average lengths of 4
and 6 lm in propanol (q = 0.804 g/cm3, n = 1.377)
and of 10 lm in acetone (q = 0.791 g/cm3,
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n = 1.357) were performed following the same
procedure.
Continuous plots are the average of two measurements for all figures given below unless otherwise is
stated. Continuous measurements were performed at
a low sweeping speed with PMT readings of
10 counts/s. The majority of experiments were performed between h = 3–90 and lasted for 174 s,
except for the two experiments with ethanol (for
irregular nanoparticles and uneven nanowires) where
measurements between h = 3–145 lasted for 284 s.
All samples except these two experiments with
ethanol were also subjected to measurements at
discrete scattering angles, with 1 increments up to
about h = 10 and higher increments thereafter.
Incremental measurements on single nanowires of
all lengths (4, 6, and 10 lm) were taken for 15 s (150
readings at each point) at discrete scattering angles
and for 10 s (100 readings) on bundled nanowires.
For the incremental measurements, the readings
fluctuated evenly around a mean intensity at each
discrete angle. Relative variance at low q, where
detected intensities were the highest was negligible—
especially on a log-log plot—but increased considerably at the last few data points of very high q. A
similar behavior, i.e., higher noise at high q compared
to that at lower values of q, was also observed for
continuous measurements.
EPLS measurements as well as Ivv measurements
were performed with bundled WO3 nanowires suspended in three different solvents: 1-methoxy-2propanol (q = 0.921 g/cm3, n = 1.403), distilled
water (q = 1.0 g/cm3, n = 1.333), and N,N-dimethylformamide (q = 0.948 g/cm3, n = 1.428) with
0.1 wt.%. These samples were prepared from their
respective concentrated suspensions of 0.7 wt.%,
0.5 wt.%, and 0.4 wt.%. As for the Ivv measurements
for uneven nanowires and irregular nanoparticles, all
samples were diluted to volume fractions of the order
of fv = 10–6 to ensure independent scattering behavior. EPLS measurements were carried out with 5
increments between h = 25–145, and for six different combinations of polarizer and retarder angles.
EPLS and Ivv measurements on the diluted samples of
bundled nanowires were performed without any
stirring.
Good experimental practices demand the standardization of the measurements from this more elaborate
setup by calibrating it using known results. This was
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done by preparing a suspension of 450 nm average
diameter latex spheres in distilled water, and comparing experimentally measured scattering matrix
elements with those from the Lorenz-Mie scattering
theory for homogeneous spheres of the same size and
optical properties (Kozan 2007). Latex sample was
carefully drawn from its bottle (Duke Scientific
5,045A, q = 1.05 g/cm3, n = 1.59) with a Fisherbrand Finnpipette and diluted to a volume fraction of
fv = 1.1 · 10–6 followed by ultrasonication at a
moderate power for several minutes.

Results and discussion
SEM images showing aggregates of irregular WO3
nanoparticles and bundled nanowires are given in
Fig. 3. Compact spherical aggregates formed by
irregular WO3 nanoparticles are seen in Fig. 3a. The
primary particles forming the compact spherical
aggregates seem to have different shapes and some
size distribution, however, can safely be approximated as spherules for all general purposes with a
radius of ro = 20 nm. Using the procedure mentioned above, commercial WO3 nanoparticle
powders were suspended and ultrasonicated. SEM
images of particles sedimented from the dispersion
were taken. Some compact spherical aggregates seen
in the figure were probably formed during the
commercial production stage. Initially, their size
was much lower (as obtained powders) and the
shapes were not as spherical as shown in Fig. 3a, as
observed from SEM analyses. This implies the
continuation of an aggregation process in which
spherical clusters continue to grow (e.g., as irregular
nanoparticles or clusters stick on the surface). We
never tried to re-disperse these aggregates; although,
our previous experience with commercially obtained
titania powders is that the aggregates could be
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broken into smaller clusters with prolonged
ultrasonication.
Bundled WO3 nanowires seen in Fig. 3b also have
a wide distribution in diameter and length. SEM
images given in Fig. 4 for single WO3 nanowires of
10, 6, and 4 lm average length (ro * 20 nm for all)
were obtained by using the ultrasonic horn for a
period of 5, 20, and 60 min, respectively. Figure 4d
corresponds to the nanowires of uneven diameter.
Different process conditions during chemical synthesis yield different nanowires (e.g., uneven or
bundled), and depending on the power of ultrasonication used to prepare the nanowires, their aggregates
can break up and then re-aggregate in the suspension.
The 2 lm average length bundled WO3 nanowires,
therefore, are expected to form different aggregate
structures than uneven nanowires of a similar average
length. For both nanowire samples as well as for
irregular nanoparticles, ko = 632 nm and ro = 20 nm
were used in the Ivv versus qro plots to consistently
compare all measurements.
Figure 5a shows the Ivv versus q measurements
corresponding to the compact spherical aggregates of
WO3 nanoparticles and aggregates of uneven WO3
nanowires, both suspended in ethanol at fv = 1.1 ·
10–6. Initial concentration of both suspensions was
1.0 wt.% before dilution. Experimental plots are the
average of two measurements performed for scattering angles between h = 3–145. Measurements are
normalized by the highest intensity attained at h = 3
for comparative purposes.
Ivv intensity profile for WO3 nanoparticles in
Fig. 5a perfectly follows the behavior of a fractal
aggregate. The constant intensity observed in Rayleigh regime is followed by the transition into the
Guinier regime which ends at about qro = 0.023
corresponding to scattering angle h = 5. The linear
behavior in the fractal scattering region continues
until qro = 0.124 or h = 27, after which point the

Fig. 3 SEM images of
aggregates of (a) irregular
WO3 nanoparticles and (b)
bundled WO3 nanowires of
2 lm average length
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Fig. 4 SEM images of
aggregates of single WO3
nanowires (d * 40 nm)
with 10, 6, and 4 lm
average length as a result of
(a) 5 min, (b) 20 min, and
(c) 1 hour of
ultrasonication,
respectively. (d) Uneven
nanowires with *2 lm
average length (d * 200
nm)

first ripples is observed reminiscent of the Porod
regime, which is also due to increased noise.
However, polydispersity in the suspension causes
the rapid variations in intensity at high qro to be
smoothed out. There is a wide linear region in this
and the rest of the figures in this study (including
incremental measurements) that we confine our
fractal analysis to regions away from the onset of
these ripples in the continuous measurements. Df =
2.59 was found from the slope of the fractal
scattering region by making a linear fit on data
points between h = 5–25. As we will discuss
below, continuous scattered intensity profiles tend
to result in slightly higher Df estimates, and should be
used cautiously. This is due to PMT saturation at
smaller angles (higher scattered intensity) which
cause an overshoot in readings at subsequent angles.
A similar behavior is observed for uneven WO3
nanowires of 2 lm average length, opening the door
for a fractal description of the nanowire aggregates.
The transition from Guinier region to fractal scattering region as well as the onset of Porod region
corresponds to about the same scattering angles as for
WO3 nanoparticles. Df = 2.32 was found from the
slope of the fractal scattering region for WO3
nanowires by making a linear fit on data points
between h = 5-35.
The fractal dimension observed for the irregular
WO3 nanoparticle sample in Fig. 5a is close to the
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value of 2.5 mentioned above for the PCA mechanism, but the SEM picture of the sediment phase
comprises mainly of compact spherical aggregates
(clusters) and very few particles. Our observations
via the SEM images have implied an increase in
size and sphericity of the compact spherical aggregates in time, as discussed for Fig. 3a above, due
possibly to sticking of irregular nanoparticles on the
cluster surface. A more precise description of the
underlying mechanism during which compact spherical aggregates were formed by nanoparticles,
however, warrants further research (e.g., by use of
well defined spherical nanoparticles as in (Raper and
Amal 1993)). The fractal dimension for uneven
WO3 nanowires, on the other hand, is slightly higher
than the value of 2.1 realized for reaction limited
(slow) CCA mechanism. We provide further analysis which substantiates the slow aggregation rate of
uneven nanowires by investigating their shelf life in
(Kozan and Mengüç 2007). Nevertheless, it should
be noted that the lower slope of uneven nanowire
aggregates as opposed to that of irregular nanoparticles is expected since the nanowire aggregates do
not form compact spherical structures as seen from
the SEM images.
A plot of Iref/I(q) versus q2 is given in Fig. 5b for
the same aggregates of irregular nanoparticles and
uneven nanowires in ethanol. Using the Guinier
equation above, the linear fits between h = 6–14
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(a)

Nanoparticle, Df=2.59
Nanowire, Df=2.32

Nanowire in 1M-2P, Df=1.80
Nanowire in water, Df=1.77
Nanowire in DMF, Df=1.35

1

(S11-S12)/(S11-S12)ref

1
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0.1
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0.1

Day-1

1E-3
0.01

0.1

0.6

qr 0

0.04
0.1

0.7

qro
30

(b)

Fig. 6 Determination of fractal dimension using elliptically
polarized light scattering. Aggregates of 2 lm average length
bundled WO3 nanowires in 1-methoxy-2-propanol (1M-2P),
water and N,N-dimethylformamide (DMF) on Day-1. Linear fit
is for incremental data points between h = 25–50, h = 30–
65 and h = 30–70, respectively

Nanoparticle, Rg=3
Nanowire, Rg=2.3

25

Iref /I(q)

20
15
10
5
0
0

2
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2

8
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2

q (1/ )

Fig. 5 (a). Determination of fractal dimension using small
angle static light scattering. Aggregates of WO3 irregular
nanoparticles (lower curve) and uneven nanowires (upper
curve) in EtOH. (b). Rg for aggregates of irregular WO3
nanoparticles and uneven nanowires in EtOH. Linear fits (dashdot) are for data points between h = 6–14

yield Rg = 3 lm and Rg = 2.3 lm for nanoparticles
and uneven nanowires, respectively. Here we have
adopted the use of Iref representing the value at
Ivv(h = 3) to consistently compare results of scattering from all aggregates investigated in this study. An
important concern with Fig. 5b is the apparent
exponential behavior of the curves at first few q data
points. This, again, is related to the PMT saturation at
smaller scattering angles encountered in continuous
measurements, which delays the precipitous decline
in I(q) relative to Iref. Guinier analyses based on
incremental measurements on the same samples at
later times (not shown) were always situated above
the continuous measurements (e.g., see Fig. 7b
below), and have shown linear behaviors extending
to the low q values. The plots in Fig. 5b should not be
considered as the most proper way of determining Rg,

but still serve as valuable indication of relative sizes,
and provide practical information.
It is also possible to ensure a linear behavior at
small q values in Iref/I(q) plot, and even extend it to
higher q by using samples with slightly higher
particle concentrations (e.g., fv * 10–5, not shown)
in the light scattering measurements. This will result
in higher scattered intensities at side angles (isotropic
scattering) due to increased number of particles at the
small end of particle size distribution. However, we
present here the results corresponding to volume
fractions in the order of fv * 10–6 for better
comparisons between different measurements.
EPLS measurements on bundled WO3 nanowires
in three different solvents all with 0.1 wt.% nanowire
content were performed after the calibration of the
setup. Samples from 1-methoxy-2-propanol, distilled
water and N,N-dimethylformamide suspensions were
diluted to volume fractions fv = 0.6 · 10–6, 0.8 · 10–
6
, and 0.7 · 10–6, respectively. Measurements of S11–
S12 normalized by the highest value at h = 25 versus
qro for the three samples are plotted in Fig. 6. To find
the slope a linear fit was performed on incremental
measurement data points between h = 25–50,
h = 30–65 and h = 30–70, which yielded fractal
dimensions of 1.80, 1.77, and 1.35 for WO3 nanowires in 1-methoxy-2-propanol, distilled water and
N,N-dimethylformamide, respectively.
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(a)
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Nanowire in 1M-2P Day-3, Df=1.82
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Fig. 7 (a). Determination of fractal dimension using small
angle static light scattering. Aggregates of 2 lm average length
bundled WO3 nanowires in 1-methoxy-2-propanol (1M-2P) on
Day-3 (solid line, solid circle) and Day-6 (dotted line, open
circle). Linear fits (dash-dot) are for incremental data points
between h = 6–20. (b). Rg for aggregates of 2 lm average
length bundled WO3 nanowires in 1-methoxy-2-propanol (1M2P) on Day-3 (solid line, solid circle) and Day-6 (dotted line,
open circle). Linear fits (dash-dot) are for data points between
h = 6–18 and h = 5–16, respectively

The difference in fractal dimensions is the evidence
to the effect of solvent rheological properties on
aggregation behavior of WO3 nanowires. All three
suspensions were prepared from the products of the
same nanowire synthesis. It should be emphasized,
however, that due to the polydispersity of the
nanowires and the consequent errors in pipetting, the
samples might very well be biased towards a certain
size distribution in one suspension than the other.
Therefore, rather than using the absolute values of
the fractal dimensions reported above, their relative
values should be emphasized as an indication of the
effect of solvent type. The comparison of fractal
dimensions clearly favors the use of N,N-
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dimethylformamide to obtain relatively open, linear
aggregates of WO3 nanowires. N,N-dimethylformamide has increased the stability of WO3 nanowires in
the suspension by reducing their tendency to form
entangled, high fractal dimension aggregates. A
similar value of fractal dimension (Df = 1.42) found
through numerical simulations was attributed to
polarizable clusters as a result of aggregation on tips
of aggregates (Jullien 1986).
Another important point that should be noted is that
there is almost a 1-week time difference for bundled
WO3 nanowires between the time suspensions were
prepared and any light scattering analysis were
performed, which might have affected fractal dimension to some extent. This, however, is expected to be a
minor effect, since WO3 nanowires tend to have a slow
aggregation rate even in extended periods of time as
discussed in (Kozan and Mengüç 2007). Measurements on bundled WO3 nanowires were repeated to
detect possible changes in aggregate morphology with
time. The measurements in Fig. 6 are labeled as Day-1.
Figure 7a shows normalized Ivv versus q measurements for bundled WO3 nanowire aggregates in 1methoxy-2-propanol at fv = 0.6 · 10–6 carried out
2 days (labeled as Day-3) after the first measurements
shown in Fig. 6. Solid lines corresponds to the
average of two continuous measurements performed
for scattering angles between h = 3–90. Experiments between the same scattering angles were
repeated by performing the measurements at discrete
scattering angles. It is apparent in Fig. 7a that the
incremental measurement follows the trends of the
continuous measurement except for a shift in intensity readings to lower values. Continuous
measurements provide a good indication of the onset
of different regimes, however, using incremental
measurements provide more reliable estimates, and
will be used when available.
On Day-3, Df = 1.82 was found from the slope of
the fractal scattering region by making a linear fit on
data points between h = 6–20, a negligible increase
within a 2 day period. Guinier analysis of the same
measurements produced Rg = 2.2 lm from the linear
fit between h = 6–18 as shown in Fig. 7b. Df =
1.92 found on Day-6 from the slope between h = 6–
20 as shown in the same figure proves that there
is only a slight increase in fractal dimension of
nanowire aggregates during the 6 day time span.
Guinier analysis of the same measurements produced
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Rg = 1.9 lm from the linear fit between h = 5–16
as shown in Fig. 7b. The slight decrease in Rg
corresponds to a negligible change in spatial extent of
nanowire aggregates in the same time period.
The increase in Df does not necessarily point to the
existence of a tendency of WO3 nanowires to
aggregate, but confirms the presence of restructuring
of the aggregates in the suspension. Note that even
though no shearing forces to complicate the structure
were present for suspensions of bundled nanowires,
restructuring may still have occurred due to van der
Waals attraction. Rg, on the other hand, is an
indication of the emergence of larger particles formed
by aggregation and should be observed along with
any increase in absolute values of forward scattered
intensities to follow an aggregation process. Bundled
WO3 nanowire aggregates in 1-methoxy-2-propanol
therefore seem to breakup at the outer branches to a
small extent and turn into slightly more compact
aggregates.
A similar test was done on bundled WO3 nanowire
aggregates in water with a higher initial suspension
concentration of 0.5 wt.%. Two samples of WO3
nanowire aggregates in water at fv = 1.3 · 10–6 were
prepared on Day-3 and Day-7 of the measurements,
and the results are given in Table 2. On Day-3,
Df = 2.63 was found from the slope of the fractal
scattering region and an increase to Df = 2.74 was
observed on Day-7. Guinier analysis of the same
measurements produced Rg = 3.1 lm and Rg = 3.5
lm on Day-3 and Day-7, respectively. Unlike 1methoxy-2-propanol, more compact aggregates were
attained through an increase in size, i.e., aggregation,
for bundled WO3 nanowires in water.
Results of two other measurements performed on
samples diluted from more concentrated suspensions
on Day-3 are also tabulated in Table 2. Measurements performed for bundled WO3 nanowire
aggregates in 1-methoxy-2-propanol diluted to fv =
0.9 · 10–6 was prepared from its suspension with an
initial concentration of 0.7 wt.%. The sample in N,Ndimethylformamide diluted to fv = 1.0 · 10–6 was
prepared from its suspension of 0.4 wt.% initial
concentration.
As mentioned before, even in the absence of
shearing forces, van der Waals forces will ensure that
particles will bond one another when brought close
enough thus restructure the aggregate. In fact, high
concentration suspensions reported above are
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Table 2 Summary of fractal properties of WO3 nanoparticle
and nanowire aggregates
WO3 Sample

Solvent

Rg,
Initial Df
wt.% (or Slope) lm

Nanoparticle

Ethanol

1.0

2.59

3

2 lm (Uneven)

Ethanol

1.0

2.32

2.3

0.1

1.80

–

2 lm (Bundled) Day-1+ 1M-2P
2 lm (Bundled) Day-3

+

1M-2P

0.1

1.82

2.2

2 lm (Bundled) Day-6+ 1M-2P

0.1

1.92

1.9

2 lm (Bundled) Day-3+ 1M-2P

0.7

1.86

1.8

2 lm (Bundled) Day-1+ DMF

0.1

1.35

–

2 lm (Bundled) Day-3+ DMF

0.4

1.43

2.6

2 lm (Bundled) Day-1+ Water

0.1

1.77

–

2 lm (Bundled) Day-3

+

0.5

2.63

3.1

2 lm (Bundled) Day-7+ Water
0.5
4 lm (Single)
Isopropanol 0.1

Water

2.74
–7.48

3.5
–

6 lm (Single)

Isopropanol 0.1

–6.63

–

Nanoparticle Day-1

Acetone

0.5

2.52

3.7

Nanoparticle Day-2

Acetone

0.5

2.58

3.9

Nanoparticle Day-3

Acetone

0.5

2.62

3.8

Nanoparticle Day-6

Acetone

0.5

2.57

3.7

10 lm (Single) Day-1

Acetone

0.5

–6.28

–

10 lm (Single) Day-2

Acetone

0.5

–7.94

–

10 lm (Single) Day-3

Acetone

0.5

–6.75

–

10 lm (Single) Day-6

Acetone

0.5

–5.23

–

+

Measurements performed approximately one week after
suspension was prepared

potentially at a higher risk of undergoing restructuring due to increased probability of bonding.
However, the higher initial suspension concentration
does not seem to have a major effect on bundled WO3
nanowires when 1-methoxy-2-propanol was used as
the solvent. Df = 1.86 and Rg = 1.8 lm on Day-3
(0.7 wt.%) given in Table 2 are very close to the
results given in Fig. 7 (0.1 wt.%) on the same day.
Similarly, linear structure of WO3 nanowire aggregates were maintained with a higher storing
concentration (0.4 wt.%) in N,N-dimethylformamide,
with Df = 1.43 on Day-3 compared to Df = 1.35 in
Fig. 6 (0.1 wt.%). Therefore, storing bundled WO3
nanowires at higher suspension concentrations presented in this study does not universally cause an
increase in fractal dimension or aggregate size. Note
that, although fractal dimension for nanowire aggregates was the lowest in N,N-dimethylformamide, the
aggregate size (Rg = 2.6 lm) was between those

123

610

J Nanopart Res (2008) 10:599–612

obtained with 1-methoxy-2-propanol or water as
solvents.
Figure 8 shows Ivv versus q measurements performed for single WO3 nanowires of 4, 6, and 10 lm
average length between h = 3–90. Measurements
for 2 lm average length nanowires of Fig. 5a are also
plotted on the same figure for comparison. The 4 and
6 lm WO3 nanowires were diluted with isopropanol
to fv = 0.6 · 10–6 and 0.3 · 10–6, respectively, and
had an initial concentration of 0.1 wt.% before
dilution. 10 lm WO3 nanowires were suspended in
acetone at fv = 1.1 · 10–6. Initial concentration was
0.5 wt.% before dilution.
A linear fit performed on incremental data points
for 4 lm WO3 nanowires gives Slope = –7.48
between h = 7–10, for 6 lm WO3 nanowires gives
Slope = –6.63 between h = 6–9, and for 10 lm
WO3 nanowires gives Slope = –6.28 between
h = 5–8. Continuous measurements give similar
slopes within similar ranges of scattering angle:
Slope = –7.54, –6.84, and –5.52 (between h = 6–
10, h = 6–10, and h = 5–12) for 4, 6, and 10 lm
WO3 nanowires, respectively. Aggregates of WO3
nanowires of high aspect ratios (those with average
lengths that are longer than 2 lm) do not lend
themselves to experimental determination of the
fractal dimension and radius of gyration.
Measurements were also performed to detect
possible changes in aggregate morphology of single
WO3 nanowires of 10 lm average length with time.
1

I/Iref

0.1

0.01
Continuous 2
Continuous 4
Incremental 4
Continuous 6
Incremental 6
Continuous 10
Incremental 10

1E-3

1E-4
5E-5
0.5

1

10

20

q (1/ )

Fig. 8 Small angle static light scattering measurements for
aggregates of 2, 4, 6, 10 lm WO3 single nanowires. Linear fits
(not shown) for incremental data points between h = 7–10, h
= 6–9, and h = 5–8 give Slope = –7.48, Slope = –6.63, and
Slope = –6.28 for 4, 6, and 10 lm nanowires, respectively
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Table 2 presents results of measurements carried out
in a span of 6 days between h = 3–90 on aggregates
of these nanowires and a second sample of irregular
WO3 nanoparticles (Aldrich, Inc.), both suspended in
acetone at fv = 1.1 · 10–6. Initial concentrations of
both samples were 0.5 wt.%. Our measurements
show only minor differences scattering profiles in
the span of 6 days of measurements. Note that, the Df
(*2.6) and Rg (*3.8 lm) for irregular nanoparticle
aggregates were found through incremental measurements and can be used with greater degree of
confidence. We believe these observations demonstrate the presence of a low level of aggregation of
the 10 lm nanowires, along possibly with a slight
change in fractal geometries due to restructuring
induced by stirring of the suspensions. We used
analytical and quasi-experimental models to determine the fractal dimensions of aggregates of 4, 6, and
10 lm nanowires in (Kozan and Mengüç 2007).

Conclusions
We have shown quantitatively that the solvent
rheological properties result in different aggregation
characteristics for the bundled WO3 nanowires studied. Of all the three solvents used to suspend bundled
WO3 nanowires, N,N-dimethylformamide produced
the most linear structure, although the aggregates
were intermediate in size (in terms of Rg) when
compared to those obtained with water and 1methoxy-2-propanol. 1-methoxy-2-propanol, too,
created an open structure (though not as linear as
with N,N-dimethylformamide), but provided the
smallest aggregate size, indicating a small tendency
for aggregation. Water causes dramatically more
compact aggregates and the highest aggregate size,
and as such would not provide well-dispersed, stable
suspensions.
The aggregate structures created by 1-methoxy-2propanol could be visualized as to be in the form of
snow flakes. In a suspension the snow flakes coagulate with one another (cluster-cluster aggregation) to
create a somewhat high Df (*1.80 on Day-1 to
*1.92 on Day-6, no stirring). The increase in fractal
dimension shows that these bonds are fragile so as to
break, for example, during sampling. Thus the size of
nanowire aggregates decreases (Rg * 2.2 lm on
Day-3 to *1.9 lm on Day-6).
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The aggregate structures created by N,N-dimethylformamide could be visualized to consist of bundles
of wires like a bunch of pencils (but not all are
perfectly aligned). The Df is small (1.35–1.43), and
the cluster looks linear as a result of aggregation on
tips of aggregates which could be attributed to
‘‘polarizable’’ nanowire clusters. Rg is relatively high
(*2.6 lm), as the bundle is large in extent. The
closed structures formed in water, on the other hand,
do not break up easily. They are more entangled and
round, and in time clustered together to form even
larger Rg. However, storing the nanowires at higher
suspension concentrations for the values presented in
this study does not universally cause an increase in
fractal dimension or aggregate size.
We have also shown quantitatively that the
different primary particle geometries of irregular
nanoparticles and nanowires result in different aggregation characteristics. Aggregates of WO3
nanoparticles are more compact and almost spherical
in shape (Df * 2.6), whereas the aggregates of 2 lm
average length WO3 nanowires with large uneven
diameters (*200 nm) are more open, although still
with a considerably high fractal dimension (Df *
2.3). Similarly, comparing the extent of the aggregates, the initial Rg were considerably larger for
nanoparticles (*3.8 lm) than for uneven nanowires
(*2.3 lm).
Although measurements on aggregates of 10 lm
single WO3 nanowires did not allow experimental
determination of Rg and Df, experimental slopes
revealed a low level of aggregation in the same
period of time. Similar limitations were encountered
for other nanowires longer than 2 lm, however,
distinct scattering intensity profiles were observed for
aggregates formed by single WO3 nanowires of 4, 6,
and 10 lm average length.
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RW, Mengüç MP (2004) Identification of the dispersion
behavior of surface treated nanoscale powders. J Nanopart
Res 6(1):35–46

123

612
Saltiel C, Manickavasagam S, Mengüç MP, Andrews R
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