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Abstract

We consider the role of polarization in the adsorption of Xe in zeolites of type A by direct comparative analysis of the
adsorption isotherms, distributions of occupancies, and '*°Xe NMR chemical shifts of Xe,, in cages containing Ca,Naj,_,,
ions per alpha cage (x =0, 1, 2, 3, 5). We find that the qualitative trends in the adsorption isotherms, and in the progressions
of Xe, chemical shifts (for n = 0-8 in cages with x =0, | Ca?" ions and for » = 0-5 in cages with x =2, 3 Ca’* ions)
upon increasing the level of Ca** jon for Na‘ ion substitution could only be accounted for by including polarization of the
Xe atom by the zeolite framework and its ions. This system, which permits observation of individual Xe, peaks and of
directly comparable adsorption isotherms in several cage types, provides a good model system for the interpretation of the
more general case in which only the overall average '>*Xe NMR chemical shift is observed in open network zeolites, arising
from free exchange of Xe among cavities of variable occupancy and variable cation distribution. © 1997 Elsevier Science
B.V.
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1. Introduction

The properties of zeolites in adsorption and catal-
ysis are significantly influenced by the number and
nature of exchangeable cations {1-3). The number of
exchangeable cations is determined by the Si/Al
ratio in the zeolite framework. The pioneering work
of Engelhardt et al. established the method of deter-
mining the Si/Al ratio from the *Si chemical shifts
in the MAS NMR spectra of zeolites [4,5]. Starting
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birthday.

from the first paper by Fraissard and Ito in 1982 [6],
12?Xe NMR spectroscopy is now a standard tech-
nique in the study of zeolite and other solid materi-
als. In zeolites the *’Xe chemical shift is known
empirically to depend on zeolite pore and channel
dimensions, on its Al/Si ratio, on cation distribution
and location of cations, on co-adsorbed molecules,
dispersed metal atoms, or paramagnetic ions, on
blockage of pores, and on domains of different com-
position or crystallinity [7-9]. In all these applica-
tions the large variations in the Xe chemical shifts
that are observed offer the tantalizing possibility that
Xe NMR can be used in a quantitative a priori
fashion in the characterization of solid materials.
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This is yet to be realized. The mobility of the Xe
atoms is such that only one Xe signal is usually
observed in the NMR spectrum; the average chemi-
cal shift of the single peak under fast exchange and
its dependence on the temperature and coverage are
all that can be measured in nearly all these applica-
tions. Convoluted into the chemical shift of this one
peak are all manner of distributions, residence times,
and the chemical shift functions for the various
atoms or ions with which the Xe interacts.

Of particular interest is the dependence of the Xe
chemical shift on the Al/Si ratio, the types and the
distribution of the cations. The dependence of the Xe
chemical shift on the Al/Si ratio has been docu-
mented in the faujasites [10,11]. Furthermore, a se-
ries of very carefully executed experiments have
established quantitatively the changes in the 9%
chemical shift 6('*°Xe) of Xe in the limit of zero Xe
loading, lim {n)x. — 0 8("**Xe), as Na™ ions are
exchanged with K*, Rb*, Cs*, Mg**, Ca**, Sr?*,
Ba?*, Zn®*, Co?*, Ni**, Cu?", ete. in zeolite NaY
[12,13], and as Ca*" ions are exchanged with Na*
ions in Na A [14]. These papers also reported well-
documented quantitative changes in the slopes,
95(1°Xe) /() xe. of the **Xe chemical shifts as a
function of average Xe occupancy {#) x. upon cation
exchange. We believe that several factors contribute
to these observed changes. The effect of exchanging
the cation on the average chemical shift of Xe in fast
exchange in a zeolite has to do, in part, with a
change in the excluded volume (a larger cation leaves
a smaller effective volume over which the Xe—Xe
interactions can operate). Another part has to do with
the different polarizabilities of the cations, leading to
different well-depths in the potential function be-
tween the Xe and the cation, thereby altering the
one-body distribution of the Xe in the cage. Both of
these factors affect the nature of the averaging over
the various positions of the Xe atom within the
zeolite and thus, lead to a change in the average
29%e NMR chemical shift. Finally, part of the ob-
served changes has to do with the differences be-
tween the > Xe shielding function itself for a Xe
atom interacting with a Na* ion as opposed to a Xe
atom interacting with a Cs™ ion, for example. Al-
though these experiments were very carefully done
and the results are quantitative and internally consis-
tent and generally not inconsistent with other known

information about Xe adsorption in zeolites, a quanti-
tative interprefation is hampered by cation disorder
in the faujasites. The extent of cation replacement
can be determined (by chemical analytical proce-
dures), but there is no independent way of finding
out the statistical distribution of the exchanged ions
among the sites, leading to a disordered crystal
structure. Where do cations go when they are ex-
changed? There is some hard evidence on cation site
occupancies in the *Na NMR results of Engelhardt
in NaY, [15] and of the cation migration in zeolite
LaNaY, [16] but very little else in the way of direct
evidence. The Xe NMR chemical shift is the com-
monly used method of characterization of cation-ex-
changed zeolites. Since the 29%e chemical shift is
completely averaged over the distribution of Xe
atoms in such environments, the quantitative inter-
pretation of these comprehensive experimental data
via grand canonical Monte Carlo (GCMC) or molec-
ular dynamics simulations may be compromised by
the problems associated with cation disorder as well
as varying Si/Al ratio.

If the “*Xe chemical shift is to be used as a
probe of cation-exchanged zeolites, we need to have
a fundamental understanding of the effects of cation
size and location on the Xe chemical shift. In our
attempts to contribute fo a fundamental understand-
ing of Xe as a probe of these systems, we have used
the Xe in zeolite A as a model system [17,18]. In the
same way that the observation of the individual Xe,
clusters in Na A provided more detailed information
about the distribution of atoms in zeolite cavities and
the average chemical shifts for different numbers of
Xe atoms in a cavity than was possible from the
129%e NMR studies of zeolites under fast exchange,
the study of Xe, clusters in various ion-exchanged
A-type zeolites should provide the fine details that
are required to sort out the various factors affecting
Xe chemical shifts in ion-exchanged zeolites in gen-
eral. We reported for the first time the observation of
the individual peaks corresponding to the Xe, clus-
ters trapped in zeolite K A, and their temperature
dependence [19]. Since the replacement of Na™ by
K" is complete in K A, there is no ambiguity about
the cation site occupancies. By comparison of the
individual Xe, clusters in K A with those in NaA,
we have obtained direct information on the effect of
the cation on the Xe chemical shift. GCMC simula-
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tions of Xe in K A compared to Xe in Na A, provide
detailed information about the effects of the type of
cation on the Xe one-body distribution function, the
effects of the cation type on the **Xe chemical shift
of the single Xe in an alpha cage, and the separate
effects of the larger excluded volume as reflected in
the changes in the Xe—Xe pair distribution functions,
the changes in the Xe, chemical shifts, and the
changes in the Xe ~Xe, ; incremental shifts, all of
which were tested against experiment. We can gener-
alize these cation effects to help provide an under-
standing of the average Xe chemical shift observed
under fast exchange in various cation-exchanged ze-
olites. In another experiment, we have studied the
2Xe NMR spectra under magic angle spinning
(MAS) of Xe, in zeolite NaA that had been dehy-
drated subsequent to very low levels of Ca®* ion
exchange [20]. We observed the effects of very low
levels of substitution of Ca** ion for Na® in a
high-resolution spectrum of Xe, clusters, with each
type of cage providing its own progression of Xe,
peaks. At first, we observed two Xe, progressions,
with different (n)y,. With increasing level of Ca**
ion exchange the second Xe, set grows in intensity
and yet other sets of easily assigned Xe, peaks
appear, in progressions systematically growing in
intensity upon increasing Ca substitution. The advan-
tage of these studies is that the intensities and the
chemical shifts of the Xe, peaks belonging to the
same type of cage can be characterized indepen-
dently of the other types of cages. Furthermore,
uniike the faujasites, the Si /Al ratio remains fixed at
1.0 and the divalent ions have only one type of site
(in the middle of the 6-rings) in the cages of zeolite
A. In contrast to previous attempts by others to use
Xe in fast exchange to probe structoral changes in
zeolites, our ability to observe entire progressions of
Xe, cluster peaks puts strict constraints on the inter-
pretation since the effects can be examined in each
Xe, cluster, in each progression. In this paper, we
describe the experimental findings and provide a
quantitative interpretation of the observations in the
Ca,Na,,_,, A system using grand canonical Monte
Carlo simulations. We shall find that this system
provides a paradigm for the contributions of polar-
ization of the Xe atom to the observed adsorption
properties of Xe in zeolites and about the way in
which cation type and position affects the ability of

Xe to provide information via its NMR chemical
shifts.

2. The experimental results

The MAS NMR spectra of Xe in pure Na, A
zeolite from Edith Flanigen show only the one pro-
gression of Xe, peaks, [20] previously observed in
the static NMR spectra of the same sample, but with
dramatically reduced line widths. The structure of
this zeolite is represented in Fig. 1, based on the
refined X-ray diffraction results of Pluth and Smith
[21]. After various levels of Ca** exchange, in which
one Ca®* ion is substituted for two Na™ ions, what
is the nature of the cation distribution in the dehy-
drated zeolite?

The MAS spectra provide detailed information
about the nature of very low levels of Ca** ion
substitution. Additional progressions of Xe, peaks
appear and grow in as the Ca** content of the
zeolite is increased. The relative intensities and the
chemical shifts of the Xe, peaks lead to the follow-

Fig. 1. Three cation site types in an alpha cage of zeolite Na A. Si
and Al atoms alternate to give Si/Al=10. The 4-, 6-, and
8-rings are comprised of these numbers of bridging oxygen atoms.
The Na* ion in the unique site is Na(lll), located off-center
inside the alpha cage, coordinated to a 4-ring. Na(I) sites are at the
centers of 6-rings and Na(IT) sites are off-center in the plane of the
8-ring windows.
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Table 1

The experimental chemical shifts (ppm) of the Xe, peaks assigned
10 CagNa; A, CajNaj A, CayNag A, and CayNag A, relative to
CagNa, A {pure Na A) (inconclusive, for intensities too weak to
provide a good deconvolution of the compeosite peak)

CaNa,, A Ca,NagA CazNagA

Xe, 3.1 +4.3 +8.4
Xe, ~3.0 +2.8 +7.8

Xe, -2.7 +2.3 +7.3
Xe, -3.1 +2.0 +6.8
Xes -3.6 +1.1 ~+6

Xeg —4.6 Inconclusive Inconclusive
Xe, —4.4 - -

ing conclusions: (a) It is clear that exchange of Ca®*
for 2Na™ ions gives rise to the simultaneous exis-
tence of cages with differing numbers of Ca®* ions.
Rather than uniform substitution in all cages we have
a distribution of Ca** among the cages. (b) At low
Ca numbers, Ca®" substitution does not appear to
lead to the opening up of a window (which would
result from substitution of Ca** for a Na(II) jon in
an 8-ring window and one other Na™ ion). If a
substantial fraction of the Na(ll) ions had been re-
moved, fast exchange of Xe through open windows
would have been observed. (c) The first extra set of
peaks that may be attributed to Ca®>* substitution
have a uniform shift of all Xe, clusters to a lower
129 % e chemical shift, whereas further Ca?* substita-
tion creates cages with Xe, clusters at higher chemi-
cal shifts, suggesting that the first Ca** substitution
is qualitatively different from subsequent ones. This
is consistent with the first Ca*>* ion taking the place
of one Na(Ill) and one Na(l) in an alpha cage. (d)
From the observed coexistence of cages with differ-
ing numbers of Ca®" ions, it is possible to determine
the distribution of cage types from the overall inten-

Table 2

sities. These distributions provide free energy differ-
ences between Xe in various cage types in the same
zeolite sample. Since the chemical potential for Xe
in the different cage types are identical (all are at
equilibrium with the same overhead Xe gas in the
sample), the different {n)x, observed for the various
cage types in the same sample directly provide dif-
ferences in adsorption isotherms or ratios of Henry’s
faw constants for the various cage types.

The chemical shifts for Xe, in each cage type are
shown in Table 1. We had tentatively assigned the
observed two Xe, progressions in Linde 4 A to those
Xe, in the cavities of Na;,; A and Ca;Na,;A. The
{n)x. associated with the extra peaks assigned to
Ca,;Na,, A is clearly smaller than the {(n)x. of the
regular peaks observed in the pure Na;, A. On the
other hand, upon low levels of Ca** ion exchange,
we have produced a zeolite that upon calcination and
thin-bed drying under vacuum in the usual manner,
shows at least two types of cavity (plus a small
amount of a third type), as indicated by Xe, progres-
sions that have distributions characteristic of differ-
ent {n)y, values. The progression of peaks that are
shifted to lower chemical shifts (the same as the
secondary ones found in Linde 4A) have a smaller
value of {n)x. than the progression of Xe, peaks
that appear at the chemical shifts associated with
Na, A. The third type of cavity shows a progression
of Xe, peaks that appear at higher chemical shifts
than those in pure Naj, A. At higher levels of Ca**
ion exchange, a fourth type of cavity appears at even
higher chemical shifts. The intensities of the latter
are not large enough to permit accurate determina-
tion of (n)x., however. Values of {(n)x. for Xe in
equilibrium among several cavity types are shown in
Table 2.

Briefly, the procedure used in obtaining Tables 1

The experimental {n)x., Xe atoms per cage, obtained from the relative intensities of the Xe,, peaks assigned to CagNaj, 4, Ca;Na, 4,
Ca,Nag A, and Ca,Nag A cages in equilibrium with the same overhead gas in the same sample (inconclusive, for intensities too weak to

provide a good value of (n)x.)

CagNaj, A Ca;Na, 4 Ca,NagA CazNagA
Linde 44, {n)3¥e = 2.47 3.50 1.85 Inconclusive -
Linde 44, (m)%e™" = 3.02 3.60 2.49 Inconclusive -
Linde 44, (n)3™ = 3,49 4.07 2.84 Inconclusive -
Linde 44, ()%™ = 4.82 5.32 4.07 Inconclusive -
Linde 44 + 0,58 Ca/cage, (n)%e™ =250 Inconclusive 2.34 2.65 Inconclusive
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and 2 is as follows: As a starting point in the fitting,
a hypergeometric distribution of Ca’* ions among
the cages was assumed. Knowing the average num-
ber of Ca** ions per cage from chemical analysis,
making the assumption that there are 6 Ca sites and
that a site can not be occupied by more than one
Ca®® ion, the strictly statistical hypergeometric
model [22] provides the fraction of cages having
zero, one, two, three,... Ca?' ions. That is, for a
stoichiometric formula Ca, Na,, ,, A, the fraction
of cages having exactly i Ca®* ions is given by this
model [17]:

H, = (DK~ G)SPKI/REI(R - (1)

This is the initial distribution of cages that starts the
iterative fitting to experimental intensities. Initial
values of the {n)x., that is the average number of
Xe atoms per cage, are assumed for each cage type
containing a specific number of Ca*™ ions. The
{nx. for cages containing Ca,Na,, counterions, for
example, is then used to generate an initial approxi-
mate distribution of Xe atoms among these cages,
also using the hypergeometric model. It is known
from experiments on Xe in pure Na, A that for
(n)xe <4.0 the hypergeometric distribution gives a
reasonably good description of the observed distribu-
tion. With this, the initial relative intensities of the
peaks within the progression of peaks corresponding
to Ca;Na,, A are generated. Thus, the relative inten-
sities within the profile of one progression need not
be individually adjusted in the fitting. In other words,
the initial set of fractions of cages Ca,Na, A,
Ca;Na A, Ca,NazA, Ca;NagA,... are used to
determine the relative total intensities of the progres-
sions compared {0 each other, whilst the distribution
of Xe among cages of a particular type determines
the intensity profile for each type of cage. The
Lorentzian—-Gaussian line shapes at these chemical
shifts for each Xe, are then summed together to
generate the expected total **Xe NMR spectrum in
the zeolite. A few iterations provide the final set of
values for the fractions of cages and the {n)x. for
each type, shown in Table 2.

If the growing sets of peaks upon Ca’?* substitu-
tion could be assigned to Xe, in Ca,Na; A4,
Ca,Nag A, and Ca,Nag A alpha cages, then denoting
their respective average occupancy a7 xe as {n)car,

(A)caz, and (n)cqs. and their respective Xe, chemi-
cal shifts as O¢,1, Ocars Ocass the qualitative trends
that are of interest in the results summarized in
Tables 1 and 2 can be described as follows: For the
comparative adsorption isotherms, the trends are,

[{nYcar — {n)cao ] < Ofor all values of overall load -
ing of Xeand
[<H>Ca2 - <”>Ca1] >0

In addition,
[{n)cas — {n)can] > Oforall Xeloadings

may be inferred from the work of Tsiao et al. {14].
For the chemical shifts of corresponding Xe,, n=
1-35, the trends are,

8(:33 > 6Ca2 > 6Ca0 > SCal

[ 8,1 — Sca0 | < Obyabout3 — 5ppm,

[ 8can — Scan] > Obyabout 1 — 4ppm,
and [ 84,5 — 80,0 > Oby about7 — 8 ppm.

We did not have a sample at high enough Xe loading
to observe high intensities of Xegz, Xe, and Xey to
carry out the same analysis for n = 6-8. Thus, the
qualitative trends in the chemical shifts of the very
crowded cages is presently unknown experimentally.
We expect to be able to reproduce the above ob-
served trends by GCMC simulations in Ca,Na,; A,
Ca,Nag A, Ca,Nagz A compared to Na,, A.

In addition, we have made measurements of the
adsorption isotherms and chemical shifts of Xe in
fast exchange in Linde 5 A, nominally Ca A, but with
some Na. We have already seen, by the comparison
between the '*Xe NMR spectra of Xe sorbed in
NaA and in CaA, that the average chemical shift
under fast Xe exchange (in the relatively open Ca A
system) contains in it the information about the
individual shifts associated with specific numbers of
Xe atoms per cage (or Xe, clusters) convoluted with
the fractions of such cages in the zeolite appropriate
to the average occupancy at a given temperature
[17,23]. It was possible to understand qualitatively
how the average chemical shift under fast exchange
in the open pores of zeolite Ca A is determined by
the individual properties of cages filled with n Xe
atoms since we have directly observed the Xe, dis-
tributions and chemical shifts in Na 4 [17]. A quanti-



282 C.J. Jameson et al. / Solid State Nuclear Magnetic Resonance § (1997) 277301

tative interpretation will require that we know in
what way the Xe chemical shift is affected by Ca**
ions as opposed to Na™ ions in the large cavities of
the zeolite. With the new pairwise-additive inter-
molecular shielding functions we have constructed
for rare gas—O and rare gas-Na*, K*, Ca*™ [24],
we can carry out GCMC simulations in
Ca,Nay,_, . A, to see if we can reproduce the quali-
tative trends described above and the quantitative
experimental results in Tables 1 and 2.

3. Grand canonical Monte Carlo simulations

The methods are described in our previous work
on Xe in zeolites Na A and K A [18,19]. Here, we are
concerned only with the part that is different from
the previous work.

3.1. Polarization contributions to the potential en-
ergy

In our previous GCMC simulations [18,19,25], we
did not include polarization explicitly, rather we used
an effective Lennard—Jones potential for Xe—~O and
Xe—cation interactions to describe the entire interac-
tion of a Xe atom with the zeolite, This was done to
[imit the number of parameters needed to describe
the interaction, so as not to obscure the essential
aspects of the distribution and Xe, chemical shifts
arising from the GCMC averaging with the flexibil-
ity afforded by a larger number of arbitrarily chosen
parameters. The Lennard—Jones parameters used in
our eatlier work had been taken from the ones used
by Woods and Rowlinson to describe the adsorption
isotherm and isosteric heats of Xe in zeolite Na¥ and
Na X [26,27], with only one minor modification: The
rq of the Xe—O potential was adjusted to prevent
observation of visible Xe, peaks, in agreement with
experiment. To preserve the agreement of the Rowl-
inson simulations with the NaY adsorption isotherm,
&/ky was paired with r, such as to preserve the
volume of the bowl of the Xe—O potential. This was
used without change for all Xe in NaA and K A
simulations, which successfully reproduced not only
the detailed distributions of Xe, but also the Xe,
chemical shifts and their temperature dependence in
NaA (Xe with Ar and pure Xe), and also in K A

[18,19,25]. For the interaction of Xe with these
zeolite cages containing monovalent cations, separat-
ing out the polarization of Xe from the repulsive +
dispersion contributions represented by the
Lennard—-Jones potential function would not signifi-
cantly alter the agreement of the distributions and
chemical shifts, provided that a suitable separation of
the effective Xe—0O and Xe—Na (or Xe—K) potentials
into the polarization and the Lennard—Jones parts is
carried out. The high symmetry of these cages helps
in keeping the distributions and chemical shifts
well-behaved. In contrast, partial replacement of Na ™
with a divalent cation leads to highly unsymmetrical
cages and no effective Lennard—Jones-only descrip-
tion can compensate for the intrinsically greater po-
larization of Xe from Ca®" ions compared to Na*
ions, and for the successive changes in polarization
that occur with two Ca’* and three Ca’* in the
cage.

Thus, to interpret the experimental results for Xe,
in Ca Na,,_,, A cages, we consider the polarization
terms explicitly in this paper. The major problem
associated with including polarization is the sharp
increase in the number of parameters required to
provide a description of the electrostatic potential.
What is the true electrostatic potential inside a zeo-
lite? This can be obtained experimentally from X-ray
diffraction data. In principle, X-ray diffraction has
always yielded the crystal electron density. The for-
malisms needed to analyze and parameterize this
fundamental electrostatic quantity have been devel-
oped [28]. As a result, it is now feasible to obtain
from X-ray data electrostatic properties such as the
electrostatic potential and its derivatives (c.g., the
electric field). The reliable estimation of the static
electrostatic potential has been discussed by Spack-
man and Stewart [29,30]. The electrostatic potential
for NaA has been determined by Spackman and
Weber from Pluth and Smith’s [21] refined single
crystal X-ray data [31]. The most important result is
the shape of the aluminosilicate framework. It is
characterized by a large positive potential around
each of the nuclei and looks very much like a model
of the structure drawn with overlapping spheres. The
important conclusion in the work by Spackman and
Weber is that the electrostatic potential derived from
X-ray diffraction data is nothing like the pictures of
the electrostatic potential constructed by assuming
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point charges at the atomic sites [32]. We should use
actual X-ray diffraction data to obtain experimental
electrostatic potentials for Cag A to compare with
Na,, A, for silicalite to compare with various alumi-
nated versions (ZSM-5), and various aluminated ver-
sions of faujasites (various Na} and Na X ), in order
to have a parameter-free description of the polariza-
tion energy of Xe in these zeolites. However, at this
time, we require electrostatic potential information
for zeolites which are disordered, i.e., with variable
distributions of Ca®" ions among the cages, but there
is no X-ray diffraction data available from which to
extract the electrostatic potential for each type of
cage. Therefore, we are left with the simple option of
using point charges just as other workers have done,
thus including only the zeroth order term in the
multipole expansion, for the purpose of calculating
polarization contributions to adsorption energies in
zeolites which are not cation-free.

It was concluded by Spackman and Weber that
there is no way of reproducing the true electrostatic
potential by using fixed partial point charges at the
positions of the atoms and ions in the zeolite [31].
Parameterization of the polarization contribution to
the potential energy by choosing the partial charges
therefore can not be carried out on a physically
meaningful basis without resorting to a fitting proce-
dure of some type. The parameters that have been
used previously by other workers have varied greatly
and there is no objective way of choosing among
them. The models which have been used are of the
following types:

(1) In all-charged-atoms models, Si, Al, O and the
cations are all assigned charges. (a) The zeolite may
be assumed to be purely ionic so that the full charge
of +4e for Si is assigned, +3e for Al, —2e for O
atoms, and + le for Na [32-34]. (b) Others assign
partial charges on all atoms, including Si and Al. For
example, the potential used to describe the alumi-
nosilicate framework of anhydrous NaA and Ca A
zeolites for the purpose of predicting the structure
and the infrared spectra has employed a Coulomb
potential using charges on all atoms (g¢; = + 1.85¢,
gy = +127e, g, = —1.03e, gqy,= tle, go =
+2e}, with various non-bonded interactions added,
including neighbor TO-TO interactions and interac-
tions between adjacent tetrahedra [35]. The all-
charged-atoms model has been used by several au-

thors. It is not uncommon to use different partial
charge assignments for the same zeolite in doing
simulations of different adsorbed molecules. For ex-
ample for NaY, partial charges +0.80e for Na,
—(0.7e for O, +1.20e for Si and Al have been used
when the sorbate is benzene [36], and changed to
+ le for Na, and - 1.15¢ for Si and Al when the
sorbate, is CH, [37,38].

(2) In the two-charge model, a charge is assumed
for the cation and the charge of O is determined by
electroneutrality, assuming Si and Al charges are
zero (see references in Table 3). Variations include
(a) full charges on the cations, all O atoms have the
same partial charge determined by electroneutrality,
(b) partial charges on the cations, all O atoms have
the same partial charge determined by electroneutral-
ity, and (c) full charges on cations (gy, = + le,
Ge, = +2e) and different partial charges on the O
atoms depending on their location. For example,
go = —0.333¢ for oxygens in the G-rings having a
Na™ ion in the center, and zero charge on all other O
atoms, have been used [52].

A summary of charges used by various authors
are shown in Table 3. Cohen de Lara et al. reported
that the electric fields calculated at various positions
inside the cavity are nearly the same for the purely
ionic model (gg, = +4e, g,y = +3e, g5 = ~2e, gy,
= +1e¢) [45] and the two-charge model, where the
cation charge is taken to be the full charge and the
partial charge on O (g, = —0.25¢) is found by
electroneutrality. It has been found that full charge
assignment on the cation (g, = +1le, g, = +2¢)
gives too high isosteric heats of adsorption [52,58,56]
compared to experimental data. Thus, to obtain isos-
teric heats closer to experiment while keeping the
charges at zero on the Si and Al atoms, the charges
on the cations have been adjusted to +0.66¢ for Na
[53], or to different charges depending on the zeolite,
+0.695¢ for Na in NaX, +0.376¢ for Na (and
exactly twice this for Ca) in Ca,Na, A [54]. Bosacek
and Dubsky concluded that +0.7e for Na fits NaY
experiments best [56]. McCormick adopted this
+0.7e charge for Na in GCMC simulations of Xe in
a model cation-saturated Na A and found very high
adsorption energies when the Lennard—Jones param-
eters used are from the most commonly adopted ones
of Kiselev and Du [55]. With these various charge
assignments, some of which are included in Table 3,
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the induction energy varied from about 20% [49] to
about 60% [50] of the total calculated energy for Ar
in Na A, for example. Similarly, various charge as-
signments lead to induction energies varying from
about 20% [57] to 63% [53] for Xe in NaX. Such
large variations preclude our adoption of one of the
sets of charges used by previous authors.

One possible way of arriving at a set of partial
charges for use in calculating the electrostatic poten-
tial is to use the Mulliken atomic populations from
an SCF calculation of a fragment of the zeolite cage.
The Mulliken charges correspond to a multicenter
multipole expansion in which the centers are the
atom and the multipoles of higher order than zero are
neglected [59,60]. A better description could be ob-
tained by representing the molecular charge distribu-
tion from the ab initio wave function by using
Stone’s multicenter multipole expansion [59,60], a
distributed multipole analysis method which has been
used successfully in the prediction of structure and
dipole moments of van der Waals complexes [61].
Where others have considered, for example, Xe in-
teracting with the CO, molecule by using a muliti-
center multipole expansion describing the charge
distribution in CO, taken from an ab initio wave
function, we would need instead a description of the
charge distribution in a zeolite taken from an ab
initio wave function of a zeolite supermolecule. The
problem is the size of the cluster that will replace the
whole real crystal. Vigne-Maeder and Auroux have
instead attempted to represent the charge distribution
in a zeolite by using as many as 1562 Si atoms
which are either parts of monomers Si(OH), or
dimers (HO),Si—0-Si(OH), [62]. The charge distri-
bution was reconstructed from a sum of fragments
by superposition and subtraction of parts in excess
and then the distributed multipole analysis was car-
ried out. This method does yield the correct relative
ordering of heats of adsorption of a series of sorbate
molecules, although quantitative agreement with ex-
perimental values were not obtained. We do not
choose this method, but rather employ the simpler
method of using Mulliken charges, thus completely
neglecting the higher multipoles.

To find a set of Mulliken charges, we used the
same zeolite fragments that were used in the calcula-
tions of rare gas atom shielding in a zeolite cage
[24]. This leads to different charges on Na depending

on the type of Na site, as it should, but does not
converge to a consistent set of partial charges upon
systematically increasing fragment size and basis set
size. A plot of the Mulliken charges on the Na atom
in one particular zeolite fragment (the 6-ring
[Si;Al,O0,(0OH);, Na,) against basis set size used is
shown in Fig. 2. Here, only the Na* ion, in the
center of the 6-ring coordinated to the oxygens of the
framework, is being examined. The other two Na™
tons in the fragment are located in their positions in
site 1 of the zeolite, but only partially coordinated to
oxygen atoms due to the limited size of the fragment.
The Pople basis sets yields positive charges gy, =
+{0.631-0.701)e, which are lower than those ob-
tained from Huzinaga [63] basis sets, [gy, =
+(0.910-1.00)e], as a general trend. Using the ef-
fective core potential (ECP + DZ) leads to gy, =
+0.698¢. Including polarization functions gives
smaller charge separations. The charge on the coor-
dinated Na depends on the type of site, and the
charge on the O atoms varies with its distance from
the cation. We found that for Si—Al ratio of 1 in the

1.2
o Huzinaga bases
¢  Pople bases
1.0 - o
< L
) o o
&
>
o (0.8
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number of basis functions

Fig. 2. Charges on the Na in the center of the ring in the fragment
{8i;A1;0,(0OH),,] Naj, obtained from a Mulliken population
analysis, using various basis sets. The Pople basis sets used were
STO-3G (183), 6-311G (459), 6-311G * * (630), and the Huzinaga
basis sets used were MINI (174), VDZ (285}, DZ (348), DZVP
(548).
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zeolite fragment, the charge difference between Si
and Al is of the order of 0.44e to 0.47¢ at the
6-311G basis set, and 0.25e to 0.30e at 6-311G™ ",
The latter is the same as the 0.26¢ charge difference
that was used by Herrero for all Si/Al ratios in the
simulations of the Si and Al distribution in A type
zeolites {64]. If we adopt the 6-311G* " basis set,
we find partial charges + 1.8¢ for Si, + 1.55¢ for Al,
- 1.0e for O atoms. At the same time we find
+0.573e, +0.631e and +0.800e respectively for
the unique Na(IIl) inside the alpha cage, the Na(l) in
the 6-rings and the Na(lD) in the 8-ring windows of
Na A. Where the same family of basis sets are used
for both Ca and Na atoms, Mulliken population
analysis leads to the Ca/Na charge ratio in the same
zeolite cage fragments. For the 6-ring fragment, our
calculations show that this is close to 2.0 and can
vary from 1.57 to 2.4, depending on the basis set
used.

On the basis of SCF calculations in zeolite frag-
ments having 20-52 atoms using the 6-311G™~
basis set (the same fragments used in Ref. [24] for ab
initio calculations of the chemical shifts of a rare gas
atom in the presence of a zeolite), we arrived at a set
of Mulliken atomic charges, given in Table 4. Some
justification of our choice of this set is afforded by
the following: The 0.26e difference between Si and
Al is the same as that which has been used by
Herrero in simulations of the T (Si or Al) atom
distributions in A-type zeolites [64]. The average
charge on Na is close to the average of gn,qy =
+0.612¢ and g,y = +0.66¢ which has been found
to reproduce the experimental far infrared spectrum
of NaA involving the Na(l) and Na(ll) vibrational
modes [66]. The charges adopted here are consistent
with the finding by Cohen de Lara that g, =
+(0.6-0.7)e and the sum (gy, + gs; + qa) = 4.0e,
the so-called ionicity of the zeolite, give the best
agreement with the vibrational frequency shift ob-
served in H, molecules adsorbed in NaA zeolite
[67]. In Table 4, we have +0.63e and +4.0le for
these quantities, respectively,

The polarization confribution to the potential en-
ergy of a Xe atom in the zeolite is calculated using
this set of partial charges. For each zeolite structure
used, the electric field was calculated at a fine grid
of points (60 X 60 X 60, 0.2 A between points) and
saved. During the GCMC simulations, these values

Table 4

The partial charges used to calculate the polarization energies for
Xe atoms in Ca,Nay,_,, A zeolite cages (this work), and also
NaY and Na X zeolites (Ref. [65]), derived from Mulliken charges
resulting from calculations on several zeolite fragments having
2052 atoms, using 6-311G* " basis sets

Partial charge

Si +1.82¢
Al : +1.56e
0 —1.025e
Na +0.03e
Ca 4+ 1.26e

are retrieved via table look-up with interpolation for
the specific location of a Xe atom. The polarization
energy is added to the pairwise-additive contribu-
tions from the Lennard—Jones potential which repre-
sents the repulsive and dispersion parts of the total
potential energy of interaction between each Xe atom
and the zeolite. The Lennard—Jones parameters given
in Table 5 were found by following the suggestion of
Woods and Rowlinson: Using a starting set of r,
and & for Xe~O and Xe~cation, a single parameter
B was used to scale the attractive part of the
Lennard—Jones function, thereby, only one parame-
ter is adjusted in the partitioning of polarization and
Lennard—Jones during the fitting to some properties
of the zeolite.

Vi =Ar12— BBr ¢ ' (2)

Once the partial charges were adopted from the
Mulliken atomic charges, 8 was adjusted to provide
overall agreement in Xe adsorption isotherms and
maximum Xe occupancies of several zeolites to-
gether (A, faujasites X and Y) using the same
Lennard—Jones parameters for Xe-O and Xe-Na
interactions for all.

With the parameters given in Tables 4 and 5, the
partitioning of polarization vs. Lennard—Jones con-
tributions to the configuration energy for {n)x, ~ 1.0
varied from U,/ Uy = 3% in Na¥ (48 Na* ions)
t0 39% in Na X (88 Na* ions). For the Ca,Na,, ,, A
series, it varied from 20% in CayNa,, A to 4% in
Ca,;Na,A, to 31% in Ca,NagA, to 55% in
Ca;Nag A. For a given zeolite framework, one might
expect the fraction of the total energy coming from
polarization to increase with increasing number of
divalent cations, however, the symmetry of the ar-
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Table 5

The Lennard-Jones parameters used in the GCMC simuiations which separately inciude polarization energy, used in this work and used also

in Na¥ and Na X zeolites and silicalite (Ref. {65])

Set I effective Lennard-Jones, [18]

no separate polarization energy 8= 1.00

@

Set 1T Lennard-Jones, [this work] added to
separate polarization energy 5 = 0.88

o

Foa A e/ky, K Foo A e/ky, K
Xe-0 3.37 217 3.443 168
Xe-Na 3.676 39.08 3.755 30.26
Xe—Ca 42 45 4,29 34.85

These are related to previously used parameters (Refs. [18,19,25]) by = (.88 in Eq. (2).

rangement of ions affects this fraction to a large
extent. For example, in going from CayNa, A to
Ca,Na,, A, the loss of the Na(IlI) situated off-center
inside the alpha cage actually leads to a smaller
polarization energy in the Ca, cages compared to the
Ca, cages.

3.2. Coordinates of the cations

For the GCMC simulation of Xe in zeolite Na A
substituted with Ca** ions, Ca,Na,,_,, A, the coor-
dinates of the zeolite framework atoms and cations
in the simulation box were chosen as follows. Pluth
and Smith’s single crystal refinements of coordinates
for zeolite NaA were used for Na,, A [21]. The
positions of the Ca®* ions in the Ca,Na, A4,
Ca,Naz A, and Ca;Na, A zeolites are not known.
Pluth and Smith have reported the X-ray structure of
nearly pure CagA [68]. Would the Ca** ions be
located more into the alpha cages as nearly all the
ions in CagA of Pluth and Smith’s structure, or
would they be located more like the structure for
dehydrated Ca,Na, A reported by Adams and
Haselden, based on neutron scattering [69]? The
latter suggests that all Ca?* ions are located almost
in the centers of the 6-ring sites, only a bit inside the
beta cage, and that the G-rings are severely distorted
whenever they are coordinated to Ca** ions. We
considered each of these two X-ray structures as
starting points for choosing coordinates of Ca®* ions
in the Ca;Na A, Ca,NazA, and Ca;Na; A cages
for our simulation box.

We start with the well established Na A structure
by Pluth and Smith [21] for the locations of the Na™
ions and the framework atoms. In choosing the
coordinates of the cations, the first point that has to

be established is: Which two Na' ion sites are
replaced by a Ca** ion? Since the progressions of
individual Xe, peaks are preserved in our NMR
spectra, this must mean that the Ca** substitutions
removed a negligible number of Na(I) ions. These
site (II) ions are located in the plane of the 8-ring
windows of the alpha cage. Removal of these ions
would have opened up the alpha cages and permitted
the Xe atoms to average their chemical shifts over 2
or more cages. Since there was no experimental
evidence of this, then in all our simulation boxes in
this work we have kept the Na(I) positions occu-
pied. If no site (II) Na™ ions have been replaced,
then the Ca®>* ion must have replaced two Na* ions
from the sites Na(Ill) and Na(I). The (III) site is
inside the alpha cage, off-center, coordinated to the
oxygens of a 4-ring. We assume that one Na(III} and
one Na(I) are replaced by the first Ca** ion to go in.
We reported experimental evidence for this in the
Xe, chemical shifts [20], which we expect to be
quantitatively verified by the GCMC simulations.
Furthermore, calculations of crystal energies using
very simple potential models to discover the site
selectivity of divalent cations in NaA have sug-
gested that Na(IlI) has the least stabilization energy
[41] and that the Na* ion in site III and one on either
site I or Il are exchanged [42]. We found that the
precise location of the first Ca®* ion in Ca,Na,, 4 is
not a sensitive parameter in the simulations. We tried
placing this first Ca** ion more inside the alpha
cage according to the Pluth and Smith coordinates
for Cag A and also a bit more into the beta cage
according to the Adams and Haselden structure for
CagNa, A. The Coulomb energy calculated using
full charges on the cations only, for one alpha cage
surrounded by 26 alpha cages, is lower if we use the
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Pluth and Smith coordinates. Finally, we used the
Pluth and Smith coordinates for the Ca®" jon in the
Ca;Na,, A cages of our simulation box.

We considered several Ca®* ion arrangements for
the Ca,NagzA cages. We calculated the Coulomb
energy for each arrangement replicated in an aipha
cage surrounded by 26 alpha cages. The Ca,Nag A
cages in the actual zeolite are expected to be a
distribution among various arrangements of 2 Ca®*
ions, not only the lowest energy arrangement. Thus,
as a typical Ca,Nag A cage, we chose one of the low
energy arrangements, though not specifically the ar-
rangement with the lowest Coulomb energy. For the
Ca;Na, A cage there are a large number of possibili-

ties and the GCMC results are more sensitive to the
specific arrangement of three Ca?* ions in Ca;Na, A
than to the arrangement of two Ca®‘ ions in
Ca,Nag A, especially for the highly loaded cages.
Since we have no experimental observations on Xe,
and Xe, in these cages, we are unable to adequately
test the arrangements of 3 Ca’’ ions. We have
chosen to represent a typical Ca,;Na, A cage by one
of the lower energy arrangements, not specifically
the lowest energy one. We used the Adams and
Haselden coordinates [69] for CasNa, A to represent
our ‘CaA’ sample (dehydrated Linde 54 manufac-
tured by Union Carbide), which is the same commer-
cially available sample used by Adams and Haselden

Fig. 3. Cation positions used in the GCMC simulations to represent the typical zeolite cages of Ca,Na A, Ca,NagA, CayNagA and
CagNa, A. Lattice parameter == 24.555 A was used for all types of cages. The framework atoms and Na™ ions were located according to the
unique coordinates from Pluth and Smith’s refinement of the Na A structure {21}, and the Ca®* jons were located according to Pluth and

Smith’s structure for Cagz A [68].
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Fig. 4. Adsorption isotherm of Xe in Na A from GCMC simula-
tions with and without explicit polarization terms, compared with
experimental data () obtained from the gas density derived from
the chemical shift of the gas peak at high loading {17}
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Fig. 5. Comparison of the distributions of Xe atoms among the
alpha cages of Na A. The bar graphs provide the fractions of alpha
cages confaining »n Xe aloms in various samples having the
overall {n)x. shown at the top, from experiment [18] are com-
pared with those obtained from GCMC simulations uwsing the
original effective Lennard—Jones parameter set I, that is, using
A = 1.0 just as was used in Ref. [18], and with GCMC simulations
in this work, using a separate polarization contribution and 8 =
0.88, that is, Lennard—Jones parameters set I1, given in Table 5.

for their structure determination. In Fig. 3 are the set
of cation coordinates we used for the typical alpha
cages in the simulations of Xe, in Ca;Na, A,
Ca,Naz A, and Ca;NagA cages and in the open
Ca;Na, A cages.

4. Results

We have used the parameters given in Tables 4
and 5 in all simulations reported here. To see how
including polarization has affected the characteristics
of Xe in the zeolite Na A (Ca,Na,;, A) we show the
results of GCMC simulations in Figs. 4-7. The
previously reported GCMC results used no separate
polarization terms, that is, used parameter set I in
Table 5. The adsorption isotherms in Fig. 4 obtained
from GCMC simulations with and without explicit

Dispersion of distribution
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1 EXPT o
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GCMCwV, 4 »
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Fig. 6. Dispersion of the distribution of Xe atoms among the alpha
cages of Na A, [(n?)x. — {n)%e], obtained from experiment and
from GCMC simulations with and without explicit polarization
terms, compared with that obtained from assuming a hypergeo-
metric distribution.
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polarization terms are very similar and both compare
well with experimental isotherms at high loading.
The distributions in Figs. $ and 6, from simulations
including polarization using the set II parameters in
Table 5, are comparable to the ones that were pub-
lished previously [18]. In Fig. 7, the GCMC results
for the Xe, chemical shifts using Set II are just as
close to the room temperature experimental values as
the previous results. The temperature dependence of
the Xe, chemical shifts were reproduced very well
by parameter set I, without separate polarization

Set |

terms (published previously) [18] and are just as well
described by set 11, as shown in Fig. 7. Nevertheless,
we do not consider set II as an optimized set of
Lennard—Jones parameters (for Si/Al = 1.0) for par-
titioning the Xe in zeolite energy into V, , cion and
Vivepulsive + dispersion): Rather it is a parameter set used
to investigate the effects of polarization, obtained by
adjusting a single parameter ( 8= 0.88), the factor
that reduces the attractive part of the original
Lennard—Jones. It achieves a reasonable description
of the Xe, chemical shifts at room femperature, as a

Set 11
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Fig. 7. Comparison of the temperature dependence of the 12%%e chemical shifts of Xe, in Na A obtained from GCMC simulations () Using
a separate polarization contribution and S = 0.88, that is, Lennard-Jones parameters set II, given in Table 5 [this work] and (b) Using
B = 1.0, that is, the original effective Lennard—Jones parameter set I, reported in Ref. [18].
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function of temperature, and the Xe adsorption
isotherm at high loadings (i.e., the maximum occu-
pancy of the alpha cages of NaA). Therefore, we
view parameter set II as a useful starting point for
GCMC simulations including polarization energy for
Si/Al=1. As will be shown below, it will suffice
for the purposes of examining the qualitative trends
found experimentally in Ca-exchanged Na A.

The resuits of the GCMC simulations in the cages
CayNay, A, Ca;Na;, A, Ca,NagA, and Ca;Nag A
are shown in Figs. 8 and 9. The Xe, chemical shifts
at 300 K are shown in Fig. 8. Since our main interest
here is the change upon substitution of Ca** ions for
Na* ions, we show only the difference between the
all-Na cages (normal Na A) and the three Ca-sub-
stituted cages. The qualitative trends in the Xe,
chemical shifts are indeed reproduced. The first Ca®*
substitution causes the Xe, chemical shifts to uni-
formly decrease relative to the all-Na cage The next
Ca substitution causes a substantial increase in the
chemical shifts for all Xe,. The third Ca’* ion
causes a further increase. In Fig. 9, we see that the
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Fig. 8. The '*?Xe chemical shift change upon substitution of 1, 2,

3, Ca** ions into the zeolite A cage are obtained for the Xe,
peaks from GCMC simulations in CagNa;, A, Ca;Naz A,
Ca,Nag A, and CayNag A and compared with experiment (©) as
observed under MAS NMR [20].
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Fig. 9. The changes in the adsorption isotherm upon substitution
of 1, 2, 3, Ca’* ions into the zeolite A cage obtained from
GCMC simulations at the same Xe chemical potential in
CagNa,, A, Ca;Na; A, Ca,Nag A, and Ca;Nag A cages. 1 ama-
gat = 2,867 X 10% molecules m™* is the number density of an
ideal gas under standard conditions of 1 atm and 0°C.

adsorption isotherms of the four types of cages are
different from each other. That the first Ca®>" substi-
tution causes a decrecase in the value of (n)x. is
very clearly seen in the experimental spectra. Fig. 9
shows that the GCMC simulations reproduce this.
There is, of course, a monotonic increase in {n)x.
with increasing overhead gas density, as we have
observed in simulations of all-Na zeolite A, but what
is shown in Fig. 9 are only the differences between
the all-Na-cages and the cages with [, 2, or 3 Ca**
ions. The qualitative trends in these adsorption
isotherms agree with those observed experimentally.

We show the results for CasNa, A, in Figs. 10
and 11. The GCMC results in Fig. 10 are in reason-
able agreement with the adsorption isotherm that we
reported previously in Ref. [23] for Ca A (Linde 5 A),
and with the adsorption isotherm reported by Tsiao
et al. [14] at 300 K for x =5.9 (and for x=4.9 it is
very nearly the same). The average '**Xe chemical
shifts under free exchange in Ca A shown in Fig. 11
from our previously published experiments in Ref.
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[23] and the chemical shift data of Tsiao et al. [14]
are reasonably reproduced by the present GCMC
simulations in CasNa, A, although the simulations
show a bit more curvature in the dependence of the
average Xe chemical shifts on the overall {(n)x.
compared to experiments.

The most important resuit of the GCMC simula-
tions carried out here is that the qualitative trends
described in Section 2 are reproduced, as soon as
polarization is included in the potential energy with
reasonable pairwise-additive Lennard—Jjones func-
tions to make up the total adsorption energy. The
specific choices for partial charges used for the
framework atoms and cations, and the ratio of Ca/Na
partial charges, change the calculated magnitudes of
the shifts and {#n)x., of course, but the observed
qualitative trends are found in GCMC simulations
vsing any reasonable set of partial charges adopted
from SCF calculations in the zeolite fragments using
any basis set, or using any of the partial charges
previously used by other workers. That is, all give
Ocay < B¢y and all give & increasing with increasing
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Fig. 10. The adsorption isotherm obtained from GCMC simula-
tions (@) in CasNa, A cages are compared with the experimental
adsorption isotherms obtained from NMR measurements {O) in
our previous work, Ref. [23] and from conventional adsorption
isotherm measurements (1) reported by Tsiao et al. in Ref. [14].
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Fig. 11. The average 129ve chemical shifts observed (O} under
fast exchange in Linde 54 in our previous work, {Ref. [23]} and
that observed (1) in Ca, ¢Na,, 4 by Tsiao et al. (Ref. [14]) are
compared with the results of our GCMC simulations (@) in
CagNa, A cages.

number of Ca substitutions: &p,4 > 8¢yy > O, This
implies that the assignment of the progression of
peaks to the cage types we have assumed is probably
correct. Similarly, the exact choice of Ca coordinates
in each cage type from among the Pluth—Smith or
Adams-Haselden coordinates in Ca, A or CasNa, A
did not affect the qualitative trends. The change in
the Xe, Xe,, and Xe, chemical shifts in the crowded
cages was, not unexpectedly, very sensitive to the
choice of the Ca positions in Ca;Nag A. However,
since we did not observe these changes experimen-
tally, we could not test which of the many likely
arrangements of 3 Ca®* ions is in better agreement
with experiment.

5. Discussion

S5.1. The adsorption isotherms

A very clear experimental trend is (n)ce >
{n)ca, which we correctly reproduce in the simula-
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tions using any of the sets of parameters from the
literature or ouwr own set. This is easily understood if
we believe that Na(III) is absent in Ca,Na , A cages
and provided induction terms are included. The
weaker adsorption of Xe in Ca,Na,;j A cages com-
pared to CayNa, A cages is largely due to the loss
of Na(IID). The experimental estimates for {#)cas
and (n)cy are poor. A reliable estimate of {(n)ca
requires good relative intensities of the members of
the Xe, progression assigned to Ca,Na, A cages.
Since the peaks are small, we could not determine
reliable estimates of {n)¢,; very well. The situation
for {n)cs; is somewhat better. Still there are rela-
tively large error bars because estimates required
deconvolution of overlapping peaks. Nevertheless,
the trends are what we are interested in, and the
GCMC results in Fig. 9 clearly produce the qualita-
tive experimental trend {n)cas > (H)car > {N)cao >
{n)cy; in the same sample in equilibrium with the
same gas, We find that, using any of the charges
adopted by previous workers, the trend {n)cs3 >
{(n)caz > {n)car is preserved. And, the trend {n)cqo
> {n)ca is found in every instance, provided only
that Na(IlI) is replaced when the first Ca’* ion
substitutes for two Na* ions. The relative order
{n> > {n)cao 18 not always the same for differ-
ent partial charge assignments, however, Fig. 9 is
also consistent with the adsorption isotherms in
Ca,Na,_,, A with variable x, previously reported
by Tsiao et al. [14]. They found that at the same
temperature, the adsorption isotherms exhibit an in-
crease in adsorption with increasing x in the range
x=1.2-4.9. The qualitative trend of increased ad-
sorption upon increase in Al (and cation) content
observed in faujasites has also been reproduced in
GCMC simulations provided that polarization terms
are included [65].

5.2. The "*’Xe chemical shifis of Xe, in Ca-sub-
stituted alpha cages

The qualitative trends observed in the changes in
the Xe, chemical shifts upon Ca-ion substitution,
Beaz = Ocan = Ocan = Ocq; fOr each Xe,, n==1-5 are
reproduced by the GCMC simulations in Fig. 8.
Other assignments of partial charges give the same
qualitative trends 8q,0> 8c,; and Og,3 > Ocyn >
O¢q1» With the relative order 8., vs. 6., varying

more with charge assignments. Although the experi-
mental Xe, peaks assigned to Ca,;Nag A cages have
small intensities, the chemical shifts should still be
reliable, unlike {7 )c,3. Including polarization contri-
butions to the energy produces these trends, whereas
effective Lennard-Jones only V(Xe-O) potentials
do not. Removal of the Na(lll) during the substitu-
tion of the first Ca** ion is essential to the GCMC
simulation finding that 8,4 > 8¢, for Xe,, n = 1-5.
The contributions to the shielding from the Xe~Na
shielding function for the Na(lIl) are larger than
those from the other Na sites since site I is well
into the alpha cage, leading to 8¢,y > 8, for the
larger clusters Xe,—Xe, even when all-Lennard-
Jones effective Xe~zeolite potentials are used. How-
ever, the effect becomes generally true for all size
clusters when Xe polarization terms are included
explicitly. Thus, the experimental finding that 8.,
> 8¢,y for Xe,, n=1-5 can only be explained if
Xe polarization is included explicitly. Furthermore,
without the polarization terms, the qualitative trend
Bcaz = Ocaz = Oca; could not be obtained while
maintaining reasonable agreement with adsorption
isotherms for CasNa, A, by adjusting the effective
Xe—-Ca Lennard—Jones parameters. Thus, including
polarization was absolutely necessary for the inter-
pretation of the 2¥¥e NMR experiments in Ca-ex-
changed Na A zeolite. A more general conclusion is
that the effects of divalent-for-univalent ion ex-
change on Xe chemical shifts in zeolites are infi-
mately connected with polarization of the Xe.

The dependence of the average Xe chemical shift
under fast exchange in Ca,Na,,_, A has been stud-
ied by Tsiao et al. for variable x, where x indicates
the average Ca content [14]. At a sufficiently high
value of x, the loss of Na(Il) ions opens up enough
windows that Xe is in fast exchange among numer-
ous interconnected cages. In all their samples, the Xe
is in fast exchange among the cages. The dependence
of the average Xe chemical shift on the loading of
Xe in the sample of zeolite with the highest Ca
content from Ref. [14] is the one shown in Fig. 11,
where it is compared to our data previously reported
for Ca A [23]. At other values of average Ca content,
the experimental dependence of the average Xe
chemical shift on {n)x. has a similar shape. The
GCMC simulations in CagNa, A reproduces the ex-
perimental trend, although quantitative agreement is
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Fig. 12. The average 129Xe chemical shifts observed under fast
exchange in the zero-Xe loading limit (O} has & dependence on
the Ca content in Ca Nay, _,, A zeolite, observed by Tsiao et al,
[14]. This is effectively the chemical shift of a single Xe atom in
an open Ca,Na,_, A zeolite framework. These are compared
with the **Xe chemical shifts of a single Xe atom in the cages
CagNa, A, Ca;Na |z A, CayNag A, and CazNagA from GCMC
simulations (@), and the observed chemical shifts of the peak
assigned to the Xe, signal in these cages, {©) as observed under
MAS NMR [20].

only fair. At the limit of zero-Xe loading, Tsiao et al.
provide the dependence of the Xe chemical shift on
x. On their data, shown in Fig. 12, we have superim-
posed our experimental data for Xe, and the GCMC
results for Xe, in the CayNa, A, Ca;NajA,
Ca,Nagz A, and Ca;Nag A cages. We also show the
GCMC results at the zero loading limit in Ca;Na, A
cages. We see that we reproduce the trends observed
experimentally rather well. (The qualitative trend of
an initial increase for Xe; in going from Ca;Na,, A,
to Ca, Nay A, to Ca,Nag A cages, but not the plateau,
is found in any of the charge parametrizations we
tried). The chemical shifts of the various Xe, peaks
in the four types of cages obtained upon Ca®*
replacement of Na™ in NaA [20] are in excellent
agreement with the observed dependence on the
Na/Ca ratio of the "PXe chemical shift at the

zero-loading limit in the open Ca, Na,,_, A zeolite
framework (at higher Ca exchange levels) [14]. There
is a linear increase and then a leveling off. It should
be noted that Dybowski’s low loading chemical shifts
involved a distribution of x values in Ca,Na,,_,, A
giving rise to an average Ca content, and the abscissa
value of x in Fig. 12 is their average Ca content for
each sample shown. On the other hand, the numbers
from our GCMC simulations are for Xe, in alpha
cages having a constant value of x=1, 2, 3 or 5,
and our experimental data are (as assigned) for a
single Xe atom in alpha cages having a constant
value of x=1, 2, or 3 Ca*" ions.

In Figs. 13 and 14, we show simulated NMR
spectra of Xe in Ca,Na;,_,, A under magic angle
spinning. In these simulated spectra we have as-
sumed the fractions of each type of cage in the
sample. In Fig. 13, the NMR spectra of Xe in Linde
4 A under magic angle spinning, we have assumed a
distribution of 40% Ca, and 60% Ca, cages only.
The GCMC simulations of Xe in CagNa,, A and
Ca Na,, A alpha cages provide the Xe distribution
(relative intensities within one progression) and the
Xe, chemical shifts (peak positions). In Fig. 14, we
have assumed a distribution of Ca occupancies: 6%
Cag, 64% Ca,, 27% Ca, and 2% Ca, cages for the
high level of Ca*" ion exchange (x = 1.20) in order
to compare with experiment. The line widths of
individual lines used in the simulations in Figs. 13
and 14 were assumed to be the same throughout and
a typical value was assumed, based on line shapes
under magic angle spinning in pure Na A. All other
quantities used in generating the simulated spectrum,
that is, the individual values of Xe occupancies of
each type of cage, P(n), leading to relative intensi-
ties within a progression of Xe, peaks associated
with each cage type, and the individual peak posi-
tions or Xe, chemical shifts associated with each
cage type, [8(Xe Neyys---» [6(Ke, ). were en-
tirely determined from the GCMC simulations.

Comparison with experiment in Fig. 13 is remark-
ably good, especially when we consider that a single
number, the fraction of Ca, cages, is assumed uni-
formly for all the samples (a)—-(d). All other quanti-
ties were obtained from the GCMC simulations. The
changes in the Intensity(Xe,) profiles, while varying
the overall {n)x. in each of the samples (a})—(d), are
predetermined by the individual ()¢, {#)car, ete.,
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Fig. 13. Simulated spectra of Linde 44 under magic angle spinning from GCMC simulations of Xe in CagNa,, A and Ca;Na,, A alpha
cages, where we have assumed a distribution of 40% Ca, and 60% Ca, cages only. On the left are the experimental specira at overall
loadings given in Table 2, as published in Ref. [20]. On the right are the spectra predicted from GCMC simulations in this work. The Xe,
chemical shifts and the Xe distribution (relative intensities within one progession) for various loadmgq are taken from simulations in

CagNa,, A and Ca,;Na,; A cages using parameter set II,

that each cage type is locked into by the GCMC
simulations once the Xe chemical potential is set by
the overhead gas. In the Ca®" ion exchange experi-
ment, growing in of the cages with higher Ca®* ion
content was observed in comparing the two samples
of Xe in Ca Na,,_, A at a low (an average of 0.60

Ca/cage) and a high level of Ca*" ion exchange
(1.20 Ca/cage), under magic angle spinning. The
Ca, cages, already showing their clearly identifiable
progression of Xe, peaks in the low level of Ca?*
ion exchange, become more prominent in the higher
level of Ca®* ion exchange. The Xe, in the Ca,
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cages are barely observable in the former, but have
grown in intensity in the latter, where these Ca,
cages are clearly identifiable. The very small peaks
coming from Xe, in the Ca, cages can just barely be
located, due to their low intensities. In Fig. 14 the
agreement of the simmlated spectrum with experi-
ment is very good. Here, too, all that was assumed
was the overall {n)x. in the samples. All other
values used in the spectral simulation resulted from
the grand ensemble averages in the GCMC simula-
tions. With Figs. 13 and 14, we have shown that

Ca(3)
Ca(2) A
R - s
T Ca(1)
Ca(0)

I I ] | | i I
220 200 180 160 140 120 100 80 60

PPM

Fig. 14. Simulated spectra of Ca-exchanged NaA from GCMC
simulations of Xe in CagNaj, A, Ca;Nag4, CayNagA and
Ca;Na, A cages, where we have assumed a distribution of 6%
Cay, 04% Ca,, 27% Ca,, and 2% Ca, cages. The Xe distribution
(relative intensities within one progession) and the Xe, chemical
shifts are from simulations using parameter set I On the bottom
is the experimental spectrum cobtained under magic angle spinning
for a modest level of Ca-exchange, as published in Ref. [20].

with the help of GCMC simulations it is possible, at
least in this case, to deduce the nature of the cation
distribution after cation exchange by using Xe NMR
spectroscopy.

5.3, Sensitivity to the parameters of the simulation

How sensitive are the important results (average
chemical shifts of Xe, and average occupancy of
each cage type) obtained from the GCMC simula-
tions to the arrangement of Ca®* ions? For the Ca**
ion positions, we tried both the Ca®* ion coordinates
of the Pluth—Smith refined structure for CasNay, A
and the Adams—Haselden X-ray structure for
Cas;Na, A in our simulation box. In the Pluth~Smith
structure, the Ca** ion is located more inside the
alpha cage while in the Adams—Haselden structure
the Ca®" ion is less inside the alpha cage. There are
only small differences between the two sets of re-
sults for adsorption isotherms, but somewhat more
pronounced differences in the chemical shifts (as
large as 3 ppm for Ca;Na,, A, 9 ppm for Ca,Naz A,
and 13 ppm for Ca,NagA); the Ca** ions more
inside the alpha cage gave rise to larger chemical
shifts in general because the Xe is more exposed to
the Ca?" jon in the averaging. The final results we
present here used the Pluth—Smith coordinates for
Ca,, Ca,, and Ca,, and the Adams—Haselden coor-
dinates for Ca cages. For the Ca;Na,, A cage types,
the precise coordinates of the site I position for the
Ca®* ion does not have a significant effect on the
chemical shifts of the Xe, (n = 1,8).

For the Ca,NagA cage types, the adsorption
isotherm has a significant dependence on the chosen
configuration of the 2 Ca?' ions due to the large
dependence of the induction energy on the configura-
tion of the 2 Ca®" ions. Since there are undoubtedly
a distribution of Ca, configurations among the
Ca,Nayz A cage types in the zeolite, the minimum
energy Ca, configuration would not be the appropri-
ate one to use as a typical one for calculating aver-
age properties. We used one of the low energy Ca,
configurations as a typical average configuration.
The Xe, chemical shifts on the other hand, are found
to be not particularly sensitive to the choice for the
low » occupancies, while the higher » Xe, chemical
shifts are highly sensitive. We have no experimental
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observations for Xe,, Xe,, or Xe; in the Ca,Nagz A
cage {ypes, o it is not possible to check this. The
average chemical shifts of all Xe, are very sensitive
to the chosen Ca, configuration and the adsorption
isotherm for the Ca, cages is very sensitive to the
chosen Ca, configuration. We used the low energy
configuration shown in Fig. 3. However, it is diffi-
cult to check experimentally whether this is a reason-
able choice since the fraction of Xe atoms found in
cages containing 3 Ca’* jons is small.

How sensitive are the GCMC results to the poten-
tial parameters used for the Lennard—Jones function
and the partial charges used in the calculation of the
polarization? The adsorption isotherm is rather sensi-
tive to the choice of partial charges for Na, O, Al, Si,
and to the choice of the V;(Xe-0) and V| (Xe—-ca-
tion) parameters. Here, we adjusted the Vi; by
simply scaling down the attractive part using a factor
B less than 1.0, starting from the set of parameters
for the all-LJ potential used by us previously [18,19].
The adsorption isotherms for Ca A which have been
measured by Tsiao et al. [14] and also in our labora-
tory [23] were used to choose a reasonable 8 and
this assignment was checked against the Xe, chemi-
cal shifts in NaA, given that the set of partial
charges is taken from the Mulliken analysis at the
6-311G ™ basis set. The choice of q, /gy, affects
the predicted separations between Ca,Na,,_ A and
Na A chemical shifts and adsorption isotherms. A
larger charge could be chosen to give better agree-
ment with experiment in the Xe chemical shifts in
Ca-exchanged cages, but at the same time, this would
give worse adsorption isotherms compared to that
observed [14,23].

5.4. Consequences of removal of Na{ll)

Finally, we consider the possibility that there are
some Na(Il) ions that may have been removed dur-
ing Ca®* ion substitution. This would lead to forma-
tion of two or more cages interconnected by an open
window, which would have led to chemical shifts
appropriate to a much larger cavity. For example, in
addition to Xes clusters in normal sized alpha cages
there would be some Xes clusters found in the
double-sized cavity produced from averaging of Xe,
and Xe, ., clusters in adjacent connected alpha cages.
We had concluded from the experimental MAS NMR

200 150 100 50
ppm

Fig. 15. The spectrum predicted by GCMC simulations for a
crystallite with Ca;Na A cages, in which 33% of the alpha cages
are participating in double cages, i.e., cages in which the Ca?"*
jon replacement process has removed the Na* ion from the
shared window. The chemical shifts of the Xe, from the normal
CagNay, A cages are labeled ‘Xe,’, whereas the Xe, from the
double cages are labeled with the number of Xe atoms in the
double cage. The Xe in the normal CagNa,; A cages and the
double cages are all in equilibrium with the same gas (i.e., they
are at the same chemical potential).

spectra that there was no sign of such double cages
in the spectra of Ca’"-exchanged NaA at the low
Ca’* substitutions used in this work {20]. We have
tested this conclusion by carrying out GCMC simula-
tions in a simulation box of double cages. A double
cage was created by replacing one Na(I) and one
Na(Il} in one cage by a Ca** ion in site I and
replacing one Na(I) and one Na(IIl) by a Ca** ion in
site T in the adjacent cage. The average chemical
shifts of the Xe, through Xe 4 in these double cages
are collected. Results are shown in Fig. 15 of an
NMR spectrum that has been simulated in a crystal-
lite in which 33% of the alpha cages are participating
in double cages. In this simulated speclrum the
signals from the Xe, in the Na,, A cages are labeled
Xe, and the signals from the double cages are shown
according to their distributions and are numbered 1
through 10. The Xe,, in double cages give rise to
average chemical shifts that are 3-13 ppm more
deshielded (higher chemical shift) than Xe, in single
alpha cages that contain the same number of Ca®*
ions per cage. Furthermore, these double cages have
a distribution of occupancies which is different from
that of the single cages. Comparison of this spectrum
with the experimental spectra suggests that if indeed
there had been a small fraction of double cages, the
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chemical shifts associated with the Xe in the double
cages would have been observed, since several addi-
tional peaks would appear between the usual Xe,
peaks (in single alpha cages). Clearly, if any double
cages had been produced by loss of Na(Il) from the
8-ring windows during the Ca?* substitution, the
fraction of double cages was much too small to be
clearly established experimentally. The absence of
the peaks from this predicted spectrum in the experi-
mental spectrum shows that there was no significant
loss of Na(ll) to Ca®* substitution in our experi-
ments.

Why do we not see more opening up of cages in
our experiments? It has been suggested [41,42,70]
that in the Ca substitution for Na in Na A, the Na(II)
sites are less stable than Na(l) sites. Yet at low levels
of overall Ca substitution we do not observe in the
MAS NMR spectra a preference for loss of Na(Il)
compared to Na(I). It has been reported that pore
opening occurs at 33% exchange of Ca for Na (i.e.,
Ca,Nag A), from adsorption experiments [71]. This
does not imply that Na(Il) ions are missing from the
windows of those alpha cages containing 2 Ca**
ions and 8Na' ions, however. As we have estab-
lished by the Xe NMR experiments, there is a distri-
bution of cage types even at low levels of substitu-
tion in Ca-exchanged Na A; co-existing in the crys-
tallite are Ca,, Ca,, Ca,, and Ca,-containing cages.
Thus, at the level of substitution where the average
Ca content is Ca,NagA, there would be a very
substantial fraction of cages that are Ca,Na, A and
CagNa, A types, having open windows, permitting
fast Xe exchange among many interconnected cages.
It is clear from the studies of Tsiao et al. [14] that
many interconnected cages can exist when the aver-
age number of Ca®" substitutions reaches x =2 in
Ca,Nayy 5,51, Al O

Although we carried out the simulations in the
double cages for the specific purpose of confirming
whether or not a substantial loss of Na(Il) may have
occurred, there are some very interesting results that
have been revealed by the double cages. The posi-
tions of the cations in the double cage simulations
were dictated by the following desired properties:
They lead to the same average number of Ca and Na
per cages as in Ca,Na, A; Na(Il) has been removed
from the connecting window. Incidentally, there is
one Na(Ilf) still present in the double cage. Now we

can compare chemical shifts and adsorption isotherms
as a function of pore size, while keeping all other
factors (number and types and locations of cations,
framework structure, Xe chemical potential) the
same. (1) Comparing 8(Xe,,) in a single cage vs.
8(Xe,) in a double cage shows the dependence of
the Xe chemical shift on the pore size at a given
loading. We find [ 8(Xe Myoure < [8(Xe, e, i€,
the same number of atoms in a larger cage gives a
lower chemical shift, except for Xe, and Xe,. (2)
Comparing 8(Xe,) in a single cage vs. 8(Xe,) in a
double cage shows the dependence of the Xe chemi-
cal shift on the pore size at a given density. We find
[8(Xe,, Ngomie > [8(Xe,)jng: in the double cage, a
Xe atom has access to a larger number of Xe atoms,
which gives rise to a greater chemical shift. (3) At
the identical Xe chemical potential, we find the
double cages adsorb 2.584 Xe atoms per alpha cage
whereas the single cage in Na A adsorbs 1.894 Xe
atoms per alpha cage. At the same chemical poten-
tial, the single cage in Ca;Na;; A adsorbs 0.96 Xe
atoms per alpha cage. That is, the larger pore ex-
hibits an adsorption isotherm that has greater adsorp-
tion than the smaller pore, other conditions being
kept the same.

5.5. Xe in CaA under fast exchange

Without changing any of the parameters in the
potential functions used, Xe under fast exchange in
an A zeolite has been simulated here. The results for
the adsorption isotherm and the Xe chemical shifts
as a function of loading in Figs. 10 and 11 are in
good agreement with experimental results from this
and other laboratories. It was found that the adsorp-
tion isotherm could be reproduced even without ex-
plicitly including polarization terms, but the Xe
chemical shifts are found to be more sensitive to the
separation of polarization terms from Lennard-Jones.
There is one trend worth noting in the simulations.
The Xe chemical shift as a function of loading has a
greater curvature {8y, increasing faster with {(n)x.
than linearly) in the GCMC simulations than is
found experimentally, as seen in Fig. 11, This curva-
ture becomes evident as soon as the last Na(Il) is
eliminated, whether polarization is included or not.
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The average chemical shift in Na A, averaged over
all configurations as if fast exchange could occur,
has a less pronounced curvature. The greater curva-
ture predicted than found experimentally in Ca A is
therefore associated with the absence of the Na(ID) in
the windows, leading to closer Xe—Xe interactions
between cages. A possible explanation of the dis-
crepancy between the experimental curvature and
that resulting from GCMC simulations is the neglect
of the Xe—Xe—Xe three-body terms contributions to
the potential energy and the chemical shifts. It has
been established experimentally that the density co-
efficient of the chemical shift in liquids is smaller in
magnitude than the density coefficient in the dilute
gas, not only for 9Xe but for other nuclei such as
PF as well [72]. This means that the contributions of
many-body terms to the intermolecular chemical shift
is opposite in sign to the two-body term, in general.
We had not previously considered the three-body
terms in the Xe~Xe contributions to the chemical
shifts in zeolites. In the compartmentalized Na A
where no more than 8 Xe atoms are in close proxim-
ity to each other, we have been able to neglect
many-body contributions involving 3 or more Xe
atoms. At the highest loadings of Ca A, the Xe-Xe
pair distribution function is comparable to that in the
bulk liquid and the open network permits a larger
sum over three-body terms than in Na A. When the
Na(II) ions are no longer in the 8-ring windows that
connect adjacent cages (as in Ca;Na, A), the stmu-
lated Xe chemical shift rises more sharply from
medium loading toward the highest loadings, when
compared with the predicted curvature of the aver-
aged Xe chemical shift in Na A.

6. Conclusions

We have found that the partial replacement of
monovalent cations by divalent ones requires that the
polarization of Xe be explicitly included in describ-
ing the potential energy of interaction between the
Xe and the zeolite. No set of pairwise additive
Lennard--Jones potentials could reproduce the quali-
tative trends observed experimentally. With increas-
ing Ca®" ion substitution, the qualitative behavior of
the {n)y. and the Xe, chemical shifts for each type

of cavity could be reproduced by including some
polarization (induction) energy. The details of the
distributions and the chemical shifts observed in the
cation-exchanged zeolite A vary with the parameter-
ization of the electrostatic potential, as might have
been expected, but the qualitative trends are pre-
served with any reasonable set of parameters. This
leads to the conclusion that our assignments of the
Xe, progressions to the types of cages with 0, 1, 2, 3
Ca®* ions is correct. The nature of the distribution of
Ca’* ions upon Ca’" exchange for 2Na* that we
have found here is probably typical of what one
might expect in any kind of cation-exchanged zeo-
lites. '

In this work, we have had the opportunity to
observe directly comparable adsorption isotherms for
cages differing by successive substitution of divalent
for monovalent ions; all the various types of cages
are in equilibrium with the same gas and at the same
temperature in the sample; that is, all Xe are at the
same chemical potential. Thus, we could compared
with each other the results of GCMC simulations at
fixed (u, T, V), using various types of cages, and
these could be compared with experiment. We also
have directly determined the Xe, chemical shifts in
each of these different cages, providing additional
independent tests of the simulations. Each Xe, ex-
plores the inside of one of the various Ca;Na,, A,
Ca,Nag A, Ca;Nay A cages and these Xe, chemical
shifts can be compared to Xe, in Ca,Na,, A cages.
Although the choices of partial charges and
Lennard—Jones parameters are not unique, we have
presented in Tables 4 and 5 (set II) a reasonable set
of parameters that provides agreement with detailed
Xe NMR experiments in Ca,Nay;, ,, A (x=0-5),
NaY, and NaX [65]. We have shown that with the
help of GCMC simwulations it is possible, at least in
this case, to deduce the nature of the cation distribu-
tion after partial cation exchange by using Xe NMR
spectroscopy. The results presented here serve as a
paradigm for future understanding of the relation
between the average Xe chemical shift and the type
and degree of cation substitution in open network
zeolites, where the Xe undergoes fast exchange and
reports an average over all types of cages and all
types of occupancies resulting in a single chemical
shift for the adsorbed phase in equilibrium with a
given Xe gas density.
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