
Production and mass spectroscopic characterization of
metallocarbon clusters incorporating Sc, Y, and Ca atoms

Takumi Kimura, Toshiki Sugai, Hisanori Shinohara*

Department of Chemistry, Nagoya University, Nagoya 464-8602, Japan

Received 2 February 1999; accepted 1 March 1999

Abstract

Metallocarbon clusters of the type YmCn(m 5 1–3), ScmCn (m 5 1–3), and CamCn (m 5 1,2) areproduced via the
laser-vaporization cluster beam technique. The observed features of the intensity distribution of positive ions in mass spectra
suggest that M@Cn (M 5 Y, Sc, and Ca;n $ 44) and M2@Cn [M 5 Y (n $ 62) and Sc (n $ 52)] clusters have endohedral
mono- and di-metallofullerene structures, respectively. The mass spectral evidence is also consistent with the idea that Y2Cn

(29 # n # 59) and Sc2Cn (29 # n # 49) clusters containing an odd number of carbon atoms form “networked” endohedral
structures such as Y@(YCn) and Sc@(ScCn). (Int J Mass Spectrom 188 (1999) 225–232) © 1999 Elsevier Science B.V.
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1. Introduction

Over the last several years, endohedral metal-
lofullerenes have attracted much attention, because of
their unique structural and electronic properties [1–3].
Metallofullerenes were first generated by the super-
sonic cluster-beam technique in the gas phase by
Smalley and co-workers [4]. So far, various types of
metallofullerenes have been produced by the arc-
discharge method and subsequently chromatographi-
cally isolated. Group III elements (La [5–7], Y
[8–10], and Sc [11–13]), group II elements (Ca, Sr,
and Ba) [14,15], and most of the lanthanides [16,17]
are preferentially encapsulated within fullerene cages.
We have verified that a Y atom is located within the

carbon cage by a synchrotron x-ray powder diffrac-
tion study of Y@C82 [18].

The most of the reported solvent-extractable
mono-metallofullerenes are of the M@C82 type.
Wang et al. [19], however, reported the preparation of
solvent-extractable Ca@C60 by the laser vaporization
of a CaO/graphite rod. Kubozono et al. [20] have also
reported the extraction of Ca@C60 and Ca@C70 from
the soot produced by the arc-discharge method. Some
metal atoms are also encapsulated within fullerene
cages as dimers such as Sc2@C84 [11–13], Y2@C82

[9,21], and La2@C80 [6]. Scandium atoms have been
found to be encapsulated by C82 even as trimer,
Sc3@C82, which has been revealed by electron spin
resonance (ESR) and mass spectrometry [11,12].

ESR measurements [5,7–12] and UHV scanning
tunneling microscopy (STM) [22] of metal-
lofullerenes have indicated the presence of the elec-
tron transfer from the encaged metal atoms to the
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carbon cage, although electron density distribution of
Y@C82 by x-ray diffraction suggests that the encaged
Y atom is strongly bound to the carbon cage [13,18].
The observed interaction between the metal atoms and
the carbon cage can support the idea that metallocar-
bon clusters act as an important role in the early
formation stage of endohedral metallofullerenes. In
fact, Suzuki et al. [23] have reported the presence of
a strong correlation between small metallocarbon
clusters and the metallofullerenes.

In an effort to obtain information on the structural
transformation from small metallocarbon clusters to
endohedral metallofullerenes, we have performed a
systematic study on the production and mass spectro-
scopic characterization of the metallocarbon clusters
incorporating Sc, Y, and Ca atoms. We have produced
various types of metallocarbon clusters (MmCn; M 5
Y, Sc, and Ca) by the laser vaporization of metal/
graphite composite rods. The results strongly suggest
that the structure of metallocarbon clusters changes
dramatically to that of the endohedral metal-
lofullerenes structure above certain cluster sizes. Fur-
thermore, we have also shown the presence of net-
worked di-metallofullerenes for Y@(YCn) and
Sc@(ScCn) clusters.

2. Experimental

Metallocarbon clusters were produced by a pulsed
laser vaporization of various metal/carbon composite
rods (Toyo Tanso Co. Ltd.) at 532 nm in a helium
buffer gas. The atomic ratios of Y/C, Sc/C, and Ca/C
were 0.77, 0.71, and 0.30%, respectively, which are
the best doping ratios to produce the endohedral
metallofullerenes such as M@C82 (M 5 Y, Sc, and
Ca) in the arc-discharge method [9,11,14]. The he-
lium stagnation pressure, which was admitted from a
pulsed valve (General Valve 9-279-900) with a pulse
length of 500–700ms, was typically in the range of
5–10 atm. The pulsed laser beam was focused with a
lens (f 5 30 cm) to approximately a 1 mmspot on a
target composite rod (4 mm diameter3 20 mm),
which was rotating and translating by a stepping
motor. The clusters so-produced were expanded into a

vacuum source chamber, pumped by a diffusion pump
(Anelva CDP-1200), through a 200 mm long nozzle
with a 3 mmaperture. The nozzle-skimmer distance
was fixed at 25 mm. The cluster ions, after passing a
skimmer, proceed into a second chamber pumped by
a couple of turbo molecular pumps (Seiko-Seiki
STP-200).

The positive and negative clusters formed directly
by the laser vaporization (i.e. direct laser vaporiza-
tion) were mass analyzed by a reflectron time-of-flight
(TOF) mass spectrometer with a typical mass resolu-
tion of m/Dm > 1000 [24]. The pulsed acceleration
of cluster ions was done at 800 V. The TOF ion
signals, which were detected by a chevron type
microchannel plate (Galileo Electro-Optics
93M0028), were accumulated typically over 200–500
shots and were analyzed by a transient digitizer
(LeCroy 9400A). The conversion from time to mass
scale and the analysis of the obtained TOF spectra
were performed on a personal computer (NEC
PC9801-RA).

3. Results and discussion

Fig. 1 shows a typical TOF mass spectrum of
Y-doped carbon clusters produced by the laser vapor-
ization of a Y/C composite rod. The binary clusters of
the type YmCn

1 (m 5 1–3) aslarge as YmC150
1 are

readily noticed. The mass peaks that appeared in the
spectrum are mostly due to Y-doped carbon clusters.
Only very few pure carbon clusters are seen except for
the fullerene region (n $ 30). Similarly, we have
found that clusters produced by the laser vaporization
of the Ca/C and Sc/C composite rods are mostly
metallocarbon clusters in the positive ion case (see
Figs. 2 and 3), even though the metal doping ratios are
only less than 1%.

Fig. 2 shows the TOF mass spectra of (a) yttrium-,
(b) scandium-, and (c) calcium-carbon clusters around
the cluster size of M@C60

1 (M 5 Y, Sc, and Ca). One
of the salient features in the present results is that Ca
at C60

1 is particularly enhanced, whereas Y@C60
1 and

Sc@C60
1 are not so prominent. The result might reflect

the special stability of Ca@C60 [19,20]. The TOF
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mass spectra in higher fullerene regions are shown in
Fig. 3. Interestingly the peaks due to M@ C82 are not
particularly salient in this laser vaporization work.
The primary reason of the high abundance of M@C82

in solvent extracts produced by the arc-discharge
method does not come from their stability but mainly
from their high solubility in various extraction sol-
vents [5].

3.1. Stability of mono-metal MCn clusters

To analyze these mass spectra quantitatively, we
have plotted the intensity of mono- and di-metallo-
carbon clusters against their cluster size. Fig. 4 shows
the intensity distribution of (a) YCn

1, (b) ScCn
1, and

(c) CaCn
1 clusters (1# n # 70). It is well known

that the structure of carbon clusters changes dramat-
ically according to the cluster size [25,26]. Bowers
and co-workers [25] have shown the presence of
linear (2 # n # 10), ring (10 # n # 30), and the

so-called fullerene (30# n) structures of the carbon
clusters by gas phase ion-chromatography. The pres-
ence of an even–odd alternation around the ring
structure region (10# n # 30) for ScCn

1 and CaCn
1

clusters is noticeable, where odd-numbered clusters
such as MC15 and MC21 are more enhanced than even
numbered. Such intensity features have not been
observed in pure carbon clusters Cn

1, which normally
exhibit magic peaks atn 5 7, 11, 15, 19, and 23
[27,28]. This suggests that Sc and Ca atoms are
incorporated differently in the even and odd size rings
with distinct structures. Jarrold and co-workers [29]
have reported that monocyclic ring clusters of LaCn

1

(n 5 12–40) with an odd number of carbon atoms
are much more enhanced than those with an even
numbered. Each even-numbered cluster has structural
isomers where the lanthanum atom is inserted into the
ring, while odd-numbered clusters have single isomer
where the lanthanum atom is attached to the carbon
rings. In the case of the ScCn

1 and CaCn
1 clusters, Sc

Fig. 1. Laser-vaporization (532 nm) cluster-beam TOF mass spectrum of yttrium-doped carbon clusters. Virtually, all of the mass peaks
correspond to YmCn (2 # n # 150, 1 # m # 3).
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and Ca atoms may also be bond to the monocyclic
carbon rings as proposed in the lanthanum case [29].

Of particular interests in Fig. 4 are the presence of
an even–odd alternation above the fullerene size
range (n $ 30). As inpure carbon clusters [30], the
intensity of the metallocarbon clusters of even cluster
size such as M@C50

1 and M@C60
1 is much more

enhanced than that of odd number clusters. This
intensity alternation has been considered as an indi-
cation of fullerene structure. For the YCn

1 clusters, the
even–odd alternation has an onset atn 5 36. Similar
intensity features have been observed in the ScCn

1

clusters, where the even–odd alternation has appeared
at n 5 32. The presence of the onsets implies that Y
and Sc atoms start to be incorporated into fullerene

cages aboven 5 36 and 32, respectively. We also
notice that the alternations increase somewhat drasti-
cally at n 5 44 for both the YCn

1 and ScCn
1 cases.

These second onsets may suggest that the fullerene
cage (n $ 44) becomes large enough to encapsulate
Y or Sc atoms completely and, as a result, it can
obtain significant structural stability. For the CaCn

1

case, a similar even–odd alternation clearly starts at
n 5 44, suggesting the endohedral structure becomes
the main structure of the Ca fullerenes aboven 5 44.

Based on the above observation, we propose that
the smallest size fullerene, which can encapsulate Y,
Sc, or Ca atoms completely, is C44 as schematically
shown in Fig. 5. Smalley and co-workers [5] reported,
via the so-called laser “shrink-wrapping” experiments

Fig. 2. Laser-vaporization (532 nm) cluster-beam TOF mass spectra
of (a) yttrium-doped, (b) scandium-doped, and (c) calcium-doped
carbon clusters around the cluster size of M@C60(M 5 Y, Sc, and
Ca).

Fig. 3. Laser-vaporization (532 nm) cluster-beam TOF mass spec-
trum of (a) yttrium-doped, (b) scandium-doped, and (c) calcium-
doped carbon clusters around the cluster size of M@C82(M 5 Y,
Sc, and Ca).
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of La@C60, that the endohedral structure can be
retained as small as La@C44. Jarrold and co-workers
[31], on the other hand, have reported that La@C36 is
the smallest endohedral structure as evidenced by the
gas-phase ion chromatography experiments. We think
that the thresholds at 36 and 44 appeared in the
lanthanum case correspond to the first and the second
onsets as observed in the present yttrium and scan-
dium cases.

3.2. Metal atom-networked M2Cn clusters

The intensities of dimetal Y2Cn
1 and Sc2Cn

1 clus-
ters (1 # n # 70) are plotted against their cluster
size in Fig. 6. The most intriguing feature in the
distributions is that the odd-numbered clusters, Y2Cn

1

(29 # n # 59) and Sc2Cn
1 (29 # n # 49), aremore

enhanced than those of the even-numbered. This is
unexpected, because an even number of carbon atoms
is necessary to form an isolated pentagon rule (IPR)
satisfying case structures [32]. We have observed a
similar intensity distribution for boron- and silicon-

Fig. 4. Intensity distribution of (a) YCn
1, (b) ScCn

1, and (c) CaCn
1

clusters as determined by the corresponding mass spectral peaks.

Fig. 5. A structural model of M@C44 (M 5 Y, Sc, Ca): the smallest
endohedral metallofullerene.

Fig. 6. Intensity distribution of (a) Y2Cn
1 and (b) Sc2Cn

1 clusters as
determined by the corresponding mass spectral peaks.
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networked heterofullerenes, where odd-numbered
carbon clusters such as BC59 and SiC59 are more
enhanced than that of the even-number clusters [24].

Jarrold and co-workers [31] have proposed a new
type of structure for La fullerenes in a small fullerene
size region, where a La atom is incorporated in the
fullerene networks. This is mainly because the
fullerene cages in this size region are not large enough
to encage a La atom. We presume that both the Y2Cn

1

(29 # n # 59) and Sc2Cn
1 (29 # n # 49) fullerenes

containing odd-numbered carbon atoms form similar
networked structures as in the La case. Fig. 7 shows a
schematic structural model of Y2C59 [or more pre-
cisely Y@(YC59)], where one of the Y atoms is
encapsulated in the fullerene cage, and the other Y
atom is incorporated into the fullerene network. At
present, we presume that the networked Y and Sc
atoms are covalently bound to three neighboring
carbon atoms, in such a way that the Y or Sc atom can
cover the defect site of the odd-numbered fullerene
cage. The present model is essentially the same as
proposed in a dilanthanum metallofullerene model
proposed by Jarrold and co-worker [33].

The abundances of the Y2 and Sc2 fullerenes of
even cluster size increase abruptly atn 5 52 and 62,
respectively. These onsets can be understood as the
thresholds of endohedral di-yttrium and di-scundium
fullerenes, respectively. A similar onset has been
observed for La2C2n fullerenes by gas-phase ion
chromatography experiments [33], which corresponds
to C64. Since the ion radii of Y31 (0.93 Å) and Sc31

(0.81 Å) are much smaller than that of La31 (1.15 Å),
the observed thresholds at C62 and C52 are consistent
with the La threshold.

3.3. Metallocarbon cluster growth via metal ion
cores

In contrast to the positive ion case, only a very
small amount of negative metallocarbon clusters are
observed. Fig. 8(a) and (b) show the TOF mass
spectra of positive and negative Ca-doped carbon
clusters in the size range from CaC18 to CaC26,
respectively. The measurements were done under a
similar laser-vaporization/nozzle condition. The vari-
ous types of CamCn

1 (m 5 1–3) clusters are very
much enhanced in the positive ion case, even though
the mixing ratio of calcium in the composite rod is
only 0.3%. In the negative ion case, however, very
few Ca-doped carbon clusters are observed; the clus-

Fig. 7. A structural model of Y@(YC59): a networked endohedral
metallofullerene.

Fig. 8. Laser-vaporization (532 nm) cluster-beam TOF mass spec-
trum of a calcium-doped carbon clusters: (a) the positive ion mode
and (b) the negative ion mode in the cluster size range from CaC18

to CaC26.
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ters appeared in the mass spectrum are mostly due to
pure carbon clusters. Similarly for the Y and Sc cases
(not shown), the abundance of the corresponding
negative metallocarbon clusters are very low. It has
been known that the formation mechanism of positive
metallocarbon clusters is much different from the
corresponding negative cluster ions [23]. Negative ion
clusters are generally produced by electron attach-
ment to the neutral clusters, whereas in the positive
ion case clustering around a positive metal ion core
proceeds to form large metallocarbon clusters. The
results obtained here also suggest that a positive metal
ion plays a crucial role on the formation of the
metallocarbon clusters investigated in the current
study.

In a fullerene size region, the negative carbon
clusters are again very minor species as already
reported [34]. We have, however, observed a similar
intensity distribution for the ScCn

2 clusters as ob-
served in ScCn

1, although the overall feature is rela-
tively weak. This suggests that the mono-metallocar-
bon clusters, like the corresponding neutral clusters,
also begin to form the endohedral structures from the
cluster size as indicated in the positive ion cases.

4. Summary

Metallocarbon clusters (MmCn; M 5 Y, Sc, and
Ca) are produced by the laser-vaporization cluster-
beam technique and are mass analyzed in both posi-
tive and negative ion modes in the TOF mass spec-
trometry. The intensity of negative metallocarbon
clusters are much weaker than those of positive
clusters, indicating the importance of formation of
metal ion cores for the growth of the metallocarbon
clusters. The intensity distributions of MCn clusters
(M 5 Y, Sc, and Ca) suggest that the size of the
smallest endohedral mono-metallofullerene is
M@C44. The intensity distributions of M2Cn clusters
(M 5 Y and Sc) also suggest that Y2@C62 and
Sc2@C52 are the smallest endohedral di-metal-
lofullerenes, respectively. The intensities of Y2Cn

(29 # n # 59) and Sc2Cn (29 # n # 49) with odd
carbon numbers are much more enhanced than the

clusters with even-numbered carbon atoms. This
might be the fact that Y2Cn['Y@(YCn)] and
Sc2Cn['Sc@(ScCn)] with an odd carbon number
form networked metallofullerene structures.
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