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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°& #0Geven days, followed by cooling

at pressure to encapsulate Xe atoms. The resulting crystal structure of Na-AFX&)Z49(1) AR, = 0.065,

andR; = 0.066) were determined by single-crystal X-ray diffraction techniques in the cubic spacergBaup

at 21(1)°C 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) withidias 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) A. 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 existencesaflxte) 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) A, 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)°). 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 six-
ring Na' ions as well as four-ring oxygens, respectively.

Introduction the encapsulation of xenon atoms and to provide information
on the distribution of xenon in Na-A zeolite. They forced
The zeolite provides an ordered matrix that can trap varixenon atoms into the Na-A zeolite at 40 bar and 525 K and
ous gas molecules such as néargont = krypton? xenon?  took the'?®Xe NMR spectrum, showing five peaks assigned
18 dinitrogen? carbon dioxidé, methané??° and dihydro-  to various Xe clusters in the-cages. Chmelkat all® also
gen?Zin its void space when the diameters of guest moleused thé”*®Xe NMR spectroscopy to probe directly the dis-
cules somewhat exceed the window size of the zeolite d@tibution of xenon atoms confined in Na-A zeolite. These
room temperatur&.?® Among those, xenon has been exten-separate theoretical studies and adsorption experiments sug-
sively utilized as a probe for studying the pore structures andested that xenon packing arrangements were almost cer-
other properties of various zeolites by usiitke NMR tainly dominated by local surface effects and geometric
spectroscop$!® That is because xenon atoms are particu-constraints even at low loadings. Based on an idealized geo-
larly sensitive to their environment due to their chemicalmetric modef® a pentagonal bipyramidal arrangement of
inertness and high polarizability. Such occlusion of xenorxenon atoms tangent to the interior walls of theages
atoms in zeolites has also been studied by using variowsppeared feasible near the saturation occupancy with 7 Xe
other scientific methods such as molecular dynamics simulatoms per cavity. Assemblies of 6 xenon atoms were
tions** Grand Canonical Monte Carlo simulatitdt®and  expected to posses cubic symmetry, while a lower symmetry
single-crystal X-ray diffraction methdd,and so on. These configuration was anticipated with 7 Xe atoms.
techniques, together with tH&Xe NMR spectroscopl® Jamesoret al*® studied on the equilibrium distribution
were extensively used in order to elucidate physico-chemief the Xe atoms among tleecages of Na-A ranging from
cal properties, the distribution and the size of supportedery low xenon loading up to saturation 8%Xe NMR and
metal particles, the location of cations, the effect of electri@lso simulated by using a Grand Canonical Monte Carlo
fields, the migraion processes of cations and the occlude@GCMC) method in order to compare results with those of
species like metal clusters or the clusters of rare-gas atomsNMR study. They observed trapped Xe atoms inatioages
various zeolite§* of Na-A in 1%Xe spectrum. Their GCMC, hypergeometric
After pioneering work of Fraissafd}?®Xe NMR tech-  distribution, and continuum model provided quantitative
nique was used by Samagital®* to monitor the process of agreement with the experimental equilibrium distribution of
Xe atoms among the cavities of the zeolite. They actually

“To whom correspondence should be addressed. Phone: +82-§9und 11 local minima for a single Xe atom in theage to
950-5589, E-mail: nhheo@kyungpook.ac.kr, Fax: +82-53-950show some of the minimum energy configurationsi{Xe
6594 Xeg). No Xe atoms was found in the middle of treage



76 Bull. Korean Chem. So200Q Vol. 21, No. 1 Woo Taik Lim et al.

either when it is alone in the cage or when there are 8 Xéne Pyrex capillary with both ends open. This capillary was
atoms in thex-cage. transferred to a high-pressure line connected to the vacuum
Even though there are no direct evidences, most scientislime. After cautious increases in temperature o5
working on xenon occlusion into zeolites HyXe NMR, under vacuum, followed by complete dehydration at@0
Grand Canonical Monte Carlo Simulation (GCMC), andand 1x 10 Torr for two days, forced sorption of Xe into the
Molecular Dynamics Simulation have suggested that Xecrystal was carried out at 40Q for seven days with 1050
atoms (kinetic diameter = 3.96 &)could not gain access to atm of Xe (Matheson, 99.996%). High pressure of xenon gas
the sodalite cavities with the windows of free diameter was produced by condensing the gas in the high pressure
2.2 A415242THowever, recently in the crystal structures of chamber (immersed in a liquid-nitrogen bath), which con-
Cs-A(XAr), x =5 and 6 Cs-A(5Kr),22and Cs-A(yXe),y = tains the capillary with Na-A crystal, followed by reheating
2.5, 4.5, and 5.28,0ne Ar (kinetic diameter = 3.40 AjKr up to appropriate temperature after isolating the chamber
(3.60 A)? or Xe atom (3.96 Af was always and unambigu- from the vacuum line. Encapsulation was accomplished by
ously found near the center or at the center of each sodalit®oling the chamber at pressure to room temperature with an
unit. These results indicated the existence of dynamic proelectric fan. Following the release of Xe gas from the cham-
cesses for the passages of those atoms through a six-ribgr, both tips of the capillary were presealed with vacuum
whose aperture is formally considered to be too smigt(  grease under nitrogen before being completely sealed with a
suprg. small torch. No changes were noted in the appearance of the
Interestingly, it was generally considered that Na-A zeolitecrystal upon examination under the microscope.
may not be suitable for the storage of Xe atoms due to its The cubic space groupm3m (no systematic absences)
larger window size. Xe atoms with 3.96 A of kinetic diame-was used in this work for the reasons discussed previ-
ter could not be efficiently entrapped withincage having  ously®**2 The cell constants = 12.249(1) A at 21(15C,
window size of 4.2 A. However, Chmelled al'® identified ~ was determined by a least-squares treatment of 15 intense
the saturation occupancy with 7 Xe atoms per cavity of Nareflections for which 20° <2< 30°. Each reflection was
A by *°Xe NMR spectroscopy. This result could not be scanned at a constant scan speed of 0.5°/mi inith a
explained by the simple kinetic diameter relationships betweescan width of (0.60 + 0.67t&)f. Background intensity was
guest molecules and window size of zeolites. Therefore, theounted at each end of a scan range for a time equal to half
blocking effect of Na ions on 8-rings with known free the scan time. The intensities of all lattice points for which
kinetic diameter of 4.2 A for Xe atoms of the large cavity26< 70° were recorded. Absorption correctiogR( ca
has not been well understood. Furthermore, the stability 09.27)® was judged to be negligible for this crystal, since
Xe atoms in Na-A and their interaction with zeolite frame-semi-empirical-scans showed only negligible fluctuations
work will be different from those of Xe atoms inssin for several reflections. Only those reflections in final data set
which the blocking effects of Csons on eight-rings of the for which the net count exceeded three times its standard
large cavity were proven in various early works pub-deviation were used in structure solution and refinement.
lished®?>% The existence of encapsulated Xe atom in theThis amounted to 185 reflections. Other crystallographic
sodalite unit without such Cblocking cations on eight- details are the same as previously repctted
rings has not been suggested by any other techniques like

12%e NMR, Grand Canonical Monte Carlo simulation Structure Determination
(GCMC), Molecular Dynamics Simulation, and X-ray crys-
tallographic method. Full-matrix least-squares refinement was initiated with the

In this work, xenon atoms were encapsulated at high pregtomic parameters of all framework atoms [(Si,Al), O(1),
sure in the cavities of fully dehydrated Na-A zeolite, theO(2), and O(3)] and Naat Na(2) in CsNagH-A.3%28 A
native zeolite A, in order to observe their position and to fur+efinement with anisotropic thermal parameters for all
ther characterize the confinement effect crystallographicallyframework atoms and isotropic thermal parameter férafla
Together with the blocking effect of Nans on the eight- Na(2) converged quickly to the error indides= X|Fo-|F||/
rings of Na-A, the precise coordinates of encapsulated X&F,=0.251 andR. = (SW(Fo-|Fo|/ZWF,2)Y?= 0.369 with
atoms, sensitive to the electrostatic field in an unperturbedccupancies of 7.0(9) for Nat Na(2). A difference Fourier
zeolite, would be seen. Perhaps interesting clusters of Xeinction based on this model revealed several peaks deep in
atoms formed by induced dipole attractions (London forces)he sodalite and large cavity. A subsequent refinement with
in the large cavity and Xe atom trapped in the sodalite unit ahclusion of a peak at the center of the sodalite unit as Xe(1)

high pressure would be characteri2ét?® 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
Experimental Section indicesR; =0.124 andR; = 0.151 and resulting occupancies

of 8.2(4), 1.32(5), and 8.1(2) at Na(2), Xe(1), and Xe(3),
Colorless single crystals of the native zeolite 4A,Big- respectively. With fixed occupancy of 8.0 (its maximum
Al1,048 - 27HO (NairA - 27H0 or Na-A-27H0O)?° were  value by symmetry) at Na(2), including peaks' a the
synthesized by Kokotailo and Charm@Ii single crystal of  eight-ring as Na(1) and opposite eight-ring in the large cav-
hydrated Na-A, a cube 8@m on an edge, was lodged in a ity as Xe(2) further reduced the error indices to 0.076 and
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Table 1 Positional, Thermal, and Occupancy Paramiters

ckoff Usior Occupancy
positon ¥ y 2 e U2 Us Uz Us Us oo
(Si,Al) 24(K) 0 1834(3) 3714(3) 24(2)  15(1) 6(1) 0 0 32 924
o(1) 126) 0 2288(10) 5000 41(8)  20(8) 24(7) 0 0 0 12
0(2) 120 0 2913(7) 2913(7) 54(9)  19(5) 19(5) 0 0 3(7) 12
0@3) 24m)  1131(6) 1131(6) 3417(7) 28(3)  28(3) 30(5) 16(5) 1(4) 1(4) 24
Na(1) 120) 0 4345(26)  4345(26)  178(54) 60(18)  60(18) 0 0 525 3 29(3)
Na(2) 80) 2042(6) 2042(6) 2042(6) 46(3)  46(3) 46(3) 20(4) 20(4) 20(4) 8 8.2(4)
Xe(1) 1@) 0 0 0 21(1) 1 097(2)
Xe(2) 480) 2439(35)  3765(33)  4559(37) 19(2) 2 2.14(6)
Xe(3) 24r)  2981(22)  3709(16)  3709(16) 15(1) 2 1.93(6)
Xe(4) 24(m)  3071(11) 3071(11) 4625(11)  11(1) 2 1.85(5)
Na(3) 12() 2127(100) 2127(100) 5000 10(5) 1 0.420(3)

@positional parameters 10* and thermal parametexsl(® 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 factorf@dp[:E + U2k? + Uzal? + 2Uphk+ 20330

+ 2U,l)]. Plsotropic thermal parameters in units &t Xe(1) is isotropic by symmetrjOccupancy factors are given as the number of atoms or ions
per unit cell. “Occupancy for (Si) = 12, occupancy for (Al) = 1%Exactly 0.5 by symmetry.

0.072 with resulting occupancies of 2.9(3), 0.97(2), 3.33(6)pne crystallographically distinct position, Wycoff position of
and 2.39(6) at Na(1), Xe(1), Xe(2), and Xe(3), respectively12() with point symmetry ofnm on the eight-rings. These
When this model was refined with fixed occupancies of 3.0Na" ions are about 0.85 A away from the centers of the
and 1.0 (their maximum values by symmetry) at Na(1) ancight-rings. Each Naions at Na(1) is 2.49(3) A from one
Xe(1), respectively, another peak was found in the large ca®@(2) oxygen and 2.65(2) A from two O(1) oxygens.
ity. Further inclusion of this peak opposite a four-ring in theAlthough these distances are somewhat longer than the sum,
large cavity as Xe(4) reduced the error indices to 0.065 an@.29 A, of the conventional ionic radii of Nand G, these
0.066 with resulting occupancies of 2.14(6), 1.93(6), andositions are well defined by the results of crystallographic
1.85(5) at Xe(2), Xe(3), and Xe(4), respectively. The refinerefinements ide suprd. Such somewhat longer approach
ment with anisotropic thermal parameters for all atomdistances of 8-ring cations are also observed in many
except for isotropic thermally refined with all occupanciesmonopositive cationic forms of zeolite3&*?

fixed at 3.0, 8.0, 1.0, 2.0, 2.0, and 2.0 foriNand Xej), i = Eight six-rings per unit cell are fully occupied by eight
1to 2 andj =1 to 4, respectively, and convergedRp= Na' ions at Na(2) as seen in the crystal structure gEN&’
0.066 andR. = 0.067. Finally, another peak was found on These N&ions at Na(2) have 2.31(1) A distance from three
the opposite a four-ring in the large cavity, Na(3), (0.212720(3) oxygens. They are extended in the distance of 0.32 A
0.21272,0.5) position. The final cycles of refinement with ainto the large cavity from the (111) planes at O(3) (see Table
occupancy fixed at 1.0 for Na(3) convergedRo=0.065  3). The O(3)-Na-O(3) angles are close to 120° (118.2(1)°),
andR; = 0.066. The final structural parameters for this crys-so the N&ions are nearly trigonal-planar.

tal are given in Table 1. Selected interatomic distances and The presence of twelfth Néon for the electric neutrality
angles are given in Table 2. of negative charge accompanied with frameworeA5i:O4s)

The values of the goodness-of-fIEW(Fo-|Fo)%(ms))Y?,  was expected opposite four-ring in the large cavity, as found
are 1.94; the number of observatiamsis 185 and the num- in the crystal structures of many monopositive cation
ber of parameters;, is 40. All shifts in the final cycles of exchanged zeolite &3 This twelfth Nd ion was found
refinement were less than 0.1% of their corresponding estwith rather smaller occupancy (0.420(3) per unit cell) as
mated standard deviations. The quantity minimized in leastNa(3) and introduced for the neutralization of the anionic
squares iEW(Fo-|F¢|)?, where the weightsa) are the recip- charge of the frameworR:*® The Nd ion at Na(3) is 2.62(1)
rocal squares ofo(F,), the standard deviation of each and 2.60(9) A away from O(1) and O(3) oxygens of the
observed structure factor. Atomic scattering factors for Xefour-ring, respectively, and these distances are relatively
Na", O, and (Si,Al}-">" were used. The function describing longer than other Na-O distances because of averaging effect
(Si,A)*"* is the mean of the 8j SP, AI**, and AP func-  with low occupancy at this position.
tions. All scattering factors were modified to account for Xenon Atom in the Sodalite Unit One xenon atom per
anomalous dispersiof®® 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

Results and Discussion

Zeolite A Framework and Cations In the crystal struc-
ture of fully dehydrated Na-A (N&5i12Al12048 or NaxA),

than one, to average to one, because only one equivalent
position should be exist in the a( Wyckoff position.

each unit cell contained three Nans at Na(1) all located at Therefore, every sodalite unit contains one (0.97(2)) Xe(1)
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Table 2. Selected Interatomic Distances (&) and Angles (deg)

Woo Taik Lim et al.

Distances Angles
(Si,Al)-O(1) 1.674(7) O(1)-(Si,A)-0(2) 107.2(6)
(Si,A)-0(2) 1.650(8) O(1)-(Si,A)-O(3) 113.4(5)
(Si,A)-O(3) 1.675(9) 0(2)-(Si,A)-O(3) 106.4(4)
Na(1)-O(1) 2.65(2) O(3)-(Si,A-0(3) 111.6(5)
Na(1)-0(2) 2.49(3) (Si,A)-O(1)-(Si,Al) 141.1(10)
Na(2)-0(3) 2.31(1) (Si,A)-O(2)-(Si,Al) 161.1(5)
Na(2)-0(2) 2.927(9) (Si,A)-O(3)-(Si,Al) 143.8(3)
Na(3)-0(1) 2.62(1) O(1)-Na(1)-0(2) 63(1)
Na(3)-0(3) 2.60(9) 0(1)-Na(1)-0(1) 125(1)
Xe(3)-Na(2) 3.11(2) 0(3)-Na(2)-0(3) 118.2(1)
Xe(2)-Na(1) 3.09(6) O(1)-Na(3)-0(1) 99(4)
Xe(2)-Na(3) 3.37(8) 0O(3)-Na(3)-0(3) 97(4)
Xe(1)-Na(2) 4.341(6) 0O(1)-Na(3)-Xe(2) 96(5), 151(2)
Xe(1)-0(3) 4.63(1) O(3)-Na(3)-Xe(2) 98(3), 144(3)
Xe(1)-0(2) 5.056(8) Xe(1)-Na(2)-0(3) 82.1(3)
Xe(4)-0(1) 3.92(2) Xe(3)-Na(2)-0(3) 91.0(5), 111.4(7)
Xe(4)-0(3) 3.68(2) Xe(1)-Na(2)-Xe(3) 166.5(7)
Xe(4)-0(2) 4.32(2) Na(1)-Xe(2)-Na(3) 71(2)
Xe(3)-0(3) 3.91(3) Na(1)-Xe(2)-Xe(4) 147(2)
Xe(3)-0(2) 3.91(3), 4.66(3) Na(1)-Xe(2)-Xe(3) 96(2), 168(2)
Xe(3)-0(1) 4.35(3) Xe(3)-Xe(2)-Xe(3) 87(1)
Xe(2)-0(1) 3.54(7) Xe(4)-Xe(2)-Xe(4) 87(1)
Xe(2)-0(2) 3.76(6) Xe(3)-Xe(2)-Xe(4) 49.3(7), 50.4(7), 64(2), 70(1)
Xe(2)-0(3) 3.87(6) Xe(2)-Xe(3)-Xe(2) 93(1)
Xe(2)-Xe(3) 4.78(6), 4.94(7) Xe(4)-Xe(3)-Xe(2) 91(1)
Xe(2)-Xe(4) 4.71(6), 5.06(6) Xe(4)-Xe(3)-Xe(4) 90.7(6)
Xe(3)-Xe(4) 4.11(3), 5.32(4) Xe(3)-Xe(4)-Xe(3) 89(1)

Xe(2)-Xe(4)-Xe(2) 91(4)

Xe(2)-Xe(4)-Xe(3)

55(2), 59(1), 61(1), 68(1)

aThe numbers in parentheses are the estimated standard deviations in the units of the least significant digit givereépoihaingparameter.

Table 3. Deviations of Atoms (A) from the (111) plane at 3(3)  atom. A dynamic process for the passage of a Xe atom
through a six-ring, whose aperture is formally too small (2.2

Na-A(7X . .
aA(rXe) A), must exist at 408C. The xenon atom at Xe(1) have dis-
Na(2) 0.32 tances of 4.341(6) and 4.63(1) A from the nearedtioies
§28 _g'gé, and six-ring oxygens, respectively. These long distances

indicate an absence of appreciate bonding characters at its

®A negative deviation indicates that the atom lies on the same side of thgverage position.
plane as the origin,e., inside the sodalite unftDeviation of Xe atoms
from the center of (111) plane.

A theoretical calculation indicated that a xenon atom in a
sodalite unit containing Naons should find an energy min-
imum at its center, at Xe(%)it should be considered, how-
ever, 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 sug-
gested by its rather larger thermal parameter (see Table 1).

Xenon Atoms in the Large Cavity Six atoms of xenon
in the large cavity of Na-A(7Xe) are found at three crystal-
lographically distinct positions. This indicates that the xenon

Figure 1. Stereoview of a sodalite unit in the unit cell, showing anatoms are not arranging themselves by simple packing
encapsulated Xe atom located at the center. T,he zeolite A ithin the hlghly symmetrlt_: zeolite fram_ework t.o form a
framework is drawn with solid line between oxygens and Octahedral. Their geometry is affected by interactions among

tetrahedrally coordinated (Si,Al) atoms. Ellipsoids of 20% the sorbed atomwi@le infrg whose locations are, in turn,
probability are shown. related with interactions between atoms of zeolite host and
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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) A, respectively) indicate strong
SLAL Na'-Xe interactions, probably reinforced and arose from the
o forced packing with high occupancies of xenon atoms. And
A the approach distance of the xenon atom at Xe(2) to the Na
® ion at Na(3), also, indicate a relatively strongXa inter-

action (3.37(8) A).

In contrast, as shown in Figure 2 and 3, inter-xenon dis-

tances of 4.78(6) and 4.94(7) A for Xe(2)-Xe(3), 4.71(6) and
Figure 2. Stereoview of the large cavity with six Xe atonts a 5.06(6) A for Xe(2)-Xe(4), and 4.11(3) and 5.32(4) A for
Xe(2), Xe(3), and Xe(4). The six xenon atoms have a hexagonake(3)-Xe(4), respectively, in the corresponding large cavi-
arrangement. The most significant interactions among Xe atomg;aq (/ide infrg are nearly an angstrom larger than those in

and those between Xe and'Nans and framework oxygens, are . 25 .
indicated by fine solid lines. A Ndon at site Ill (opposite four-  S0lid X&.” except for 4.11(3) A for the distance of the Xe(3)-

ring) is removed for clarity. See the caption to Figure 1 forrothe X€(4)'s (vide infrg. It should be considered that this short
details. 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
Xe atoms. Two Xe atoms at Xe(2) lie on a slightly deviatedorder to have a favorable orientation by induced dipoles after
from 3-fold axis opposite six-ring, two Xe atoms at Xe(3) lie the four xenon atoms are distributed over thé Idas at
on opposite eight-ring, and the other two Xe atoms at Xe(4Na(1) and Na(2) of the six- and eight-rings.
lie opposite four-ring (see Figures 2 and 3). The xenon atoms at Xe(3) in the large cavities appear to
The closest approach of these xenon atoms to nonframéteract much more strongly with six-ring Nians than do
work cations is 3.09(6) A for Xe(2)-Na(1), 3.11(2) A for those at Xe(1). This Xe(3)-Nanteraction (3.11(2) A) is
Xe(3)-Na(2), and 3.37(8) A for Xe(2)-Na(3), while those to shorter than the corresponding Xe(1):Mastance (4.341(6)
framework oxygens are 3.68(2) and 3.92(2) A for Xe(4)-A). Similarly, the Ar, Kr, and Xe atoms of large-cavity in
0O(3) and Xe(4)-O(1), respectively (see Table 2). ConsiderCs-A(xAr), x =5 and 6 Cs-A(5Kr),22 and Cs-A(yXe),y =
ing the radii of the cationga:=0.97 A)#34 framework 2.5, 4.5, and 5.25, respectively, interacted more strongly
oxygens (1.32 Af***and xenon atoms (2.18 A ag/2?*®  with Na' ions than do the small-cavity Ar, Kr, and Xe’s. The
and as found in the sofi)), some of the xenon atoms are Xe(3)-O(3) distance (3.91(3) A) is also generally shorter
sufficiently close to their neighbors to be considered as hawhan the Xe(1)-O(3) distance (4.63(1) A).
ing relatively strong interactions. In particular, when the dis- Xenon Cluster. Each two xenon atoms at Xg({ =2 to
tances are compared to the sum of the above radii for Nat, on the inner surface of the large cavity may be placed
and Xe, 0.97 + 2.18 = 3.15 A, the approach distances of thwithin their partially occupied equipoints in various ways.
Possible distances between two xenon atoms such as,
Four-ring 1.24(7), 2.23(7), 3.34(6), and 3.40(7) A for Xe(2)-Xe(3),
1.53(6), 2.25(7), 3.19(7), and 3.35(7) A for Xe(2)-Xe(4), and
e 1.37(3), 2.19(3), 2.30(3), and 3.14(4) A for Xe(3)-Xe(4),
respectively, are impossibly short and dismissed. Some
Nal inter-xenon distances found among the equipoints of Xe(2),
5 € Xe(3), and Xe(4), 4.5(1) and 5.4(1) A for Xe(2)-Xe(2),
o5 o L 4.48(4), 4.96(7), and 5.23(4) A for Xe(3)-Xe(3), and 4.74(4),
5 4.82(4), and 5.45(3) A for Xe(4)-Xe(4), are possible. How-
Na3 / ever, these are also dismissed because the dipoles induced on
these pair of Xe(2), Xe(3), and Xe(4) atoms are oriented
*e? L o5 unfavorably. The next possible set of distances between Xe
& atoms, 4.78(6) and 4.94(7) A, 4.71(6) and 5.06(6) A, and
e 4.11(3) and 5.32(4) A for Xe(2)-Xe(3), Xe(2)-Xe(4), and
Xed Na2 Xe(3)-Xe(4), respectively, are most plausible. However, var-
Nal . ious arrangements remain possible. A distorted octahedral
arrangement is selected as most plausible because of its
higher symmetry and by considerations regarding alternat-
Four-ring ing polarizations of xenon atoms (see Figure 3), as previ-
Figure 3. Schematic diagram of the hexagonal of six xenon atomsusly discussed in the structures of-B6xAr), x=5 and &
and five N4 ions at Na(1), Na(2), and Na(3) in the large cavity. Cs-A(5Kr),?® and Cs-A(yXe),y = 2.5, 4.5, and 5.25.Each

The immediate environment of each Xe atom and the dipol C_ ; it -
moment it induces on each Xe are shown. The favorablzt\_No Xe(), i =2 and 3, atoms on the opposite eight- and six

interactions between the polarized Xe atoms are indicated by finBNgS in the large cavity OC_CUpy eql_JatoriaI positiqns anq _tWO
lines and the unfavorable ones by dashed. See the caption to Figui&(4) atoms on the opposite four-rings are at axial positions
1 for other details. (see Figure 3). In this arrangemegitpolarizations from all

Na2
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two Xe(4) atoms point toward the center of the large cavity
where each can interact with each of the fdtipolariza-
tions from the Xaj, i =2 and 3, atoms.
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