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Neste trabalho apresentamos uma variacdo da sintese de derivados hidro-soldveis de
fullerenos, também conhecidos como fullerols, visando aplica¢des biomédicas. Esta sintese foi
baseada em um processo que utiliza poli-etileno glicol (PEG400) como catalisador de
transferéncia de fase entre uma solug@o de fullerenos em benzeno e outra solugdo aquosa de
NaOH. A polihidroxila¢do dos fullerenos ocorreu na solu¢do de NaOH sob um fluxo continuo
de O, visando aumentar o ganho da reagdo. Os produtos foram caracterizados com espectroscopia
na regido do infravermelho, ressonincia magnética nuclear do "*C, anélise termogravimétrica e
absorgdo optica. A formag@o de fullerols C (OH) ., com alta eficiéncia, foi demonstrada.

In this work we report on an alternative synthesis of water-soluble fullerenes known as
fullerols, aiming for biomedical applications. The synthesis is based on a process in which
polyethylene glycol (PEG400) is used as phase-transfer catalyst between fullerene/benzene
and aqueous NaOH solutions. The polyhydroxylation of the fullerenes occurs in the NaOH
solution under a continuous flow of O, to enhance the reaction yield. The resulting compound
was characterized with infrared spectroscopy, nuclear magnetic resonance, thermo-gravimetric

analysis and optical absorption. The formation of C

(OH), ,, in high yields was confirmed.
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Introduction

Fullerenes are a large family of super-aromatic three-
dimensional molecules. They contain dozens of sp>-
hybridized carbon atoms arranged in hexagons and
pentagons. The latter are responsible for distributing the
strain caused by the unique molecular shape of the carbon
cage. The most prominent fullerene is the Buckyball C,
a truncated icosahedron of /, symmetry discovered twenty
years ago.' Due to their electronic structure the fullerene
can be decorated exohedrally with a large number of
different functional groups. On the other hand, because
of its spherical shape with nanometric diameter, several
atoms and smaller molecules can be virtually trapped in
its cage. The combination of these two unusual properties
makes the fullerenes a very attractive family of molecules
for a vast range of biomedical applications: drug carriers;
the inhibition of enzymes of the HIV virus; contrasts for
MRI and X-ray computer tomography; radio-immuno-
therapy; as well as drugs against neurodegenerative
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disorders such as Parkinson’s, Alzheimer’s and Lou
Gehrig’s, in which the fullerenes can act as free-radical
scavengers (For a complete review on the field see Bosi
et al.).?

One of the key drawbacks for the applications of
fullerenes in biomedicine is their low solubility in water. In
order to make them water-soluble, one needs to functionalize
them with polar groups like -OH and -COOH. From all water-
soluble fullerenes, the ones with several -OH groups attached,
usually known as fullerols or fullerenols, are by far the most
intensively investigated. They are excellent free-radical
scavengers, and have their anti-oxidant properties already
tested in cortical neurons.*®

There are several ways to synthesize the fullerols.
However, most of these methods are based on the complex
hydrolysis of fullerene derivatives.”'* The most simple
method by far, is based on the phase-transfer of C in
benzene or toluene to an aqueous solution of NaOH, where
the polyhydroxylation takes place. This phase-transfer is
usually accomplished with tetrabutyl-amonium hydroxide
(TBAH) as the phase-transfer catalyst.'*'® Recently, this
method has been revised in the literature.'” By means of
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electron paramagnetic resonance (EPR) and magnetic
susceptibility measurements, the fullerol so produced was
shown to be a complex paramagnetic salt of chemical
formula Na*, ,[C, O, (OH) , .]®%", rather than simply
polyhydroxylated fullerenes. Almost at the same time, a
new synthesis was reported in which the TBAH catalyst
was substituted by polyethilene-glycol (PEG).'® In this
work the authors claimed that a simple fullerol with an
average number of OH groups of 27 was produced with a
yield of 80.4%. The characterization of water-soluble
products was based on mass spectroscopy analysis,
Fourier-transform infrared spectroscopy (FTIR) and
nuclear magnetic resonance (NMR). With a 300 MHz
NMR and using (CD3)ZSO as a solvent, a signal with a
chemical shift of 3.35 ppm was observed. This shift was
attributed to the hydroxyl protons of the fullerol. However,
this conclusion must be questioned since water impurities
in the (CD,),SO may result in a signal line with a similar
chemical shift."

In this paper, we present a modification of the method
by Zhang et al.'® for a large scale production of fullerols,
from sublimated C» in Oz—rich environment. We obtained
fullerols with an average number of OH of ~18 to 20 and
with a yield of 87%. The products were characterized with
FTIR, C NMR, optical absorption and thermo-
gravimetric analysis (TGA).

Experimental
Materials and methods

The synthesis of fullerenes was performed in an arc
discharge chamber adapted from a Czochralski crystal
growing furnace from Arthur D. Little, Inc. Modifications
followed standard carbon nanotube and fullerene growth
conditions widely described in the literature.” High purity
graphite electrodes were purchased from Carbone Lorraine
Co., with 10 mm in diameter and 100 mm in length.
Sublimation of extracted soot took place in a homemade
tubular quartz furnace under high-vacuum (~ 10 Pa). For
polyhydroxylation of purified fullerenes, we utilized
99.8% pure methanol from Vetec Quimica Fina Ltda,
97.0% pure sodium hydroxide and 99.0% pure benzene
from Labsynth Ltda. Polyethilene glycol (PEG-400) was
purchased from Aldrich Chemical Company Inc. The
filtrations were done with P42 paper filters from JProlab
Ltda. Infrared spectra for sublimated fullerenes were
acquired in a standard Fourier Transform Infrared
Spectrometer (FTIR). The TGA measurements were done
with a TA-Instruments 2100 Thermal Analysis equipment
with a 50 mL min nitrogen flow. The optical absorption
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spectra were recorded with a Jenway spectrometer. The
BCNMR spectrum of the fullerol was measured in a 400
MHz NMR spectrometer operated at frequency of
100MHz with D,O as solvent.

Synthesis of fullerenes

Fullerenes were produced by arc discharge, as usually
described in the literature.?® Synthesis conditions were He
pressure between 13 — 20 Pa, with a 15 — 20V, 100 A
current. These conditions are often cited in the literature
as ideal for high fullerene yield, and generate around 1 g
of carbon soot. Purification of the collected soot was
carried out via sublimation of the fullerenes, where an
initial mass of 2.5 g of soot is gradually heated to 650 °C
at 10 Pa. This temperature is kept for 48 hours, causing
the sublimated fullerenes to deposit on the quartz walls
of the tube. A second quartz tube is inserted in the system
to provide a deposition area that is easier to remove for
fullerene extraction. The above described sublimation
process generates about 120 mg (~ 5% yield) of a high
purity C,/C, mixture, as confirmed by IR spectroscopy
(see Figure 1). Purification was carried out via Soxhlet
extraction, but the obtained materials showed
contamination from the solvents used in the process. Thus
for the fullerol synthesis we used sublimated fullerenes.
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Figure 1. FTIR spectra of four different sublimated fullerene samples,
containing C, and C, . The peak labeling for C  and C, were done after
reference 20. The four C lines are due to the F, modes. The arrow indi-
cates an intermolecular vibration. The lines in-between are due to second
order active modes.

Polyhydroxylation of fullerenes
After obtaining and characterizing the purified

fullerenes, the production of fullerols was performed
using a slight modification of the process detailed by
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Zhang et al."® The process consists of slowly adding 5
mL of a NaOH solution (25 mol L") to a C, /C, benzene
solution (125 mg in 175 mL) followed by the phase
transfer of the fullerenes to the aqueous solution by
adding drop-wise 5 mL of the diluted catalyst PEG 400
in water (1:1 vol). The mixture was magnetically stirred
for 6 h with a constant oxygen flux bubbled through the
solution. Although the precipitation of the solution
occurred in less than an hour, reaction times were
extended to ensure that a high percentage of fullerenes
reacted with the aqueous NaOH. A brown sludge
precipitated from the mixture forming two phases, a
water soluble brown sludge and a transparent benzene
solution. The resulting mixture was further stirred and
gently heated for 48 h in order to remove all benzene.
After that, 40 mL of de-ionized H,0O was added and the
magnetic stirring continued for 1 hour in the presence
of O,. The mixture was then dried in air to remove any
residual benzene and diluted in 80 mL of de-ionized H,O.
Due to excess of NaOH the pH was 14. After filtering, a
water-insoluble fullerene/fullerol mixture was retained
in the filters. Once filtered, the solution was reduced to
10 mL, and 690 mL of methanol was added. This mixture
was stirred for 5 minutes and another filtration procedure
took place. The material retained in the filters was diluted
in 100 mL of water. The process of methanol addition,
filtration and dilution in water was repeated several times
until pH 7 was reached. At this point the solution was
concentrated, filtered through an ordinary paper filter
and dried. This process resulted in 161 mg of water-
soluble fullerol, a yield of 87% with respect to the
amount of fullerenes initially used.

Results and Discussion

Figure 2 shows the IR spectrum of a fullerol synthesis.
The spectrum is dominated by a broad band at 3380 cm!
due to the stretching mode of the OH groups, as well as
other peaks at 1600 cm™ (C=C), 1390 cm™ (C-OH) and
1055 cm (C-0). All these bands have been reported
before for the compound as belonging to the fullerol
molecules.?!??

Figure 3 shows the *C NMR spectrum measured at
400 MHz operating at 100 MHz and room temperature
with D,O as a solvent. The signal to the left (at 0 = 166
ppm) has a typical chemical shift of carbons with sp?
hybridization in alkenes and probably belongs to the
carbons without OH of the distorted cage of the
fullerol."”” For comparison, in the undistorted C,, cage
with 7, symmetry, the "C NMR spectrum has a single
signal at 0 = 143 ppm, both for liquids and for solids

in Aqueous Alkaline Solution

J. Braz. Chem. Soc.

90+ vC-C
854
0
€ 80+
g
M
= 75-
8 ]
5 AS
8 70- oec 3c-C
= -1
2 1600cm”’ 490 cm
g 65 v-OH
O-H 1060 cm
3380cm™ C-OH
604 8-0H 7 C-OH 1055 cm™
1431 cm’ 1390 cm
T T T T T T T T
4000 3000 2000 1000 0

Wavenumber / (cm ™)

Figure 2. Fourier-Transformed Infrared (FTIR) absorption spectrum of a
fullerol sample. Peaks marked v and ¢ refer to stretching and bending
modes, respectively.
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Figure 3. C NMR spectrum of a fullerol solution in D,0, measured at
300 MHz operating at 100 MHz and room temperature (chemical shift 0
in ppm units).

(see, e.g. Johnson er al.*®), due to the 60 equivalent
carbons in the structure. The other three signals, at 0 =
72, 70 and 60 ppm, are in the range of C NMR
chemical shifts for C-O in either heteroaromatic
alcohols or ethers.' Although the three signals indicate
that there are definitively three different C-O bonds in
the material, their origin is yet unclear. They can be
caused by a mixture of fullerols with different numbers
of OH, isomerism and polyhydroxylation of C_ (also
present in lower concentrations in the starting
sublimated material, see e.g. in the insert of Figure 4),
among other possibilities. Further experiments are still
required to clarify this point. However the presence of
BC NMR signals due to carbons bond to oxygen is
totally consistent with the presence of the infrared lines
from C-OH and C-O vibrations.
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Figure 4. Optical absorption spectra of the starting material (sublimated
C(;U+C7U) in toluene and the fullerol sample in water, both with absolute
concentrations of 75 mg L. The insert shows the spectrum of the fullerene
mixture with a lower concentration (15 mg L") revealing in more detail
the C; UV band. Note that the bands due to C, are much weaker than
the main absorption band of the C_ that falls in the UV range.

In order to estimate the number of hydroxyl groups
attached to each fullerene cage, TGA analysis was performed,
following the method published in Goswami et al.”” and
assuming that a simple polyhydroxylation occurred leading
to a product like C,(OH), . The TGA runs and their first
derivative showed the separation of the OH groups from the
fullerene cages, starting above 150 °C, in accordance to
reference 26. Between 150 °C and 570 °C, no fullerene
sublimation occurs at atmosphere pressure and measured
weight loss by dehydroxylation was 24.3%. Above 570 °C
the weight loss was 54.5% due to degradation of C . With
these results the number of hydroxyl groups per fullerene
molecule (n) could be estimated according to:

_molwt (Cy)  m,((OH),) _ 720 24.3

X =19£1 (1
m.(Cy,)  molwt(OH) 545 17

The values in equation (1) are related to the ratio
between the molecular weight of C  (mol wt (C,)) and
its measured relative mass (m (C, )), times the ratio
between the measured relative mass of each hydroxyl
group (m (OH)) and its molecular weight (mol wt (OH)),
which gives the average number of hydroxyl groups per
fullerene. This average number of 19 hydroxyl groups per
fullerene matches several results in the literature that
describe functionalizations in the range of 6 to 28 OH
groups.” The deviation of AN = + 1 appears when the
presence of C, in relative concentration ratios of [C, ]/
[C,,] up to 10%, is taken into account. This upper limit
for [C, J/[C,,] ratio was estimated by the optical absorption
spectra in toluene solution.
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In the Figure 4 the optical absorption spectra of
solutions of pristine fullerenes (in toluene) and the fullerol
product (in water) are shown (75 mg L1). The fullerene
spectra consist of a strong ultraviolet (UV) band due to
C,, and much weaker lines due to C, in the visible range
(see e.g. reference 20). The insert shows these bands in
detail for a more diluted solution of C +C, in toluene
(15 mg L'"). The yellow color of the fullerol solution is
due to a broad band, probably centered in the UV, whose
tail extends into the visible range.

Conclusions

A wide variety of techniques was employed to
successfully characterize the fullerenes and fullerols
C,,(OH), . ,, synthesized in high yields (87%) by our group
in an alkaline aqueous solution under an O,-rich
atmosphere. The combination of spectroscopic and
gravimetric techniques has shown that these are
complementary in the study of functionalized fullerenes,
a necessary step in order to achieve an efficient and well
controlled method for the production of these structures.
For instance, controlling the number of hydroxyl groups
attached to each fullerene molecule will allow us to
synthesize structures with different water-solubility as well
as reactivity against free-radicals, properties which are
fundamental for biomedical applications. Purification of
fullerenes via sublimation was confirmed as a reliable and
practical procedure.
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