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ullerenes are a vast family of three-

dimensional nanoscopic cage-like

molecules with dozens of sp*hybri-
dized carbon atoms arranged at the vertices
of hexagons and pentagons. Since the dis-
covery of the two most abundant fullerenes,
the Ceo and the Cyq, in 1985 by Kroto et al.,'
and their production in macroscopic quan-
tities in 1991 by Kratschmer et al.? these
molecules have been attracting the atten-
tion of a large number of researchers from
several areas from chemistry, to physics,
medicine, and material sciences. Their po-
tential applications range from hybrid
photovoltaic cells,®> molecular electronics®
and spintronics® to biomedical applications.
In the latter case, they can be used, for
example, as drug carriers, antiviral drugs,
X-ray and MRI contrasts, antioxidant drugs
(against neurodegenerative disorders like
Parkinson's and Alzheimer diseases), and
photosensitizers for photodynamic therapy
(PDT).? However, the major drawback for
the applications of fullerenes as drugs is
their negligible solubility in water. Several
strategies have been proposed to overcome
this problem without making the fullerenes
lose their properties of interest for certain
drugs like, for example, their cage-like struc-
ture, their large number of unsaturated
bonds, and their optical properties. Some
of these strategies’ are based either on
exohedral functionalization of the carbon
cage with polar groups (e.g., —OH, —COOH,
etc.) or on supermolecular chemistry invol-
ving cyclodextrins and polymers. Among
the several methods to obtain water-soluble
functionalized fullerenes, the binding of
several —OH groups resulting in molecules
known as fullerenols or poly(hydroxy)-
fullerenes (Cgo(OH), where x is the number
of —OH groups) as well as fullerenol
salts ([Ceo(OH),O,1 [KNa™],), is the most
simple®~"" For that, the most common
method is based on the phase transfer
of fullerenes from an organic solution
(benzene or toluene as solvents) to an
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ABSTRACT Fullerenols have been a subject of intense research in many fields with the claim of
possible applications in biomedicine such as free-radical sponges, antioxidants, and photosensitizers.
However, its transport characteristics, important in determining the feasibility of many applications,
have not been studied yet. In this work, electrochemical impedance of aqueous solutions of two
types of fullerenols (Cgo(OH);5—2¢ and Cso(0H)15—22(0K);) was measured. Sample conductivity was
extracted from impedance data, and a nonlinear concentration-dependent conductivity was found
for one of two types (Cso(OH);5—2(0K)4). A concentration-dependent mobility that accounts
electrophoretic and relaxation effects could explain experimental data. As a result, we obtained
some fullerenol parameters, relevant to transport phenomena: its hydrodynamic radius, the number
of attached hydroxides, and the number of counterions solvated into solution. In addition, an
important result for pharmaceutical applications has been discussed, which is the change of pH in
water induced by the different concentrations of fullerenol, indicating it behaves as a weak acid.
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alkaline aqueous solution (NaOH or KOH)
where the polyhydroxylation occurs. Phase-
transfer catalysts such as tetrabutylammo-
nium hydroxide (TBAH) and poly(ethylene
glycol) (PEG) are usually employed.'? De-
pending on the reaction conditions, one
may obtain fullerols with a number of at-
tached hydroxyls varying from 16 to 32
groups.®~ '3 The interest in the synthesis
as well as in the structure of fullerenols is
not only justified because of its fundamen-
tal properties but also due to their re-
cently verified free-radical scavenging
properties.’*”'® These properties make the
fullerenol an excellent antioxidant and a
potential drug for many illnesses that are
somehow associated with free radicals,
such as ischemias,'” radiation sickness in-
duced by radiotherapy against cancer,'®2°
among others.

On the other hand, very little is known  *Address correspondence to

about the electrochemical properties of
different fullerenols in water, such as the
conductivity of the solutions as a function of
the concentration, their dissociation, the
ion/contra-ion equilibrium, and the fullere-
nol hydrodynamic radius. These properties
are fundamental for the investigation and
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the design of novel fullerenol-based pharmaceuticals,
either for use in PDT or as antioxidants, because they
are directly related to the mobility and the diffusion of
the fullerenol ion in aqueous/biological medium, as
well as the pH and pK changes induced in this medium
by the dissociation of these molecules.

In this work, our main goal was to obtain the
(frequency-independent) conductivity of two different
fullerenol aqueous solutions Cgo(OH)55—2¢ (F1) and
Cg0(OH)15-25(0K), (F2), extracted from the measured
bulk resistance, using the impedance spectroscopy
technique, and explain its dependence upon the chan-
ging fullerenol concentration. In the low concentration
region, it is expected that a linear dependence on ionic
concentration should exist. Our efforts to explain the
observed nonlinearities at higher concentrations by
use of the Debye—Hiuickel and Onsager models are
presented. With these results, it was possible to quan-
tify the dissociation of the two distinct fullerenols
investigated into fullerenol anions and H™ (K*) to
determine the hydrodynamic radius and the depen-
dence of the change of pH (and contra-ion K"
concentration) as a function of the fullerenol molar
concentration for aqueous solutions.

RESULTS

Following cell preparation, its impedance, covering
the 10 kHz to 13 MHz range, was measured. A typical
spectrum is shown in Figure 1, where both sets of data,
modulus and phase angle, are presented. We were able
to fit all data to an empirical impedance model con-
sisting of dumped circuit elements describing a series
circuit of the form?’

1 1
_|_
iwCe +\iwWe +R: " iwoWg+ R

1
+
ia)Cb + \/ia)Wb + Rl;1

Z(w) =

(1

In this model, the two first terms are relevant at low
frequency values. The first one describes a double layer
capacitance (C.) in parallel to a Warburg impedance
(W) and to an electrode resistance (Re). It is followed by
the second term presenting another Warburg impe-
dance (Wy) in parallel to a frequency-independent
element (Ry). The adjusted values for this parameter
are concentration-dependent but not consistent with
the expected bulk resistance at the nominal ionic
concentration. It should properly be associated with a
diffusion resistance effect?® This way, in the low
frequency domain, electrode and diffusion effects are
the contributions to the impedance spectrum. The last
term is relevant to fit the spectrum at higher frequen-
cies. The impedance modulus is characterized by a
plateau, whereas the phase angle indicates values
around zero. The value of the impedance in this region,
almost given by its real part, is well represented by a
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Figure 1. Impedance spectrum for the 1.2 kg/m? fullerenol
type F1 solution. Symbols represent the experimental data;
circles are the impedance modulus, and squares are the
phase angle. Solid lines represent the fitting model. Para-
meters of eq 1 used in this fitting are C. = 1.4 x 107F, W.=
3x108Q "s"2, R =2%x10°Q, Wy=64x10°Q""
s R4=65x%x10°Q,(=39x10"F,W,=14x10°
Q 'sT"2, R, =1.2x10° Q.

bulk resistance (Ry,), defined by sample geometry and
its conductivity.?' At still higher frequencies, we can
see a region of decreasing impedance modulus and
also decreasing values of phase angle, which approach
—90°. The value of the impedance associated with this
spectral region is consistent with a bulk capacitance
(Cp) having the dielectric constant of water. In order to
get a better fitting quality, another Warburg element
(W) was also necessary. As shown in Figure 1, fitting
quality for both data sets, the modulus and phase
angle of the measured impedance and over the whole
measured spectral range, is good. This fitting quality
was achieved on all measurements we have made.

Two samples of each fullerenol type have been
prepared. Cell measurement reproducibility is better
than 3%. Having values of bulk resistance R, at hand,
conductivity, as a function of fullerenol concentration,
is readily obtained from the knowledge of cell geome-
try. For the fullerenol type F1, our conductivity data
present an almost linear profile, whereas a strong
nonlinear dependence was clearly observed for sam-
ples using the fullerenol type F2. These data are
presented in Figure 2. In both cases, the first experi-
mental point on the curve is the conductivity of water
at zero fullerenol concentration. The solid lines in the
graph are the adjusted theoretical curves using the
model described below.

As given by its molecular formula, fullerenol type F1
presents no counterion besides hydrogen. It is ex-
pected that dissociated protons from the molecule
and fullerenol anion are the only species present on
these solutions. Evidence for hydrogen transport in
compressed fullerenol powder has been investigated
using impedance measurements*>** and confirmed
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Figure 2. Conductivity of fullerenol sample as a function of
concentration. Symbols represent the experimental data;
squares are the conductivity data for the fullerenol type F1,
and circles are the conductivity data for fullerenol type F2.
Solid lines represent the fitting model.

by ESR measurements'? in fullerenol aqueous solu-
tions. In order to understand the conductivity of these
solutions, we have assumed that the mobility of full-
erenol anions is much smaller than proton mobility.
Thus protons must be the dominant charge carriers
forming the measured ionic current and sample con-
ductivity can be written as

Nay 103
MW

Uy oec (2)

where uy is proton mobility and we have used the
standard value® iy =u1°=3.63 x 107 /m?s 'V ' e
is the fundamental charge, N,, the Avogadro's num-
ber, MW the molecular weight of fullerenol given by
its molecular formula, and ¢ the nominal fullerenol
concentration (kg/m3). Parameter a gives the aver-
age number of protons that dissociates from the
fullerenol molecule (its mean valence modulus). It is
related to free proton concentration as ny = ac.
Expected F1 type fullerenol molecular weight is
1128 g/mol given the contribution of 60 carbon
atoms plus an average number of 24 OH groups
attached to the molecule. Using this value, the ob-
tained o parameter in the fitting procedure (shown in
Figure 2) is 0.6.

Fullerenol type F2 presents a potassium counterion
besides hydrogen, and its conductivity presents the
nonlinear profile. This may indicate that mobility of
fullerenol anions is relevant to transport processes. Its
dissociation reaction is given by

Co0(OH)1(OK)y — [Coo(OH)ps — o (OK)y— Oq 4 g1~ @+
+aH" 4 BK" (3)

The conductivity, depending on the three kinds of ions,
the fullerenol anion, hydrogen, and potassium, is given
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by

eN,10°
MW

(UnZHCH + ugzkCk +Uezece)  (4)

with indexes F, K, and H representing fullerenol, po-
tassium, and hydrogen, respectively. There are some
constrains imposed by the dissociation reaction and by
the electroneutrality condition for eq 4 to hold, which
are ¢y = 0¢, ¢k = 3¢, and ¢ = ¢. With the modulus of the
valences given by z,,=1,z¢=1and ze =t + 3, eq 4 turns
to

eN, 103
MW

Lo A4y +uplo+Plc - (5)

The nonlinear effect could be associated with a con-
centration-dependent mobility. An empirical expres-
sion that accounts for this effect was first proposed by
Kohlrausch? in the form u; = u°® — ()2 In a later
work, Debye and Hiickel?® showed that this formula
could be understood in terms of ionic Coulombic
interactions. Onsager made calculations,?”%® valid for
simple electrolytes, in a refinement of the Debye and
Huckel theory. In @ much more extensive work, Onsa-
ger and Fuoss®® obtained an expression valid for an
arbitrary number of ionic species. They showed that
departure from linearity can be understood as a correc-
tion due to two mechanisms. One is derived from a
drag force that a moving ion causes in another one of
opposite sign and moving in opposite direction, and
the other comes from a spatial offset between a
moving ion and its accompanying ionic atmosphere.

The constant A provided by Onsager and Fuoss®®
and adapted to fullerenol molecule is of the form

1= i—i— h] 4 h2 eFﬂFo
~|6mn \1++vh 1+ /hy)127RTe

\/eFNaV 103 (a+B)*To + B + (a+p)]

RTe[720 + n+ 17a+ 550)]

p— Bl tue)
T+ B+ Do+ Py + T
_ (0 + Bty + )
h2 = _ 6
(o 4B+ Do+ Buy +ue’] ©

where 7 is the solvent viscosity, ¢ the dielectric con-
stant of the solvent, T the temperature, F the Faraday
constant, and R the universal gas factor. We also have
written the molecular weightas MW =720+ n+ 170+
550, that is, the mass of 60 carbon atoms plus a number
n that accounts for the mass of the nonsolvated groups
in the molecule, the term 17a that accounts for the
solvated o (O"H") groups, and the term 5583 that
accounts for the solvated 8 (O~ K™) groups. The first
term in A represents electrophoretic effects, the second
and third terms (proportional to h; and h,) describe the
relaxation due to the spatial offset between the
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moving hydrogen and potassium clouds and the full-
erenol anions. We have shown?' that conductivity of a
KCl aqueous solution has a linear dependence over a
wide range of ionic concentrations. In this sense, we
assumed that potassium ions behave ideally even at
the higher concentration values used here, presenting
standard mobility equal to s = ux® =7.62 x 10~ m?
s~' V. For hydrogen mobility, we also assumed the
standard mobility; likewise, we did in the linear con-
ductivity, type F1 fullerenol case. Fullerenol mobility is
written in the form

Up = /'{DF_A\/E

Using eqs 5, 6, and 7, the concentration-dependent
conductivity necessary to adjust F2 data in Figure 2 is
written as

(7

eN,, 103
720 +n+ 170+ 558

+ (up — A/ + B)lc

This equation presents four constants determined
through a fitting procedure, namely, the fullerenol
standard ionic mobility «¢°, the dissociation constants
ocand 3, and the mass of nonsolvating groups n. Fitting
results, shown in Figure 2, present a correlation factor
greater than 0.98 and return the following parameter
values u° =20+ 05) x 10 8m?s 'V, a=(03+
0.1), = (504 0.2), and n = (3.9 + 0.7) x 10? atomic
mass units.

[0+ s

(8)

DISCUSSION

Conductivity of type F1 fullerenol presented a linear
dependence on concentration. At low concentration
values, sample conductivity is nearly determined by an
ionic mobility close to proton mobility. On the basis of
this, we assumed a simple model in which protons
dissociated from the molecule are the dominant
charge carriers. In this case, we get an average number
of dissociated protons per molecule equal to 0.6. Due
to the high proton mobility, no information concerning
fullerenol mobility was retrieved.

Samples containing type F2 fullerenol presented a
nonlinear conductivity profile. In order to explain this
effect, we have assumed that total sample mobility is
the sum of potassium and hydrogen plus fullerenol
ionic mobility, the latter being concentration-depen-
dent, with correction terms given by the Debye—
Hickel and Onsager theory. This way we get a four
parameter fitting model that gives fullerenol mobility,
potassium and hydrogen dissociation numbers, and
molecular weight. Using the Stokes—Einstein relation,
the obtained fullerenol mobility, and the mean valence
Zg =0 + # =5.3 £+ 0.3, a hydrodynamic radius of 2.0 +
0.4 nm for fullerenol molecule was found. This radius is
fairly consistent with a fullerene ball surrounded by a
shell of molecular groups. It is also consistent with the

SARDENBERG ET AL.
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Figure 3. Expected pH calculated from conductivity data for
type F1 fullerenol (solid line) and for type F2 fullerenol
(dashed line).

existence of counterion interaction effects. The value
of =5 found for the dissociation number of potas-
sium is higher than the expected value from its mo-
lecular formula, equal to 4. As a consequence, we have
found for the fullerenol molecular weight a value of
1390 + 50 g/mol, which is consistent with the calcu-
lated value obtained by use of its molecular formula =
4, equal to 1280 g/mol.

The dissociation properties of the fullerenol mole-
cule lead to a rise in proton concentration in the
solution. This way a change in pH is expected and
can be calculated using the relation

_, . oc
log <1 0 "+ W>

These pH values are shown in Figure 3 for both full-
erenol types. Those changes may be useful in prepar-
ing fullerenol solutions for use in biochemistry
experiments and pharmacological applications. For
concentrations of about 0.1 mM, the fullerenol disso-
ciation yields a pH change of about 0.1, while for about
2 mM, this change is about 1, which results in a pH of 6.
A similar effect is expected for the dissociation of K in
the second fullerenol type.

pH =

CONCLUSION

This work has shown that impedance spectrosco-
py is a useful technique for investigating transport
properties of solutions containing fullerene-derived
molecules. For one of the two fullerenol types
studied, high conductivity values were observed
and explained in terms of hydrogen dissociation.
For the other type, nonlinear effects in the conduc-
tivity were explained in terms of the Debye—Hiickel
and Onsager theory. In this case, interaction with
counterions leads to a concentration-dependent
ionic mobility. Values found for the fullerenol para-
meters are nearly consistent with those stated by
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the manufacturer and with those found in the
literature, validating the model presented here. In
both cases, our conductivity model predicts that the

METHODOLOGY

Two types of commercial fullerenol powder (Materials Tech-
nologies Research Ltd. http://www.mtr-ltd.com/Bio_Medicine.
htm) were used in our experiments. Each experiment consisted
of a measurement series ranging from high to low concentra-
tion values. High concentration samples were prepared by
solvating them in deionized water, with precisely determined
concentration values. In order to get best homogenization,
these high concentration solutions were subjected to at least
15 min of a 40VA ultrasound bath. After the homogenization
procedure, an open electrolytic cell was introduced into T mL of
each of the high concentration solutions. This way solution
volume completely fulfilled the cell and its surroundings. This
procedure allowed us to easily change concentration values by
just adding deionized water into the solution volume. We have
checked, using standard salt solutions, that the cell correctly
presents a linear conductivity profile upon the changing salt
concentration. This open cell was built in parallel plate geome-
try using stainless steel electrodes, without a guard ring.
Electrode area, having 35 mm?, was separated by 1 mm. The
open cell configuration has the advantage of best control of
concentration values by use of sequential dilutions. In order to
take into account the lack of a guard ring, a precise calibration
using standard NaCl solutions and an open cell, also without a
guard ring, and of very large geometric factor (941 mm), defined
as the area/separation ratio, was made. It resulted in measured
mobility values close to published ones within 2.5%. In se-
quence, we made simultaneous measurements using both cells
in the same calibrated solution. Comparison of the measured
conductivities led to an effective area value of 44 mm? for the
cellused in the experiments. This value was keep as the effective
cell area in the analysis of the data. Before each experiment, the
conductivity of the deionized water used to prepare the full-
erenol solutions was measured using the method described
above. We assured its conductivity would fall below 150 xS/m.
According to the manufacturer's Web site, molecular formulas
for the two commercial types used are [Ceo(OH)2—26] and
[Ce0(OH)18—22(0K)4]. Concentration of the fullerenol solutions
spanned an interval of 0.1 to 1.5 kg/m? of powder in water for
fullerenol type F1 and 0.1 to 4.5 kg/m?> for fullerenol type F2.
Higher concentration values were used for the case of type F2
fullerenol because of its much higher solubility.
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