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A graphite anode packed with a powder mixture of Sm,Co;7, SiC, and graphite with a
high atomic ratio of Sm/C was vaporized by direct current arc discharge under improved
conditions including high helium pressure, low electric current, and wide electrode gap. The
soot produced was successively extracted by CS, and pyridine, and the extracts were
processed through column chromatography on silica gel. Matrix-assisted laser desorption—
ionization time-of-flight (MALD-TOF) mass spectrometry analysis indicated that a high yield
of samarium endohedral fullerenes (Sm@C,,) with Sm@Csg,4 as the most abundant one was
achieved. Possible reasons leading to this high yield are discussed.

Introduction

Since the report of the first extraction of metallo-
fullerenes,! an intense effort has been made on the
preparation, isolation, and characterization of these
species. To date, many endohedral metallofullerenes
have been isolated by HPLC and characterized by
spectroscopic and structural analyses.28 However,
there have been fewer investigations on Sm endo-
hedral fullerenes®'° than on those of the other rare
earth’s because of their very low production yield.11.12
In fact, studies on Sm endohedral fullerenes should
be meaningful in theory as well as potential applica-
tions. Samarium has an electronic configuration of
(Xe)54(4f)8(6s)? with +3 oxidation state in classical
chemistry. However, samarium ion trapped in carbon
cages is assumed to have +2 oxidation state.1° Then a
guestion arises as to why Sm?* is more stable than Sm3*
in the fullerene cages. On the other hand, since Sm-
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doped compounds usually have excellent luminescent
properties,’® Sm@C,, might be a novel optical material.

Endohedral metallofullerenes are conventionally syn-
thesized either by the laser-ablation method, being
helpful for investigations on the growth mechanism, or
by the direct current (dc) arc discharge method, being
beneficial to large-scale production. In a typical dc arc
discharge method, a graphite rod loaded with metal or
its oxide is vaporized by high-current arc in a He
environment at low pressure. Up to the present, all of
the rare earth metallofullerenes except those of the
radioactive element Pm have been synthesized and the
Sm metallofullerenes are the only ones that have not
been isolated yet because of the low production yield.
In this paper, we report a high-yield production of
Sm@C,, under improved dc arc discharge conditions
including high helium pressure, with Sm,Co;7 alloy as
metal source, a high atomic ratio of M/C, a low electric
current, and a large gap distance between electrodes.
The soot produced was extracted successively by CS,
and pyridine, and pyridine was found to be an excellent
solvent for extracting Sm metallofullerenes. Moreover,
column chromatography on silica gel was initially used
to enrich the metallofullerenes, and a high content of
Sm metallofullerenes suitable for further HPLC isola-
tion was obtained.

Experimental Section

The raw soot was prepared by a dc arc discharge method
under novel conditions. The anode is a 0.d. 6 x 150 mm
Specpure graphite rod with a drilled 0.d. 4 x 120 mm hole,
filled with a powder mixture of graphite, SiC and Sm,Cos7 alloy
(at a C:Si:Sm molar ratio of 10:1:1). The cathode is a 0.d. 10
mm specpure graphite rod with a tapered end pointing to the
anode to lessen the formation of deposit. An arc was generated
at 50 A in 720 Torr helium static atmosphere, while the gap
between the anode and cathode was kept at about 12 mm by
adjusting the anode forward. Usually, it took 1.5 h for a 12
cm consumption of the anode rod, and 4.5 g of soot with 0.5 g
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Figure 1. Positive ion MALDI-TOF mass spectrum of the
primary soot.

of loose cathode deposit was obtained. The raw soot was
collected under nitrogen and then successively extracted with
a Soxhlet extractor by carbon disulfide and pyridine until there
was nearly no discernible color. The solid obtained through
rotary evaporation of the pyridine extract, after complete
washing with diethyl ether, was then extracted with CS; and
the extract thus obtained was combined with the CS; extract
of the soot. The combined CS; extract, after concentration by
a rotary evaporator, was fractionated through column chro-
matography on silica gel using petroleum ether, a 1:1 petro-
leum ether—toluene mixture and CS; as successive eluents.
A toluene dispersion of the raw soot, the CS, and pyridine
extracts, and the CS; eluates were respectively analyzed by
MALDI-TOF mass spectrometry (BIFLEX 111, Bruker Inc.).
Radiation pulses (1078 s) from a N, laser operating at 337 nm
were used to desorb the species from a coated stainless steel
plate, and the positive ions formed were detected in a reflection
mode.

Results and Discussion

From Figure 1, the MALDI-TOF mass spectrum for
the primary soot, a series of broad combined peaks of
Can+12 and Sm@Cy, (2n = 60) are observed. As the inset
shows, the peaks of metallofullerenes broaden up to 10
amu due to the large distribution of seven isotopes of
Sm (144, 3.16—2.87%; 147, 15.10—14.87%; 148, 11.35—
11.22%; 149, 3.96—13.82%; 150, 7.47—7.36%; 152, 26.90—
26.55%; 154, 22.88—22.43%).1* In agreement with Moro
et al.,’0 the lowest mass metallofullerene observed is
Sm@Cego, Which is adjacent to C;, and no multi-
metallofullerenes are detected. In addition, Sm@Cg and
Sm@Cyo are the most abundant species. However, in our
case, variation of the peak intensities for metallof-
ullerenes at m/e higher than that of Sm@Cqy is different.
The relative intensity of metallofullerenes shown in the
figure changes little instead of monotonically decreasing
as a function of mass. Moreover, the peak height ratios
SmM@C;,n:Caont12 are much higher than that previously
reported.10 Thus, on the basis of the peak height ratios
of metallofullerenes to their neighboring fullerene or to
Sm@Csy, it is evident that the yield of Sm@C;,, is much
increased with our improved procedure. Furthermore,
many new Sm metallofullerenes, SmM@Cg,, SM@Ceg4, and
Sm@C;zn (2n = 100) for example, were also found.

To obtain as many metallofullerenes as possible, the
primary soot was successively extracted with CS, and
pyridine. The MALDI-TOF mass spectra of the extracts
after CS, extraction and pyridine extraction are shown
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Figure 2. Positive ion MALDI-TOF mass spectra of (a, top)
CS; and (b, bottom) pyridine extracts.

in Figure 2a,b, respectively. From Figure 2a, it can be
seen that a series of peaks assignable to Sm@C,, (2n >
72) are observed with Sm@Cg4 as the strongest one.
Figure 2b exhibits high peaks of Sm@Cgs, SM@Cgy,
SM@C7, SM@C74, SM@Cg0, and SM@C-g. According to
Figure 2, Sm endohedral fullerenes have been effectively
extracted by CS, and pyridine. This high yield from the
extraction is probably due to the high extracting power
of CS; and pyridine toward these species as well as a
high content of metallofullerenes in the soot. It should
be noted that Sm@Csg, is the most abundant species in
either CS; or pyridine extracts, which is different from
the finding of Gillan et al.,® who stated that Sm@Csg,
was the most abundant metallofullerene in the toluene
extract. Since Sm@Cg4 is not more abundant than the
other Sm@C;,, in the primary soot and Sm is assumed
to be at +2 oxidation state in these metallofullerenes,
M2T@Cg4?~ are supposed to be easily extracted by CS;
just as M3T@Cg%~ (M =, La, etc.).1516 In agreement
with this supposition, the MALD-TOF mass spectra of
Ca, Ba, and Yb endohedral fullerenes obtained by our
improved method show similar results. It is interesting
to note that, in contrast to the cases for M3*@Cgo3~ and
M3t@C703~ (M = La, Gd, and Dy, etc.),!* Sm@Cg and
Sm@Cyg are effectively extracted by pyridine yet unable
to be extracted by CS,, as was observed for Ca@Cgo and
Ca@C70.1” According to Kubozono et al., M3t@Cgp3~
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Figure 3. Typical positive ion MALDI-TOF mass spectrum
of CS; eluate.

(M =Y, La, and Gd, etc.)!® and Ca@Cg (M = Ca and
Sr)1® can be easily extracted by aniline. To extract
Sm@Cgo and Sm@Cyo selectively, after pyridine extrac-
tion, aniline was used to extract the residues. Unfortu-
nately, Sm@Cgo and Sm@C-, were not richer than any
other Sm@C;, in the aniline extract. This exhibits the
special solubility of Sm@Cgsp and Sm@C+o, which might
be a result of their special electronic structures. As for
Sm@C7,; and Sm@Cys, they were almost nonexistent in
the pyridine extract, indicating that they are either less
soluble or unstable in pyridine.

On the basis of the above procedure, column chroma-
tography was used to enrich the metallofullerenes, and
the CS; fraction was collected. Figure 3 is a typical
MALD-TOF mass spectrum of the CS; eluate. It shows
the dominant peaks of Sm@Cgs, SM@C74, SM@Cagy,
SM@Cyrs, SM@Cgyo, and SM@Cgs. Since the peak intensity
of Sm@Csg, is stronger than that of any empty fullerenes,
it can be concluded that the high yields of Sm endohe-
dral fullerenes were successfully enriched in the CS,
eluate through column chromatography. These elution
behaviors of fullerenes and metallofullerenes are con-
sistent with their different solubilities in various sol-
vents. Since metallofullerenes are assumed to have
dipole moments similar to fullerenes that have nearly
the same molecular mass, they are expected to have
nearly the same adsorption power to silica gel and can
be eluted together by CS..

The scarcity of research on Sm endohedral fullerenes
is due to their low production yield and difficulty in
isolation. The yield of rare earth metallofullerenes has
been correlated with the ionization potentials,?2° the
oxidation states'®!! and ionic radii! of the encaged
metals. In our opinion, the yields of metallofullerenes
prepared by the dc arc discharge method are directly
associated with the thermal properties of the encaged
metals besides the factors mentioned above, especially
their boiling points. According to Maschel and Jansen,?!
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Figure 4. Boiling points of lanthanide metals and relative
yields of their endohedral fullerenes.

the temperature in an electric arc is as high as 5000—
6000 °C. At such a high temperature, it is difficult to
vaporize carbon and the encaged metal simultaneously
as most of the encaged metal atoms are vaporized before
the graphite carbon starts to sublime. Thus, we propose
that the yields of metallofullerenes are directly propor-
tional to the boiling points of the encaged metals. Shown
in Figure 4 are the plots of the boiling points?? of the
lanthanide metals and the relative yields!? of their
endohedral fullerenes as a function of the encaged metal
identities. From the figure, it can be seen that the two
plots are very similar in shape except for some minor
differences. For the metals Pr, Nd, Sm, and Eu, as well
as Th, Dy, Ho, Er, Tm, and Yb, both curves show exactly
the same order. The boiling points of Sm, Eu, Tm, and
Yb are the lowest, and so are the yields of their
endohedral fullerenes. The exceptional elements are Ce,
Th, La, Gd, and Lu. According to Huang and Yang's
report,12 the yields of the Ce and Th metallofullerenes
are especially high, which might be due to the facile
formation of (CeC,), and (TbC,), at high temperature.
The relatively low yields of La, Gd, and Lu metallof-
ullerenes might be associated with the high third
ionization potentials of the metals, and the large ionic
radii of La®" might be another factor leading to this low
yield just as in the case of Ca and Ba metalloful-
lerenes.2

To enhance the yield of metallofullerenes, two ways
could be adopted. First, Sm,Coi; alloy is employed
instead of Sm,03 as the encaged metal source. According
to Tohji et al.,?* the yield of CS; extract decreases about
90% when pure graphite anode was doped with M,03
(M =Y, La, Gd, etc.). In contrast, when the graphite
anode was doped with Sm;Cos7, this yield only decreases
to less than 30%, and the extract is richer in metallof-
ullerenes. Because the disturbance of oxygen produced
by reducing the metal oxide is avoided during the dc
arc discharge process, the production yields of metal-
lofullerenes are elevated. It is interesting to see the role
of cobalt in the process of metallofullerene formation.
Just as the inset in Figure 1 shows, no cobalt metallof-
ullerenes have been found in our experiment. Moreover,
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up to the present no Co-containing metallofullerenes
have been identified. Thus, it can be concluded that
cobalt plays only the role of a catalyst just as in the
process of single-walled carbon nanotube formation.2®
Moreover, the boiling point of Sm,Cos7 is so high that
it is beneficial for samarium and graphite to be co-
vaporized. In addition, the existence of cobalt in the
anode makes it possible to maintain a wide gap between
the electrodes without extinguishing the arc, as a result
of its electric conductivity. This gap was found to be as
long as 50 mm under our conditions.

Second, arc-discharging parameters can be so chosen
to lower the temperature of the arc. In contrast with
the conventional dc arc discharge conditions, higher
helium pressure (720 Torr), lower electric current (50
A), wider gap distance (12 mm), and higher M/C molar
ratio (0.05:the overall Sm/C) were employed in our
experiment. Under such mild conditions, the arc tem-
perature as well as the evaporation rate of the anode is
lowered and the vaporized carbon and metal atoms
would survive longer in the arc plasma region to collide
with each other to form metallofullerenes. Apart from
the temperature factor, the helium pressure has great
influence on the production yield of metallofullerenes.
When the same method was used to prepare Y-contain-
ing metallofullerenes, the production yield was elevated
two times when the helium pressure was changed from
125 to 720 Torr according to the relative ratios in peak
intensity of Y@Cg,:Cgo in the MALD-TOF mass spectra
obtained. It is also meaningful to note the relationship
between the yields of the metallofullerenes and higher
fullerenes. Shinohara et al.2® pointed out that the
formation of Cgo and metallofullerenes are competitive
in their early stages. Suzuki et al.?” also indicated that
there is some correlation between the formation condi-
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tion for higher fullerenes and that of M@Cs,. During
the arc discharge processes, we found that the yield of
metallofullerenes is usually positively correlated to that
of their corresponding fullerenes.?8 This finding lead us
to dope the composite anode with SiC to enhance the
formation of higher fullerenes,? since the carbon cages
being capable of encaging metal atoms are usually the
higher ones. Though Cg- and Cy-based metallof-
ullerenes are very rich in the raw soot, they are difficult
to be extracted by common organic solvents.

Conclusions

In summary, an improved dc arc discharge method
for high-yield preparation of Sm-containing metallo-
fullerenes Sm@C,, (2n=60) has been developed by
optimizing the arc-discharging parameters and employ-
ing a Sm,Coy7 alloy in place of Sm,03 as the encaged
metal source. Through two-stage successive extraction
with CS, and pyridine, the extraction yield is also
improved. We found that, in contrast to other rare earth
metallofullerenes based on Cgy and Czg, SM@Cgo and
Sm@C-o show special solubility in pyridine. Application
of column chromatography on silica gel allows us to
enrich metallofullerenes conveniently, and the enriched
sample thus obtained facilitates further isolation of pure
Sm@C,, by HPLC.
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