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In this study we report on the electrokinetic behavior of
colloidal aggregates of Cgfullerenes (n-Cgp) produced through
two different techniques: solvent exchange and extended
mixing with water. In the first technique, used to produce
colloidal materials in several recent toxicity and transport
studies, an organic solvent such as tetrahydrofuran

(THF) is used to dissolve the Cgy before mixing with water.
The second technique is more indicative of conditions
that might occur in natural aquatic systems. Both types of
n-Cgo were observed to be negatively charged under a
variety of solution chemistries; however, the n-Cg formed
using THF was more strongly charged. We conclude

that n-Cg likely acquires charge through charge transfer
fromthe organic solvent (when present) and surface hydrolysis
reactions. Nevertheless, Cg is capable of acquiring
charge and becoming dispersed as n-Cg in water without
the aid of organic solvents, a pathway that may be
important in determining the mobility of fullerenes in
natural systems. These findings also show that n-Cg made
using THF retains a portion of the solvent in the cluster
structure, subsequently influencing the characteristics of
the n-Cgp and possibly requiring a re-interpretation of results
from recent studies on n-Cgp toxicity using THF-derived
materials.

Introduction

Beginning with their discovery in 1985 by Kroto et al. (1),
fullerenes have received a considerable amount of attention
from researchers due to their many unique characteristics
(2—6). Particularly, Buckminsterfullerene (Cg) has been the
focus of numerous investigations (e.g., refs 4, 5, and 7—15)
due to its accessibility and potential commercial applications
(e.g., electronics materials, superconductors, and sensors).
Nevertheless, one of the more intriguing aspects of Cg
remains a relative mystery, this being its acquisition of charge
and ability to form relatively stable clusters (12-Ceo) in aqueous
systems. Repulsive electrostatic interactions have been cited
as the principle mechanism behind the stability of the n-Cgo
in aqueous solutions despite the strong hydrophobic char-
acter and van der Waals properties of the Cgp molecules (4,
13, 16). This aspect of Ce is particularly intriguing as it is
naturally nonionogenic and may provide a more complete
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understanding of how it will behave in natural systems, which
becomes increasingly important as these materials are
released into the environment. For example, the charge
properties of fullerene particles are likely to be important in
determining the dynamics of colloidal Cg transport and
deposition.

Due to the chemical characteristics of Cey (i.e., uncharged
and hydrophobic), a variety of methods have been developed
to solubilize and disperse it in solution (4, 6, 10). These
techniques commonly require that the Cg first be dissolved
in an organic solvent and then dispersed in water through
an exchange of solvent and water molecules. This implies
that in natural aquatic systems Cg would not be mobile and
would instead either settle from solution as a result of aggre-
gation processes or become adsorbed to other hydrophobic
surfaces. However, because the charging mechanism(s) for
both modified and unmodified Cg is unclear, its behavior
in aqueous systems remains speculative given the significance
of electrostatic interactions in colloidal phenomena.

Most surfaces in aqueous systems acquire a surface charge
through surface dissociation, ion adsorption from solution,
or crystal lattice defects (17). Although Cg molecules do not
have any ionogenic functional groups (10), previous inves-
tigators have measured a negative surface potential in the
range of —9 to —30 mV for in pH range of 5—6 (4, 13) for
aggregates of Cs. To explain this phenomenon a number of
theories have been put forth as to the origin of charge for Cg,
including the adsorption of other ionic species (e.g., hydroxyl
ions), charge transfer from the guest solvent (e.g., THF), and
protolytic processes stemming from water structuring at the
Ceo surface (4, 10, 13). However, these theories stem only
from observations of n-Ce in simple solutions and may not
fully describe the charge behavior of 1-Csy in more complex
and environmentally relevant solutions. Additionally, each
of the proposed theories is ultimately based on the strong
electron-acceptor properties of the Cs molecule and thus
appears to be central to an understanding of its charge
properties regardless of the dispersing media.

Cgo molecules are strong electron acceptors (Cg electron
affinity = 2.7 eV) (18), allowing them to participate in electron
donor—acceptor interactions with water molecules and other
potential electron donors (19). In turn, a number of routes
exist by which the Cgo may become charged depending upon
the chemistry of the dispersing medium. In water, a type of
hydration shell consisting of 20—24 water molecules may
form around the Cgo molecule (i.e., hydrophobic structuring)
and subsequently undergo hydrolysis reactions with the Ceo
(10). Because the water molecules are strongly polarized at
the Cg surface, this arrangement would result in an overall
negative surface charge for the Cgo due to an electron density
shift (10). However, the magnitude of this charge would
purportedly also depend on other considerations such as
solution pH, ionic constituents, and the presence of other
compounds capable of sharing electrons or oxidizing the Cgo
surface. Therefore, to fully understand the charge charac-
teristics of Cg and, in the end n-Ceo, an assessment of these
varying factors is required and necessary for understanding
the behavior of these materials in environmental systems.

This investigation focuses on characterizing the charge
characteristics of 11-Cg in environmentally relevant electrolyte
solutions. In accomplishing this, we report the {-potential
of n-Cg as a function of electrolyte type, concentration, and
solution pH. Ultimately the goal of this study is to aid in
identifying the mechanism(s) by which Ce and r-Cg acquire
a surface charge in aqueous systems. The results obtained
here also provide a quantitative insight into the interfacial
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interaction characteristics of n-Cg in natural systems and
provide a mechanistic basis by which the transport and
deposition characteristics of these fullerenes may be un-
derstood.

Experimental Section

n-Cgo Preparation. In this investigation, two techniques were
used for making n-Cs, one utilized the formation of water-
soluble guest—host complexes using tetrahydrafuran (THF)
(4), and a second, relatively new technique in which 7r-Ce
is prepared through extended mixing of Cg in water as first
discussed by Cheng et al. (20). The first technique is widely
accepted and utilized and furthermore represents the
majority of n-Ce preparation techniques where n-Ce is
formed through guest—host solvent complexes (4). The
purpose of the second technique is to support observations
concerning the charge properties of the n-Cg obtained via
the more widely used first technique. For clarity n-Cg
prepared using THF will be denoted as THF/n-Cg and that
produced through mixing alone as aqu/n-Cg throughout
this paper.

In the first method, n-Cg was prepared following the
method outlined by Deguchi et al. (4). Here, powdered Cg
(MER Corporation, Tucson, AZ) was first dispersed molecu-
larlyin THF (Fisher Scientific, Houston, TX) ata concentration
of 25 mg/L. The mixture was then purged with nitrogen to
remove any dissolved oxygen and stored overnight in the
dark while being continuously stirred to allow the solution
to become saturated with soluble Cg. The Cgo solution was
then filtered through a 0.22-um nylon filter to remove excess
solid material. An equal amount of doubly deionized water
(DDW) was then added to the THF/Cg, filtrate at a rate of 1
L/min, while being continuously stirred. The THF was
subsequently removed from the solution using a rotary
evaporator (Buchi Rotovap, Flawil, Switzerland) where the
more volatile THF was evaporated off at a temperature of
approximately 80 °C. This solution (presumably containing
only water, n-Cs, and as subsequently revealed, small
amounts of THF) was filtered through a 0.22-ym nylon filter
and stored in the dark. The resulting THF/n-Cg had a mean
particle diameter of 160 nm as determined from light-
scattering measurements.

The aqu/n-Cswas prepared by creating a supersaturated
solution of Cg in water (DDW). Here approximately 80 mg
of powdered Cg was added to 100 mL of DDW. The solution
was then stirred using a magnetic stirrer at 500 rpm for a
period of several weeks. The final solution had a faint brown/
yellow color, a characteristic of n-Ceg suspensions, and was
filtered through a 0.22-um filter and stored in the dark. The
resulting aqu/n-Cg had a mean particle diameter of 180 nm.

Surface Charge Characterization. The 7n-Cg charge
properties were characterized using electrophoretic mobility
measurements to determine the magnitude and sign of charge
while potentiometric and conductometric titrations were
used to identify surface functionality. Electrophoretic mobility
was measured using a Brookhaven Instruments (Holtsville,
NY) ZetaPALS system. The ZetaPALS system utilizes phase
analysis light scattering (PALS) to measure the electrophoretic
mobility of charged particles. The operating principles of
PALS allows the instrument to analyze particles with a low
electrophoretic mobility (down to 1071 m?/V's) and is capable
of characterizing particles in the size range of 5—30 000 nm.
Solution pH was varied from approximately 1 to 12 and was
adjusted by adding appropriate amounts of either 0.05 N
NaOH or 0.05 N HCl. When studying the impact of ionic
strength on electrophoretic mobility, solution pH was
adjusted to pH = 7. All measurements were carried out at
25 °C, which was maintained internally by the ZetaPALS
instrument. ¢-potential was calculated from the measured
electrophoretic mobility using the Smoluchowski equation
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TABLE 1. Selected Physical and Chemical Properties of the
lonic Species Used in This Investigation (23)

jon bare radius (nm)  hydrated radius (nm)  Hyyq (kJ/mol)
Na* 0.095 0.36 —406
K+ 0.133 0.33 —322
Cl- 0.181 0.33 —-363
OH~ 0.176 0.30 —400
S04 0.149 0.40 —126
Ba2* 0.135 0.40 —1304
Ca+ 0.099 0.41 —1577
Mg2+ 0.065 0.43 —1921

(21). No corrections for polarization and relaxation effects
of the electric double layer were required as the ratio of
particle diameter to Debye length was >100 in each case
(22).

Electrophoretic mobility was measured using a variety of
environmentally relevant mono- and bivalent salts (NaCl,
KCl, Na,SO4, CaCl,, BaCl,, and MgCl,) (ACS Grade, Fisher
Scientific, Pittsburgh, PA) as background electrolytes. Selected
properties of the electrolytes used in this investigation are
reported in Table 1. The selected ions represent a range of
sizes and valences in order to study the impacts of these
properties on n-Cg surface charge. The enthalpy of hydration
(Hnya) is the amount of energy released when a mole of the
ion dissolvesin alarge amount of water and forms an infinitely
dilute solution in the process (23). The Hpy term thus
quantifies the state of hydration (i.e., bond strength between
the ion and water molecules) for the ionic species. The
electrolytes chosen for study were selected for their specific
characteristics and their prevalence in aquatic systems.

Potentiometric and conductometric titrations were used
to identify the functionality and charge on the n-Cs (24).
Potentiometric titrations were carried out using a Hach
Company (Loveland, CO) digital titrator having an accuracy
of £0.01 mL. Solution pH was measured using an Orion
Research, Inc. (Boston, MA) digital pH meter, which was
calibrated prior to each titration. Solution pH was first
adjusted using 12 N HCI to produce an initial pH of
approximately 2.4. Solution ionic strength was varied using
sodium chloride as a background electrolyte. Prior to each
titration the solution was sparged with nitrogen gas (N,) for
15 min to remove any dissolved oxygen from the solution.
The solution was subsequently kept in a nitrogen atmosphere.
Conductometric titrations were performed using a Jenco
model 1671 (Jenco Electronics, Ltd., Grand Prairie, TX)
conductivity meter. All titrations were carried out at a
temperature of 25 °C with an n-Cg concentration of 100
mg/L.

Results and Discussion

From Figure 1, the THF/n-Cq is significantly charged in each
of the monovalent electrolyte solutions studied, with the
absolute magnitude of the (-potential decreasing with
increasing ionic strength for each case, in accordance with
classical electrostatic theory (21, 23). Similarly, for each of
the monovalent electrolytes, the ¢-potential decreased
marginally for 107 < I < 10~* M and more substantially at
I> 1073 M. Aggregation of the THF/n-Cg into visibly larger
clusters was observed for I > 1072 M for each of the
monovalent salts. Separate measurements found that the
mean particle size increased to approximately 1 um after
several minutes of mixing in the presence of sodium chloride,
confirming that the n-Cs were aggregating in the presence
of these salts. Also, a slightly stronger charge was measured
for the THF/n-Cg in the presence of sodium chloride as
compared to that measured in the potassium chloride and
sodium sulfate solutions, respectively. This indicates that
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FIGURE 1. S-potential measured as a function of monovalent electrolyte concentration on a semilogarithmic scale for the THF/n-Cg (pH
=1, T= 25 °C, n = 10). Error bars represent the standard error of the measurement.

the potassium cation can more effectively screen the THF/
n-Cgo surface charge than the sodium cation. This is attributed
to the smaller hydrated radius for the potassium cation,
allowing it to more closely approach the charged surface
(23). The increased charge neutralization observed for the
sodium sulfate results from the fact that each mole of this
electrolyte contributes two moles of sodium cations as
compared to just one for the sodium and potassium chloride
salts. Of note, a negative maximum, in terms of the absolute
magnitude of the ¢-potential (as would be indicated by a
negative dip in the curve), was not measured for the THF/
n-Cgo in the presence of the sulfate anion (SO4*7) over the
ionic strengths studied. This indicates that absorption of these
bivalent coions did not occur and was not contributing to
the THF/n-Cg surface charge under the conditions studied
here (25).

Preferential adsorption of coions (e.g., CI~ and SO,?") to
hydrophobic surfaces has previously been suggested as a
charging mechanism for otherwise uncharged or weakly
charged hydrophobic surfaces (25). Because anions are less
hydrated than cations, as indicated by their lower Hyyq (Table
1), they can more closely approach a surface. Accordingly,
the mechanism by which the negatively charged coions
approach a surface and impart a charge is a nonspecific
process, meaning that it does not involve a chemical bond
to surface groups. Instead, it is only the valence of the coions
that determines the magnitude of the charge. However, no
absolute maximum was observed for any of the monovalent
electrolytes (Figure 1), particularly the sodium sulfate,
indicating that coion adsorption was not significant and was
not the source of the measured THF/n-Cg surface charge
(25).

Compared to the monovalent salts, the bivalent electro-
lytes have an increased screening effect on the THF/n-Cg
surface charge (Figure 2a) (23); thus {-potential de-
creases more substantially with increasing bivalent cationic
strength. For the bivalent cations the THF/n-Cg {-potential
is moderately charged (—30 to —40 mV) at the lower ionic
strengths (I < 1075 M); as ionic strength approaches 107 M,
the absolute magnitude of the THF/n-Csy G-potential is
reduced to approximately —10 mV. Generally, the magnesium
cation was more effective at screening the THF/n-Cg surface
charge, followed by the barium and calcium cations, re-
spectively. Notably, the calcium cation produced a charge
reversal at I = 10~* M CaCl, ({ = +20 mV), while no such
reversal was measured for either the magnesium or barium
electrolytes (Figure 2a). A local charge minimum and

maximum were observed for barium at /=10"*and 4 x 10™*
M BaCl,, respectively. The charge reversal and minima
observed for the calcium and barium cations, respectively,
suggest that these cations are complexing with the THF/n-
Cgo surface.

Because the THF/n-Cg is negatively charged, surface
complexation with bivalent cations is electrostatically favor-
able (26). In complexation reactions an ion may form an
inner-sphere complex (chemical bond), an outer-sphere
complex (ion pair), or reside in the diffuse electrical double
layer (27). Regardless of the type of complex formed, each
reduces the absolute value of the surface charge, although
to different degrees. The ability of the cations to approach
the charged interface is related to their state of hydration
(Hnya) (Table 1), where smaller ions are more strongly
hydrated than larger ones having the same valence (23).
Therefore, magnesium is the most strongly hydrated cation
followed by calcium and barium, respectively, and is thus
less likely to shed any of its bound waters. The inability to
shed these waters prevents the magnesium cation from
closely approaching the particle, thus resulting in a reduced
charge screening capacity. Therefore, the barium and calcium
cations respectively, were able to more easily complex with
the THF/n-Cg surface than the magnesium cation as they
could more closely approach the THF/n-Cg surface. How-
ever, the calcium cation produced a charge reversal while
only a minima was observed for the barium, pointing to
something beyond just a relationship between charge
screening and ion hydration.

Charge reversal occurs when an excess amount of
counterions surround a charged surface such that the overall
surface charge has a sign opposite that of its actual “bare”
charge (17, 21). Although charge reversal is not supported by
the Poisson—Boltzmann equation, where counterions can
only partially neutralize surface charge, itis awidely accepted
phenomenon (17, 21, 23, 28). According to Ravindran and
Wu (28) charge reversal does not necessarily result from the
specific binding of ions to surface groups but can instead
result from an interplay between correlation and excluded
volume effects of the counterions. Because the charge reversal
measured for the calcium chloride is reversible, it became
negative again as ionic strength increased beyond I = 10"*
M CaCl,, the mechanism of adsorption is electrostatic and
not chemical in nature. Thus the behavior of the THF/n-Cg
C-potential as a function of calcium chloride concentration
may be described as a balance between co-ion and counterion
interfacial concentrations. As ionic strength increases, the
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FIGURE 2. (a) {-potential as a function of bivalent electrolyte concentration plotted on a semilogarithmic scale for the THF/n-Cg (pH =
1, T=25 °C, n = 10). Error bars represent the standard error of the measurement. (b) Relationship between THF/n-Cg -potential with
a background electrolyte concentration of 10~* M CaCl, as a function of sodium chloride concentration.

calcium counterions neutralize the THF/ n-Cg surface charge,
eventually resulting in the observed reversal measured at I
=10"*M CaCl,, at which point the calcium cations overwhelm
the bare THF/n-Cs surface charge. As the calcium chloride
concentration increases beyond I = 107* M CaCl, the
concentration of coions (Cl7) increases in the THF/n-Cg
interfacial region, producing an increasingly negative (-
potential and in turn re-reversing the charge. A similar trend
was observed by Elimelech and O’Melia (25) when charac-
terizing the electrostatic properties of hydrophobic latex
particles. The proposed mechanism is further supported by
measuring THF/n-Cg {-potential as a function of calcium
chloride concentration in the presence of an indifferent
electrolyte (i.e., NaCl) (Figure 2b). Here, the addition of
sodium chloride and the subsequent increase in the con-
centration of coions (Cl7) in solution prevent or mask the
charge reversal observed in the presence of calcium chloride
alone. Furthermore, the THF/n-Cs is more negatively
charged at higher co-ion concentrations (i.e., higher sodium
chloride concentrations). Therefore, although the calcium
cation was capable of closely approaching the THF/n-Cgo
surface, it is likely that it did not chemically sorb to it. On
the other hand, the barium cation was unable to approach
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as closely to the charged surface resulting as evidenced by
the charge minima and absence of net charge reversal.

n-Cg Charge as a Function of pH. Additional experiments
were carried out to characterize THF/n-Cg -potential as a
function of pH using sodium chloride as a background
electrolyte (Figure 3a). Here the absolute value of the
¢-potential increased from approximately —10 mV at around
pH = 2 to between —30 to —70 mV at pH = 10, depending
on the background ionic strength. The absolute magnitude
of the {-potential decreased with increasing ionic strength,
with the difference becoming more pronounced as the pH
became more basic. From Figure 3a, the THF/n-Cg was found
to have a pHiep around pH = 1.3. This is considerably lower
than the reported pHiep for graphite (pHiep ~ 4.5—5.5), where
graphite is positively charged at pH < 5 and negatively
charged at pH > 5 (29). The lack of positive and negative
branches on the ¢-potential curves in Figure 3a demonstrates
that the THF/n-Cs surface contains only acidic groups (17).
Such surfaces are characterized by a decreasing charge that
only reaches zero at sufficiently low (acidic) pH values and
an increasingly negative surface charge with increasing pH,
as was indeed observed here (Figure 3a) (17).
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Electrophoretic mobility measurements as a function of
pH were also conducted using calcium chloride as a
background electrolyte to examine the impact of pH on the
observed charge reversal at I = 10~* M CaCl, (Figure 3b).
Under acidic conditions at I = 10"* M CaCl,, the THF/n-Cg
is weakly negatively charged. As pH increases, the THF/n-
Cgo acquires a net positive {-potential in the neutral pH range,
before becoming increasingly negatively charged at pH = 8.
Thus, for pH values that are characteristic of natural aquatic
systems (pH = 5—8) n-Cg would be positively charged under
the reported low hardness conditions (/= 10"*M CaCl,) and
when adsorbing compounds such as natural organic matter
do not play a role. Furthermore, based on the data shown
in Figure 3b, isoelectric points (pHiep) exist for the THF/n-
Cgo at pH values of approximately 5 and 8 under the given
conditions. Therefore, the potential for rapid aggregation of
THF/n-Ce at these conditions is likely. The observed charge
versus pH relationship dramatically differs from that see for
the indifferent sodium chloride as the background electrolyte
(Figure 3a) and thus illustrates the significance of electrolyte
type on the THF/n-Csy charge characteristics (30).

To further characterize the functionality of the THF/n-
Ceo surface a series of conductometric and potentiometric
titrations were carried out, which have been extensively
shown to be a valuable tool in characterizing the functionality
of charged surfaces (17, 27, 31, 32). The conductometric and

potentiometric titration results for THF/n-Cg are reported
in Figure 4, panels aand b, respectively. The conductometric
titration was performed in the absence of any electrolyte
while the ionic strength was varied in the potentiometric
titrations using sodium chloride. From Figure 4a, the THF/
n-Ceo surface groups are fully dissociated at a base concen-
tration of approximately 4.8 x 1073 M NaOH, corresponding
to apH of approximately 3.8. At this point there is an inflection
in the conductivity curve and the slope becomes positive.
The shape of the conductometric curve supports earlier
observations made from the ¢-potential as a function of pH
data where the THF/n-Ce surface was characterized by strong
acidic groups (25, 31). For the conductometric curve the ratio
of thelinear descending and ascending slopes is equal to 1.6,
which is greater than the theoretical value of 1.213 for the
titration of a strong acid with a strong base at 25 °C (31).
Furthermore, the relatively sharp inflection point indicates
that equilibrium is quickly attained for dissociation of the
surface groups, again indicative of strongly acidic groups.
This observation is further supported by the shape of the
potentiometric titration curves shown in Figure 4b (25). The
steep slope of the potentiometric titration curves for the THF/
n-Cg indicates the presence of strong acid groups, which
quickly dissociate with increasing pH. The corresponding
pK, for the THF/n-Cg is equal to approximately 4, in
agreement with the conductometric titration results.
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(Cg) in doubly deionized water and in electrolyte (NaCl) solutions (T = 25 °C, [THF/n-Cg] = 100 mg/L).

Discussion

Based on the results presented thus far, the THF/n-Cg is
charged in aqueous media and tends to follow expectations
based on classical electrostatic theory with aggregation
occurring as ionic strength increases or decreasing pH.
Furthermore, the strong dependence of THF/n-Ce (-
potential on pH and titration analyses suggest that the THF/
n-Ce surface is primarily characterized by relatively strong
acid groups, which dissociate with increasing pH (17).
However, as previously noted, the Cg) used here to make the
THF/n-Ce is not chemically modified and therefore should
notinitially have any surface functional groups, which would
otherwise account for the observed trends. This in turn
suggests that the THF/n-Cg surface is acquiring ionogenic
groups or charge during cluster formation. As noted in the
Introduction, a number of theories have been put forth to
explain this charge acquisition by similarly prepared 7-Ce
(4, 10, 13). Again, for the THF/n-Cs used here, several
possibilities exist: co-ion adsorption, charge transfer, co-
ordination of water at the n-Cg surface, and hydrolysis
reactions.
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The concept and possibility of co-ion adsorption was
touched upon earlier in this manuscript when detailing the
charge characteristics of THF/n-Cg under various electrolyte
chemistries. Adsorption of co-ions by the Ce is likely only
for absorption of hydroxyl groups from solution. This is due
to the fact that a significant {-potential was measured for the
THEF/n-Ce as a function of pH in the absence of any added
electrolyte, which would have contributed chloride ions to
the solutions (Figure 3a). Furthermore, no increase in the
magnitude of the THF/n-Ce surface charge was measured
in the presence of the sulfate (SO427) ion (Figure 1). To further
explore co-ion adsorption as a charging mechanism, it is
useful to evaluate the charge properties of the n-Cg prepared
through mixing with water only (aqu/n-Ceo).

To determine the extent to which, or if, hydroxyl ion
adsorption contributes to the n-Cg surface charge, the pH
of the dispersing water was measured just prior to and at
various intervals during the mixing process. Over this time
no significant change (~1%) in pH was recorded, indicating
that the hydroxyl ion concentration did not change con-
siderably even as the aqu/n-Csy was being formed. A similar
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observation was made for the THF/n-Cg samples where pH
remained relatively unchanged after cluster formation. An
additional aqu/Cg sample was prepared having an initial
pH of 10.4. For the basic solution the rate of n-Cg formation,
identified by the change in solution color, was similar to that
observed for the aqu/n-Cg made at pH = 5.6. Furthermore,
the sample prepared at pH = 10.4 was similarly charged as
the aqu/n-Cg prepared at the lower pH. If adsorption of
hydroxyl ions were occurring, it should have resulted in a
change (lowering) of pH or potentially in an increased charge
for the sample prepared at the higher pH. As neither occurred,
it suggests that the Csp molecules do not acquire charge
through adsorption of hydroxyl ions alone or are at least
capable of acquiring charge through some other mechanism,
such as charge transfer and hydrolysis reactions.
Considering that THF/n-Cg is formed by first dissolving
Cgo in THEF, it is possible that the THF/n-Cg surface charge
results from charge transfer between the Cg molecule and
THF compound. Charge transfer could occur between the
ether oxygen (electron donor) of the THF compound and a
Cgo molecule (electron acceptor) (4, 10). {-potential curves

ater. The inset shows the UV absorbance spectra of Cg dissolved

for the THF/n-Cq and aqu/n-Cg as a function of ionic
strength are similar in shape but differ in their relative values
(by approximately 10—20 mV), with the aqu/n-Cg having a
weaker charge than the THF/n-Cg (Figure 5). The measured
charge for the aqu/n-Ce closely follows that measured for
hydroxylated Cg (fullerol), supporting the hypothesis that
Ceo acquires charge through hydroxylation ofits surface either
through adsorption of hydroxyl groups or hydrolysis (10).
The higher charge measured for the THF/n-Cg suggests that
charge transfer, and or residual THF, is indeed responsible
for some of the overall THF/n-Cg, surface charge. Residual
THF was found by Andrievsky et al. (10) in similarly prepared
n-Ceo using UV absorbance and FTIR analysis, resulting in
the observed clathrate crystal like structure of n-Cg prepared
in this way (4).

Indeed, a dramatic difference existed in the UV absorbance
spectra for the THF/n-Cg and aqu/n-Csy samples (Figure 6).
For reference, the absorbance spectra of Cg in n-hexane,
considered to be that of a true Cg solution (4, 10), is reported
in the Figure 6 inset. FTIR analysis of the THF/n-Cg used in
this investigation also showed characteristic absorption peaks
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FIGURE 7. Representative potentiometric titration curves for aqu/n-Cg as a function of base (NaOH) concentration (Cg) in doubly deionized
water and in electrolyte (NaCl) solutions (T = 25 °C, [aqu/n-Cg] = 100 mg/L).

for THF, indicating that it was present in the n-Cg complex.
Compared to the THF/n-Ce, the absorbance spectra for the
aqu/n-Ce shifted to the longer wavelength (red shift) and
were broader. The THF/n-Cg and aqu/n-Cs were charac-
terized by absorption peaks at 200, 260, and 349 nm and at
223, 286, and 361 nm, respectively. Absorbance peaks
between approximately 330 and 350 nm are characteristic
for solvated Cgo. Both the THF/n-Cgy and the aqu/n-Cg are
likely surrounded by ordered layers of water molecules and
are hydrated to some extent (10). The extent of hydration is
indicated by how significant the changes in the absorption
spectra are compared to that for the Cg in n-hexane. The
broad absorption band between 430 and 530 nm suggests
that the aqu/n-Cg is more strongly hydrated than the THE/
n-Ceo (10). This broad absorbance band results from the
formation of weak donor—acceptor complexes of Cg (electron
acceptor) and water (electron donor). The broadening of the
spectra bands as compared to the Cg in n-hexane is typical
of colloidal solutions of fullerenes (Cg aggregates) as a result
of their strong light-scattering effects (10). The clear differ-
ences in the spectra for the two samples further indicates
that THF is present in some form in the n-Cs cluster as
found by Andrievesky et al. (10) and that it subsequently
impacts the magnitude of the n-Cg surface charge. Again,
this may occur either through the THF being present as a
residual compound not specifically interacting with the Cgo
or through charge transfer between the ether oxygen from
the THF compound and the Cgo molecule (4) or acombination
of both. The presence of residual THF in the n-Cs calls into
question the interpretation of results from a recent study
(33) that concluded that r2-Cg was highly toxic to cell cultures.

The differences between the THF/n-Cgy and aqu/n-Ceo
are further demonstrated by comparing the potentiometric
titration curves for the two samples (Figures 4b and 7,
respectively). In both instances, the steep slope of the titration
curves indicates the presence of strong acid groups that easily
dissociate from the surface, each with pK, values of ap-
proximately pH = 4. However, as compared to the THF/n-
Cgo (Figure 4b), the curves for the aqu/n-Cg do not change
position as ionic strength increases, indicative of strong acid
groups (25). Furthermore, the THF/n-Cs became fully
dissociated at a lower base concentration than the aqu/n-
Ceo. This demonstrates that the aqu/n-Cg has a slightly
different yet similar surface chemistry as compared to the
THF/n-Ce. This difference can be attributed to the charge
transfer and presence of residual THF in the THF/n-Ce cluster
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structure and the fact that the aqu/n-Cg is more strongly
hydrated than the THF/n-Ce,.

To explain the observed charge behavior for the aqu/n-
Ceo, and ultimately the THF/n-Cg as well, the interaction
between Csy and water must be considered. Structuring of
water molecules at hydrophobic interfaces has previously
been identified for graphite (34) and carbon nanotubes (16).
In each case, a water layer approximately one water layer
thick was measured. However, water structuring does not
account for the observed charge properties of n-Cg. When
water molecules structure themselves at hydrophobic in-
terfaces, they do so in order to maximize the number of
hydrogen bonds that they can form with other species (19,
23). Thus, at the Cg surface the two hydrogen atoms in the
water molecule would orient toward the bulk solution and
in turn present a positively charged interface. However, this
is not the case for the n-Cg. A second somewhat related
mechanism may explain the observed charge characteristics
of the n-Ceo.

This additional mechanism may be explained using a
theory put forth by Andrievsky et al. (10) where the Cg
acquires charge through surface hydrolysis reactions. This
was proposed by Andrievesky et al. (10), who stated that in
the THF technique the Cgy first forms supramolecular
complexes with THF, which then interact with water mol-
ecules and can be represented as { mCg} :H,O. On the other
hand for the aqu/n-Ce, the Cgo molecule only interacts with
water and in turn forms large clusters of hydrated Cg and
is thus represented as Cgo:{ H>O} ,, (10). In other words, charge
transfer occurs between the alcoholic oxygen of the water
molecule (electron donor) and the Cg acting as the electron
acceptor (4). The tendency of these bound water molecules
to ionize (i.e., as they lose a hydrogen) with increasing pH
results in the observed increase in the absolute value of the
negative surface charge (Figure 3a). The presence of these
large hydrated Cg clusters is evidenced by the broad
absorbance bands observed in the UV spectra for the aqu/
n-Ceo (Figure 6). This interaction occurs for both the THF/
n-Ceo and aqu/n-Ce, although the stronger charge imparted
by the THF prevents the formation of the large hydrated
clusters through electrostatic repulsion. Nevertheless, charge
transfer from water appears to contribute to the overall 72-Cg
surface charge in both cases.

In summary, fullerene clusters (n-Ce) are significantly
charged in a spectrum of aqueous environments. The
magnitude of this charge however is dependent on the



method used to prepare the n-Cg due to the ability of Cgo
to acquire charge through a number of routes. Nevertheless,
there appear to be two primary routes of charge acquisition
for n-Ceo, which both originate from the ability of the Cg to
actasastrongelectron acceptor: charge transfer and surface
hydrolysis. The ability of Ce to acquire charge over time
simply by mixing in water has significant implications for
the transport of these materials in the environment. Contrary
to expectations based on the native surface chemistry of the
Cgo molecule, these materials may become dispersed in water
over time and become mobile as a result of their charge
acquisition. However, on the basis of the results presented
here, these materials are subject to classical electrostatic
phenomena; therefore, their behavior in aqueous media may
be manipulated according to established techniques.
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