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INTRODUCTION
Since the initial discovery of fullerenes nearly a decade ago [1], material scientists have
focused attention on the possibility of encapsulating one or more metal atoms inside these
spheroidal carbon frames. The experimental realization of macroscopic quantities of
endohedral metallofullerenes (Am@C2n, n=30-55) in the early 1990's has heightened interest
in developing this new class of tunable materials with possible electronic and/or optical
applications [2,3]. They have been characterized by a number of spectroscopic techniques,
for example, scanning tunneling microscope [4,5], EXAFS [6,7] and x-ray diffraction and
electron microscopy [8]. However, low production yields and purification difficulties have
hampered the development of this new class of materials. The soluble product distribution
usually consists of high levels of the empty-caged fullerenes C60 , C7 0, C84 and decreasing
levels of the higher fullerenes, while the endohedral metallofullerene fraction usually
constitutes less than 1% of the total soluble yield. Furthermore, the endohedral
metallofullerene fraction consists of molecules with different numbers of metal atoms
encapsulated (m=1-3), cage sizes (C 2 n) and isomers of the same mass (e.g., Er 2@C 82). The
purification process is further complicated by the chemical reactivity of several endohedral
metallofullerenes [9] in aerobic environments. For several years, we have been involved in a
collaborative effort to develop methodology for detection, isolation, and characterization of
endohedral metallofullerenes. The focus of the present study is on fullerenes encapsulating
metals from Group II1b, (Sc@C2n, Y@C2n, and La@C2n) and the lanthanide series metal
(Er@C 2n).
PRODUCTION AND INITIAL SEPARATION PROCEDURES
The samples were produced by arc-burning cored carbon rods filled with mixtures of
powdered carbon and pure metal or metal oxide. A Kriitschmer-Huffman style fullerene
generator [10] (I-100A, -25V) was utilized to "bum" the rods and operated under a dynamic
helium flow (-200 torr). Previous experiments have demonstrated that the yields and product
distribution are relatively insensitive to the form in which the metal is introduced (metal, metal
oxide, or carbide) [11 ]. However, the product distribution (and yield) is quite sensitive to the
metal concentration. Monometal species dominate at low metal/carbon ratios whereas the diand trimetal species dominate at high metal loadings (-3-4%). The fullerene containing soot
was promptly extracted with cold CS 2 or with Soxhlet extraction using refluxing toluene.
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After solvent removal in vacuo, the soluble fullerene and metallofullerene extract was washed
with diethyl ether.
An automated HPLC apparatus [12] has been extensively employed in the initial
purification stages (Fig. 1). The C1 , C2 and C3 , C4 columns function as load columns and the
0
separation columns, respectively. Both polystyrene (Perkin-Elmer PL gel, 1000 and 500 A ,
250 x 10 mm columns in series) and Buckyclutcher (Regis, Trident-Tri-DNP, 250 x 10 mmn
columns in series) have been used for the initial separation. The separation protocol used for
the erbium metallofullerene (Er@C 2 n) is typical and is described in more detail below. In a
given automated sequence, injection of the soluble fullerene/metallofullerene extract (e.g.,
Erm@C2n, 5-7.5 ml, -3 mg/ml) was separated with flow rates of 1 ml/min. (80/20,
toluene/decalin mobile phase) and a 90 min recycle time. The low flow rates provide good
separation with low solvent consumption. For a 24 hr period, an automated through-put in
excess of 300 mg of the soluble metallofullerene extract can be achieved for the initial

separation step.
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Figure 1. Automated HPLC Apparatus: C1 , C2 are the load columns and
C3 , C4 are the separation (polystyrene or Buckyclutcher) columns [12].
ENDOIIEDRAL SCANDIUM METALLOFULLERENES
It is now well established [5, 11-15] that Scm@C2n extracts c~ontain the paramagnetic
Sc@C 82 and Sc3 @C82 species as well as numerous dimetal metallofullerenes (e.g., Sc2 @C84 ).
In addition, the usual empty-cage fullerenes (C60 , C70 , C76 , C84 , etc.) dominate the soluble
product profile. Although UV detection (260-400 nim) is commonly used to monitor
metallofullerene separations, on-line electron paramagnetic resonance (HPLC-EPR) has the
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advantage of selective monitoring only the paramagnetic endohedral fullerenes (Sc@C82 and
Sc 3 @C 82). The latter species provide convenient "markers" for the metallofullerene fraction.
To illustrate the approach, the HPLC-UV trace and corresponding EPR profile for a Sc@C2n
fraction is shown in Fig. 2 after five separate passes using polystyrene columns to remove
most of the empty-cage fullerenes [16]. The characteristic 22 line hyperfine coupling (hfc) for
the three equivalent Sc atoms inside the Sc3@C8 2 species clearly maximizes at 30.75 min.
The Sc3@C82 provides a convenient marker for the metallofullerene fraction which can then
be separated into a number of Scm@C2n species using a Buckyclutcher column (Fig. 3).
Although there are several resolved peaks in this chromatogram, the HPLC-EPR profile
clearly identifies peak 6 as the Sc3@C82 species. Additional clean-up passes of peak 6
readily permitted isolation of purified Sc 3@C 82 . The negative-ion mass spectrum (m/e= 1119)
confirmed the assignment of Sc3@C8 2 . A portion of this purified sample was used in the
EPR orientational dynamics study of the Sc3 trimer in Sc3@C82 described below.
In addition to the Sc 3 @C 82 marker species, a number of other peaks in Fig. 3 were
identified by negative-ion mass spectrometry. For example, peaks 0, 1, 3, and 5 have been
identified as Sc 2 @C74 , 8c2@C 84 (I), Sc2@C84 (II), and Sc2@C76, respectively. At least three
different isomers of Sc 2 @C 84 are clearly evident from the mass spectral data (peaks 1, 3 and
9). Multiple isomers for several other dimetal species (e.g., Er 2 @C 82 ) have been tentatively
identified from mass spectral and HPLC retention data. The dominant Sc2@C8 4 isomer (Peak
3) was purified by additional clean-up passes. A portion of the purified Sc 2 @C 84 sample
was utilized in the electron microscopy study described below [8].
The Scm@C2n extract described above was prepared with a relatively high
metal/carbon ratio (3-5 Sc atoms/100 carbon atoms) which accounts for the relatively minor
abundance of Sc@C82 in this sample. In a separate experiment, a Scm@C2n extract was
prepared with a lower Sc/C ratio. The HPLC/EPR profile (Fig. 4) for this sample
(Buckyclutcher column) demonstrates that Sc@C82 has a slightly faster elution time (19 min)
in comparison with Sc3@C82 (23 min). In this case, a slightly slower flow rate (2 ml/min)
was employed in comparison with Fig. 3. Also, the characteristic 8 line pattern for Sc@C8 2 is
distorted because of saturation (excessive microwave power) in order to improve the signal-tonoise in the HPLC/EPR profile.

Sc 2 @C 8 4 ELECTRON

MICROSCOPY

Of primary importance regarding the structure of endohedral metallofullerenes is
experimental verification that the metal atoms are indeed inside the carbon cage. In a recent
electron microscopy study, a purified Sc2@C84 sample (Peak 3, Fig. 3) was allowed to slowly
evaporate from CS2 and placed on a carbon grid for transmission electron microscopy (TEM)
[18]. The room temperature results show that Sc2@C84 molecules pack in a hexagonal-closepacked (HCP) structure with a ratio of lattice constants c/a= 1.63, the value expected for idealsphere packing. The molecule spacing of 11.2 A' is close to the value found for empty-cage
C84 [18] This suggests that the van der Waals radius of the molecules is not strongly altered
by charge transfer to the carbon cage. High resolution TEM images taken along both the
[1120] and [0001] directions confirm the HCP structure and show no bright central spots in
the molecular images which would be expected for empty-cage fullerenes (C84 ). A scanning
tunneling microscope (STM) study of Sc2@C 84 on a Si surface reported by Shinohara [5],
also suggested the endohedral nature of this species. In their study, a nearest neighbor
distance of 11.7A' was reported between the Sc 2 @C 84 molecules.
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Figure 2. (a) HPLC-UV trace (340 nm) for
the fifth polystyrene pass, 410-i.iL injection
of the Sc@C2n EPR active fraction, 1 mL/min,
and 80:20 degassed toluene/decalin. (b) Online HPLC-EPR profile, 9.55 GHz, 4
scans/file, and 20 s/sweep [16].
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Figure 3. (a) HPLC-UV trace (340 nm),
concentrated Sc3@C82 fraction after five
polystyrene passes, Buckyclutcher column,
250-pL injection, 2.1 mL/min, and degassed
80:20 toluene/decalin; EPR-active region is
peak 6. (b) On-line HPLC-EPR stacked plot,
9.55 GHz, 3 scans/file, and 20 s/sweep [16].
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Figure 4. On-line HPLC-EPR profile for Scm@C2n extract 2.0 ml/min,
degassed 80:20 toluene/decalin; EPR 9.55 GHz, 3 scans/file and 20 s/sweep.

ORIENTATIONAL DYNAMICS OF THE Sc3 TRIMER IN

Sc 3 @C 8 2 :

AN EPR STUDY

The highly anharmonic potential for the metal atoms in metallofullerenes leads to the
expectation that these species will exhibit novel dynamical properties. Calculations have
predicted new types of vibrations for endohedral fullerenes, with the encapsulted atoms
rattling and rolling inside the cage. We have carried out a systematic study of the electron
paramagnetic resonance (EPR) spectrum of Sc3@C82 for temperatures varying from 77 K to
333 K that gives new information about the dynamical behavior of this species [17]. The
study was carried out on a purified sample of Sc 3 @C 8 2 [16]. The EPR spectra show 22
hyperfine coupling split transitions with unusually large linewidths [ 18,19]. Figure 5a and 5b
show two spectra taken at 193 K in decalin. The spectrum in Fig. 5a was obtained with the
solvent supercooled, but still liquid. The spectrum in Fig. 5b was taken with the solvent
frozen. In both cases, the data show that the three Sc ions are equivalent, and can be modeled
using a simulation with equal isotropic hyperfine coupling to the three scandium nuclei. As
the temperature falls, there is a strongly m-dependent broadening of the lines, with the
linewidths increasing as -iml. The effect of this broadening is evident in Fig. 5b. As shown in
Figure 6, the linewidth has the qualitative temperature dependence expected for a
paramagnetic species tumbling in solution due to Brownian motion: the linewidth increases at
low temperatures due to insufficient averaging of the magnetic anisotropy by reorientational
motions, whereas at high temperatures the linewidth increases due to the interactions between
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Figure 5. EPR spectrum of Sc3@C82 in (a) fluid and (b) frozen decalin at
T=193 K. Some of the nuclear magnetic quantum numbers of the states involved
in the transitions are indicated in (a). The dashed line is the envelope of a simulation
of the fluid spectrum. (c) Simulation of the frozen spectrum.
the unpaired spin and the magnetic moment associated with rapid molecular rotation.
However, the temperature dependence of the linewidth strongly deviates from that expected
to result from the Brownian tumbling motion of the C 82 cage (shown by the dashed line in Fig.
6): at high temperatures the observed linewidths are too large compared to the value expected
for spin-rotation interaction due to cage reorientation, whereas at low temperatures (where the
cage motion becomes very slow), the linewidths are much too small. Even in frozen decalin
resolved hyperfine structure persists, indicating there still is rapid reorientational averaging.
These results contrast sharply with those obtained for Sc@C82 by Kato et al., which seem to
follow expectations for broadening due to cage rotation [20]. We were thus led to consider
broadening due to motion of the Sc trimer within the fullerene cage. We postulated that the
metal trimer can reorient by overcoming a barrier to rotation E, resulting in a correlation time
for trimer reorientation proportional to exp(E/kT). The reorientation of the cage in the
viscous solvent was assumed to be described by a second correlation time proportional to the
viscosity and T 1 in the usual way. By thus considering both motion of the cage in solution
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and of the Sc trimer within the cage, the data could be fit across the full measured temperature
range, for both liquid and frozen solvent, as shown by the solid lines in Fig. 6. A small barrier
to trimer reorientation (28 meV) is derived from the data. An additional consequence of the
Sc3 reorientational motion is that the hyperfine coupling, a(hfc), will be modulated as the
trimer moves. The observed hyperfine coupling will be an averaged value that will depend on
the magnetic quantum number m and on the temperature. Indeed, a(hfc) varies with m and, as
shown in Figure 7, has a strong temperature dependence - varying by 10% over the range from
100 to 325 K. This evidence of large amplitude motion strongly supports the notion of facile
Sc trimer reorientation. The conclusion that the Sc metal trimer can move rapidly with respect
to the cage lends support to the idea that the unusual structure of these species will lead to
unusual linear and nonlinear polarizabilities and vibrational properties [21,22].
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Figure 6. Temperature dependence of the linewidth of the mi=+l/2 (see Fig. 1)
EPR transitions for Sc3@C82 in frozen (filled circles) and fluid (open circles)
decalin. The solid lines are fits of a dynamical model.
Er2@C82 ISOMERS
In contrast with Scm@C2n, Ym@C2n, and Lam@C2n, erbium metallofullerene extracts
are dominated by only Er@C8 2 , Er2 @C 82 and smaller quantities of Er 2 @C 84 , as shown in the
LD-TOF mass spectrum (Fig. 8). Isolation of Er2@C 82 was accomplished in a four-stage
automated chromatographic procedure. The initial separation stage using two Buckyclutcher
columns (250 x 10 mm) with a toluene/decalin (80/20) solvent system has been previously
described vide supra. After a second automated pass using the same chromatographic
procedure, the enriched Er 2 @C 82 fraction (Fig. 9) shows three major peaks I, II, and III
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Figure 7. Temperature dependence of the nuclear hyperfme coupling observed for
Sc 3@C82 in liquid and frozen decalin. The solid line is a fit to the data of the
dynamical model discussed in the text.
which were confirmed by LD-TOF mass spectrometry to be Er 2 @C 82 and Er 2 @C 84
(mixture), Er 2 @C 8 2 and Er2@C 8 2, respectively. However, low levels of empty-cage
fullerenes, C 100 -C1 06 were also found to be present in these fractions. To remove these
empty-cage impurities, a tetraphenyl-porphyrin (TPP) derivatized silica-gel column (4.6 x
100 mm, Anspec) was used with the automated HPLC apparatus and with CS 2 as the mobile
phase (Fig. 10). Under these conditions, the elution time of the empty-cage fullerene
impurities (CIoo-CI0 6 ) are considerably longer than the Er 2@C 82 isomers. After a final pass
on the Buckyclutcher column, highly purified samples of Er 2 @C 82 isomers II and III have
been obtained. The LD-TOF mass spectrum for the Er2@C82 isomer III is illustrated in Fig.
11. From -1.4 g of soluble Erm@C2n extract, we have isolated -9 mg of purified isomer III.
Since isomer III is only -1/3 of the total Er 2 @C 82 product profile, the overall yield of
Er 2 @C82 is significantly greater than 1% of the total soluble Erm@C2n extract. The relative
high abundance of Er 2@C 82 (as well as Er@C 82 ) in this extract is in sharp contrast with the
lower yields and greater diversity of metallofullerene products typically found for Lam@C2n,
Scm@C2n, and Ym@C2n extracts.
The UV/Vis/NIR spectra for the isomers of Er 2 @C82 (I, II, and III) in CS2 are shown
in Fig. 12. Several sharp peaks are clearly evident for isomer III at 650, 900, and 1070 nm.
The peak at -900 nm appears in the spectra for all three isomers although it is less prominant
in isomer I (which is contaminated with Er 2 @C 84 ). The absorption onset for isomer III at
1150 nm suggests a HOMO-LUMO energy gap of -1.1 EV, which is comparable to that for
Sc3@C82 [15]. This is a much lower wavelength than observed for the open-shell monometal
species, La@C 82 , Pr@C 82 , and Gd@C 82 [5, 23, 24]. For example, the threshold (-2000 nm)
for La@C 82 is well into the near IR region [23]. In contrast, Sc 2 @C 84 , La 2 @Cso, and
Sc2@C82 exhibit broad spectral features with lower wavelength absorption onsets [7 ,13].
For example, Sc2@C84 has an absorption onset of -800 rn [13]. The longer wavelength
onset for La@C 82 has been interpreted in terms of cluster formation of the monometal species
[15]. This argument suggests that dimer or cluster formation is not occuring for the di- and
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Figure 8. (a) LD-TOF mass spectrum of
Erm@C2n raw extract. (b) Erm@C2n stock
solution chromatogram, 200 4tL injection
(Buckyclutcher column), 1.2 mL/min,
toluene/decalin (80/20), and UV detection at
354 nm.

Figure 9. Chromatogram of Er 2 @C 82 isomers
I, II, and III. Buckyclutcher columns, 1.55
mL/Umin, toluen/decalin (80/20), and 340 rm
UV detection.

trimetal endohedral metallofullerene species. Further efforts to characterize the purified
Er 2 @C82 isomers (e.g. by 13 C NMR) are presently in progress.
TRENDS IN Am@C2n SEPARATIONS
The quantities of endohedral metallofullerenes currently available still limit reactivity,
complexation, and intermolecular collisional studies of these species with other substrate
molecules. However, chromatographic stationary phases (e.g., Buckyclutcher and TPP) are
known to provide a source of weak K-n complexation with substrate aromatic systems. For
example, the Buckyclutcher stationary phase consists of a tripodal 3,5-dinitrobenzoate ester
phase which can function as a weak K-acidic group. We have carefully evaluated the
chromatographic retention behavior of a wide range of fullerenes (C60 -C 100 ) and several
endohedral metallofullerenes (Scm@C2n, Ym@C2n, Lam@C2n, and Erm@C2n). The
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Figure 11. LD-TOF mass spectrum for
Er 2 @C 82 Isomer III.

chromatographic retention parameter, the capacity factor k', was determined for the
Buckyclutcher and polystyrene stationary phases using the solvent system toluene/decalin
(80/20). A capacity factor (log k') versus fullerene carbon number plot is illustrated in Fig. 13.
As expected, the empty-cage fullerenes constitute a linear homologous series (slope=0.018)
with log k' versus the number of carbons in the cage. For clarity, only the Am@C82
endohedral metallofullerenes are included in this figure. In all cases, the retention times of a
given species were unambigously determined either by on-line HPLC-EPR and/or sample
collection with off-line mass spectrometry. From a practical separation viewpoint, this plot
is useful in determining which empty-cage fullerenes will co-elute with a given endohedral
metallofullerene. For example, Sc3@C82 co-elutes with empty-cage fullerenes around of C 112 .
In contrast, Y@C 8 2 will be contaminated with empty-cage fullerenes centered at --C 10 4 . From
a viewpoint of understanding the weak nt-n complexation interaction of the stationary phase
and the endohedral metallofullerene, clearly Sc 3 @C 82 is more strongly retained than any of the
monometal species (Sc@C8 2 , Y@C 82 and La@C 82 ). As a group, the dimetal species
(Sc 2 @C 82 , Y 2 @C 82 , La 2@C 82 and Er2 @C 82 ) have similar retention times, but are generally
the most weakly retained endohedral metallofullerenes. There are obvious minor differences in
the retention times of the various isomers (e.g., Er 2 @C 82 , isomers 1, II and III), but the
retention times of the dimetal species are not significantly influenced by which metal atoms
are in the cage or isomer differences. A similar plot for the weaker complexing polystyrene
stationary phase exhibits the same overall trends, with a much lower slope (slope=0.0088) for
the linear plot of empty-cage fullerenes. In addition, significantly reduced k' values for the
endohedral metallofullerenes were observed. The lack of significant chromatographic
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resolution of the individual endohedral species (e.g., small differences in k' for Sc3@C8 2 versus
Sc@C82) on this chromatographic phase clearly illustrates why these paramagnetic species
served as ideal "markers" for the entire metallofullerene fraction under the conditions used in
the earlier phases of this study, as described above.

CONCLUSION
This study illustrates the continued development of improved separation and
detection (on-line EPR) methodology applicable to endohedral metallofullerenes. The
characterization techniques (TEM, EPR, UV/Vis) provide a better understanding of the
structure and dynamics (e.g., Sc3 trimer) of these fascinating molecules. The preparation and
isolation of purified Er 2 @C 82 isomers in macroscopic quantities should ultimately provide
new insight regarding the optical and electronic properties of these new materials.
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