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Abstract  The collision-induced reaction of Na¥ ion with neutral Cgy vapour was
investigated at the encrgy range of 10 to 150 ¢V. The deposited filis were studied via
laser desorption time-of-flight mass spectroscopy {(TOFMS). The fragment prodnets
of Cgy with even number of carbon atoms, such as Cf (n=>58, 96, 54), and adduct
products, such as CF (n=62, 64, 66, 68) were observed in the positively charged TOF
mass spectra. The cndohedral fullerene ion of Na@C, was detected when collision
cnergles are above 20eV. Besides, no negative endohedral fullerene was detected. the
products appearing mn positively charged mass spectra were also observed in the neg-
atively charged mass spectra. In addition, a scries of products with odd number of
carbon atoms, such as C, (n=>53, 55, 57, 59, 61, 63, 65, 67). also appeared, but the
intensities of their signals were not as high as that of even numbered. Finally, it is
interesting to find that the deposited films are insolnable in toluene, benzene or water.
Their Fourier transform infrared (FTIR) spectra seem like those photopolymerized
ones. Some of the reaction schemes arc proposed to cxplain the experimental results.
Keywords Cgn, Carbon cluster, Endohedral fullerene, Ton collision, TOF mass spec-
tra
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1 INTRODUCTION

Collision between Cgp and a variety of ions or atoms are becoming now a new branch
of cluster research. The aim is to gain better understanding of the behavior of this novel
material, not only for theoretical investigation, but also for future applications. 1t is
possible to form new compounds when atomic or molecular substituents are attached to
Ceo cage surface, or when carbon atoms in the cage are replaced or displaced by ejective
lons. On the other hand, the cavity in Cg with diameter of ~0.55 nm is large enough to
trap an atom or small molecule inside!V), or even the cage will open a window to form an
endohedral site for containing an atom, which may or may not be bound ta the interior
surface of the Cgp cage.[?!

Weiske et al[® and Ross and Callahan! suggested that He@CY, endohedral com-
plex formed in Cgo+helium collisions at energies of tens electronvolts. M@Cg, denotes
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M (ion) metal inside the Cgp cavity. This conclusion has been confirmed by further ox-
periments from both groups which support an endohedral structure for the complex.[#+4]
Campbell et ¢LI”l studied the collision energy dependence of C,+Ne ion collisions and
observed that the appearance energy is about 9eV for Ne@Cd,. Kleiser et all®] first
reported that He atom could be captured by negatively charged Cgy. By using a mass-
selected ion beam of guided-ion beam tandem mass spectrometer, Wan ef al. reporied
their results of threshold energy in Net+Cgy reaction!®, It is interesting to find that
different threshold energies were reported for the collision systems of Cf,+Ne(9eV )il
and Ne* +Cgo(~20eV).,) Anderson’s group reported systematic studies of endohedral
complex formation and fragmentation in M* +Cgo/Cry (M=Li, Na and K) system.['"1!]
The insertion of Lit and Na* to form the endohedral [Li@Cgy|™ and [Na@Cgl*. These
species were observed at appearance energies of ~6 and ~18eV, respectively. They also
published brief reports on the chemistry of C+13, 0+0131 and N+ jon collision with
Cep. Recently, Tellgmann and co-wokers(*?! reported that when monolayers of Cgq filun
exposed to an intense beam of Li* ion of 30eV kinetic energy, about 27% of the alkali-
containing endohedral Cgy were produced.

In this paper we present some of the new results on the collision of Cgy neutral
vapour with Na* ion beam, which was generated from a solid ion source. Mass-to-
charge ratio (m/z) of the deposited film was measured with a TOFMS. In addition
to the expected Na@C}, endohedral fullerene, we also obtained odd numbered clusters
of Csgs, Cy7, Csa, Cs1, Cesz, ete., in the negatively charged mass spectrum. Simitar
to photochemical polymerized fullerene, it is found that the deposited film is toluene
msoluble and believed to be a polymer.

2 EXPERIMENTAL

Home made Cgo powder with a purity higher than 99.5% was used in this experiment
as a deposition source after baking a vacuum of 107% Pa at 573-673 K for 10 minutes and
then at 523X for a few hours to remove solvent. The neutral Cgg vapour was generated
from an oven, which was made of a brass cylinder with a small hole. The substrate
of silicon wafer was set in the vacuum chamber. The ion beam was produced from
thermionic emission of a special solid alkali ion source provided by SPECTRA-MAT,
Inc.,, USA. Through a simply designed accelerator and Einzel lens, the jon beam was
accelerated from 10eV to 150eV, which could be changeable continuously. The beam
current could be as high as 2uA and was measured with an integrated circuit meter.
By simultaneously heating both Cgp (about 623K) and ion source under 10-¢Pa, the
collision of Nat ion and Cgp vapour was carried out just before the deposition and in
front of the substrate surface. Collision products were deposited on the silicon substrate
and then kept in the vacuum chamber for measurement later. The deposition rate of Cy,
vapour was about 0.lnm/s, which was monitored by a quartz-crystal thickness meter,
and the flux ratio between Cgp and ion beam was about 1:1. The typical thickness of the




136 NUCLEAR SCIENCE AND TECHNIQUES Vol.13

film was about 300 nm.

Mass analysis is done with a laser desorption time-of-flight mass spectrome-
ter (TOFMS). Argon ion laser (488 or 514 nm) was used to produce plasma, which has a
pulse width of 5ns and a power of 15 W/cm?, Both positive charged and negative charged
ions could be generated and detected by the TOFMS.

3 RESULTS AND DISCUSSION
3.1 Positively-charged ion spectrum

When the Nat ion collision with neutral Cey vapour at the impact energy 40eV,
the positive charged ion spectrum is shown in Fig.1a, which shows the distribution of the
fullerene cations from Cy, to Cfy, while Fig.1b shows the details of the neighborhood of
the m/z=744. Multiple peaks in each m/z are due to the presence of the 1*C isotope. Al
low collision energies, the spectra show that the dominant product is Cg[,, in part resulted
from charge transfer reaction and in part resulted from the laser desorption of the nen-
tral Cgo, with which the collision has not happened. Tt is found the endohedral fullerene
product of Na@QC}, is presented obviously. The spectra show that there is no evidence of
any significant intensity for fragment products {e.g. Css, Csg) or substitutional products
(e.g. CsgNa®). From Fig.2 we can see that the Na@CJ, ions appears above ~20eV.
This behavior is much similar to the results of Anderson !® They observed the insertion
of the Na™ to form endohedral fullerene species of Na@Cy, with the appearance energy
of ~18eV. The relative intensity of the peak rises rapidly, as the impact energy is in-
creased. At the same time the fragment products, such as Cjg, Csg, and the higher mass
products, such as Cgz2, Ceq, appears gradually. The Na@Cj, signal reaches the highest
around the collision energy of ~50¢V. Further increase in collision energy, the intensity
of Na@C/; signal is decreased gia.dua.lly. Higher mass products disappeared as collision
energy exceeded ~60eV. With higher resclution and sensitivity, still no substitutional
products, such as CsgNa't, or higher mass adduct products, such as Nan'z, Nan<l were
observed.

The dominant products in the spectrum is the contribution from Cf,. In all cases,
charge transfer reaction is endoergic reaction:

Na® +Cep — Cfy+ Na AH =247eV

Where ionization potential (IE) of Cgp is taken to be 7.61eV. It seems that it is not
reasonable to consider the charge transfer reaction being responsible for the low energy
Cg, production. But at higher collision energy, Cg, is affirmatively the dominant product
from charge transfer reaction. The product of C, is also available in CJ induced charge
transfer reaction:

C; + Ceg — Cg_o +Cy AH = -4.52eV



Na.3 ZHANG Jian-Guo et al: Collision of low energy Na™ ion with Cgq 137

This excergic reaction ig entirely possible even at low collision energies, which cause
the presentation of the adducts formation, such as Cg,, Cf,. As the collision energy is
increased above 60¢V, these adducts products disappeared, and are replaced by a series

of C&,_,,, products.

CW
Na* ions Impact C,, (positive ions)
E=40eV
5.6X10' ipns/cm?
C,, thickness: 300nm
El
&
P
ﬁ
k)
£
624 648 672 696 864

Fig.1a Time-of-flight mass spectrum of positively-charged ions, showing the distribution of the

fullerene cations
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Fig.1b Time-of-flight mass spectrum of positively-charged ions, showing the detail of the
neighbonhood of endohedral Na@CZ,
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Fig.2 Dependence of the output of the endohedral fullerene Na@C, with collision enerpy

The endohedral fullerene of Na@Cl, is clearly observed in Fig.la and Fig.ib. It is
well known that Ceo molecule consists of 60 carbon atoms, connecting each other with
single C-C bond or double C=C bond. The bond length for 6—6 double bond and 5-G
single bond are 0.140 nm and 0.145 nm, respectively. The 6-6 bond is harder to open
because it is shorter at equilibrium. The ionic radius of Na® is ~0.12nm, slightly larger
than the radius of 6-membered ring. According to theoretical calculation(? of a Cgp “win-
dow” mechanism, a large 9-membered ring could be opened with 0.2d8 nm in diameter
hy breaking a 5-6 bond on Cgp, through which an atom or small molecule may pass. Tt
is reascnable to suggest that energetic Na*t ions would be able to open such window hy
energy transfer. Consequently, the Nat ion is caught into a fullerene cage, producing a
Na@C{, endohedral compound. Recently, ab initio molecular dynamics simulations!'®l
came to a similar conclusion that the bond breaking after the bombardment may make
the insertion of Na' ion easier and after the insertion of Nat ions through the largely
opened hole, the original Cgp cage is reconstructed after annealing. We also ohserved the
usual series of Cf,_,, fragmentation products. This is presumed that some amounts of
the collision energy is transferred to the C3; product and changed it to the excited state.
When deexcited, the decomposition products were obtained:

Nat + Cep — Cff +Na — C}y_5. +nC2 + Na (n=1,2,--)

This pattern of fragmentation is usually observed in all M 4 Cgp collision system.
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It was somewhat surprising that no decomposition reactions, such as the series of
Cy-loss products

Na@C{, — Na@C/, ,, +nC: (n=1.2,)

were observed in Nat 4 Cgq system. Anderson reported that at higher collision energies,
the hot [Na@Cqo]* appears to relax by losing C» units and yielding [Na@Cg_2,]". 1t is
presumed that the lifetimes of the series of metastable fragment products of [Na@Cyg, 5,
are not long enough to be detected in our case.

3.2 Negatively-charged ion spectrum

In order to elucidate the reaction scheme, the negatively-charged time-of flight mass
spectra were obtained in the same collision eriergy range. From Fig.3 we can see the
distribution of negatively-charged carbon cluster ions. Besides the distribution of even
numbered carbon clusters (C;: n=>54, b6, 58, 60 etc.) appeared as usual, the distribution
of odd numbered carbon clusters (C;: n=53, 55, 57, 59 etc.) were obtained, although
the intensities of odd numbered clusters were significantly reduced relative to that ob-
served for the even numbered. Also multiple peaks in each m/z are due to the presence
of the ¥C isctope. Similar results have been observed in our previous experiments of the
Coo film impacted with high energy Kt ion beam.1”] In contrast to the behavior of the
positively-charged spectrum, it is quite strange that why there is no detectable contri-
bution from endohedral fullerene to adduct products in the negatively-charged spectra
of TOF, and why the odd magic number was only observed in the negatively-charged
collision products.
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Fig.3 Time-of-flight mass spectrum of negatively-charged ions, showing the ocenrance of odd
numbered C_ (n=>55,57,59,61,63)
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To simplify the analysis, we designed our experiment to allow observation of the
negatively-charged ions formed only within the Cgy deposition film in the same exper-
imental apparatus without the collision of Nat ion beam. The spectrum shows that
the distribution is nearly identical to that measured previously from positively charged
ion laser desorption time-of-flight mass spectra and no odd numbered carbon cluster has
been observed. This suggests that the appearance of odd numbered carbon cluster in
negatively-charged spectrum does not result from the laser desorption, but more probably
from the bombardment of Na™ ions. This negatively-charged spectrum was postulated to
result from the contribution of fragment products (e.g. Cg;, Cygi, etc.) and substitutional
products {(e.g. CsoNa™), simultaneously. The behaviour of fragment products is almost
the same as that in the positively-charged spectrum. While these substitutional products
are metastable and sequentially dissociated by the loss of Na and C,:

CeoNa™ — Cgy_,, + nC2+Na (n=0,1,2,--+)

The long lifetimes of charge transfer ion/molecule collision allows for geometric
changes from a not so stable ionic cluster structure to the more stable neutral structure,
which is detectable in the TOF spectra. It seems that the substitutional reaction in
negatively-charged situation is easier to emerge than in pesitively-charged. $ince a carbon
atom is so small, the average nearest neighboring C-C bond on the Cgy surface is only
0.143 nm, and the ionic radius of sodium atom is 0.12nm. Therefore, Na* can be expected
to substitute for a carbon atom on the Cgy cage surface. We speculated this could in
part explain why only the odd numbered clusters were observed in negatively-charged
mass spectra.

3.3 Soluability and polymerization

It is well known that the pristine Cgy is soluable in toluene to produce a purple
liquid. When we try the soluability in toluene, benzene or water for the Cgy deposition
film after impacted with Na*t ion beam, it has been found insoluable after immersed for
several days. TOF spectra and Fourier transform infrared (FTIR) transmission spectra
of pristine Cgp film and that impacted with Nat ions were carried out to compare their
differences. There are no obviously differences in the TOF spectra. For FTIR studies,
films (~300 nm) were deposited on KBr substrates. Fig.4 shows a typical FTIR spectrum
at room temperature. Group theory for an isolated Cgn molecule predicts that four (4Fy,)
lines (Fiu(1), 527.1em™1; Fi,(2), 570.3cm™?; Fiy(3), 1168.1cm™1; Fi,(4), 1406.9cm 1)
of intramolecular vibrational frequencies are IR active. As can be seen in the Fig.4, four
strong peaks in FTIR transmission spectrum are observed, in good agreement with the
4 lines for pure Cgp. Besides, the additional 5 lines appeared and are in good agreement
with the work of Raol'®! on phototransformed Cgy film, which is due to photoinduced
polymerization of Cgp films. It is indicated that the icosahedral symmetry of the Cg,
molecule has indeed been lowered. Based on the similarity of their spectra and Fig.4,
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we proposed that the Cgp polymer could also be formed under the low energy Natl ion
bombardment.
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Fig.4 FTIR spectrum of a deposition film produced from a Cen vapour impacted with Nat ion

242 cycloaddition is a well known photochemical or thermal mechanism leading
to the covalent attachment of adjacent molecules. Photochemical 2+2 cycloaddition of
two molecules A and B has been found to be generally active in a variety of cases. The
mechanism involves the reconfiguration of double bonds on A and B: if carbon double
bonds (C=C), one on A and the other on B, are oriented parallel to one another, and
separated by less than ~0.42nm, then by photochemical assistance both these double
bonds are broken and reform as four-sided ring. In our case, the additional Nat ions are
used into preparing one Cgp molecule through energy transfer in the lowest excited triplet
state, which must have a sufficiently long lifetime, and this excited Cgg molecule reacts
with the adjacent molecule(C,, n=56,58,62,64 etc.) which remains in the former singlet
state, These requirements could be met in the collision of Cgo vapour with energetic Na™*
ion beam. The adjacent Cgy molecules can adopt favourable orientations, which would
promote the 2+2 cycloaddition reaction.

4 CONCLUSION

The reaction of neutral Cgy vapour impacted with energetic Na* ion beam was in-
vestigated. For the systems presented in this paper, endohedral fullerene Na®Cg, was
observed obviously. Charge transfer reaction appeared to be quite efficient in positively
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charged spectrum. Probably because Cgp is an electron rich system with low ioniza-
tion energy (~7.61eV), when collision with positive Na¥ ion, one would expect efficient
electron capture by the atormic ions.

Substitutional products were observed in negatively-charged spectrum for collision-
induced reaction of Na* with Cgo, yielding a series of Cyg9_9,Na™ (n=0,1,2 - - -} products
by C; loss. Consequently, the Csg..2,Na™ always loses the Na atom during decomposition,
suggesting that Na center is rather unstable. Therefore, a series of odd numbered cluster
appeared in negatively-charged TOF spectra. FTIR. studies of deposited Cgq filin yielded
similar results to those found for photochemical transformation of Cego films. It seems
that Na*t ion-induced collision with Cgy leads to the polymerization of Céfo molecule with
242 cycloaddition reaction.

For confirmation of the endohedral Na@C{,, further EXAFS study is needed.
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