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Pentagonal-Dodecahedral La, Charge Density
in [80-7,]Fullerene: La,@Cg)**

Eiji Nishibori, Masaki Takata,* Makoto Sakata,
Atsushi Taninaka, and Hisanori Shinohara

New types of endohedral metallofullerenes!!l have been
synthesized and structurally characterized in the past few
years.”! In particular, interesting behavior of metal atoms
trapped inside carbon cages were revealed by structural
studies, e.g. giant thermal motion;®! formation of metal
clusters,? metal nitrides,*® and metal carbides;?! and
violation of the isolated pentagon rule (IPR).?*d These
characteristic features were specific to metallofullerenes and
closely related to the cage symmetry and the electrostatic
interaction between the metal atoms and the carbon cage,
which results from charge transfer from metal atoms to the
carbon cage.

La,@Cq, was one of the first endohedral metallofullerenes,
and was produced in macroscopic amounts as early as 1991. It
was also the first endohedral dimetallofullerene.! Although
the cage symmetry of Cg, was determined to be I, similar to
that of C4, from ab initio theoretical calculations and
13C NMR spectroscopy,!® the endohedral structure of La,@Cg
remained unknown. Here we report a novel feature of
La,@Cg,, in which a perfect pentagonal-dodecahedral charge
density of La, was detected in an icosahedral /,-Cy, cage by a
synchrotron radiation (SR) structural study. The character-
istic charge density results from a highly selective trajectory of
the two La atoms, which hop along the hexagonal rings of the
1,-Cy polyhedral network.

The structural analysis was performed by means of SR
powder diffraction. The experimental data were analyzed by
the MEM/Rietveld method,l”! a self-consistent iterative anal-
ysis of a combination of the maximum entropy method
(MEM) and Rietveld analysis. The structures of endohedral
metallofullerenes such as Y@Cg,, ™ Sc@Cy, B! La@Cy,,P!
Sc,@Cq, Pl Sc;@Cy, 22 Sc,@Cy,1>! and Sc,C,@C,,*1 were
successfully visualized as charge densities by using synchro-
tron radiation powder-diffraction data. Details of this method
are described elsewhere.l*]

The cell parameters (monoclinic, space group P2,) were
determined as a=18.2872(8), b=112120(4), c=
11.1748(4) A, and f=10791(1)° by Rietveld analysis. The
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reliability (R) factor based on the Bragg intensities R; and the
weighted profile R factor R,,, were 6.3 and 2.6 %, respectively.
Figure 1 shows the result of Rietveld fitting. The number of
structure factors derived in this analysis was 502. The MEM
charge density was derived from these structure factors by
dividing the unit cell into 128 x 72 x 72 pixels. The R factor of
the final MEM charge density was 3.8%.
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Figure 1. The result of Rietveld fitting for La,@Cg,. A closeup of the
region between 14.0 and 35.0° is shown in the insert. The reliability factors
are R;=6.3% and R,,=2.6%.

A three-dimensional representation of the La,@Cy, mole-
cule is shown in Figure 2 as a surface of equal charge density
(1.7 e A-3). The MEM charge density clearly reveals six- and
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Figure 2. MEM charge densities of La,@Cg, as the equal-density
(1.7 ¢A-3) contour surface along the a)S,, and b) C, axes. The La,
dodecahedral charge density is colored brown and is additionally shown
beside the fullerene molecule.

five-membered rings consistent with the reported /, symmetry
of the Cg, cage. Figures 2a and b represent the top views along
S0 and C, axis of I;-Cy,, respectively. A pentagonal-dodeca-
hedral cage (brown), which is presumably due to the charge
density of the encaged La atoms, is clearly recognizable inside
the Cg, cage. The inner dodecahedral cage is also shown
separately.

To confirm that the charge density of this dodecahedral
cage stems from the La atoms encapsulated in the Cg, cage, we
counted the total charge of this internal polyhedron. The total
charge, calculated on the basis of the MEM results, is 108.8 e,
which is very close to the number of electrons for two La’*
ions (108 e). We therefore conclude that the internal dodeca-
hedron represents the distribution of two La** encapsulated in
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the Cgy cage; that is, the formal electronic structure is
(La**),@Cq,°~. The dodecahedral internal polyhedron there-
fore represents a time-averaged trajectory of the motion of
two La atoms in the Cy, cage. The entire La,@Cg, molecule
possesses the same [, symmetry as 1,-Cg, since each pentagon
of the dodecahedral charge density is faces a pentagonal ring
of the Cy, cage. This is consistent with previous '¥La and
13C NMR studies, which suggested that the molecule has I,
symmetry.!) The observed longest La—La distance and the
shortest La—C distance are 3.84(2) and 2.39(3) A, respective-
ly. These values can be compared with reported theoretical
values (La—La 3.665, La—C 2.56 A)P! for the D,,-symmetric
structure of La,@Cy,, in which La atoms are assumed to be
symmetrically located on the C, axis.

The section of the charge density through the six-mem-
bered rings of the 1;-Cg, cage is shown in Figure 3. The section
through the internal dodecahedral cage is totally homoge-
neous in density. This indicates that the two La atoms,

Figure 3. Section of charge density through the hexagonal rings of Cg,. The
homogeneous ring of charge density indicates an La, trajectory that
connects the hexagonal rings of /;-Cg,.

separated by 3.84 A, hop rapidly around the /;-Cg, cage with a
trajectory that connects the hexagonal rings but not the
pentagons of Cg, within the timescale of NMR measurements
(ca. 107%s) at room temperature. Such a highly selective
trajectory for the internal motion of the encaged metal atoms
has never been observed in any other endohedral metallo-
fullerenes.

In the La, dodecahedral feature, the presence of covalent
bonding between the two La atoms might be expected.
However, in the central region of the cage, there is no
significant localized charge density (see Figure 3). This
suggests ionic rather than covalent bonding character; that
is, La, is not encaged as a dimer in the Cg, cage.

Of the five Platonic solids, the cube, the tetrahedron, and
the octahedron appear in crystals in nature, and the dodeca-
hedron and the icosahedron have been seen in fullerenes,
proteins, and viruses. However, no molecules or crystals in the
form of a double-shell Platonic solid have been discovered in

nature. Because of the [;-Cg, cage, a highly symmetrical
charge density in the shape of a pentagonal dodecahedron
results for the encaged La atoms, and this is the first example
of a double-shell Platonic solid. This double-shell polyhedral
structure is a novel form of endohedral metallofullerene and
may be realized in other highly symmetrical fullerene cages
such as Cy.

Experimental Section

A soot sample containing La,@Cg, and other La metallofullerenes was
produced in dc (300-400 A) spark mode under He flow at 50-80 Torr.
La,@Cy, was isolated by two-stage HPLC. The details of production and
separation of La,@Cy, is the same as for Y@Cy, and Sc@C, and described
in detail elsewhere. The purity of La,@Cy, relative to other fullerenes
was greater than 99.9 %, as determined by LD-TOF mass spectrometry and
HPLC. The La,@Cyg, powder specimen was grown from toluene solution.
The powder sample was sealed in a silica glass capillary (0.3 mm internal
diameter).

The synchrotron radiation X-ray powder experiment with imaging plate
(IP) detectors was carried out on the large Debye—Scherrer camera at
SPring-8 BL02B2. The exposure time was 6 h. The wavelength of incident
X-rays was 1.0 A. The X-ray powder pattern of La,@Cg, was obtained in
0.02° steps in 2 6 from 3.0 to 35.0°, which corresponds to 1.66 A resolution in
d-spacing.
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