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Electronic Structure of Metallofullerene LaCg;: Electron Transfer from Lanthanum to Cs,
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Ultraviolet photoelectron spectra (UPS) of LaCs, questioning whether the La atom is inside the C
cage or not are measured for the first time. The UPS of LaCs; is analogous to those of Cs,, but there is
a critical difference in the region just below the Fermi level. It is an appearance of two new peak com-
ponents at 0.9 and 1.6 eV with the intensity ratio of 1:2 in the UPS of LaCsgy. Their origin is the transfer

of three electrons from La to Cs; to form the electronic structure of La*3Cgy 3.

3. Present results com-

bined with theoretical calculations on the position of the La atom in the molecule assert an encapsulation

of the LA atom inside the C cage.

PACS numbers: 79.60.—i, 61.46.+w, 72.15.—v

Chai et al. [1] indicated that there is an air stable and
solvent extractable metallofullerene, LaCg,, in the laser
vaporized soot of a composite rod of LayO3 and graphite.
They suggested that the metal atom of the metalloful-
lerene was entrapped inside the C cage (endohedral form,
to be described as La@Cg,). Since then, many attempts
have been made to obtain metallofullerenes [2-8]. An
ESR measurement [2] indicates the +3 oxidation state
for the La atom of LaCg,. An x-ray photoelectron spec-
troscopy (XPS) [9] result on the mixture of metalloful-
lerene LaC,, also indicates that the La atom is in a formal
charge state close to +3 and is effectively protected from
water and oxygen. These experiments strongly suggest
that the La atom is inside the cage. However, there still
remains an ambiguity whether the metal atom is actually
inside the C cage. The basis of an encapsulation of the
metal atom inside the cage is the +3 oxidation state
which is obtained by the measurements of the mixture of
empty fullerenes, metallofullerenes, and a carbon soot.
There is a possibility that the + 3 oxidation state of the
metal atom is the result of the formation of La carbides.
Further, an extended x-ray absorption fine structure
study [10] on the mixture of fullerenes and YC, (con-
taining a small amount of YCg,) is inconsistent with the
endohedral form of the metallofullerene; it claims that
the Y atom is outside the cage. A settlement of the con-
troversy on the position of the metal atom requires a pre-
cise electronic structure of pure LaCg; itself.

Recently a sufficient amount of LaCsg, was separated
and purified [11] and its optical absorption property
ranging from ir to the visible/uv region strongly suggests
that the metal atom is inside the cage. Here we report
the first measurement of ultraviolet photoelectron spectra
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(UPS) of LaCg,. Comparison between the UPS of LaCyg,
and pristine Cg, [12] together with ab initio calculations
of La@Cg; and empty Cg; [13] reveal whether the molec-
ular geometry of LaCg; is the same as that of Cg, and
how the La atom affects the electronic structure of Cg,.

LaCg, was separated and purified from the extract of
the solution of the carbon soot produced by an arc heat-
ing of the La;O3; and graphite composite rods by means
of a preparative high performance liquid chromatography
(HPLC) [11]. Details of the preparation are described
elsewhere [1-9]. A film for the photoelectron measure-
ment was prepared by a deposition of LaCg, onto a gold-
coated molybdenum disk in a vacuum of less than
3x107° Torr from a resistive heating quartz crucible.
Before deposition, heavy degassing was observed during
the preheating period of the crucible, which was due to
the evaporation of the solvent used in the HPLC separa-
tion. Though the temperature of the crucible was not
monitored, the sublimation temperature of LaCsg, was
much higher than that of Cs;, since we had to apply about
twice as much wattage as was used for the Cg, deposition
to sublime the LaCg, powder. The thickness of the film
was about 7 nm, which was thick enough to prevent the
photoemission from the gold-coated substrate. Photoelec-
tron spectra were measured at BL8B2 of UVSOR, Insti-
tute for Molecular Science. Resolution of the spectrome-
ter was 150 meV, and the energy calibration of the spec-
trometer was carried out using the Fermi level of gold de-
posited onto the sample disk before and after the mea-
surement.

Figure 1 shows the incidence photon energy depen-
dence of photoelectron spectra of LaCg,. A spectral onset
is located at 0.2 eV below the Fermi level, while that of
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FIG. 1. The incident photon energy dependence of the ultra-
violet photoelectron spectra of LaCgz. Eight distinct structures
A-H are indicated by arrows.

empty fullerenes is much deeper than 1 eV [12,14-17].
The difference observed in the onset energies relates to
the ionization energies of both empty and metal contain-
ing fullerenes. A theoretical calculation using an ab ini-
tio method [13] on both empty and La atom entrapped
fullerenes assuming C, symmetry gives 1.7 eV ionization
energy difference (7.1 eV for empty Cs; and 5.4 eV for
La@Csg,), which principally agrees with the large dif-
ference in the onset energies. The small onset energy cor-
responds with the optical absorption observed in the 1500
nm wavelength region [11].

There are eight distinct structures down to 14 eV la-
beled A-H. They are all observed in every spectrum, al-
though their relative intensity differs from one to the oth-
er. This phenomenon is clearly observed in bands B and
C. While the intensity of these two bands is about the
same at 20 and 40 eV excitation, the intensity of band C
is about 1.5x stronger than that of band B in other spec-
tra. Band E also clearly exhibits the intensity depen-
dence on the incident photon energy. This kind of inten-
sity oscillation seems to be typical in the fullerene com-
pounds [12,14-17].

The spectra below 4 eV are analogous to that of other
fullerenes [12,14-17]. The spectra of this region are
mainly due to the o electrons that are responsible for
composing the skeletal structure of the fullerenes. This
means that the electronic structure of the o electrons of
LaCg; resembles that of other fullerenes.

There is a suggestion that the chemical shift of La Ss
and La S5p levels is indicative to determine whether the
La atom is inside the cage [18]. The bands due to La 5s
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FIG. 2. The ultraviolet photoelectron spectra of LaCs, and
Csz. The inset is the difference spectrum between them. The
difference spectrum is obtained by subtraction of normalized
spectra at the 3.3 eV peak and exhibits two peak components a
and B of 1:2 intensity ratio.

and La 5p levels are sought with the 50 eV incident pho-
ton energy, but they are not detected. The ratio of the
number of La atoms to the C atoms is so small that the
signal derived from the La atoms must be covered.

Figure 2 shows a comparison of the spectra of LaCs;
and Cg; [12]. The incident photon energy is 20 eV. The
peaks or structures observed in the spectrum of Cg; are
observed at almost the same position in the spectrum of
LaCg,, which means that the electronic structures of Csg;
and LaCg, are essentially identical. This also suggests
that the molecular geometries of Cg, (a main product of
Cs, isomers) and LaCg, are in the same C, symmetry
[19]. A distinct difference is observed only at the onset
region of these spectra. The spectral edge of the LaCg;
spectrum extends toward the E, and is located at 0.2 eV,
while that of Cg, remains at 1.15 eV. To have a more ac-
curate view a difference spectrum is shown in the inset of
Fig. 2. The difference spectrum is obtained by normaliz-
ing both spectra at 3.3 eV (the peak top of the second
peak) and subtracting the normalized UPS of Csg; from
that of LaCgs.

The difference spectrum of LaCg,-Cg; shows a struc-
ture that can be divided into two components as indicated
by dotted lines. These two components a and f are locat-
ed at 0.9 and 1.6 eV and their intensity ratio is 1:2. The
formation of the @ and B components is the result of the
electron transfer from the La atom to the Cg; molecules.
As the intensity ratio is 1:2, the number of the electrons
transferred to the B component must be twice those
transferred to the a component. Therefore, three (or
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multiples of three, but this case cannot take place because
of the ionization energy difference) electrons must be
transferred from the La atoms to the lowest unoccupied
molecular orbital (LUMO) and second LUMO of Cg,.
The LUMO is filled by two electrons to form the 8 com-
ponent, but the second LUMO is filled by only one elec-
tron to form the a component. That is, the oxidation
state of the La atom is +3 and that of Cg is —3. Our
result is in good agreement with the theoretical calcula-
tions of the La@Cg, molecule [13,18], the ESR measure-
ment [2], and the XPS measurement [9] of LaCg, and
supports that the La atom is inside the C cage.
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