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The average iz9Xe nuclear magnetic resonance (NMR) chemical shift for xenon atoms in 
alpha cages of zeolite Ca4 is observed in a single peak dependent on xenon loading 
( (n) = 0.5-8.9 Xe atoms/alpha cage) and temperature (240-360 K). The general increase of 
the shift with increasing average number of xenon atoms per alpha cage is shown to be due 
largely to the changing distribution of occupancies with increasing (n), coupled with 
increasing increments in the chemical shifts of Xe, with increasing n. Except at the highest 
loadings, the results obtained for xenon in Ca4 are predicted nicely on the basis of 
S,, ( 7’) = ( l/(n) ) 8, na, ( 7’) P,, ( (n), r), where the fractions P,, of alpha cages containing n Xe 
atoms are imported from the P,, measured in xenon in zeolite Na.4. The high loading data in 
Ca4 are interpreted in terms of contributions to the average ‘29Xe chemical shifts associated 
with xenon atoms in the window positions. 

I. INTRODUCTION 

Adsorption studies of substrates in microporous solids 
provide a means of characterizing the internal structure of 
these materials. Xenon, nonreactive and particularly sensi- 
tive to its environment, has become a widely used probe mol- 
ecule. Based on the large nuclear magnetic resonance 
(NMR) chemical shifts of the ‘29Xe nucleus and the pre- 
viously observed large effects of intermolecular interactions 
in the gas phaselm3 and in solutions,4’5 Fraissard’s pioneer- 
ing work on xenon adsorbed in zeolites has made lz9Xe 
NMR spectroscopy a popular technique for characterizing 
zeolites, polymers, and various microporous solids.6P7 For 
xenon adsorbed in a zeolite, what is generally observed in the 
lz9Xe NMR spectrum is a single peak with a resonance fre- 
quency that changes with xenon loading. Loading is usually 
expressed in terms of the number of atoms of xenon per g 
zeolite and is based on independently measured adsorption 
isotherms. In simple zeolites, this is usually converted to 
(n), an average number of Xe atoms per cavity.R The ‘29Xe 
chemical shift inside a zeolite in the zero-loading limit is 
found to be characteristic of the zeolite and is roughly indi- 
cative of the size of the cavities.6*7 The magnitude of the 
change of the chemical shift with (n) is also found to be 
characteristic of the zeolite type. Most experiments have 
been in the range of loadings equivalent to (n) = O-2.5 Xe 
atoms/cavity. Very high loading has been obtained by low- 
ering the temperature, but this sometimes leads to problems 
ofnonreproducible spectra when an equilibrium distribution 
of xenon atoms is not achieved, due to the low mobility of 
xenon atoms at these low temperatures.’ There is little infor- 
mation on the temperature dependence of the chemical shifts 
of Xe in zeolites.g.‘O Changes in the lz9Xe chemical shifts due 
to the presence of other guest molecules in the cavities have 
raised the possibility of using Xe NMR as a means of charac- 

terizing the intrazeolitic distribution of the guest mole- 
cules. ’ ’ 

It is generally agreed that in the limit of zero loading, the 
‘29Xe chemical shift varies roughly inversely as the cavity 
size. There are several linear relationships that have been 
used to relate this lz9Xe chemical shift in a single xenon atom 
interacting with the internal surface of the zeolite to some 
measure of the pore diameter. The van der Waals physisorp- 
tion energy W, (s) of a molecule in a zeolite cavity has been 
related to the ratio s = molecular diameter/pore size, by 
Schmeits and Lucas,‘2*13 by using a model which is an exten- 
sion of the Onsager reaction field concept. Given the dimen- 
sions of the cavity and the sorbed molecule, the model allows 
a calculation of W,(s). When this ratio is 2/3, there is a large 
increase in the sorption energy in a spherical cavity relative 
to a flat surface.‘4 The Xe chemical shift has been related to 
this curvature effect in the following empirical form:” 

s, = - 5.35 + 33.44W,(s), (1) 

where S, is the lz9Xe chemical shift (in ppm) extrapolated 
to zero coverage to eliminate shift contributions from Xe-Xe 
interactions. There are other similar correlations between 
the Xe chemical shift and cavity radius.‘“” That the inter- 
cept apparently depends on the size of the zeolite cavity and 
is nearly independent of the Si/AI ratio within a range of 54 
to 1.06*’ (the latter determines the number of counter-ions 
present) seems to indicate that the ions play a minimal role 
in determining the ‘29Xe chemical shift. 

For low loadings of xenon in zeolites, the ‘29Xe chemical 
shift is generally found to increase with increasing (n) with 
rare exceptions. The shapes of the curves of ‘29Xe chemical 
shift vs (n) depends on the type of zeolite in an unpredicta- 
ble way; some are linear, others are not. Generally, they are 
concave upward, i.e., the increase of the “‘Xe chemical shift 
with the average number of Xe atoms per cavity becomes 
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more pronounced with higher loading. These curves serve as 
fingerprints of zeolite types in the sense that they are more or 
less reproducible in various laboratories and that they are 
not predictable a priori from zeolite structure. Although it 
might be suspected that these curves are largely dependent 
on Xe-Xe interactions, their shapes are not the same as that 
observed in dense xenon gas samples and they do depend on 
the zeolite type. What has been missing so far is a quantita- 
tive physical interpretation of these observations. 

In this paper, we provide a physical interpretation to 
accompany new data on ‘29Xechemical shifts in zeolite CaA, 
obtained for the first time as a function of loading for the 
entire range, up to saturation. We do this as a function of 
temperature as well. For our studies, we choose the A type 
zeolite in which the xenon atoms have access to identical 
cavities (aipha cages) which are linked directly to each oth- 
er, and in which there are no other types of channels or en- 
closures accessible to the xenon atoms. We show that (n) 
obtained directly from the NMR experiments by mass bal- 
ance provides an NMR determination of the adsorption iso- 
therm as a function of temperature over a wide loading 
range. We provide an interpretation of the ‘29Xe NMR data 
in CaA in terms of the detailed information that we have 
obtained from the lZ9Xe NMR spectra in Na.4. l9 These stud- 
ies in zeolite A provide a paradigm for the physical interpre- 
tation of the general qualitative behavior of the intrazeolitic 
lZ9Xe chemical shifts. 

II. EXPERIMENTAL RESULTS 

The details of zeolite dehydration, sample preparation, 
and NMR spectroscopy, given in the preceding paper, will 
not be repeated here. The xenon in zeolite Ca-4, unlike in 
NaA, equilibrates rapidly at 300 K or higher. We neverthe- 
less keep the sample at the desired temperature prior to data 
acquisition for at least 15 min. The elaborate precautions 
taken with NaA in keeping a sample over a period of months, 
making sure that the sample is equilibrated, was found un- 
necessary for CaA at room temperature. 

Our work is different from others in that we use sealed 
samples containing an overhead pressure of xenon gas in 
every case. As described in the Experimental section of the 
preceding paper, we can determine directly from the chemi- 
cal shift of the ‘29Xe nuclei in this free xenon gas over the 
zeolite, the density of the xenon gas in equilibrium with the 
xenon inside the zeolite cages. Also, as described there, we 
calculate (n) the average number of Xe atoms per alpha cage 
directly from a mass balance of xenon in the sample. The 
relationship between the average number of Xe atoms per 
cavity and the density of the overhead gas is an adsorption 
isotherm, expressed here in units that are different from the 
usual ones. These isotherms are shown in Fig. 1 for xenon in 
Ca4 at 240,300, and 360 K. The range of measurements we 
are able to carry out is much greater than the range of studies 
reported in the literature. 

In Fig. 2, we show measurements of the average lz9Xe 
chemical shift of xenon inside the zeolite CaA alpha cages at 
300 K, compared with the previous work of Fraissard et aL8 
and Dybowski et ~1.~’ The shape of the overall curve, includ- 
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FIG. 1. The adsorption isotherm of xenon in zeolite CaA, obtained from the 
‘29Xe NMR spectra. The density of the xenon gas in equilibrium with the 
xenon inside the zeolite is obtained from the resonance frequency of the gas 
peak and the average number of Xe atoms per cavity is obtained from a mass 
balance ( 1 amagat = 2.687~ lOI molecules/cm’). 
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FIG. 2. The lz9Xe NMR chemical shift observed in samples of xenon in 
CaA, relative to the isolated xenon atom, as a function of(n) at 300 K (this 
work). Data from the laboratories of Fraissard (Ref. 8) and Dybowski 
(Ref. 20) are also shown. 
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ing the downturn at near saturation, is reproducible with an 
independent set of samples. The only other NMR measure- 
ments of xenon in CaA over all loadings that we are aware of 
is that of Cheung at 144 K.” However, at this temperature, 
equilibration is slow enough (the mobility of the xenon 
atoms is low) so that their xenon within the receiver coil may 
not reflect the overall (n), as indicated by the asymmetric 
line shapes in the early part of the experiments correspond- 
ing to (n)less than 4. Thus, their spectra may not correspond 
to an equilibrium situation. The lack of reproducibility that 
they report in other work at this temperature’ is consistent 
with this. Chmelka et al. have shown the slow approach to 
equilibrium in similar systems.” The work presented here is 
the first report of ‘29Xe chemical shifts in any zeolitk for the 
entire range of loadings, i.e., up to maximum loading, where 
equilibrium is definitely achieved. 

In Fig. 3 are the ‘29Xe chemical shifts observed in the 
same set of samples at 240 and 360 K. The curves in Fig. 3 
are by no means linear. In earlier work on xenon in various 
zeolites in the range (n) = O-2.5 Xe atoms/cage, many of 
the observed curves were nearly linear over a narrower range 
of measurements.6P7 We note that the ‘29Xe chemical shifts 
at the higher temperature are uniformly smaller than those 
at the lower temperature. Furthermore, the downturn at 
near saturation is also evident at 360 K, although there is no 
sign of it at 240 K. The intercept that would be obtained in 
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extrapolating to zero loading is - 90 ppm at 300 K. This is 
essentially the same as the originally reported intercept of 
90 * 2 ppm.R 

This is the first report of a temperature-dependent study 
of this type. (There are, however, unpublished data for xe- 
non in NaY over a temperature range, mostly below room 
temperature.22 ) The intercept, the ‘29Xe chemical shift of a 
single Xe atom in zeolite CaA, decreases with increasing 
temperature from 95 ppm at 240 K to 85 ppm at 360 K. The 
data of Cheung at 144 K has an intercept that is consistent 
with this. The hump below (n) = 4 in Cheung’s data (also 
shown in Fig. 3) corresponds to spectra which are broad and 
asymmetric, which might indicate that (n) is not uniform 
over the entire sample. These results demonstrate that the 
intercept, which previously had been thought to be a signa- 
ture characteristic of the zeolite, is dependent on tempera- 
ture; temperature is a factor that has to be considered in 
characterization of zeolites by the ‘29Xe NMR technique. 

III. THE PREDICTION OF RESULTS IN Cti FROM NaA 
DATA 

In this work, we attempt to predict the observations on 
CaA using the distributions and chemical shifts observed for 
the various clusters in NaA. There are some caveats, how- 
ever, that have to be attached to these predictions. Some 
dissimilarities between CaA and NaA should be noted. Be- 
sides the average chemical shifts due to interactions with 
Ca+ + being somewhat different from that due to interac- 
tions with Na + , there are small, but real differences between 
the cages in NaA and CaA due to the differences in the num- 
ber and locations of the ions. In a pseudounit cell of zeolites 
of type A, the counterions ( 12 Na + or 6 Ca + + ions for NaA 
and CaA, respectively) are in a relatively rigid anionic 
framework with formula Al,, Si,, 0:: -. The exchangeable 
cation composition per unit cell is explicit and the frame- 
work is simple enough that the locations of these cations can 
be determined unambiguously. 

FIG. 3. The temperature dependence of the lT9Xe NMR chemical shift of 
xenon in zeolite CaA (this work). Also shown are the data of Cheung at 144 
K (Ref. 21). 

A schematic representation of a pseudounit cell is 
shown in Fig. 4. An alpha cage is defined by six eight-rings 
(these are the windows formed by eight oxygen atoms) ar- 
ranged octahedrally. Each opening is framed by four six- 
rings alternating with four four-rings forming a bay window. 
The differences between CaA and NaA are as follows:23 in 
dehydrated Ca.4 the six Ca + + ions lie near the centers of six 
of the eight six-ring sites. Approximately four-fifths of the 
Ca + + ions project out into the alpha cage and only one-fifth 
into the other side (the sodalite units). In dehydrated Na,4, 
roughly eight Na + ions lie near the centers of the eight six- 
rings, nearly one Na + ion lies tucked away in a special site 
opposite a four-ring, and the remaining nearly three Na + 
ions are accounted for by sharing each of six Na + ions with 
another alpha cage in their locations near the centers of the 
six eight-ring windows. Changing the cation in going from 
Na.4 to CaA changes the effective volume and changes the 
potential energy surface that describes the interaction with 
the Xe atoms. Although the Ca + + ions project out into the 
alpha cage, whereas the Na + ions do not, there is apparently 
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FIG. 4. A schematic diagram of a pseudounit cell of zeolite A. Each line 
represents a T-O-T unit, where T is either Si or Al. One of the eight-ring 
windows of an alpha cage is in the foreground, showing the “bay window” 
shape. 

a larger available volume for xenon atoms in Ca.4 than in 
NaA, because the Ca + + ions are smaller than Na + ions, 
there are fewer cations in CaA, and there are no ions blocking 
the windows in CaA. The NMR evidence does seem to indi- 
cate that for Xe atoms, there may be a bit more available 
volume in Ca4 than in Na4. The maximum loading so far 
observed in NaA is n = 8. The situation is different in the 
Ca4 case where average loadings slightly greater than eight 
have been observed in this work. Changes in the zeolite 
framework structure upon replacement of Na’ ions by 
Ca + + ions have been documented by neutron diffraction 
studies.24 

It is well known from theoretical calculations that the 
convex internal surfaces at intersections of cavities or chan- 
nels of a microporous solid correspond to high potential en- 
ergy regions for an adsorbent molecule.‘2*13~25~26 This is now 
well established by investigators using a dielectric continu- 
um Drude model for the molecule-zeolite interaction’2S13 as 
well as by those who have used potentials obtained by sum- 
ming up over Lennard-Jones pairwise interactions between 
the sorbate molecule and the oxygen atoms of the zeolite 
framework.*‘-*’ In molecular dynamics simulations, the 
nonpolar sorbate molecule does not frequent these locations. 
At all concentrations, the sorbate molecules avoid these en- 
ergetically less favorable sites,25*26 except where bulky 
groups on the molecule favor the intersections.28 However, 
at the very high loadings in Fig. 3, some of the Xe atoms can 
be found in the high potential energy regions which serve as 
windows. Assume that the open windows in CaA provide 
space for three more Xe atoms (i.e., a share of0.5 Xe atom at 
each of six windows) in addition to the six which are easily 
accommodated inside the cage. The ‘29Xe chemical shifts 
associated with the window locations are expected to be low- 
er than those inside the alpha cage if the rough relationship 
postulated between intermolecular potential energy and in- 
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termolecular shielding contributions is true and if this is 
combined with the known less-attractive potentials associat- 
ed with a molecule or atom next to convex surfaces (relative 
to flat surfaces).‘**13 The contrast between NaA and CaA is 
that, while the S, and 6, in NaA correspond to lower shield- 
ing (higher chemical shifts) because of the greater deshield- 
ing occurring at short range when the Xe atoms are squeezed 
together, the S, and S, in CaA could correspond to somewhat 
higher shielding (lower chemical shift) because of the Xe 
atoms being found at somewhat higher potential energy lo- 
cations. 

We extrapolated the curve smoothly through the incre- 
mental shifts for n = 1-6 in Fig. 3 of the preceding paper to 
obtain approximate values of S, and Ss to use in C&4. These 
will not be correct, of course, but better than using the shifts 
associated with the “overcrowded” conditions in NaA. 

By using the extrapolated chemical shifts for the Xe, 
and Xe, clusters and the experimental distribution of occu- 
pancies in NaA, we can “predict” CaA spectra at the fast 
exchange limit. A similar prediction can be made using the 
same cluster shifts with the hypergeometric distribution of 
occupancies. We calculated the average chemical shift for 
‘29Xe at an average loading of (n) Xe atoms per alpha cage 
by using the hypergeometric distribution corresponding to 
(n) in Eq. (2) 

S,,(T) = (l/(n))2,nS,(T)H,((n)) (2) 
and also by using the experimentally observed distribution of 
Xe atoms in the alpha cages of NaA in Eq. ( 3 ) 

S,,(r) = (l/(n))2,nS,(T)P,((n),T). (3) 
The results are compared with the experimental’29Xe chem- 
ical shifts measured in CaA at 300 K in Fig. 5 and at 360 K in 
Fig. 6. 

The above discussions suggest that distributions P, may 
be somewhat different for CaA than those we had measured 
in NaA. The nmax for Ca.4 is likely somewhat larger than 8. 
Also, the hypergeometric distributions that we use for CaA 
probably ought to be calculated using nmax > 8. However, 
since our main point is to compare the experimental P, with 
the hypergeometric distribution, we did not attempt to use 
two different values of nmax. Despite all these caveats, we 
nevertheless use the values of P, that we have measured in 
NaA in the prediction of xenon chemical shifts with loading 
in CaA, and note any discrepancies with experiment as we 
find them. 

IV. DISCUSSION 

The intercept of the experimental curve for the ‘29Xe 
chemical shift vs xenon loading in zeolite CaA is the ‘29Xe 
chemical shift for a single Xe atom in an alpha cage of Ca4. 
This is different from S’, the ‘29Xe chemical shift for a single 
Xe atom in an alpha cage of NaA because of the slight differ- 
ences between these cages. 

The ‘29Xe NMR spectrum observed in the progression 
from (Na; )A to (Ca$ + )A by replacing two Na+ ions 
successively with one Ca + + ion in the zeolite has been dem- 
onstrated by Dybowski and co-workers. The intercepts of 
their experimental curves follow a straight line from 97 ppm 
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to our value of 75 ppm in NaA I9 as the number of Ca + + ions 
is changed from five to zero.2o On the other hand, the incre- 
ments (S, - 6,)) etc. are to a large extent determined by the 
Xe-Xe contributions to the chemical shift. Thus, while the 
entire predicted curve may be too low because of the differ- 
ent values of S, for NaA and CaA, the shape of the curve for 
the Xe shifts in CM vs (n) is fairly well represented by the 
predicted curve based on NaA. 

There are some general points worth noting here: 
( 1) The general increase of the ‘29Xe chemical shift 

with increasing (n) is shown to be due largely to the chang- 
ing distribution of occupancies with increasing (n), coupled 
with slightly increasing increments in the chemical shifts of 
Xe, clusters with increasing cluster size n. Even a hypergeo- 
metric distribution gives roughly the right behavior of a gen- 
eral increase of ‘29Xe chemical shift with (n). We now have 
a better understanding of the basis for most of the curves of 
‘29Xe chemical shifts in zeolites that have been summarized 
in the review by Fraissard.6*7 

(2) There is no physical basis for a straight line behavior 
in these curves. The straight or nearly straight lines pre- 
viously obtained are symptomatic of the limited range of 
loadings covered by the experiments. 

(3) The actual distributions of Xe atoms in the alpha 
cages of CaA (only inferred) and in the alpha cages of NaA 
(observed in the preceding paper) are different from the 
strictly statistical distribution (hypergeometric) in a man- 
ner which is understandable on the basis of what is now 
known about potential energy functions for these systems. 

(4) The shape of the predicted curve at 300 K is close to 
the shape of the experimental one, except at very high load- 
ings. It might be expected that the deviations from the hyper- 
geometric become more pronounced at lower temperatures. 
We note that the deviations from hypergeometric become 
only slightly smaller at 360 K compared to 300 K. In the 
limit of very high temperatures, the strictly statistical distri- 
bution would be approached. 

In summary, except at the highest loadings, the results 
obtained for xenon in CM are nicely predicted on the basis of 
Eq. (3) 

h”(T) = (l/(n))B,ns,(T)P,((n),T), (3) 

leading us to believe that we have found a reasonable inter- 
pretation of the ‘29Xe chemical shift observed in zeolite Ca,4. 

0123458769 
Average number of Xe atoms per a-cage 

FIG. 6. The same predictions as shown in Fig. 5, except that this is for 360 
K. 

Some more specific details observed at high loading are 
also worth mentioning. The high loading data in CaA show 
that the large chemical shifts 6, and S, in NaA are unique to 
NaA, not observed in CaA. We attribute these chemical 
shifts in the Xe, and Xe, clusters to the overcrowding that 
results from the blocking of the windows by Na + ions found 
in NaA. We can also suggest an explanation for the leveling 
off observed at both 300 and 360 K in the limit of high (n) 
(i.e., for (n) greater than 6 at 360 K, and for (n) greater 
than 7 at 300 K). This phenomenon is likely related to the 6, 
and S, in CaA being lower than might be expected from the 
incremental changes observed in S, through S, in Na.4 used 
in interpreting data in CaA. A possible explanation for 
smaller 6, and 6, in Ca4 may be found in the apparent con- 
nection between the ‘29Xe chemical shift and the potential 
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energy, as inferred in the work of Derouane et al.” and as 
discussed in detail elsewhere.29 

Schmeits and Lucas have used what is effectively a 
Drude model in calculating the physisorption energy of a 
rare gas atom physisorbed on a dielectric medium that has 
the form of a flat surface, a rod, a sphere, a cylindrical cavity, 
and a spherical cavity. 12,13 Following Buckingham’s formu- 
lation (likewise based on a Drude model) for (T( R ) the nu- 
clear magnetic shielding of a rare gas atom in the presence of 
another rare gas atom at a distance R,30 we have derived 
relationships expressing the shielding function for a rare gas 
atom physisorbed on the idealized surfaces of Schmeits and 
Lucas. Schmeits and Lucas found that the physisorption en- 
ergy is greater for a molecule inside a spherical cavity and 
less for a molecule on a convex surface compared to a flat 
surface. We have found29 that the deshielding effect of 
physisorption varies with the geometry of these idealized 
surfaces, a larger deshielding (i.e., a larger ‘29Xe chemical 
shift relative to the isolated Xe atom) for a xenon atom on 
the inner wall of a spherical cavity, and a smaller chemical 
shift for a xenon atom on a convex surface, relative to a 
xenon atom on a flat surface. 

Various other methods have been used to estimate the 
potential function describing the energy of interaction be- 
tween a xenon atom and the atoms of the intrazeolitic sur- 
faces; some are based on a summation over Lennard-Jones 
pairwise functions between Xe and the atoms of the zeo- 
lite.2”“6 These workers find the same general qualitative de- 
pendence of the potential energy (of atom-surface interac- 
tion) on the geometry of the surface as is found in the model 
of Schmeits and Lucas. They find that positions next to con- 
vex surfaces such as the intersections between channels and 
at entrances to cavities are less energetically favorable than 
the minimum energy positions next to concave surfaces such 
a those formed by an alpha cage.25.26 Molecular dynamics 
simulations show that molecules move mostly along the in- 
ner walls of the cage27’3’-35 and small nonpolar molecules 
such as CH, and Xe do not frequent the channel intersec- 
tions even at 400 K.2” In zeolite Nay, molecular dynamics 
simulations show that the xenon atom experiences a barrier 
just before crossing the window and that the Xe atom re- 
mains near the inner wall of the alpha cage throughout the 
process of cage-to-cage migration at low concentrations.27 
Because of this nature of the potential energy surface de- 
scribing the interaction of a rare gas atom with a zeolite, in 
the limit of very low loading, the Xe atom will tend to spend 
less time in the intersection between alpha cages. This means 
that at low loading, the chemical shifts associated with xe- 
non atoms at locations in the intersection of two alpha cages 
in CaA or the centers of the alpha cages do not contribute 
much to 6,“. However, at very high xenon loadings, Xe 
atoms are forced to spend some time at these energetically 
unfavorable and, we believe, lower chemical shift locations. 
This is our explanation of the leveling off in the Xe chemical 
shifts at the highest loadings in CaA, as shown in Fig. 3. 

A. Temperature dependence of 6,” in Ca.4 

The temperature dependence of the intercept in Fig. 3 
appears to be small. This corresponds to a single Xe atom 
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interacting with the internal surface of the zeolite. For a 
single Xe atom in zeolite CaA, the average chemical shift 
would be given by 

S,, = - J dR[dR) - u( co)]e- v(R)‘kT, (5) 
where F’(R) is the potential energy of interaction between 
the Xe atom and the entire zeolite when the Xe atom is at 
position R and (T(R) is the shielding value for the Xe nucleus 
when the Xe atom is at position R in the zeolite. a( CO ) is the 
value of the shielding of the free Xe atom. Equation (5) 
implies that one might expect a change toward an increasing 
average Xe chemical shift with decreasing temperature. 

Schematic diagrams of the single Xe atom radial distri- 
bution functions in the Na-4 alpha cage at various tempera- 
tures, and a schematic diagram of the ‘29Xe shielding, as a 
function of the distance from the center of the cavity are 
shown in Fig. 7. The shapes of the former are based on the 
single-particle radial distribution functions found by molec- 
ular dynamics simulations of CH, molecules in NaA.32 The 
shape of the latter is based on the 39Ar model for intermole- 
cular (ab initio) shielding. The ‘29Xe chemical shift of a 
single Xe atom in the NaA alpha cage at a given temperature 
is the average of the shielding function over all values of R 
weighted according to the radial distribution function. From 
Fig. 7, the expected temperature dependence of S, in Na.4 is 
a decrease of chemical shift with decreasing temperature. 
The intercept in Fig. 3 for xenon in CaA cannot be divined by 
using the same schematic diagrams. First, the Xe atom is not 

D(R) 

FIG. 7. Schematic diagrams of the radial distribution functions of a single 
Xe atom in an alpha cage of NaA, shown with the schematic diagram of the 
‘*‘Xe nuclear magnetic shielding for a Xe atom in the same alpha cage. The 
radial distance R is measured from the center of the alpha cage. 
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confined within the alpha cage, so the distribution function 
in zeolite Ca,4 will have a broader tail at large R from the 
center (the window positions), the area under this tail in- 
creasing with increasing temperature. This tail in the single- 
particle radial distribution function is indeed found in mo- 
lecular dynamics simulations of CH, molecules in zeolite 
ZK 4, which has the same framework structure as zeolite A, 
but has no Al atoms and therefore no counterions in the 
windows or elsewhere.33 Second, based on the Drude model 
for the dependence of the chemical shift on the shape of the 
zeolite surface, the Iz9Xe chemical shifts predicted for the 
window positions in CaA are smaller than for positions next 
to the inside wall. From all this, we expect the intercept in 
CaA to tend toward lower chemical shifts at higher tempera- 
tures. This is indeed what we find in CaA in Fig. 3. If the 
alpha cages of NaA and CaA were identical, the temperature 
dependence of the intercept in CaA should be identical to 
that observed for S, in Na4. The change to lower chemical 
shift at higher temperatures is qualitatively the same. We do 
not attempt a quantitative comparison because the differ- 
ences in the two alpha cages discussed above lead to differ- 
ences in the temperature dependence of a single Xe atom in 
the alpha cages of NaA and CaA . 

sented here a physical interpretation of the observed zeolite- 
characterizing behavior of the single resonance peak usually 
observed in lz9Xe NMR spectra of xenon in zeolites. These 
studies of ‘29Xe NMR in NaA and CaA serve as a paradigm 
for the qualitative understanding of the observed ‘*‘Xe shifts 
in many zeolites such as NaX, Nay, ZK 4,ZSM-5,ZSM-11, 
omega, and others. We can see now why not only the inter- 
cept, but the whole shape of the curve of the ‘29Xe NMR 
chemical shifts vs loading is characteristic of the zeolite. The 
distributions P,, of xenon atoms in the intrazeolitic cavities 
and the individual ‘29Xe chemical shifts S, of the various 
clusters of Xe atoms are determined by the zeolite frame- 
work. Thus, the whole curve is characteristic of a given zeo- 
lite. There are, however, other unusual and unique behaviors 
of ‘29Xe chemical shifts such as in zeolites Ca Y and HZ,7-9 
which remain to be explained. 
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For a given (n), the temperature dependence of the 
‘29Xe chemical shift in Ca4 is contained in the temperature 
dependence of the 6, of the individual clusters Xe, and in 
the distribution P,, . We found, in the preceding paper, that at 
low loading, the actual distribution of Xe atoms in the alpha 
cages favors the larger clusters compared to that of the hy- 
pergeometric distribution. We based our explanation of this 
observation on the attractive interactions between Xe atoms, 
which is not accounted for in the statistical distribution of 
hard spheres. At lower temperatures, this tendency will be 
more pronounced. For low to medium loading, we find that 
the combination of this temperature dependence of P, and 
the temperature dependence of S, in NaA agree with the 
direction of the observed changes with increasing tempera- 
ture in the Xe chemical shift vs (n) in Ca4. 

At much higher loadings, the observed shifts in CaA are 
much lower than predicted in Figs. 5 and 6, leveling off rath- 
er than increasing sharply as (n) approaches 8. As already 
discussed above, the windows can be occupied by Xe atoms 
in Ca4, but not in NaA. The probability of finding Xe atoms 
at these less energetically favorable locations increases with 
increasing temperature. Thus, we observe the leveling off in 
CaA (see Fig. 3) occurs earlier at 360 than at 300 K. The 
results for 240 K are consistent with a radial distribution 
function that has very little tail at R values corresponding to 
window positions even at very high loadings, when the tem- 
perature is low enough. 

V. CONCLUSIONS 

This combination of studies in NaA, in which the indi- 
vidual Xe clusters are observed, and in CaA, in which only 
the fast-exchange limiting spectra are observed, provide the 
first comprehensive studies of 129Xe NMR in zeolites over a 
range of temperatures and a wide range of loadings. Accom- 
panying ab initio calculations in model systems provide a 
reasonable explanation for the observed shifts. We have pre- 
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