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The chemical shifts observed in nuclear magnetic resonance experiments are the differences in
shielding of the nuclear spin in different electronic environments. These are known to depend
on intermolecular interactions as evidenced by density-dependent chemical shifts in the gas
phase, gas-to-liquid shifts, and adsorption shifts on surfaces. We present the results of the first
ab initio intermolecular chemical shielding function calculated for a pair of interacting atoms
for a wide range of internuclear separations. We used the localized orbital local origin
(LORG) approach of Hansen and Bouman and also investigated the second-order electron
correlation contributions using second-order LORG (SOLO). The *Ar shielding in Ar,
passes through zero at some very short distance, going through a minimum, and
asymptotically approaches zero at larger separations. The ?'Ne shielding function in Ne, has a
similar shape. The Drude model suggests a method of scaling that portion of the shielding
function that is weighted most heavily by exp[ — V(R)/kT]. The scaling factors, which have
been verified in the comparison of !Ne in Ne, against **Ar in Ar, ab initio results, allows us to
project out from the same *°Ar in Ar, ab initio values the appropriate '*’Xe shielding functions
in the Xe-Ar, Xe-Kr, and Xe—Xe interacting pairs. These functions lead to temperature-
dependent second virial coefficients of chemical shielding which agree with experiments in the
gas phase. Ab initio calculations of **Ar shielding in clusters of argon are used to model the
observed '**Xe chemical shifts of Xe, Xe,,...,Xe; trapped in the cages of zeolite NaA.

1. INTRODUCTION

The nuclear magnetic resonance (NMR) frequency of a
nuclear spin in a molecule placed in an external magnetic
field depends on the external field, modified by the electrons
within the molecule. In an external field B,, the local field
seen by the nucleus is given by

B, = (1 —0)B,. (1)

In general, the magnetic field generated by the electrons in
the molecule is such as to oppose the applied field, hence the
name nuclear magnetic shielding for the second rank tensor
quantity o in Eq. (1). If the molecule is free to tumble, only
an isotropic value o manifests itself. One observes a different
resonance frequency for each chemical environment, thus,
the difference in shielding between a reference molecule and
the molecule of interest (o.s — o) is known as a chemical
shift.

Excepting molecular beam studies, the application of
NMR to the elucidation of molecular structure and mecha-
nisms of molecular reactions nearly always involves observa-
tions of the molecules in some medium, whether in gas, liq-
uid, solid, or adsorbed phases. An understanding of the
intermolecular effects on nuclear magnetic shielding is cru-
cial to taking proper account of solvent effects, or converse-
ly, to using the NMR chemical shift as a probe of intermole-
cular interactions. There is a large body of gas phase data'?
which provide information on the intermolecular contribu-
tions to the chemical shift; the observed signs, magnitudes,
and the dependence on temperature need to be accounted
for. NMR is being increasingly used to study adsorbed spe-
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cies.>* At the present time, these studies are largely empiri-
cal. An understanding of the signs, the magnitudes of the
shifts of adsorbed species relative to the free molecule, their
dependence on pore size, sorbate loading, temperature, and
the number and positions of counterions is essential for intel-
ligent use of the NMR shifts of adsorbates as a probe of
microporous solids such as catalytic materials.

The study of the intermolecular shielding function, the
change in the nuclear shielding as a function of the distance
between interacting molecules, and their orientation is of
fundamental importance in its own right. The intermolecu-
lar shielding function in general has important dependence
on orientations of the interacting molecules. However, we
start with the simplest case of two interacting rare gas atoms
and focus attention on the dependence of the shielding on the
intermolecular separation R. Therefore, within this article,
we will refer to the intermolecular shielding function as
o(R).

In principle, the behavior of the intermolecular shield-
ing function of two rare gas atoms at the two limits is well
known. The separated atoms is the reference limiting situa-
tion; the diamagnetic shielding in a free atom is well known.
When the interacting atoms correlate with a united atom S
state, as Ar + Ar does with the Kr ground state, the shield-
ing of the united atom is also well known—a purely diamag-
netic shielding. Thus, [0(R) — 0( )] the intermolecular
shielding relative to the separated system for Ar-Ar is
known to be [o(free Kr atom) — o(free Ar atom)] at
R =0, and is known to be zero at R = «. In the intermedi-
ate region, the general shape of the function is unknown. We
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have suggested for some time that the intermolecular shield-
ing function has the same shape as the intramolecular shield-
ing function for H,", which has been calculated over a wide
range of separations,” a shape not unlike the shape of the
intermolecular energy of interaction for two rare gas atoms.
Indeed, there was an indication that there exists a minimum
in the function—the result of the direct inversion of the lin-
ear density-dependent part of the chemical shift of '*Xe in
xenon gas. The empirical form of the intermolecular shield-
ing function showed a minimum in the same general vicinity
as the well of the intermolecular potential surface.® This
inversion could not provide a definitive shape of the function
since the temperature range was limited. The indeterminate
amount of damping required to limit the undesirable oscilla-
tions in the empirical function and yet retain information
about its general shape led to considerable uncertainty about
the location of the minimum and its depth.

There have been several previous attempts to obtain a
theoretical intermolecular shielding function.”** Among
these are the calculations of 'H and He shielding in He-H,,’
and 'H and °C shielding in the CH,~He and (CH, ), sys-
tems.? Unfortunately, all of these used a conventional cou-
pled Hartree~Fock (CHF) approach with a common gauge
origin, leading to substantial errors arising from gauge origin
problems. Furthermore, these authors used basis sets which
are now seen to be inadequate. It is questionable whether
these previous calculations with minimal or double zeta ba-
sis functions reflect the behavior of [o(R) — ()] accu-
rately. It is interesting to note that all these shielding func-
tions are positive at distances close to the Lennard-Jones 7,
[where ¥(R) = 0] for the molecular pair, and uniformly
positive for R > r,, the regime of separations from which
arise most of the contributions to the intermolecular shield-
ing observed in the gas phase. Other calculations used local
gauge origins such as gauge-including atomic orbitals
(GIAO) and individual gauge for localized orbitals
(IGLO) applied to the (CH, ), dimer,’ *C and "0 nuclear
shielding in CO-He,'® and in (H,),.!! It is interesting to
note that for '*C in (CH,),, the shielding function of Jack-
owski et al.® is positive at all values of R of interest; at the
separation corresponding to the Lennard-Jones #, in partic-
ular, it is + 20 ppm (using a minimum basis set) or + 9
ppm (double zeta), whereas the GIAO calculation using a
minimum basis set gave a value of — 1 ppm.® The latter
calculation shows negative shielding throughout, whereas
the former is positive throughout for distances 0.7r, and
longer. The GIAO calculation for *C and '"O in CO-He
gave an intermolecular shielding function that was mono-
tonically negative at all distances, even with a Slater-type
orbital (STO)-3G basis set.'® These differences raise ques-
tions about the qualitative shape of the intermolecular
shielding function. Furthermore, none of these calculations
showed any indication of how these functions could be con-
sistent with the large positive value expected at the united
atom limit for Ar + Ar, for example.

Another fundamental question is, how important are
electron correlation contributions to the intermolecular
shielding? Since dispersion forces are attributed to electron
correlation, is it essential to use correlated wave functions in

calculating the intermolecular o(R)?

Finally, an understanding of the intermolecular shield-
ing is crucial to the interpretation of the NMR spectroscopy
of adsorbed molecules. The chemical shifts of adsorbed spe-
cies offer important information about the nature of the ad-
sorbed state. The simplest case is provided by '2°Xe nuclei of
xenon atoms trapped in the perfectly regular alpha cages of
the crystallites of zeolite NaA. The trapped clusters Xe, Xe,,
Xe; up to Xe, have been observed individually in the NMR
spectrum.'* Thereisa nearly additive intermolecular effect,
i.e., the chemical shifts §,, §,, &5, ... are nearly equally
spaced by about 20 ppm, the increments only increasing
slightly with #. The sign and magnitude of §, (the difference
in shielding between a single xenon atom trapped in an alpha
cage and a free xenon atom), as well as its temperature de-
pendence, need to be accounted for. Only when this system is
fairly well understood will it be possible to interpret the sin-
gle average signal of an adsorbed xenon atom whose NMR
chemical shift is reporting a summary of all its encounters
with channels or cages of various shapes and occupancies.

Apart from the bulk susceptibility shifts which are pres-
ent in all samples, there are true intermolecular shifts that
can be attributed to polar and hydrogen-bonding effects and
magnetic anisotropy of neighbor molecules (as in aromatic
solvents). These have well-understood mechanisms!> and
will not be discussed further here. The enigmatic part of the
intermolecular shielding is that which gives rise to what has
been termed van der Waals shifts.'® This is the subject of this

paper.

Il. THE DRUDE MODEL

It was shown by London that all molecules produce
fluctuating instantaneous electric fields which average out to
zero, but which have a nonzero mean square.!” Coupled
with the early realization that changes in nuclear magnetic
shielding will take place when the electron cloud of a mole-
cule is distorted by an external electric field,'®'® this pro-
vides a simple physical picture and a plausible mechanism
for intermolecular chemical shifts.?®?! The simple ideas as-
sociated with fluctuating electric dipoles constitute a simple
model that simultaneously provides dispersion energies,
physisorption energies, and intermolecular shielding of rare
gas atoms.

The Drude model considers an atom as being composed
of a pair of harmonically and isotropically bound particles of
equal, opposite charges.”” Each atom has three modes of
vibration whose frequencies are triply degenerate when iso-
lated. As the two atoms approach each other, these vibra-
tional frequencies are perturbed and the total energy be-
comes the sum of six terms, one for each mode. The zero
point energies in the interacting pair at distance R differs
from that in the isolated atom by

6
W= /)y [@,(R)—awp]. (2)
i=1 :
The six eigenfrequencies are
W5 =w 1+ 2a(0)/R>*]'7, 3)
@34 =wsg =wo[1 + a(0)/R3*]"?, 4)
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where a(0) is the static polarizability of the atom. When
a(0) <R3 the square roots can be expanded in powers of
a(0)/R 3, leading to an expression for W whose dominant
term is

W= — (3/4)fiw,a(0)*/RE + ---. (&)
For the case of two unlike molecules 1 and 2,
0 0
= _ aypule A )0:2( ) (6)
Wy, + Woy R

If the natural frequency of the isolated Drude oscillator is
taken to be the ionization potential U, then the same result as
the London formula'”* for the dispersion energy is ob-
tained

W= — (3/2) U,U, «,(0)a,(0) ' N

U +U, RS

The Drude model also provides a model for the shielding
change due to the dispersion interaction, as follows: for a
nucleus in a rare gas atom placed in a static electric field F,
the shielding change relative to the atom in the absence of the
field is**

o(F) = o(free atom) — BF?, (8)

where B may be called the shielding hyperpolarizability,
which provides the response of the shielding of the atom to
the static electric field. For a nucleus in a rare gas atom
interacting with another rare gas atom, it was first suggested
by Bothner-By?' and then also by Raynes, Buckingham, and
Bernstein?® that the mean-square electric field due to atom 2
that should be used is 3U, @, (0)/R °. It has been shown?*?
that if the response of the shielding to a static electric field is
to be used in this context, an effective static field squared that
is equivalent to the mean-square fluctuating field would be
more appropriate. In the Drude model, the effective static
field squared at atom 1 due to atom 2 is

U,U, a,(0)

U +U, RS

which agrees with the London dispersion energy being a sum
of the polarization energies of atom 1 and atom 2 in the
presence of the mean-square electric field created by each
other. Thus, the shielding change of atom 1 relative to the
isolated atom caused by the dispersion interaction with atom
2 at distance R is

F = (3/2) , (9)

U,U, a,(0)
R) — = — B, (3/2 ,
[0(R) — 0()] 1 (3/2) e =
(10)

where B, is taken to be the same as the shielding hyperpolar-
izability for the isolated atom 1 in a static electric field. Asin
the London dispersion energy, this is only the leading term
in the interaction; additional terms in R ~% (and R —'9)
may also be considered. Furthermore, this model is only val-
id for distances such that R *> a(0), where the original ex-
pansion of the square root terms in Egs. (3)-(4) are valid,
i.e., for distances where the overlap between the two inter-
acting atoms is negligible. At shorter distances, only a quan-
tum mechanical calculation of the shielding in the super-
molecule can provide the correct shielding function.

. AB INITIO CALCULATIONS OF *°Ar AS A MODEL
FOR '#°Xe

The simplest intermolecular shielding function is that
for interacting rare gas atoms; the shielding surface is de-
fined by only one variable, the internuclear separation. Al-
though there are available gas phase data for '*Xe interact-
ing with various molecules, ab initio calculations on the
xenon system are prohibitive, so we choose a smaller rare gas
atom for the chemical shielding calculations. For some ob-
servables, the He, Ne set of data for rare gas atoms behaves
differently from the Ar, Kr, Xe set of data, therefore, it
might not be best to choose the smallest rare gas atoms. We
believe that *>Ar serves as a good model system for '*°Xe.

Calculations of chemical shielding require reasonably
large basis sets (at least triple zeta plus three polarization
functions). For the calculation of the intermolecular shield-
ing, it is even more important to damp out the errors which
result from incomplete cancellation of large positive and
negative long-range contributions. In calculations of mag-
netic properties, this is known as a gauge origin problem.
Furthermore, since the long-range interaction between two
rare gas atoms is a result of electron correlation, we need to
investigate any additional contributions from electron corre-
lation beyond the coupled Hartree—Fock or random phase
approximation (RPA) level of theory. For these reasons, we
choose a local origin method that effectively damps out the
errors in calculating the long-range contributions to the dia-
magnetic and paramagnetic terms and which can be ex-
tended to include second-order correlation contributions.
The localized orbital local origin (LORG) method devel-
oped by Hansen and Bouman®’ takes the following ap-
proach:

In the calculation of the nuclear magnetic shielding, the
computation of the diamagnetic part (entirely dependent on
the molecular ground state wave function) and the para-
magnetic part (dependent on the mixing of ground and ex-
cited states by the magnetic perturbation) leads to an unba-
lanced treatment of the two terms. It is well known that the
incomplete cancellation of long-range contributions to the
diamagnetic and paramagnetic terms leads to errors. One
way of avoiding such incomplete cancellation is to employ
commutation rules and identities which conveniently re-
move such terms before the computation is carried out. This
is the approach of Hansen and Bouman. The equations for
the calculation of the remaining terms are the following:

0§ = /e 3 (alltr RS,
— [w(r =R ] (wer)}/r3|a)
+ (/%) ;MZ [uiali/r?18)]
X [u+(R, —Rg) X{B]rla}],

oh= (=23 >t VrHQL) et 7 1),

am fn

(11)
(12)

where 1) (1/r*) and (") are transition moments

(a|l/r3|m) and (n|1%|3). The Q" matrix is of the order
n,.. XN, and is constructed using the matrix elements of
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the Fock operator and the electron repulsion integrals in the
molecular orbital (MO) basis. Orbitals a and B, if directly
associated with the NMR nucleus, have the local gauge ori-
gin R, and R, at the nucleus in question; distant orbitals
have their gauge origins at their orbital centroid positions. 1
is the electronic angular momentum operator relative toR,, .

This level of computation (RPA) includes in Q) 5,
matrix elements that are singly and doubly excited with re-
spect to the self-consistent field (SCF) ground state and may
be said to contain electron correlation?® (still a point of dis-
agreement among theoreticians). The advantages of using
the Hansen-Bouman approach are further enhanced by the
existing code for the extension of their method to include
second-order correlation contributions to the shielding.
Correlation effects may be included by means of a Mgller—
Plesset expansion of the ground state.?® In the second order
LORG (SOLO) approach, the energy matrices and transi-
tion moments in Eqgs. (11) and (12) are evaluated using
such an expansion, taking care to retain all terms through
second order in electron correlation, i.e., using 0 and
t @3 The second-order effects on the diamagnetic terms
have not been included in this calculation. These have been
shown to be small, even for molecules such as CO and N, for
which a correct description requires more than one determi-
nant. For these molecules, the diamagnetic shielding results
from configuration interaction (CI) calculations differ by
less than 2 ppm from the self-consistent field (SCF) results
for all nuclei.?!*

We have found in basis set studies in previous calcula-
tions using LORG**** that basis sets for atoms in the second
row of the Periodic Table should include a standard triple
zeta plus three d polarization functions in order to achieve
acceptable accuracy. Therefore, for this paper, we have used
for the argon atom and also for the Na* ion a 6-311G(3d)
basis set. GAUSSIAN 88%° provided the SCF results to input
to the LORG calculations using RPAC 8.5.°¢ The same
package of programs provided a conventional coupled Har-
tree-Fock calculation using a common origin, for compari-
son. The second order polarization propagator approxima-
tion (SOPPA ) and SOLO calculations were carried out with
the help of Professor T. D. Bouman using GAUSSIAN 90
(Ref. 35) to generate the SCF molecular orbitals, and the
RPAC 9.0 molecular properties programs system>® imple-
mented on the Cray 2 of the National Center for Supercom-
puting Applications at the University of Illinois, Urbana.

The use of counterpoise or ghost orbitals®” would re-
duce the bias that results if the pair basis represents the wave
function of Ar, in the simultaneous fields of the external
magnet and the nuclear moment more accurately than the
single atom basis represents the wave function of an isolated
Ar atom in the presence of the two fields. Since the chemical
shielding is a localized property (the shielding field pro-
duced by an electron is proportional to the inverse cube of
the distance of the electron from the observed nucleus ), basis

set superposition errors are expected to be negligible even in
this case where the intermolecular effects on shielding are
being sought. Nevertheless, to verify this expectation, we
carried out calculations of the single Ar atom at the 6-311G
(3d) level with and without an equal number of ghost orbi-

tals at various internuclear distances. We have established
that the ghost orbital contribution is entirely negligible in
this system.

The LORG results for Ar, are shown in Fig. 1. This is
the first ab initio intermolecular o (R) function that has been
calculated for a range of values of internuclear separations
wide enough to show the shape of the function, and which is
consistent with the correct limit at R = 0. The behavior at
extremely short distances can become very complicated be-
cause of avoided curve crossings with other states of the
same symmetry. In any case, these regions are not sampled
at the modest temperatures and pressures at which the ex-
periments have been carried out. Thus, we merely indicate
the connection to the united atom limit with a dashed curve,
making no implications about the actual behavior at these
very short distances. In Fig. 2, we show o(R) for Ar, in
more detail and superimpose on this the Ar-Ar intermolecu-
lar interaction potential function F(R) (Ref. 38) to indicate
which regions of the o(R) function contribute the most to
intermolecular effects in the gas phase. The inset shows the
o(R) function in an expanded scale in this region.

In order to determine the additional contributions to the
intermolecular shielding due to second-order correlation
contributions, we carried out calculations using the SOLO
method at selected internuclear separations. The results are
shown in Table I, compared with the LORG resulis at the
same internuclear separations.

It can be seen that the differences between the two calcu-
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FIG. 1. The **Ar chemical shielding in Ar-Ar obtained by ab initio calcula-
tions, in ppm relative to the isolated atom.
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FIG. 2. The ¥Ar chemical shielding in Ar—Ar obtained by ab initio calcula-
tions, in ppm relative to the isolated atom; the inset shows in an expanded
scale that region of the shielding function which provides significant contri-
butions for averaging at 100~-500 K. The Ar-Ar intermolecular potential
functi(}&n is also shown (Ref. 38), welldepth e/k = 141 K, and V(R) =0at
3.350

lations are very small for this system; LORG provides nearly
as complete answers to the chemical shielding due to van der
Waals interactions as does SOLO. It appears that the RPA
level of the LORG calculation gives nearly all o(R) due to
the induced dipole—induced dipole interactions in this par-
ticular system. The second-order electron correlation contri-
butions at short range are also relatively small.

The qualitative shape of the intermolecular o(R) shown
in Fig. 1 can be predicted from a consideration of the dia-
magnetic (¢ 9*™) and the paramagnetic (o ") terms in the
shielding of a rare gas pair for the case where the united atom

TABLE L. Chemical shielding values for **Ar in Ar, at two levels of calcula-
tion with (SOLO) and without (LORG) second-order electron correla-
tion.

[0(R) —0(w)] (ppm)

R (&) LORG SOLO

1.70 — 356.90 — 353.49
2.30 —121.39 —119.64
2.90 —30.32 —30.68
3.00 —23.53 —23.91
4.00 —1.30 —1.40
5.00 —0.04 0.00

is an S'state. The diamagnetic and paramagnetic parts of the
shielding can be defined in different ways, depending on the
choice of gauge. One commonly used definition is to use the
Coulomb gauge and to choose the gauge origin at the nucleus
of interest. With the gauge origin at the Ar nucleus of inter-
est, it is possible to approximate the o %*™ term by using the
Flygare approximation®

o9 (¥Ar in Ar,,R) — o(free Ar atom)
= (*/3mc*)18(1/R). (13)

The diamagnetic term in Ar, should change monotonically
from the united atom value o(**Kr in the free Kr atom) to
o(*Ar in the free Ar atom), i.e., 3245.6 ppm (Ref. 40) (or
3598 ppm with relativistic corrections)*! to 1237.64 ppm,
taking a roughly (1/R) shape at large R values. Based on
symmetry arguments, the paramagnetic term in Ar, should
be zero at the united atom limit (the spherically symmetric S
state of the Kr atom), zero at the free argon atom limit, and
negative in between. The sum of o 4™ g P*™ would then
change with internuclear separation in a predictable way as
sketched in Fig. 3. Provided that o P*™ exceeds o 4*™ as the
argon atoms approach from infinite separation, the total in-
termolecular shielding should be negative at the interesting
distances [shown as Fig. 3(a)]. On the other hand [shown
as Fig. 3(b) ] there may be some systems in which the dia-
magnetic term o “*™ could dominate at the large R values,
become equal to the paramagnetic term at some intermedi-
ate value, and be overcome by the negative o P further in.
At shorter distances yet, the diamagnetic terms would win

Possible shapes for [o(R) — o(w)]

R—)

FIG. 3. Sketches of possible shapes of the intermolecular shielding function
for interacting rare gas atoms based on a monotonically decreasing
0%« 1/R at large R and symmetry arguments applied to o P*.
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out again, leading to a positive net shielding, increasing to-
ward the large positive united atom value. Our ab initio cal-
culations reveal behavior type (a) for the *Ar shielding in
the Ar, system, but it may be expected that behavior (b)
could be observed for 'H shielding. Indeed, the 'H in triplet
H, shows the (b) type behavior at intermediate and large
separations when calculated over a wide range of values of
internuclear separations by a density functional method de-
veloped by Grayce and Harris.’* The earlier calculations on
this system by Marshall and Pople*? using the Heitler—Lon-
don molecular wave function also starts out positive at large
separations, crosses the axis, and becomes negative at 4a,.
For a more accurate depiction of the ¢ ¥*™ and ¢ P**
terms when the gauge origin is placed at the **Ar nucleus in
question, we carried out a calculation of o %™ for Ar, using
the same basis set as used in Figs. 1 and 2. o %*™ is only
dependent on the unperturbed electronic wave function of
the Ar, system, which is easily calculated. The correlation
contributions to the diamagnetic terms are known to be neg-
ligibly small.*!*? Since LORG (or SOLO) gives us the sum

o(R) = g dam 4 g pare (14a)

we can get o P> by difference. These results are shown in
Fig. 4. By symmetry, the parallel component of o(R) in Ar,
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\  Diamagnetic
\y 7
4 \\
J W
1
4 \
600 - \\\
1 W\ (¢2/3mc2)*18%(1/R)
] / \\ Vs
1 Total \\ G\eﬂ\e\e
\
0 < O
. \\\ Y - o/v —_4).
p \ '0;./ .’.————.
4 e
] N\ Paramagnetic
-800 Ty
0 1 2 3 4 5 (]

R, Angstrom

FIG. 4. Ab initio results for the **Ar chemical shielding in a pair of interact-
ing argon atoms; the diamagnetic and paramagnetic parts have been deter-
mined separately for a particular choice of gauge origin—at the **Ar nu-
cleus in question. To avoid clutter, not all the points calculated and shown
in Fig. 2 are plotted here. The Flygare approximation for the diamagnetic
term is shown to pass very close to the ab initio points at long range.

is purely diamagnetic and very nearly unchanged from
o(free atom) except at very short distances; the perpendicu-
lar component includes nearly all the change in the diamag-
netic term. Also by symmetry, all the paramagnetic contri-
butions in a linear system are in the perpendicular
component of the shielding tensor, so

(2/3)0 P2 = g o, (14b)

In Fig. 4, we show only the isotropic values o %*™ and
o P relative to the free argon atom. As expected,
[oc¥™(R) — 0()] is a monotonic function of distance,
going from the value [o(free Kr) — o(free Ar)] which is
2322 ppm, down to zero at the separated atom limit. At large
R, Flygare’s approximation gives [0 %*™(R) — 0(o0)]
= (&*/3mc*)18/R = 169 (1 A/R) ppm, which, as seen in
Fig. 4, is a reasonably good description of the ab initio o 2™,
As expected, o P** is zero at both spherically symmetric
united atom and separated atom limits, but goes negative in
between.

A system that appears to have the (b) type behavior in
the region of interest is the hydrogen molecule dimer (H, ),
in parallel configuration.!' However, in the other cases re-
ported in the literature, the positive shielding at long range
might be entirely an artifact of gauge origin problems. To
illustrate this, we also carried out common origin conven-
tional CHF calculations for **Ar in the Ar, system. The
results are shown in Fig. 5. The common origin CHF calcu-

-
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1

Common origin

o
f
1
|

Local origin

| |
8 o
1 1

38Ar o (relative to isolated atom), ppm
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FIG. 5. The gauge origin problem is illustrated by this calculation of *Ar
shielding in Ar-Ar using a conventional (common origin fixed at **Ar nu-
cleus) CHF method. The rise and fall in shielding as the Ar atoms approach
each other is an artifact.
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lations underestimate the paramagnetic term, yielding a
positive intermolecular shielding at large R through the en-
tire range of internuclear separations of interest, down to
R = 3.1 A. As we shall see in Sec. IV, this is an unphysical
result, contrary to the nearly universally observed negative
medium effects on shielding of rare gas atoms. We have
found that including the second-order electron correlation
contributions (SOPPA) does not eliminate the positive
shielding at large R when a common origin is used. The
difference between these and the corresponding local origin
calculations (LORG and SOLO) again proves the advan-
tage of the latter in damping out errors due to incomplete
cancellation of long-range contributions. It is evident that
such errors in conventional (common origin) CHF calcula-
tions could lead to qualitatively incorrect conclusions as to
the nature of the intermolecular effect on shielding. For ex-
ample, whereas the conventional CHF calculations for
(CH, ), showed positive shielding at large separations,® the
GIAO calculations showed only negative shielding at inter-
mediate and large internuclear separations.® On the basis of
the comparison between our Ar, shielding calculations us-
ing local origins (LORG and SOLO) shown in Fig. 2 and
the conventional (common origin) CHF results shown here
(Fig. 5), we believe that the reported positive intermolecular
shieldings for (CH, ), and for CH,—He?® are artifacts of the
gauge origin problem. In another example, the reported
positive intermolecular shieldings calculated for both 'H
and He in the H,—-He system’ may also be due largely to
gauge origin problems. Both 'H and He shieldings calculat-
ed using a common gauge origin in the H,—He system’ are
positive for all orientations for R > 3.5a,, whereas the local
origin (IGLO) shielding calculations in the related (H, ),
system!! give very small positive values at large R and have
already become negative at R = 5a,.

IV. THE SECOND VIRIAL COEFFICIENT OF THE NMR
CHEMICAL SHIFT IN THE GAS PHASE

We now determine whether our ab initio intermolecular
shielding function can provide the observed behavior of the
chemical shift as a function of density and temperature in the
gas phase. According to Buckingham and Pople, we may
expand a molecular electronic property such as shielding ina
virial expansion in powers of density p in a gas*?

o(T,p) =0o(T) + 0, (Dp + 0, (M)p*+ -+ . (15)
For a rare gas atom, o, (7)) is independent of temperature
for the temperatures accessible in a NMR spectrometer,
since only electronic states can contribute to internal energy
in atoms and these are rather high energies. The next term is
the linear dependence of the chemical shielding on the den-
sity of the gas. Buckingham gives the second virial coeffi-
cient of shielding as***?

o, (T) =Jﬁ>° 47R %R [0(R) — ()]
0

Xexp[ — V(R)/kT]. (16)

Using the ab initio o(R) for *Arin Ar,, and the Ar, poten-
tial function ¥(R),*® we can calculate the second virial coef-
ficient of **Ar chemical shielding in argon gas. These inte-

grals are shown in Fig. 6. The sign of &, calculated hereis the
same as has been observed for '2°Xe as well as other nuclei.'¢
On the other hand, the artifact in the common origin results
shown in Fig. 5 would have led to positive values of o, at
most temperatures. The shape of o, (T) is qualitatively simi-
lar to what has been observed experimentally. Most of the
experimental values of o, (T), for various nuclei such as '°F
and *'P and nearly all of '®Xe in xenon interacting with
various molecules, show the same behavior with respect to
temperature as that which is exhibited by the theoretical
curve for *Ar in argon gas in the left half of Fig. 6. For
comparison, we show typical examples of the experimental
data for '**Xe in gases***’ in Fig. 7. On the other hand, two
exceptional cases—those of **Xe in N, gas and '¥Xe in CO
gas*> —show the same behavior exhibited by the theoretical
o, (T) for **Ar at the higher temperatures, i.e., at tempera-
tures about three times the well depth of V(R) or higher,
shown by the right half of Fig. 6. It is to be expected from
Fig. 6 that if the range of temperatures at which data could
be collected were to include very high temperatures, the
turnabout in the magnitude of o, (7)) with increasing tem-
perature could be observed in every case.

We now explore the relationship, if any, between the
Drude model and the shielding function. First, we determine
whether the R dependence of the intermolecular o(R) in the
region of interest is anything like the R ~° of the Drude
model. In Fig. 8, we examine the portion of the o(R) func-
tion of **Ar in Ar, from 2 to 3.5 A. Figure 8 indicates that
the ab initio o(R) does not have exactly an R ~° depend-
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FIG. 6. The density coefficient of the chemical shielding o, ( T) calculated
for ®Ar in argon gas using the ab initio shielding function and Eq. (16).
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FIG. 7. Typical temperature dependence of the density coefficients of the
chemical shielding measured experimentally for '**Xe in various gases
(data points were taken from Refs. 44-46). The temperature dependence of
this quantity for '**Xe in N, and CO gases are exceptional.
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FIG. 8. The R dependence of the *Ar intermolecular shielding function
relative to the free Ar atom is close to the R ~° form of the leading term in
the Drude model.

ence; the least-squares exponent is — 6.7. However, the
R ~¢ behavior at 2-2.5 A, when extended to the larger R
values, gives only small absolute deviations from the ab initio
shielding values, well within the confidence limits. There-
fore, if the region of R values of interest (accessible at the
temperatures in a NMR gas phase experiment) is the only
regime to be considered, we find that R ~ ®is not inconsistent
with the ab initio function. This seems to lend support to the
qualitative shape of o(R) of the Drude model. In the Drude
model for shielding, as in the dispersion energy, the R —*¢
term is only the leading term; there are R ~® and R —'°
terms as well. Let us now examine the rest of the model.

The possible scaling of the o(R) function in the **Ar
model to '*Xe in Xe-Xe, Xe-Kr, and Xe-Ar shielding func-
tions is suggested by the form of the Drude model. From Eq.
(10), which is the Drude model expression for the shielding
at the nucleus in atom 1 due to intermolecular interactions
by atom 2, we see that the factors
B a,(0)U,U,/(U, + U,) appear as the parameters that
determine the magnitude of the intermolecular chemical
shift. According to the Raynes, Buckingham, and Bernstein
model®® of intermolecular effects on shielding, based on the
Drude model, the parameter B is the shielding hyperpolari-
zability, i.e., the same B as in the shielding change in an atom
due to a static external electric field F applied to the atom in
Eq. (8).%* Bis therefore given by

B=1[(3%/F*)p_o +2(8%0,/OF*)p_o], (17)

where oy and o, are the shielding tensor components paral-
lel and perpendicular to the applied electric field. Therefore,
the value of B in this model is a property only of the rare gas
atom carrying the NMR nucleus. It is well known that the
magnitudes of NMR chemical shifts of nuclei across the Pe-
riodic Table scale as {a3/r *) for the valence p electrons of
the atom in question, a quantity which can be derived direct-
ly from the spin—orbit splittings observed in atomic spectra.
In other words, the sensitivity of the nuclear shielding to
changes in the electronic environment of the nucleus (e.g., in
going from one molecule to another) has been found to be
reflected by (a3 /r 3) for the free atom.*® Thus, we may ex-
pect the shielding hyperpolarizability to scale as (a3 /7).
The distortion of the electron distribution in an atom upon
being placed in a static electric field depends on the static
electric dipole polarizability of the atom. Therefore we sug-
gest that B scales as the product a(0){a3/r3), reflecting
both the degree to which the electron distribution is modi-
fied and the sensitivity of the nuclear shielding to that modi-
fication. Summarizing, we suggest that in the region of inter-
est [0(R) — o( )] for any rare gas pair can be obtained by
scaling the ab initio function [0 (R) — 0( 0 ) ] calculated for
*Ar in  Ar, by the factor @, (0){ai/r?),
a,(0)U,U,/(U; + U,), where B, is assumed to scale as
a,(0)(a3/r?),. Furthermore, since this shielding arises
from intermolecular interactions, the intermolecular dis-
tances have to be scaled according to the law of correspond-
ing states for interacting molecules, i.e., in each case R is
scaled according to respective intermolecular potential func-
tions. For this purpose, the potential functions scaled to Ar—
Ar in Maitland er al. (their Table A3.2) are ideal and these
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have been used here.*® Thus, the *’Ar intermolecular shield-
ing function in Fig. 2 was scaled up to '?Xe in the Xe-Xe,
Xe-Kr, and Xe-Ar interacting pairs, as in the following ex-
ample:

[0(R/r0) — () Ji29x, i xexe
_ 20y, (0) (@3 /7 *) xo 0k, (0) Uxe Uk,
 aa (0@/7 ) pr@ar (0) U, (U, + Ug,)
X[a(R/ry) —o(w)] (18)

With these **Xe intermolecular shielding functions, we can
then perform the integration in Eq. (16) to obtain the appro-
priate o, (T), using the V(R) functions for Xe-Ar, Xe-Kr,
and Xe-Xe from the compilation in Maitland et al.*® The
results are shown in Fig. 9, where they are compared with
the experimental values.*”** The calculated o, (T) values
reproduce the order of magnitudes of the experimental data
quite well, have the correct sign of the temperature depend-
ence, and reproduce the relative changes observed in going
from the Xe—Ar to Xe-Kr to Xe-Xe systems. It appears that
the scaling factors that we have found do reflect the variation
in the intermolecular shielding function in rare gas systems
for the range of distances where the Drude model might be
expected to be roughly valid. It is important to note that no
adjustable parameters have been used here. The scaling fac-
tor contains only independently measured experimental
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FIG. 9. The curves are thermal averages o, (T) obtained from Eq. (16) by
using the intermolecular shielding functions g(R) for * Ar in Ar-Ar scaled
to o(R) for '**Xe in Xe-X. The points are the experimental data from Refs.
47 and 48.

quantities. Of course, this scaling is not expected to apply to
the very short-range regions of o(R). It is not yet clear what
factors influence the magnitude of the shielding at the mini-
mum of the shielding function, or the intermolecular dis-
tance at which the minimum is located. Neither the separa-
tion at which the minimum occurs nor the value of the
shielding at the minimum have been observed previously in
ab initio calculations. The very short-range regions of o(R)
can be explored with NMR experiments at ultrahigh pres-
sures.

The successful scaling of the ab initio **Ar shielding to
provide '?Xe chemical shifts in the gas phase prompts us to
extend the method to the observed gas-to-solution chemical
shifts for rare gases. Williamson and co-workers have mea-
sured large gas-to-solution shifts for '?Xe in a variety of
organic solvents.*® Subsequently, the **Kr gas-to-solution
shifts were measured and compared to the '*Xe shifts.*®
Recently, Diehl er al. have measured *'Ne gas-to-solution
shifts in the same set of organic solvents as were used for
129X eand ¥*Kr.>! The corresponding **Kr and '**Xe shifts in
the same solvent form a straight line. The corresponding
2INe and '?°Xe shifts in the same solvent likewise form a
straight line. The range of gas-to-solution shifts is 12.5 ppm
for 2'Ne, 140 ppm for **Kr, and 250 ppm for '**Xe. We inter-
pret these gas-to-solution chemical shifts by using the scal-
ing method described above. Consider the liquid solvent to
provide a cavity for the dissolved rare gas atom. Using the
same approach as London, we equate the dispersion energy
to

Wdispersion ~ — %al (O)Ulg(eya)U2/(U1 + U2 ), (19)

where we envision a dissolved rare gas atom in a cavity of
radius a in the liquid solvent of dielectric constant €. This
expression is the same as that used by Howard et al.** g(¢€,a)
is a function of the properties of the liquid solvent. The
mean-square effective static electric field at the rare gas nu-
cleus due to the mutual interaction of the rare gas atom and
the dielectric medium is

FZ ~3U,g(ea) U,/ (U, + Uy). (20)

Accordingly, the shielding associated with the response to

this mean-square field is — B, FZ;. The free-atom-to-solu-
tion shift for rare gas atom 1 is

6=B,(a)U, U,/ (U, + U,). (21)
Neglecting the small shift from the free atom to the low den-

sity gas, the range of gas-to-solution shifts for a given rare
gas atom 1 is

3 [g"(e,a)U;'
2 ! B

’ R UI
8 —8=B, > U g(ea) 2],
(U, +U7)

(U, +U3)
(22)

For the same set of extreme solvents (' and ") and assuming
U, differences to be not too large that we may use an average
U, within the curly brackets, we should find that the range
of gas-to-solution shifts of a rare gas atom in the same set of
solvents to be proportional to the product of the shielding
hyperpolarizability B and the ionization potential U of the
rare gas atom. As we have already seen that B scales as the
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product {a3/r*)a(0), we expect the range of the gas-to-
solution shifts to be proportional to {a}/r*)a(0)U of the
rare gas atom. We show this in Fig. 10, where we have used
the experimental data from the three laboratories.**-3! The
reasonably good straight line passing through the origin at-
tests to the success of our scaling scheme. A straight line plot
of these gas-to-solution shift data against o (free atom) had
been used to support the hypothesis that the gas-to-solution
shift comes nearly entirely from the diamagnetic term in
shielding.® This hypothesis does not appear to be correct,
based on the ab initio calculations shown in Fig. 4. On the
other hand, the correlation of o(free atom) with
(a3/r*)a(0) U is not entirely surprising. Assumption of a
mean excitation energy and closure gives a(0)
~(2/3)é’(r*)/U, whereas of(free atom) = (&*/3mc?)
(1/r).

A further check on the scaling factors for the intermedi-
ate distances is provided by comparison of two ab initio
shielding functions. For this purpose, we have carried out a
calculation of the >'Ne shielding as a function of the intermo-
lecular distance in Ne, . The results are shown in Fig. 11. The
minimum shielding for *Ne is — 167.51 ppm at 1.00 A, to
be compared with — 413.64 ppm at 1.50 A for *Ar in Ar,.
It is not surprising that the shieldings at very short range do
not scale when using the factors based on the Drude model
a, (0){a3/r*),a, (0)U, U,/ (U, + U,). However, the ab
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FIG. 10. The ranges of gas-to-solution chemical shifts for neon, krypton,

and xenon measured in a common set of organic liquids (Refs. 49-51) are
compared against the scaling factors we have used here.
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FIG. 11. The points are the ab initio intermolecular shielding values for
*'Nein Ne interacting with another Ne atom. In the intermediate and long
R values, *Ar in the Ar-Ar ab initio shielding function has been scaled
down to *'Ne in Ne—Ne (solid curve) for comparison.

initio *'Ne and the scaled **Ar shieldings in the intermediate
range of distances can be compared. In Fig. 11, the ab initio
shielding for **Ar in Ar, has been scaled down to 2'Ne in
Ne,, giving the predicted 2'Ne shielding function shown by
the solid curve from 2.25 to 3.50 A. This is seen to reproduce
reasonably well the ab initio calculated shielding values for
*!Ne in Ne, given by the points shown. The near correspon-
dence of the two gives us some indication that in the R region
of interest, our suggested scaling factor has some validity.

V. COMPARISON OF THE INTERMOLECULAR AND
INTRAMOLECULAR SHIELDING FUNCTIONS

An interesting comparison can be made with the intra-
molecular shielding function o(R) calculated by Hegstrom®
for the simplest diatomic molecule H," and the intramolecu-
lar potential function ¥(R) for this molecule shown in Fig.
12. Many other calculations of the intramolecular shielding
function show the same behavior in the vicinity of R, ; i.e., it
is found commonly for diatomic molecules (and also for
polyatomic molecules) that (do/dR), <0.%* This is prob-
ably a typical shape of the intramolecular o'(R) in diatomics,
although the shielding value at the equilibrium separation
can be less than the diamagnetic shielding in the separated
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FIG. 12. The 'H chemical shielding in the H;" molecule from very accurate
calculations by Hegstrom (Ref. 5). The H,* intramolecular potential func-
tion is also shown. Reproduced from Ref. 53, with permission.

atom, as for the '°F nucleus in the F, molecule.** (There are
examples of qualitatively different behavior in the shielding
functions of electropositive elements, however.>® ) It is prob-
ably typical that the internuclear separation corresponding
to the minimum shielding is well inside the equilibrium in-
ternuclear separation for the intermolecular shielding, but is
outside of the equilibrium internuclear separation for the
intramolecular shielding.

Let us now consider the inter- and intramolecular
shielding from a unified point of view. Both shielding func-
tions have the same general qualitative shape, exhibiting a
minimum at some separation. Furthermore, the behavior of
the shielding functions at large R can be compared. In Fig.
13, we exhibit the nearly R ~  dependence found in the in-
tramolecular shielding function [o(R) — 0( )] for 'Hin
the H," molecule in that section of the function correspond-
ing to distances greater than the shielding minimum. Com-
paring Figs. 8 and 13, it is interesting that both the intermo-
lecular shielding function for *°Ar in the van der Waals
molecule Ar, and the intramolecular shielding function for
'H in the H;* molecule behave roughly as R ~° at separa-
tions longer than the separation corresponding to the shield-
ing minimum. The main difference comes about in the sam-
pling over the range of R values. In covalent diatomic
molecules, the intramolecular potential minimum occurs at
shorter distances than the shielding minimum, whereas in
diatomic van der Waals molecules, the intermolecular po-
tential minimum occurs at separations larger than the
shielding minimum.

0.0
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FIG. 13. The R dependence of the 'H shielding function [0(R) — ()]
in the H;t molecule for R values beyond the shielding minimum (R = 4.5-
22.0a.u) is very close to R ~°.

How universal is the shape of the shielding function?
For intermolecular shielding, we have found that in the
range of intermolecular distances sampled by
exp[ — V(R)/kT] at ~ 300K, the functional form of the ab
initio o(R) for *°Ar in Ar, is sufficiently representative of
the form for any two rare gases so that scaling factors con-
vert the Ar, function in this region to reproduce quantita-
tively experimental data for '*Xe in Xe-Ar, Xe-Kr, and
Xe—Xe in the gas phase, and also reproduce quantitatively
the ab initio ' Ne shielding function in Ne, in the interesting
region. The success in the choice of the scaling factor lies in
correctly attributing the change in shielding to the relevant
type of interaction and to the relevant regime of coordinates.
For the interacting rare gas atoms, the shielding change is
due to the induced dipole-induced dipole interaction. In the
regime of coordinates sampled by the factor
exp[ — V(R)/kT], the o(R) values scale according to the
factors discovered upon consideration of the Drude model,
which provides a physical mechanism for the shielding at
intermediate and long range. At the very short range, where
overlap of orbitals is a maximum and shielding is minimum,
the intermolecular [o(R) — o( o )] does not scale.

For intramolecular shielding, the analogous region of
interest is that sampled during molecular vibration, i.e., in
the vicinity of R,. The equilibrium geometry contains in it-
self the nature of the interaction, covalent bonds that result
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from a positive overlap of orbitals. For the intramolecular
shielding function, it is the magnitude of the shielding
change relative to its value at the minimum energy geometry
which is of interest. We have found previously that in the
vicinity of the equilibrium molecular geometry, the intramo-
lecular shielding functions (o — o, ) for *'P in the PH, mol-
ecule and the *N nucleus in the NH, molecule scale accord-
ing to (@d/r*) of the P and N atoms.>®> When scaled
according to {a3/r?), the traces on the multidimensional
shielding surface that describe the variation of the *'P and
>N shieldings with respect to each of the symmetry-related
nuclear  displacement  coordinates S, =3~ 2(Ar,
+ Ar, + Ary), S; =6""*(2Ar, — Ar, — Ar,) (two of
these), and S, =6~ "%, (2Ar, — Ar, — Ar;) (two of
these) are found to be nearly superposable for all values of
the displacement coordinates sampled during ordinary vi-
brations. Far removed from these geometries, the 3'P and
>N shielding functions diverge. For these analogous mole-
cules, only the shielding changes with respect to opening and
closing up of the bond angles (the umbrella or inversion
motion described by the S, coordinate) do not superpose.
Although we sometimes find {(a}/r *) scaling of the shield-
ing in a molecule in the vicinity of the equilibrium geometry,
this may not be the dominant factor in every case; we present
this merely for the sake of comparison. In going from one
molecule to another, the sensitivity of the shielding ex-
pressed by (a3 /r *) is not necessarily the dominating factor
in the shape of the shielding function in the vicinity of the
equilibrium geometry. While we have uncovered several fac-
tors that enter into the scaling of the intermolecular shield-
ing, we have so far merely tested the {a2/r>) factor in the
intramolecular system in a case where, fortuitously, all other
factors may be compensating each other.

In summary, we find that a unified view of the shielding
function in van der Waals systems (intermolecular) and in
diatomic molecules (intramolecular) is possible. The shield-
ing property is electronic in origin and the change in this
property originates from a perturbation of the electronic dis-
tribution around the nucleus. It is therefore not surprising to
see shielding functions so intimately related to the potential
functions. That the shielding functions lend themselves to a
scaling procedure using scaling factors dependent on the
type of interaction dominant in that region of interest indi-
cates that there are some universal features of these func-
tions and offers hope of using ab initio calculations on small
systems to interpret observations made in larger systems.

Vi. THE NMR CHEMICAL SHIFT OF ADSORPTION

The sensitivity of the chemical shielding to the environ-
ment of the molecule having been established in the gas
phase, the '2?Xe NMR chemical shielding offers the possibil-
ity of reporting on molecule—surface interactions, especially
in porous materials with internal surfaces and molecular size
cages. The advantages offered by xenon in gas phase studies
are even more evident here. The very large chemical shift
range guarantees that the adsorbed xenon signals can be de-
finitely resolved from the free xenon signals. The bulk sus-
ceptibility of the sample leads to a shift of the NMR signal by

about 1-2 ppm even in the complete absence of any interac-
tion. This shift is the same for any observed nucleus in the
sample. While this bulk effect would dominate the shift of a
proton signal, making it difficult to extract the shift due to
interactions with the surface, this bulk susceptibility shift is
negligible compared to the '*Xe chemical shift range of the
xenon atom in various environments. The size of the xenon
atom is about right; it can enter pores which are accessible to
the CH, molecule. Thus, the pores in which any interesting
chemistry can take place can be explored by xenon atoms.
These advantages have made the **Xe NMR chemical shift
a widely used probe of microporous solids such as zeolites,
clays, coals, etc.>**%7 It is found that the °Xe chemical
shift in zeolites and its change with xenon loading can be
used as a signature of the zeolite type, the major factor being
the sizes of the cavities within the crystallites.> The '*Xe
chemical shift has also been used to detect the presence and
distribution of other guest molecules inside the cavities.’*%
In these studies, a single Xe signal is observed, which is an
average over all the environments visited by the diffusing
xenon atoms within the NMR time scale. A very important
component of the interpretation of these types of data is a
modeling of the distribution and the dynamics of the xenon
atom within the pores of the zeolites, in addition to an under-
standing of the chemical shift due to interaction within one
cavity.

We have observed '*Xe NMR spectra of xenon atoms
trapped in identical cages, such that at room temperature,
the xenon atoms have negligible cage-to-cage motion during
the NMR experiment.'* Therefore, we are able to see the
resolved signals from individual cages occupied by only one
Xe atom or two or more, up to eight Xe atoms. These obser-
vations of '*Xe chemical shifts in dehydrated zeolite NaA
can be interpreted with the help of the ab initio calculations
presented here. The alpha cage in which the xenon atoms are
trapped is shown in Fig. 14. This schematic diagram of a

oy T

150 100 80
ppm

FIG. 14. The '¥Xe NMR spectrum of xenon atoms adsorbed in zeolite
Nad; the chemical shifis are in ppm relative to a free xenon atom. The struc-
ture of zeolite A is described schematically by lines representing a T-O-T
unit, where T is either Si or Al in the formula [(AlO,),, (8i0,),, ]**~.

280 200
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pseudounit cell of zeolite NaA represents a T-O-T unit
(T = Sior Al) asastraight line. The Na * ions are located at
the centers of the six oxygen rings (shown as hexagons in the
diagram). There are eight such Na * ions. One more ionis in
a special location very close to a four ring. The remaining
three ions are the six Na™ jons located in the plane (not
quite at the centers) of the windows to the alpha cage, each
shared with a neighboring cage.®! A typical *Xe NMR
spectrum of xenon atoms trapped in these alpha cages is
shown in Fig. 14. The observed peaks are due to those alpha
cages containing, respectively, one, two, three, ..., seven
trapped xenon atoms. At higher xenon loadings of the zeo-
lite, eight xenon atoms have also been observed by us.'* The
129X e chemical shift of the single Xe atom in a cage is 74.8
ppm relative to a free xenon atom. At 300 K, the increments
upon adding one more Xe atom to the cage are close to 20
ppm for Xe, up to Xe,, increasing slightly as follows: 17.5,
19.4, 21.5, 25.2, 25.1 ppm, i.e., at 300 K,

o(Xe in a cage) — o(free atom) = — 74.8 ppm,
o(Xe, in a cage) —o(Xe ina cage) = — 17.5 ppm,
o(Xe, in a cage) — o(Xe, in a cage) = — 19.4 ppm,

etc. Beyond six xenon atoms, there is a dramatic change;
large changes in the chemical shift increment from Xe, to
Xe, (45.1 ppm) and from Xe, to Xe; (43.7 ppm) are ob-
served. Each of the peaks has a temperature dependence
which we also measured. '

One of the important questions raised in empirical
NMR studies of 1¥Xe in xenon atoms trapped in zeolites is
“how important are the contributions to the '*Xe chemical
shift due to the interactions of the xenon atoms with the
counterions present in the zeolite?”” The ions are certainly
important in the interaction energy; nearly all the approxi-
mate potential energy surfaces determined for CH, or Xein
zeolites 4 or the faujasites show minima near the counterion
sites.®2%® As our contribution to the understanding of the
NMR chemical shift observed in adsorption studies, we
present here some ab initio calculations with the following
goals: (a) to estimate the effect of the counterion, to deter-
mine the sign and magnitude of the '**Xe shifts upon interac-
tion with the Na™ ions in the cavity, and to estimate how
important these are compared to Xe—O and Xe—Xe interac-
tions; (b) to understand the sign and magnitude of the
chemical shift of a single Xe atom in a cavity relative to a free
Xe atom; (c) to understand the direction of the chemical
shift due to the second Xe atom in the cavity; (d) to under-
stand the near additivity and the slight increase of incre-
ments in the '*Xe chemical shift with an increasing number
of xenon atoms for Xe through Xeg in the cavity; (e) to
understand the large increment in chemical shift between
Xe, and Xe, and between Xeg and Xe,; and (f) to under-
stand the temperature dependence of each of the eight chem-
ical shifts.

To help elucidate the role of counterions in chemical
shifts, we carried out calculations of the **Ar shielding (as a
model for '°Xe) in the Ar atom interacting with the Na™
ion over the same wide range of intermolecular distances as
we have used for the calculations on an Ar atom interacting

150
*

lated atom), ppm
(=]
1

-150 —

relative to iso

-300 ~

39Ar o (

—-450

1 1
1.0 2.0 3.0 4.0 sto
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FIG. 15. The ab initio intermolecular shielding for **Ar in the Ar atom
interacting with the Na * ion. The SOLO calculations include the contribu-
tions from second-order electron correlation to chemical shielding which
are not present in LORG. The shielding is compared to **Ar in Ar interact-
ing with an argon atom, where SOLO provides values which do not differ
visibly from the LORG values.

with another Ar atom. Figure 15 shows the results. There are
several points worth noting here. One is that whereas the
contributions of second-order correlation are too small to
show up on this plot for the Ar—Ar system, they are fairly
substantial near the minimum shielding for Ar in the pres-
enceof the Na* ion. The numerical values are given in Table
I1. Contrary to conventional belief that electron correlation
effects are more important in dispersion interaction than in-
duction, this seems to indicate that for this molecular elec-
tronic property, electron correlation may be rather impor-
tant for induction effects. Nevertheless, in the region of
interest, where the two-atom potentials give significant
weighting (shown in the inset in Fig. 15), the correlation

TABLE II. Chemical shielding values for *Ar in an argon atom interacting
witha Na* ion with (SOLO) and without (LORG) second-order electron
correlation.

[0(R) — 0(»)] (ppm)

R (A) LORG SOLO

1.50 — 42,60 —62.85
1.56 —39.78 —60.78
3.20 —4.77 —5.55
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contributions to the *®Ar shielding are not visible. A com-
parison of the *Ar shielding in the Ar-Na* pair with the
Ar-Ar pair in Fig. 15 shows that a neighboring cation has a
much smaller contribution to the Ar shielding than does an
Ar atom at the same distance, despite the much deeper well
associated with the Ar-Na ™ potential surface than the Ar—
Ar potential surface. The long-range behavior of the 3°Ar
shielding in the interaction with a Na * ion is different from
that in the interaction with an Ar atom. While the shielding
function in the Ar—Ar system falls offas R “®and R ~ %, in
the Ar-Na™* system the shielding function falls off more
slowly (see the inset in Fig. 15), closer to an R ~* behavior.
The induction contributions may be somewhat less in the
zeolite alpha cage, where the effective positive charge on Na
may not be as large as in the bare Na * ion.

A single Xe atom in an alpha cage is surrounded by 72
oxygen atoms (of which 48 belong wholly to the cage and 24
are shared with neighboring cages) and 15 Na™* ions (of
which nine belong wholly to the cage and six are shared with
neighboring cages). It is this environment which gives rise to
the 74.8 ppm chemical shift between the xenon atom inside
the cage and the isolated xenon atom. We cannot model this
with ab initio calculations, but the Drude model provides a
reasonable approximate result. We have noted in Sec. I1 that
in the Drude model for two interacting atoms, there is a
relationship between the intermolecular shielding o(R) and
the London dispersion energy W(R) for the system, i.e., at
distances for which the Drude model is approximately valid,
the shielding relative to the isolated atom is given approxi-
mately by

[0(R) —0()]=[B/a(0)]W(R), (23)

where a(0) is the static electric dipole polarizability of the
atom in which the magnetic nucleus resides. In this way, we
describe both (R ) and W(R) with the same physical mod-
el. This model can also be applied to a xenon atom inside a
zeolite pore. If, as Schmeits and Lucas have done, we consid-
er the adsorption energy in terms of a model in which the
zeolite alpha cage is idealized as a spherical cavity in a solid
which is a continuum of dynamical dielectric function e(w),
the surface localized electronic oscillations play the essential
role in the interaction between the atom and the surface.
Schmeits and Lucas have derived the expressions for the
atom-surface energy in terms of the atom-dynamic dipole
polarizability a(w) and the solid e(@).*”%® Where R is the
distance from the center of the cavity of radius a, the adsorp-
tion energy W(R) is given by®”:s®

W(R) = — (A/2m)(1/R®) 3 k(k+1)(R/a)*+

k=1

° €(i&) —1
dé, 24
XJ(; ey i N G

where i£ = . Derouane et al.*® have summed up the geo-
metric series in Eq. (24) for the case (such as when € s very
large) where the integral is independent of k. Furthermore,
the integral can be approximated by a(0)#w,, where  (0) is
the static electric dipole polarizability of the atom, and the
Drude oscillator frequency fiw, can be taken as its ionization
potential U,

W(R)= — [a(0)U/a*1[1 — (R /a)*] ~3. (25)

The Drude model for the shielding of the atom in the spheri-
cal cavity, relative to the free atom, is then given by

[0(R) —0(w)]= — (BU/a*>)[1 — (R /a)*] ~>.
(26)

A reasonable value for the cavity radius a for zeolite 4 is 7.08
A (an average center of cage to oxygen distance based on x-
ray diffraction data).”® Based on Lennard-Jones pairwise
interactions integrated over a spherical cavity and Table I of
Derycke et al.,”! we find that the position of minimum ener-
gy for a Xe atom in a sphericalized cavity of oxygen atoms
(cavity radius 7.08 A) isR, =4.174 A. There is an old esti-
mate of the value of B for the Xe atom, B~337.3 X 10~ Besu
or 9.83 X 10* ppm/a.u.2.’? The first ionization potential is
0.445 76 a.u. for the Xe atom. Using these quantities, we find
[0(R,) — () ]= — 66 ppm, to be compared with the
experimental thermal average value we observed — 74.8
ppm for a single Xe atom in an alpha cage of zeolite Nad at
300 K.™ In the above model, the spherical cavity takes no
account of the corrugation of the inner surface of the alpha
cage. Also, the chemical shift should have been obtained by a
proper average over the radial distribution function p (R, T,

8, =~ (BU/a*) f 47mR*dR [1 — (R /a)*] ~*p(R,T)
0
(27)

rather than taking &, ~ (BU/a*)[1 — (R,/a)?] > The
advantage of the model lies in its simplicity. Using the same
value of B, it is possible with this simple model to relate the
'2%Xe chemical shift observed (at the zero loading limit, un-
contaminated by Xe—Xe interactions) in zeolites of various
pore sizes with the pore size. Indeed, it has been shown by
Derouane et al.”>™ that a very useful linear relationship
holds between §, and W(R, ) over a range of §, values up to
250 ppm, and the straight line nearly passes through the
origin. Furthermore, Eq. (25) has been used by Derouane’
to calculate theoretical values of isosteric heats of sorption of
sorbate molecules of various polarizabilities and molecular
dimensions in zeolites of various pore sizes and shapes. He
finds a very good correlation of the theoretical values with
the experimental values.

We can model the incremental shifts upon addition of
one Xe atom at a time if we make the assumption that the
chemical shifts due to Xe—Xe interactions are not modified
significantly by the alpha cage. If we make this assumption,
then we can compare the relative **Ar chemical shifts be-
tween Ar, Ar,, Ar;,... clusters in field-free space with the
increments in the observed ?*Xe chemical shifts in the Xe,
Xe,, Xe;,... systems trapped inside the alpha cages.

For this purpose, we carried out LORG calculations for
*Ar in two symmetrical trimers, the linear Ar-Ar—Ar, and
the Ar; equilateral triangle to model the observed incre-
ments for the Xe, Xe,, and Xe; clusters trapped in zeolite
Nad. To save time, we only considered these symmetrical
geometries. Figure 16 shows that there are incremental
changes in the shielding, i.e., at any of the relevant internu-
clear separations, the Ar, shieldings are negative compared
to the single Ar atom and the Ar, shieldings are larger nega-
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FIG. 16. A comparison of Ar shielding in Ar, Ar,, and Ar,. Only the
symmetrical linear and triangular configurations were considered for the
Ar, cluster. At these intermediate distances, the shielding of the end Ar
atom in the symmetrical linear Ar, is very similar to that for Ar, . The linear
and triangular configurations have diverging shielding values at much
shorter distances than shown here.

tive. The triangular Ar; cluster is a reasonable model for the
symmetrical arrangement of the three Xe atoms in the alpha
cage, whereas the linear Ar—Ar—Ar is an unlikely configura-
tion of three Xe atoms inside an alpha cage. What the linear
Ar,; does show is that the deshielding effect of the more re-
mote Ar atom is considerably smaller than the effect of the
nearest Aratom in going from the dimer Ar—Ar to the trimer
Ar-Ar-Ar. Furthermore, the **Ar nucleus in an argon atom
interacting with two others (whether in a triangular or in a
linear geometry) is deshielded compared to an argon atom
interacting with only one. At very short range (not shown in
Fig. 16), the geometry of the Ar; cluster (linear or triangu-
lar) is very important; the curves diverge with Ar in the
triangular geometry experiencing a smaller negative shield-
ing than the shielding of the central Ar in the linear geome-
try. However, at the intermediate distances which are of in-
terest here, the **Ar shielding due to two neighbor Ar atoms
becomes more nearly equal in the two types of geometries
and, whether triangular or linear geometry, is nearly twice
the shielding due to a single Ar neighbor. In Fig. 17, we show
the ab initio **Ar shielding in Ar, after multiplication by 2.0
(solid curve and filled diamonds) compared with the *Ar
shielding in the triangular (V) and linear (A) Ar; clusters.
For Ar—Ar distances greater than or equal to 3.0 A, the ab
initio values of the intermolecular shieldings in Ar, are near-
ly equal to twice the intermolecular shielding in Ar,. Thus,
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FIG. 17. In the range of Ar—Ar distances of interest, the intermolecular
shielding is additive. Here we compare 2{0(R) — 0(0)]a,.a, (sOlid
curve) with [o(R) — 0( )] Ary in the triangular and linear clusters.

the ab initio intermolecular shieldings are indeed very close
to additive in the relevant range of Ar-Ar distances. At
much shorter distances (R < 3.0 1&), deviations from addi-
tivity begin to appear. We might expect the intermolecular
shielding in Ar,, Ars, and Arg to be nearly three, four, and
five times [0(R) — 0( 0 )]a,,- This is in general agreement
with the observed spectrum shown in Fig. 14. Using the *Ar
model system, we reproduce the direction of the '**Xe shifts
and the near additivity that have been observed experimen-
tally.

The slight increase in the incremental shifts in going
from Xe, to Xe, can also be accounted for without postulat-
ing any perturbations of the incremental shieldings by the
alpha cage environment other than confinement. As addi-
tional Xe atoms are introduced into the finite cavity size, the
average Xe—Xe distances have to decrease. This implies that
the range of Xe—Xe distances over which the averaging of the
shielding takes place moves to shorter values. We note that
in the Ar, dimer as well as in the two geometries of Ar;, the
3 Ar shielding drops to larger negative values at shorter Ar—
Ar distances. The **Ar model system would appear to lead to
incremental 'Xe chemical shifts that are increasing with
the number of Xe atoms in the alpha cage, just as observed in
experiment. :

The average closest Xe—Xe distances will decrease as the
cluster size increases since the confining cage has a rigid

ly 1992
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structure. Molecular dynamics simulations show that sor-
bate molecules stay close to the wall of the alpha cage even at
temperatures when skating from site to site along the inner
surface of the cage occurs.5>¢471L7677 [f the cavity is strictly
spherical, energy calculations indicate that the Xe nuclei
have the highest probability of being found within a spheri-
cal shell about 2.9 A away from the oxygen atoms compris-
ing the cavity.”' The distances between neighboring Xe
atoms in Xe,,, if the Xe atoms were distributed equally with-
in this shell of radius R,, would be 2R,, 3'?R,(8/3)'/?R,,
2'7R,, and 2(3) 'R, for Xe,, Xe,, Xe,, Xe,, and Xe;,
respectively, corresponding to Xe—Xe distances ranging
from about 8 to about 4.5 A. However, the cavity is not
spherical, so the available volume in the alpha cage is actual-
ly less than that for a spherical cavity. Furthermore, there is
evidence that the average Xe-Xe distances are much shorter
than these, the most probable Xe—Xe separations being clos-
er to the R,;, of the two-atom Xe-Xe potential. For exam-
ple, molecular dynamics simulations of xenon atoms inside a
zeolite Y cage (which is only slightly larger than a zeolite 4
alpha cage) show the main peak in the xenon—xenon radial
distribution function at 4.5 A. This suggests the existence of
significant dimer formation even at the very low average
xenon concentration of one xenon per cage.®® This also sug-
gests that the observed '**Xe chemical shifts §, and 8, would
reflect averaging over those regions of the Xe, and Xe,
shielding functions closest to 4.5 A. The **Ar model shows
us in Fig. 17 that as n increases, there is an incremental de-
crease in shielding for the same Xe—Xe distance in going
from Xe, to Xe,, which is very nearly the same as the de-
crease in going from Xe to Xe,. This predicts nearly equal
chemical shift increments. From the above discussion, we
expect a further decrease in shielding as the number of xenon
atoms in a cavity increases because the average Xe—Xe dis-
tance decreases too. This predicts slightly increasing chemi-
cal shift increments.

Another observation in the NMR spectra of xenon
atoms trapped in zeolite Na4 is the much larger decrease
(about double) in **Xe chemical shielding in Xe, relative to
Xes (shownin Fig. 14), and in Xe, relative to Xe, (given in
Ref. 14), as compared to the incremental decrease in shield-
ing within the Xe, series for n = 1-6. We see in Fig. 2 that
the *Ar shielding in the Ar, dimer drops drastically with
decreasing Ar-Ar distance. We found the same drastic de-
crease in shielding with decreasing Ar—Ar distance in the
Ar; cluster (Fig. 16). Although we did not carry out the ab
initio calculations for the larger Ar, clusters, it is to be ex-
pected that each of the shielding functions for the Ar, clus-
ters will have the same dramatic drop in shielding with de-
creasing Ar—Ar distances. The serious overcrowding in
cavities with seven or eight Xe atoms in the zeolite cage leads
to averaging over a much narrower range of Xe—Xe dis-
tances and also much shorter Xe-Xe distances than for
n = 2-6. These much shorter average Xe—Xe distances must
therefore be associated with more drastically decreased aver-
age shielding than for n = 2-6.

Finally, we can also explain the observed temperature
shifts of each of the Xe, NMR signals. It was observed that a
single Xe atom in an alpha cage showed a chemical shift

decreasing with increasing temperature. This can be ex-
plained in terms of the one-particle distribution function
within the alpha cage being sharply peaked at the minimum
energy position about 2.9 A from the oxygen atoms of the
alpha cage. As the temperature increases, the one-particle
distribution function spreads towards larger distances from
the oxygen atoms. The Drude model gives the thermal aver-
age chemical shift of a single Xe atom in the cavity in Eq.
(27). This leads to smaller §, with increasing temperature.
On the other hand, experimentally the larger clusters Xe,
through Xe; show an increase in the chemical shift with
increasing temperature, the temperature coefficient increas-
ing with cluster size, the largest for Xe, and Xe;. This is
consistent with the increasing chemical shift increment with
cluster size. Unlike in the gas phase, the confinement of xe-
non atoms by the alpha cage precludes averaging over larger
Xe-Xe distances. However, for the larger occupancy
numbers, where the range of the Xe—Xe distances are nar-
rowed because of confinement, an increase in temperature
increases the sampling of yet shorter Xe—Xe distances. If we
take the shape of our ab initio shielding functions for Ar, and
Ar; in Fig. 17 as typical of the higher Xe,, we can sketch out
the expected shielding functions for Xes through Xe;. In
these functions, the enhanced sampling of the large negative
shieldings (large positive chemical shifts) with decreasing
Xe—Xe distances leads to the observed increase of the chemi-
cal shift with increasing temperature. A complete quantita-
tive interpretation of the cluster shifts and their temperature
dependence will require the radial distribution functions of
xenon atoms in alpha cages containing from two up to eight
xenon atoms. The latter can be provided by molecular dy-
namics simulations.

VIl. CONCLUSIONS

We have determined the first ab initio intermolecular
shielding function [0(R) — o( w0 )] for a pair of interacting
atoms for a wide range of internuclear separations using the
localized orbital local origin (LORG) approach, including
second-order electron correlation contributions (SOLO).
We find that the **Ar shielding in Ar, and the 2'Ne shielding
in Ne have qualitatively the same shapes; the curves are con-
sistent with the large positive value at the united atom limit,
go to zero at some very short distance, going through a mini-
mum and asymptotically approaching zero at larger separa-
tions with a behavior that is close to, but not exactly R ~ 5.
The minimum in the shielding is exhibited at separations
much shorter than the van der Waals diameter for the pair,
at separations that are well inside the distance corresponding
to ¥(R) = 0. In the regions of R where exp[ — V(R)/kT]
weighting is significant, the intermolecular shielding func-
tion is negative and drops as roughly R ~ ¢ Comparison with
the intramolecular shielding function for a nucleus in a cova-
lently bound diatomic molecule provides a unified view of
intermolecular and intramolecular shielding. We show that
conventional CHF calculations using a common gauge ori-
gin should not be used for this purpose; they give rise to an
artifact—positive intermolecular shielding at large and in-
termediate distances.
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The ab initio shielding function for Ar, provides the
temperature dependence of the second virial coefficient of
chemical shielding o, (7", which reproduces the qualitative
temperature behavior observed experimentally in gas phase
NMR studies of '**Xe in various gases.

It is found that an adequate shielding scaling factor for
noble gases is provided by the quantity «, (0){ad/r3),
a,(0)U,U,/(U, + U,), based on the Drude model, using
the known static polarizabilities and ionization potentials.
This factor allows the ab initio [6(R) — 0( « )] functions
for *Ar in Ar, to be converted to the appropriate functions
for '*Xe in XeXe, XeKr, and XeAr in the regions of R that
contribute significantly to the thermal average o, (T) with-
out having to use any adjustable parameters. Agreement
with the experimental values is found to be satisfactory in all
three cases. Furthermore, the ab initio *'Ne shielding in Ne,
agrees with the scaled ab initio **Ar in Ar, function in the
same region of interest. The R values are scaled by the law of
corresponding states, using the corresponding r, values for
V(R) of the interacting pairs.

Experimental observations of the chemical shifts of
129Xe in Xe, clusters in zeolite cavities are interpreted suc-
cessfully with the help of ab initio intermolecular shielding
calculations for *®Ar in Ar interacting with Na™* ion and
3Ar in the Ar, cluster (linear and triangular geometries).
The Drude model applied to a xenon atom in an idealized
spherical cavity provides not only an approximate expres-
sion for the adsorption energy, but also the chemical shift of
the single Xe atom in an alpha cage. With ab initio calcula-
tions on simple systems at the level which includes second-
order electron correlation and a scaling up to large systems
based on the Drude model, we have provided a reasonable
theoretical interpretation of the '2Xe chemical shifts of xe-
non atoms trapped in the alpha cages of zeolite Na4.
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