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The formation of heavier atoni§b, Te-incorporated fullerenes has been investigated by using radionuclides
produced by nuclear reactions. From the trace of radioactivities?®8b (?2Sb) or ?Te after high-
performance liquid chromatography, it was found that the formation of endohedral fullerenes or heterof-
ullerenes in atoms of Sb or Te is possible by a recoil process following the nuclear reactions. To confirm the
produced materialsab initio molecular-dynamics simulations based on an all-electron mixed-basis approach
were carried out. We present the possibility of the formation of endohedral fullerenes or substitutional heter-
ofullerenes incorporated with Sb or Te atoms.
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INTRODUCTION process following nuclear reactions. We perfornaddinitio
molecular-dynamic$MD) simulations: whether the S@Te)
Chemical interaction betweenggand a variety of atoms atom can be incorporated in the fullerene with endohedral

is becoming a very new field of cluster research. So fardoping, Sbh@ &, (Te@ Gy), or substitutional doping, Shg
numerous experimental studies for endohedrally dbp8dr  (TeC).
exohedrally dopetd2 fullerenes with foreign atoms have  Furthermore, the chemical nature of the (3b) atom in a
been undertaken by resorting to arc-desorption or laseffullerene is compared with that of an As atom.
vaporization techniques. On the other hand, it has become
possible to synthesize the heterofullerenes, where the foreign

atom is incorporated into the carbon cage. Experimentally, EXPERIMENTAL PROCEDURE
heterofullerenes doped with foreign atoms, such as boron
(B),}**5 nitrogen(N),'**” and silicon(Si),*®° have been re- According to the source nuclide used, high-energy brems-

ported. In our previous studies, we have studied not only thétrahlung or charged particle irradiation was used. In Table I,
endohedral doping of B& Kr, and Xe?! but also the substi- the nuclide produced, characteristieray, half-life, and re-
tutional doping of*'C 22 3N,% 69Ge, and’?As (Ref. 24 by  action are listed for each material used here. About 10 mg of
a recoil-implantation process following nuclear reactions. InCg fullerene powder was mixed homogeneously with 10 mg
spite of the intense research, only partial facts for the formaof an antimony oxide (SiD;), and used to the target mate-
tion process and the produced materials have been unveilgihl.
on the nature of the chemical interaction between a foreign (1) For the production of?°Sb- (*22Sh-) doping fullerene,
atom and a fullerene cage. Therefore, it is important andhe samples were irradiated with bremsstrahlungEqf,y
intriguing to synthesize new complexes, such as severar50 MeV which originated from the bombardment of a Pt
foreign-atom incorporated fullerenes, and their propertieplate of 2 mm in thickness with an electron beam at a 300
should be investigated due to acquirement of the knowledg®eV electron linac, Laboratory of Nuclear Science, Tohoku
for producing a large amount of the complexes. University. Two kinds of radioisotopes 0f°Sb and '?’Sh

In this paper, we show evidence of br Te) atom- can be produced by photonuclear reactiop,n) reactions,
incorporated fullerenes on the collision betweengg €age by irradiation on natural Sb. The irradiation time was set to
and an Sb(Te) atom, which was generated from a recoil abou 8 h and the average beam current was typically
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TABLE |. Nuclear data and experimental condition for atom-incorporated fullerene.

Nuclide produced v-ray? Half-life Reaction Materidl and abundancé)
1205 197 keV 5.76 d 1215h(y,n)*2%h 121gp, 57.4
1225 564 keV 2.70 d 1233h(y,n)*?%sh 1233p, 42.6
1211 573 keV 16.80 d 1215h(d, 2n) **'Te 1215p, 57.4

ay-ray used for the analysis.
®Irradiated material as a targétoth for the case of Sb and JTeSh,Os.

120 wA. The sample was cooled with water bath during thetion. Following the first peak, two peaks at around
irradiation. 9-9.5 min and 13-16 min were consecutively observed in
(2) For the production of?'Te-doping fullerene, deuteron the UV chromatogram. For characterization of the compo-
iradiation with beam energy of 16 MeV was performed atnents, the fraction corresponding to the second peak in Fig. 1
the Cyclotron Radio-Isotope CentéEYRIC), Tohoku Uni-  was collected and examined with MALDI TOFmatrix-
versity. A Radioisotope ot?'Te can be produced by a @n) assisted laser-desorption ionization time-of-flighinass
reaction by irradiation on natural Sh. The beam current wagpectrometry. The mass spectrum of the fraction exhibited a
typically 5 xA and the irradiation time was about 1 h. The series of peaks at/z, 1440-24n (n=1-4), corresponding
sample was cooled with He gas during irradiation. to the molecular ion peak of &nC, in addition to the peak
After the irradiation, the samples were left for 1 day to for Cgpas a base peak. This fact indicates that the second and
cool down the several kinds of short-lived radioactivitiessmaller third peaks can be assigned tg Gimers and G
of by-products. After the 1-day cooling, radioactivities, suchtrimers, respectively. These materials can be produced by the
as MC or N (e.g., **C decays to''B with T,,=20 min) interaction between £'s in coalescence reactions after ion-
and the radioactivities of?°Sh (?%Sb) or '*!Te could be ization by incidenty-rays or produced charged particles.
measured with its characteristicrays (see Table)l Three peaks appeared in the curve of the radioactivities
The fullerene  samples were dissolved in *?°Sb (*%%Sb) in the radiochromatogram. Aside from a slight
o-dichlorobenzene after being filtrated to remove insolubledelay, the first peak (7 min) corresponds to the UV absorp-
materials through a membrane filter (pore sife45 um  tion peak of G,. The second and the relatively broad third
and/or 0.2 um). The soluble fraction was injected into a peaks were observed at a retention time of 9—11 min and of
high-performance liquid chromatogragiPLC) equipped 14-20 min, respectively. Though there is a delay in the elu-
with a 5PBB (silica bonded with the pentabromobenzyl tion peaks of the radioactivities against that of the UV ab-
group column of 10 mm (inner diameteX)250 mm  sorption peaks, it seems that the elution behavior is similar.
(length, at a flow rate of 3 ml/min. The eluted solution was The elution curves shown by the solid line and solid circles
passed through a UV detector, the wavelength of which wa# Fig. 2 indicate the absorbance monitored continuously by
adjusted to 290 nm in order to measure the amount oft UV detector and the-counting rate of*?Te measured by
fullerenes and their derivatives. a Ge detector, respectively. The horizontal and the vertical
The fraction was collected at 30-s intervals, andfheay  axes are also the same as in Fig. 1. From the mass measure-
activities of each fraction were measured with a Ge detectoments, three components in the UV chromatogram can be
coupled to the 4096-channel pulse-height analyzer whosalso attributed to gz monomers, their dimers, and their tri-
conversion gain was set to 0.5 keV per channel. Therefore,

the existence of?°Sbh (*?2Sb) or *?*Te could be confirmed 1ok ' ' ' ' ' ' ]
by their characteristig-rays® N UV Chromatogram

10 . ]

g . o Activity of 120gp ]

RESULTS AND DISCUSSION % 8t . * Acivity of 1225 ]

Figure 1 shows three elution curves of thg,Gample 25, 6 3 ‘: 0. ]

irradiated by bremsstrahlung &,,,,=50 MeV. The hori- § at o P. 3

zontal axis indicates the retention time after injection into the B 5 g N ]

HPLC; the vertical one indicates the absorbances monitored < ol ob Bl & ~gm ]

continuously by a UV detector(solid line) and the P A il S S S

0 5 10 15 20 25 30 35

y-counting rate of the'?’Sb or 1?2Sp radioactivities mea-
sured with a Ge detector. Open circles are f8%6b and solid

circles for #Sb radioactivities, respectively. _ FIG. 1. HPLC elution curves of the soluble portion of the crude

~ A strong absorptl'on peak was observe.d at the retentiogxtracted in they-ray-irradiated sample of & mixed with ShOs,.

time of 6.5-7 min in the elution curvésolid line) which  The horizontal axis indicates retention time, while the vertical axis
was measured by the UV detector. This peak position corrérepresents the counting rate of the radioactivities38b (:2°Sb)
sponds to the retention time of;@which was confirmed by measured with a Ge detector and the absorbance of a UV chromato-
the calibration run using the g sample before the irradia- gram of G (solid line).

Retetion Time (min)
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extracted in the deuteron-irradiated sample qf @ixed with
Sh,05. The horizontal and vertical axis are the same as in Fig. 1,
but for ?'Te.

. . B54.0fs 8l.0fs
mers, respectively. Three populations BtTe appear at re-

tention times of 7 min, 10 min, and 14—-18 min in Fig. 2.
This result indicates that the radioactive fullerene monomers
and their polymergdimers and trimenslabeled with *2°Sh
(*?%Sb) possibly exist in the final fractions. In our previous ¢

of Kr, Xe, and Ge, As cased** The amount of Sb{Te-)
incorporated radioactive fullerenes produced here is esti-
mated to be about #&-10'* molecules.

Here, it should be noted that no evidence of exohedral
molecules has been presented so far by an extraction in the 108.0 fs 135.0 fs
soluble portion. Such molecules can be removed during the £ 3. simulation of the structural stability of Sh@Cor
solvation process if they are exohedral. Therefore, two posspG,,: change from an unstable innersic&b atom and outer side

sibilities should be considered in the present resilfsen- (¢ atom with an initial kinetic energy of 0 eV to a final stabilized
dohedrally Sh (Te) atom-doped fullerenes Sb@4& configuration.

(Te@ Gp) and (2) substitutionally SK(Te) atom-doped het-
erofullerenes as a part of the cage, SpdeCsg). the As or Te casegA) insertion between one Sb atom and
In order to understand the present experimental resabts, one C atom in the g cage,(B) structural stability of Sbé,
initio molecular-dynamics simulations were carried qin. ~ and(C) insertion of a Te atom through a six-membered ring
this and all the following studies, we used inito MD  Of Cgg (U-Cg).
simulations instead of a more efficient technique for struc- Here, we describe the results of the present simulations.
tural optimization, because we wanted to monitor the forcdA) First, we shift one of the C atoms ofggoutward by
acting on the Sb and C atoms along real trajectories at each3 A and put additionally one Sb atom on the same radial
time step. The method, which is used here, is based on thexis by 1.3 A inward from the original C positiaisee Fig.
all-electron mixed-basis appro&th®® using both plane 3). Then, starting the simulation with zero initial velocity, we
waves (PW’s) and atomic orbitalsS(tAO’s) as a basis set found that there is a force acting on the Sb atom to move
within the framework of the local density approximation inward to encapsulate~135 fs). On the other hand, the C
(LDA). In the present study, all core atomic orbitals are de-atom of G placed outward by 1.3 A induces a force acting
termined numerically by a standard atomic calculation basetb move inward as if the original shape o§4Js recovered.
on the Herman-Skillman framework with logarithmic radial This result indicates the formation of Sb@C(B) Second,
meshes. For the present system, we use 313 numerical AO&e Sb atom is put at 1.3 A outward from the cage sphere,
and 4169 PW's corresponding to a 7-Ry cutoff energy. Foinstead of one C atom af-Cg. Then, starting the simulation
dynamics, we assume an adiabatic approximation where theith zero initial velocity, we found that there is a slight mov-
electronic structure is always in the ground state. We utilize @ng force acting on the Sb atom against the cage, but still
supercell composed of 6464 64 meshes, where one mesh staying near by the initial position even after full
corresponds to 0.196 A. We set the basic time steptas relaxation(=500 fs) with some rotational inertia in the sys-
=0.1 fs and perform five steepest descéBD) iterations tem of SbGq (see Fig. 4.
after each update of atomic positions. We do not impose any Therefore, it seems that the Sb atom, when put outside the
velocity control, so that the system is almost microcanonicatage, can be stable to create a heterofullerene such ag.SbC
with little energy dissipation from the SD algorithm. It is interesting to note that the nature of the doping process
We performed the following three types of simulations for of the Sb atom in the g cage can be compared with that of
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0.0fs 100.0 fs

0.0fs 30.0 fs

200.0 fs B00.0 fs 60.0 fs 90.0 fs
120.0fs 150.0fs
400.0 fs 500.0 fs FIG. 5. Simulation of Te hitting the center of a six-membered

ring of Cgo with a kinetic energy of 40 eV. Here, the local skeleton

FIG. 4. Simulation of structural stability of Sk¢: change from  giqahhears from the figure when the bond length is elongated to
an unstable outer side (0.13A outward from the cage sphétle a more than by 1.5 A.

initial KE of 0 eV to a final stabilized configuration in Sk

an As atom, because the As and Sb atoms are the same ¥ over 130 eV, six G losses occur simultaneously from the
group element. In our previous study, we also performedipper side of G,. The result of simulations changes of
similar simulations in the case of As atoff=rom the simu-  course according to the impact energy, impact point, and
lations, the As atom put inside the cage is unstable and hasangle. If the Te atom is inserted toward off-center positions
tendency to repel the closest C atom qf,@nd, stabilized of a six- or a five-membered ring, the damage suffered to the
slightly outside the cage sphere, to create &4s@ven if the  Cgy cage increases significantly. Similar simulations were
As atom is initially put inside the cage as in c48¢. There-  also performed in the case of the Sb atom; we found that an
fore, we confirmed that a heterofullerene, such as £sC Sb atom can penetrate intg3with a relatively higher KE
may exist stably under realistic conditions. In the presentvhen its initial speed is greater than 70 eV. For an initial KE
results, the Sb atom may also remain the local stable poirgreater than 160 eV, an Sb atom goes out again from the
around the cage sphere to create a heterofullerenesgsbC opposite side of the cage. The results indicate that the inser-
However, it seems that the formation of Sb@ & rather tion of the Te atom through-Cg seems to be rather easier
more likely than the formation of Shgfor the interaction than that of the Sb atom.
between the Sb atom and thg,Cage. Consequently, Sb and Te atoms can penetrate iptp C
(C) Third, a Te atom with an initial kinetic energiKE) of  throughu-Cg to create the endohedral fullerenes Si-6r
40 eV can penetrate into the cage qf,@rough the center Te@ Gy. There is, of course, another possibility for the Sh
of u-Cg without difficulty. Figure 5 shows several snapshotsatom to replace one of the carbon atoms on the cage due to a
(~150 fs) of the Te atom insertion with 40 eV KE. In the local stable point around the cage sphere. The difference be-
figure, after the Te atom first touchesCg, carbon atoms are tween the C atom and the $be) atom can be due mainly to
pushed to open-Cg and go through. But tha-Cg recovers  the magnitude of the covalent bonding; it seems that the
soon its initial configuration. Finally the Te atom bounced atmagnitude of the covalent bonding between the Te atom and
the other side and came back towards the center of the cagihe G cage is weaker than that in the case of As and the
For a relatively low initial KE of the Te atom, gshows  cage.
a tendency to recover its original shape within the simulation The results of analyses of the present work have to be
period. For higher initial KE over 100 eV, the Te atom goesfurther supported by some other experimental data such as
out again from the opposite side of the cage. Further, for airect mass measurements by a time-of-flight mass spectrom-

125402-4



FORMATION OF Sb- AND Te-DOPED FULLERENES BY ... PHYSICAL REVIEW 84 125402

Sh, and Tg It is interesting to note that group elements such
He as 4B—6B, even in heavier elements like an Sb and Te atoms,
can be possible for the formation of complex materials.

BICIN|(O|F
AlSi|P|S|CI

N—e CONCLUSION
Ar

In this study, the formation of atom-incorporated
fullerenes has been investigated by the traces of radioactivity
12| 12 121 H
Ga|Ge| As|Se | Br | Kr of 1205p (or 22D, 1?'Te) produced by nuclear reactions. It
— was found that 5B—6B elements, like Sb or Te, remained in
the final Gg portion after a HPLC process. This fact suggests
In Sn & E I that the formation of endohedral fullerenes Sb@C
o ) o . (Te@ Go) and their polymers or substituted heterofullerenes
FIG. 6. _Schematlc view of a partlal periodic table. In.the figure, SbG, and their polymers can be possible by a recoil process
the formation of atom-doped«, which has been confirmed by fo|owing nuclear reactions. Carrying oumb initio
using several techniques, is |nd'|cated by underbars. Elemen%olecular-dynamics simulations on the basis of the all-
shown by the gray area are investigated by the present method. electron mixed-basis approach, we confirmed that endohe-
. . . dral fullerenes of SHTe) atoms inside the £ cage can be
etry (TOFMAS), following another simple way to achieve possible. From the difference between the case of &b

the 40 eV initial kinetic energy for Sb ions by use of, for g the case of As, the chemical nature of a doping atom
example, a pair of parallel flat electrodes with 40 eV b'asseems to play an important role in the process of endohe-

b

voltage. : - L
Finally, schematic view of a partial periodic table is drally doping or substitutionally doping in fullerenes.
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