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Efficient N,N-Dimethylformamide Extraction of
Endohedral Metallofullerenes for HPLC Purification
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A new and efficient extraction method using DMF (N,N-dimethylformamide) was developed
to concentrate endohedral metallofullerenes. This single-step extraction method obtained
a solution containing 5—15% endohedral metallofullerenes and strongly discriminated against
the dominant Cs, C7, and higher empty fullerenes in raw soot. This highly selective
extraction procedure substantially reduced sample loading in the HPLC isolation for a given
volume of sample injection. The efficiency of our separation method is demonstrated by the
isolation of the endohedral metallofullerene Ce@Ca,.

Intrduction

During the past three years there has been a surge
of research activity in the isolation and characterization
of endohedral metallofullerenes.1=3 With the increasing
availability of endohedral metallofullerene samples
accompanying the advance of metallofullerene separa-
tion techniques more and more properties of the various
endohedral metallofullerenes have been characterized.! 3
The most recent developments include the revelation
of the monoclinic structure of Y@Cg, by X-ray diffrac-
tion,* exohedral derivatization of La@Csy,° electrochem-
istry of the less common metallofullerene La,@Cgo,6 and
the FT-EPR of La@Csgy.”

However, the preparation of milligram amounts of
endohedral metallofullerenes (~95% purity) is still very
time consuming and solvent consuming and involves
multistep chromatographic procedures.®~13 This results
from a most annoying limiting factor in HPLC separa-
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tion of endohedral metallofullerenes that in various
fullerene solvent extracts empty fullerenes (mainly Cgp
and Cyo) are usually above 2 orders of magnitude more
abundant than the endohedral metallofullerenes. One
way to circumvent this problem is to improve the HPLC
column for higher loading capacity while maintaining
a reasonable selectivity.’* Another solution, which is
perhaps more convenient and cost-effective, is to raise
the extraction selectivity toward the metallofullerenes.
High-pressure toluene extraction succeeded to some
extent in this regard but did not attract widespread
use.’> Kappes et al. reported an enhancement of
extraction efficiency of metallofullerenes by mixing the
dipolar solvent CH3OH into CS,.13 In our efforts to
separate endohedral metallofullerenes we have also
noted a prominent difference in dipole moment between
empty fullerenes and endohedral metallofullerenes. By
exploiting the dipole moment difference, we have suc-
cessfully developed an efficient extraction scheme to
separate endohedral metallofullerenes.

In this work we report this new and efficient extrac-
tion scheme which uses DMF to concentrate endohedral
metallofullerenes. A simple one-step extraction ob-
tained a solution containing 5—10% endohedral metal-
lofullerenes and strongly discriminated against the
dominant Cgo, C70, and higher empty fullerenes in the
raw soot. This highly selective extraction procedure
reduced the sample loading in the HPLC isolation by
at least an order of magnitude in comparison with other
extraction solvents used to date. The efficiency of our
separation method is demonstrated by the isolation of
a new endohedral metallofullerene, Ce@Cg,. Instead of
LDMS, we used DCI negative ion mass spectrometry
to estimate the purity of our metallofullerene samples.
DCI negative ion mass spectrometry is known to reflect
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the relative abundance of compositions of fullerenes and
metallofullerenes with a reasonable accuracy.'®

Experimetal Section

Soot containing metallofullerenes was produced by the
standard arc vaporization method using a composite anode
which contained graphite and cerium in its oxide or carbide
form. Graphite powder (99.999%, Alfa) and CeO, (99.95%,
Shanghai Chemicals Inc.) in an atomic ratio of Ce/C = 0.01
were uniformly mixed with a graphite cement (GC grade,
Dylon Inc.). The mixture was pressed into a 6 mm diameter
(10 cm long) rod under a hydraulic pressure of 3000 kg/cm?2.
After curing at 140 °C for 4 h, the rod was heated to 1100 °C
in a vacuum for 4 h. The rod was then subjected to a dc
discharge under an He atmosphere of 50 Torr. The raw soot
was collected and extracted in a Soxhlet extractor using N,N-
dimethylformamide (DMF, 99.9%, BDH) under N, atmosphere.
A yellowy green color was observed immediately after the
extraction started, indicating the transfer of fullerenes from
the soot to the solution. Over a period of 1 h, 90% of the
metallofullerenes could be extracted. But normally we ex-
tracted the soot for 8 h. After removal of DMF by evaporation,
a black powder (~1% of the raw soot) was obtained. The
soluble fraction was dissolved in toluene and injected into an
HPLC. A buckyprep column (4.6 mm x 250 mm; Cosmosil,
Nacalai Tesque Inc.) similar to a PYE column was used, and
the mobile phase was toluene. The injection volume was 1
mL and the elution rate was 1.0 mL/min. DCI negative ion
mass spectrometry (Finnigan TSQ7000) was used to charac-
terize the composition of the samples.

When the extraction process was carried out in the ambient
condition, the extraction yield was reduced. Upon air exposure
of the redissolved sample in toluene from the DMF extraction,
the HPLC peak of Ce@Cs, also decreased. However, the
exposure of the raw soot to air before extraction did not reduce
the isolation yield of Ce@Csg, significantly.

Results and Discussion

Shown in Figure 1a is an HPLC profile for the crude
extract of the fullerene soot redissolved in toluene. A
prominent peak appears at the elution time of 34 min.
which is absent for samples produced from arc-discharge
of a pure-carbon electrode. This peak clearly corre-
sponds to Ce@Cs, as verified by mass spectrometry
shown in Figure 2 which will be described below. Note
that the Ce@Csg, peak in Figure la is quite strong in
comparison with the strongest peak Cgp. The integrated
peak area of Ce@Csg; is estimated to be ~15% of all the
species present in the HPLC profile. This is the highest
ratio obtained by a single HPLC run after a single-step
extraction. Normally, soot extracted using other sol-
vents contains only 0.1-0.5% endohedral metallo-
fullerenes. Note that the relative magnitude of higher
empty fullerene peaks adjacent to Ce@Csg; in Figure la
is substantially lower than that in most previous studies
using other solvents for extraction. This made possible
a single-step HPLC isolation of endohedral metallof-
ullerenes with ~99.5% purity.

Figure 1b shows an HPLC profile of the collected
fraction of Ce@Cs; in Figure la. The spectrum shows
a single clean peak due to Ce@Cs,, indicating the
efficiency of our single-step isolation. With the type of
column we are using, M@Cs; (M = rare-earth elements)
is usually merged together with Cgg, making the sepa-
ration difficult.® However, the Cgg present was reduced
to a negligible amount in this case since even the
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Figure 1. (a) HPLC chromatogram of the redissolved crude
DMF extract from the metallofullerene soot. Note the compa-
rable intensities of Cgg, C70, and Ce@Csg,. (b) HPLC chromato-
gram of Ce@Cs; collected from (a). Note that only one clean
peak appears corresponding to Ce@Cs,. The peaks at 3.5 min
in (a) and (b) are due to the solvent. 330 nm UV detection was
used.

amount of the much more abundant C;s and Cg4
fullerenes is less than that of Ce@Cg,.°

Figure 2a shows the mass spectrum of a redissolved
DMF extract of the metallofullerene soot. It can be seen
that the intensities of the mass spectrum approximately
reflect the intensities of the corresponding HPLC chro-
matogram (Figure 1l1a). Figure 2b shows the mass
spectrum of the fraction of Ce@Cs, collected after a
single-step HPLC. It is remarkable that the spectrum
contains only a single peak corresponding to Ce@Cs..
Isotopic ratio analysis is consistent with this assign-
ment. This confirms that the peak in Figure 1b is
indeed pure Ce@Cg,. The intensity of Cg is nearly 3
orders of magnitude smaller than that of Ce@Csg,,
suggesting that the purity of Ce@Csg; is ~99.5%. Ex-
periments on other rare-earth elements obtained similar
results. Details on the separation and characterization
of these metallofullerenes will be reported elsewhere.’

Presumably, the selectivity of DMF to preferentially
extract metallofullerenes derives from the large dipole
moment of DMF (3.82 D). This is consistent with
theoretical calculations that predict that La@Cs, pos-
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Figure 2. (a) Methane DCI negative ion mass spectrum of the sample corresponding to Figure 1a before HPLC separation. (b)

Methane DCI negative ion mass spectrum of the sample corresponding to Figure 1b after HPLC separation. The insets show the
calculated and observed isotopic distribution for Ce@Cs..
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sesses a dipole moment of 3—4 D.*® Recent experiments
also showed that adding dipolar CH3OH into CS; for
extraction increased the relative concentration of met-
allofullerenes.3

Of all the solvents (e.g., toluene, CS,, 1,2,4-trichlo-
robenzene, pyridine, etc.) we have tested for the extrac-
tion of the metallofullerenes M@Csg, (M = rare-earth
metal), DMF appears to be one of the best in terms of
its extraction selectivity for M@Cg,. As for pyridine as
an extraction solvent for Ce@Cg,, we obtained similar
results as reported by Xiao et al.'* However, pyridine
is also a relatively good solvent for higher fullerenes,
and this may cause the difficulty in the final HPLC
separation of M@Cg,. In addition, due to its unpleasant
smell, pyridine is not in particular a solvent of choice.
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Conclusion

The presently reported experiment demonstrated that
selective extraction of metallofullerenes is possible by
taking advantage of the dipole moment difference
between empty fullerenes and metallofullerenes. This
significantly reduces the time and cost of the separation
procedures for obtaining a given amount of metallo-
fullerenes. By using this separation method, we have
successfully isolated several other new metallofullerenes
Cez@Cgo, Nd@Cgp, Pr@Csy, etc. Some of their properties
have been characterized.l”
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