
doped C6, (3, 6). Thin film samples (3) 
show a semiconductor-like upturn in p(T) 
above T, and a severely broadened transi- 
tion to the superconducting state. We con- 
clude that this behavior is not intrinsic but 
due to imperfections such as grain bound- 
aries (3). In fact, our own transmission 
electron microscopy studies on thin C6, 
films (7) show that the grain size of freshly 
devosited films maintained in air at room 
temperature changes from -0.5 ym to 
<200 A over a period of several days. 
Hence, conclusions drawn from thin film 
transport data may be suspect. 

The quality of our resistivity data and 
the sharpness of the transition to the super- 
conducting state allow a test of various cz 

fluctuation mechanisms. We have attempt- 
ed to fit p(T) near T, to three-, two-, one-, 
and zero-dimensional fluctuation expres- 
sions (8). In all cases. the agreement with . . - 
experimental data is poor. Hence, we con- 
clude that K3C6, displays no substantial 
fluctuation conductivity near the onset to 
the superconducting state. 

The overall temperature dependence of 
p(T) above T, places constraints on nor- 
mal-state transport models. Preliminary 
analysis indicates that the temperature de- 
pendence of the resistivity can be fit to a T2 
functional form, a result consistent with 

electron-electron scattering, although elec- 
tron-electron scattering has not been ob- 
served at such high temperatures in other 
systems. The observed temperature depen- 
dence can also be accounted for with an 
electron-phonon scattering mechanism (9) 
if there is a high-frequency contribution 
from the intraball vhonons and a lower 
frequency contribution from phonons with 
frequencies in the range of 10 to 200 K. 
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Scandium Clusters in Fullerene Cages 

Costantino S. Yannoni, Mark Hoinkis, Mattanjah S. de Vries, 
Donald S. Bethune, Jesse R. Salem, Mark S. Crowder, 

Robert D. Johnson 
The production and spectroscopic characterization of fullerene-encapsulated metal-atom 
clusters is reported. In particular, both solution and solid-state electron paramagnetic 
resonance (EPR) spectra of Sc3C,, have been obtained. ScC,, also gives an EPR 
spectrum, but Sc,C, species--the most abundant metallofullerenes in the mass spec- 
trum-are EPR-silent even though Sc, is EPR-active in a rare-gas matrix at 4.2 K. The 
results suggest that the three scandium atoms in Sc3C,, form an equilateral triangle--as 
was previously suggested for Sc, molecules isolated in a cryogenic rare-gas matrix. The 
spectrum of ScC,, has features similar to those found earlier for Lac,, and YC,,, sug- 
gesting that it can also be described as a +3 metal cation within a -3 fullerene radical 
anion. An implication of this work is that production of macroscopic quantities of cluster- 
containing fullerenes may make possible the fabrication of exotic new structures with 
regular arrays of metal-atom clusters isolated in fullerene molecules, resulting in a new type 
of hostlguest nanostructured material. 

T h e  results of carbon cluster-beam exper- 
iments (1-5) and the chemical stability 
recently observed for Lac,, (6, 7), La2Ca0 
(81, YC8,, Y2C8, (9), and FeC,, (10) 
indicate that entrapping metal atoms in 
C. S. Yannoni, M. Hoinkis, M. S, de Vries, D. S. 
Bethune, J. R. Salem, R. D. Johnson, IBM Research 
Division, Almaden Research Center, 650 Harry Road, 
San Jose, CA 95120-6099. 
M. S. Crowder, IBM Adstar, 5600 Cottle Rd., San Jose, 
CA 951 93. 

fullerene cages provides a method for iso- 
lating and stabilizing reactive species un- 
der ambient conditions. We report here 
the use of this method to obtain spectro- 
scopic data on fullerene-encapsulated met- 
al-atom clusters (1 1). In particular, both 
solution and solid-state electron paramag- 
netic resonance (EPR) spectra of Sc3C,, 
have been obtained. ScC,, also gives an 
EPR spectrum, but Sc2C, species-the 

most abundant metallofullerenes in the 
mass spectrum-are EPR-silent even 
though Sc, is EPR-active in a rare-gas 
matrix at 4.2 K (12). The results suggest 
that the three scandium atoms in Sc3Ca2 
form an equilateral triangle-as was pre- 
viously suggested for Sc3 molecules isolat- 
ed in a cryogenic rare-gas matrix (13). 
The spectrum of ScC,, has features similar 
to those found earlier for Lac,, (7), sug- 
gesting that it can also be described as a 
+ 3  metal cation within a - 3  fullerene 
radical anion. A broader implication of this 
work is that production of macroscopic 
quantities of cluster-containing fullerenes 
may make possible the fabrication of exotic 
new structures with regular arravs of metal- cz 

atom clusters isolated in fullerene mole- 
cules, resulting in a new type of host-guest 
nanostructured material (1 4). 

Metallofullerene -samples were prepared 
by arc-vaporization of 6-mm-diameter 
graphite rods that were core-drilled and 
vacked with a mixture of scandium metal 
chips and graphite powder. Arc-burning 
was carried out in the usual manner in He 
at 200 torr (3, 15). The soot was collected, 
extracted with toluene, washed with di- 
ethyl ether, and dried. Mass spectra of the 
extract showed (in addition to C,, and C7,) 
several metallofullerenes, Sc,C,,, with the 
diatomic species (m = 2, 80 5 n 5 90) in 
the majority. The principal one- and three- 
scandium metallofullerene peaks were 
ScC,, and Sc3C,,, with the Ca4 homologs 
present in lesser quantities. Toluene solu- 
tions of this extract were degassed with a - 
freeze-pump-thaw cycle and sealed in quartz 
tubes for EPR spectroscopy. 

The room-temperature EPR spectrum 
of such a solution is shown in Fig. 1, curve 
a. Qualitatively, the spectrum appears to 
be the superposition of two spectra cen- 
tered around g = 2, one consisting of eight 
equally spaced lines of roughly equal in- 
tensity and the other a symmetrical pat- 
tern of 22 lines, with intensities decreas- 
ing monotonically outward from the spec- 
tral center. We have been able to simulate 
the experimental spectrum by superposing 
simulated EPR spectra with isotropic elec- 
tron-nuclear hyperfine coupling in species 
that contain (i) three equivalent scandium 
nuclei (Fig. 1, curve c) and (ii) a single 
scandium nuclear spin (Fig. 1, curve d) 
( 4 5 S ~  is 100% abundant with a nuclear 
spin of 712). The spectrum with hyperfine 
coupling to a single scandium nucleus 
consists of eight equally spaced lines with 
equal intensity, while the three-spin sim- 
ulation generates 22 lines with relative 
intensities 1:3:6:10:15:21:28:36:42:46: 
48:48:46:42:36:28:21:15:10:6:3:1. The su- 
perposition of Fig. 1, curves c and d, yields 
the simulation shown in Fig. 1, curve b, in 
excellent agreement with experiment 
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Fig. 1 . (a) EPR spectrum of a 
room-temperature toluene solu
tion containing scandium metal-
lofullerenes; (b) superposition of 
two simulated spectra arising 
from for an unpaired electron spin 
coupled to (c) three equivalent 
scandium nuclei and (d) a single 
scandium nucleus. 

Scandium 

(a) 

(b) 

(c) 

(d) 

9.7462 GHz 
298K 

_ i i i i i 

3400 

(Fig. 1, curve a), suggesting that the EPR 
spectrum is attributable to just two spe
cies, which we tentatively identify as 
ScC82 and Sc3C82 . 

The simulation for Sc3C82 (Fig. 1, curve 
c) has a hyperfine coupling of 6.22 G and is 
centered at g = 1.9985. This g value is close 
to that for LaC82 (7) (2.0010) and the C60 

radical anion (16-19). The EPR spectrum 
of Sc3 has been observed in an argon matrix 
at 4 K and could be simulated with a near 
isotropic g tensor (1.9933) and an axially 
symmetric hyperfine tensor with A(| = 
25.52 G and A ± = 0, corresponding to an 
isotropic hyperfine splitting of 8.51 G (13). 
The g value found in the rare-gas matrix is 
somewhat lower than for the Sc3C82, while 
the isotropic hyperfine coupling is slightly 
larger. On the basis of these results we 
propose that the three equivalent scandium 
atoms form an Sc3 molecule in a doublet 
ground state with the geometry of an equi
lateral triangle—a conclusion similar to 
that reached for Sc3 in a cryogenic matrix 
environment (also on the basis of EPR 
spectroscopy) (13, 20). In our case, how
ever, this molecule is encapsulated by a 
fullerene. A pseudospherical C82 will have 
a skeletal diameter of ~8.3 A, providing an 
internal cavity diameter in excess of 5 A, 
which suggests that C82 would easily ac
commodate a scandium trimer (the ionic 
radius of Sc3 + is 0.732 A) (21). We note 
that the magnetic equivalence of the three 
scandium atoms in Sc3C82 provides evi
dence against the suggestion that the metal 
atoms in metallofullerenes may be incorpo
rated in the framework of the fullerene cage 
(8) because random substitution of three 
metal atoms for carbons in the cage would 
not, in general, give chemical or magnetic 
equivalence. 

The g value for ScC82 is 1.9998, quite 
close to the values for Sc3C82, LaC82, and 

3440 3480 3520 3560 
Magnetic Field (Gauss) 

the C60 radical anion. The hyperfine cou
pling in ScC82 (3.82 G) is smaller than for 
the Sc3 species, but is about three times 
larger than the coupling measured for LaC82 

(1.25 G) (7). We calculated the hyperfine 
coupling for Sc2 + using unrestricted Har-
tree-Fock wavefunctions, and obtained a 
value of —120 G, considerably larger than 
the measured value. On the basis of this 
difference, we propose that the scandium 
atom is in the + 3 oxidation state, and that 
the structure is Sc 3 + C 8 2

3 _ . Similar conclu
sions were drawn from EPR spectra of the 
corresponding lanthanum complex, 
La 3 +C 8 2

3 _ (7). However, the larger hyper
fine coupling in the scandium case suggests 
that the electron spin may be more closely 
associated with the scandium atom in 
ScC82 than it is with the lanthanum atom 
in LaC82. At low microwave power the 
eight-line ScC82 spectrum shows satellite 
peaks flanking each line, indicative of 13C 
hyperfine coupling and confirming associa
tion of the scandium atom with a carbon 
fullerene framework. 

The absence of other resonances, 
searched for at temperatures ranging from 
4.2 K to ambient over a wide range of 
magnetic field strengths (0 to 0.6 T) , sug
gests that the Sc2Cn species (predominant 
relative to Sc and Sc3 species in mass 
spectra) are diamagnetic. Knight and co
workers have detected an EPR spectrum for 
Sc2 in rare-gas matrices at 4.2 K; our results 
suggest that the scandium valence electrons 
in Sc2C82 are paired, either in metal-dimer 
orbitals, or in LUMOs in the fullerene 
cage. 

In summary, we have produced ful-
lerenes containing multiple scandium at
oms and obtained evidence that suggests 
that the atoms form molecules within the 
confines of the fullerene cage. EPR spectra 
have been obtained for metallofullerenes 

containing single and multiple (3) scan
dium atoms. The Sc2Cn species detected by 
mass spectrometry appear to be diamagnet
ic. Because the metal molecules are protect
ed from reaction by the surrounding 
fullerene shell, it is possible to examine 
them spectroscopically at ambient temper
ature rather than at the cryogenic temper
atures required with the rare-gas matrix 
isolation technique. Although this tech
nique has permitted the spectroscopic study 
of a vast number of metastable chemical 
species (22), warming such a matrix permits 
the guest molecules to diffuse and react. In 
contrast, the stability of certain fullerene-
encapsulated species under ambient condi
tions should allow separation, purification, 
and crystallization—in short all of the steps 
which have been successfully carried out for 
empty fullerenes such as C60 . 

Note added in proof: After submitting this 
report we learned that Shinohara et ah have 
obtained results similar to those reported 
here (23). 

REFERENCES AND NOTES 

1. J. R. Heath et al., J. Am. Chem. Soc. 107, 7779 
(1985). 

2. F. D. Weiss et al., ibid. 110, 4464 (1988). 
3. R. E. Haufler et al., J. Phys. Chem. 94, 8634 

(1990). 
4. L. M. Roth et al., J. Am. Chem. Soc. 113, 6298 

(1991). 
5. D. M. Cox, K. C. Reichmann, A. Kaldor, J. Chem. 

Phys. 88, 1588(1988). 
6. Y. Chai et al., J. Phys. Chem. 95, 7564 (1991). 
7. R. D. Johnson et al., Nature 355, 239 (1992). 
8. M. M. Alvarez et al., J. Phys. Chem. 95, 10561 

(1991). 
9. J. H. Weaver et al., Chem. Phys. Lett. 190, 460 

(1992). 
10. T. Pradeep et al., J. Am. Chem. Soc. 114, 2272 

(1992). 
11. A preliminary report of these results was present

ed at the Materials Research Society meeting in 
Boston, MA, 1 to 5 December 1991. 

12. L B. Knight, Jr., R. J. Van Zee, W. Weltner, Jr., 
Chem. Phys. Lett. 94, 296 (1983). 

13. L B. Knight, Jr., R. W. Woodward, R. J. Van Zee, 
W. Weltner, Jr., J. Chem. Phys. 79, 5820 (1983). 

14. G. D. Stucky and J. E. Mac Dougall, Science 247, 
669(1990). 

15. W. Kratschmer et al., Nature 347, 354 (1990). 
16. P. J. Krusic et al., J. Am. Chem. Soc. 113, 6274 

(1991). 
17. P.-M. Allemand et al., ibid, p. 2780. 
18. A. Penicaud et al., ibid., p. 6698. 
19. S. G. Kukolich and D. R. Huffman, Chem. Phys. 

Lett. 182,263(1991). 
20. W. Weltner, Jr., Magnetic Atoms and Molecules 

(Van Nostrand Reinhold, New York, 1983). 
21. Handbook of Chemistry and Physics (Chemical 

Rubber Co., Cleveland, ed. 52, 1972), p. 171. 
22. Matrix Isolation Spectroscopy, A. J. Barnes, W. J. 

Orville-Thomas, A. Muller, R. Gaufres, Eds. (Rei-
del, Boston, 1981). 

23. N. Shinohara et al., Nature, in press. 
24. The authors acknowledge the expedient technical 

assistance of R. D. Kendrick for help in activating 
time-averaging capability on the E-9 EPR and for 
assistance with the simulation program, which 
was kindly supplied by P. Kasai. We thank P. 
Bagus for the results of a Hartree-Fock calculation 
on Sc2+ used to calculate the 45Sc hyperfine 
coupling. 

11 March 1992; accepted 17 April 1992 

1192 SCIENCE • VOL. 256 • 22 MAY 1992 


