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Abstract

The solution-state *C NMR spectrum of the
endofullerene 3He@Cg, displays a doublet struc-
ture due to a J-coupling of magnitude 77.5 £
0.2 mHz at 340 K between the *He nucleus and
a 3C nucleus of the enclosing carbon surface.
The J-coupling increases in magnitude with in-
creasing temperature. Quantum chemistry cal-
culations successfully predict the approximate
magnitude of the coupling. This observation
shows that the mutual proximity of molecular
or atomic species is sufficient to induce a fi-
nite scalar nuclear spin-spin coupling, provid-
ing that translational motion is restricted by
confinement. The phenomenon may have ap-
plications to the study of surface interactions
and to mechanically bound species.

The indirect nuclear spin-spin coupling (J-
coupling) is one of the most useful interactions
in high-resolution nuclear magnetic resonance
(NMR). It often leads to characteristic multi-
plet splittings in high-resolution NMR spectra
which are invaluable for the determination of
molecular structure.?

The dependence of the three-bond J-coupling
on molecular torsional angles makes it particu-
larly useful for the determination of molecular
conformations in chemistry and structural biol-

ogy.%3 J-couplings are also transmitted through
hydrogen bonds.* " There is also indirect exper-
imental evidence from noble gas magnetometry,
supported by computational studies, for very
small internuclear J-couplings between species
associated by van der Waals forces.®1°

Although the J-coupling is often regarded as a
signature of chemical bonding, it has long been
known that J-couplings may also be induced by
the overlap of electron clouds forced by steric
constraints — especially when electron lone pairs
are involved. Such interactions are often re-
ferred to as “through-space” or “non-bonded”
J-couplings. 1113 Although this nomenclature is
contentious, these interactions are useful for the
elucidation of molecular structure and confor-
mation in systems of constrained molecular ge-
ometry.1?1* Quantum chemistry has been used
to estimate such couplings. 11519

In principle, the mere confinement of atoms
and molecules to the same region of space may
induce an internuclear J-coupling through the
overlap of electron clouds. However, to our
knowledge, the only experimental evidence for
such “confinement-induced” J-couplings comes
from double-quantum NMR data on ?Xe in
microporous solids,?’ which have been inter-
preted in terms of anisotropic '**Xe-'*Xe J-
couplings, supported by quantum chemistry
calculations. **

We now provide direct spectroscopic evi-
dence for a “confinement-induced” J-coupling
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Figure 1: (a) '¥C solution NMR spectra of a
~25 mM solution of 3He@Cy, (43% filling fac-
tor) in ODCB-d, at 340 K and 16.45 T, using
a Bruker AVANCE NEO console and a TCI
prodigy 5mm cryoprobe (average of 40 tran-
sients); (b) Blue line: expansion of the '*C
peak of *He@Cyg; Dashed grey line: Best fit to
two shifted spectral components, each with a
shape matching the *C peak of Cgo; Solid gray
lines: individual spectral components. (c) '3C
solution NMR spectra of a ~25 mM solution of
"He@Cgo (41% filling factor) in ODCB-d, (av-
erage of 32 transients). All other conditions are
the same as in (a). (d) Expansion of the 3C
peak of *He@Cj.

between *He and '*C nuclei in the noble gas
endofullerene 3He@Cgy. The *He nucleus has
spin I = 1/2 and a relatively large magneto-
gyric ratio (approximately 3/4 of that of the
proton). The spin-lattice relaxation times 77 of
*He and '®C are both long (many tens of sec-
onds) in solution, providing high intrinsic spec-
tral resolution (see Supporting Information).
Noble gas endofullerenes are available in
significant quantities through the “molecu-
lar surgery” synthetic route.?’??" Samples of
3He@Cygy and *He@Cg, were prepared by an
analogous procedure to that described in refer-
ence 23. The 1¥3C NMR spectrum of a ~25 mM
solution of 3He@Cyg (filling factor f = 0.43) in
ortho-dichlorobenzene-d, (ODCB-d,) at 340 K
is shown in Fig. 1(a,b). The spectrum shows
13C peaks from both empty Cgo and *He@Cly.
There is a shift of 0.027 ppm between the 2C
peaks of 2He@Cyg, and Cgg, consistent with pre-
vious measurements.?!' A small splitting of the

13C peak of *He@Cyq is clearly visible. The
splitting is also present on the pair of small
13C “side peaks” of 3He@Cygy, which are due
to 13C, isotopomers?* (see Supporting Informa-
tion). The splitting is absent in the *C peak of
empty Cgp, and is also absent in the spectrum
of “He@Cyg, which is shown in Fig. 1(c,d). The
BBC chemical shifts of *He@Cg, and *He@Cg,
are within 0.2 ppb of each other.

The sharp '3C peak of Cg in figure 1(a) has a
linewidth-at-half-height of 96 mHz, with small
shoulders due to residual field inhomogeneity.
To estimate the splitting, the unsplit *C peak
of empty Cgo was first interpolated by a spline
function, and two such functions superposed to
fit the doublet structure as illustrated in Fig. 1b
by the gray lines. This leads to the following es-
timate of the doublet splitting: 77.5 £+ 0.2 mHz
at 340 K. An identical estimate of the splitting
was obtained by reference deconvolution.?>

We attribute the splitting in the *C spectrum
of 3He@Cgy to a “non-bonded” or “through-
space” ®Jyec coupling between the I = 1/2 nu-
clear spin of *He and that of a *C nucleus in
the cage (also I = 1/2). The absence of a split-
ting for *He@Cg is consistent with the zero nu-
clear spin of the *He isotope. The “0” prefix in
the notation °Jyec indicates the absence of a
formal chemical bond between the two atoms.
After accounting for the gyromagnetic ratios,
this value is roughly consistent with the re-
ported values for “non-bonded” J-couplings in
proteins. 14

This is, to our knowledge, the first direct spec-
troscopic observation of a J-coupling involving
the *He nucleus. The sign of “Jy.c has not
yet been determined experimentally, although
there is computational evidence that it is neg-
ative (see below). FExperiments are planned
in which cross-correlated relaxation effects are
used to determine its sign.?8

The magnitude of the °Jy.c coupling in-
creases slightly with increasing temperature, as
shown in Figure 2. The splitting has an ap-
proximately linear dependence on 1" over the
plotted temperature range, following the equa-
tion |°Juec| = mT + ¢, where the intercept is
¢ = 51.4 4+ 0.7 mHz, and the slope is m =
(76.74+2.3) x 10> mHz K.
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Figure 2: Temperature dependence of the *He-
13C spin-spin coupling *Jyec, for a ~25 mM so-
lution of 3He@Cg, (filling factor f = 0.43) in
ortho-dichlorobenzene-d,. The solid blue line

shows the best linear fit, |°Jyec| = mT +c, with
¢=51.4 mHz and m = 76.7 x 10 * mHz K.

The °Jyec coupling was estimated by quan-
tum chemistry techniques.?” Computational de-
tails are given in the Supporting Information.
In common with related work, 19151719 the cal-
culation of °Jyec treated the *C and 3He nuclei
as localised points, ignoring the quantum delo-
calization of the nuclear wavefunctions.

Since ab initio calculations of the complete
3He@Cg system are computationally very de-
manding, we first performed test computa-
tions on the much simpler system of a *He
atom located on the six-fold symmetry axis of
a CqHg molecule.?® Independent computations
were performed for a variety of He positions
along the six-fold symmetry axis. In each case,
the J-coupling constant between a *C nucleus
on the benzene ring and the 3He nucleus was
calculated using CC theory at the CCSD level,
using the ccJ-pVDZ basis.?

The results on the *He ...CgHy model sys-
tem are shown as a function of the 3C ...3He
distance by the green circles in figure 3. The
J-coupling is predicted to be negative, with a
magnitude decreasing as the 3He ...13C dis-
tance increases, consistent with the decreasing
overlap of the electron clouds of the interacting
species.

The CCSD calculations on the *He ...CgHg
model system were used to benchmark DFT-
functionals with the pcJ-X (X=0-4) basis sets*
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Figure 3: 3He-!3C J-couplings calculated by
quantum chemistry techniques. Green circles:
Results of the ab initio CCSD calculations
on the 3He...C4Hg model system. The solid
green line is a guide for the eye. Black circle:
DFT benchmark calculation of the 3He...C4Hj
model system. Red square: DFT-calculated J-
coupling of the 3He@Cg, endofullerene. The
horizontal gray band shows the confidence lim-
its of the zero-Kelvin intercept of the linear
temperature-dependence of |°Jy.c|, as shown in
figure 2. The vertical dashed line shows the in-
ternuclear distance of 3.547A between the 3He
and 3C nuclei in 3He@Cy.

(details in the Supporting Information). The
DFT calculations converged to a good ap-
proximation to the CCSD result when using
the PBEO functional with 75% of exact ex-
change.?32 The result of the optimised DFT
calculation on the *He ... C4H, system is shown
by the black circle in Fig. 3.

A DFT calculation of °Jy.c for the com-
plete 3He@Cy, system was performed using the
benchmarked functional and the pcJ-3 basis.
The position of the He atom was within 0.01
A of the cage centre in the optimized struc-
ture. The estimated J-coupling is -68.3 mHz,
as shown by the red square in Fig. 3. The con-
tributions of the different terms are discussed
in the Supporting Information. The result is
in reasonable agreement with the extrapolation
of the experimental temperature-dependent J-
splitting down to zero Kelvin, which gives an
estimate of [*Juec|(0K) ~ 51.4mHz (see fig-
ure 2).

The increase of the J-coupling with increasing



temperature may be understood qualitatively
using either classical or quantum reasoning. In
the classical argument, an increase in tempera-
ture causes increased average kinetic energy for
the He atom, and hence increased penetration
of the He atom into the carbon electron clouds
upon collisions with the wall.?3 The increased
overlap of the He and C electron clouds leads
in turn to an increase in the °Jy.c coupling
magnitude upon an increase in temperature.
The corresponding quantum reasoning involves
the quantum wavefunction of the encapsulated
atom. The “particle-in-a-box” quantization of
the guest species in endofullerenes has been in-
vestigated extensively for similar systems.3437
In these cases, the ground-state quantum trans-
lational wavefunction is strongly localised in the
centre of the box. An increase in temperature
populates excited quantum states, which have
larger probability amplitude at large displace-
ment from the cage centre, i.e. close to the walls
of the box. Hence this argument also predicts a
closer approach of the He and C nuclei on aver-
age when the temperature is increased, leading
to an increase in the *Jy.c coupling magnitude
with increasing temperature.

This is not the first time an attempt was
made to resolve a J-coupling between the nu-
cleus of a noble gas atom and a fullerene
13C nucleus. Previous NMR measurements of
129X e@Cy failed to resolve a J-coupling, possi-
bly due to the small sample amount and limited
spectral resolution.?®

In summary we have obtained direct exper-
imental evidence for a scalar spin-spin cou-
pling between a *He nucleus and the *C nu-
cleus of a carbon surface. The coupling is
made visible by the confinement of the noble
gas atom to the close proximity of the surface
sites by the encapsulating fullerene cage. To
our knowledge, this is the first direct obser-
vation of a J-coupling involving the 3He nu-
cleus. Furthermore, the observation indicates
that the nuclei of any pair of molecules or atoms
which are confined in close proximity may dis-
play an internuclear J-coupling. J-couplings
across molecular surfaces may be useful for the
study of mechanically interlocked molecules,?’
and may allow the efficient transfer of hyper-

polarization from optically-pumped noble gases
to biomolecules, as in biosensor applications.4?
Further work is under way to estimate the sign
and accurate magnitude of the °Jy.c coupling
using double-resonance techniques, and to de-
tect similar internuclear couplings in other spa-
tially confined systems, such as molecular end-
ofullerenes. 374143
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Computational details, NMR relaxation curves,
and NMR spectra of the helium endofullerenes,
showing the °Jy.c splitting of the '3C, side
peaks.
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