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Calculation of the 2°Xe chemical shift in Xe@Cgj
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We report, for the first time, a reasonably good calculation of Xe shielding in a fullerene.

We find the ®Xe

intermolecular  shielding

vaue [o(}*®Xe@Cq)— o(Xeatom)]

=—181.58ppm (B3LYP), in very good agreement with the value observed for °Xe@Cg
dissolved in liquid benzene. © 2003 American Institute of Physics. [DOI: 10.1063/1.1573190]

INTRODUCTION

3He nuclear magnetic resonance (NMR) spectroscopy
has proven to be a powerful application of rare gas NMR
spectroscopy when used to identify isomers of the fullerene
cages and to follow the events of chemical reactions such
cages undergo.!® The fraction of starting material that has
been consumed in a reaction can be determined, and the
number of peaks and their intensities indicate how many
products have been formed and their relative amounts. Fur-
thermore, after separation methods are used and individua
products are isolated, individual He shifts can be assigned to
specific structures. Incorporation into fullerenes of larger rare
gas atoms required more extreme conditions.® The size of the
Xe atom is approaching the size of the cavity in Cgy. Nev-
ertheless, with an improved method of incorporation, Saun-
ders and co-workers have recently demonstrated ?°Xe NMR
spectroscopy of endohedral xenon in Cgy. 1% The expectation
of the authors was that the chemical shifts of Xe will be very
different from the helium chemical shifts, and that they
might change differently as a result of chemical reactions or
reduction. In this paper we report theoretical calculations of
the 12°Xe shielding for Xe@Cg, for comparison with experi-
ment. We also report the 3He shielding in 3He@Cg,, and the
neutron shielding at the center of Cgy in order to provide a
theoretical assessment of the accuracy of the description of
the molecular shielding of Cg itself at the level of the theory
used here.

METHOD

The Xe basis set is the same one we have used for pre-
vious caculations*? consisting of a (21s16p10d) core
taken from Ref. 13, expanded according to the recipe of
Bishop and Cybulski.'* The core was increased with three s
orbitals, three p orbitals, five d orbitals, and nine f orbitals to
give (24s19p15d9f), a total of 240 basis functions. The
basis set used for C is 6-311G**. For He shielding calcula-
tions we used 50 basis functions consisting of (11s13p). The
Ceo geometry was taken from the minimum energy geometry
at the second-order Mgller—Plesset (MP2) level using atriple
zeta plus polarization (TZP) basis by Haser etal.’ i.e,
equilibrium bond lengths 1.406 and 1.446 A. Shielding cal-
culations were carried out using gauge-including atomic or-
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bitals (GIAO) in GAUSSIAN 98,26 at the Hartree—Fock level
and also in density functional theory using the B3LY P hybrid
functional, employing 240 and 1080 basis functions on Xe
and Cgy, respectively. In previous work we have found that
the *2°X e shielding calculated using the three-parameter hy-
brid functional of Becke which combines the Lee-Yang—
Parr functional with exact Hartree—Fock exchange (B3LYP)
overestimates the electron correlation contribution to the Xe
response. Where it is possible to have a clear comparison
with gas phase density coefficients in the linear density re-
gime, Xe shielding surfaces calculated at the Hartree—Fock
level and B3LY P level lead to density coefficients that are on
each side of the experimental data, with the B3LY P overes-
timating the (deshielding) electron correlation contributions
that are not included in the Hartree—Fock results for Xe.*2
In those cases, such as rare gas pairs, the Hartree—Fock shift
relative to the free Xe atom was about 15% too low in mag-
nitude and the B3LY P result was about 15% too high. For the
particular case of Cgy, however, electron correlation is
clearly very important in describing the electronic structure
of Cg itself. Furthermore, we have found that Hartree—Fock
calculations of Xe shielding response to aromatic systems
can lead to clearly incorrect positive shielding relative to the
free Xe atom when Xe is placed at the face of the pi system
at van der Waals distances.)’ Thus, the preferred method for
Xe@Cg is clearly not Hartree—Fock.

RESULTS

Unlike our other work, we do not carry out a calculation
of a shielding surface generated by placing the Xe at various
positions within the cage. Because of the relative sizes of
Xe atom and the interior of the cavity, the Xe has very
little probability of being found off-center. *He may have
room to move around inside the cage, but it has so few
electrons that it cannot create a deep potential energy
trough along the walls of a confining cavity like Xe can.
Our single point calculation of the *°Xe shielding at the
center of the Cgy gives [ o(1°Xe@Cqo) — o(free Xeatom)]
=—181.58ppm (B3LYP), with counterpoise corrections.
The counterpoise-corrected intermolecular shielding takes
the difference between the o(***Xe@Cq;) and the o(Xe
atom) calculated with 1080 ghost orbitals centered on the
carbons. The difference between Xe atom shielding calcula-
tion with and without the ghost orbitals on the carbons
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amounts to 0.0775 ppm, only 0.04% of the intermolecular
shielding, attesting to the high quality of the basis set we use
for Xe.

Our single point calculation of the 3He shielding at the
center of the Cg gives [o(*He@Cq) — o(freeHeatom)]
=+0.7195ppm (B3LYP) with counterpoise corrections.
Here, the difference between the He atom calculation with
and without the ghost orbitals on the carbons amounts to
0.0009 ppm, only 0.12% of the intermolecular shielding. Fi-
naly, we also calculate the shielding of a neutron at the
center of the Cgy; thisis +1.0829 ppm (B3LYP). Both the
3He nucleus in He and the neutron experience a positive
shielding at the center of the Cgy, which may be attributed to
“ring currents” of the Cqy.'®'° However, the two electrons
of He provide an intermolecular deshielding response due to
overlap and exchange and some electron correlation contri-
butions amounting to —0.36 ppm. The sign of the latter
(deshielding) is that expected from the known intermolecular
shielding of rare gas atoms, and the magnitude is aso as
expected. For example, the observed range of intermolecular
shieldings relative to the free atom, in ppm measured in ex-
actly the same set of solvents, is 200:102.5:12.5:0.552 for
XeKr:Ne:He. 22! |n amedium, He atom behaves aimost like
a naked spin, but not quite.

COMPARISONS WITH EXPERIMENT

The chemical shift § is related to the shielding as
follows. [o(reference state)—o(sample) |/[1—o(reference
state)]. Since o(reference state) is in ppm, the denominator
is usually close enough to 1 that chemical shift differences
can be considered approximately as shielding differences,
but with opposite sign. The experimental chemical shift
for Xe in Xe@Cg,, relative to Xe gas a 1 am is
reported to be +179.24 ppm by Syamaa etal.l”
That is, o(¥?°Xe@Cqp,lig.bz,cyllIBy) — o(1*°Xe,gas, 1 atm)
~ —179.24 ppm. The chemical shift of Xe gasat 1 atm, 300
K, is +0.536 ppm from the value at the zero-density limit.?
The experimental chemical shift relative to Xe gas at zero
density is therefore +179.78 ppm for Xe@Cg, dissolved in
liquid benzene in a cylindrical sample oriented parallel to the
magnetic field. This still needs to be corrected for bulk sus-
ceptibility. If we do this correction, we find a Xe chemical
shift of 182.35 ppm for Xe@Cg, dissolved in liquid benzene
that would have been observed in a spherical sample. We
compare this ?°Xe chemical shift of 182.35 ppm with our
calculated value of 181.58 ppm for Xe@Cg, in vacuum:

[ (12X e@Cq,lig. bz, sph.) — o(***Xe, free Xe atom) ]/
[1— o (*Xe, free Xe atom) ]
=—182.35 ppm (experimenta),

[ (12X e@Cq ,isolated) — o(12°X e, free Xe atom) |
=—181.58 ppm (B3LYP, theoretical).

In Fig. 1 we show the comparison of our calculations with
the observed 2°Xe NMR spectrum of Xe@Cg,. The experi-
mental value includes solvent effects on Cg, in the nature of
an electric polarization or cage geometry alteration. Al-
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FIG. 1. Comparison of theoretical **Xe NMR spectrum with experiment.
The theoretical values are in vacuum, whereas the experimental values were
obtained in liquid benzene. The experimental spectrum is reprinted with
permission from Ref. 10. © 2002 American Chemical Society.

though the agreement with experiment is excellent, B3LY P
may not provide a sufficiently accurate electron-correlated
electronic structure of Cg, to €licit the accurate shielding
response in the Xe atom. Our calculated intermolecular
shielding of —181.58 ppm for Xe@Cgy in vacuum may be
somewhat too deshielded, as B3LYP calculations of Xe in-
termolecular shielding response sometimes tend to be. On
the other hand, the Hartree—Fock (HF) results for Xe@Cg,
using the same basis sets and geometry is —135.419 ppm.
With smaller basis sets, especialy for Xe, the only other
previous theoretical result for Xe@Cg, is —71.7 ppm at the
HF level by Bihl et al.?® The quality of the basis set used for
Xeis amajor determinant of good estimates of Xe intermo-
lecular shielding.

To compare the ®He calculations with experiment, we
use the free He atom as the reference system to define the
chemical shift. We find the ®He nucleus in He@Cg, to be
more shielded than the 3He nucleus in a free He atom. Our
B3LYP chemical shift for *He@Cg, in vacuum relative to
free He atom, —0.7195 ppm can be compared with the ob-
served 3He NMR spectrum of Saunders et al.,! which gives
—6.3 ppm for >He@Cq, in solution relative to *He dissolved
in liquid methylnaphthalene. The comparison is not strictly
valid since the reference states used in defining the chemical
shifts are different from each other. How large can the dif-
ference between the reference states He in liquid methyl-
naphthalene and free He atom be? The chemical shift range
of the *He gas-to-solution shifts is known to be rather small:
The He chemical shifts relative to free He atom range from
—0.224 ppm in benzene to +0.800 in CH,l,, bulk-
susceptibility-corrected to spherical sample geometry.?*
Thus, the difference between our calculated result, —0.7195
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ppm, and the experimental —6.3 ppm value should not be
attributed to the differences between the reference states (the
He in-solution versus the free He atom), which are rather
small for *He. Instead, the two calculations, the neutron and
He atom shieldings at the center of Cgj are indicators of the
inaccuracy of the theoretical description used here for Cg
itself, using B3LYP/6-311G** at the MP2/TZP-optimized
geometry. Buhl et al. calculated a chemical shift of —8.4
ppm at the HF level,® using the same Cg, geometry as we
have used and a smaller (dz) basis set for shielding calcula-
tions. More recently Chen and Thiel reported —8.0 for the
shielding of a neutron at the center, using B3LY P/6-31G*
level of geometry optimization and self-consistent field cal-
culation of shielding using 3-21G basis for C.% (Their unex-
pectedly good agreement with the experimental —6.3 ppm
appears to be coming from a combination of neglect of elec-
tron correlation and use of too small a basis set for the car-
bons in Cgy.)

In addition to B3LYP giving ~—5.6 ppm error for the
molecular shielding of Cg itself, Xe shielding responses cal-
culated using B3LY P have been shown to be usualy some-
what too deshielded, when comparison with gas phase ex-
periments can be made.’? We also note that the experimental
value we are comparing with has not been corrected for sol-
vent effects. Since the Cqj is a fairly rigid cage, we do not
expect the solvent outside the Cg, to affect the Xe shielding
through cage distortion. A measure of the solvent effects on
the molecular shielding of Cq is given by the He@Cg
shielding changes in various solvents, and these are known
to be small.! Finally, we address the inaccuracies that come
from having carried out all our calculations with nonrelativ-
istic wave functions. The absolute shielding of the free Xe
atom has been calculated by Vaara and Pyykko with relativ-
istic four-component wave functions using a very large one-
particle basis set.?” The results are an improvement over the
earlier calculations by Kolb, Johnson, and Shorer®® and the
magnitude of the relativistic correction isindeed important in
defining the absolute shielding of the free Xe atom itself.
While there are as yet no calculations of the relativistic cor-
rection to the intermolecular change in shielding of Xe atom,
such corrections are not expected to be large since the largest
relativistic corrections arise from the tightly bound inner
core while intermolecular interactions arise primarily from
changes in the outer reaches of the wave function.

CONCLUSIONS

We report, for the first time, a reasonably good calcula-
tion of Xe shielding in a fullerene. We find the 12°Xe inter-
molecular shielding value [o(**°Xe@Cq) — o(Xeatom)]
= —181.58ppm (B3LYP). Agreement with the value ob-
tained in solution is very good. The reported experimental
chemical shift, +179.78 ppm, can be corrected for bulk
susceptibility of the solvent and the Xe gas at 1 atm can be
corrected to the zero pressure limit, leading to
[o(1®Xe@Cq) in liquid benzene, spherica sample
— o(Xeatom)] ~ —182.35 ppm. The high quality of the ba-
sis set used for Xe is attested to by the negligible counter-
poise correction. If the *He chemical shift dispersion ob-
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served in various derivatives of fullerenes arises entirely
from ‘“‘ring current” molecular shielding of Cg, changing
with derivatization, then there would be no advantage in us-
ing endohedral '?°Xe rather than 3He. The “ring current”
molecular shielding at a location is independent of the iden-
tity of the probe atom located there. However, if the disper-
sion of 3He chemical shifts arises in part from changes in
cage electronic structure that can induce significant changes
in the shielding response in the electrons of the rare gas
atom, then the chemical shift dispersion will be greatly am-
plified in endohedral Xe compared to He, and the ordering of
the peak positions will be quite different from that found in
3He NMR spectra. Experiments on Xe@[Cgy] ~© may pro-
vide a definitive answer.
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