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For the first time, the intermolecular hyperfine tensor at a '**Xe nucleus close to an O,
molecule has been calculated for various configurations. The quality of this quantum
mechanical calculation has been tested against the experimentally measured density
and temperature-dependent chemical shifts of '*’Xe in the limit of zero mole fraction of

Xe in O, gas.

1. Introduction

Xe has been demonstrated to be an ultra-sensitive probe
of the electronic structure, and the configurational
structure and dynamics of its environment [1-3]. The
very large '*Xe NMR chemical shifts that arise when
the Xe atom finds itself inside the pores and channels
of zeolites, polymers, biomolecules, or on the surface of
metals or metal clusters, permit discrimination between
environments according to the types of atoms and the
dynamics of the atoms that constitute the inside of the
pore or channel [4], the dimensions of the cages or
channels [5], the symmetry of the cages [6], the aspect
ratio of the cross-sections of channels [4], the exchange
dynamics of Xe atoms within the porous materials [7, 8],
and even such subtle differences as degree of deuterium
substitution of cages that trap the Xe atom [9]. The very
large range of intermolecular chemical shifts for Xe
atom in these various environments, which makes such
discriminations possible, arises from the fact that
interactions with the electrons of the Xe atom amplify
the shielding response at the '*Xe nucleus from a
neighbouring molecule in diamagnetic systems.

When placed in an external magnetic field, the
unpaired electron spins of the paramagnetic centres
within the sample provide an additional local field at
the position of each neighbouring nucleus. The magni-
tude of this local field will determine the additional shift
of the '**Xe NMR signal beyond that of the diamagnetic
system. We expect that the clectrons of Xe atom will
amplify molecular spin densities at the '*Xe nucleus,
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thus giving rise to large hyperfine shifts of the Xe
nucleus that can provide the basis for the application
of '”Xe NMR as an ultra-sensitive probe for the
detection of the presence and the distribution of
paramagnetic centres in the sample. There are experi-
mental reports of large unusual '*’Xe chemical shifts
in porous materials where paramagnetic centres may
be present [10], but the results were largely unexplained
in part because of lack of model systems for comparison
and the lack of independent structural information.
More recently, a large change in the line shape and in the
isotropic value of the '**Xe chemical shift was observed
for Xe in the hexagonal channels of a molecular crystal
of Co(en);Cl; upon replacing the Co®" ion with a Cr**
ion [11]. Towards an understanding of the Xe response
to paramagnetic centres in porous materials, in this
paper, we consider a simple system, Xe@O,, in which
experimental data is available in the gas phase
where a straightforward connection between theoretical
calculations and experiment exists.

Xe atoms in oxygen gas exhibited large downfield
shifts that were of the same direction but about one
order of magnitude larger per solvent molecule number
density than had been reported for other gases at room
temperature [12]. Buckingham and Kollman found that
using only the overlap mechanism, in particular the
overlap between a 5s orbital on the Xe atom and the ng
molecular orbital of the O, molecule, was sufficient
to produce a paramagnetic shift of approximately
the right order of magnitude at the '*Xe nucleus [13].
The temperature dependence of the density coefficient
was subsequently examined and the number density
coefficient of the chemical shift was found to exhibit
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a 1/T dependence at low temperatures (below 350 K)
where the contributions from the Fermi contact inter-
action, which is expected to show this Curie-type
behaviour, dominates over the normal '**Xe chemical
shifts from interaction with diamagnetic molecules [14].
Although the temperature behaviour at low tempera-
tures provides the signature that definitively identifies a
mechanism for at least a part of the large paramagnetic
shifts, a quantitative first principles interpretation has
been lacking up till now.

In this paper, we carry out quantum mechanical
calculations of the hyperfine tensor at the '*’Xe
nucleus and express this hyperfine tensor as a math-
ematical surface, a general function of distance and
angle in the configuration of the Xe@O, van der
Waals molecule. We also calculate the '*Xe nuclear
shielding tensor at the same configurations. We previ-
ously conducted tests of the '*’Xe nuclear shielding
surface for similar systems of diamagnetic molecules
(CO, N,, CO,) and we expect the Xe@O, nuclear
shielding tensor to be of comparable quality. We test
the quality of the hyperfine tensor surface by calculat-
ing the temperature dependence of the total density
coefficient of the '**Xe chemical shift arising from the
combination of the usual intermolecular mechanism
in diamagnetic systems and the hyperfine tensor
mechanism and comparing this with that observed
experimentally [14].

For the density and temperature dependence of the
129X e chemical shift in O, gas, only the isotropic part
of the hyperfine tensor, the Fermi contact part, can
contribute since the traceless dipolar part averages
isotropically to zero in the gas phase. On the other
hand, the traceless dipolar part is responsible for the
electron spin dipole nuclear spin dipole mechanism for
the relaxation of '*Xe nuclear spin in the gas phase
mixtures containing O,, which we have measured in
this laboratory [15]. A comment on this experimental
consequence of the hyperfine tensor at the '**Xe nucleus
is given below.

2. Methods and results

2.1. The Xe(@O; potential function

The anisotropic potential energy of interaction between
Xe atom and O, molecule for intermediate and
large intermolecular distances has been formulated
by Aquilanti et al. [16] based on two experimental
components in which the total integral cross-sections
for scattering are measured in the thermal energy
range as a function of the collision energy and under
a controlled alignment of the rotational angular

momentum: (a) Data obtained with a hot effusive
molecular beam probe the spherical component of the
potential energy surface. (b) Data from supersonic
seeded beams, where the oxygen molecules are cooled
at the K=1 rotational level, and selectively aligned
probe the anisotropy of the potential surface. Analysis
of the experimental results were carried out by Aquilanti
et al. using close coupling exact quantum mechanical
calculations of the cross sections. The resulting potential
function is of the form [16]

V(R,0) = Vo(R) + Va(R)P2(cos ) + V4(R)P4(cos ) (1)
where P,(cosf) are Legendre polynomials. Vy(R)
represents the spherical component of the interaction

in a Morse—spline-van der Waals parametrization as
follows. The scaled distance and energy are

X=R/Rpy, f(x)=TVo(R)/e (2)
Morse,

J(x) = exp[-2B(x — 1)] = 2exp[-B(x — 1)], for x <x
(©)

spline,

J(x) = b1+ br(x — x1)

+[b3 + ba(x — x](x — x3), for x; <x<x2 (4)
van der Waals,

f(x) = —(Co/eRp)x%, for x = x2(3) (©)

m

The interaction anisotropy is given by the coefficients
of the P,(cos6) terms:

V>(R) = A> exp(—aR) — a;CoR™® (6)
Va(R) = Asexp(—aR) (7

Parameters of the Aquilanti potential are given in [16].
The global minimum of the Xe@O, system is at
(0.387nm, 90°) with a well depth of 207K. The
collinear configuration has a minimum farther out at
(0.430 nm, 0°) with a well depth of 150 K.

2.2. The Xe(@ O, shielding and spin density as functions
of configuration

For the Xe atom, we used an uncontracted 29s 2Ip
17d 9f set, 240 basis functions in all, that we have
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found to provide an accurate '*’Xe shielding response
at various orientations and intermolecular separations
in other xenon van der Waals complexes. The core
(26s19p13d) was taken from Partridge and Faegri [17];
this was augmented by 3s, 2p, 4d, and 9f orbitals
with exponents taken from D. Bishop [18]. For O atoms
we used a Huzinaga 11s7p basis set [19] augmented
with three d functions [17]. Calculations were carried
out in Gaussian98 [20], using gauge-including atomic
orbitals (GIAO) [21] in density functional theory with
the B3LYP hybrid functional.

Calculated Xe shielding values o(R,6) for Xe@O,
at 70 (R,6) points were expressed in the following
functional form:

12 6
{o(R,0) —o(c)} = Y R7” Y ayPi(cosh), (8)

p=06,even 2=0, even

where P, is a Legendre polynomial and the coefficients
a,;, were obtained by a non-linear least squares fitting
procedure. An essential constraint that must be imposed
on the fitting function is that the long-range behaviour
of the intermolecular shielding be correct. The calcu-
lated points remain negative (deshielded) as R
approaches large distances, up to 6A. The fitting was
therefore constrained to keep the values of the function
less than zero at 12 points: at 4, 5, 6, and 71&, at 0=0°,
45°, and 90°. This surface, shown in figure 1 is found to
be very similar to the Xe@N, shielding surface, typical
of shielding surfaces for Xe interacting with small linear
molecules, with the Xe@O, exhibiting somewhat
smaller magnitudes at the same (R,6) compared to
XC@NQ

Calculated net electron spin densities at the Xe
nucleus p(R,0) at 70 (R, ) points were expressed in the
following functional form:

12 6
{p(R.O) = p(oo)y = > R” Y buPi(cosh), (9)

p=06,even A=0, even

where P, is a Legendre polynomial and the coefficients
by, were obtained by a similar least squares fitting
procedure as for the shielding, with analogous con-
straints. This spin density surface is shown as the
actual calculated points at various configurations in
figure 2.

Compared with figure 1, the spin density surface
is quite unlike the typical shielding surfaces for
Xe interacting with N,, O,, or CO, in that it exhibits
extrema at 6=45° and 90°. This angle dependence
is easily explained. In the free O, molecule,

0(o0)} for Xe-O2/ppm
g

-200 1
L -3001
T -400 1
T
5 06

{o ((R.8) = otinfinity)} for Xe-No/ppm

Figure 1. Quantum mechanical values of the intermolecular
Xe shielding (relative to the free Xe atom) as a function
of Xe@O, configuration (top), compared with that of
Xe@N, (bottom).

the contribution to the spin density comes largely from
the antibonding m; molecular orbitals which have nodal
planes passing through the center of the molecule
and normal to the bond axis. The Xe atom approach-
ing along 6=90° lies on this nodal plane, thus
exhibits no response to the spin density of the
O, molecule. The greatest spin density in m, of the free
O, molecule is encountered by Xe along the 6=45°
approach.
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Figure 2. Quantum mechanical values of the isotropic Fermi
contact portion of the hyperfine tensor, expressed as net spin
densities at the Xe nucleus as a function of Xe@O,
configuration.

3. Comparison with experiment

The interaction term Ax.e[l in the spin Hamiltonian
of the Xe@O, complex leads to a local magnetic field
at the Xe nucleus:

(AB/By) = (1/hyxeBo){Axe)e k (10)

where the average over thermally populated states
is indicated by (), and where the static magnetic field,
By, has a fixed orientation k& with respect to the axis
system of the complex. Here, the Fermi contact part
Axe. Fermie I 1 given by:

Axe Fermi o I = (167/3) ugyxe Y 8(rdsil - (1)

in which the sum is over the electrons i, s; is the spin
operator and r; is the vector from the ith electron to the
Xe nucleus. And the traceless dipolar part Axe, dipolar o/
is given by:

AXe,dipolar ol =2liupyxe Z

1

5 3
T T

{3(Vi-Si)(Vi-1)_ s,_.]}

(12)

The vector position r; is in the x,y,z molecule-fixed
axis system, and in general, of course, the B, direction
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Figure 3. Comparison of the total density coefficient of
the Xe chemical shifts, o(T)/ppm amagat(O,) ' for Xe in O,
gas calculated in this work against experimental values
of previous work.

k does not lie along the z axis. In the system, we are
considering, there iS no Axc_ orbital I contribution.

At any instantaneous orientation, the average over
thermally populated states is given by [22]:

-1
AB —E KT
(?0) = (hyXeB()kT E e

n

¥ (€75 M) x (nl e o Bo m) (m] Axce o Kl)

nm

—kT Y
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L )xmmw&MMmMm%m

(13)
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for pure S (no L), u,=-g ug S, up =en/2mec is the Bohr
magneton. The |n) and |m) are the eigenfunctions of the
field-independent Hamiltonian, which are superposition
of states |aS.) which depend on quantum numbers, of
which one is the eigenvalue of S, and the other quantum
numbers are represented by a. For Xe@O,, n and m
are the various components of the triplet manifold.
For comparison, the accessible electronic eigenstates
for the NO molecule are the IT,, and the IT5, states.

For molecules tumbling freely in the gas phase, and
for very short T, (electron spin—lattice relaxation time),
thermal equilibrium among the thermally populated
states is established rapidly relative to any motion of the
molecule. If the reciprocal of the rotational correlation
time of the complex is much less than the anisotropy
Eax—Emin of the E,—E, in the above equation in
frequency units, equation (13) is valid for any instanta-
neous orientation. Therefore, for complexes in which
these conditions are satisfied, the isotropic chemical
shift in the gas phase is obtained by simply averaging
equation (13) over all orientations of the molecular
complex in the laboratory frame of B,. However, for
the Xe atom in O, gas, there is additionally, the whole
family of nuclear configurations (R,#) that is sampled
over, with the probability of each configuration being
determined by exp [-V(R,0)]/kT, with R from 0 to co
and #=0 to ©, and with the Ay, itself being a function
of nuclear configurations (R,6) and including only
Axe=(167/3)hupyxe Y. 8(ri)si, since in this case the
traceless dipolar term shown in equation (12) averages
to zero. Thus, we have for the Xe atom in O, gas,

-1
AB
(—) =16mpg| 9KTY e B/AT
B RO n

0

S (e ETY (g m) (m] Y 8(ri)sialn)

-
a=x,y,2 _kT Z (

n,m#n

e~ /KT _ o= By KT

e

T ) x (il ol 8(rsid)

RO

(14)

Neglecting the zero field splitting, this reduces to

(AB> — [87S(S + 12 /KTY (R, 6)—p(o0))
R.6

By
(15)

where, S(S+1)=2 for the Xe@O, system. The sign
of the electron spin density at the Xe nucleus,
{p(R,0) — p(c0)}, is negative when the probability den-
sity of the B spin dominates over the o at Xe nuclear
position (R, 0). The quantity {p(R, 6) — p(c0)} is evaluated

at each particular configuration (R, 0) and the averaging
over all configurations is carried out by

AB

By >therma1_average

o1 (T)hyperﬁne = ( (7)

= (6o 2n [ [ {o(re) - pe0)
6=0JR=0
x exp” " RIKT 12 g in 6do (16)

The other contribution to the density coefficient of the
Xe chemical shift is obtained by

o1(Dgamagnetie = 27 /9 . f {otro)~ atc0))

x exp” " ROKT 12 g sin Ol (17)

where the {o(R,60) —o(c0)} is obtained from the fitted
quantum mechanical values expressed in the functional
form given in equation (8). The molar paramagnetic
bulk susceptibility x of oxygen provides a sample-
shape-specific contribution which is

o1 (= (27/3)x = 4+0.3093 (300/T)ppm amagat ™",
(18)

under the conditions of the experiment, that is with a
cylindrical sample having its axis oriented perpendicular
to the magnetic field direction [14]. The resulting sum
of values from equations (16), (17) and (18) at each
temperature can be compared with the experimental
values of o((7T) given in figure 1 of [14] and described by
the empirical function given therein for the temperature
range 260-440 K:

o1(T)xe_o, PPM amagat™'
= —1.0610 4 3.64 x 1073(T — 300) — 2.187
x 1073(T — 300)* 4 9.583 x 107%(T — 300)°

—2.075 x 107'%(T — 300)* (19)

where, one amagat is the number density of an ideal
gas at standard conditions of temperature and pressure.
The comparison between the calculated and experi-
mental values is shown in figure 3, where we find only
semi-quantitative agreement with experimental values.
Hartree—Fock results for shielding are found to be
missing about 15% in tests against experiments in
rare-gas mixtures [23]. We had previously attributed the
entire difference between experiment and Hartree—Fock
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Figure 4. Quantum mechanical values of two principal
components of the traceless dipolar part of the hyperfine
tensor at the Xe nucleus, as a function of Xe@O,
configuration.

results as entirely due to electron correlation, which
DFT-B3LYP appears to overestimate by about 15%
[23, 24]. On the other hand DFT-B3LYP here appears
to overestimate the Fermi contact term for '**Xe in O,
by about a factor of 3. We are using the same level
of theory and the same 240 basis functions on Xe atom.
So why are the results for the Fermi contact term
so much worse compared to experiment? All calcula-
tions we have done are non-relativistic calculations.

It is known that the diamagnetic shielding of the free
Xe atom calculated using relativistic methods is much
larger than that obtained using any non-relativistic
method [25]. In comparing Hartree—Fock results for
129X e against experiments, we have attributed the entire
difference to electron correlation, under the assumption
that the free Xe atom shielding and the shielding of the
Xe atom in the presence of the neighbour atom contain
the same relativistic effects, and that there is little
relativistic contribution to the interaction part of the
shielding. This appeared to be a reasonable assumption,
given that most of the difference between the non-
relativistic and the relativistic results for the free Xe
atom come from the contributions of the 1s electrons,
which are hardly involved in the intermolecular shield-
ing response. It is interesting to note that electron
correlation and relativistic corrections to the electric
field effects on the shielding of the Xe atom have been
found recently to be opposite in sign [26]. Therefore,
although the relativistic calculations have not yet been
carried out for Xe-rare gas systems, the electron
correlation contributions and relativistic corrections
to the intermolecular shielding in Xe-rare gas or other
Xe-neighbours, are, like the shielding polarizability
of the Xe atom, likely to be opposite in sign. The
electron correlation contributions to the intermolecular
shielding of Xe atom have recently been calculated
at the CCSD level [27], and for Xe-rare gas the results
are not much different from those obtained using
DFT-B3LYP [23]. Thus, it is likely that part of the
15% overestimate of the interaction shielding response
by DFT-B3LYP in [23] comes from neglect of relativistic
effects. At the same time the entire 15% difference
between Hartree—Fock results and experiments must
be due to both electron correlation and relativistic
effects. On the basis of comparisons with experimental
gas phase second virial coefficients, relativistic effects
on intermolecular shielding is of the order of the dis-
crepancy between the best correlated non-relativistic
calculations and experiment, that is, of the order of only
a few per cent [27].

In qualitative terms, one of the known consequences
of relativistic behaviour of electrons in an atom is the
contraction of the s and p orbitals, and this effect is very
pronounced in the lanthanide series, leading to much
smaller atomic diameters and much shorter equilibrium
bond lengths than resulting from non-relativistic treat-
ments. Let us consider the two interaction response
properties at the '*’Xe nucleus. The shielding response
is largely due to contributions from the non-zero
angular momentum orbitals (p, d,f) by the very nature
of the operators that are involved in that part of
the shielding that dominates the interaction shielding
response. Contraction of the p orbitals is not reflected
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in non-relativistic description, leading to overestimated
results for their contributions to the interaction shielding
response. At the same internuclear distance, more
realistic contracted orbitals should provide a smaller
interaction shielding response. Thus, electron correla-
tion and relativistic corrections will be opposite in sign.

Why is the Fermi contact portion of the hyperfine
tensor of Xe@O, so greatly overestimated by DFT-
B3LYP? There is an important difference between the
interaction shielding response and the transferred
hyperfine response at Xe. Looking at the latter from
a mechanistic point of view, the net spin density at the
Xe nucleus arises from (a) the net spin density from the
O, molecule at the position of the Xe nucleus, which
would be present in the absence of the electrons of the
Xe atom, (b) the transferred spin polarization arising
from the interactions between the electrons in the mg
orbitals of O, and the electrons in the s orbitals of
Xe atom which have density at the Xe nucleus, and
(c) the transferred spin polarization arising from the
interactions between the electrons in the m, orbitals
of O, and the electrons in the p, d, f orbitals of Xe
atom, which, in turn, transfer their polarization to
the s orbitals, including the inner ones such as 1s.

Contracted p orbitals will provide less interaction
shielding response and also less polarization transfer
from ng orbitals of O,, so non-relativistic calculations
of both the shielding response and the Fermi contact
transferred hyperfine have this same difficulty, with
errors in the same direction of overestimation by non-
relativistic calculations. On the other hand, the Fermi
contact transferred hyperfine has the additional factor
that the error is amplified by much higher density
of contracted s orbitals, particularly the inner ones,
at the nucleus in relativistic atoms, as shown historically
by relativistic calculations of another NMR observable,
the electron-mediated internuclear spin—spin coupling
[28-32]. While non-relativistic DFT-B3LYP gives
only small errors (<15%) in the calculated shielding
response for Xe atoms in the presence of neighbouring
diamagnetic neighbours, it gives much larger errors
(overestimates by a factor of 3) for the calculated
transferred hyperfine for '*’Xe in the presence of
neighbouring paramagnetic neighbor O,. Relativistic
calculations of the hyperfine tensor in the Xe@O,
system are needed.

4. Comments on the '**Xe spin relaxation in the
presence of O,

Nuclear spin relaxation by intermolecular dipolar inter-
action has been considered in a formal kinetic theory

and also in a correlation function approach. Chen
and Snider used a quantum mechanical formulation
of molecular kinetic theory (Waldman—Snider), and
they related the observed relaxation time 7' to scattering
matrices which describe the rotationally inelastic and
elastic molecular collisions [33]. In the so-called extreme
narrowing limit, both approaches lead to expressions
for the intermolecular dipolar relaxation of spin / by
spin S ('*?Xe and O,, respectively) which can be written
in the form [15]

116 , 12
o= S+ D7

2
: ") NSE/ KT~ AT} )

8kT.
(20)

where Ng is the number density of S-bearing molecules.
y;and yg are the magnetogyric parameters of the spins
I and S, and d is the characteristic length of the
intermolecular interaction, loosely referred to as the
molecular diameter. The (mu/8kT)” term is the recip-
rocal mean relative velocity. The factor F(V/kT) can be
written in terms of a general anisotropic intermolecular
potential, and it has been shown that this factor could
be viewed as a collision efficiency for relaxation [15].
The magnetic field dependence in f{T)w;” was arrived
at using a correlation function approach [15]. Collision
theory calculations of intermolecular dipole—dipole
relaxation rates in the gas phase involve nuclear spin
point dipoles sited on the collision partners of the
molecule bearing the relaxing nucleus; one needs
the anisotropic intermolecular potential function. The
intermolecular  dipole—dipole relaxation involving
unpaired electron spins cannot be described in the
same way, because the electron spin density is delocal-
ized over the entire Xe@O, collision complex. In the
latter system, the nuclear spin dipole—electron spin
dipole interaction is described in terms of the dipolar
part of the hyperfine tensor of the complex at the '**Xe
nucleus.

We have obtained the full hyperfine tensor in the
quantum mechanical calculations. Two components
of the traceless dipolar part of the tensor are shown
as a function of R and 0 in figure 4.

The factor F(V/kT) in the relaxation rate expression
will depend on both the anisotropic Xe—-O, potential
function and the dipolar part of the hyperfine tensor
as a function of configuration. Thus, the components
of the dipolar part of the hyperfine tensor, each one
a mathematical surface in (R,0), can be used to pro-
vide a theoretical calculation of the intermolecular
dipole—dipole relaxation contribution to the spin—lattice
relaxation rate of the '®Xe nucleus, which has
been previously characterized experimentally in our
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laboratory in terms of dependence on number density,
temperature, and w; (applied magnetic field) [15].
Spin relaxation rates are known to be stringent tests
of the quality of intermolecular potentials [34].

5. Conclusions

We have calculated for the first time, the intermolecular
hyperfine tensor at a Xe nucleus close to an O, molecule
for various configurations. The quality of the non-
relativistic quantum mechanical calculation has been
tested against the experimentally measured density and
temperature-dependent chemical shifts of Xe in the limit
of zero mole fraction of Xe in O, gas. The results of
this test of the isotropic part of the hyperfine tensor
are encouraging, but are only in semi-quantitative
agreement with experiment. We propose that relativistic
calculations can bring the results closer to experiment.
We find it reasonable that the relativistic effects on the
Fermi contact part of the hyperfine tensor are a larger
fraction of the observed shifts due to paramagnetic
centres, than the relativistic effects on the intermolecular
shifts that are due to diamagnetic neighbour molecules.
The dipolar part of the hyperfine tensor is yet to be
tested against the spin lattice relaxation times measured
for Xe in mixtures of xenon and O, gas as a function
of density and temperature.

We have shown that the Fermi contribution leads
to an apparent chemical shift that is sensitive to the
distance and the orientation of the paramagnetic centre
relative to Xe. We propose that the chemical shift of
a Xe atom confined to a channel or cavity in a porous
material can provide information about positions and
orientations of paramagnetic centres. In a separate
study, we are using the results of quantum mechanical
calculations of Xe hyperfine tensors, of the type carried
out in the present work, as models for the interpretation
of Xe line shapes in confined geometries in materials
doped with paramagnetic molecules or ions. The Fermi
contribution can have dramatic effects on the average
Xe chemical shift, while the dipolar contribution can
influence the apparent average Xe chemical shift tensor
components evident in the singularities of the Xe NMR
line shape.
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