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Formation of endohedral carbon-cluster noble-gas compounds
with high-energy bimolecular reactions: CgoHe"* (n=1, 2)
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Results are reported for high-energy beam studies of the formation of adduct ions in the reactions of C&" and C%¢ with Heand
D, in a four-sector mass spectrometer. Studies of the addition of He to C&,' at translational energies of 2, 3, 4, 5, 6 and 8 keV
showed optimal adduct formation from 5 to 6 keV. The CyHe** adduct was observed in collions between Cif and He at 6 keV
translational energy. No adduct formation was observed between D, and C,’ or CZ at 6 keV translational energy.

1. Intreduction

The impact that the production and availability of
fullerene molecules has had on chemistry is common
knowledge [1]. One new field of chemistry which
has been spawned is that of endohedral chemistry -
chemistry proceeding inside a cage of (carbon) at-
oms [2]. A case has been made by Smalley et al,,
although opinions differ [3], that the metal-con-
taining cluster ions C,oM* (with M=La, Ni, Na, K,
Rb, and Cs) which have been observed in the mass
spectra of the laser-induced vapors of graphite doped
with metal salts are spherical C¢, molecular ions with
the metal atom located inside. Mass-spectrometric
experiments in our laboratory have shown that He
may be injected into singly [4], doubly [5], and tri-
ply [5] charged Cq, cations, but only the observed
fragmentations have been reported *'. Shortly there-
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The incorporation of Ne was also observed, but only for sin-
gly-charged Cdy cations, and with a much smaller efficiency
[4]. Furthermore, CgoHe™" was observed in the fragmenta-
tion spectrum produced by the collisions of 8 keV C3, ions
with He [4],

after Ross and Callahan [6] were able to identify
Ce¢He*" unambiguously and to show that the he-
lium adduct formation in the high-energy collision
of C& with He is not necessarily accompanied by
expulsion of a neutral fragment *2, In the meantime,
we have learned from extensive C& collision ex-
periments at various kinetic energies and with sev-
eral different scan modes that the cross section for
He attachment is strongly dependent on energy and
that the linked-scan mode used in our initial exper-
iments for fundamental reasons was not ideal for the
unambiguous detection of CqHe™*. We report here
a confirmation of the direct formation of CyHet"
from the collision of C,” with He reported by Ross
and Callahan, the dependence of the efficiency of the
formation of this adduct on kinetic energy, the fail-
ure of D, to add with a measurable efficiency to
CZ and CZt, and the first observation of the direct
formation of the adduct ion C4He** from the col-
lision of C%f with He.

2. Experimental

The experiments were performed with a four-sec-

¥2 Although we also saw signals in our mass-spectrometer exper-
iments performed at 8 keV kinetic energy that could explain
the formation of CsoHe* ", we did not report these in our ini-
tial communication [4].
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tor B(1) E(1) B(2) E(2) mass spectrometer [7].
Céo and CZf were generated by electron impact ion-
ization at 100 eV of the vapor of C, (the temper-
ature of the solid-probe tip was 550°C) at a low
pressure of 10~¢ mbar and a source-block temper-
ature of 270°C. The ions were accelerated up to 8
keV maximum, mass selected with the magnetic and
electric sectors B(1) E(1), and then allowed to col-
lide with “He or D, in a collision chamber located in
the field-free region between E(1) and B(2). The
resulting two-dimensional ion-current surface was
explored either with a B(2)?/E(2) =constant linked
scan (collecting all ions with the same m/z, but dif-
ferent kinetic energies) or with a B(2)/
E(2)=constant linked scan (sampling all fragment
ions arising from the same precursor ion) [8].

3. Results and discussion

Measurements of the efficiency of the addition of
He and Cg; were performed at laboratory energies
of 2, 3, 4, 5, 6, and 8 keV. They indicate the occur-
rence of translational energy loss of the C," ion in
collisions with He as is evident from the spectrum
shown in fig. 1. The translational energy loss was
found to be approximately linearly proportional to
the kinetic energy of the Cgy” beam in the range from
2 to § keV. Our measurements indicate that reten-
tion of He by Cdy’ is easily visible at 4, 5 and 6 keV,

Ce' + ‘He

Co'

C,.:Energy loss

Fig. 1. B(2)*/E(2)=const. linked scan in the vicinity of the
centre of the parent ion C’ with an initial translational energy
of 6 keV. The peak on the right represents the original parent ion
and the smaller peak on the left the energy-loss distribution re-
sulting from impact with “He atoms.
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(a) C,,* + *He
[Cy + “He]*

(b) C,* + D,

Fig. 2. (a) B(2)/E(2)=const. linked scan in the vicinity of the
centre of the Cgo*He™" adduct ion with an initial translational
kinetic energy of 6 keV with “He as a target gas. The large peak
on the right represents the Cgo*He™ " adduct ion and the peak on
the left arises from cutting the energy-loss tail of Cdy" in the B(2),
E(2) two-dimensional surface. (b) Similar experiments with D,
as a target gas, There is no real evidence for a Coo D7 ~ adduct ion
on the right.

is optimal at kinetic energies in the range from 5 to
6 keV, and that it falls at higher and lower energies.
When the B(2)/E(2) =constant linked scan is cho-
sen optimally with full recognition of possible com-
plications due to the presence of an encrgy loss peak,
the CgoHe™ " is easily visible and separated from the
energy-loss peak for C%, as shown for a laboratory
energy of 6 keV in fig. 2a. Similar experiments with
D, point toward a negative result with this molecule.
As seen in fig. 2b, no significant addition of D, and
C/, is apparent at 6 keV nor was it observed at 3,
4 and 8§ keV.

Collision experiments with C35 and He revealed
the formation of the C4He?™ adduct ion at a labo-
ratory kinetic energy of 6 keV as shown in fig. 3a.
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(a’ c”b + ‘He
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[c.u * lHe]I+

Mb)C,>+D,
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Fig. 3. (a) B(2)/E(2)=const. linked scan in the vicinity of the
center of the Ceo*He?* adduct ion with an initial translational
kinetic energy of 6 keV with “He as a target gas. The small peak
on the right represents the Cep*He®* adduct ion and the large
peak on the left arises from cutting the energy-loss tail of C2f in
the B(2), E(2) two-dimensional surface. (b) Similar experi-
ments with D, as a target gas. There is no real evidence for a
CeoD3* adduct ion on the right.

Again, however, similar experiments with D, did not
show adduct formation as is evident in fig. 3b.

4. Conclusions

(1) Collision experiments with a four-sector BEBE
mass spectrometer have shown the formation of the
adduct ion CgHe*' in the kinetic energy range 2-8
keV with a peak in efficiency at 3-6 keV. These ob-
servations confirm the earlier results reported by Ross
and Callahan [6]. There is no doubt that C;He™*
is an endohedral complex. Previous model ab initio
MO calculations for the addition of He 10 C4HZ -
indicate a binding energy of less than 0.2 eV [4].
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Taken together with the observation [4] of unimo-
lecular loss from mass-selected [C,He]l* " ions of C,
rather than He and the observation [6] of loss of C,
units with retention of He in the Xe collision-in-
duced dissociation of CqHe™ ', these results provide
the necessary evidence for endohedral-complex for-
mation. The upper limit of 10 eV calculated for the
energy required to force He through a CgHg or
CeH¢ " plane [4] suggests that the penetration of
Cgy by He is possible at all of the kinetic energies
investigated in this study.

(2) Coliision experiments with D, have shown that
D, does not form measurable amounts of adduct ions
with C%,’ at kinetic energies of 3, 4, 6 and 8 keV or
with C2§ at a kinetic cnergy of 6 keV.

(3) Collision experiments with C3F and He in-
dicate formation of the C¢He?+ adduct at kinetic
energies of 6 keV.
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