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Observation of Radioactive Fullerene Families
Labeled with !1C
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Since fullerenes, a series of highly cohesive all-carbon
molecules whose structures are closed bonding nets, were first
reported in 1985,! many new findings concerning physical and
chemical characteristics have been reported. In recent years, it
has become possible to produce large amounts of fullerenes by
means of electric arcs,? flames,’ and resistive heating.* Various
approaches have been developed for studying fullerene science,
such as metallofullerenes,>¢ fullerne molecules,”® and various
interesting properties, such as superconductivity,” in their fields.
Recently there has been much interest in finding practical
applications of fullerenes.

Radioactive labeling of fullerenes and their derivatives is of
considerable interest in following the location and metabolism
of these substances in living organisms. Previously® two
radioactively labeled endohedral metallofullerenes, °Gd@Cs;
and '9!'Tb@Cs,;, were produced by neutron irradiation of
Gd@Cg,. However, a convenient means for labeling empty cage
fullerenes is very desirable as empty cage species are much
easier to synthesize and to handle.

Here, we demonstrate the observation of radioactive fullerenes
labeled with 'C which were produced by photonuclear reaction,
namely, '2C(y,n)!'C (*'C nuclide decays to !'B with a half-life
of 20.4 min and emits a 511 keV annihilation y-ray for 8"
decay'?). These observations are of great interest because they
indicate that the carbon network of a fullerene can survive the
recoil energy when !!C is produced by nuclear reaction. This
gives us a simple means for producing radioactive fullerenes
molecules, opening up not only new questions in basic science
but also new applications, such as radioactive tracers for nuclear
medicine!! and other fields.

The experimental approach is as follows. About 10 mg of
Ceo and Cr fullerene powder was wrapped with Al foil and set
in a quartz tube. To check the effects of the atmosphere inside
the quartz tube during irradiation, experiments were done in
vacuum, oxygen, helium, and air. The sample was irradiated
with bremsstrahlung of Enac = 30 MeV which originated from
the bombardment of a Pt plate 2 mm in thickness with an
electron beam which was provided by a 300 MeV electron linac,
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Laboratory of Nuclear Science, Tohoku University. Irradiation
time was set to 20 min, corresponding to a half-life of ''C. The
average beam current was typically 120 4A. The samples were
cooled with a water bath during the irradiation. After the
irradiation, the fullerenes were dissolved in carbon disulfide
(CS3). The CS; solution was then filtered to remove insoluble
materials through a membrane filter (pore size = 0.45 ym). The
radioactivity from the dissolved fraction and the membrane filter
was measured with a Ge detector to obtain the specific activity
of ''C. After evaporation of the CS,, the soluble fraction was
dissolved in a toluene—hexane solvent (7:3). The solution was
injected into an HPLC equipped with a Buckyclutcher column'?
for reversed-phase chromatography. The eluted solution with
flow rate 1 mL/min was passed through a UV detector (the
wavelength was set to 280 nm) for the confirmation of fullerene
derivatives. Downstream of the UV detector, two y-ray
detectors consisting of a bismuth germanate photomultiplier
(BGO PM) were installed in order to count the 511 keV
annihilation y-ray of 8% decay from ''C. Data of the radio-
chromatogram were accumulated with a multichannel scaler
system (MCS), using a personal computer. The eluent fraction
was collected in 1 min intervals, and the y-ray activities of each
fraction were measured with a Ge detector.

Panels a and b of Figure 1 show the radiochromatogram for
Cgo and C7p samples, respectively, measured with the coinci-
dence counting system. The horizontal axis indicates the
retention time after injection into the HPLC and the vertical
one the counting rate of the !'C radioactivity corrected for the
decay of ''C. It was clearly seen that at least two large distinct
elution peaks appeared in each chromatogram, Figure lab,
respectively. Furthermore, a broad peak was observed after
about 2025 min for the chromatograph of the Csy sample. The
first peak at 7 min for Figure la and at 10 min for Figure 1b
corresponded to the peaks of the Cgp and Cyp fullerenes in the
UV-chromatogram, respectively. No significant difference
caused by the irradiation atmospheres (vacuum, oxygen, helium,
and air) was seen in these results. These results indicate that
fullerenes labeled with ''C, namely, 'CCss and ''CCgo, were
produced. The second giant peak in Figure 1a,b was observed
after about 11 min and 22—23 min retention time for the Cgg
and Cro samples, respectively, though they could not be observed
clearly in the UV-chromatogram at the same retention.

In order to assign these second peaks, two mixed samples
for 7/3 and 3/7 weight ratios of Ceo/C7g were prepared and
irradiated. The results of the radiochromatogram for the mixed
samples, which were irradiated, are shown in Figure 2ab.
Interestingly, it is clearly seen that a new peak is revealed after
a retention time of about 15 min. The ratios of these five peak
areas change systematically, as the mixed ratio for the amount
of Cep and Cyp fullerenes is changed. This fact may suggest
that these radioactive products originated from the interaction
between two Ceo’s, Ceo and Crg, and two Cy¢’s in coalescence
reactions; the peaks at about 11, 22—23, and 15 min retention
time can be assigned to fullerene dimers, such as (*!CCsy—Ceo),
(] ]CC69"‘C70), and (] ]CC59"‘C70) or (] ]CC69"‘C60), I'CSpCCtiVCly.
The third broad peak in Figure la for the Cso sample was
assumed to be trimer fullerenes, namely, (}'CCso~Ceo—Céo).

Another approach was used for investigating the second peak
in panels a and b of Figure 1. Sulfur (S), which can easily
dissolve in CS; solvent, was added to the initial C¢o sample
and mixed homogeneously with a Cgo fullerene. Cgo to S weight
ratios of 4/1, 2/1, and 1/2, were used, respectively. The resulting
radiochromatograms are shown in Figure 3b—d and compared
with that of the irradiated pure sample in Figure 3a. It is clearly
seen that the size of the second peak systematically decreases
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Figure 1. Radiochromatogram of radioactive (a) Cg and (b) Cso
fullerenes labeled with ''C. The horizontal axis indicates retention time,

and the vertical axis is the counting rate of the 511 keV annihilation
y-ray, measured with two BGO detectors in coincidence.
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Figure 2. Radiochromatogram of Cep and Cyo fullerenes containing
(a) 7/3 and (b) 3/7 Ce/C70. The horizontal and vertical axes are same
as in Figure 1.
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as the amount of S is increased. These results indicate that the
coalescence reaction between Cgo cages is reduced by dilution
with sulfur.

Yeretzian et al.” have reported evidence of coalescence
reactions by means of mass spectrometric measurements of hot
and dense vapors of Csp and Cyp fullerenes, and McElvany et
al.® have demonstrated the production of odd-mass dimer
fullerenes from coalescence reactions using pure Ceo and Cro,
and a mixture of Cg and C7p fullerenes in an ozone-gas phase.
These early reports support the view that the giant second peaks
in Figure 1a,b can be regarded as dimer fullerenes produced by
the coalescence reaction which is caused by the '*C(y,n)!!C
reaction. For confirmation of the coalescence reaction, mass
spectrometry should be performed, but presently it may be
impossible to apply it, because the amount of radioactive
fullerenes produced is estimated to be only about 10'° molecules.

By a quantitative measurement of the y-rays using a Ge
detector, the specific activity of H'C for Cep and Cyp fullerenes
was estimated to be about 0.3 MBg/mg. The activity of the
dissolved fraction for the Ceo fullerene was about 60—70% of
the total activity when the Cgo sample was irradiated, but that
for the Cyg fullerene was about 20%. Thus, the radioactive Cg
fullerene labeled with '!C yields has led to high yields, while
the radioactive C fullerene yields are poorer than those of Cep.
This may indicate that the structural durabilities of Cep and Cro
are quite different.
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Figure 3. Radiochromatogram of Cg fullerenes containing (a) pure
Ceo, (b) 4/1 Ceo/S, (¢) 2/1 Ceo/S, and (d) 1/2 Cgo/S. The horizontal and
vertical axes are same as in Figure 1. The small peaks in panels b—d
are assumed to be unknown byproducts.

The present study is of interest because several radioactive
fullerenes, such as monomer, dimer, and trimer fullerenes, can
be produced easily and the production rate of radioactive
fullerenes is not much affected by the kinetic energy of the
recoiled ''C in the '?C(y,n)"'C reaction (the form of the emitted
neutron spectrum is expected to be approximately Maxwellian,
and the average neutron kinetic energy seems to be about 2—3
MeV,!3 while the initial kinetic energy of the recoiled !'C is
estimated at about a few hundred kiloelectronvolts). The
energetic ''C should destroy the fullerene cages because their
kinetic energies are estimated to be of a quite different order of
magnitude than the energies (electronvolts) of molecular bond-
ing. Surprisingly, our observations suggest that such energetic
HC nuclei are successfully recombined into fullerene cages to
include the '"C. Further, the disrupted cages react with
neighboring cages with a high degree of probability.

In conclusion, experimental evidence seems to show that
radioactive Cgo and Cr fullerenes and products, such as fullerene
dimers labeled with !!C, have been isolated and detected in a
liquid phase by radiochromatography. These species were
produced by a photonuclear reaction. The ''C nuclide exists
in fullerenes to the extent of about 60—70% of the total amount
of ''C produced when the Ceo sample was irradiated, but at
about 20% of the total !'C when Cy was irradiated. This
successful production of fullerenes labeled with ''C demon-
strates the structural stability and/or flexibility of fullerene cages.
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