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Abstract: Ultraviolet photoelectron spectra (UPS) of metallofullerene T1,@Cso
were measured using a synchrotron orbital radiation light source. The band
intensity of the Ti,@Cgo spectra was found to be dependent of the incident
photon energy, which was similarly observed for other fullerenes. The spectral
onset energy was 0.8 eV below the Fermi level, and was comparable to that of
Ca@Cs,, but smaller than that of empty Cs. Using comparisons between UPS
and molecular orbital calculations, the number of electrons transferred from the

titanium atom to Cgy was estimated.




1. Introduction

Encapsulation of one or more metal atoms inside hollow fullerene cages
has attracted much attention in the development of novel spherical molecules
with unique and unexpected properties compared to empty fullerenes. To date,
several metals, including Group 3 (M = Sc [1], Y, La, and lanthanide), Group 2
(M = Ca [2], Sr [3], Ba [3]), and Group 4 atoms (M = Zr [4], Hf [5]) have been
successfully encapsulated in fullerene cages. However, because of the
challenges in producing samples in macroscopic quantities, investigations of the
solid-state properties of metallofullerenes have progressed slowly, except in the
case of Cg-based mono-metal atom encapsulated metallofullerenes. To date,
only a few studies have reported on the solid-state electronic properties of Cgy or
Cgs fullerenes containing two metal atoms. To the best of our knowledge,
solid-state properties of Group 4 atoms encapsulated in Cg, fullerenes have not
been reported, and hence, we decided to undertake investigations of two titanium
atoms encapsulated in Cg, in comparison with other metallofullerenes.

Among the many issues that concern endohedral metallofullerenes, the
most serious and basic issue involves the position of the metal atom(s) and the
number of electrons transferred from the metal atom(s) to the fullerene cage.
The endohedral molecular structures of the metallofullerenes were systematically
determined using a combination of the maximum entropy method (MEM) and

Rietveld refinement of synchrotron powder diffraction data [6, 7]. In addition




to the combination MEM-Rietveld method, ultraviolet photoelectron
spectroscopy (UPS) in conjunction with the calculated electronic structure, have
been found to be highly effective in revealing the molecular structures of higher
fullerenes [8-10] and the redox states of the fullerene cage [11, 12] of the
metallofullerenes.

NMR studies of the recently isolated Ti;@Cs [13] have confirmed that the
metallofullerene exists as a mixture of two isomers. Furthermore, the number
of peaks in the electron energy loss spectrum indicated identical oxidation states
for the encapsulated titanium atoms in the two 1somers; however, the actual
oxidation state is yet unclear. Herein, we report the UPS of T1,@Cs, and its
comparison to the theoretically calculated spectra to estimate the number of

electrons transferred from the metal atoms to the fullerene cage.




2.  Experimental

Ti,@Cso was isolated using high performance liquid chromatography (HPLC)
from a solution of carbon soot prepared by arc-heating a Ti/C composite rod.
Details of the production and separation are reported elsewhere [13]. The
isolated material was obtained as a mixture of Dsy, and I, symmetric Cg, cages,
and using NMR studies, the abundance ratio was determined as Ds,: [, = 3:1. It
was impossible to separate these two isomers [13]. Actual samples for
measurement were prepared by sublimation from a resistively-heated quartz
crucible onto an in-situ gold-coated molybdenum disk in an ultrahigh vacuum
chamber, attached to the spectrometer at beam line BL8B2 of Ultraviolet
Synchrotron Orbital Radiation facility (UVSOR), Institute for Molecular Science.
The resolution of the spectrometer (VG ARUPS10) was 100 meV. The energy
of the spectrometer was calibrated using the Fermi level (Er) of gold deposited
before the measurement. The sublimation temperature was significantly lower
than that of La@Cs,, and was almost equal to that of Ca@Cs,. Ionization
potentials (I,) were calculated using the GAUSSIAN 98 program [14].
Theoretical values for I, were broadened by convolution with a 0.7-eV full-width

at half-maximum Gaussian.




3. Results and Discussion
As shown in the UPS of Ti,@Cj, (Figure 1), spectra were plotted as a
function of binding energy relative to Ex. The incident photon energies used to
obtain the spectra are indicated beside each spectrum. Spectral onset was
around 0.8 eV, and the approximate positions of the distinct structures are
marked with dotted lines. There are seven distinct structures (labeled as A-G)
within this binding energy region. The onset position and labeled structures
will be discussed later. For smaller excitation energies of 15 and 20 eV,
superposition of scattered secondary electrons over primary photoelectrons may
have a significant effect, and thus the exact positions and intensities of the peaks
of only the higher energy spectra were examined. Although structure D was
dominant in the 35-eV spectrum, it was not as distinct in the other spectra; in
particular, it was similar to other structures in the 45-eV spectrum.  This
behavior, in which the structures typically exhibit changes in spectral intensities
depending on changes in excitation energies, has commonly been observed in the
UPS of fullerenes reported to date, and is attributable to the cage structure [12,
15-19].  Furthermore, changes in the peak positions of each structure were
observed, with differences apparent for structure B.
The UPS of Ti,@Cso and empty Cgy [20] are shown in Figure 2. The
onset position of Tix@Cg was slightly smaller than that of empty Cg,, similar to
that of Ca@Cs, (UPS not shown) [11], and larger than that of La@Csg, (UPS not

shown) [16]. The smaller onset position of Ti,@Csy compared to empty Cqp i




attributable to electron transfer from the encapsulated metal atom to the carbon
cage. In the case of La@Cs,, the three transferred electrons occupy the LUMO
and LUMO+1 of Cg, and accordingly, the partially occupied LUMO+1 should
result in a small onset energy. In contrast, in the case of Ca@Cs,, the two
transferred electrons occupy the LUMO of Cy,. Since the onset energy of
Ti,@Cyo was comparable to that of Ca@Cs,, an even number of electrons may be
assumed to have transferred from the metal atoms to the cage, and spin-spin
interactions may be assumed to be absent from T1,@Cso.

Characteristics of the spectra at binding energies below 6 eV can be
attributed to n—electrons, and above 6 eV to o—electrons, which are responsible
for the bond-formation of the skeletal C-C cage structure of the fullerenes.
Above 6 eV, the spectra were nearly identical (not shown in the figures),
indicating that the skeletal c—electronic structure was not significantly affected
by the metal species which appeared to function as an electron donor. In
contrast, the n-electron regions of the Ti,@Cs, spectra were distinctively
different to those of other metallofullerenes, mdicating differences in the
n—electronic structures.  Although the Ti,@Cs spectra showed seven structures
(as described above), the spectrum of Cgy or Ca@Cs, showed only four distinct
structures in this energy region. Similar to the absorption spectrum, the
photoelectron spectrum of Ti,@Csy was more complicated than that of empty Cso
[21] or other metallofullerenes reported to date. Possible explanations of the

differences include the type and number of metal atoms, and the size of the




fullerene cage (including the difference in the number of carbon atoms). It is
also important to note that the sample used in this study consisted of a mixture of
two 1somers.

Molecular orbital calculations were undertaken, and the resulting simulated
spectra of various ionized states (0, -2, -4, -6 and -8) of Cg together with the
observed photoelectron spectrum produced by 30 eV photons are shown in
Figure 3. For these calculations, odd ionization states were ignored because the
oxidation sfate of the encapsulated two titanium atoms should be equal.
Moreover, in the case of mixed valence, the materials must be in separate
individual valence states. Calculated I, were broadened by convolution with a
Gaussian and are indicated by bars in Figure 3. The energies of these were
offset to obtain a good fit with the observed spectrum. Since the measured
sample consisted of a mixture of Ds;, and I, 1somers with an abundance ratio of
3:1, the simulated spectra were calculated as the summation of three Dsj, and one
Iy spectra.  For each simulated spectrum, the upper and lower bars correspond to
Dsy, and I, respectively. Although differences between the simulated spectra in
the energy region of 3.5 to 6.5 eV were minimal, the spectra were distinctly
different at energies lower than 3.5 eV. The simulated spectra showed good
correlation to those of structures E-G. Of the simulated spectra, only the Cgp*
spectrum reproduced the structure of features A-D, suggesting that the titanjum
atoms provide a total of four electrons to the cage (two electrons from each

atom).




Figure 4 shows the calculated heat of formation energies of ionized Cg, for
each isomer that satisfies the isolated pentagon rule. Although this may appear
to give an indication of the stability of both ionization states and isomers, the plot
is only valid across a series of isomers in the same ionization state.- Therefore,
for doubly ionized metallofullerenes, C,, and Ds, cage structures are
energetically stable, whereas for quadruply ionized metallofullerenes, Ds, and 7,
structures are stable. As electron energy loss spectroscopy [13] indicates that
the oxidation state of each encapsulated titanium atom is less than +2, only
doubly and quadruply ionized states were considered in these calculations. The
experimental observation of a mixture of Dsy, and I, isomers provided further
evidence for the transfer of four electrons from the metal atoms to the carbon
cage.

Lastly, we would like to explain the complicated shapes of the UPS of
Ti,@Cso, in comparison to the calculated spectra. As shown in Figure 1, the
experimental spectra exhibited seven distinct features (4-G) in the energy region
shown. The corresponding I, for structures E-G are shown as bars in the
calculated spectra for each of the ionized states of the Dsy, and I, structures. In
the corresponding energy region (3.5 - 6 eV) for these three structures, only one
structure was observed in the UPS of Ca@Cyq; and Cgp. In the energy region
corresponding to structures 4-D (0 - 3.5 eV), the density of the bars in the
calculated spectra varied with ionization state and molecular structure.

Although the calculated spectrum of Cg,™ reproduced the four structures A4-D




very well, the calculated spectrum of Ds;-Cgy and Li-Cgo™ only exhibited three
structures (spectra not shown in figures), similar to the UPS of Ca@Cs,.

At the moment, it is possible to conclude about the origin of the
complicated shape of the photoelectron spectra of Ti,@Cso as follows. It is
attributed mainly to the electronic structure, which originates from Cg, cage
structure symmetrically lower than that of Cg,, and to a lesser degree, to the
mixture of isomers. The other possibilities like that the metal atoms are

encapsulated as carbide [22] in the carbon are studied further now.
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig4.

The incident photon energy dependence of the ultraviolet photoelectron
spectra (UPS) of Ti,@Cg. Approximate peak positions are indicated
by broken lines.

The ultraviolet photoelectron spectra (UPS) of Ti,@Cs and empty Csy.
(ref. [20]).

Calculated values of I, of various ionized Cqg together with the observed
photoelectron spectrum  obtained using 30 eV photon energy.
Calculated values of I, are indicated by bars, which were broadened
using 0.7 ¢V FWHM Gaussian functions and adjusted to the energy
scale to attain a good fit with the observed spectrum.  Since the
measured sample consisted of a mixture of Dsy, and I, isomers with an
abundance ratio of 3:1, the simulated spectra were obtained as the
summation of three Ds, and one I, spectra. For each simulated
spectrum, the upper and lower bars correspond to Ds, and I,
respectively.

Energies of the Cgy? (solid circle and dotted line) and Cg™ (open circle
and solid line) isomers that satisfy the isolated pentagon rule.
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Ultraviolet Photoelectron Spectra of Two Ti Atoms
Encapsulated Metallofullerenes

Shojun Hino, Takema Miyazaki and Kentaro Iwasaki,
Faculty of Engineering, Chiba University
Inage-Ku, Chiba 263-8522 Japan
Daisuke Yoshimura
Institute for Molecular Science,

Okazaki 444-8585 Japan
Baopeng Cao, Toshiya Okazaki and Hisanori Shinohara
Graduate School of Science, Nagoya University
Chikusa-Ku, Nagoya, 464-8602 Japan

Fullerenes are able to accommodate metal atoms
inside their cage, and encapsulation of the metal atoms
induces electron transfer from the metal atoms to the cage.
Determination of the amounts of transferred electrons is
one of the important issues concerning with the science of
metallofullerenes. Recently two Ti atoms encapsulated
metallofullerenes Ti;@Cao [1] and Ti,@Csq {2] have been
isolated. Since Tiis a group IV element, an estimation of
the amounts of transferred electrons from its chemical
nature is difficult. Therefore, experimental and
theoretical determination of the amounts of transferred
electrons is strongly desired from a view point of both
scientifically and implicational purposes. Photoelectron
spectroscopy is one of methods to estimate the amounts of
transferred electrons.

We have succeeded to measure ultraviolet
photoelectron spectra (UPS) of Ti,@Cs. The spectra
have been measured at BL8B2 of Ultraviolet Synchrotron
Orbital Radiation (UVSOR) Facility at Institute for
Molecular Science. The specimen for the measurement
was a vacuum deposited Ti;@Cso film sublimed from a
quartz crucible. Sublimation temperature of Ti,@Cs was
around 450 C. Thickness of the deposited film was about
12 nm.

The UPS of Ti;@Cgq are shown in the figure.
The spectra are referred to the Fermi level (Ep) of the
spectrometer and plotted as a function of binding energy.
Spectral onset is about 0.7 eV below the Ep, which
indicates semi-conductive nature of Ti,@Cgo. There are 7
distinct structures in this spectral region. Their intensity
changes when the incident photon energy is tuned. This
is a characteristic behavior for the photoelectron spectra
of fullerenes and this finding is another evidence that Cgp
containing two Ti metal atoms has a cage structure. It
should be noted that a structure located at about 2.4 eV is
clearly observed only in the spectra obtained with 45 eV
and a structure at about 4.6 eV is clearly observed only
when the specimen was irradiated with 25 -30 eV photon.

Present specimen of Ti@Cg is @ mixture of
isomers having symmetry of /, and Dsp. The ratio of ;; to
Dg, is 1 : 3. Because of this we cannot distinguish the
contribution of each isomer from the whole spectra.
Molecular orbital (MO) calculation is under the way to
distinguish the origin of each structure. At the conference
assignment of the spectra will be presented.

We are planning to measure the UPS of another
Two Ti metal atom encapsulated metallofullerene
Tiy@Css. Its result will also be presented at the
conference.

Photoelectron Intensity (arb. units)
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Figure Ultraviolet photoelectron spectra of Ti,@Cso.
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Ultraviolet photoelectron spectra of Ti,@Cso.

K. Iwasaki', T. Miyazaki1 , S. Hino', D. Yoshimura?, B.-P. Cao’, T. Okazaki®, H. Shinohara’

! Fac. of Engineering and Grad. School of Sci. & T ech., Chiba University
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2 Institute for Molecular Science
Okazaki 444-8585, JAPAN
? Department of chemistry, Nagoya University
Nagoya 464-8602, JAPAN

Flectronic structures of metallofullerenes, encapsulated group 2 or 3 atom, were well
studied. Here we report the valence band electronic structure of Ti-metallofullerene.

The production and separation procedure of the Tiz@Cso was reported elsewhere [1].
The isolated material is the mixture of Ds, and I symmetric Cgo cages. The abundance ratio
has already been understood by the NMR study that Dsy : I, = 3:1. The specimen for the
measurement was prepared by the sublimation from a resistively heated quartz crucible to the
in-situ gold-coated molybdenum disk in the ultrahigh vacuum chamber attached to the
spectrometer at beam line BL8B2 of Ultraviolet Synchrotron Orbital Radiation facility
(UVSOR), Institute for Molecular Science. The energy of the spectrometer was calibrated
by the Fermi level (Er) of gold deposited before the measurement. The sublimation
temperature was much lower that that of La@Cs;. This may suggest that the condition of
intermolecular interaction is considerably deferent among the metallofullerenes.

The UPS of Ti,@Cso shows 7 distinct structures in the region between the Fermi
level and 6 eV below while empty Cgo or other metallofullerenes reported so far show 3-4
structures. From the spectra alone, it is not clear whether the origin of this difference is the
kind of atom, the number of atom, or the mixture of two isomers. Upon the incident-photon
energy change, the intensity of each structure is changes. This behavior is common with the
fullerenes studied so far and the evidence of cage structure.

To estimate the amount of the charge transfer Binding Energy / &V
from titanium atom to the cage, we did the molecular 6§ 5 4 3 2 1 0=£
orbital calculation of Cgo?, Cso™, Cgo®, and Cso® having T T
symmetry of Ds;, and Jn. The calculated ionization
potentials are broadened with gaussian function of 0.7 eV
width. Because the measured sample is mixture of two
isomers (Dsy : In = 3:1), Ds, component are multiplied by 3,
and it added to J, component. From the comparison
between the UPS and the calculated spectra, Cso” is very
close to the UPS. Therefore it is highly plausible that two
titanium atoms provide totally 4 electrons to the cage, and W
each titanium atom gives two electrons. [ Al SR

Intensity (arb. units)

5
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