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Study of Metallofullerenes Encapsulating Actinides
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The oxidation state of actinide elements encapsulated in fullerenes is studied. HPLC elution behavior of actinide
fullerenes is classified into two groups; the elution behavior of the first group, encapsulating U, Np, and Am, is
similar to that of the light lanthanide fullerenes, such as La, Ce, Pr, and Nd, while the behavior of the second group,
encapsulating Th and Pa, is quite different from that of any lanthanide fullerenes. The chemical speciesin the main
HPL C elution peak of each group were identified as M @Cg, and M@Csgs (M =metal atom) from the mass of the U
and Th fullerenes, respectively. The oxidation states of the U and Th atoms in the fullerenes were deduced to be 3+
and 4+, respectively, from the UV /vis/NIR absorption and X ANES spectroscopy.

1. Introduction

Since the discovery of fullerenes by Kroto and Smalley,’ the
molecules with the special cage structure have been attracting
interests of many scientists as a new functional material. The
size of the inner space of this cage is about 7 A in diameter for
the smallest fullerene, Cso, and is sufficiently spacious to take
several atoms or a small cluster inside. In addition, it has been
pointed out?™® that the atmosphere of this inner space is very
reductive owing to the existence of many unsaturated &t orbitals
from the carbon atoms that form the cage structure. For exam-
ple, the lanthanide elements of Sm, Eu, Tm, and Y b, which take
commonly 3+ oxidation state in solid compounds and in aque-
ous solutions, take 2+ oxidation statein thefullerene cage. This
fact indicates that the inner space of the fullereneis so reductive
that the encapsulated atom is stabilized with its lower oxidation
state for along period.

Among the f-block elements, the actinide elements are
known to take various oxidation states depending on the sur-
rounding environments. It is, therefore, interesting from the
view point of the actinide science to investigate the oxidation
state of the actinide elementsin the reductive environment such
as the inside of fullerene cages. In this paper, we discuss the
oxidation state of actinide elementsin fullerene cages.

2. Experimental Procedures

2.1. Preparation and HPLC Separation of Actinide Met-
allofullerenes.  The soot mixture including actinide metallo-
fullerenes was produced by the arc-discharge method using
a carbon rod which was impregnated with radioactive trac-
ers, 2Th, 2*pPa, U, #Np, and *°Am, and La(NOs); as
a carrier.  The atom ratio for C/La was set to be 100/1.
The condition of the arc-discharge was the same as that de-
scribed in Reference 17. The crude fullerene including the
metallofullerenes was extracted by CS, from the primary
soot and then re-dissolved in toluene for the injection into
HPLC columns of Buckyprep (10 mm¢ x 250 mm) and 5PBB
(10 mmo x 250 mm). The Buckyprep and 5PBB columns were
operated with the flow rate of 3.2 and 6.0 mL/min, respectively.
The effluent from the column was collected for every 1 min and
monitored by an on-line UV absorption detector. The HPLC
elution behavior of the actinide metall ofullerenes was monitored
by the off-line detection of yand X rays from the actinide radio-
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tracers. For an examination of physico-chemica properties of
the actinide fullerenes, macroscopic quantities of Th and U met-
allofullerenes were a so prepared by the carbon rods containing
afew grams of Th and U instead of the La carrier. The purifi-
cation of these metallofullerenes was performed by collecting
the HPL C fractions that contained the main species of Thand U
metallofullerenes according to the result of the radiotracer ex-
periment on the Buckyprep and 5PBB columns.

2.2. UVIVigINIR Absorption and XANES Spectroscopy of
Th and U Metallofullerenes. The UV/Vig/NIR absorption
spectroscopy and the XANES (X-ray Absorption Near Edge
Structure) spectroscopy were performed for the purified main
speciesof the Th and U metall ofullerenesto investigate the el ec-
tronic state of these species. These metallofullerenes dissolved
in toluene were put in the quartz cell (10 mm light path and
2 mm width) for the observation of the UV/vis/NIR absorption
spectra in the wavelength region of 400 nm to 1600 nm. To
take the Th L;;;-edge and U L;;-edge XANES spectra, the sam-
ples were prepared by dropping the CS; solutions on the crys-
tal plates with a shallow dip in the center and then dried. The
absorption spectra were taken at the photon factory of KEK in
Tsukuba using a Si(111) single crystal monochromator. All the
XANES spectrawere acquired in the fluorescence mode using a
Ge detector.

3. Results and Discussion

3.1. HPLC Elution Behavior of Actinide Metallo-
fullerenes. Figures 1(a) and (b) show the HPLC elution
curves of the actinide metallofullerenes observed with the
Buckyprep and 5PBB columns, respectively. It was found
that the HPLC elution behavior was classified into two groups
from the position of the elution peaks. The position of the
elution peaks of the first group, encapsulating U, Np, and Am,
isidentical to that of the light lanthanide fullerenes, such asLa,
Ce, Pr, and Nd.>*¥2 |n the second group, encapsulating Th
and Pa, the elution curves are completely different from those
of any lanthanides.

For the Buckyprep column, the elution behavior of fullerenes
is ruled by both the number of ©t electrons on the cage and the
symmetry of the fullerene cage, whereas in the 5PBB column
thefullerenes are mainly separated by the number of & electrons
of the cage and the symmetry of the cage does not affect the sep-
aration so much. The similarity of the retention time of the main
species of U, Np, and Am metallofullerenes with that of some
lanthanides indicates that these main species have the same car-
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bon number, symmetric structure, and charge on the cage. For
the lanthanide species, these main species have been assigned
as M@Cg,; which encapsulates a trivalent lanthanide cation.
The main species of U metallofullerene was actually identified
as U@Cs, by TOF/MS (Time of Flight/ Mass Spectroscopy).?
Accordingly, this result suggests that the oxidation state of the
actinides encapsulated as M@Csg, is identical to that of the lan-
thanides in M@Csg,. On the other hand, the retention time of
metallofullerenes of Th and Pa was found to be about 5 min
longer inthe 5PBB column, and 30 min longer in the Buckyprep
column compared to those for the above-stated group. The main
component of the elution peak for the Paspeciesis considered to
be M@Cs, type metallofullerene like Th@Cgs Which was iden-
tified by the TOF/M S measurement.?? Stevenson et al. reported
the correlation between the retention time and the number of
electrons on the fullerene cage for 5PBB column separation.
The retention time of M@Csgs has been known only for Sm, Eu,
Tm, and Y b species whose charge on the cage has been revealed
to be 2—. These M@Cs, can accept extra two electrons on the
Css cage and the retention time of these species is nearly equal
to that of the hollow Cgs. Whilethe retention time of the M @Ca,
for Th and Pais dightly longer than that of the former M@Csg4
species. According to the Stevenson’s concept, the number of &
electrons on the cage of M@Csg, for Th and Pais deduced to be
greater than that of the former M@Ce,.

3.2. Spectroscopic Properties of Th@Cg and U@Ces,.
Figures 2(a) and 2(b) show the UV/Vig/NIR absorption spectra
of theisolated U@Cs, and Th@Csg4 intoluene, respectively. The
U@Cs, spectrum in Figure 2(a) has three characteristic absorp-
tion peaks at the wavelengths of 619 nm, 977 nm, and 1352 nm
which coincide well with those of M@Cs of the trivalent lan-
thanides as shown in Figure 2(c).?* Thissimilarity strongly sug-
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Figurel. HPLC elution curves of actinide metallofullerenes on (a) the
Buckyprep column and (b) the 5PBB column. For both columns, the
elution curves of U, Np, and Am metallofullerenes are similar to those
of the light lanthanide fullerenes such as Ce. On the other hand, the
elution curves of Th and Pa metallofullerenes are quite different from
those of the any lanthanide metallofullerenes.??
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gests that the charge of the Cg, cage of the U@Cs, is3—. In
addition, it is interesting that the replacement of encapsulated
metal from lanthanide to uranium does not affect the absorption
peaks of M@Cs..

Up to now, the UV/Vis/NIR spectrum of the isolated M @Csgs
is measured only for Sm which are shown in Figure 2(d).
Okazaki et a. reported that Sm@Cs, has three topologicaly dif-
ferent isomers and they determined the oxidation state of Smin
Cgs to be divalent from the electron energy loss spectroscopy
(EELS).?® The Cs, fullerene cage is expected to have 24 struc-
tural isomers which satisfy IPR.?® Considering the number of
the isomers of the air stable Sm@Css, it can be assumed that
the three of those Css would be stabilized as the C%, . If the
UV /Vis/NIR absorption spectrum of M@Css Were not so much
affected by the encapsulated metal atom like the M@Cs, case,
the observed difference in the absorption spectra between Sm
and Th supports that the charge of the Cgy cage of Th@Cg is
not divalent.

To confirm the oxidation state of the U and Th atoms in the
metallofullerene, U L;-edge and Th L;-edge XANES spectra
were examined as shown in Figures 3(a) and 3(b) together with
the reference materials of UCl3, UO,, and Th(NOs)4-2H,0. The
U Ly-edge spectrum of U@Cs; is clearly shifted to lower en-
ergy side in comparison with that of UO,. To make clear the
difference between these spectra, the edge energy was evaluated
by fitting the spectra with a Gaussian plus arctangent function
(the inflection point of the arctangent function is defined as Ey).
The Ey of U@Cg, was found to be shifted to lower energy side
by 5 €V in comparison with that of UO, and is nearly equal
to that of UCls. From the results of the HPLC investigation,
UVNVigNIR, and X ANES spectroscopy, it is concluded that the
oxidation state of the U atom encapsulated in the Cg, cageis 3+,
and the charge coupling in U@Cs; is suggested to be U** @C3; .

The E, of the Th L;;;-edge spectrum for Th@Csgs also shows
a small shift to the lower energy side by about 3 eV compared
with that of the reference material of Th(NO3)4-2H,0. To con-
sider the magnitude of the shift for U L;-edge, it can be said
that the oxidation state of Th is not divalent. Unfortunately, no
reference materials for Th(I11) being available, we cannot con-
clude whether the oxidation state of Th in the Cgs is 3+ or 4+.
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Figure 2. UV/NVigNIR absorption spectra of isolated (8) U@Cs;
(Ref. 22) and (b) Th@Cs, in toluene, and those of (c) Nd@Cg, and
(d) Sm@Cs; in toluene.®
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Figure 3. Ly-edge XANES spectra of (a) U@Cs;,, (b) Th@Cs,, and
reference materials of UCl3, UO,, and Th(NOs),2H,0. The arrows in-
dicate the absorption edges E,.%"
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It can be only mentioned that the Th atom encapsulated in the
Cas fullerene is subjected to more reductive chemical environ-
ment than that of the nitrate. For Th@Caa, *C-NMR study was
also carried out in order to determine the molecular structure
of Th@Cgs which will be reported elsewhere. Here we only
mention that the *C-NMR spectra could be observed. This
fact strongly suggests that no unpaired electron exists on the
fullerene cage and, that is, only even number of electrons are
transferred from the encapsulated atom to the cage. Thus, we
conclude that the oxidation state of Th being 4+ with the charge
of the cage of Cy; .

4, Conclusion

The HPLC elution behavior of the actinide metallofullerenes
was classified into two groups from the elution curves. The elu-
tion curves of the first group, encapsulating U, Np, and Am,
were similar to those of the light lanthanide fullerenes such as
La, Ce, Pr, and Nd metallofullerenes whose main component
was M@Cg,. The UV/Vig/NIR absorption and XANES spec-
troscopy for U@Cs, revealed that the charge coupling of the
metallofullerenes of the first group was M* @C3,. The elu-
tion curves of the second group consisting of Th and Pa were
different from those of any lanthanides. The chemical species
of the main HPLC elution peak of this group was found to be
M@Cs, from the TOF/M'S measurements. From the results of
the UV/Vis/NIR absorption spectra and **C-NMR spectroscopy
for Th@Csy, it was suggested that the charge of Cgs in Th@Cagy
was 4+ athough the X ANES spectroscopy indicated that the Th
atom in Cgs Ccage was somewhat more negative than 4+.
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