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Abstract: In this paper, we present the first direct evidence for the formation of endohedral fullerenes from
prompty emission of neutron irradiated Xe held interstitially in thg @ttice. Following neutron activation,
solutions of the irradiated solid were analyzed by high-pressure liquid chromatography spettroscopy

which showed Xe radioisotopes to be present in fractions that eluted at longer times relative to unggated C
The observation of Xe radioisotopes at these particular times was attributed to elution of compounds based on
Xe@Gso. Additional support for this conclusion was obtained from isotopic ratios measurgdjsctroscopy.

The present results provide convincing evidence in support of teeoil mechanism for trapping radionuclides

in fullerene cages which had previously been inferred from indirect evidence.

Introduction activation of Gd@@ led to only 10% of the radionuclidé€°Gd
. o . remaining within the cage as a result of recoil out of the cage.

Braun and Rauschby studying neutron activation of solid Large losses were also found by Kobayashi étsidying La
Ceo samples which contained impurity levels of Ar (parts per endohedral fullerenes. Grushko et'dlan the other hand, found
million), found residual activity front'Ar in their solutions after that about 70% of53Sm endohedral fullerene cages survived
all attempts had been made to expel the gas. They proposecheutron capture. Overall these results show that a significant
that their results were attributable to endohedral formation by amount of the trapped endohedral atoms recoil out of the
y recoil. With our success in producing stoichiometric rare gas fullerene cage as a result of promptemission, and this
interstitial Go fullerenes? we decided to study in more detail prompted our previous suggestfdnthat in order to make
the effects of neutron irradiation on these materials. We showedendohedral radionuclides it may be just as efficient to start with
that the rare gas fullerenes survived neutron irradiation with no a mixture of fullerene and radionuclide precursor instead of the
evidence for extensive damage or loss of rare gas afteof already synthesized endohedral fullerene andjusecoil to
irradiatiorP with a neutron flux of 5x 10'3 neutrons cras ™. produce the endohedral radionuclide itself. This method would
We similarly found residual activity in toluene solutiérfs  also have the added advantage of being carrier-free in that all
(between 1 and 2% of the activity for an equivalent amount of produced endohedral fullerenes would be radioactive, whereas
undissolved solid, for each of the individual radioisotopes using synthesized endohedral fullerenes, the activated material
observed) after all efforts had been made to expel any free rarewould still consist predominantly of unactivated endohedral
gas. In addition, further evidence for endohedral formation was fullerenenes. In any medical diagnostic or therapeutic treatment,
found in that there was an indication of different propensities carrier-free radioisotopes offer less chemical side effects. To
for encapsulation of different rare gas radionuclides, as evi- show the possible validity of this approach, it is essential to
denced from thes spectra. obtain direct evidence for the recoil mechanism, and we do this

The effects ofy recoil following neutron activation have also ~ for the first time using HPLC.

been studied by Kikuchi et &l where they showed that neutron _ )
Experimental Section
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Figure 1. (a) Activity measured from the HPLC fractions using the
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and purple, respectively, while fractions 15 and 18 were
completely colorless. The actual UV chromatograph showed
the Gso peak completely off scale and also showed the epoxide
peaks more clearly. We expected the endohedgat&e gas
species to elute somewhere between the timesspad Go.

The collected fractions were measured on theounter for
activity with a 10-s count time and monitoring all X-rayrays
with energies within 5300 keV. The results are shown in
Figure 1a. As can be seen, activity appeared in only two elution
periods. The first appears just after the dead time for elution
and occurs in fractions 6 and 7 (collected between 3 and 3.5
min). This is obviously not associated with any fullerene
species. The second period of activity was noted for fractions
18 and 19 with the latter having the higher activity (collected
between 9 and 9.5 min). These two fractions occur after the
fractions where free &is eluted and are attributed to endohedral

assay counter, (b) UV absorption measured from an HPLC of a standardCeo SPECIes.

solution containing & and Go. The absorption axis is not shown.

with a neutron flux of~5 x 10" neutrons cm? s™* for a period of 4

The radionuclides associated with the active HPLC fractions
were identified byy spectroscopy. Figure 2 compares the
spectra for the solid, injected solution, and relevant HPLC

h. y spectroscopy was performed on both the solid and toluene fractions. All the spectra were taken within a period~e8.5

solutions using a high-resolutior spectroscopy system with a
resolution of 1.9 keV at 1.33 Me\#{Co). HPLC was carried out on
150-280uL samples of toluene solutions using a Waters LC626 HPLC

system with toluene as the mobile phase and using a Cosmosil packe

h so that decay of the radioisotopes is small enough so as not
to be a major issue in comparing the spectra. The spectra have

Jeen shifted and sized appropriately for the sake of comparison.

column (no. 09:3113, SES Chemicals Inc.). The column had a Th€ major isotopes to consider at®l, 12°Xe, 133%e, and

capacity to handle up t6-110 mg of injected fullerenes at any one
time. In our case we injected at most-@.1—0.2-mg fullerene sample.

1359xe. The y spectra from the processed solution before
injection is shown in Figure 2b, and the residual Xe rare gas

The HPLC had a Waters 486 tunable detector for measuring UV activity was found to be~1—2% of an equivalent amount of

absorption, during the HPLC run. Activity from the HPLC fractions
was measured using a Wallac Wizard 1470ounter.

Results and Discussion

undissolved solid, as found previouslylt was also found, by
considering the X-ray emission éf% at 27.3 keV, that this
was not effectively driven off in the process of evaporating the
toluene solution to dryness and60—80% was retained.

The irradiated solid Xe fullerene was added to toluene and Whereas the residual rare gas indicates an endohedral species,
left to make a suitably concentrated solution. This was then similar arguments for th&3 cannot be used. Figure 2d shows
decanted and processed further by (a) passing through a 0.2they spectrum from HPLC fraction 7, which as shown in Figure

um filter, (b) shaking and nitrogen purge, and (c) complete
evaporation and redissolving the solid in toluene. A solid
sample of a few milligrams was used as a standard)for

spectroscopy. Ay spectrum from the solution was taken

1 had activity. They spectrum can be assigned solely'#8.
This shows that?d passes through the column quickly with
very little retention. Figure 2c shows the spectrum from
HPLC fraction 19, which from Figure 1 is one of the later

initially before any processing and subsequently after each step.fractions which had activity. This fraction together with 18 is

As found previousl§’ the activity from the Xe radionuclides
as shown byy spectroscopy reached a constant value.

postulated as being associated with an endohedgala@e gas
species. Thes spectrum supports these arguments further in

If the residual aCtiVity is associated with an endohedral rare that we observe the Xe radioisotopes with these fractions.

gas Go species, we might expect that HPLC of this sample

would show a discernible radioactive fraction associated with

the proposed endohedral species and eluting afigr The use

of HPLC to differentiate endohedral radionuclides has already

been shown by Kikuchi et af. who found that!®>Gd@ Gy,
I Th@Gsp, and1>3Gd @G all eluted at the same time. Once

the activity from the processed solution reached this constant

level, a 1504L sample was passed through a 0/28-filter

using a microcentrifuge and then was injected into the HPLC

and 0.5-mL fractions were collected every 0.5 min for 25 min.

The UV spectrum was monitored continuously at a wavelength
of 285 nm as the samples were collected. Before injection of

HPLC fraction 18 showed & spectrum similar to that of
fraction 19. The other fractions were measured wjth
spectroscopy, and from emissions associated with the individual
radioisotopes, a plot of radioisotope activity (arbitrary units)
versus HPLC fraction was constructed. This is shown in Figure
3. Included in the figure is a plot of the estimated weight (in
milligrams and multiplied by a factor of 2000) of freedJor
each of the fractions 16 and 17. This was estimated from UV
absorption. The activities from the Xe radioisotopes have also

been multiplied by a factor of 25 so as to be comparable to the
12

the radioactive sample, a standard trace was run by injecting a The fact that the Xe radioisotopes are eluted at a time just

20-uL sample of Goand Go (each~0.5 mg mL-1). We found
that Gy eluted at~8.5 min wheras & eluted at~14 min as
shown in Figure 1b. Also seen in Figure 1b are the indication
of weak peaks after the elutions oggCand Go. These are
associated with epoxideg@ and G¢O species, respectively.
The processed radioactive XgiQullerene solution was then
injected into the HPLC, and it was observed that theeluted

after the fractions of gy and over a similar number of fractions

is very convincing evidence that the eluted fractions 18 and 19
are associated with endohedral Xe@§&pecies. It is expected
that a Xe atom inside the cage will not appreciably change either
the chemical nature of theggmolecule nor its size, and hence,
we might expect it to elute a short time aftego©n account of

the heavier mass. Althoughy§has a mass similar to that of a

in fractions 16 and 17 as expected, which appeared red purpleXe@Gs molecule, its smaller size means that it will still elute
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Figure 2. y spectra showing the relevant radioisotopes from (a) soligh&go, (b) the HPLC solution before injection, (c) HPLC fraction 19, and
(d) HPLC fraction 7.
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Figure 3. 3D plot showing the activity for the relevant radioisotopes as found in the HPLC fractions and deduced frospéutra. Also shown
is the estimated weight ofgas determined by UV absorption for fractions 16 and 17.

before Go. Gromov et all! by studying HPLC of Li@Go, very short half-lifes. However, if we were able to achieve a
found by using Csand a Cosmosil analytic column that the higher level of detection, we might expect to observe activity
endohedral species eluted aftey, @ith retention times of 5.8 in a fraction after 19 that might be assignable to XedglC
and 4.5 min, respectively. Of more relevance to these experi- The sum of the activities from fractions 18 and 19 as
ments, Ohtsuki et &f St_"dy'”% gndohsdral formation of Be  ;ompared to an equivalent amount of Xgf€olid provides the
;atomds kl)nto Go cagljael_scus!nr? tg le(p,ln) Ei]e nucllear reaguor_] best measure of estimating the efficiency of the recoil process.
é)un ’ t)t/1 uSIrllgt A thav7\t/II3t abuc Iy(t: l:jtc Oegco _umnﬁan USING The HPLC fractions can be related to an amount of dissolved
S? as the elutant, t e@QQ elute -5 min after Go, Xe/Cso solid by using UV absorption to estimate the amount of
which eluted at~7 min. In their HPLC runs they also used . . . o
o . . free Gyoin fractions 16 and 17. We found the residual activity
the activity to monitor théBe and UV to monitor the freedg for the radioisotopes. as compared to their activity in an
elutions. Although the epoxidegD elutes around fractions valent tpf ’ lid. to b P hi th ty iousl
18 and 19, the observed radioactivity cannot be associated Withequn(/ja}en hamoun 0 sg : ’I 0 be mll;c r?wer il aﬂ we zrer:nousy
this species since any O and C radioisotopes produced havefOun or the processe _s_o_utlons, ut they still showed the same
trend. The residual activities were found to+8.2, 0.35, and

(11) Gromov, A.; Kratschmer, W.; Krawez, N.; Tellgmann, R.; Campbell, 0 g504 forl259xe, 1350Ke, and!33%Xe, respectively. These results
E. Chem. Commurl997 2003. . . . Z
(12) Ohtsuki, T.; Masumoto, K.; Ohno, K.; Maruyma, Y.; Kawazoe, Y.; Probably represent the lower limit while the solution vafifes

Sueki, K.; Kikuchi, K.Phys. Re. Lett. 1996 77 (17), 3522. represent an upper limit. At this stage, we feel on account of
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the complexity of measuring these values accurately that our encapsulation. The amount of recoil energy of the Xe radio-
figures are only semiquantitative. These residual values alsonuclides is more than enough to penetrate sg3 €ge. For
indicate that the radioisotopes do not have the same propensity'33%e, it is 256 eV, whereas fd°Ke, it is 165 eV. Regardless
for encapsulation, and it appears tH&t%e has the highest  of these values, we find a higher yield f§#%e. To understand
propensity for forming the endohedral species. This can be seenthe mechanism, the actual nuclear decay scheme for the
from they spectra shown in Figure 2. If we compare the produced radionuclide needs to be known in order to obtain
spectrum from fraction 19 (Figure 2c) to threspectrum from the recoil energy distribution. Unfortunately full details on
the Xe/Go solid (Figure 2a), there appears to be relatively more prompt y emission from Xe radioisotopes are not currently
1339 Xe than25 Xe in the former spectrum. If fractions 18 available. Not only this but also processes in the solid as well
and 19 were associated with free Xe gas, which for some strangeas in the actual g5 molecules that allow excess energy to be
reason eluted only in these two fractions, we would have dissipated need to be addressed. Other interesting aspects which
expected & spectrum identical to that of the solid. The HPLC we are still investigating include the fate 59 Xe @G as the
solution before injection does appear to have contained some'2°%e decays td?3. Due to the long half-life and hence low
free Xe since itsy spectrum shown in Figure 2b is between activity of the'?8, we have not as yet conclusively identified
that of the solid and HPLC fraction 19. However, there was a fraction associated witt@Cgso. This also does not rule
no evidence of Xe radioisotopes eluting in the fractions where out that the'?3 recoils out of the cage on formation. We also
129 eluted (fractions mainly 6 and 7). However, thespectra observed in our later experiments a very weak activity for the
of the fractions from~10 onward did show a very weak Xe radioisotopes peaking at abou20 min and spread over at
contribution from Xe radioisotopes. The sum of the contribu- least 10 fractions. This could well represent Xe encapsulated
tions for each of the Xe radioisotopes from fractions-48, in larger dimerized fullerene species. This is not apparent from
excluding they spectra from 18 and 19, was found to be Figure 1 in this paper, which collected activity over a whole
comparable to the sum of those found from fractions 18 and range of energies, but is slightly apparent in Figure 3 constructed
19. This activity is attributed to free Xe gas as well as from a from the y spectra. Similar broad peaks were observed by
broad distribution of other encapsulated species, e.g. smallerOhtsuki et alt® and Mitch et al* in HPLC studies of!1C
and larger cages produced frorgoC This is also based on the  production in fullerene cages which they have attributed to either
fact that the ratio of activities for?°%e and33%e was found dimers or graphite nanoparticleg.spectra collected over longer
to be between that of the solid and HPLC fractions 18 and 19. periods showed this more clearly and will be discussed further
In conclusion, these preliminary results, which have been in a future paper.
shown to be consistent in repeated experiments, indicate strong
. . . JA9806276
evidence for endohedral formation by recoil from (ny) : — : :
reactions as proposed by Braun et als mentioned in our 19&3%2{‘%32“1% ;8 Masumoto, K.; Kikuchi, K.; Sueki, fater. Sci. Eng
previous paperd! there is no correlation between the maximum (14) Mitch, M. G.: Karam, L. R.; Coursey B. M.; SagdeevFullerene
recoil energy available and the postulated percentage of Sci. Technol1997 5 (5), 855.




