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The positions of Xe atoms encapsulated in the molecular-dimensioned cavities of fully dehydrated Na-A have
been determined. Na-A was exposed to 1050 atm of xenon gas at 400 oC for seven days, followed by cooling
at pressure to encapsulate Xe atoms. The resulting crystal structure of Na-A(7Xe) (a = 12.249(1) Å, R1 = 0.065,
and R2 = 0.066) were determined by single-crystal X-ray diffraction techniques in the cubic space group Pm3m
at 21(1) oC and 1 atm. In the crystal structure of Na-A(7Xe), seven Xe atoms per unit cell are distributed over
four crystallographically distinct positions: one Xe atom at Xe(1) lies at the center of the sodalite unit, two Xe
atoms at Xe(4) are found opposite four-rings in the large cavity, and four Xe atoms, two at Xe(2) and others at
Xe(3), respectively, occupy positions opposite and between eight- and six-rings in the large cavity. Relatively
strong interactions of Xe atoms at Xe(2) and Xe(3) with Na+ ions of four-, eight-, and six-rings are observed:
Na(1)-Xe(2) = 3.09(6), Na(2)-Xe(3) = 3.11(2), and Na(3)-Xe(2) = 3.37(8) Å. In each sodalite unit, one Xe atom
is located at its center. In each large cavity, six Xe atoms are found, forming a distorted octahedral arrangement
with four Xe atoms, at equatorial positions (each two at Xe(2) and Xe(3)) and the other two at axial positions
(at Xe(4)). With various reasonable distances and angles, the existence of (Xe)6 cluster is proposed (Xe(2)Xe(3) = 4.78(6) and 4.94(7), Xe(2)-Xe(4) = 4.71(6) and 5.06(6), Xe(3)-Xe(4) = 4.11(3) and 5.32(4) Å, Xe(2)Xe(3)-Xe(2) = 93(1), Xe(3)-Xe(2)-Xe(3) = 87(1), Xe(2)-Xe(4)-Xe(2) = 91(4), Xe(2)-Xe(4)-Xe(3) = 55(2),
59(1), 61(1), and 68(1), and Xe(3)-Xe(4)-Xe(3) = 89(1)º). These arrangements of the encapsulated Xe atoms
in the large cavity are stabilized by alternating dipoles induced on Xe(2), Xe(3), and Xe(4) by eight- and sixring Na+ ions as well as four-ring oxygens, respectively.

Introduction
The zeolite provides an ordered matrix that can trap various gas molecules such as neon,1 argon,1-3 krypton,1 xenon,418
dinitrogen,2 carbon dioxide,2 methane,19,20 and dihydrogen,21-23 in its void space when the diameters of guest molecules somewhat exceed the window size of the zeolite at
room temperature.24,25 Among those, xenon has been extensively utilized as a probe for studying the pore structures and
other properties of various zeolites by using 129Xe NMR
spectroscopy.4-18 That is because xenon atoms are particularly sensitive to their environment due to their chemical
inertness and high polarizability. Such occlusion of xenon
atoms in zeolites has also been studied by using various
other scientific methods such as molecular dynamics simulations,13,14 Grand Canonical Monte Carlo simulation,14-16 and
single-crystal X-ray diffraction method,25 and so on. These
techniques, together with the 129Xe NMR spectroscopy,4-18
were extensively used in order to elucidate physico-chemical properties, the distribution and the size of supported
metal particles, the location of cations, the effect of electric
fields, the migraion processes of cations and the occluded
species like metal clusters or the clusters of rare-gas atoms in
various zeolites.4-25
After pioneering work of Fraissard,4 129Xe NMR technique was used by Samant et al.24 to monitor the process of
*
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the encapsulation of xenon atoms and to provide information
on the distribution of xenon in Na-A zeolite. They forced
xenon atoms into the Na-A zeolite at 40 bar and 525 K and
took the 129Xe NMR spectrum, showing five peaks assigned
to various Xe clusters in the α-cages. Chmelka et al.18 also
used the 129Xe NMR spectroscopy to probe directly the distribution of xenon atoms confined in Na-A zeolite. These
separate theoretical studies and adsorption experiments suggested that xenon packing arrangements were almost certainly dominated by local surface effects and geometric
constraints even at low loadings. Based on an idealized geometric model,18 a pentagonal bipyramidal arrangement of
xenon atoms tangent to the interior walls of the α-cages
appeared feasible near the saturation occupancy with 7 Xe
atoms per cavity. Assemblies of 6 xenon atoms were
expected to posses cubic symmetry, while a lower symmetry
configuration was anticipated with 7 Xe atoms.
Jameson et al.14-16 studied on the equilibrium distribution
of the Xe atoms among the α-cages of Na-A ranging from
very low xenon loading up to saturation by 129Xe NMR and
also simulated by using a Grand Canonical Monte Carlo
(GCMC) method in order to compare results with those of
NMR study. They observed trapped Xe atoms in the α-cages
of Na-A in 129Xe spectrum. Their GCMC, hypergeometric
distribution, and continuum model provided quantitative
agreement with the experimental equilibrium distribution of
Xe atoms among the cavities of the zeolite. They actually
found 11 local minima for a single Xe atom in the α-cage to
show some of the minimum energy configurations (Xe1Xe8). No Xe atoms was found in the middle of the α-cage
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either when it is alone in the cage or when there are 8 Xe
atoms in the α-cage.
Even though there are no direct evidences, most scientists
working on xenon occlusion into zeolites by 129Xe NMR,
Grand Canonical Monte Carlo Simulation (GCMC), and
Molecular Dynamics Simulation have suggested that Xe
atoms (kinetic diameter = 3.96 Å)26 could not gain access to
the sodalite cavities with the windows of free diameter ca.
2.2 Å.4,15,24,27 However, recently in the crystal structures of
Cs3-A(xAr), x = 5 and 6,3 Cs3-A(5Kr),28 and Cs3-A(yXe), y =
2.5, 4.5, and 5.25,25 one Ar (kinetic diameter = 3.40 Å),26 Kr
(3.60 Å),26 or Xe atom (3.96 Å)26 was always and unambiguously found near the center or at the center of each sodalite
unit. These results indicated the existence of dynamic processes for the passages of those atoms through a six-ring
whose aperture is formally considered to be too small (vide
supra).
Interestingly, it was generally considered that Na-A zeolite
may not be suitable for the storage of Xe atoms due to its
larger window size. Xe atoms with 3.96 Å of kinetic diameter could not be efficiently entrapped within α-cage having
window size of 4.2 Å. However, Chmelka et al.18 identified
the saturation occupancy with 7 Xe atoms per cavity of NaA by 129Xe NMR spectroscopy. This result could not be
explained by the simple kinetic diameter relationships between
guest molecules and window size of zeolites. Therefore, the
blocking effect of Na+ ions on 8-rings with known free
kinetic diameter of 4.2 Å for Xe atoms of the large cavity
has not been well understood. Furthermore, the stability of
Xe atoms in Na-A and their interaction with zeolite framework will be different from those of Xe atoms in Cs3-A in
which the blocking effects of Cs+ ions on eight-rings of the
large cavity were proven in various early works published.3,25,28 The existence of encapsulated Xe atom in the
sodalite unit without such Cs+ blocking cations on eightrings has not been suggested by any other techniques like
129
Xe NMR, Grand Canonical Monte Carlo simulation
(GCMC), Molecular Dynamics Simulation, and X-ray crystallographic method.
In this work, xenon atoms were encapsulated at high pressure in the cavities of fully dehydrated Na-A zeolite, the
native zeolite A, in order to observe their position and to further characterize the confinement effect crystallographically.
Together with the blocking effect of Na+ ions on the eightrings of Na-A, the precise coordinates of encapsulated Xe
atoms, sensitive to the electrostatic field in an unperturbed
zeolite, would be seen. Perhaps interesting clusters of Xe
atoms formed by induced dipole attractions (London forces)
in the large cavity and Xe atom trapped in the sodalite unit at
high pressure would be characterized.3,25,28
Experimental Section
Colorless single crystals of the native zeolite 4A, Na12Si12Al12O48 · 27H2O (Na12-A · 27H2O or Na-A·27H2O),29 were
synthesized by Kokotailo and Charnell.30 A single crystal of
hydrated Na-A, a cube 80 µm on an edge, was lodged in a
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fine Pyrex capillary with both ends open. This capillary was
transferred to a high-pressure line connected to the vacuum
line. After cautious increases in temperature of 25 oC/h
under vacuum, followed by complete dehydration at 400 oC
and 1 × 10−4 Torr for two days, forced sorption of Xe into the
crystal was carried out at 400 oC for seven days with 1050
atm of Xe (Matheson, 99.996%). High pressure of xenon gas
was produced by condensing the gas in the high pressure
chamber (immersed in a liquid-nitrogen bath), which contains the capillary with Na-A crystal, followed by reheating
up to appropriate temperature after isolating the chamber
from the vacuum line. Encapsulation was accomplished by
cooling the chamber at pressure to room temperature with an
electric fan. Following the release of Xe gas from the chamber, both tips of the capillary were presealed with vacuum
grease under nitrogen before being completely sealed with a
small torch. No changes were noted in the appearance of the
crystal upon examination under the microscope.
The cubic space group Pm3m (no systematic absences)
was used in this work for the reasons discussed previously.31,32 The cell constants, a = 12.249(1) Å at 21(1) oC,
was determined by a least-squares treatment of 15 intense
reflections for which 20° < 2θ < 30°. Each reflection was
scanned at a constant scan speed of 0.5°/min in 2θ with a
scan width of (0.60 + 0.67tanθ)°. Background intensity was
counted at each end of a scan range for a time equal to half
the scan time. The intensities of all lattice points for which
2θ < 70° were recorded. Absorption correction (µR ca.
0.27)33 was judged to be negligible for this crystal, since
semi-empirical Ψ-scans showed only negligible fluctuations
for several reflections. Only those reflections in final data set
for which the net count exceeded three times its standard
deviation were used in structure solution and refinement.
This amounted to 185 reflections. Other crystallographic
details are the same as previously reported.3,25,28
Structure Determination
Full-matrix least-squares refinement was initiated with the
atomic parameters of all framework atoms [(Si,Al), O(1),
O(2), and O(3)] and Na+ at Na(2) in Cs3Na8H-A.3,25,28 A
refinement with anisotropic thermal parameters for all
framework atoms and isotropic thermal parameter for Na+ at
Na(2) converged quickly to the error indices R1 = Σ|Fo-|Fc||/
ΣFo = 0.251 and R2 = (Σw(Fo-|Fc|)2/ΣwFo2)1/2 = 0.369 with
occupancies of 7.0(9) for Na+ at Na(2). A difference Fourier
function based on this model revealed several peaks deep in
the sodalite and large cavity. A subsequent refinement with
inclusion of a peak at the center of the sodalite unit as Xe(1)
and another one slightly off 3-fold axis opposite a six-ring in
large cavity as Xe(3) (see Table 1) converged to the error
indices R1 = 0.124 and R2 = 0.151 and resulting occupancies
of 8.2(4), 1.32(5), and 8.1(2) at Na(2), Xe(1), and Xe(3),
respectively. With fixed occupancy of 8.0 (its maximum
value by symmetry) at Na(2), including peaks Na+ on the
eight-ring as Na(1) and opposite eight-ring in the large cavity as Xe(2) further reduced the error indices to 0.076 and
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Table 1. Positional, Thermal, and Occupancy Parametersa
Wyckoff
position
(Si,Al)
O(1)
O(2)
O(3)
Na(1)
Na(2)
Xe(1)
Xe(2)
Xe(3)
Xe(4)
Na(3)

24(k)
12(h)
12(i)
24(m)
12(i)
8(g)
1(a)
48(n)
24(m)
24(m)
12(j)

x
0
0
0
1131(6)
0
2042(6)
0
2439(35)
2981(22)
3071(11)
2127(100)

y
1834(3)
2288(10)
2913(7)
1131(6)
4345(26)
2042(6)
0
3765(33)
3709(16)
3071(11)
2127(100)

U11 or

z
3714(3)
5000e
2913(7)
3417(7)
4345(26)
2042(6)
0
4559(37)
3709(16)
4625(11)
5000e

Uisob
24(2)
41(8)
54(9)
28(3)
178(54)
46(3)
21(1)
19(2)
15(1)
11(1)
10(5)

U22
15(1)
20(8)
19(5)
28(3)
60(18)
46(3)

U33
6(1)
24(7)
19(5)
30(5)
60(18)
46(3)

U12
0
0
0
16(5)
0
20(4)

U13
0
0
0
1(4)
0
20(4)

U23
3(2)
0
3(7)
1(4)
5(25)
20(4)

Occupancyc
fixed

varied

d

24
12
12
24
3
8
1
2
2
2
1

2.9(3)
8.2(4)
0.97(2)
2.14(6)
1.93(6)
1.85(5)
0.420(3)

Positional parameters × 104 and thermal parameters × 103 are given. Numbers in parentheses are the estimated standard deviations in the units of the
least significant figure given for the corresponding parameter. The anisotropic temperature factor is exp[-2π2a-2(U11h2 + U22k2 + U33l2 + 2U12hk + 2U13hl
+ 2U23kl)]. bIsotropic thermal parameters in units of Å2. Xe(1) is isotropic by symmetry. cOccupancy factors are given as the number of atoms or ions
per unit cell. dOccupancy for (Si) = 12, occupancy for (Al) = 12. eExactly 0.5 by symmetry.

a

0.072 with resulting occupancies of 2.9(3), 0.97(2), 3.33(6),
and 2.39(6) at Na(1), Xe(1), Xe(2), and Xe(3), respectively.
When this model was refined with fixed occupancies of 3.0
and 1.0 (their maximum values by symmetry) at Na(1) and
Xe(1), respectively, another peak was found in the large cavity. Further inclusion of this peak opposite a four-ring in the
large cavity as Xe(4) reduced the error indices to 0.065 and
0.066 with resulting occupancies of 2.14(6), 1.93(6), and
1.85(5) at Xe(2), Xe(3), and Xe(4), respectively. The refinement with anisotropic thermal parameters for all atoms
except for isotropic thermally refined with all occupancies
fixed at 3.0, 8.0, 1.0, 2.0, 2.0, and 2.0 for Na(i) and Xe(j), i =
1 to 2 and j = 1 to 4, respectively, and converged to R1 =
0.066 and R2 = 0.067. Finally, another peak was found on
the opposite a four-ring in the large cavity, Na(3), (0.21272,
0.21272,0.5) position. The final cycles of refinement with a
occupancy fixed at 1.0 for Na(3) converged to R1 = 0.065
and R2 = 0.066. The final structural parameters for this crystal are given in Table 1. Selected interatomic distances and
angles are given in Table 2.
The values of the goodness-of-fit, (Σw(Fo-|Fc|)2/(m-s))1/2,
are 1.94; the number of observations, m, is 185 and the number of parameters, s, is 40. All shifts in the final cycles of
refinement were less than 0.1% of their corresponding estimated standard deviations. The quantity minimized in leastsquares is Σw(Fo-|Fc|)2, where the weights (w) are the reciprocal squares of σ(Fo), the standard deviation of each
observed structure factor. Atomic scattering factors for Xe,
Na+, O−, and (Si,Al)1.75+ were used. The function describing
(Si,Al)1.75+ is the mean of the Si4+, Si0, Al3+, and Al0 functions. All scattering factors were modified to account for
anomalous dispersion.34,35
Results and Discussion
Zeolite A Framework and Cations. In the crystal structure of fully dehydrated Na-A (Na12Si12Al12O48 or Na12-A),
each unit cell contained three Na+ ions at Na(1) all located at

one crystallographically distinct position, Wycoff position of
12(i) with point symmetry of mm, on the eight-rings. These
Na+ ions are about 0.85 Å away from the centers of the
eight-rings. Each Na+ ions at Na(1) is 2.49(3) Å from one
O(2) oxygen and 2.65(2) Å from two O(1) oxygens.
Although these distances are somewhat longer than the sum,
2.29 Å, of the conventional ionic radii of Na+ and O2−, these
positions are well defined by the results of crystallographic
refinements (vide supra). Such somewhat longer approach
distances of 8-ring cations are also observed in many
monopositive cationic forms of zeolite A.36-42
Eight six-rings per unit cell are fully occupied by eight
Na+ ions at Na(2) as seen in the crystal structure of Na12-A.37
These Na+ ions at Na(2) have 2.31(1) Å distance from three
O(3) oxygens. They are extended in the distance of 0.32 Å
into the large cavity from the (111) planes at O(3) (see Table
3). The O(3)-Na-O(3) angles are close to 120° (118.2(1)°),
so the Na+ ions are nearly trigonal-planar.
The presence of twelfth Na+ ion for the electric neutrality
of negative charge accompanied with framework (Si12Al12O48)
was expected opposite four-ring in the large cavity, as found
in the crystal structures of many monopositive cation
exchanged zeolite A.36-38 This twelfth Na+ ion was found
with rather smaller occupancy (0.420(3) per unit cell) as
Na(3) and introduced for the neutralization of the anionic
charge of the framework.36-38 The Na+ ion at Na(3) is 2.62(1)
and 2.60(9) Å away from O(1) and O(3) oxygens of the
four-ring, respectively, and these distances are relatively
longer than other Na-O distances because of averaging effect
with low occupancy at this position.
Xenon Atom in the Sodalite Unit. One xenon atom per
unit cell is unambiguously found at Xe(1), at the center of
the every sodalite unit with a full occupancy at this special
position (see Table 2 and Figure 1). It is impossible for some
sodalite unit to have zero Xe(1) atom and other to have more
than one, to average to one, because only one equivalent
position should be exist in the 1(a), Wyckoff position.
Therefore, every sodalite unit contains one (0.97(2)) Xe(1)
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Table 2. Selected Interatomic Distances (Å) and Angles (deg)a
Distances
(Si,Al)-O(1)
(Si,Al)-O(2)
(Si,Al)-O(3)
Na(1)-O(1)
Na(1)-O(2)
Na(2)-O(3)
Na(2)-O(2)
Na(3)-O(1)
Na(3)-O(3)
Xe(3)-Na(2)
Xe(2)-Na(1)
Xe(2)-Na(3)
Xe(1)-Na(2)
Xe(1)-O(3)
Xe(1)-O(2)
Xe(4)-O(1)
Xe(4)-O(3)
Xe(4)-O(2)
Xe(3)-O(3)
Xe(3)-O(2)
Xe(3)-O(1)
Xe(2)-O(1)
Xe(2)-O(2)
Xe(2)-O(3)
Xe(2)-Xe(3)
Xe(2)-Xe(4)
Xe(3)-Xe(4)

Angles

1.674(7)
1.650(8)
1.675(9)
2.65(2)
2.49(3)
2.31(1)
2.927(9)
2.62(1)
2.60(9)
3.11(2)
3.09(6)
3.37(8)
4.341(6)
4.63(1)
5.056(8)
3.92(2)
3.68(2)
4.32(2)
3.91(3)
3.91(3), 4.66(3)
4.35(3)
3.54(7)
3.76(6)
3.87(6)
4.78(6), 4.94(7)
4.71(6), 5.06(6)
4.11(3), 5.32(4)

O(1)-(Si,Al)-O(2)
O(1)-(Si,Al)-O(3)
O(2)-(Si,Al)-O(3)
O(3)-(Si,Al)-O(3)
(Si,Al)-O(1)-(Si,Al)
(Si,Al)-O(2)-(Si,Al)
(Si,Al)-O(3)-(Si,Al)
O(1)-Na(1)-O(2)
O(1)-Na(1)-O(1)
O(3)-Na(2)-O(3)
O(1)-Na(3)-O(1)
O(3)-Na(3)-O(3)
O(1)-Na(3)-Xe(2)
O(3)-Na(3)-Xe(2)
Xe(1)-Na(2)-O(3)
Xe(3)-Na(2)-O(3)
Xe(1)-Na(2)-Xe(3)
Na(1)-Xe(2)-Na(3)
Na(1)-Xe(2)-Xe(4)
Na(1)-Xe(2)-Xe(3)
Xe(3)-Xe(2)-Xe(3)
Xe(4)-Xe(2)-Xe(4)
Xe(3)-Xe(2)-Xe(4)
Xe(2)-Xe(3)-Xe(2)
Xe(4)-Xe(3)-Xe(2)
Xe(4)-Xe(3)-Xe(4)
Xe(3)-Xe(4)-Xe(3)
Xe(2)-Xe(4)-Xe(2)
Xe(2)-Xe(4)-Xe(3)

107.2(6)
113.4(5)
106.4(4)
111.6(5)
141.1(10)
161.1(5)
143.8(3)
63(1)
125(1)
118.2(1)
99(4)
97(4)
96(5), 151(2)
98(3), 144(3)
82.1(3)
91.0(5), 111.4(7)
166.5(7)
71(2)
147(2)
96(2), 168(2)
87(1)
87(1)
49.3(7), 50.4(7), 64(2), 70(1)
93(1)
91(1)
90.7(6)
89(1)
91(4)
55(2), 59(1), 61(1), 68(1)

a

The numbers in parentheses are the estimated standard deviations in the units of the least significant digit given for the corresponding parameter.

Table 3. Deviations of Atoms (Å) from the (111) plane at O(3)a
Na-A(7Xe)
Na(2)
Xe(1)
Xe(3)

0.32
−4.02
3.42b

a

A negative deviation indicates that the atom lies on the same side of the
plane as the origin, i.e., inside the sodalite unit. bDeviation of Xe atoms
from the center of (111) plane.

Figure 1. Stereoview of a sodalite unit in the unit cell, showing an
encapsulated Xe atom located at the center. The zeolite A
framework is drawn with solid line between oxygens and
tetrahedrally coordinated (Si,Al) atoms. Ellipsoids of 20%
probability are shown.

atom. A dynamic process for the passage of a Xe atom
through a six-ring, whose aperture is formally too small (2.2
Å), must exist at 400 oC. The xenon atom at Xe(1) have distances of 4.341(6) and 4.63(1) Å from the nearest Na+ ions
and six-ring oxygens, respectively. These long distances
indicate an absence of appreciate bonding characters at its
average position.
A theoretical calculation indicated that a xenon atom in a
sodalite unit containing Na+ ions should find an energy minimum at its center, at Xe(1).1 It should be considered, however, because Xe(1) is at a crystallographic inversion center,
that the electrostatic field gradient must be zero and that the
xenon atom can be polarized only when it vibrates away
from this position. This possible movement is probably suggested by its rather larger thermal parameter (see Table 1).
Xenon Atoms in the Large Cavity. Six atoms of xenon
in the large cavity of Na12-A(7Xe) are found at three crystallographically distinct positions. This indicates that the xenon
atoms are not arranging themselves by simple packing
within the highly symmetric zeolite framework to form a
octahedral. Their geometry is affected by interactions among
the sorbed atoms (vide infra) whose locations are, in turn,
related with interactions between atoms of zeolite host and
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Figure 2. Stereoview of the large cavity with six Xe atoms at
Xe(2), Xe(3), and Xe(4). The six xenon atoms have a hexagonal
arrangement. The most significant interactions among Xe atoms,
and those between Xe and Na+ ions and framework oxygens, are
indicated by fine solid lines. A Na+ ion at site III (opposite fourring) is removed for clarity. See the caption to Figure 1 for other
details.

Xe atoms. Two Xe atoms at Xe(2) lie on a slightly deviated
from 3-fold axis opposite six-ring, two Xe atoms at Xe(3) lie
on opposite eight-ring, and the other two Xe atoms at Xe(4)
lie opposite four-ring (see Figures 2 and 3).
The closest approach of these xenon atoms to nonframework cations is 3.09(6) Å for Xe(2)-Na(1), 3.11(2) Å for
Xe(3)-Na(2), and 3.37(8) Å for Xe(2)-Na(3), while those to
framework oxygens are 3.68(2) and 3.92(2) Å for Xe(4)O(3) and Xe(4)-O(1), respectively (see Table 2). Considering the radii of the cations (rNa+ = 0.97 Å),43,44 framework
oxygens (1.32 Å),43,44 and xenon atoms (2.18 Å as rmin/226
and as found in the solid45), some of the xenon atoms are
sufficiently close to their neighbors to be considered as having relatively strong interactions. In particular, when the distances are compared to the sum of the above radii for Na+
and Xe, 0.97 + 2.18 = 3.15 Å, the approach distances of the

Figure 3. Schematic diagram of the hexagonal of six xenon atoms
and five Na+ ions at Na(1), Na(2), and Na(3) in the large cavity.
The immediate environment of each Xe atom and the dipole
moment it induces on each Xe are shown. The favorable
interactions between the polarized Xe atoms are indicated by fine
lines and the unfavorable ones by dashed. See the caption to Figure
1 for other details.
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xenon atoms at Xe(2) and Xe(3) to the eight- and six-ring
Na+ ions (3.09(6) and 3.11(2) Å, respectively) indicate strong
Na+-Xe interactions, probably reinforced and arose from the
forced packing with high occupancies of xenon atoms. And
the approach distance of the xenon atom at Xe(2) to the Na+
ion at Na(3), also, indicate a relatively strong Na+-Xe interaction (3.37(8) Å).
In contrast, as shown in Figure 2 and 3, inter-xenon distances of 4.78(6) and 4.94(7) Å for Xe(2)-Xe(3), 4.71(6) and
5.06(6) Å for Xe(2)-Xe(4), and 4.11(3) and 5.32(4) Å for
Xe(3)-Xe(4), respectively, in the corresponding large cavities (vide infra) are nearly an angstrom larger than those in
solid Xe,45 except for 4.11(3) Å for the distance of the Xe(3)Xe(4)’s (vide infra). It should be considered that this short
distance of the Xe(3)-Xe(4) is inevitable because the xenon
atoms at Xe(4) have to occupy on the opposite four-rings in
order to have a favorable orientation by induced dipoles after
the four xenon atoms are distributed over the Na+ ions at
Na(1) and Na(2) of the six- and eight-rings.
The xenon atoms at Xe(3) in the large cavities appear to
interact much more strongly with six-ring Na+ ions than do
those at Xe(1). This Xe(3)-Na+ interaction (3.11(2) Å) is
shorter than the corresponding Xe(1)-Na+ distance (4.341(6)
Å). Similarly, the Ar, Kr, and Xe atoms of large-cavity in
Cs3-A(xAr), x = 5 and 6,3 Cs3-A(5Kr),28 and Cs3-A(yXe), y =
2.5, 4.5, and 5.25,25 respectively, interacted more strongly
with Na+ ions than do the small-cavity Ar, Kr, and Xe’s. The
Xe(3)-O(3) distance (3.91(3) Å) is also generally shorter
than the Xe(1)-O(3) distance (4.63(1) Å).
Xenon Cluster. Each two xenon atoms at Xe(i), i = 2 to
4, on the inner surface of the large cavity may be placed
within their partially occupied equipoints in various ways.
Possible distances between two xenon atoms such as,
1.24(7), 2.23(7), 3.34(6), and 3.40(7) Å for Xe(2)-Xe(3),
1.53(6), 2.25(7), 3.19(7), and 3.35(7) Å for Xe(2)-Xe(4), and
1.37(3), 2.19(3), 2.30(3), and 3.14(4) Å for Xe(3)-Xe(4),
respectively, are impossibly short and dismissed. Some
inter-xenon distances found among the equipoints of Xe(2),
Xe(3), and Xe(4), 4.5(1) and 5.4(1) Å for Xe(2)-Xe(2),
4.48(4), 4.96(7), and 5.23(4) Å for Xe(3)-Xe(3), and 4.74(4),
4.82(4), and 5.45(3) Å for Xe(4)-Xe(4), are possible. However, these are also dismissed because the dipoles induced on
these pair of Xe(2), Xe(3), and Xe(4) atoms are oriented
unfavorably. The next possible set of distances between Xe
atoms, 4.78(6) and 4.94(7) Å, 4.71(6) and 5.06(6) Å, and
4.11(3) and 5.32(4) Å for Xe(2)-Xe(3), Xe(2)-Xe(4), and
Xe(3)-Xe(4), respectively, are most plausible. However, various arrangements remain possible. A distorted octahedral
arrangement is selected as most plausible because of its
higher symmetry and by considerations regarding alternating polarizations of xenon atoms (see Figure 3), as previously discussed in the structures of Cs3-A(xAr), x = 5 and 6,3
Cs3-A(5Kr),28 and Cs3-A(yXe), y = 2.5, 4.5, and 5.25.25 Each
two Xe(i), i = 2 and 3, atoms on the opposite eight- and sixrings in the large cavity occupy equatorial positions and two
Xe(4) atoms on the opposite four-rings are at axial positions
(see Figure 3). In this arrangement, ε − polarizations from all
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two Xe(4) atoms point toward the center of the large cavity
where each can interact with each of the four δ + polarizations from the Xe(i), i = 2 and 3, atoms.
Acknowledgment. The authors wish to acknowledge the
financial support of the Korea Research Foundation made in
the program year of 1998. We also gratefully acknowledge
the support of the Central Laboratory of Kyungpook National
University for the diffractometer and computing facilities.
Supplementary Material Available. Observed and calculated structure factors for Na-A(7Xe) are available upon
your request to the correspondence author.
References
1. Barrer, R. M.; Vaughan, D. E. W. J. Phys. Chem. Solids
1971, 32, 731-743.
2. Chan, Y.-C.; Anderson, R. B. J. Catal. 1977, 50, 319-329.
3. Heo, N. H.; Lim, W. T.; Seff, K. J. Phys. Chem. 1996, 100,
13725-13731.
4. Ito, T.; Fraissard, J. J. Chem. Phys. 1982, 76, 5225-5229.
5. Chen, Q. J.; Fraissard, J. J. Phys. Chem. 1992, 96, 18091814 and references therein.
6. Gedeon, A.; Bonardet, J. L.; Ito, T.; Fraissard, J. J. Phys.
Chem. 1989, 93, 2563-2569.
7. Bansal, N.; Dybowski, C. J. Phys. Chem. 1988, 92, 23332337.
8. Chen, Q. J.; Ito, T.; Fraissard, J. Zeolites 1991, 11, 239243.
9. Fraissard, J.; Ito, T.; de Menorval, L. C. Proceedings of the
8th International Conference on Catalysis, Berlin; Verlag
Chemie: Dechema, Germany, 1984.
10. Gedeon, A.; Ito, T.; Fraissard, J. Zeolites 1988, 8, 376380.
11. de Menorval, L. C.; Raftery, D.; Liu, S. B.; Takegoshi, K.;
Ryoo, R.; Pines, A. J. Phys. Chem. 1990, 94, 27-31.
12. Ito, T.; Bonardet, J. L.; Fraissard, J.; Nagy, J. B.; Andre,
C.; Gabelica, Z.; Derouane, E. G. Appl. Catal. 1988,
43(1), L1-L5.
13. Li, F. Y.; Berry, R. S. J. Phys. Chem. 1995, 99, 2459-2468.
14. Jameson, C. J.; Jameson, A. K.; Gerald II, R.; de Dios, A.
C. J. Chem. Phys. 1992, 96, 1676-1689.
15. Jameson, C. J.; Jameson, A. K.; Baello, B. I.; Lim, H. M.
J. Chem. Phys. 1994, 100(8), 5965-5976.
16. Jameson, C. J.; Jameson, A. K.; Lim, H. M.; Baello, B. I.
J. Chem. Phys. 1994, 100(8), 5977-5987.
17. Chmelka, B. F.; Ryoo, R.; Liu, S.-B.; de Menorval, L. C.;
Radke, C. J.; Petersen, E. E.; Pines, A. J. Am. Chem. Soc.
1988, 110, 4465-4467.
18. Chmelka, B. F.; Raftery, D.; McCormick, A. V.; de
Menorval, L. C.; Levine, R. D.; Pines, A. Physical Review

Woo Taik Lim et al.

Letters 1991, 66, 580-583.
19. Sesney, W. J.; Shaffer, L. H. U.S. Patent 3316691, 1967.
20. Gesser, H. D.; Rochon, A.; Lemire, A. E.; Masters, K. J.;
Raudsepp, M. Zeolites 1984, 4, 22-24.
21. Fraenkel, D.; Lazar, R.; Shabtai, J. Alternative Energy
Sources; Hemisphere: Washington, DC, 1979; Vol. 8, pp
3771-3802.
22. Yoon, J. H.; Heo, N. H. J. Phys. Chem. 1992, 96, 49975000.
23. Rho, B. R.; Kim, D. H.; Kim, J. T.; Heo, N. H. Hwahak
Konghak 1991, 29, 407-416.
24. Samant, M. G.; de Menorval, L. C.; Dalla Betta, R. A.;
Boudart, M. J. Phys. Chem. 1988, 92, 3937-3938.
25. Heo, N. H.; Lim, W. T.; Kim, B. J.; Lee, S. Y.; Kim, M. C.;
Seff, K. J. Phys. Chem. B 1999, 103, 1881-1889.
26. Breck, D. W. Zeolite Molecular Sieves: Structure, Chemistry, and Uses; John Wiley & Sons: New York, 1974; pp
634-641.
27. Ratcliffe, C. I.; Ripmeester, J. A. J. Am. Chem. Soc. 1995,
117, 1445-1446.
28. Heo, N. H.; Cho, K. H.; Kim, J. T.; Seff, K. J. Phys. Chem.
1994, 98, 133228-13333.
29. The nomenclature refers to the contents of the Pm3m unit
cell: e.g., Na12-A represents Na12Si12Al12O48.
30. Charnell, J. F. J. Crystal Growth 1971, 8, 291-294.
31. Cruz, W. V.; Leung, P. C. W.; Seff, K. J. Am. Chem. Soc.
1978, 100, 6997-7003.
32. Mellum, M. D.; Seff, K. J. Phys. Chem. 1984, 88, 35603563.
33. International Tables for X-ray Crystallography; Kynoch
Press: Birmingham, England, 1974; Vol IV, pp 61-66.
34. Cromer, D. T. Acta Crystallogr. 1965, 18, 17-23.
35. International Tables for X-ray Crystallography; Kynoch
Press: Birmingham, England, 1974; Vol IV, pp 148-150.
36. Kim, Y.; Seff, K. J. Phys. Chem. 1978, 82, 1071.
37. Yanagida, R. Y.; Amaro, A. A.; Seff, K. J. Phys. Chem.
1973, 77, 805.
38. Leung, P. C. W.; Kunz, K. B.; Maxwell, I. E.; Seff, K. J.
Phys. Chem. 1975, 79, 2157.
39. Firror, R. L.; Seff, K. J. Am. Chem. Soc. 1977, 99, 1112.
40. Cho, K. H.; Kwon, J. H.; Kim, H. W.; Park, C. S.; Heo, N.
H. Bull. Korean Chem. Soc. 1994, 15, 297.
41. Heo, N. H.; Seff, K. J. Am. Chem. Soc. 1987, 109, 7986.
42. Park, C. S.; Yoon, M. S.; Lim, W. T.; Kim, M. C.; Suh, S.
H.; Heo, N. H. Bull. Korean Chem. Soc. 1995, 16, 923.
43. Handbook of Chemistry and Physics, 64th ed.; Chemical
Rubber Co.: Cleveland, OH, 1983; pp F-187.
44. Shannon, R. D.; Prewitt, C. T. Acta Crystallogr., Sect. B
1969, 25, 925-946.
45. Emsley, J. The Elements, 2nd ed.; Clarendon Press: Oxford,
UK, 1991; pp 212-213.

