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Since the first experiments on atomic xenon in solids other 
than pure xenon,1'2129Xe NMR has seen extremely wide use in 
studies of porous media,3-7 particularly zeolites. Beginning with 
the work of Ito and Fraissard,8 numerous studies have focused 
on 129Xe in zeolites X and Y. The open-pore framework of 
zeolite Y9 has large cavities of diameter ~11 A interconnected 
tetrahedraUy via shared 12-ring windows of diameter ~7.2 A, 
taking into account oxygen van der Waals radii. Xe, diameter 
~4.3—4.4 A, can readily pass through the 12-ring windows but 
cannot gain access to the smaller cavities. 

The 129Xe NMR spectra of xenon adsorbed on zeolite Y and 
its cation-exchanged forms invariably show isotropic lines at 
room temperature. This observation in itself is very informative. 
Since a xenon localized on a surface or adsorbed in an 
anisotropic site should have a sizable chemical shift anisotropy, 
a truly isotropic line shape can arise only if there is rapid 
reorientation of the chemical shift tensor by dynamic exchange 
among sites related by spherical or pseudospherical (e.g., cubic 
or tetrahedral) symmetry, or by rapid exchange between the gas 
phase and many randomly oriented particles. (Alternatively an 
apparently isotropic chemical shift could arise if the exchange-
averaged anisotropy is so small that it is hidden by broadening 
from other interactions; this might occur in a system where the 
lifetime in the gas phase with zero anistropy is considerably 
greater than the lifetime on or near the surface with large 
anisotropy.) It has become clear that at room temperature the 
observed Xe chemical shift (d) in zeolite Y is a dynamic average 
of d within the zeolite pores (itself a dynamic average over the 
available pore space) and 6 in the "gas" phase between particles. 
Pulsed field gradient work10-13 has shown that, on the NMR 
time scale, xenon exchange can occur over thousands of zeolite 
cages and, by implication, even between particles below a certain 
size. Xe chemical shift studies have also demonstrated internal/ 
external and interparticle exchange.14-22 However, as the 
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temperature is lowered there comes a point at which the bulk 
of the xenon has condensed into the zeolite, and here we address 
the behaviour of this xenon at very low temperatures. Several 
low-temperature studies of xenon adsorbed on Y zeolites have 
been reported.22-28 Cheung et al.2425 in studies at 144 K 
observed a jump in <5 at loadings higher than about 6 Xe/cage, 
which was interpreted as a gas to liquid-like transition. Recently 
we studied a series of powdered Na-Y samples loaded with 
Xe to different levels as a function of temperature down to 120 
K.22 On cooling there is an initial rapid increase in 6 as the 
Xe condenses into the zeolite pores, followed by a temperature 
region where the increase either is much slower (low loadings) 
or even levels off (intermediate and high loadings). At lower 
temperature still, for all loadings, d increases more rapidly again. 

Here we describe observations on a number of samples after 
they were quenched to 77 K from 295 K. The samples 
contained no helium, which is usually added to provide a good 
thermal bath. Thus the quenched samples were initially in a 
state far from equilibrium. Loadings, given as nXe/cage, 
represent the average number of Xe atoms per cage. The 
samples, in sealed 10 mm o.d. Pyrex tubes, were quenched in 
liquid nitrogen and 129Xe NMR spectra immediately recorded 
using a probe in which the coil can be immersed in liquid 
nitrogen. The samples were maintained from then on at liquid 
nitrogen temperature, and spectra were recorded periodically. 

In all cases the initial spectra were complex, with several 
broad lines and irregular features, and sometimes a trace of solid 
Xe was detected. With time, however, all irregularities, 
including the solid Xe line, disappeared, leaving a single, 
relatively sharp, isotropic line. The higher the Xe loading, the 
further downfield was d for these single lines, in accordance 
with the well-known correlation between <5 and space available 
to the Xe.429 Samples with high or low loading annealed to 
equilibrium much faster than intermediate loadings; 12 Xe/cage 
took 1—3 days, and 1 Xe/cage took about 20 h. Furthermore, 
the bulk density had a quite dramatic effect on the annealing 
time; e.g., at 6 Xe/cage, equilibrium was reached between 10 
and 18 months for the loose powder but only 2—5 weeks for 
the compacted sample. During the equilibration period the 
spectra of some samples passed through many different patterns, 
Figure 1. We have observed similar behavior for Xe in Ca-A 
zeolite quenched to 77 K. (Samples also containing a small 
amount of helium gave the equilibrium isotropic lines im
mediately after quenching.) 

These results show several important things, the most 
significant of which is that within any particle of the Na-Y 
zeolite the Xe atoms must still be undergoing fast exchange, 
even at 77 K, 84 deg below the freezing point of bulk Xe. The 
isotropic lines show that all Xe are equivalent and therefore 
that the Xe atoms sample all available site types. Since the 
zeolite lattice is cubic, such motion must produce an isotropic 
average shift. Incidentally one would predict that, for Xe in a 
noncubic framework with large pores of size equivalent to those 
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Figure 1. 129Xe NMR spectra at 77 K of powder samples of Xe/NaY as 
a function of time: (A) 6 Xe/cage (packed powder), (B) 8 Xe/cage (loose 
powder), (C) 12 Xe/cage (loose powder). The spectra were obtained at 49.79 
MHz using a Bruker CXP 180 spectrometer. A recycle time of 40 s was 
used in order to detect any solid Xe. Shifts are given relative to solid Xe 
at 77 K, which occurs at —317 ppm relative to the shift of Xe gas 
extrapolated to zero pressure. 

of Na-Y, the equilibrium 77 K spectrum would be a single 
but anisotropic line. Clearly the magnitude of the chemical shift 
anisotropics for the sites involved in the exchange averaging 
are not known, but if they are assumed to be in the range 10— 
100 ppm, then the observed lines indicate time scales for the 
exchange on the order of 3 x 1O-4 to 3 x 10~5 s. The next 
important finding is that while motion within a zeolite particle 
is rapid at 77 K, exchange between the particles must be slow 
but finite for there to be any annealing at all. Xe transport most 
likely occurs through surface contacts between particles. 
Without He gas to provide good thermal contact in these 
samples, the rapid quenching produces large thermal gradients 
and hence Xe density gradients across the bulk sample. 
Different particles will initially have different average numbers 
of Xe/cage and, thus, give rise to a distribution of isotropic shifts.. 
Such a distribution has already been suggested by Cheung for 
samples which he rapidly cooled to 144 K.24 Equilibrium is 
eventually established when all particles have the same Xe 
density. Any bulk Xe formed from the gas phase during 
quenching must also be able to migrate slowly through surface 
contact into the zeolite. More densely packed samples have 
more surface contacts and hence equilibrate faster than loosely 
packed samples. The sharp lines observed in some of the 
loosely packed samples at intermediate times, e.g., Figure IB, 
probably reflect regions of different bulk density (or clumps of 
powder) which have equilibrated within themselves but not over 
the whole sample. We postulate that the shorter annealing times 
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observed for the low and high loadings reflect the ease of 
migration of a single Xe at low loading or of a "hole" at high 
loading. 

What picture do we have of the state of the Xe at 77 K? It 
is still definitely very mobile and probably closely associated 
with the inner surfaces of the zeolite framework. Referring to 
our earlier temperature-variation studies,22 we suggested that 
the initial sharp rise in Xe chemical shift on cooling was due 
to increasing adsorption of gaseous Xe into the pores until there 
was very little Xe gas remaining. At this point the Xe density 
and shift remain relatively constant over a short temperature 
range. We suspect that in this region the xenon phase in the 
pores is similar to but not exactly like a gas, in that the Xe 
rapidly samples the entire void space, though it must spend more 
time in the potential well associated with the cavity walls,23 

which is also expected from molecular dynamics (MD) 
simulations.30-33 Then as the temperature decreases further, 
condensation of the xenon onto the pore surface and/or clustering 
of the xenon to produce a liquid- or solid-like phase results in 
increases in local density and d. This appears to be the state 
still present at 77 K. (It is not clear whether Xe-surface or 
Xe-Xe condensation occurs first or whether they are concur
rent.) Note that samples with 12 Xe/cage show less effect since 
they are already quite dense. At this point we cannot tell 
whether the isotropic averaging is due to the dynamics of a 
true fluid or to exchange between a well-defined set of sites in 
a solid phase. In this regard, however, recent Monte Carlo 
calculations on the behavior of xenon clusters in Na-A zeolite 
cages at room temperature34,35 suggest that in this cage at least 
there are a very large number of possible sites and the clusters 
are best described as "fluid". From synchrotron X-ray diffrac
tion studies of Xe at 1 and 1.75 atm in Na-X zeolite at 31 0C 
it has been suggested that the predominant site for Xe is in 
association with the Sn site Na+ over the 6-rings of the a-cage.36 

On the other hand, MD simulations of Xe at 188 K in a static 
Na-Y framework suggest that the principal site at low loading 
(1 Xe/cage) is over the central 4-rings.32 Although not in 
agreement, these two latter findings point to specific sites for 
Xe, though at this point we must express a desire for stronger 
physical evidence. MD simulations incorporating a flexible 
framework (e.g., as in ref 37) for the temperature and Xe loading 
ranges studied in the present work would be much more 
informative. 

Our next task is to find the temperature at which the Xe finally 
becomes immobile and if possible determine the number of site 
types and their associated chemical shift anisotropics. 
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