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A bstrac t  

The results of a variety of experiments used to characterize fullerenes, metallofullerenes 
and alkali-metal intercalated C~o are reported. It is shown that differential scanning 
calorimetry and NMR characterization of the orientational phase transition in C6o provide 
sensitive means to assess the purity and crystallinity of fuUerene samples. The results 
of a mass-spectrometric investigation of metallofullerene samples produced by co-va- 
porization of carbon and metals are described. An account is given of some electron 
paramagnetic resonance results obtained for LaC82 and solid-state NMR results obtained 
on an alkali-intercalated fullerite, RbaC6o, which show for the first time the presence of 
magnetically inequivalent carbons in underivatized C6o. Together these experiments yield 
a great deal of information about the phase purity, molecular dynamics and structure 
of a variety of fullerene materials. 

1. I n t r o d u c t i o n  

We repor t  here  the results of  a var ie ty  of  exper iments  that  we have 
used  to character ize  ftdlerenes,  metal loful lerenes  and alkali-metal in tercalated 
C6o. In Sect ion 2 it is shown tha t  differential scanning  ca lor imetry  (DSC) 
and NMR charac ter iza t ion  of  the or ientat ional  phase  t ransi t ion in C6o provide 
sensit ive means  to assess  the puri ty and crystall inity of  fullerene samples.  
In Sect ion 3 the results  of  a mass - spec t romet r i c  invest igat ion of  metallo- 
fullerene samples  p r o d u c e d  by co-vapor iza t ion  of  ca rbon  and metals  are 
descr ibed.  Sect ion 4 gives an a c c o u n t  of  s o m e  e lec t ron pa ramagne t i c  r e sonance  
results  obta ined  for  LaC8z and, finally, Sect ion 5 p resen t s  solid-state NMR 
results  obta ined  on an alkali- intercalated fulleride, Rb3C6o, which  show for  
the first t ime the p resence  of  magnet ica l ly  inequivalent  ca rbons  in under ivat ized 
C6o. Toge the r  these  exper iments  yield a grea t  deal of  informat ion abou t  the 
phase  purity, molecu la r  dynamics  and  s t ructure  of  a var iety of  fullerene 
materials.  
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2. DSC and NMR character iza t ion  o f  the  or ienta t iona l  phase  
t rans i t i on  in Ceo 

The orientational phase transition near 260 K, observed in C8o by 
differential scanning calorimetry (DSC) [1, 2] and X-ray diffraction [3] has 
subsequently been studied extensively using 18C NMR [4-6], X-ray diffraction 
[7], neutron scattering [8-12], muon spin-rotation (~SR) [13], Raman spec- 
t roscopy [14, 15] and ultrasonic techniques [16]. Even though the phase 
transition is sensitive to the purity and the degree of crystalline perfection 
of the sample, with a few exceptions [14-16], measurements to date have 
been carried out on powder samples with significant levels of impurities and 
defects. To improve the precision of such experiments will require the use 
of  samples of higher quality, making it important to have convenient techniques 
for assessing sample purity and crystallinity. 

We have used DSC to characterize C6o samples prepared in various ways, 
a sample of purified C7o and a mixture of C6o with C7o. The results dramatically 
illustrate the ability of this technique to detect sensitively the changes in 
orientational phase transition and confirm its utility as a means to characterize 
these materials [1, 2 ]. Data characterizing the phase transition in C6o were 
also obtained using '3C NMR, which showed changes in the transition 
temperature and width which paralleled the results of the DSC measurements. 
Crystals grown by vacuum sublimation of C6o are found to give extremely 
clean, sharp DSC isotherms and the highest transition temperature observed. 
For this sample NMR gave a transition width of less than 1 K and a transition 
temperature in agreement with that obtained by DSC. 

DSC measurements were made using a DuPont 910 DSC with a 2100 
controller, with the heating rate set at 20 °C/min. Sample sizes ranged from 
3 to 20 mg, depending upon availability. DSC curves were obtained on six 
different samples: 

Sample  1 (toluene extract) -- A sample of fullerene-containing soot 
was prepared in the manner previously described [17] and was extracted 
with toluene. The extract contained 85% C6o, 15% C70 and traces of higher 
fullerenes. 

Samples  2 and 3 (chromatographically purified C60 and C70) - The 
above extract was then separated using liquid chromatography (basic alumina) 
with a solvent system of 95/5 hexane/toluene as recently described by Diederich 
et al. [18]. Portions of the chromatographically purified C6o fraction were 
further treated to give purified samples as follows: 

Sample  4 (supercritical C02-washed Cs0) - Purified C6o was continuously 
extracted for 3 h with supercritical C02 (70 °C) in an at tempt to reduce 
the level of solvents (e.g. toluene) present in the sample. 

Sample  5 (CO2-washed and heated C6o) -- A portion of sample 4 was 
further purified by heating in a 1 . 3×10  -5 Pa (10 -7 Torr) vacuum for 2 h 
at 200 °C. Gas evolution was readily observed during this vacuum heating 
procedure. 
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S a m p l e  6 (vapor-grown crystals of C~o) - Chromatographically purified 
C60 was heated in a quartz tube at 1 . 3×10  -5 Pa vacuum for 12 h at 
200 °C to drive off solvents. The temperature was then gradually raised to 
450 °C, subliming material over to another portion of the tube. That portion 
was pinched off and placed in a temperature gradient with one end at about 
650 °C and the other at about 500 °C for 2 h. Crystals formed at the cool 
end in clumps, with individual crystals typically 100 /zm in size. Laser- 
desorption/laser-ionization mass spectrometry of crystals formed in this way 
showed only the presence of C60. 

Figure 1 shows the endotherm obtained from sample 6, the vapor-grown 
C6o crystal sample. The transition gives a single, clean, very narrow endotherm 
(FWHM = 2.8 K), with an extrapolated onset temperature of 262 K, a peak 
at 264 J= 1 K and no identifiable shoulders or multiple peaks. Such an endotherm 
indicates that  this sample has a very high degree of purity and crystallinity. 
The curve is similar to those reported previously by Dworkin et al. [1, 2] 
and Heiney et al. [3] but shows somewhat greater symmetry. In our case, 
the portion of the curve at temperatures below the transition is slightly 
displaced in the endothermic direction (downward) compared to the portion 
above the transition. The peak minimum and extrapolated onset temperature 
in Fig. 1 appear to be approximately 4 K higher than the corresponding 
points in refs. 1-3, and the measured enthalpy change is 6620 J/mol, 
significantly higher than found in the previous measurements. NMR mea- 
surements made on sample 6 showed a phase transition at the same temperature 
as found by DSC. The width of the endotherm peak for this sample is 
comparable to that  found for a fast melting, high purity indium melting- 
point standard run at the same heating rate, confirming that this is high- 
purity material with a very narrow distribution of transition temperatures. 
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Fig. 1. DSC curve of C~o crystals grown from vapor phase-sublimed material (sample 6). The 
endotherm has a FWHM of 2.8 K. 
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Markedly different results are obtained with samples of  lesser purity and 
crystalline order,  as will be described below. 

DSC results for  sample 4, which was cleaned by supercrit ical CO2 
extraction, are shown in Fig. 2(a). The trace shows two incompletely separated 
endotherms with a total enthalpy change of  4320 J/g. Figure 2(b) shows a 
second DSC trace for the same sample, after the sample was heated to 250 
°C in the course of the first run. The endotherm has changed substantially. 
The lower tempera ture  peak has diminished in size and moved to higher 
temperature,  while the higher temperature  peak has grown and sharpened. 
A curve very similar to that in Fig. 2(b) is obtained for sample 5 (shown 
in Fig. 2(c)), from which most  of  the CO2 had presumably been removed 
by heating in vacuum prior  to the DSC measurement .  This suggests that the 
lower tempera ture  peak is related to the presence  of  CO2, introduced by 
the supercritical CO2 extraction. It is apparent  that  CO2 incorporated in the 
sample greatly affects the endotherm obtained and, furthermore,  that it is 
not  easily removed by subsequent  heating (compare  Fig. 1 and Figs. 2(b) 
and (c)). 

Figure 3 shows the results of NMR relaxation experiments  on the vapor- 
grown crystal sample 6 and the supercritically cleaned and heated sample 
5, at 254 K (below the order--disorder phase transition). The slopes of  the 
~aC magnetization recovery  curves allow a sensitive determination of  the 
rotational correlation time of C~o [5]. For sample 6, the recovery  curve is 
characterized by a single exponential  (Fig. 3(a)), which indicates that the 
molecules in the sample have a uniform rotational correlation time; we note 
that this time is 30 times longer for molecules in the ratchet  phase (just 
below the phase transition temperature)  where the molecules rotate by 
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Fig. 2. DSC curves: (a) sample 4, the CO2 extracted sample of chromatographically purified 
C6o as received; (b) sample 4, second run (the sample had been heated to 250 °C in the 
course of the first run); (c) sample 5, as in (a), but heated in vacuum prior to the DSC 
measurement, as described in the text. 
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Fig. 3. Log plots of intensity data from inversion recovery experiments on C6o at 254 K: (a~ 
vapor-grown C~0 crystals (sample 6); (b) supercritically cleaned and heated C60 (sample 5). 
While both samples are below their phase transition temperatures (262 and 258 K, respectively), 
the single-component decay for the crystal (sample 6) shows it to be uniformly in the 'ratchet '  
phase, while sample 5 shows two-component behavior, with a substantial fraction of the sample 
still in the 'rotator'  phase. 

symmetry equivalent jumps [3-5] than it is in the rotator phase (just above 
the transition). This transition in sample 6, as seen by NMR, has a width 
of less than 1 deg. and may be limited by thermal gradients in the sample. 
In contrast, the recovery data for sample 5 (Fig. 3(b)) show two distinct 
components: a rapidly decaying component  characteristic of the ratchet phase 
and a more slowly decaying component,  the recovery rate of which is indicative 
of the very rapid rotations found in the disordered high-temperature 'rotator'  
phase [5]. NMR relaxation experiments indicate that rotation of C6o in the 
rotator phase occurs at the same rate for both the vapor-grown crystal 
(sample 1) and the supercritically cleaned and heated sample 5; rotation in 
the ratchet phase is significantly slower for the crystal sample [1 9]. Figure 
4 shows the results obtained for sample 2, consisting of chromatographically 
purified C60 which has been dried (but not CO2-extracted). This sample also 
gives a curve showing a sharp peak with a shoulder. The shoulder most 
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Fig. 4. DSC curve for sample 2, chromatographically purified C60. 

0 I I I I I I I I 1 

I 

, , , , , . 

180 200 220 240 260 
Temperature, K 

Fig. 5. DSC curve for sample 1, toluene extract, showing the small, broad endotherm. 

likely is a consequence of the presence  of residual solvents incorporated in 
the lattice. Comparison of  this curve with those shown in Fig. 2 provides 
convincing evidence that CO2 extract ion introduces a substantial amount  of 
CO2 into the sample. 

Finally, the results obtained for the toluene extract  of the soot  (sample 
1) are shown in Fig. 5. In this case a very broad endotherm is obtained 
( ~ 2 2  K), with an enthalpy change on the order  of  2 J/g. An endotherm 
having such a large width and small AH is near  the limit of  the measurement  
capability of our instrument. The broad distribution of  transition temperatures  
may reflect disruption of the crystal ordering due to the random inclusion 
of C7o molecules (which comprise about  15% of  the sample). This idea is 
supported by the fact that  the curve for sample 2 (the purified C6o fraction) 
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shows a relatively sharp endotherm compared to the C60/C70 mixture. The 
characterist ics of sample 2, with an endotherm minimum at 257 K and a 
AH value of 8.2 J/g, are much closer to those of  the vapor-grown crystal. 
Incorporat ion of  solvent into the solid is also likely to account  for  part  of 
the broadening of the transition in the toluene extract  (sample 1), but 
comparison with sample 2 leads us to conclude that this is less important  
than the presence of C70. 

The chromatographically purified C70 fraction (sample 3) shows no 
detectable transitions, nor  does the soot from which these fullerenes were 
separated using the same DSC conditions. Two transitions have been repor ted 
for C70 (at 276 and 337 K) by Vaughan et al. [20] in samples which were 
sublimed to remove any solvents. 

We conclude that DSC measurements  of the characteristics of the 
orientational phase transition in solid C~0 provide a convenient  diagnostic 
technique which is sensitive to both the presence of impurities, such as 
solvents and CO2, and to crystal defects, in agreement  with the findings of 
Dworkin et al. [1, 2]. The DSC endothermic transitions observed correlate 
well with the results of NMR experiments.  It seems clear that these techniques 
will also be applicable to other fullerene solids. 

3. L a s e r - d e s o r p t i o n / l a s e r - i o n i z a t i o n  mass  s p e c t r o m e t r y  o f  
m e t a l l o f u l l e r e n e s  

Metallofullerenes prepared by arc vaporization of either specially prepared 
composi te  carbon/metal  rods [21, 22] or cored carbon rods packed with 
mixtures of graphite and metal powders [23] have been analyzed by laser- 
desorption/laser-ionization mass spectrometry.  In this section a number  of 
issues relating to this analysis will be addressed. First, it will be shown that 
the metallofullerene complexes are not formed in the laser desorption step 
itself, but ra ther  are present  in the bulk material on the surface, prior to 
analysis. It can also be shown that laser desorption can be used to vaporize 
metallofullerenes that decompose upon slower heating. The second step in 
the analysis is photoionization and its merits will be discussed. Finally, some 
emerging t rends concerning metallofullerenes with Group IIIB elements will 
be pointed out. 

These experiments  were carried out in a laser desorption jet  cooling 
apparatus  described earlier [24]. Essentially, molecules on a surface are 
laser-desorbed, entrained in an Ar supersonic expansion and detected down- 
s tream by (multi)photon ionization and time-of-flight mass spectrometry.  
Desorption was performed with either 532 nm light from a doubled Nd:YAG 
laser or with 248 nm light from a KrF excimer laser. No difference was 
observed. Ionization was achieved with 193 um excimer laser radiation. In 
principle it is possible to form van der Waals complexes,  both in the desorpt ion 
step and in the supe.rsonic expansion. Since it is conceivable that both metals 
and fullerenes could be present  on the surface separately, it is important  to 
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prove that the observed metallofullerenes are not formed by complex formation 
during the analysis. Figure 6 shows a mass spectrmu obtained from a sample 
that contained a dried toluene extract of a mixture of (a) lanthanum-containing 
soot and Co) soot that was produced without lanthanum from 18C-enriched 
graphite. Clearly both soot (a) and soot (b) contain C60 as well as C70; 
however, only soot (a) contains a metallofullerene, LaCs2. If this species had 
been produced by desorption or jet  cooling, then we would have also observed 
the 'aC-enriched metallofullerene. This demonstrates that the metallofullerene 
is present on the surface, prior to analysis. 

Generally, laser desorption can be used for analysis of organics that are 
unstable upon heating, because, with a laser pulse duration of the order of 
nanoseconds, compounds can be volatilized while avoiding thermochemical 
decomposition [25]. In the case of fullerenes that advantage is not always 
crucial, since these species appear to be quite stable upon heating. However, 
for some metaUofullerenes, laser desorption may be essential. A case in point 
is provided by various metallo-C~0 and metallo-CTo species. Figure 7(a) shows 
a laser-desorption mass spectrum of arc soot from composite rods containing 
gadolinium in addition to carbon. As can be seen, the dominant species in 
the spectrum is GdC6o, followed by GdCvo. In various experiments the soot 
was heated, in either stainless steel or quartz ovens, in vacuum, to various 
temperatures ranging from 300 to 700 °C. It was found that stable metal- 
lofullerenes sublime at temperatures comparable to the bare fullerene analogs. 
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Fig. 6. Lase r -deso rp t i onAase r - i on i za t i on  t ime-of- f l ight  m a s s  s p e c t r u m  ob t a ined  f r o m  dr ied  t o l u e n e  
ex t r ac t  o f  a m i x t u r e  o f  l a n t h a n u m - c o n t a i n i n g  s o o t  a n d  s o o t  t ha t  was  p r o d u c e d  w i thou t  l a n t h a n u m  
f rom laC graph i t e .  The  p e a k s  l abe led  as  laC s h o w  t h e  e n v e l o p e  o f  t he  m a s s  d i s t r ibu t ion ,  
c o r r e s p o n d i n g  to  a n  e n r i c h m e n t  o f  a b o u t  20%. 
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Fig. 7. Laser -desorpt ion / laser - ion izat ion  time-of-fl ight m a s s  spec tra  of  carbon  arc s o o t  in w h i c h  
gado l in ium w a s  added  to  the  e l ec t rode  rods: (a)  untreated soot;  (b)  material  that w a s  v a c u u m  
sub l imed  from the  s o o t  at 6 5 0  °C; (c )  s h o w s  the  spec trum of  the  res idue  after subl imation.  
D e s o r p t i o n  is with  5 3 2  nm,  ionizat ion  with 193  nm. 
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In o the r  words ,  the  sub l imat ion  t e m p e r a t u r e  i nc reases  wi th  n u m b e r  o f  c a r b o n s  
and  is no t  s ignif icant ly  a f fec ted  by  the  meta l ;  however ,  the  l igh ter  meta l -  
loful lerenes ,  such  as the  C60 and  C70 spec ies ,  a re  dec ided ly  uns tab le .  F igure  
7(c)  shows  a m a s s  s p e c t r u m  o f  the  soo t  a f t e r  heat ing ,  while  Fig. 7Co) shows  
a m a s s  s p e c t r u m  of  the  sub l imed  mater ia l .  It  a p p e a r s  t ha t  the  spec i e s  tha t  
a re  d o m i n a n t  in the  s p e c t r a  of  the  u n h e a t e d  soo t  d e c o m p o s e  or  o the rwise  
r e a c t  u p o n  s low heat ing;  however ,  t hey  can  be  volat i l ized by  rap id  laser  
hea t ing .  I t  is n o t e w o r t h y  tha t  the  leas t  s tab le  me ta l lo fu l l e renes  a re  those  
f o r m e d  with the  m o s t  s tab le  ba re  ful lerenes .  Along the  s a m e  l ines it is no t ed  
tha t  t o luene  ex t rac t ion ,  which  is ve ry  se lec t ive  for  C60 and  C70, shows  a 
r e m a r k a b l y  di f ferent  se lec t iv i ty  fo r  the  meta l lo fu l le renes .  General ly ,  to luene  
ex t r ac t i on  yields  p r e d o m i n a n t l y  the  metallo-C82 spec ies .  The  solubil i ty of  
t hese  spec i e s  in to luene  is l ess  t h a n  tha t  fo r  ba re  C~o and  b a r e  C7o, but  
s ignif icant ly  m o r e  than  tha t  fo r  o the r  meta l lo fu l le renes .  

Tab le  1 g ives  the  p r e d o m i n a n t  spec i e s  tha t  resul t  f r o m  to luene  ex t r ac t ion  
of  me ta l lo fu l l e rene -con ta in ing  soot ,  as  d e t e r m i n e d  by  two- lase r  m a s s  spec-  
t r ome t ry .  The  t r ivalent  ionic radi i  o f  the  m e t a l s  are  g iven  as  well. The  t r end  
of  the  da ta  ind ica tes  tha t  m o r e  mul t ip le -meta l  spec i e s  f o r m  as the  ionic 
rad ius  dec reases .  Sc2Cn spec ies  a re  o b s e r v e d  wi th  n r ang ing  f r o m  80 to  90 
( even  n u m b e r s  only)  wi th  p e a k  he igh t s  o f  the  s a m e  o r d e r  o f  magn i tude .  
M o n o - s c a n d i u m  and  t r i - scand ium meta l lo fu l l e renes  a re  o b s e r v e d  by  EPR 
s p e c t r o s c o p y  [23, 27] and  in the  m a s s  s p e c t r a  as well, bu t  wi th  a t  l eas t  an 
o r d e r  of  m a g n i t u d e  less  in tens i ty  than  d i - scand ium spec ies .  

Finally,  it n e e d s  to be  po i n t ed  out  tha t  care  shou ld  be  e x e r c i s e d  in 
in t e rp re t ing  pho to ion iza t ion  m a s s  spec t ra ,  s ince re la t ive  ionizat ion eff iciencies 
a re  unknown.  In the  case  of  ba re  C8o the  ionizat ion po ten t i a l  is h igher  than  
the  p h o t o n  e n e r g y  and  193 n m  p h o t o n s  exc i te  the  mo lecu l e  to  a v e r y  shor t -  
l ived s ta te ,  which  i n t e r sys t em c ro s s e s  to a low-lying t r ip le t  s ta te  a t  a b o u t  
1.6 eV [28].  The  molecu le  is s u b s e q u e n t l y  one-  or  t w o - p h o t o n  ionized f r o m  
this  s tate.  F o r  meta l lo fu l le renes ,  bo th  the  ionizat ion po ten t i a l  and  the  e lec t ron ic  
s p e c t r o s c o p y  could  be  different  f r o m  e m p t y  ful lerenes .  In the  e x t r e m e  case  
of  a sufficiently lowered  ionizat ion potent ia l ,  s o m e  of  these  m o l e c u l e s  could  

TABLE 1 

Dominant species in toluene extracts of metallofullerene soot 

M MCs2 M2Cs2 Radius a 

Sc X b 0.732 
Er X X 0.881 
Y X X 0.893 
Tb X 0.923 
Gd X 0.938 
La X 1.06 

~Crystal ionic radii (in A) of trivalent metals from ref. 26. 
bDi-scandium fullerenes with 80, 82 and 84 carbon atoms have about equal abundance. At 
slightly lower abundance di-scandium fullerenes are observed with up to 100 carbon atoms. 
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even be single-photon ionized at 193 nm. For LaCs2, comparison with XPS 
measurements  shows the photoionization detection to be greater in efficiency 
than that of bare C80 and Cv0. 

4. E l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e  o f  l a n t h a n u m - f u l l e r e n e s  

Evidence that metal atoms can combine with arc-vaporized carbon atoms 
to form metallofullerene molecules [ 29 ] was reported shortly after the discovery 
of fullerene molecules [30]. More recently, correlative mass spectroscopic 
(MS) and electron paramagnetic resonance (EPR) studies have identified the 
metallofullerenes LaCs2 [22], YCsg. [31] and Sc3Cs2 and ScCs2 [23, 27]. Thus, 
mass spectrometry has been used to identify these novel molecules while 
EPR has provided the first detailed information regarding their electronic 
ground states. In this section, EPR multiplets of La fullerene molecules will 
be examined in detail with the intent of underlining the delocalized nature 
of their paramagnetic ground states. 

Samples were prepared by toluene extraction of soot  produced from 
arc-burning of either composite  graphite-metal  oxide rods [21, 22] or cored 
carbon rods packed with mixtures of graphite and metal powders [23]. For 
EPR study the toluene extract was transferred to a quartz tube, degassed 
by the freeze-pump-thaw method and vacuum sealed. A Bruker ER300 X- 
band EPR spectrometer  was used to record the spectra. 

Figure 8(a) displays an experimental room-temperature X-band (9.7 GHz) 
EPR spectrum of the toluene extract while Fig. 8(b) shows a simulated 
spectrum composed of two overlapping eight-line patterns (octets). Both 
octets, arising from electron hyperfine coupling to the lanthanum nuclear 
spin (I= 7/2), were generated with the parameters  listed in Table 2. The g 

I n 

,' /! 

t 

b I, 

( 

(b) 

i i 

t ~ p I ] 

_ L I I _ . ±  J I 

3476 3480 3484 3488 3492 
[c] 

Fig. 8. (a) Exper imental  room-temperature  X-band (9.7 GHz) EPR spectrum of the toluene 
extract. Co) Simulated spect rum composed  of two overlapping eight-line pat terns  (octets).  The 
octets arise from electron hyperfine coupling to the  lanthanum nuclear spin ( I=  7/2). The 
simulation parameters  are listed in Table 2. 
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TABLE 2 

Parameters used to fit two octets to the EPR spectrum of LaC82 

Octuplet g value A (G) AHpp Rel. intensity 
n o .  

1 2.0009 1.15 0.12 3 
2 1.9989 0.83 0.13 1 

i'! 

,! 

Ii 

,~(o) 
\ ,,, 

\ 

~'(b) 

' ' ' ' ' 34'88 L 3476 3480 3484 3492 
[G] 

Fig. 9. Integrals of (a) experimental and (b) simulated spectra shown in Figs. 8(a) and (b), 
respectively. Notice the broad absorption background in (a), the integration of the experimental 
spectrum (Fig. 8(a)). 

value and hyperiine coupling for octet no. 1 are the same as those reported 
for LaCs2 [22], while the second octet spectrum (no. 2) has not been reported 
previously. The mass spectrum of this sample shows only one peak corre- 
sponding to LaCs2. The observation of a single peak in the mass spectrum 
and two EPR octets suggests that the EPR spectra are due to conformers 
of the same metallofullerene. 

Figures 9(a) and (b) are the integrals of the experimental and simulated 
spectra shown in Figs. 8(a) and (b), respectively. The most striking feature 
in Fig. 9 is the broad absorption background obtained from integration of 
the experimental spectrum (Fig. 8(a)), which is absent in the integral of the 
spectrum simulated with the parameters given in Table 2 (Fig. 9(b)). The 
origin of this broad background signal can be traced to the experimental 
spectrum taken in the derivative mode, where small unresolvable features 
flank the high-intensity lines comprising the octets. We propose that the 
broad background absorption of Fig. 9(a) is due to unresolved electron-nuclear 
hyperfine coupling with naturally abundant (1.1%) 18C spins in the fullerene 
cage [22]. This interpretation is supported by statistics of the percentage 
of LaCa2 species which contain no laC atoms. For an ensemble of Cs2 
fullerenes, 409b contain only 12C atoms, while the remaining 60% have one 
or more ISC atoms. Simulation of the derivative spectrum (Fig. 8(b)) appears 
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to match the experimental  spectrum quite well, but does not  include 13C 
hyperfine interactions. Assuming that  fullerenes which contain one or more 
~3C atoms do not  contribute to the sharp octet  spectra shown in Fig. 8(a), 
i.e., that  there  are no ~3C hyperfine splittings less than the width of the lines 
in the octe t  spectrum ( ~  60 mG), the simulated spectrum (Fig. 8(b)) should 
faithfully reflect the signal intensity only from lanthanum-fullerene species 
which contain only 12C atoms (40% of the total absorption). Therefore,  the 
area under  the absorption curve of Fig. 9(b) should be 40% of the total 
absorpt ion intensity for  all lanthanum-fullerene species given by the area 
under  the experimental  absorption spectrum (Fig. 9(a)). We find that the 
~2C-only species account  for  only 14% of the total spectral intensity. Despite 
this discrepancy, possibly due to the high sensitivity of a double-integration 
to the wings of the line [32] or an impurity resonance,  the majority of the 
absorpt ion (i.e., the broad background absorption) is associated with lan- 
thanum-fullerenes which contain one or more 13C atoms. This finding is 
consistent  with the small value of the 139La hyperfine couplings given in 
Table 2. A theoretical  calculation of the isotropic hyperfine splitting for La +2 
yields a value of 186 G, almost two orders of magnitude greater  than our 
experimental ly determined value*. Thus, less than 1% of the unpaired electron 
spin density is localized at the lanthanum atom, the rest being distributed 
over the carbon atoms on the fullerene shell, and the lanthanum is best  
described as a + 3 cation. This is consistent with an earlier calculation for 
LaC6o, which found a net lanthanum charge of ÷ 2.85e [34l. 

Fur ther  experiments  are in progress to characterize more quantitatively 
the nature of the paramagnetic  ground state of lanthanum-fullerene com- 
plexes. 

5. High-resolut ion low-temperature  NMR spectra of  conduct ing  
alkal i -metal-doped ful ler ides  

One of  the most  exciting developments in fullerene research has been 
the discovery that the alkali-metal-doped fullerenes M3C6o are conductors  as 
well as superconductors  at relatively high temperatures  [35, 36]. A number 
of structural  studies have been made which show that the C6o units are 
arranged in the lattice in much the same way as in the pure undoped material 
and that the alkali metal atoms are interspersed between the C6o units in 
interstitial sites [37, 38]. 1~C NMR studies have proved to be very powerful 
in probing the conducting state in both K3C6o [39] and KTI~.sC6o [40]. We 
repor t  here  the results of variable-temperature magic-angle spinning (MAS) 
13C NMR exper iments  on Rb3C6o and the first resolution of individual chemical 
shifts for  the carbon atoms on C6o -3, an unsubstituted C6o species. 

*If we assume that the lanthanum is in a zero-valence state, the calculated hyperfine 
coupling is 2137 G (see ref. 33), which means that only 0.05% of the unpaired electron spin 
density is localized on the lanthanum atom in LaCs2. 
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The Rb-doped material was made according to the method described 
by McCauley et al. [41 ]. In brief, chromatographically purified [18] C6o was 
dried for 24 h under vacuum at 225 °C and then heated with excess rubidium 
(225 °C) in a sealed, evacuated, Pyrex tube for 24 h to produce Rb6C6o. 
This material was mixed in a glove box (under argon) with 1.2 times the 
initial amount  of C6o, resealed in a Pyrex tube  and heated successively to 
250 °C (24 h), 350 °C (24 h) and finally to 450 °C (1 h) to produce Rb3C6o. 
The doped powder  was packed into a 5 mm thhl-wall NMR tube in a dry 
box and sealed under vacuum. Low-temperature 13 C MAS spectra were obtained 
on a home-built  probe  at 1.4 T field strength (15 MHz 13C operating frequency) 
[42]. 

13C MAS spectra  of  Rb3C6o at several temperatures are shown in Fig. 
10. A spectrum of undoped C6o (143 ppm) [43] is shown in Fig. 10(a) for 
reference. At ambient temperature,  the Rb-doped material also yields a single, 
narrow line shifted 43 ppm downfield from undoped C6o (Fig. 10(b)). The 
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Fig. 10. laC MAS spectra: (a) reference spect rum of  undoped 060 taken at ambient temperature; 
RbaC6o at (b) ambient temperature;  (c) 198 K; (d) 178 K; (e) 143 K; and (f) 133 K. 



293 

resonance at 157 ppm appears to be due to an impurity. As the temperature 
is lowered, the chemical shift remains constant, but the line broadens, 
developing a pronounced downfield shoulder, as well as a hint of an upfield 
shoulder (Fig. 10(c)). At 178 K (Fig. 10(d)), the downiield shoulder has 
moved farther downfield and has sharpened into a peak at 214 ppm, while 
the upfield shoulder has increased in intensity. At the lowest temperatures 
shown, 143 and 133 K (Figs. 10(e) and (f)), the upfield band has split into 
two peaks at 176 and 159 ppm. No further changes are observed as the 
temperature is lowered to 77 K. The low-temperature-limit 13C MAS NMR 
spectrum of Rb3C60, which shows three peaks, indicates that there are carbons 
in three different environments in the C60 -3 sub-units. The data reported 
here are thus the first detection of magnetically inequivalent carbons in an 
unsubstituted C6o moiety. These results appear to be consistent with the X- 
ray structure of Rb3C60 [14] since examination of that structure reveals that 
there are carbons in three different environments. 

The X-ray study also shows that the C60 units are orientationally ordered 
at room temperature with a random distribution between two orientations 
and it was suggested that  the Rb atoms may inhibit rotation of the fullerenes 
[38 ]. Nonetheless, the NMR lineshape changes shown in Fig. 10 are diagnostic 
for rapid reorientation of the C60 -3 units. Clearly, the room-temperature 13C 
spectrum in Fig. 10(b) shows averaging of the three different isotropic 
chemical shifts resolved in the low-temperature spectra and the temperature 
dependence of the NMR spectra shown in Fig. 10 indicates chemical exchange 
among three inequivalent carbons with relative intensity 2:2:1 [44l. Since 
the only way that carbons in three different sites can be interchanged is 
symmetry-equivalent reorientations of the C60-3 unit, motional dynamics must 
be responsible for the spectral changes. 

In principle, it should be possible to obtain correlation times and an 
activation energy for the reorientation of C60-3 using dynamic NMR lineshape 
analysis techniques. This would require better resolution than we have obtained. 
The line broadening observed may be due te  sample inhomogeneity leading 
to a distribution of isotropic chemical shifts; if this is the case, improvement 
of resolution will require the preparation of fresh samples. Alternatively, it 
may be possible to improve resolution by obtaining the data at higher field 
where the chemical shift spread is greater. 
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