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From 3He@GCso to BH@Cgo: Hot-Atom Incorporation of Tritium in C ¢
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The introduction of tritium into the cavity of 4 using hot-atom chemistry was studied. Neutron irradiation

of *He in 3He@ Gy produced tritium ions and atoms which enter thg. CGH@Cso was detected with a
scintillation counter. The Bingel reaction was carried out on this material under conditions so that the
monoadduct formed predominantly, and the products were probed for tritium activity. AnalysisHeith
NMR gave a peak with the characteristide shift for the malonate product. The product fractions gave only
33% of the original activity; most was recovered in the unreactgdpGrtion. No reaction was observed
between @ and the stable radical dért-butylnitroxide; all tritium activity was recovered in thedpeak.
These results suggest similarities in properties betweé@Cso and pure G, implying that the tritium exists

as a free atom inside the molecule.

Introduction eter by Pored&The amount ofHe detected from this sample
agreed closely with the amount of tritium that had decayed over
this time. Therefore, the trittum must have been inside the
fullerene.

There are two serious drawbacks in the preparation of

SH@GCs0 using the tris-lithium salt precursor. The preparation

Hot-atom chemistry involves the study of chemical reactions
using species produced by nuclear reactions, with kinetic
energies well above thermal energle®.The reagent can be
“hot” by virtue of its radioactivity. The fast atom is decelerated
by colliding with surrounding material, causing ionization before ) . . . .
it is eventually thermalized. It may react before that happens, of the salt is not trivial, since it must be done in the absence of

generating products quite different from those found in a thermal air..T.he anion is a radiqa}l, which makes it §usceptib|e to
reaction. We used this technique to incorporate tritium g C radiation damage. Each tritium atom produced in the reactor is

trapping it inside the fullerene cage where it is detected with a
scintillation counter.

We have heated fullerenes in the presence of noble gases
a temperature of 650C and a pressure of 3000 atm and have
incorporated gas atoms inside the fullerene deiyéhe hot-
atom reaction, on the other hand, provides the tritium atom
enough energy to pass through one of the rings in the fullerene.
Once inside, it may not have enough energy to escape.

We previously found that tritium can be incorporated inside
Ceo by first preparing the tris-lithium salt of the fullerene and
then subjecting it to neutron irradiation in a nuclear reattor.
The nuclear reaction dLi with thermal neutrons is

®Li +'n—>H + *He + 4.8 MeV 1)
The exothermicity is calculated a8E = Amc&. A 20-min
irradiation of the salt yielded material containing tritium. Tritium
undergoeg~ decay to form®He with an energy of 18.6 keV.
By conservation of momentum, almost all the energy is carried
away by the3~ particle and the antineutrino. The recoil energy
of the®He is only a few electron volts, not enough to knock it
into or out of the cage.

One main concern was that all or part of the detected tritium
activity could have resulted from tritium bound chemically to
the exterior of the fullerene cage. However, if that were the
casef~ decay would yieldHe on the outside of the cage, which
will diffuse away. A sample stored over 15 months yieldele
when heated and analyzed in a highly sensitive mass spectrom
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accompanied by 4.8 MeV of energy and creates free radicals
and ions that can react with the anion radicals. Finally, after
the irradiation, the fullerene salt must be converted backsgo C
This may contribute to product loss.

A possibly cleaner and easier preparation invol¥de as
the tritium source:

*He+'n—3H +'H + 760 keV 2)
The nuclear reaction 2 dissipates only 16% of the energy of
reaction 1, involvincfLi; radiation damage should be reduced.
Given our work with the high temperature and pressure
incorporation of fullerenes®He@Gy was clearly a natural
choice for this investigation. Neutralggis likely to be less
susceptible to radiation damage than the anion radical, as in
the lithium salt. Moreover, isolation of the irradiated material
is easily accomplished with any solvent that dissolves There
is no fullerene recovery step. A further simplification is perhaps
activation of fre€®He gas in the presence of the solid fullerene.
Wilson et al. reported that neutron activation of the metal-
lofullerene'®™Ho@ Gy yielded6Ho @ Gso, which subsequently
decays to stablé®Er with the emission of g3~ particle?
Conversion from®Ho to 15%Er occurs without release of the
atom from the Go. Similar investigations have also been made
with La, Y, Th, and Gd@#, by other researchefs.Braunt®-12
and Gadé15 have made'Ar@Cqo by irradiating Go in the
presence of?Ar. Ohtsuki®17has made Be@4g by two nuclear
reactions. If the nuclear reaction producing the hot atom yields
two or more heavy particles as in reactions 1 and 2, the initial
recoil energy of the hot atom is large enough to allow it to
leave a fullerene cage and, subsequently, enter another. If the
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TABLE 1: Tritium Activity Prepared from Three 3He@Cso TABLE 2: HPLC Fractionation of 3H@Csgo
Samples : —
normalized activity
sample fraction (counts/min)
1 2 3 parent 139.40
irradiation time (hr) 2 10 10 ;rao:. % 451?1?1(15
sublimed yes yes no fract. 3 16-37
specific activity (dpm/mg) 4.6 10"  2.2x 10°  2.5x 10° fract- 7 P
soluble portion ~100% ~100% ~100% ract. :
fract. 5 2.57
nuclear reaction gives one heavy particle and one or more light ;:gg: 673 1%‘2‘;
ones (e.g.?/ rays orf3~ particles), the recoil energy of the hgavy total '(1_7) 147 47
particle will be much less, and it may remain trapped in the Avotal-parent 8.07

fullerene cage.

An important question is the structure #1@Cso. Recent A specific activity of 2.5x 10° dpm/mg corresponds to a
work by Weidinger et at®2! involving ion implantation of fractional incorporation of 3« 1076 tritium atoms per G.
nitrogen in Go showed, by ESR spectroscopy, that the nitrogen  The maximum specific activity of tritium obtained from the
is present as a free atom inside the fullerene. Thigs done 6Li irradiation was only as high as 410 disintegrations/min/mg.
ab initio calculations on H@4 and found two structures of  Irradiation of*He@ G, on the other hand, gave an enhancement
roughly equal energy. One is a free atom inside the middle of of as much as 600 times in tritium activity! Moreover, sample
the cage; the other is a puckered structure with the hydrogenrecovery was excellent. Even after an irradiation period of 10
atom bound to one of the carbon atoms of the cage. Similar hours, almost all the material was recovered. In the lithium case,
results were reported by Smith et?allf the tritium is bonded more than 58% of the fullerene decomposed after just 20 min
to one carbon, then a neighboring carbon must have a radicalof irradiation. Increasing the irradiation time gave a somewhat
site on it. This species might be expected to abstract a hydrogerhigher specific activity but with an accompanying increase in
or some other groups from the solvent; bind tod@some other decomposition.
radical present; or dimerize. During the irradiation in a reactor,  Forming3H@ Cs from *He@ Gy is indeed attractive. Not only
there is a relatively high concentration of radicals due to is the yield of tritium-labeled material increased significantly,

radiation damage. but also sample preparation and product isolation are greatly
simplified. The high temperature and pressure process to prepare
Results and Discussion 3He@Gyo s also quite straightforward and routinely carried out
The Irradiation. The irradiation conditions foPHe@Gso in our laboratory. Its main limitations are, however, the low

were chosen initially so that they would produce radiation Yield of *He@Gy and the decomposition of the fullerene
damage similar to that in trfki case. The irradiation time was material. We considered the possibility of producing a higher,

increased to account for the smaller energy releas#iefas if not similar, level of*H@Cso in @ process independent of the
well as the lower concentration 8He@Gg. The number of  initial amount of°*He-labeled material. An obvious possibility
tritium atoms,Nr, produced in a run is given by is activation of free’He gas to forn?H in the presence of the
solid fullerene.
N; = oFt 3) A sample containing 30 mg of puresg£and?/, atmosphere

of ®He gas sealechia 3 cm-long quartz ampule was irradiated.

whereo is the thermal neutron cross section of the nucl€us, The use of a relatively low pressure means that most of the
the neutron flux, and the irradiation time. The cross section tritium stops in the solid g rather than in the gas. The sample
for 3He is 5333 b (1 bars= 10724 cm?) and that forfLi is 940 was irradiated fo2 h using the same neutron flux as before. A
b.° Most other nuclei have thermal neutron cross sections of specific activity of 4.5x 10* dpm/mg obtained from this
the order of only 1 b. In the lithium case, there are three lithium material is comparable to a subliméde @G sample irradiated
atoms per @ whereas foPHe @Gy, there is only 0.002He in the same amount of time. Recovery of the material is also
per Gso, the maximum yield obtained by the high temperature ~100%.
and pressure process. In addition to the longer irradiation time, Isolation of 3H@Ce. We have found*26 that column
a higher neutron flux was applied. The irradiation was done in chromatography produces enrichment of Kr@@sing high-
the High-Flux Breeder Reactor at Brookhaven National Labora- pressure liquid chromatography (HPLC), we isolated over 90%
tory using a neutron flux of 7.5 10 cm2 sec™ pure Kr@Go from a mixture consisting of largely unlabeled

We expected a comparable amount of insoluble material asfullerenes?® We wondered if the same methods can be applied
in the earlier irradiation with the lithium salt but saw almost to SH@GCs. We found that separating the tritium-labeled
none. We irradiated the next two samples at five times the dosefullerenes by chromatography can be challenging. At low
level and again found little decomposition. One recurring resolutionH@Cso chromatographed along withsg At higher
problem in the irradiation of the tris-lithium salt was radiation resolution, using a four-foot long basic alumina column, the
damage. Increasing the irradiation time led to a corresponding slowest fraction of the g peak has significantly higher
decrease in the yield of soluble prod@dt/e thought, at first, radioactivity than preceding fractions, suggesting enrichment
that small amounts of solvent or air trapped betweep C of the tritium-labeled G.
molecules in the crystal lattice promoted decomposition when HPLC separation of the tritium-labeleds€Cusing a semi-
they dissociate into radicals during the irradiation and subse- preparative PYE [2-(1-pyrenyl)ethylsilylated silica] column
quently react with the 5. Subliming the crude £ prior to corroborates our observations from column chromatography.
irradiation should remove these impurities. The data are given Results are shown in Table 2. Thgo®and was collected in
in Table 1. As the results show, these fears were ungrounded.seven fractions. The peak containing unlabelggias divided
The sublimation proved unnecessary. The same specific activityapproximately into two equal fractions, Fractions 1 and 2. These
was obtained for the sublimed and unsublimed starting material. two fractions contain 70% of the overall activity. Activity of
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TABLE 3: Tritium Activity of the Bingel Products of during the reaction. The cause of this discrepancy is unclear
*H@Ceo even as®He NMR indicates close to 90% conversion of the

specific activity mass Cso. Perhaps a side reaction involving the radical character

(dpm/mg) (mg) product resulted in this loss. We wonder if the low tritium activities

starting material 8.% 10° 25 Gy found in the products indicate differences in the reactivity of
fastest fraction 6.% 10° 3 Cso SH@Cso from Cgg in which the former is discriminated in the
middle fraction 1.3x 10° 12 Csoand monoadduct Bingel transformation. This might explain the accumulation of
slowest fraction 2.k 10 13 mono- and bisadducts counts in the starting material.

The presence of an appreciable portiofldé @G allowed
additional analysis of the products wifile NMR spectros-
copy?939The fastest eluting peak contains unreactes hich
gave a characteristftie shift at—6.3 ppm. The second fraction
contains the monoadduct, giving a peak-&a&.9 ppm in the

subsequent fractions declined rapidly to background. The sum
of the activity of all fractions is comparable to the activity of
the original material. The increase in activity in Fraction 7 is
most likely due to the monoxide product. Its retention time is

comparable to €0 and was probably formed over time with  spe NMR spectrum. The third band contains a mixture of

storage of the material. - _ . bisadducts which gave peaks betwee@.5 to —9.8 ppm in
The HPLC results demonstrate the possibility of isolating ine3He NMR.

SH@Cso from Cgp as in the case of Kr@4a.26 More important,
they provide a glimpse at the structure®slfi@ Cso. If the tritium
atom were unbound in the center of the cage, we would expect
the retention time to be close to that of empi.Qf the tritium

were bound to one of the cage carbons, radical sites would be
generated on theggwhen the carbontritium bond forms. In
this case, HPLC might produce a large separation of the empt
Cso from those fullerenes containing radical sites. The two
species would be well resolved from each other. No activity
should therefore be detected in thg €action. This was clearly
not the case. Instead, all activities were recovered in the C
portion. The 3H@GCso must have properties, at least those
relevant to separation on a column, very similar tgo,C
suggesting that the tritium has to be present as a free radical
inside the Go.

We also tried vacuum sublimation to enrigH@GCso. The Preparation of SHe@Gso for Neutron Irradiation. 3He-
sample was placed in the bottom of a fused silica tube and labeled Gy was prepared as reported previously: by heating
heated gradually. Solid was deposited on the cooler parts nearCgo in the presence ofHe gas at high temperature and
the top of the tube. The sublimed material was radioactive, pressurée:® The3He@Go sample used in this case was labeled
indicating thaBH@Cqo is volatile. However, the specific activity ~ twice: the product of one high-pressure run was used as the
was only 5% of the starting material. The loss can be attributed starting material for a subsequent run. This procedure doubled
to decomposition of the fullerene during the sublimation. We the fraction of Go molecules containingHe to about 0.2%.
found that, typically, only 66:80% of the G sublimes. The Neutron Irradiation of 3He@ Cso. Between 30 and 40 mg
tritium-labeled fullerene seems to be more sensitive to decom- of the 3He@ Go sample was sealed in a fused silica tube under
position than the unlabeled fullerene. Trapped air and solvent vacuum. It was irradiated in the High-flux Breeder Reactor at
molecules in the g crystal could have brought about decom- Brookhaven National Laboratory in port V-11 at a thermal
position of the molecules. neutron flux of 7.5x 108 n/cn?sec. This port has a very low

The Structure of SH@Cgo. Questions concerning the struc- flux of fast neutrons and/-rays, which can cause further
ture of 3H@GCso were further investigated with a chemical radiation damage. In all, thréele @G Samples were irradiated,
reaction of Go. The Bingel reactiof(*?® is a reaction that is  each under slightly different conditions. Two samples were
simple and one in which the extent of functionalization can be prepared with sublimeeHe@Gyo. One was irradiated for 2 h,
easily controlled. The bromomalonate anion adds across onethe other for 10 h. The starting material in the third sample
of the 6,6 double bonds (reaction 4). In our case, the reactionwas not sublimed; it was irradiated for 10 h. All the material

was extracted in toluene for at least 7 days and purified by

Another reaction was carried out in which some of the tritiated
material was mixed with diert-butylnitroxide, a stable free
radical. If radical sites were indeed generated as a result of the
tritium bonding to a carbon insideg§; a reaction with diert-
butylnitroxide might occur. This would result in a significant
loss of activity in the G peak when the mixture is chromato-
ygraphed. A new peak in a different position containing most if

not all the radioactivity would be found instead. Our results
did not seem to support the presence of radical species in the
material. All the radioactivity was recovered in thgy@ortion.

No activity was detected in the ¢rt-butylnitroxide fraction

that eluted much later.

Experimental Section

column chromatography, using basic alumina as the stationary
H COOEt COOEt phase and toluene as eluent. The activity of each sample before
| + — and after purification was measured with a liquid scintillation
Br COOEt COOEt counter.
HPLC Fractionation of 3H@Cgo. About 1.26 mg of tritium-

labeled Gp was dissolved in 12@L of o-dichlorobenzene, of
conditions were adjusted so that the monoadduct would form which 30uL of the solution was injected into a [2-(1-pyrenyl)-
predominantly. The products were purified on a silica gel ethylsilylated silica] semipreparative column (COSMOSIL
column using methylene chloride as eluent. Three bands wereSPYE, 20 mm i.d., 250-mm length, Phenomenex Inc.) to
observed. Each was isolated and counted for tritium activity determine the distribution of radioactivity in thedpeak. An

(Table 3). injection of 60uL of the remaining solution was made, and the
The total product specific activity is only 3.4 10° dpm/ Ceo peak was collected in seven fractions. Each fraction was

mg, 33% of the activity of the resulting mixture. The specific counted for radioactivity.

activity of the first peak, the unreacteddCis about the same Bingel Transformation. To a 25-mg fraction of the irradiated

as the starting material, indicating that most of the loss occurred material in toluene, one equivalent of diethyl bromomalonate



Hot-Atom Incorporation of Tritium in G

was added. The reagents were mixed as one equivalent of DBU
(1,8-diazabicyclo[5,4,0Jundec-7-ene) was introduced. The mix-

J. Phys. Chem. A, Vol. 104, No. 17, 2008943

(6) Jimemez-Vaquez, H. A,; Cross, R. J.; Saunders, M.; Poreda, R. J.
Chem Phys. Lettl994 229 111.
(7) Cagle, D. W.; Thrash, T. P.; Alford, M.; Chibante, L. P. F.;

ture was stirred for 1 h, concentrated to 1 mL, and chromato- gphardt. G, J.: Wilson, L. 1. Am. Chem. Sod996 118 8043-8047.

graphed (Si@ CHCl,) to recover unreactedgg the monoad-

(8) Sueki, K.; Kobayashi, K.; Kikuchi, K.; Tomura, K.; Achiba, Y.;

duct, and the bisadducts. The fractions were counted for tritium Nakahara, HFullerene Sci. Technoll994 2, 213-221.

activity and analyzed witiHe NMR.

Conclusions

Tritium incorporation inside g was accomplished using hot-

atom chemistry by neutron irradiation éfle. The amount of

(9) Kikuchi, K.; Kobayashi, K.; Sueki, K.; Suzuki, S.; Nakahara, H.;

Achiba, Y.; Tomura, K.; Katada, Ml. Am. Chem. S0d.994 116, 9775~

9776.
(10) Braun, T.; Rausch, HChem. Phys. Lettl995 237, 443-447.
(11) Braun, T.; Rausch, HCarbon1998 36, 1708-1709.
(12) Braun, T.; Rausch, HChem. Phys. Lettl998 288 179-182.
(13) Gadd, G. E.; Evans, P. J.; Hurwood, D. J.; Moricca, S.; McOirist,

radiation damage was very much smaller than was observedG.; wall, T.; Elcombe, M.; Prasad, Pullerene Sci. Technol997, 5, 871—

from the irradiation of théLi salt of Cgo. Yield was increased

significantly: by more than 600 times over the neutron

irradiation of®Li. The presence of large amountsfe @Gy

902.

(14) Gadd, G. E.; Evans, P. J.; Hurwood, D. J.; Morgan, P. L.; Moricca,
S.; Webb, N.; Holmes, J.; McOrist, G.; Wall, T.; Blackford, M.; Cassidy,
D.; Elcombe, M.; Noorman, J. T.; Johnson, P.; Prasa@hem. Phys. Lett.

after the nuclear reaction provides an additional tool for the 1997 270, 108-114.

characterization of the isolated material#je NMR spectros-
copy.

Results from HPLC and the Bingel transformation show that

(15) Gadd, G. E.; Schmidt, P.; Bowles, C.; McOrist, G.; Evans, P. J;
Wood, J.; Smith, L.; Dixon, A.; Easey, J. Am. Chem. Sod.998 120,
10322-10325.

(16) Ohtsuki, T.; Masumoto, K.; Kikuchi, K.; Sueki, Klater. Sci. Eng.,

the presence of radicals in the irradiated material is rather A: Struct. Mater. Prop. Microstruct. Proces$996 217, 38—41.

unlikely, implying that the tritium is not bound to a carbon atom
inside Gy but more likely exists as a free atom inside the cage.

The ability to generate tritium frofHe makes the incorpora-

tion process attractive from the standpoint of sample preparation,

(17) Ohtsuki, T.; Masumoto, K.; Ohno, K.; Maruyma, Y.; Kawazoe,
Y.; Sueki, K.; Kikuchi, K.Phys. Re. Lett. 1996 77, 3522-3524.

(18) Murphy, T. A.; Pawlik, T.; Weidinger, A.; Hmne, M.; Alcala, R.;
Spaeth, J.-MPhys. Re. Lett. 1996 77, 1075.

(19) Knap, C.; Dinse, K.-P.; Pietzak, B.; Waiblinger, M.; Weidinger,

extraction, and yield. Forming greater quantities of tritium- A- Chem. Phys. Letl997 272 433.

(20) Mauser, H.; Hommes, N. J. R. v. E.; Clark, T.; Hirsch, A.; Pietzak,

labeled Gp might eventually allow its use as a radioactive tracer B.. Weidinger, A.; Dunsch, LAngew. Chem.. Int. Ed. Engl997, 36, 2835.

in a host of applications.

Acknowledgment. We are grateful to the National Science
Foundation for the support of this research and to Brookhaven
National Laboratory for the use of their irradiation facilities.

(21) Weidinger, A.; Waiblinger, M.; Pietzak, B.; Murphy, T. Appl.
Phys. A1998 66, 287.

(22) Thiel, W. Private communication.

(23) Smith, R.; Beardmore, K.; Belbruno,J1.Chem. Phys1999 111,
9227-9232.

(24) Saunders, M.; Khong, A.; Shimshi, R.; Jinez-Vaquez, H. A,;

We also thank Drs. Rinat Shimshi and Kazunori Yamamoto Cross, R. JChem. Phys. Letfl996 248 127.

for their helpful suggestions and assistance in this work.

References and Notes

(1) Wolfgang, R. InProgress in Reaction Kinetic$orter, G., Ed.;
Pergamon: Oxford, 1965; Vol. 3, p 99.

(2) Wolfgang, R.Ann. Re. Phys. Chem1965 16, 15.

(3) Willard, J. E.Handbook of Hot Atom Chemistryerlag Chemie:
New York, 1992.

(4) Saunders, M.; Jirmez-Vaquez, H. A.; Cross, R. J.; Mroczkowski,
S.; Gross, M. L.; Giblin, D. E.; Poreda, R.J.Am. Chem. S0d994 116,
2193.

(5) Saunders, M.; Cross, R. J.; Jinez-Vaquez, H. A.; Shimshi, R;
Khong, A. Sciencel996 271, 1693.

(25) DiCamillo, B. A.; Hettich, R. L.; Guiochon, G.; Compton, R. N.;
Saunders, M.; Jinmez-Vaquez, H. A.; Khong, A.; Cross, R. J. Phys.
Chem.1996 100, 9197.

(26) Yamamoto, K.; Saunders, M.; Khong, A.; Cross, R. J.; Grayson,
M.; Gross, M. L.; Benedetto, A. F.; Weisman, R. B. Am. Chem. Soc.
1999 121, 1592.

(27) Bingel, C.Chem. Ber.-Recl1993 126, 1957-1959.

(28) Herrmann, A.; Rtiimann, M.; Thilgen, C.; Diederich, Rdelv.
Chim. Actal995 78, 1673-1704.

(29) Saunders, M.; Jirmez-Vaquez, H. A.; Cross, R. J.; Mroczkowski,
S.; Freedberg, D. |.; Anet, F. A. INature 1994 367, 256.

(30) Saunders, M.; Jinmez-Vaquez, H. A.; Bangerter, B. W.; Cross,
R. J.; Mroczkowski, S.; Freedberg, D. I.; Anet, F. A.L.Am. Chem. Soc.
1994 116 3621.



