A\C\S

ARTICLES

Published on Web 05/03/2002

129Xe NMR Spectrum of Xenon Inside C o

M. S. Syamala, R. James Cross,* and Martin Saunders*

Contribution from the Department of Chemistry, Yale dé¢msity, P.O. Box 208107,
New Haen, Connecticut 06520

Received December 7, 2001. Revised Manuscript Received March 11, 2002

Abstract: Xenon was inserted into Ceo by heating Ceo in 3000 atm of xenon gas at 650 °C. The Xe@Ceo
was separated from the empty Cgo by using HPLC. The *3C resonance for Xe@Cey is shifted downfield by
0.95 ppm (192 Hz). 1*°Xe NMR showed a line 179.2 ppm downfield from xenon gas.

Introduction Aside from3He, the only other noble gas isotope with the
NMR favorable spin= 1/ is 2°Xe. In contrast with helium,
xenon is very polarizable. It interacts strongly with other atoms
and molecules, and its chemical shift is markedly affected by
these interactions. We expect that these interactions will make
he xenon shifts very different from the helium shifts and that
they might change differently as a result of chemical reactions
or reduction. A few of these results might be predicted
theoretically. However, the many electrons of the xenon and
the nonbonded nature of the interaction make these calculations
very difficult and the results uncertain. It is necessary to have
the experimental results.

Obtaining an NMR spectrum of xenon insidgo®as been
very much more difficult than for helium. The lower gyromag-
netic ratio of'29Xe makes its spectroscopy much less sensitive
than that offHe. Also, ordinary xenon is only 269¢%Xe. In
. . . - .2 addition, our high-temperature, high-pressure method results in
different knpwn chemical transformatlorls, very substantial shifts an incorporation level 3 to 5 times lower for xenon than we get
of thg heI|'um peak ocarin the he!|um NMR spectra of for helium, probably because the size of xenon is approaching
reaction mixtures, peaks can be readily assigned to the starting
material, the products, and isomers of the products of multiple 4y saunders, M.; Jitmez-Vaquez, H. A.; Bangerter, B. W.: Cross, R. J.:

reactions. So far, no two different products have been found to Mroczkowski, S.; Freedberg, D. I.; Anet, F. A. BHe NMR, a Powerful
New Tool for Following Fullerene Chemistry. Am. Chem. Sod 994

In 1994, we were able to put enougHe inside the cage
molecule, buckminsterfullerene £§, to make it possible to
obtain its helium NMR spectrurhThis result has had many
consequences. The chemical shift of the very sharp helium peakt
inside the cage compared with the helium shift outside the cage
yielded a precise value for the change of the magnetic field
inside caused by the diamagnetism of the fullerene. This shift
compared favorably with that calculated using ab initio théory.
Study of the higher fullerenes showed that helium was incor-
porated in these molecules by our high-temperature, high-
pressure method and that the helium NMR chemical shifts
covered a very wide rangeThe number of helium peaks for
each fullerene indicated how many isomers there were. The
shifts, again, agree reasonably well with theoretical results.

When 3He-labeled fullerene is subject to any of the many

have the Same helium shift. At this time, this helium NMR 116, 3621. Saunders, M.; Jimez-Vaquez, H. A,; Cross, R. J,; Billups,
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. R . " with 3He@G. Tetrahedron Lett. 19948869-3872. Saunders, M.; Cross,
follow fullerene chemistry. Reversible Dietélder addition R. J.; Jimieez-Vaquez, H. A.; Shimshi, R.; Khong, A. Noble Gas Atoms
with dimethylanthracene, which goes to equilibrium at room Inside FullerenesSciencel996 271, 1693. Ruettimann, M.; Haldimann,

. . . R. F.; Isaacs, L.; Diederich, F.; Khong, A.; Jinez-Vaquez, H.; Cross,

temperature, was also readily followed with helium NMR. R. J.; Saunders, Mz-Electron Ring Current Effects in Multiple Adducts
Adducts, including isomers of products of multiple additions of *He@G and*He@Go: A He NMR StudyChem.— A Eur. J.1997

3, 1071-1076. Jensen, A. W.; Khong, A.; Saunders, M.; Wilson, S. R.;
of up to four addends could be enumerated and accurate  Schuster, D. I. Photocycloaddition of 1,3-Diones . Q. Am. Chem. Soc.

H ilihria i H 1997 119 7303-7307. Komatsu, K.; Wang, G.-W.; Murata, Y.; Tanaka,
constants could be obtained for the eqU|I|br|a InVOIVIng them. T.; Fujiwara, K.; Yamamoto, K.; Saunders, M.Mechanicochemical Synthesis

Reduction of Gy and Go by adding electrons resulted in and Characterization of the Fullerene DimapCJ. Org. Chem1998 63,
enormous changes in the helium chemical shifts, which we 9358 Wang, G-W.; Saunders, M. Khong, A.; Cross, R. J. A New Method

. 7 ) S for Separating the IsomericggFullerenesJ. Am. Chem. So00Q 122,
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the size of the cavity.We have made several attempts in the
past to detect the NMR signal &t%Xe@ Gy without success.

To overcome these difficulties, we have now done several
things. We have purchased xenon enriched Wite (86%)
and used it for the labeling. We have used an improved method
for our noble gas labeling process involving grinding @ith
KCN before the high-temperature, high-pressure step. This
results in an increase in the incorporation of xenon and other
noble gases of about an order of magnitude.

Nevertheless, the fraction of incorporation was still not
enough for us to see the xenon NMR in a saturated solution.
We therefore worked on separating the small amount of
129e@Gso from the empty Go. We have previously reported
that we could use HPLC to isolate Kr@2 We used a mass
spectrometer to find where th#Xe@Gso eluted from the

column, since the amount was far too small to give a separate

peak in the elution spectrum. We then made hundreds of
injections, collecting the last part of the peak fafpCThis was
then reinjected to further enrich the material.

Experimental Details

Labeling of Cgowith *2%Xe. In a typical run, 100 mg of & fullerene
is ground up together with 30 mg of potassium cyanide in a ball mill
for 8 min, and it becomes a uniform, finely powdered mixture. This is
put into a 4 in. long tube made of OFHC (oxygen-free high-
conductivity) copper that has been crimped shut at one end to form a
vacuum seal. The tube is evacuated overnight, filled with Xe gas that
contains 86 atom % of°Xe at a pressure of 3 atm, and then crimp
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Figure 1. Chromatogram of a mixture of g and Xe@Gp on a PYE
column. The first peak is due tosgand the second to Xe@§&

fractions of 30 s each. This was repeated four times and the respective
fractions were combined, evaporated, and analyzed by our mass
spectrometer fot?*Xe content. It was found that Xe@geluted from
the column between 13 and 15 min.

The procedure was repeated with a dilute sample containing§00
of Xe-labeled fullerene in 100L of o-dichlorobenzene. The fullerene
which eluted was collected every 15 s between 12.5 and 14.5 min in
eight fractions. This revealed that Xe@@luted between 13.25 and
14.25 min with the peak at 13.8 min.

Preparative HPLC. Using the information given above, it was

sealed at the other end. The sealed ampule is then placed in a highP0sSible to separate the Xe@®@om the empty G in several stages.

pressure vessel and heated to 880and 3000 atm, as in our high-
temperature, high-pressure method reported edr¢ithe end of the
run, the fullerene is taken out of the tube, ground in the ball mill for
a minute, extracted with carbon disulfide, and filtered with a2
filter. Evaporation of the solvent gives about 40 mg of fullerene where
roughly 0.3% of the g molecules contain xenon.

The fraction of G containing xenon was determined with a mass
spectrometer. About 1 mg of the Xe-labelegh @as sealed in a fused
silica tube under vacuum and pyrolized in an oven at 1T@or 2 h
to destroy the & and release the xenon. The ampule was broken open
under vacuum. A getter pump (SAES) removed all gases, other than
noble gases. The amount’8fXe that was released was then measured
by a quadrupole mass spectrometer (Ametek Dycor). By comparing
the amount of?%Xe released by a known amount of a standard sample
it was concluded that thegglabeled by the cyanide method contained
roughly 0.3% of*2?Xe @ Gso.

HPLC Procedure. A semipreparative PYE [2-(1-pyrenyl)ethylsilyl]
column (10x 250 mm) was used for the separatiot8Ke @ Gso with
toluene as the eluent at a flow rate of 2 mL/min. To determine the
extent of separation df%Xe@ G from Cgo, the following procedure
was adoptedo-Dichlorobenzene (10@L) containing 800ug of Xe-
labeled Gowas injected into the PYE column and the fullerene eluting
out of the column between 12 and 16 min was collected in eight equal

(7) Saunders, M.; Jifmez-Vaquez, H. A.; Cross, R. J.; Mroczkowski, S.;
Gross, M.; Giblin, D. E.; Poreda, R. J. Incorporation of Helium, Neon,
Argon, Krypton 7 and Xenon into Fullerenes using High-Pressuram.
Chem. Soc1994 116, 2193.

(8) (a) Yamamoto, K.; Saunders, M.; Khong, A.; Grayson, R. J. M.; Gross,
M. L.; Benedetto, A. F.; Weisman, R. B. Isolation and Spectral Properties
of Kr@Csgp, a Stable van der Waals Moleculé. Am. Chem. Sod.999
121, 1591. (b) Saunders, M.; Khong, A.; Shimshi, R.; Jiree-Vaquez,

H. A,; Cross, R. J. Chromatographic Fractionation of Fullerenes Containing
Noble Gas AtomsChem. Phys. Lettl996 248 127. (c) DiCamillo, B.

A.; Hettich, R. L.; Guiochon, G.; Compton, R. N.; Saunders, M.; Jieze
Vazquez, H. A.; Khong, A.; Cross, R. J. Enrichment and Characterization
of a Noble Gas Fullerene: Ar@g J. Phys. Chem1996 100, 9197. (d)
Malhotra, R.; Kumar, S.; Satyam, A. Ozonolysis of [60]fullereheChem.
Soc., Chem. Commuh994 1339.

The same PYE column was used for preparative purposes. Typically,
we dissolved 150 mg of Xe-labeleddn 20 mL of o-dichlorobenzene
and injected it in 0.1 mL portions. We collected the fraction eluting
between 13 and 16 min at a flow rate of 2 mL/ min. We combined all
the fractions and evaporated the solvent on a rotavap to get 17 mg of
enriched material after the first stage. In the second stage of separation,
each injection of 10Q:L consisted of 30Qug of fullerene to yield 6
mg. The third stage, in a similar manner, yielded 2 mg. After each
stage, the enriched fullerene was treated with triphenylphosphine at
45 °C for 2 h toreduce the & epoxide, since this has an interfering
retention time around 14 min. At the end of the third stage a definite
shoulder could be seen at the HPLC at 13.8 min. The fourth stage of
separation gave 320g of 50%-enriched material. Figure 1 shows the
UV trace of a mixture of 69% £ and 31% Xe@ .

Carbon-13 NMR. The NMR spectrum was taken on a Varian 800
instrument running at &C frequency of 200 MHz. A 50:50 mixture
of benzene and benzedg-was used as the solvent with no added
relaxation agent. The benzedetriplet was used as reference at 128.3
ppm. A total of 54 592 pulses were used with a width of dsband a
pulse delay of 0.5 s. A line broadening of 0.1 Hz was used for
processing the data. Figure 2 shows the spectrum.

129e NMR Spectroscopy A Varian 800 spectrometer running at a
Xe frequency of 221 MHz was used for tFéXe NMR spectroscopy.
A 50:50 mixture of benzene and benzelhewas used as the solvent
with no added relaxation agent. Dissolved Xe gas containing 86 atom
% of 1?9Xe was used as reference. A total of 33 344 pulses were
acumulated. A 45pulse was used wita 2 sdelay between pulses.
The pulse width was @s. A line broadening of 1 Hz was used while
processing the data. Figure 3 shows e spectrum.

Results and Discussion

Our improved method of labeling fullerenes with noble gases
using a finely powdered mixture ofggwith potassium cyanide
enabled us to put in more xenon (0.3%) than we could using
pure Go. We are not sure why the KCN improves the yield.
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10 =TT T T T T T to take place. The retention time ofsdO was verified by
conducting the ozonolysi$of Cgso under mild conditions and
injecting the oxidized mixture through the PYE column under
the same conditions of HPLC separation. Figure 1 shows the
B 7 chromatogram containingeg; Xe@Gso , and the epoxidé that
ol 4 appears as a shoulder to the Xe@C

The dimer Gao, Which has a retention time of 22.6 min under
the present HPLC conditiorf8,was removed during the first
i 7 stage of separation. A shoulder at 13.8 min corresponding to
Xe@Gy started appearing after the second stage of separation
and after four stages the area under this shoulder was ap-
proximately 30% of the mixture (Figure 1). This was in good
agreement with the NMR integration values for thg énd the
Xe@ Gy in the13C NMR spectrum of the same mixture (Figure
2).

13C NMR Spectroscopy.As Figure 2 shows, we get two
peaks in thé3C NMR spectrum of g containing 30% Xe@63
in benzene, one fordgat 143.52 ppm and one due to Xe@C
10 - ' - 1 . T T T at 144.48 ppm with respect to the benzene triplet at 128.3 ppm
- . as reference. Thus, the presence of Xe inside fag@duces
a downfield shift of 0.95 ppm or 192 Hz. This is a far larger
shift than in the krypton case where there is a downfield shift
of 0.39 ppm, presumably due to greater interaction of Xe with
of - the fullerener electrons. Using ab initio methods; Bitet alt
predicted the shift for xenon to be 1 ppm, in very good
agreement with our result. The lack of splitting in the Xe@C
‘T ] signal (both in the!3C spectrum and in thé?°Xe spectrum)
shows that the spiaspin coupling of the*C to the xenon is
less tham~2 Hz.

129¢e Spectroscopy. As Figure 3 shows, we find the
resonance fot2°Xe@Gso to be —8.89 ppm (upfield) from the
resonance when it is dissolved in benzenehiBat alll

Signal
T

144.0
Chemical Shift (ppm)

Figure 2. 13C NMR of a mixture of Go and Xe@Go. The large peak to
the left is due to G, and the smaller peak is due to Xe@C

Signal

? ° ™ Chemical Shift (ppm) * _10 calculated the chemical shift in the gas phaset&d.7 ppm
Figure 3. 12%e NMR of 12%Xe @Gy, (dissolvedi?%e is the reference at0  elative to129%Xe gas. To make a comparison between theory
ppm). and experiment we needed to know the chemical shiftdfe

dissolved in benzene relative to that for free xenon. We inserted
Cyanide is a nucleophile that adds readily to the double bondsa capillary tube filled witht2°Xe gas at 1 atm into the center of
in fullerenes? We feel that the addition weakens the bonds next the solution ofl2%Xe in benzene and measured this shift to be
to the carbon where the cyanide has added. Breaking one bond-188.14 ppm. This compares with the previous value of 195
opens a “window” but it is not nearly large enough to permit ppm obtained by Miller et al. for thé**Xe chemical shift of
the entry of xenon. Several additional bonds must break to unzip Xe in benzene with reference to Xe gas at zero preséurke
an entryway large enough for the xenon atom to enter. The chemical shift of2°Xe @Gy relative to'2%Xe gas based on our
process must then reverse and eliminate the cyanide to makeexperiment is then 179.24 ppm. The difficult calculation 6hBu
the product. et all* used no electron correlation. They did a test calculation
A systematic analysis of the Xe content of the various HPLC using correlation with a benzene ring and concluded that
fractions with a quadrupole mass spectrometer enabled us tocorrelation will shift the result upfield, improving it. We have
locate the Xe-containing g as it eluted from the column.  no way of estimating the effect of the solvent on the chemical
Repeated injections resulted in almost pure Xe@®@I@ general, shift of 12°Xe@Geo. It may seem surprising that the chemical
the separation of the peaks fogfand Xe@Gp was slightly shift of xenon inside & is so close to that in benzene. It is
larger than the separation we observed previously for Kg@C  well-known that xenon chemical shifts vary widely depending
This, in turn, was larger than the separation for Ar@C on the solvent. Miller et al? found that they range from 153
observed by DiCamillo et &F ppm in CHOH to 335 ppm in CHi,. However, thel?%e
After every stage the mixture had to be reduced with chemical shifts in simple aromatic solvents were all clustered
triphenylphosphine to prevent the loss of Xe-containirgi@ within 10 ppm around 190 ppm.
the form of GO, which is formed in small amounts by the

(10) In the case of Kr@6 we reported a longer retention time for the epoxide,

exposure of the g solution to light and air. The HPLC retention namely, 15.1 min under similar HPLC conditions. Work is in progress to
time of th xid nder th resent conditions was foun sort out the difference in the oxidized species in the two cases.

€ Q.O epo . e.u de € p € conditio . S s found (11) Bthl, M.; Patchkovskii, S.; Thiel, W. Interaction Energies and NMR
to be 14.2 min, which interferes with theXe@@luting out at Chemical Shifts of Noble Gases i<Chem. Phys. Let1997, 275, 14.

i i~ ion (12) Miller, K. W.; Reo, N. V.; Uiterkamp, A.; Stengle, D. P.; Stengle, T. R;
13.8 min and therefore has to be removed for efficient separation Williamson, K. L.Xenon NMR— Chemical-Shifts of a General Anesthetic

in Common Solvents, Proteins, and Membrarfesc. Nat. Acad. Sci.
(9) Wang, G. W.; Komatsu, K.; Murata, Y.; Shiro, Mature1997, 387, 583. (U.S.y-Biol. Sci.1981, 78, 4946.
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In the case offHe inside of various fullerenes and their the z-electrons of the fullerene. In addition, it is much more
adducts, Bhl et al? are generally able to predict the chemical difficult to do a calculation on a system with so many electrons.
shifts to a few ppm. It is not surprising that their agreementis  We are now in a position to measure the NMR spectra of
not as good in the case 8°Xe. Helium is much smaller than  adducts of Xe@#gp. We anticipate that the spectra will be quite
the cavity in Go, and the helium electrons are tightly bound to different from those of the corresponding helium adducts.
the nucleus. Therefore, there is little interaction between these
electrons and ther-electrons of the fullerene. The helium
nucleus effectively samples the magnetic field inside the
fullerene cavity. In the case of xenon, the 5p electrons of the
xenon are much closer to and interact much more strongly with JA012676F
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