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The intermolecular chemical shift of a rare gas atom inside a zeolite cavity is calculated by ab initio
analytical derivative theory using gauge-including atomic orbitals �GIAO� at the Ar atom and the
atoms of selected neutral clusters each of which is a 4-, 6-, or 8-ring fragment of the zeolite cage.
The Si, Al, O atoms and the charge-balancing counterions �Na�, K�, Ca2�� of the clusters �from 24
to 52 atoms� are at coordinates taken from the refined single crystal x-ray structure of the NaA , KA ,
and CaA zeolites. Terminating OH groups place the H atom at an appropriate O–H distance along
the bond to the next Si or Al atom in the crystal. The chemical shift of the Ar atom located at various
positions relative to the cluster is calculated using Boys–Bernardi counterpoise correction at each
position. The dependence of the rare gas atom chemical shift on the Al/Si ratio of the clusters is
investigated. The resulting shielding values are fitted to a pairwise additive form to elicit effective
individual Ar–O, Ar–Na, Ar–K, Ar–Ca intermolecular shielding functions of the form
��39Ar, Ar•••Ozeol��a6r�6�a8r�8�a10r�10�a12r�12, where r is the distance between the Ar and
the O atom. A similar form is used for the counterions. The dependence of the Ar shielding on the
Al/Si ratio is established �the greater the Al content, the higher the Ar chemical shift�, which is in
agreement with the few experimental cases where the dependence of the 129Xe chemical shift on the
Al/Si ratio of the zeolite has been observed. © 1995 American Institute of Physics.

INTRODUCTION

The extremely high sensitivity of the 129Xe NMR
chemical shift to its environment has made the Xe atom a
widely used probe of the structure of zeolites,1–3 poly-
mers,4–6 graphite,7 coals,8 and other materials.9,10 In particu-
lar, the applications of Xe NMR spectroscopy to the investi-
gation of the structure of zeolites has been the subject of a
large number of publications, and those prior to 1991 have
been reviewed.3 The 129Xe chemical shift has been taken as
an indicator of pore size,11–15 cation distribution,16,17 and dis-
tribution of metal atoms.18 An understanding of the sensitiv-
ity of the chemical shift to these parameters, crucial to the
quantitative application of the empirical observations, still
remains elusive.

The observations of the chemical shifts of individual
clusters Xen in type A zeolites has permitted the investiga-
tion of the Xe–Xe contributions to the chemical shifts in
these cages. The incremental shifts with increasing n and the
temperature dependence of the cluster shifts have been re-
produced by grand canonical averaging.19 In these theoretical
simulations, the nuclear shielding of the rare gas atom is
assumed to be pairwise additive and the 129Xe intermolecu-
lar shielding function for the Xe–Xe interaction was derived
from the ab initio intermolecular shielding function of 39Ar
in Ar–Ar. The latter had been found to reproduce reasonably
well the intermolecular chemical shifts of 129Xe nuclei in
mixtures of Xe–Xe, Xe–Kr, and Xe–Ar in the gas phase,
including their temperature dependence.20 In other words,
the Xe–Xe contributions to the 129Xe chemical shift within
the alpha cages is assumed to be the same as that in the dilute
Xe gas, only the distribution of Xe–Xe distances in the Xen

clusters in type A zeolites is different. In these simulations,
the intermolecular chemical shift contributions from the Xe–

zeolite framework interactions were approximated by pair-
wise-additive contributions from oxygen and Na ions in the
appropriate positions in the lattice, as derived from the re-
fined x-ray structure of dehydrated zeolite NaA . The xenon
atoms are exposed primarily to these components of the zeo-
lite, so that any contributions from the Si and Al atoms of the
framework were taken to be represented by the effective con-
tributions from the oxygen atoms. The potential energy was
likewise treated in a similar pairwise-additive sum. For the
129Xe chemical shifts contributed by the effective oxygens, a
simple model ab initio 39Ar in Ar–OH2 shielding surface
was scaled up to 129Xe in Xe–OH2. Likewise the 129Xe
chemical shift contribution from the Na ions was modeled
from the ab initio 39Ar shielding function in the Ar–Na�

system.20 The grand canonical average obtained with these
shielding functions fortuitously reproduced the observed
129Xe chemical shift of a single Xe atom in the alpha cage.19

That the increments between the Xen cluster shifts were
well-reproduced, including their temperature dependence,
might have been expected from the good agreement found in
the gas phase chemical shifts based on the same ab initio
derived Xe–Xe intermolecular chemical shift function, since
these chemical shift increments are largely due to the Xe–Xe
interactions. On the other hand, the good agreement with the
129Xe chemical shift of a single Xe atom in the alpha cage
could have been fortuitous. Modeling the O atoms in the
zeolite with O in OH2 and the Na ion in the zeolite by a bare
Na� ion is clearly too simplistic. There is no systematic way
of improving this model so as to be able to apply it to the
chemical shift of a Xe atom in various zeolites of differing
Al/Si ratio, for example. In this paper, we present ab initio
calculations of the effects of a zeolite framework on the
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NMR chemical shift of a rare gas atom, including the
changes in the Al/Si ratio.

In the limit of zero Xe coverage, the 129Xe NMR chemi-
cal shift has been observed to be sensitive to the structure of
a zeolite, to its pore size,11–15 to its Al/Si ratio,21 and to the
size and types of the cations that balance the charge in the
aluminated zeolites.16,17 In the limit of zero Xe coverage, the
only contributions to the chemical shift are the Xe–zeolite
interactions. The temperature dependence and the magnitude
of this chemical shift is affected by the averaging, in fast
exchange, over all possible positions that the Xe atom takes,
that is, an appropriate weighting of the various points on the
129Xe shielding function corresponding to these positions.
The large changes in the chemical shifts that are observed
upon cation exchange in a faujasite of a fixed Al/Si ratio
have been carefully quantitatively studied recently.16 The
change in the 129Xe chemical shift in ZSM-5 upon variation
of the Al/Si ratio has also been properly documented
recently.21 These intriguing trends are more demanding of a
model for rare gas atom–zeolite intermolecular chemical
shifts than can be provided by shielding calculations in the
Ar–OH2 and Ar–Na� bare ion model systems.

Even when the Al/Si ratio of the zeolite is well-
established, the distributions of the framework Al atoms are
not usually well known. The distribution and locations of
counterions in zeolites are also not completely known, even
in the well-studied faujasites. In contrast, in the A-type zeo-
lites such as NaA , KA , and CaA , single crystal x-ray refine-
ment of the dehydrated zeolite has unequivocally located ev-
ery Si and Al position as well as the positions of the
cations.22–24 The A zeolites provide a good starting point for
a theoretical investigation of the shielding of a rare gas atom
occluded within a zeolite, for only in these zeolites have we
observed the individual chemical shifts of Xen clusters, n�1
to 8 in NaA and n�1 – 4 in KA ,25,26 which can provide
excellent critical tests of individual averaging in a single
alpha cage where all the framework atoms and the counteri-
ons are at well-known locations. Therefore, we begin with
representing the A-type zeolite framework with fragments
containing 4, 6, and 8 T �Al or Si� atoms made neutral with
the appropriate number of Na� or K� ions. We use the actual
coordinates of the T, O, and cations based on x-ray data on
dehydrated NaA and KA zeolite.22,23 In addition we consider
the zeolite CaA fragments in which the positions of the
framework atoms and the Ca2� have also been determined.24

The response of the 39Ar shielding to these zeolite frag-
ments, calculated by ab initio techniques using gauge-
including-atomic orbitals �GIAO� is our model for the inter-
molecular chemical shift of a rare gas atom due to its
interactions with a zeolite. Furthermore, we successively re-
place the Al atoms in these fragments with Si and find that
the shielding response of the Ar atom changes with Al/Si
ratio of the fragment.

COMPUTATIONAL METHODS

Ab initio calculations

In the theory of NMR chemical shifts there are two per-
turbing magnetic fields, one due to the homogenous external

field and the other is due to the magnetic moment of the
nucleus. The Hamiltonian of an atom or molecule in a mag-
netic field does not contain the magnetic field itself but rather
its magnetic vector potential. The latter is not uniquely de-
termined, but only determined up to the gradient of an arbi-
trary gauge function. The nuclear magnetic shielding is inde-
pendent of this gauge function, of course, but only if a
complete basis set is used in the calculations. The coupled
Hartree–Fock �CHF� or random phase approximation �RPA�
methods have been used in conventional calculations of
nuclear shielding with a common gauge origin, usually at the
center of charge of the molecule. These shielding calcula-
tions have been shown to be sensitive to the choice of gauge
origin even when using extended basis sets, because they
result from taking the sum of two large numbers with oppo-
site signs, of which one is easily obtained very accurately
�the diamagnetic contribution� the other rather inaccurately
�the paramagnetic contribution�. Therefore, various tech-
niques have been devised to minimize the gauge-origin-
related errors associated with using an incomplete basis set
of functions.27 The most commonly used methods are indi-
vidual gauge for localized orbitals �IGLO� developed by
Schindler and Kutzelnigg,28,29 where an individual gauge ori-
gin is chosen for each localized molecular orbital, localized
orbitals at local origins �LORG� developed by Hansen and
Bouman,30 and the gauge-including atomic orbitals �GIAO�,
in which a gauge factor is applied to each atomic orbital
basis function, originally developed by Ditchfield31 and
adapted to the analytic gradients approach and more efficient
algorithms by Pulay.32 We have used the LORG approach
and its second order electron correlation version �SOLO� in
earlier work, and the GIAO method for the same systems.33

In this paper we report only results from GIAO
calculations.34

We describe the method only very briefly. For details,
the original paper32 and a recent review35 should be con-
sulted. The basis functions used explicitly depend on the
external homogeneous magnetic field by applying a gauge
factor exp ��i�B�Rp�–r/2c� to every Gaussian basis func-
tion centered at Rp . These are called gauge-including atomic
orbitals. The gauge factor can be absorbed in the coordinates
of the orbital centers Rp . The latter then become complex
and magnetic field dependent. In analogy with ab initio gra-
dient theory where the basis function centers depend on the
nuclear positions, the basis functions in the GIAO method
are twisted around the z axis �the field direction� in the
imaginary xy plane. The basis for the efficient implementa-
tion of the GIAO method is the close mathematical relation-
ship to the analytic gradient theory for calculations of force
constants. The intrinsic advantage of the method is that GI-
AOs are exact first order wave functions of the one-center
problem in the presence of a magnetic field. The shielding is
expressed in the usual relation in terms of the first-order
reduced density matrix in the AO basis and the matrix of the
one-electron part of the Hamiltonian, except that here the
matrices are in terms of the field-dependent basis functions.
The coupled perturbed Hartree–Fock procedure is performed
in the AO basis, thereby eliminating the necessity for the
4-index transformation of the two-electron integrals. The ne-
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glect of small integrals which do not contribute significantly
to the final results invokes the uncoupled Hartree–Fock ap-
proximation to estimate the contribution of an integral before
it is calculated. The code TX90 implemented on an IBM
RS/6000 was generously provided by Pulay.34

Our model system is an argon atom in the presence of a
portion of the zeolite cage, represented by a neutral frag-
ment. The zeolite fragments used in this work are 4-rings,
6-rings, and 8-rings with the following formulas:

4-ring: �Si2Al2O4�OH�8�
2�Na2

� ,

6-ring: �Si3Al3O6�OH�12�
3�Na3

� ,

8-ring: �Si4Al4O8�OH�16�
4�Na4

� ,

where the Si, Al, O atoms are all located at the coordinates
taken from the single-crystal x-ray refinement of dehydrated
NaA .22 The H atoms are located on a line joining the O atom
to the appropriate Si or Al atom in the x-ray structure, with
an appropriate O–H bond length �0.958 Å�. The counterions,
Na� in this case, are also located at positions dictated by the
x-ray structure, the choices being sites of type I, II, or III.
The KA zeolite fragments are likewise represented by rings
of the same composition, where the atoms are located at the
coordinates taken from the x-ray refinement of dehydrated
KA , with the K� ions in the appropriate KA x-ray structure
in sites of type I, I�, II, III, III�.23 The types of positive ion
sites used to balance the charge of the fragments are taken
such as to represent statistically the actual distribution in an
alpha cage, which for Na� ion is 8:3:1 of sites I, II, and III,
respectively.

Calculations were also done for an Ar atom in the pres-
ence of 4-rings and 6-rings of varying Al/Si ratio

�Si4O4�OH�8],

�Si3AlO4�OH�8�
�Na�

for comparison with �Si2Al2O4�OH�8�
2� Na2

� and

�Si6O6�OH�12],

�Si5AlO6�OH�12�
�Na�,

�Si4Al2O6�OH�12�
2�Na2

�

for comparison with �Si3Al3O6�OH�12�
3�Na3

� . Furthermore,
we carried out ab initio shielding calculations on Ar in the
presence of the neutral fragment of a joined 4- and 6-ring,

�Si4Al4O9�OH�14�
4�Ca2

2�

which will serve as a model for the intermolecular shielding
of a rare gas atom in CaA . Here, too, the coordinates of Si,
Al, O, and Ca2� are taken from the actual positions obtained
from the x-ray data24 and the terminating hydrogens are on
the line to the Si or Al framework position, at an appropriate
O–H distance. The typical fragments used in this work are
shown in Figs. 1–4, although we also carried out calcula-
tions on fragments with the counterions in various other
crystallographic positions.

It is well known that the accuracy of NMR shielding
calculations depends upon the quality of the basis sets used,
even when local origins are used,27,29,30 and in the GIAO

method.32,35 For the second-row elements �such as Ar� at
least two sets of polarization functions within a triple-zeta
basis set are required to reach convergence at the SCF
level.27,29 We use a 6311G** Pople basis set augmented by
three sets of d-type polarization functions for the Ar atom.
The basis sets used here for Al, Si, and O were the Pople
3-21G set and the Na� ion and K� �and Ca2�� ion functions
were taken from Huzinaga36 [7s4p] contracted to �43/4� and
[9s6p] contracted to �333/33�, respectively. The calculation
therefore involves using a locally dense basis at Ar compared
to the zeolite fragment. The use of locally dense basis func-

FIG. 1. A portion of the NaA zeolite cage is represented by a neutral frag-
ment which is a 4-ring with the formula: �Si2Al2O4�OH�8�

2�Na2
� .

FIG. 2. A portion of the NaA zeolite cage is represented by a neutral frag-
ment which is a 6-ring with the formula: �Si3Al3O6�OH�12�

3�Na3
� . The la-

bels a–f on the O atoms will be used in the discussion of Al/Si ratio.
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tions at the nucleus for which the shielding is being calcu-
lated has been proposed and extensively tested by
Chesnut.37,38 The Ar basis must be large enough to get good
shielding response at the 39Ar nucleus at short and long dis-
tances from the zeolite fragment. Polarization functions are
very important in this respect. The atoms of the zeolite frag-
ment do not need as large a basis set since their shieldings
are not being calculated, and we used a compromise size so
that the same size basis is used for all the fragments in this
work.

The problem of basis set superposition errors �BSSE� is
of great importance not just in calculating interaction ener-
gies but also molecular electronic properties. The problem of
BSSE, an explanation of its origin, and the methods of cir-
cumventing it have been reviewed.39,40 BSSE in intermolecu-
lar shielding calculations is important since polarization
functions and functions with diffuse exponents which are
employed in shielding calculations are readily used by all

monomers in the complex and yield BSSE of the same order
of magnitude as the interaction energy itself. The purpose of
a good BSSE correction scheme is to yield the true interac-
tion energy �or molecular electronic property� corresponding
to the quality of the basis set and the method of calculation.
A standard approach to circumvent BSSE problems consists
in the application of the counterpoise method �CP� by Boys
and Bernardi.41 Each subsystem �monomer� is to be calcu-
lated in the complete basis of the supersystem. The monomer
�free Ar atom� shieldings to be used are calculated in the full
supersystem �Ar plus zeolite fragment� basis. This is the so-
called full counterpoise method �FCP�. In these systems the
BSSE in the 39Ar shieldings is a function of position of the
Ar with respect to the fragment and is of the order of a few
ppm. Altogether 164 GIAO calculations were carried out for
one Ar atom in the presence of various neutral zeolite frag-
ments in this work; each calculation is done with full coun-
terpoise correction.

The effective intermolecular shielding functions,
�(39Ar, Ar•••Ozeol) and �(39Ar, Ar•••Mzeol), M�Na�, K�,
Ca2�

The Ar atom is placed at various positions relative to the
NaA fragments, chosen so as to elicit the desired ‘‘effective’’
shielding functions ��39Ar, Ar•••Ozeol� and ��39Ar,
Ar•••Nazeol�. The ab initio value of the 39Ar shielding at vari-
ous positions relative to the various 4-ring, 6-ring, and 8-ring
fragments are fitted to a pairwise additive sum

��39Ar, Ar•••ring��� i��39Ar, Ar•••Oi�

�� j��39Ar, Ar•••Naj�.

The oxygen atoms for zeolite fragments with Al/Si ratio�1.0
were all assumed to have the same �average� contribution to
the ��39Ar,Ar•••Ozeol� shielding function, even though there
are actually four types of oxygen sites in this A-type zeolite.
Similarly, all three types of Na� sites were assumed to have
the same �average� contribution to the ��39Ar,Ar•••Ozeol�
shielding function.

A grid of points parallel to the ring is chosen, taking into
account that since the Al, Si, and H atoms are not being
represented in the fitting, the ab initio calculations do not
place the Ar close to Al, Si, or H. This grid is moved to
selected distances from the ring from 2 Å up to 6 Å. The
shielding functions are taken to be of the form

��39Ar, Ar•••Ozeol��a6r�6�a8r�8�a10r�10

�a12r�12,

��39Ar, Ar•••Nazeol��b6r�6�b8r�8�b10r�10

�b12r�12,

and

��39Ar, Ar•••Kzeol��c6r�6�c8r�8�c10r�10

�c12r�12,

based on our previous experience with the distance depen-
dence of intermolecular shielding functions.20,42,43

The ab initio values for all the NaA and KA fragments
are all fitted together in a linear least squares procedure to

FIG. 3. A portion of the NaA zeolite cage is represented by a neutral frag-
ment which is a 8-ring with the formula: �Si4Al4O8�OH�16�

4�Na4
� .

FIG. 4. A portion of the CaA zeolite cage is represented by a neutral frag-
ment of a joined 4- and 6-ring with the formula: �Si4Al4O9�OH�14�

4� Ca2
2� .
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obtain the parameters ak , bk , and ck for zeolite fragments
with Al/Si ratio�1.0. In this way, the above three shielding
functions are obtained. Similarly, the ��39Ar, Ar•••Cazeol�
shielding function was obtained for the CaA zeolite fragment
with Al/Si�1.0 from the fitting to the ab initio values for the
joined 4- and 6-ring fragment, �Si4Al4O9�OH�14�

4� Ca2
2� us-

ing the already known ��39Ar, Ar•••Ozeol� for the system with
Al/Si ratio�1.0. This result and the separate fitting of the
joined 4- and 6-ring fragment to ��39Ar,Ar•••Ozeol� and
��39Ar, Ar•••Cazeol� were found to be indistinguishable from
fitting all the results from the NaA , KA , and CaA fragments
together.

Since the Si and Al atoms are not included in fitting to
the sums of atomic contributions to the 39Ar shielding, the
oxygen contribution ��39Ar, Ar•••Ozeol� is an effective shield-
ing function which describes the effect of the entire frame-
work �not including the cations�. The bent T–O–T arrange-
ments in zeolites ensures that adsorbed species get close only
to oxygen atoms, with the Si and Al relatively farther away.
The intermolecular shielding is a consequence of overlap
compression and exchange, with much smaller contributions
from dispersion.20 Therefore, it is probably justified to fit the
entire calculated shielding to contributions from oxygen at-
oms and cations only. We also examined the fit to inverse
powers -4, -6, -8, -10.

RESULTS AND DISCUSSIONS

The 39Ar shielding function in Ar•••Ozeol

If we assume that the ��39Ar, Ar•••Ozeol� function is the
same for all A-type frameworks with Al/Si ratio�1.0, then
the fitting of all the ab initio values for the NaA , KA , and
CaA zeolite fragments together leads to a common oxygen
atom contribution to the 39Ar shielding function, ��39Ar,
Ar•••Ozeol�, for all three zeolites. On the other hand, it is also
possible to consider that zeolites NaA and KA both having
monovalent counterions, could be represented by a common
oxygen atom contribution to the 39Ar shielding function,
whereas the A zeolites with divalent cations could have a
different ��39Ar, Ar•••Ozeol� function. By using the results
from the former, we ensure that the shielding functions for
the cation contributions ��39Ar, Ar•••Nazeol�, ��39Ar,
Ar•••Kzeol�, and ��39Ar, Ar•••Cazeol�, are directly comparable
to each other. The shielding function ��39Ar, Ar•••Ozeol� for
the zeolite fragments with Al/Si ratio�1.0 is shown in Fig. 5
together with the Ar–OH2 shielding function used
previously.19 There is a pronounced difference between using
a realistic zeolite fragment and a water molecule to represent
the oxygen contributions to the shielding of the rare gas
atom. The oxygen contributions �per oxygen atom� to the
intermolecular shielding of 39Ar from zeolite A fragments
are greater than the contributions from the O atom in the
Ar•••OH2 system. Our previous models for Ar shielding in
the Ar•••zeolite interaction provided incorrect relative contri-
butions from the O and Na atoms, although arriving at a total
shielding that was in good agreement with experiment for the
129Xe shielding of a single Xe atom in an alpha cage.19

The 39Ar shielding function in Ar•••Nazeol , in Ar•••Kzeol ,
and in Ar•••Cazeol

One important finding from this work is to verify that the
shielding response of the rare gas atom to the Na� ion in the
zeolite fragment is not qualitatively the same as its response
to an isolated Na� ion. In Fig. 6, we compare ��39Ar,
Ar•••Nazeol� to the previously published 39Ar shielding in the
Ar•••Na� bare ion system. The long tail of the 39Ar shielding
in the presence of the bare Na� ion, already discussed in Ref.
42, is not found in the 39Ar shielding in the Ar•••zeolite
fragment. This clearly shows that the Na�-in-zeolite evokes
a shielding response from the rare gas atom which is dis-
tinctly different from the shielding response evoked by an
isolated �‘‘bare’’� positive ion. This is in agreement with the
previous finding that the functional form of the distance de-
pendence of the 39Ar shielding in Ar•••NaH is qualitatively
different from the distance dependence of the 39Ar shielding
in Ar•••Na�.42 The assumption that the counterions in the
zeolite behave like independent ions, widely used in the in-
terpretation of isosteric heats and adsorption isotherms of
various molecules in a wide variety of zeolites,44–48 and in
the interpretation of intensities of infrared bands of small
molecules adsorbed in zeolite NaA and CaA ,49–52 does not
work for shielding. We consider this further in the Discus-
sion.

If we assume that the ��39Ar, Ar•••Ozeol� function is the
same for all A-type frameworks with Al/Si ratio�1.0, then
the fitting of all the ab initio values for the NaA , KA , and
CaA zeolite fragments together leads to the shielding func-
tions ��39Ar, Ar•••Nazeol�, ��39Ar, Ar•••Kzeol�, and ��39Ar,
Ar•••Cazeol�, which are shown in Fig. 7. The deshielding con-
tribution at the 39Ar nucleus from a counterion is clearly a

FIG. 5. The shielding function ��39Ar, Ar•••Ozeol� for the zeolite fragments
with Al/Si ratio�1.0, obtained from fitting to the ab initio values of 39Ar
shielding for NaA , KA , and CaA fragments.
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function of the number of electrons on the ion. The deshield-
ing due to the Na in the zeolite is much less than that due to
K at the same distance, and Ca is intermediate. The Ca con-
tribution to the 39Ar shielding has a longer tail than the K
contribution to the shielding and similar to the previously
published Ar–Na� shielding function, which may be due to
its multiple charge. From these results alone, it may be pos-
sible to surmise, without doing the proper averaging, that the
chemical shift of the single Xe trapped in the alpha cage of
zeolite KA would be greater than the chemical shift of the
single Xe in the alpha cage of NaA . The experimental data,
obtained in our laboratory and reported elsewhere indeed
shows that the single Xe in the KA alpha cage has a chemical
shift which is 4 ppm greater than that which has been ob-
served for a single Xe in the alpha cage of NaA .26 We also
tried fitting to the ab initio shielding values of the NaA zeo-
lite fragments separately from the KA zeolite fragments. We
find that the ��39Ar,Ar•••Ozeol� function that we get from the
separate fittings is nearly the same, differing from the each
other by no more than 1–2 ppm at some points, supporting
our assumption that it would appropriate to fit the NaA and
KA fragments together. The size of the cations and its influ-
ence on the shielding function is obvious in Fig. 7. Eventu-
ally, it may be possible to express all rare gas•••cation �-in-
zeolite� shielding functions to a universal reduced form,
using a distance scaled according to some distance parameter
�e.g., r0� of the potential function, for monovalent cations,
with di- and trivalent cations considered separately. That will
be considered at a later time.

It has been determined experimentally that the Xe in the

limit of zero coverage in CaA has a greater chemical shift
than a single Xe in NaA .53 While a proper averaging of the
Xe positions in CaA and the shielding functions ��129Xe,
Xe•••Cazeol� and ��39Ar, Ar•••Ozeol� has yet to be carried out,
the differences between the ��39Ar, Ar•••Nazeol�, ��39Ar,
Ar•••Kzeol�, and ��39Ar, Ar•••Cazeol� functions shown in Fig.
7 provide some support that the experimental trend can be
reproduced.

We will present in a subsequent paper the grand canoni-
cal Monte Carlo �GCMC� simulations using the shielding
functions derived here for 39Ar, scaled to 129Xe, to find the
129Xe chemical shift of a single Xe atom in NaA , KA , and
CaA zeolites. The question yet remains, of course, as to
whether the ��39Ar, Ar•••Ozeol� shielding function is univer-
sal for zeolites with Al/Si ratio�1.0, whether they be type A ,
faujasite, or other zeolite frameworks.

The dependence of the 39Ar shielding on the Al/Si
ratio of the zeolite fragment

We next consider the dependence of the shielding of the
rare gas atom on the Al/Si ratio of the zeolite. This is of
considerable interest because Xe NMR chemical shifts have
been used empirically to characterize dealumination of zeo-
lites. There are experimental data in the literature on Xe
chemical shifts in NaY vs NaX , for example. There have
been many questions as to where the Al substitution sites are
in various samples of these faujasites, as the Al/Si ratio goes
from 0.0.018 to 0.8, for example.11 The x-ray data from dif-
ferent laboratories are not in agreement about the details of
the structure, even where the Na ions are.54–59 The differing

FIG. 6. The Na contribution to the pairwise additive shielding function of an
39Ar nucleus in an Ar atom in the presence of the zeolite cage ��39Ar,
Ar•••Nazeol� is compared to the previously published shielding in the
Ar•••Na� system where an Ar atom is interacting only with a bare Na� ion
�Ref. 20�. The long tail of the Ar shielding in the presence of the bare Na�

ion is not found in the 39Ar shielding of the Ar•••zeolite fragment.

FIG. 7. The shielding functions ��39Ar, Ar•••Nazeol�, ��39Ar, Ar•••Kzeol�, and
��39Ar, Ar•••Cazeol� obtained by fitting of all the ab initio values for Ar atom
with the NaA , KA , and CaA zeolite fragments taken together. The deshield-
ing contribution at the 39Ar nucleus from a counter-ion is clearly a function
of the number of electrons on the ion.
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Xe chemical shifts in NaY vs NaX may be in part due to the
different averaging that takes place for Xe within these fau-
jasites, as may be surmised from the change in the adsorption
isotherm with Al/Si ratio.44 Such changes are also well docu-
mented in silicalite versus ZSM-5.21 On the other hand, the
chemical shift function may itself be different when the Al/Si
ratio of the zeolite changes. In order to separately answer
these two questions, we examine here the dependence of the
Ar shielding on the Al/Si ratio of the zeolite fragment. In
these calculations, we only constructed fragments which
have fewer Al atoms than the A-type fragments shown in
Figs. 1–3. We kept the geometries identical to the A-type
fragments in order to obtain only the effect of changing the
Al/Si ratio, without changing the structure. The number of ab
initio calculations for this study are not as large as those used
for the determination of the Ar shielding function in the Al/
Si�1.0 case, but the trends are quite clear. The specific re-
sults for the six-ring fragment are shown in Table I. Here, the
shieldings are calculated for the structure shown in Fig. 2,
without relaxing the geometry as each of the Al and Na pairs
are successively replaced by an Si atom. We present in Table
I some of the actual ab initio values at various positions of
the Ar relative to the 6-ring fragment in Figs. 8 and 9. Sev-
eral interesting points should be noted here: The effect of
changing the Al/Si ratio is great at short distances, and not as
pronounced at longer distances. Nevertheless, the trend is
unequivocal, the 39Ar nucleus is more deshielded when the
Al/Si ratio is larger. The 39Ar shielding values calculated for
Ar locations directly above a Na� ion are not as deshielding
as when the Ar is located at the same distance directly above
an O atom, but the percent change with changing Al/Si ratio
is greater for the former. Shielding is a highly local property,
as we can see from the dramatic distance dependence in Figs.
5–7. Therefore, it is not surprising that the change is small as

the overall number of Al content of the zeolite fragment is
changed, but it is rather dramatic when the Al or Si attached
to O atom closest to the Ar is itself substituted. Likewise,
there is a small shielding change at the Ar placed above a
Na� ion as the Al content of the zeolite fragment is changed,
but there is a dramatic change when the Na� ion closest to
the Ar is itself removed. Finally, it is important to note that
the changes are more pronounced when the Ar is placed
above an O atom than above a Na� ion.

The dependence of the 129Xe chemical shift on the Al/Si
ratio of the zeolite in which it is adsorbed has been discussed
by several authors, but there are a limited number of un-
equivocal examples. One is the ca. 4 ppm difference between
Xe chemical shifts in the limit of zero loading for zeolite
NaY through NaX �the latter has a much higher number of Al
substituting for Si in the faujasite-type lattice�, with the Al/Si
ratio ranging from 0.018 to 0.8,11 and the other is the sys-
tematic change in Xe chemical shifts in the limit of zero
loading for silicalite �the purely Si version of the MFI-type
zeolite called ZSM-5� to ZSM-5 at various Al/Si ratios, not
including the change accompanying the phase transition, as
the number of Al atoms varies from 0 up to 2 per unit cell.21

These examples establish that the 129Xe chemical shift in the

TABLE I. 39Ar intermolecular shielding �in ppm� of Ar atom in the presence
of a 6-ring fragment with various Al/Si ratios, from GIAO calculations on
neutral clusters �Si6O6�OH�12�, �Si5AlO6�OH�12�

� Na�, �Si4Al2O6�OH�12�
2�

Na2
� and �Si3Al3O6�OH�12�

3� Na3
� , with Al/Si�0, 0.2, 0.5, 1.0, respectively.

The Roman numerals designate the site type, the asterisks denote the values
plotted in Fig. 8 and the distances given are between the Ar and Na or O
atoms specifically labeled �a–f� in the fragment in Fig. 2. In the table head-
ing the subscripts a–f correspond to the labels for the O atoms above which
the Ar is placed.

Al/Si Na�I� O�I�a* O�I�b O�I�c O�II�d O�II�e* O�II�f

2.5 Å
0.0 �10.7 �68.04 �68.04 �68.04 �75.28 �75.28 �75.28
0.2 �16.87 �74.41 �70.45 �70.74 �78.82 �79.15
0.5 �20.79 �78.40 �80.76 �79.09
1.0 �22.79 �81.45 �74.47 �79.58

3.0 Å
0.0 �3.95 �25.90 �25.90 �25.90 �29.46 �29.46 �29.46
0.2 �5.40 �31.04 �26.40 �26.85 �30.74 �30.67
0.5 �8.07 �34.23 �31.93 �35.15 �31.43
1.0 �9.48 �34.52 �32.28 �35.10 �34.80

4.0 Å
0.0 �2.90 �2.90 �2.90 �3.38 �3.38 �3.38
0.2 �0.53 �4.61 �2.63 �2.82 �3.28 �3.14
0.5 �1.42 �4.90 �4.98 �3.85 �5.59 �3.56
1.0 �2.02 �5.27 �5.37 �5.90 �5.47

FIG. 8. The ab initio values of the 39Ar shielding in an Ar atom at three
different positions �a� 4.0 Å, �b� 3.0 Å, and �c� 2.5 Å above an O atom in the
6-ring fragment in Fig. 2, in which the Al/Si ratio changes upon replacement
of the Si with Al. Calculations were carried out on the neutral fragments
�Si6O6�OH�12�, �Si5AlO6�OH�12�

� Na�, �Si4Al2O6�OH�12�
2� Na2

� and
�Si3Al3O6�OH�12�

3� Na3
� . The ab initio values shown are for the Ar atom

located above a bridging O�I� atom Oa���, where the O�I� in this plot is a
SiOAl bridge, except where marked with a �, at which point the last Al has
been changed into an Si. The other set of ab initio values shown are for the
Ar atom located above another bridging O�II� atom Oe���, where the O�II�
in this plot is a SiOSi bridge, except where marked with an asterisk *, at
which point it becomes a SiOAl bridge.
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limit of zero loading increases with increasing Al content, all
other factors being the same. The accompanying increase in
the adsorption enthalpies and increase in Henry’s law con-
stant found with increasing Al content in these zeolites21,44

indicates that greater attractive interactions between the rare
gas atoms and the zeolites with increasing Al content affect
the 129Xe chemical shift averaging process, that is, if the
function describing the shielding response of the Xe to the
zeolite is unchanged upon changing the Al/Si ratio, the
change in the averaging upon changing the Al/Si ratio may
itself give rise to larger Xe chemical shifts with increasing Al
content. On the other hand, our ab initio calculations of the
shielding of a rare gas atom in the presence of zeolite frag-
ments with changing number of Al-for-Si substitutions un-
equivocally find that the rare gas atom chemical shift should
increase with increasing Al content, due to changes in the
shielding function alone, even without any changes in the
averaging over configurations.

One of the questions we have not yet addressed is the
sensitivity of the partitioning of the framework contributions
��39Ar,Ar•••Ozeol� and the cation contributions ��39Ar,
Ar•••Nazeol� to the form of the functions used for fitting. The
functions in the inverse powers of the Ar•••O and Ar•••Na�

distances that we used are based on the previous findings of
the distance dependence of the shielding in pairs of rare gas
atoms such as Ne–He, Ne–Ne, Ar–Ne, Ar–Ar, as well as
rare gas atoms interacting with small molecules such as OH2
and NaH and Na� ion.20,42 In these simple systems the func-

tional form of the distance dependence could be explored by
making a logarithmic plot. In these examples, the slopes
found ranged from �3.44 for Ar•••Na� to �4.94 for
Ar•••NaH while the rare gas pairs gave slopes of �6.67,
�6.79, �6.74, �7.41. Thus we started fitting to linear com-
binations of inverse powers such as �4, �6, �8, �10 of the
Ar•••O distance. In Fig. 10 we compare the results of fitting
the ab initio values of the Ar shielding in the presence of the
zeolite fragments to two different functional forms, where
the same functional form is used for both the O atom and the
cation contributions. We see that the functional form used for
fitting does influence, but only slightly, how much of the
shielding is attributed to O atoms and how much to the cat-
ions. We have reported in Figs. 5 and 6 the fit corresponding
to the smallest overall variance: the form

��39Ar,Ar•••Ozeol��a6r�6�a8r�8�a10r�10�a12r�12

for O atoms, and the identical form for the cations. The
grand canonical average chemical shifts of Xe in various
zeolites containing Na, K, and Ca ions could result in differ-
ent results from using the two functional forms and may
reveal which one provides a more realistic partitioning of the
contributions from cations and O atoms.

The anisotropy of the shielding of a rare gas atom in
a zeolite

A very interesting aspect of the intermolecular shielding
of 129Xe in a microporous solid is its anisotropy. This has
been the subject of several investigations of immobilized Xe
line shapes at low temperatures.60–62 It was originally pro-
posed that the shape of the cavity in which the Xe atom finds
itself was the determining factor for the anisotropy, that the

FIG. 9. The ab initio values of the 39Ar shielding in an Ar atom at three
different positions �a� 4.0 Å, �b� 3.0 Å, and �c� 2.5 Å above the Na�I� in the
center of the 6-ring fragment in Fig. 2, in which the Al/Si ratio changes upon
replacement of the Si with Al. Calculations were carried out on the neutral
fragments �Si6O6�OH�12�, �Si5AlO6�OH�12�

� Na�, �Si4Al2O6�OH�12�
2� Na2

�

and �Si3Al3O6�OH�12�
3� Na3

� . The much smaller deshielding at the
�Al�/�Si��0 corresponds to the loss of the Na ion just below the Ar atom.

FIG. 10. The functional form for fitting the ab initio shielding values for
39Ar shielding in the presence of a zeolite fragment influences the partition-
ing of the shielding into contributions from O atoms and from Na� ions. The
fits using exponents �4,�6,�8,�10 are here compared with the fit using
�6,�8,�10,�12 described in the text.
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Xe electron cloud is molded by the shape of the channel.60

This can not be the case except perhaps for a cavity which in
a space-filling model leaves a void just barely the size of a
single Xe atom. A different explanation has been offered for
the line shapes of Xe in these early examples: that a Xe atom
static at a site on the pore wall has an axially symmetric
shielding tensor with the principal axis normal to the wall, so
that the line shape observed reflects the distribution of orien-
tations of such axes in a cylindrical pore.61 In a recent study,
the anisotropic line shapes of Xe shielding in AlPO-11 as a
function of loading has been interpreted in terms of three Xe
sites, each one having its own anisotropic shielding tensor,
and these tensor components have been obtained from
experiment.62 The rather large anisotropies of the three Xe
shielding tensors in this example are very interesting and can
be calculated by the same method applied here, except that
instead of zeolite fragments containing Si–O–Al and cat-
ions, we would use fragments containing P–O–Al.

Let us we now examine the anisotropy of the rare gas
atom shielding tensors that we have calculated. We have a
wealth of anisotropy information in the 164 ab initio shield-
ing tensors for Ar in the presence of fragments of NaA , KA ,
and CaA , as well as the siliceous versions of the 4- and
6-ring fragments. We present only a few examples here to
provide some insight. Table II presents the tensor character-

istics of 39Ar shielding at various positions relative to a
6-ring fragment and an 8-ring fragment, with the Ar located
2.5 to 5.0 Å above Na�I�, Na�II�, and three types of O atoms.
The Na�I� ion in the 6-ring is in the most symmetrical posi-
tion as can be seen in Fig. 2. Therefore it is not surprising
that the Ar shielding tensor is essentially axially symmetric
when the Ar is placed above this Na�I� at all distances. The
Na�II� in the 8-ring is located off-center in the ring, coordi-
nated to three oxygens, leading to substantial asymmetry in
the Ar shielding except at very close distances, where the Ar
is so close to the Na�II� that the contributions from the rest of
the fragment become unimportant, or at very large distances
where the off-center aspect of the Na�II� location also be-
comes unimportant, in which cases the tensor is nearly axial.
Contrary to what was suggested earlier,61 the shielding tensor
of a rare gas atom on the inside wall of a zeolite cavity is
hardly axially symmetric.62 An even better indication of the
lineshape than the standard definition of the anisotropy
�aniso��33���11��22�/2, is the span ��33��11� which gives
the spread of the signal in ppm in the NMR spectrum of the
powder at low temperatures. For the sites shown in Table II,
these are larger than �aniso when the tensor is not axially
symmetric, ranging from 4–66 ppm for positions above the
O atoms and 2–18.7 ppm for positions above the Na ions.
The corresponding values would be a factor of roughly four
times as large when scaled up to Xe shielding at these posi-
tions. Indeed, the observed line shapes for Xe in AlPO-11 are
not axially symmetric and have spans of 55.3 up to 90.9 ppm
depending on the number of nearest Xe neighbors �0–2� at
the site.62

CONCLUSIONS

We have determined the average effective shielding of
the 39Ar nucleus in an argon atom in NaA , KA , and CaA
zeolite cages modeled by neutral 4-ring, 6-ring, and 8-ring
fragments. The entire isotropic shielding obtained by ab ini-
tio calculations using the GIAO method is assumed to be
expressed as a sum over pairwise additive isotropic shielding
functions ��39Ar, Ar•••Ozeol� and ��39Ar, Ar•••Nazeol� for the
intermolecular effects of the Ar interactions with oxygen at-
oms of the zeolite framework and the Na� counterions, and
the shielding functions are taken to be of the form of a
simple four-term linear combination in inverse powers of the
Ar–O and Ar–Na distances respectively. In the same way,
the shielding functions ��39Ar, Ar•••Kzeol� and ��39Ar,
Ar•••Cazeol� are obtained. The expected trends with respect to
the size and polarizability of the cation are found: The
deshielding of the 39Ar in the Ar atom is greatest for inter-
action with the largest and the most polarizable cations. The
dependence of the 39Ar shielding on the Al/Si ratio of the
zeolite fragment has been established in this work: At the
same position of the Ar relative to the zeolite, the deshielding
effect of the intermolecular interaction increases with Al con-
tent. The results are in agreement with the few experimental
cases where the dependence of the 129Xe chemical shift on
the Al/Si ratio of the zeolite has been observed. The magni-
tudes of the anisotropies of the intermolecular shielding ten-

TABLE II. Shielding tensor components �ppm� for 39Ar in an Ar atom
located at various positions relative to the zeolite 6-ring fragment
�Si3Al3O6�OH�12�

3� Na3
� , and the 8-ring fragment �Si4Al4O8�OH�16�

4� Na4
�

shown in Figs. 2 and 3. The Roman numerals designate the site type for the
Na ion.

Å �11 �22 �33 �iso
a �aniso

b �c

8-ring
r�Ar–NaII�

2.5 �23.3 �22.4 �7.5 �17.7 15.4 .06
3.0 �8.9 �6.4 �1.5 �5.6 6.1 .41
4.0 �1.8 �0.9 0.8 �0.6 2.2 .41
5.0 �0.9 �0.8 1.2 �0.2 2.1 .06

r�Ar–O�
2.5 �152.5 �115.9 �88.9 �119.1 45.3 .81
3.0 �78.5 �58.5 �35.8 �57.6 32.7 .61
4.0 �14.0 �10.7 �2.0 �8.9 10.4 .31
5.0 �2.2 �1.4 1.7 �0.7 3.5 .24

6-ring
r�Ar–NaI�

2.5 �23.7 �23.4 �5.0 �17.4 18.5 .02
3.0 �8.7 �8.5 0.1 �5.7 8.7 .03
4.0 �2.3 �2.2 2.0 �0.8 4.2 .02
5.0 �1.4 �1.4 1.9 �0.3 3.2 .00

r�Ar–O�
2.5 �100.3 �74.5 �34.2 �69.7 53.2 .48
3.0 �39.3 �31.9 �12.8 �28.0 22.9 .32
4.0 �6.7 �6.1 0.9 �4.0 7.3 .09
5.0 �2.0 �1.8 1.9 �0.6 3.8 .06

r�Ar–O�
2.5 �104.4 �86.9 �41.3 �77.6 54.3 .32
3.0 �42.7 �39.4 �15.5 �32.5 25.5 .13
4.0 �8.2 �6.7 0.6 �4.8 8.1 .18
5.0 �2.3 �1.8 1.9 �0.7 4.0 .11

a�iso���11��22��33�/3.
b�aniso��33���11��22�/2.
c����22��11�/�aniso .
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sors found here are consistent with the observed line shapes
in the powder spectra of immobilized Xe in zeolite pores.
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