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The stability and aggregation kinetics of two different
suspensions of fullerene (C60) nanoparticles and their relation
to nanoparticle charge (electrokinetic) properties were
investigated. The two synthesis methods employedsa solvent
exchange method involving sonication of fullerene initially
dissolved in toluene and prolonged stirring of bulk fullerene in
watersproduce negatively charged fullerene nanoparticles.
With an increase in electrolyte (KCl) concentration, the
electrophoretic mobilities of both fullerene nanoparticles
became less negative, while the corresponding aggregation
rates increased until maximum rates were reached at
their respective critical coagulation concentrations. This
behavior is consistent with the classic
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory for the
stability of charged colloidal particles. The nanoparticles
prepared by prolonged stirring of bulk fullerene in water were
much more stable than those prepared by sonication in
toluene, as evident from their significantly higher critical
coagulation concentration (166 and 40 mM KCl, respectively).
A comparison of the aggregation kinetics with predictions based
on DLVO theory yielded the same Hamaker constant (8.5 ×
10-21 J) for both fullerene nanoparticles, indicating that they have
the same material composition. Further investigation shows
that both fullerene nanoparticles are more negatively charged
and stable at higher pH conditions, suggesting that dissociation
of surface functional groups contributes to surface charge for
both nanoparticles. This hypothesis is further supported by
oxidation which occurs on the surface of bulk fullerene that
has been exposed to water over a prolonged period of time, as
detected through X-ray photoelectron spectroscopy (XPS).
However, since both nanoparticles remain negatively charged
at pH 2, it is likely that there are other contributing factors
to the surface charge of fullerene nanoparticles.

Introduction
The impending use of the Buckminsterfullerene C60 in a
widespread variety of industrial and scientific applications,

as well as commercial products (1), has triggered increasing
concern among governments, the scientific community, and
the general public regarding its potential to impact the
environment and human health (2-6). Specifically driving
this heightened attention are a number of recent studies
that reveal the toxicity of fullerene C60 nanoparticles (the
form that C60 usually takes in aqueous solutions) on bacteria
and human cells (5-8).

Because of the extremely low solubility of fullerene C60 in
water, current use of C60 for various applications usually
requires its dissolution in organic solvents (9-12). If fuller-
ene were to be released into natural or engineered aquatic
systems either in the form of bulk material or dissolved in
an organic solvent, the prolonged mixing that occurs naturally
in such systems is likely to result in the formation of fullerene
nanoparticles. Various laboratory-based techniques have
been established to synthesize fullerene nanoparticles based
on the agitation of either the fullerene bulk material (13, 14)
or an organic mixture comprising fullerene in the presence
of water (8, 15). Coincidentally, these methods may also be
appropriate in simulating the nanoparticle formation pro-
cesses in natural and engineered aquatic systems.

Generally, various synthesis methods have produced
highly stable fullerene nanoparticle suspensions comprising
nanoparticles that range in size from less than 10 to 200 nm
(8, 15-17). Many studies have demonstrated fullerene
nanoparticles to be negatively charged regardless of their
synthesis techniques and have attributed their stability to
their surface charge properties (13, 16-18). The electrokinetic
properties of fullerene nanoparticles have been shown to be
dependent on the valence and concentration of the electrolyte
(13, 16). At the same time, other studies have reported the
rates of aggregation (16, 19), deposition (20), and retention
of fullerene nanoparticles in porous media (21, 22) to increase
with increasing electrolyte concentration. These findings are
consistent with our understanding of the behavior of charged
colloidal particles. Several hypotheses have been proposed
to elucidate the origin of surface charge of fullerene nano-
particles (13, 23), but at this writing, the mechanisms of
surface charge acquisition remain speculative.

In this paper, we compare the stability and electrokinetic
properties of fullerene nanoparticles produced through two
common methods: sonication of fullerene dissolved in
toluene with water and prolonged mixing of fullerene in water.
The aggregation kinetics and electrophoretic mobilities of
both nanoparticles are measured over a range of electrolyte
(KCl) concentrations and pH conditions and in the presence
of different anions in order to gain a better understanding
of the origin of their surface charge. The aggregation kinet-
ics of both fullerene nanoparticles were in good agreement
with the classic Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory for the stability of charged colloidal particles,
yielding the same Hamaker constant for both nanoparticles.
Together with results obtained from X-ray photoelectron
spectroscopy (XPS), more insight is provided on the source
of surface charge of fullerene nanoparticles and their stability
in aqueous solutions.

Materials and Methods
Fullerene Nanoparticle Synthesis. The sonicated fullerene
nanoparticles used in this study belong to the same batch
used in our previous study (20). Briefly, the fullerene
nanoparticles were synthesized by first dissolving 99.9% pure
C60 powder (MER Corporation, Tucson, AZ) in HPLC-grade
toluene (Sigma-Aldrich, St. Louis, MO). A portion of this
mixture together with a greater volume of deionized water
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(Millipore) and a small volume of HPLC-grade ethanol
(Sigma-Aldrich, St. Louis, MO) was sonicated to facilitate the
transfer of C60 into the aqueous phase to form fullerene
nanoparticles. More details of the synthesis protocol are
provided in our previous publication (20).

The stirred fullerene nanoparticles were produced by first
introducing 1.22 g of 99.9% pure C60 powder (MER Corpora-
tion, Tucson, AZ) into approximately 1 L of deionized water,
which had been filtered through a 0.22-µm cellulose acetate
membrane (Corning Incorporated, Corning, NY) under sterile
conditions (13). The glass bottle containing this mixture was
autoclaved before use and wrapped in aluminum foil to
prevent exposure to light. The mixture was stirred in the
dark at room temperature over a period of 40 days using a
magnetic Teflon stir bar and a plate stirrer. Most of the final
mixture was filtered first through a 0.45-µm membrane filter
followed by a 0.2-µm membrane (Fisher Scientific) under
vacuum. According to the manufacturer, both membrane
filters are made of a mixture of cellulose acetate and cellulose
nitrate. A portion of the final mixture was left unfiltered and
used for potentiometric titration (to be described later).

Both synthesis methods produce clear yellow suspensions
containing the fullerene nanoparticles. The stock suspensions
were stored in the dark at 4 °C. Through high-temperature
oxidation at 680 °C (TOC-V CSH, Shimadzu, Kyoto, Japan),
the sonicated and stirred fullerene nanoparticle stock
suspensions were determined to have a total carbon content
of 11.62 and 3.34 mg/L, respectively. Both fullerene nano-
particles were examined by high resolution transmission
electron microscopy (HRTEM) with the employment of a
Philips T12 (FEI Company, Hillsboro, OR) operating at 120
kV.

Solution Chemistry. The ACS grade KCl, KI, and K2SO4

electrolyte stock solutions were prepared and filtered through
0.1-µm filters (Anotop 25, Whatman, Middlesex, UK) before
use. HCl and KOH were used to adjust the pH of the solutions
used in this study.

Electrophoretic Mobility Measurements. The electro-
phoretic mobilities (EPM) of the fullerene nanoparticles were
measured using the ZetaPALS analyzer (Brookhaven Instru-
ments Corp., Holtsville, NY) over a range of solution
chemistries at 22 °C. The details on the procedure for these
measurements are in the Supporting Information. Using the
tabulated values provided by Ottewill and Shaw (24), the
average EPM of the fullerene nanoparticles were converted
to zeta (�) potentials. The latter were used to calculate the
electrostatic interaction energies between the fullerene
nanoparticles as described later in this paper.

Potentiometric Titration. Because the yield of the stirred
fullerene nanoparticles was very low, we retained a portion
of the unfiltered fullerene mixture that had been stirred in
deionized water for 40 days for potentiometric titration. A
100-mL suspension of the fullerene material (ca. 1 g/L) was
purged with argon gas for at least 5 min to remove dissolved
CO2 before HCl was added to lower the pH to 3. The fullerene
mixture was then titrated with 0.1 M NaOH to pH 10 with
an autotitrator (794 Basic Titrino, Metrohm, Herisau, Swit-
zerland). The amount of NaOH required to raise the pH of
the fullerene suspension from 3 to 10 was compared with
that required to raise the pH of a blank solution to determine
the presence of titratable functional groups on the fullerene
material.

Determination of Aggregation Kinetics through Dy-
namic Light Scattering. Time-resolved dynamic light scat-
tering (DLS) measurements were conducted to determine
the aggregation kinetics of both fullerene nanoparticles. A
multidetector light scattering unit (ALV-5000, Langen, Ger-
many), which employs a Nd:vanadate laser (Verdi V2,
Coherent, Santa Clara, CA) with a wavelength of 532 nm, was

used to carry out the measurements. More details on the
unit are provided in our previous publications (16, 25).

The sonicated fullerene nanoparticle stock suspension
was diluted 60 times with deionized water for the DLS
experiments. The stirred fullerene nanoparticle stock sus-
pension was used undiluted. Both concentrations were
chosen to allow for substantial aggregation over a range of
electrolyte concentrations within reasonable time periods.
For each aggregation experiment, 2 mL of the prepared
suspension was introduced into a glass vial (Supelco,
Bellefonte, PA), which had been thoroughly cleaned (16, 25).
A premeasured amount of electrolyte stock solution was
added into the vial to induce aggregation of the nanoparticles.
The vial was briefly vortexed (Mini Vortexer, Fisher Scientific)
before being inserted into the toluene-filled vat of the light
scattering unit, and the DLS measurements were started
immediately. The scattered light was detected by a photo-
detector positioned at a scattering angle of 90°. Each
autocorrelation function was accumulated for 15 s, and the
intensity-weighted hydrodynamic radius of the aggregates
was derived through second-order cumulant analysis (ALV
software). The fullerene nanoparticles were left to aggregate
for between 10 min and 4 h. All DLS measurements were
conducted at 23 °C.

The early stage aggregation kinetics are expressed as the
initial rate of increase in the hydrodynamic radius ah(t) with
time t, as measured by time-resolved DLS. The initial
aggregation rate constant, k11, is dependent on the initial
(primary) particle concentration, N0, and the rate of increase
in ah(t) (16, 26, 27):

k11R
1

N0
(dah(t)

dt )
tf0

(1)

The initial rate of increase in ah(t) is acquired through a
consistent approach by determining the initial slope up to
the point where the hydrodynamic radius reaches 1.25 ah0,
where ah0 is the initial hydrodynamic radius of the stable
fullerene nanoparticles in deionized water. In cases where
extremely low electrolyte concentrations are employed to
induce aggregation, the linear regime usually ends before
reaching 1.25 ah0. Under such circumstances, the slope of
the linear regime is determined even if it ends before 1.25
ah0. For all aggregation experiments, we verified that the fitted
line intercepts the y axis no more than 3.5 nm from ah0.

From eq 1, the aggregation attachment efficiencies R
(otherwise known as the inverse stability ratio) at different
electrolyte concentrations are calculated by normalizing the
slopes obtained under different solution conditions by the
slope obtained under favorable (fast) aggregation conditions
(16):

R )
k11

(k11)fast
)

1
N0

(dah(t)

dt )
tf0

1
(N0)fast

(dah(t)

dt )
tf0,fast

(2)

The terms with subscript “fast” refer to favorable (nonrepul-
sive) aggregation conditions. It is necessary to account for
the initial particle concentrations in eq 2 since different
volumes of electrolyte stock solution were introduced into
the 2 mL of nanoparticle suspension for different aggregation
experiments. The aggregation attachment efficiency, R,
ranges from 0 to 1 and serves to quantify the initial aggregation
kinetics of the fullerene nanoparticles under different solution
chemistries.

X-ray Photoelectron Spectroscopy and Elemental Analy-
sis. X-ray photoelectron spectroscopy (XPS) analysis was
conducted both on the original fullerene material (as received
from the manufacturer) and the fullerene material after it
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