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Structure of Endohedral Dimetallofullerene Sc,@Cga
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The endohedral nature of dimetallofullerene,@s, is determined for the first time by a method
which is a combination of the maximum entropy method (MEM) and the Rietveld refinement from
synchrotron powder diffraction data. The obtained MEM charge density clearly show®the
symmetry cage structure, indicating the rotation of@€s, molecules in solid state is almost quenched
even at room temperature. From the MEM charge density, the encapsulated Sc-Sc distance and the
nearest Sc-C distance are 3.9(1) and 2.4(1) A, respectively. [S0031-9007(97)03040-8]

PACS numbers: 61.48.+c, 61.10.Nz

Endohedral metallofullerenes have gained extremelgliam). To collect an x-ray powder pattern with good
wide interest, because of their unique structural and eleazounting statistics, the synchrotron radiation (SR) x-ray
tronic properties [1,2]. Recently, the endohedral natur@owder experiment with imaging plate (IP) as detec-
of the monometallofullerene Y@g&has been finally con- tors was carried out at Photon Factory BL-5A14].
firmed by an x-ray structural study [3]. In the mean-The exposure time was 1 hour. The wavelength of in-
time, various metallofullerenes supposed to encapsulatgdent x-rays was 1.0 A. The x-ray powder pattern of
two or three metal atoms within fullerene cages, such aSc,@Cg, was obtained with a 0.02step up to 29 in
La,Cgo [4], Y ,Cgp [5], SC,Cy4 [6], SC,Csqy [6], SC,Cqs 26 which corresponds to 2.0 A resolution ith spac-

[6], and SgCg, [7,8], have been successfully synthesizeding. The peak positions of present powder pattern show
and purified. Among them the dimetallofullerenes arevery good accordance with the previous one [3] of
especially interesting, because they might exhibit novel¥@Csg, (P2,) when they are normalized by considering
solid state properties due to their very small band gapthe differences of lattice parameters. Therefore, the space
[1,6]. Ab initio theoretical studies [9,10] and the experi- group was assigned t62,, which is monoclinic[a =
mental results on S@&Cg, including scanning tunneling 18.312(1) A, b = 11.2343(6) A, ¢ = 11.2455(5) A, and
microscopy [11], transmission electron microscopy [12],8 = 107.88(1) Al.

and *C NMR [13] have suggested an endohedral nature. The experimental data were analyzed in an iterative
However, to date no x-ray evidence for the endohedralvay of combination of the Rietveld analysis and the
structure of dimetallofullerenes has been reported, whichmaximum energy method (MEM). The method has been
in fact, has restricted any further study on the solid stateleveloped and successfully applied to the previous study
properties of the dimetallofullerenes. Here, we repor{3] of Y@Cg,. It is well know that MEM [15-17]

the first result on an x-ray structural study of a dimetal-can provide useful information purely from an observed
lofullerene, Se@Csg, (isomer Ill), by using synchrotron structure factor data beyond a presumed crystal structure
powder diffraction data. The result reveals that both Senodel [3,18,19]. The detail of this method is described in
atoms are encapsulated within the carbon cage and thdte previous paper [3].

the SG@Cg, (III) molecule hasD,; symmetry. In the first Rietveld analysis (considered as a preanal-

The soot containing S&Cg, and other Sc metallo- ysis), G, molecules were described by homogeneous
fullerenes was produced in direct-current (500 A) sparkspherical shells. Then, the central position of thg, C
mode under He flow at 50 Torr and collected under totallysphere, the radius of the sphere, the positions of Sc atoms
anaerobic conditions. The S@Csg, fullerene was sepa- and the central position of the solvent toluene molecule
rated and isolated from the various hollow fullereneg(C were refined as structural parameters. Both the number
C110 and other scandium metallofullerenes by the two-of formula units of Se@Cg, and toluene molecules are
stage high-performance liquid chromatography (HPLC)Ywo. As for the temperature factors, the isotropic har-
method by using two complementary types of HPLCmonic model was used. Observed structure factors were
columns [6,13]. In a previous study [13], we have foundevaluated by dividing the observed intensities at each data
that there are three structural isomers of@€s, (I, I, point according to the calculated contributions of indi-
IIl) and the present structural analysis was performed onidual reflections by a modified Rietveld-refinement pro-
Sc,@Cg, (isomer II). The purity of Se@Cg, (I1l) relative  gram. The reliability factorR factor) based on the Bragg
to other fullerenes was more than 99.9%. intensities,R;, was 14.6%. The number of structure fac-

Sc,@Cg4 powder sample grown from toluene solventtors derived in this analysis were 326, which were used
was sealed in a silica glass capillary (0.3mm insidefor a further MEM analysis.
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Following the Rietveld analysis, the MEM analysis 6000 . -
was carried out with a computer programgep [20],  _ ., @ RE- = 79% |
using58 X 48 X 44 pixels. In the MEM reconstruction, £ Rwp = 5.3%
the structure factors were all treated independently as§ 4000 |- ) sk el
phased values. The MEM map derived in this processs ,, | i 450 et
provides a lot of information on constructing a better ) ﬁlw
structural model of S@Cgs. In the MEM charge g 2000f ; $ oAb
density, two remarkably high density maxima, which § | J LLL ! |
should correspond to the Sc atoms are found inside the’ J 1 -
carbon cage aligning nearly along thel 1] direction of O T T 0 T AT T T g
the unit cell. The MEM map shows strong indication S L mn
of the D,;, symmetry represented by many local maxima =L ' "~ T, .
in the Gy, cage charge density. The,Caxis of the ’ B heta (degree)
carbon cage density is slightly different from the direction
connecting the two density maxima inside the carbon 6000 . -
cage, i.e., Sc atoms. (b) RE = 20%

000 -
Finally, the remodeling of the S@C;g, crystal was ’

done as follows: (1) The initial positions of carbon atoms

H 550 |
were placed according to &b initio optimized geometry & , | 450 T"A‘MMM
of CedD2a) [9]: (2) The orientation of the € axis TR AT T OO D
was determined from the MEM map; (3) The Sc atom g 20001
positions were deduced from the maximum positions of § , | |
J

the two density maxima inside the cage; (4) The solvent™ s A .
toluene molecule is also remodeled as a Qtart and I T T T
a six-membered ring composed of five CH and one C,
providing the directional feature along [201]. ' ‘
By using the new structural model, the Rietveld anal- ’ B o heta (degree)
ysis was redone and a bett@rfactor (R; = 12.2%) was

obtained. Such iterative steps involving the Rietveld an(f IG. 1. (a) The Rietveld fitting result for 3@Ces. (b) The
itting result for Sec@Cg, based on the calculated intensities

MEM analyses were repeated gntil no significqnt im'from the MEM electron density. The nine weak impurity peaks
provement of theR factor is obtained. In the series of gre not included in the figures. A close-up of the profile in the

the procedure, the Caxis was finally refined to th537]  range of 20 to 29 is inserted in each of figures.

direction, and an anisotropic thermal vibrational model

was introduced for the Sc atoms to express the elon-

gated feature parallel to the,Gxis in the MEM map.

Eventually, the positional parameters of all carbon atom$EM analysis, any kind of deformation of electron

and Sc atoms were included as refined parameters itensities is allowed as long as it satisfies the symmetry

the Rietveld analysis maintaining t&,; symmetry pre- requirements. MEM enables us to visualize more detailed

sumed for the Sg@Cg, molecule as suggested by th€-  features included in observed data like the bonding

NMR study [13]. In the present study, tli®,; symmetry charge between the carbon atoms, slight distortion of

constraint is restricted to the 8@Cg, molecule in the the molecule charge density, etc., which are difficult to

Rietveld analysis to avoid the severe correlations of paexpress by a crystal model with an assembly of free

rameters. Under this particular constraint of the moleculeatoms. Thus, theR; factor is expected to decrease.

the carbon atomic sites are reduced from 84 to 11 for on&o demonstrate this, the calculated intensities from the

4b site and ter8d sites. In the final stage, the number final MEM map are restored to the powder pattern by

of structural parameters refined is 54. In the MEM analinverse process of the observed intensity estimation in

ysis, theD,; symmetry constraint to the S@Cg, mole-  our modified Rietveld analysis and are represented as a

cule was released and the lattice symm@&®y was used pattern fitting in Fig. 1(b). Ther; factor calculated in

as a constraint. Th&; factor finally became 7.9% (the such a process is 2.1%, which proves the validity of the

weighted profileR factor Rwp= 5.3%). In Fig. 1(a), the above consideration.

best fit of the Rietveld analysis of S@Cg, is shown. In the obtained MEM charge density of the,{tage,

The final MEM map was obtained by using the observedhere are many local density maxima which are very

structure factors evaluated from the Rietveld analysis witltlose to the density distribution with the,; symmetry,

R; = 7.9%. although the MEM analysis was based on By lattice
The MEM can produce an electron density distributionsymmetry. To visualize three dimensional configuration

map which is consistent with the observed data anaf the endohedral nature of the S8Cg, the MEM

least biased with respect to unobserved data. In thelectron density distributions of S@Csg, are shown by

3331

4000 |-

ty (arbitrary units )

Yo-Yc

Yo-Yc o




VOLUME 78, NUMBER 17 PHYSICAL REV

IEW LETTERS 28 ARIL 1997

(a)

(b)

FIG. 2(color). (a) The equicontoit.3e A=3) density map of
the MEM charge density for the $@Cgs molecule. The Sc
atoms are colored in red. The,@xis connecting two Sc atoms

is just off the axis perpendicular to the figure plane. (b) The
schematic representation of the theoretically assumed structure

model of Se@Cs..

an equicontour surface df.3e A3 in Fig. 2(a). As a
reference, a model structure of $BCgy, predicted by

The charge density of the present,@&Cg, molecule
shows a distinct feature which is in very sharp contrast
to that of Y@G, [3]. The 5/6 ring structure of G, can
be seen very clearly, although the present experiment was
performed at room temperature, whereas only averaged
charge density of g, was obtained for Y@¢,. This
suggests that rotations of thegfcage are virtually
quenched even at room temperature in a@Cg, solid,
while the Y@G;, molecule is still in a hindered rotation.

In Fig. 3(a), the section of the MEM charge density
including the encaged Sc atoms is shown for the (010)
plane. Two density maxima can be clearly seen inside
the section of the carbon cage and are located in a
symmetric position with respect to the center of the
cage. The Sc-Sc distance inpQlerived from the MEM
charge density is 3.9(1) A which is a bit smaller than
that of a theoretical value of 4.029 A [9]. The nearest
Sc-C distance is 2.4(2) A (2.358 A theoretical value [9])
[Fig. 3(b)]. One of the most intriguing observations in

a theoretical study [9] is also shown in Fig. 2(b). The
cage structure clearly exhibits six- and five-membered
rings. This configuration of the rings is exactly the same
as that of the G4«D,,) cage. The two density maxima
can be seen through the carbon cage. The number of
electrons around each maximum inside the cage is 18.8
which is very close to that of a divalent scandium ion
Sc?* (19.0). Evidently, each of the two density maxima
at the interior of the G, cage corresponds to a scandium
atom, indicating that S€, is endohedral. A theoretical
study has predicted that the formal electronic structure

of Sc,@Cq, is well represented bySc2*),@C¢, , where  FIG. 3.

two 4s electrons of each Sc atom are transferring to th
Cegscage [9]. The positive charge of the Sc atom from theg

(&a The MEM electron density distribution of
c,@Cg, for (010) section. The contour lines are drawn with
3e A7 intervals from1.0e A=3.
C,@Cqg, is clearly shown in this figure.

The endohedral nature of
(b) The schematic

MEM charge density ist-2.2 which is good accordance representation of the Sc-Sc, Sc-C, and double bonded C-C
with the theoretical value [9]. distances obtained from the MEM charge density.
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Fig. 3(a) is that the charge density of the Sc atoms showNlippon Sheet Glass Foundation for Materials Science
a salient teardrop feature as if the two Sc atoms (ions) arand Engineering, and lketani Science and Technology
in a stretching vibration within the & cage. The C-C Foundation (081024A).

distance of the double bond adjacent to the Sc atom is
1.9(3) A which is considerably longer than a theoretical
value of 1.43 A [9], indicating some significant distortion
of the polar regions of the & cage. Such anomalous ) . )
large C-C distance [1.90(15) A] has been also reported for *Present gddress: Department of Material Science, Shimane
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This might be closely related to the thermal motion of Materials, edited by K.M. Kadish and R.S. Ruoff

the Sc atoms in the & cage, and to the existence of (The Electrochemical Society, Pennington, 1994), Vol. |,
some localized interaction caused by the charge transfer p. 1300.
between the encapsulated Sc atoms and the&ye. [5] H. Shinoharaet al., J. Phys. Chemd6, 3571 (1992).

A rotational vibration of the Sc atoms along the C-C [6] H. Shinohareet al., J. Phys. Chemd7, 4259 (1993).
double bonds, which is predicted from the distribution %g (H: ghwzf:r?(;ﬁ?éta;lyNsactilérrfcgéggdﬂlgfa gg 2()1992)-
of the potential minima in the electrostatic potential of e K X '
C3; by a recentab intio calculation [22], is not obvious 9] S. Nagase and K. Kobayashi, Chem. Phys. 231, 319

. ; _ (1994).
in the present MEM charge density. The theoretlcal[lO] T. Suzukiet al., Angew. Chem., Int. Ed. EngB4, 1094

calculation was done at 0 K. Therefore, low temperature ~ (1995,

experiments should be required to confirm the existence qfi1] H. Shinoharzet al.,J. Phys. Chen97, 13438 (1993).
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