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The positions of Kr atoms encapsulated in the molecular-dimensioned cavities of fully dehydrated zeolite A of
unit-cell composition GiNagHSi12Al 12048 (Cs-A) have been determined. £4& was exposed to 1025 atm of
krypton gas at 400C for four days, followed by cooling at pressure to encapsulate Kr atoms. The resulting
crystal structure of GRA(6Kr) (a = 12.247(2A, Ry = 0.078, andr. = 0.085) has been determined by single-
crystal X-ray diffraction techniques in the cubic space gpm at 21(1)°C and 1 atm. In the crystal
structure of CsA(6Kr), six Kr atoms per unit cell are distributed over three crystallographically distinct
positions: each unit cell contains one Kr atom at Kr(1) on a threefold axis in the sodalite unit, three at Kr(2)
opposite four-rings in the large cavity, and two at Kr(3) on threefold axes in the large cavity. Relatively strong
interactions of Kr atoms at Kr(1) and Kr(3) with Nans of six-rings are observed: Na-Kr(1) = 3.6k1and
Na-Kr(3) = 3.08(5A. In each sodalite unit, one Kr atom at Kr(1) was displaced®ffdm the center of the
sodalite unit toward a Naon, where it can be polarized by the electrostatic field of the zeolite, avoiding the
center of the sodalite unit which by symmetry has no electrostatic field. In each large cavity, five Kr atoms were
found, forming a trigonal-bipyramid arrangement with three Kr(2) atoms at equatorial positions and two Kr(3)
atoms at axial positions. With various reasonable distances and angles, the existencelustdfrwas
proposed (Kr(2)-Kr(3) = 4.78(63 and Kr(2)-Kr(2) = 5.94(7R, Kr(2)-Kr(3)-Kr(2) = 76.9(3), Kr(3)-Kr(2)-Kr(3)

=88(1), and Kr(2)-Kr(2)-Kr(2) = 60°). These arrangements of the encapsulated Kr atoms in the large cavity are
stabilized by alternating dipoles induced on Kr(2) by four-ring oxygens and Kr(3) by six-ringpiéa
respectively.
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Introduction zeolite to small polar moleculé%?®?? The utilization of
zeolites as such a storage medium for small gas molecules
Zeolites containing rare-gas atoms in their cavities arevas extensively examined, experimentally and theoretically,
both ideal and realistic models for confined atdthatoms  long ago by G. A. Cook D. W. Breck?* and R. M. Barrer
confined in zeolitic cavities behave as finite fluids and not agt al?>?7 In their work on argon (kinetic diameter = 34D
subvolumes in independent equilibrium with an infinite and krypton (3.6%%), they concluded that these atoms must
reservoit® A knowledge of the local structure adopted by enter through six-ring windows of free diametar2.2A. It
such confined atoms is important in understanding thevas subsequently shown that both cavitiesdtrandB-cages)
differences between the bulk and confinement-modified fluidof zeolite A can be utilized as nanocontainers for small gas
properties, as they relate to transitions between phases, anwlecules if all eight-ring windows are blocked by large
to sorption and transport in such nanoporous materials.  monopositive cations such as'Rl, or K" 910.11-13.28:29
Large quantities of gas molecules can be encapsulated inSamanet al*° studied xenon atoms encapsulated incthe
zeolite cavities if their molecular kinetic diameters arecages of Na-A as a storage medium at 525 K and 40 bar,
somewhat larger than the effective diameters of the zeoliteesulting in up to 1.8 atoms per cage, e NMR. Their
windows. This can be accomplished by heating the zeolitevork showed that thé**Xe chemical shift &) in a cavity
and gas at high pressure, followed by quenching to ambiesimaller than the mean free path of xenon in the gas phase at
temperature while the high pressure is maintaif@@hese the pressure of the experiment is a function of the size of the
encapsulated gas molecules can sustain high-pressucavity and suggested that the peaks appearing at higher
concentration without leakage at room temperature; in thishemical shift correspond to an increasing number of xenon
way zeolites may be used as storage media. Controlleatoms pem-cage. By studying th&°Xe NMR spectrum of
decapsulation can be achieved by relaxing the windowhe sample saturated with water by exposure to excess water
blockage by reheating the zeolite and/or by exposing that room temperature, they showed that a xenon-water
clathrate had formed, and suggested that the desorption of
*Corresponding author. Tel: +82-53-950-5589; Fax: +82-53-950xenon from the zeolite upon water addition is probably due
6594; e-mail: nhheo@knu.ac.kr to solvation of the zeolitic cations, resulting in an opening of
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the apertures to the-cages. Derouane and B’N&gyelated In this work, Kr atoms, which are small gaseous atoms
&, which is characterized as the specific physical interactiomvith high X-ray scattering power, have been encapsulated in
between sorbed xenon and the wall of the void space, witthe cavities of zeolite A at elevated temperature and much
the surface curvature in calculating the physisorption energyigher pressures (1025 atm of Kr gas) than previous work
The sorbed xenon was required to remain near the surface (835 atm of Kr gasy Crystal structures of such zeolite
their model. Although the cage wall is theoretically theencapsulate have been thoroughly studied for the understanding
energetically most favorable position for sorption, directencapsulation characteristics of gas molecules, confinement
experimental evidence for this was lacking. Doorykee effect, interactions between gas molecules and/or framework
al®! suggested, following synchrotron X-ray diffraction atoms of zeolite, and the possible clustering among the
studies of Xe with Na-X at 3%C at 1.0 and 1.75 atm, that confined Kr atoms in the molecular-dimensioned cavities of
the predominant site for Xe is in association witfi Mas in ~ zeolite A. The crystallographic results are important to
six-membered rings of the-cage. However, a molecular elucidate the formation of interesting Kr clusters due to the
dynamics study by Santikagt al®? had concluded that the induced dipolar attractions (London forces) in the large
primary adsorption site is near the middle of a four-cavity as well as Kr atom trapped in the sodalite unit.
membered ring at the low loading of one Xe atom ger
cage. Experimental Section

Heo et al'® extensively studied encapsulation capacities
(Vgag Of Hz, Np, CO, CH, and CQ for CssNagsA (Cs-A) Colorless single crystals of zeolite 4A, P&ii2Al 12048
and NaxA (Na-A) zeolites in order to understand the effect -27H0 (NaxA-27H0 or Na-A-27H0) 3 were synthesized by
of molecular properties on the,) Their calculation from  Kokotailo and Charnef® Crystals of hydrated G#
the number of C@® molecules per unit cell, Heet al (approximate composition gMdagH-A) were prepared by
reported the density of encapsulatedG€18 wt%) in Cs-A  the dynamic (flow) ion-exchange of Na-A with an aqueous
approaches to 0.60 g/énwhich is a value almost equal to solution (pH = 5.7), 0.04 M in Csnd 0.06 M in Namade
that of liqguid CQ (0.599) and much larger than that of by using CsN@and NaNQ (both Aldrich 99.99 %3*1517.18
saturated vapor at 3« (0.337). From these results, they This solution composition was carefully chosen so that all
postulated the presence of liquid-like phase for the encapsulatetjht- and six-ring sites of the zeolite would be fully
molecules in the molecular-dimensioned cavities of zeolite Aoccupied by Csand N& ions with occupancies of 3.0 and
They also characterized KrAra, Ars, Xes, Xes, Xes, and 8.0 per unit cell, respectively.
Xes clusters, formed by confinement in the cavities of A single crystal of hydrated €4, a cube 8Qum on an
CsNagH-A, by crystallographic studiés!’®n those structures  edge, was lodged in a fine Pyrex capillary with both ends
of Cs-A(5Ar), Cs-A(5Kr), and Cs-A(4.5Xe), four Ar, Kr,  open. This capillary was transferred to a high-pressure line
and Xe atoms in the large cavity formed a rhombus (planagonnected to a vacuum line. After cautious increases in
with an inter-inert gas atoms distance of 4.75(8), 4.67(3)temperature of 2%C/hr under vacuum, followed by complete
and 4.51(3)A and an angle of 88(1), 95.6(5), and 95%(5) dehydration at 406C and k10™ torr for two days, forced
respectively. In this rhombic ring of four Ar, Kr, and Xe sorption of Kr into the crystal was carried out at 40Cfor
atoms, the charge dipoles induced on the Ar, Kr, and Xdour days with 1025 atm of Kr (Union Carbide, 99.999%).
atoms by their interactions with the zeolite alternate around’he high-pressure of Kr gas was produced by condensing
the ring, showing the effect of the electrostatic fields in thethe gas in a high-pressure chamber (immersed in a liquid-
zeolite cavity>'"° In the case of the structures ofzCs nitrogen bath) which contained the :@s crystal in its
A(BANY and Cs-A(5.25Xe) the five Ar and Xe atoms in capillary, followed by reheating to 40Q after isolating the
the large cavity have a trigonal-bipyramid arrangement wittchamber from the vacuum line. Encapsulation was
three Ar(2) and Xe(2) atoms at equatorial positions and twaccomplished by cooling at pressure to room temperature
Ar(3) and Xe(3) atoms at axial positions with an inter-Ar with an electric fan. Following released of Kr gas from the
and -Xe gas atoms distances of 4.63(9) and 4.45(Bhese  chamber, both ends of the capillary were presealed with
arrangements of encapsulated Ar and Xe atoms in the largacuum grease under nitrogen before being completely
cavity are stabilized by alternating dipoles induced on Ar(2)sealed with a small torch. No change was noted in the
Ar(3), Xe(2), and Xe(3) atoms by four-ring oxygens and six-appearance of the crystal upon examination under the
ring Na ions, respectively. Linet al*® thoroughly studied microscope.
Xes cluster in the large cavity of native zeolite (NA) by The cubic space groupmBm (no systematic absences)
crystallographic method. In the structure of Na-A(7Xe), sixwas used in this work for reasons discussed previdtgly.
Xe atoms in the large cavity formed a distorted octahedrdaFor this crystal, the cell constaat= 12.247(2A at 21(1)°C,
arrangement with four Xe atom, at equatorial positions (eactvas determined by a least-squares treatment of 15 intense
two at Xe(2) and Xe(3)) and the other two at axial positiongeflections for which 20 << 3. Each reflection was scanned
(at Xe(4)). These arrangements of the encapsulated Xat a constant scan speed of@rbn in 26 with a scan width
atoms in the large cavity are also stabilized by alternatingf (0.42 + 0.46*tafl)°. Background intensity was counted at
dipoles induced on Xe(2), Xe(3), and Xe(4) by eight- andeach end of a scan range for a time equal to half the scan
six-ring N& ions as well as four-ring oxygens, respectively. time. The intensities of all lattice points for whicl 2 7C°
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Table 1 Summary of Experimental and Crystallographic Data for0.3487, 0.3487, opposite six-ring) found in a difference
CssNagH-A(6KT) Fourier function prepared from this model caused convergence

lon exchange solutions 0.1 N 40 mol% to Ry = 0.143 andR: = 0.167 in the following refinement with
(NaNG; + CsNQ) resulting occupancies of 3.21(7), 7.6(2), and 4.3(3) for Cs,
Dehydration temperature 400°C Na, and Kr(3), respectively. Another difference Fourier
Dehydration period 2 days function based on a model with fixed occupancies of 3.0 and
Encapsulation temperature 400°C 8.0 (their maximum values by symmetry) for Cs and Na,
Encapsulation pressure 1025 atm respectively, revealed a peak (0.3036, 0.3036, 0.5) opposite
Encapsulation period 4 days . . . . .
X a four-ring in the large cavity. Including this peak as Kr
No. of reflection obsdm 134 .
No. of variabless 36 atoms at Kr(Z), the ref!nement convgrgedRic; 0.101 and
Unit cell parameter 12,2472 R =.0.112,_ with resgltlng occupancies of 2.6(2) and_2.0(2)
Final error index for isotropically refined Kr(2) and Kr(3), respectively.
R 0.078 Addition of another peak (0.0504, 0.0504, 0.0504, inside the
Rp 0.085 sodalite unit) at Kr(1) with an isotropic thermal parameter
Goodness-of-fit 2.93 reduced the error indices & = 0.0836 and?, = 0.0915
R, = 5|Fo - [Fol|/ZFo. °Re = EW(Fo — F)/SWF2)™2 ‘Goodness-of-fit = With occupancies of 1.00(6), 2.8(3), and 2.0(2) for Kr(1),
[ZW(Fo ~ [F)) /(m-9)[> Kr(2), and Kr(3), respectively. Final cycles of refinement

with occupancies fixed at 3.0, 8.0, 1.0, 3.0, and 2.0 for Cs,
were recorded. Absorption correctiongR(ca. 0.27f8 was  Na, and Kr{), i = 1~3, respectively, convergedRp= 0.078
judged to be negligible for this crystal since semi-empiricalandR; = 0.085 with anisotropic thermal parameters. Again,
yrscans showed only negligible fluctuations for severalextensive but unsuccessful efforts were made to locate the
reflections. Only those reflections in each final data set fol2" cation necessary for electroneutrality at the usual
which the net count exceeded three times its standard deviatiposition opposite a four-ring in the large cavity?!"18A
were used in structure solution and refinement. This amounted fimal difference Fourier function was featureless; the notation
134 reflections for the crystal. Other crystallographic details ar€s-A(6Kr) or CgNagH-A(6Kr) will be used for this crystal.
the same as previously reportéd’® A summary of the All shifts in the final cycles of refinement were less than
experimental conditions and crystallographic data is presented 1% for the corresponding estimated standard deviations.
Table 1. The final structural parameters are given in Table 2. Selected
interatomic distances and angles are given in Table 3.
Structure Determination The values of the goodness-of-fEW(Fo — |Fo|)?/(m-9))*2,
are 2.93; the number of observations, is 134 and the
Full-matrix least-squares refinement was initiated with thenumber of parameters, is 36. The quantity minimized in
atomic parameters of all framework atoms [(Si, Al), O(1), least-squares BwW(F, — [F¢|)?, where the weightsy) are the
0(2), and O(3)], Csat Cs, and Naat Na in CsNagH-A.* reciprocal squares af(F,), the standard deviation of each
The refinement with anisotropic thermal parameters for albbserved structure factor. Atomic scattering factors for Kr,
atomic types in this model converged to the error indiges Na', O, and (Si,Al}">* were used. The function describing
= 3|Fo — |FdJ/ZF, = 0.196 andr, = EW(Fo — [Fo)7ZWFA)Y2  (Si,A)Y"*"is the mean of the 5j SP, AI**, and AP functions.
= 0.260 with occupancies of 3.8(1) and 5.4(7) for Cs and NaAll scattering factors were modified to account for anomalous
respectively. Introducing a Kr atom at a peak (0.3487dispersiort®*°

Table 2 Positional, Thermal, and Occupancy Parameters

Wyckoff Upnor Occupancy
position X y z Uisa’ Uz Uss Ve Uis Uas fixed  varied
(Si,A) 24 0 1839(7) 3713(7) 20(4) 17(4) 12(4) 0 0 0() ¢ 24
o(1) 126) 0 2239(2) 5000 78(24) 17(16)  17(16) 0 0 0 12
0(2) 12() 0 2948(2) 2948(2)  15(16) 48(13)  48(13) 0 0 24(18) 12
O(3) 24) 1133(1) 1133(1) 3394(1) 33(8) 33(8) 51(15) -1(11) 2(8) 2(8) 24
Cs 3€) 0 5000 5000 161(10) 56(3) 56(3) 0 0 0 3 3.21(7)
Na 80) 2028(15) 2028(15) 2028(15) 88(7) 88(7) 88(7) 76(9) 76(9) 76(9) 8 7.6(2)
Kr(1) 8(0) 349(38) 349(38) 349(38) 313(61) 313(61) 313(61) -98(50) -98(50) -98(50) 1 1.00(6)
Kr(2) 12() 3003(24) 3003(24) 5060 195(25) 195(25) 372(62) -103(37) 0 0 3 2.8(3)
Kr(3) 8(g) 3481(35) 3481(35) 3481(35) 366(49) 366(49) 366(49) -5(65) -5(55) -5(55) 2 2.0(2)

3positional parameters 10* and thermal parametexd0® 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’sudph2+ U,k? + Usd? + 2U1hk+ 2U33hl

+ 2U,I)]. PIsotropic thermal parameters in unit “Occupancy factors are given as the number of atoms or ions per ufidcellpancy for (Si)

=12, occupancy for (Al) = 12Exactly 0.5 by symmetry
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Table 3. Selected Interatomic Distancds) @nd Angles (ded) Table 4. Deviations of AtomsA) from the (111) plane at O¢3)
Distances Angles Cs-A(6Kr)
(Si,Al)-0(2) 1.649(2) O(1)-(Si,Al)-O(2) 107.0(17) Na 0.30
(Si,Al)-0(2) 1.652(3)  O(1)-(Si,A)-O(3) 112.4(7) Kr(1) -3.26
(Si,A)-O(3) 1.687(2) O(2)-(Si,A)-O(3) 107.0(8) Kr(3) 3.38
Na-O(3) 2.27(3) O(3)-(Si,Al-0(3) 110.6(12) A negative deviation indicates that the atom lies on the same side of the
Na-O(2) 2.96(2) (Si,A)-O(1)-(Si,Al)  146.2(27) plane as the origiri,e., inside the sodalite unft0.74 A from the origin
Cs-0(1) 3.39(4)  (SLA)-OQ)-(SiAl) 157.8(20) (centerof the sodalite unif).
Cs-0(2) 353(3)  (SIAD-OBH(SIAD - 143.3(7) local symmetryCan (Dan in PrBm), positions commonly found
Kr(3)-Na 3.08(5) O(3)-Na-O(3) 118.3(8) ) . ! 4 1517-10414
in partially or fully C$-exchanged zeolite A: Each

Kr(1)-Na 3.6(1) Kr(1)-Na-O(3) 82(2) S
Kr(2)-Na 4022)  Kr(3)}Na-0@3) 97.6(9) Cs ion is 3.39(4)A from four O(1) oxygens and 3.53(&)
Kr(2)-Cs 443(5)  Kr(1)-Na-Kr(3) 180 from four O(2) oxygens (see Table 3). Although these distances

' bstantially longer than the sum, 2A9 of the
Kr(3)-Cs 501(7) Kr2Kr3)Kr2)  76.9(3) are su ,

conventional ionic radii of & and C$, these positions are
well established experimentay®>1"1%4“and theoreticallf?*®

As in the crystal structure of dehydrated,N&,*" eight
Na" ions per unit cell are located near the centers of the eight
Kr(3)-0(3) 3.98(6) six-rings per unit cell. Each Naon i; 2.27(3)A from three
Kr(3)-0(2) 4.28(1) O(3) oxygens (see Table 3 and Figure 2). Theseidies
Kr(2)-Kr(3) 4.78(6) extend 0.30A into the large cavity from the (111) planes at
Kr(2)-Kr(2) 5.94(7) O(3) (see Table 4). _The O(3)-N§1—O(3) anglles are cI(_)se to
#The numbers in parentheses are the estimated standard deviations in 20 (118.3(8)) showing that Nais nearly trigonal, quite

units of the least significant digit given for the corresponding parameteC ifferent from its near tetrah_dral geometry in hydrated
bEactly 180 by symmetry*Eactly 60 by symmetry. CsNagH-A and CsNag-A.** As in the previously reported

crystal structure of the empty £4,** Cs-A(5Ar),Y” Cs-
A(BAr),Y" Cs-A(5Kr),*® and Cs-A(xXe), x = 2.5, 4.5, and
Result and Discussion 5.2518 the 12" cation per unit cell, because it could not be
located crystallographically, is assumed to be, at least
Zeolite A Framework and Cations The structural predominantly, a Hion. Alternatively, it may have been lost
parameters of the framework atoms and cations are almoas watet*1517:18
identical in all of the following structures: empty ;@s** Krypton Atoms and Cluster in Css-A(6Kr) . Kr atoms in
Cs-A(5AN),Y Cs-A(BAr),Y Cs-A(5Kr),® and Cs-A(xXe),  CsNagH-A(6Kr) are found to populate most favorably at
x = 2.5, 4.5, and 5.2%.The occupancies of the Osns in  three crystallographically distinct positions. Each unit cell
the eight-rings of the Kr encapsulate £B$6Kr)) are  contains one Kr atom at Kr(1) on a threefold axis in the
slightly greater (closer to integral) than they were in emptysodalite unit, three at Kr(2) opposite four-rings in the large
Cs-A* and Cs-(5Kr),® due to the (purposefully) higher cavity, and two at Kr(3) on threefold axes in the large cavity.
Cs'/Na" ratio in the ion-exchange solution used for theThe closest approach distances of these Kr atoms to the
preparation of GsA in this work. nonframework cations are 3.6(1) and 4.435p N& and
In the structure of GsA(6Kr), three C§ions per unit cell Cs' ions, respectively, while that to framework oxygens is
fully occupy the centers of the eight-rings at equipoints 0f3.81(4)A (see Table 3). Considering the radii of the cations

Kr(1)-0(3) 3.96(7)  Kr(3)-Kr2)-Kr(3)  88(1)
Kr(1)-0(2) 45(2)  Kr2-Kr(2-Kr2) 60
Kr(2)-0(1) 3.83(2)
Kr(2)-0(3) 3.81(4)

Figure 1. A stereovew of a sodalite unit in £4(6Kr), showing an encapsulated Kr atom near its center on a threefold axis. The zeolite A
framework is drawn with light bonds between oxygens and tetrahedrally coordinated (Si,Al) atoms. Ellipsoids of 20% parkability
shown.
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Figure 2. A stereoview of the large cavity of £&(6Kr) with the only reasonable (except for orientation) arrangement of three Kr atoms at
Kr(2) and two at Kr(3). The five krypton atoms have a trigonal-bipyramid arrangement. See the caption to Figure 1 failsther det

(fnat = 0.97A and est = 1.67A),%%% framework oxygens this Kr atom has its primary interaction with a*Nan.
(1.32A),*%%and Kr atoms (2.04 in solid KP* and 1.983 Kr Atoms in the Large Cavity. The Kr atoms at Kr(3)
as min/2, half of the distance for maximum attraction from are located on threefold axes in the large cavity, at positions
the Lennard-Jones poterfithl all the Kr atoms are sufficiently similar to those found in the low temperature Kr sorption
far from their neighbors to be considered as having no moreomplex of CalNa;-A®? and in the structure of G4 (5Kr)*®
than weak interactions with the cations and framework oxygensvhich was encapsualted at 635 atm of Kr gas. The approach
Similarly, inter-krypton distances of 4.78(&) between distances of these Kr(3) atoms to six-ring' Mms, 3.08(5)
Kr(2) and Kr(3) atoms, somewhat larger than those in solidd, are shorter than the corresponding Kr(1) distance, 3.6(1)
Kr, are found in the large cavity. A, as well as shorter than those found in the low temperature
Kr Atom in the Sodalite Unit. The location of an isolated ~crystal structure of GNas-A(11Kr),%? 3.48A (perhaps less
Kr atom at Kr(1) on a threefold axis inside a sodalite unit isaccurate because powder data was used) and in the Kr
unambiguous (see Figure 1). It is impossible for someencapsulate of GsA,*® 3.23(2)A. To approach Naion, a
sodalite units to have zero Kr(1) atoms and others to haviér atom at Kr(1) must simultaneously approach three O(3)
more than one at symmetry equivalent positions, to averagexygens of the six-ring more closely than must an atom at
to one, because impossibly short Kr(1)-Kr(1) distancer(3). This can be seen in the shorter Kr(1)-O(3) and Kr(3)-
would result. Therefore, every sodalite unit contains oned(3) distances, 3.96(A) and 3.98(64, respectively. These
(1.00(6)) Kr(1) atom. A dynamic process for the passage oApproaches may be repulsive at these short distances, and
a Kr atom through a six-ring, whose aperture is formally tocthis may account for Kr(1)-Na3.6(1)A, being longer than
small, must exist at 40 or at somewhat lower temperatures. Kr(3)-Na*, 3.08(5)A. Alternatively, this may be described
The closest approach of Kr(1) to a'Nen is 3.6(1) and to  as being due to the stronger electrostatic field existing in the
three O(3) oxygens, 3.96(&) These approach distances arelarger cavity, resulting in a shorter approach distance with
substantially longer than the sum of the atomic and ionicstronger interactions between the polarized Kr atoms and
radii of Kr and N& (2.02 + 0.97 = 2.98)**% and the sum of Na' ions. When the positions of Nand Kr atoms at Kr(3)
those of Kr and & (2.02 + 1.32 = 3.34\),**5'respectively, is compared with that of GA(5Kr), the Nd ions at Na is
indicating that Kr(1) is weakly held. Kr(1) is displaced 0.74 slightly recessed into the center of the large cavity and Kr
A from the center of the sodalite unit toward & N, atoms at Kr(3) is lies on much closer position with the
where it can be polarized by the electrostatic field of theramework of the zeolite. These result in the shorter Kr(3)-
zeolite, avoiding the center of the sodalite unit which byNa’, 3.08(5) A, and simultaneously longer Kr(2)-Kr(3),
symmetry has no electrostatic field. Therefore, it can bet.78(6)A, as compared to Kr(3)-Na3.23(2)A and Kr(2)-
concluded that there must be an attractive force between th&(3), 4.67(3)A in the structure of GsA(5Kr).*® This is
polarized atom at Kr(1) and the electrostatic field of theaccounted as being due to the much stronger interactions
zeolite with an energy minimum at this position. between Kr atoms at Kr(3) and Nans due to the much
This agrees qualitatively with a theoretical calculation formore population (“crowding”) of the Kr atoms in large
Kr in a sodalite-like cagéThe contours of constant London cavity than in CsA(5Kr).*>This is consistent with the study
dispersion energy calculated in the presence of six-ringf dynamics of Xe atoms in NaA zeolites by Feng-Yin Li
oxygens and Naions showed a deep minimum at (0.1, 0.1,and R. Stephen Befy in which they suggested the
0.1). Because the center of the sodalite cage was the positicontribution from Xe-Xe interaction becomes less important
of minimum energy in similar calculations with no*Nans relative to the Xe-adsorption site of framework interaction
in the six-rings, this suggested an attractive force betweeaven if the size of the Xe cluster increase te. Xe
Kr and a six-ring Naion. Although the sodalite composition = Each of the three Kr(2) atoms, located opposite four-rings
used in that work and that of £A&(6Kr) are slightly in the large cavity, approaches two O(1) oxygens and two
different, the Kr(1) position in this structure indicates thatO(3) oxygens with the same approach distances, 3.83(2) and
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3.81(4)A, respectively. (Each Kr(2) must also interact with for Kr(3)-Kr(3)) are dismissed because their induced dipoles

two Na' ions in adjacent six-rings with interatomic distancesare oriented unfavorably also as above. The next longest

of 4.02(2)A.) These distances are very similar to Kr(1)- inter-krypton distance, 4.78(@ for Kr(2)-Kr(3) is plausible.

0O(3), 3.96(7)A, and are the shortest Kr-O distances in theHowever, various arrangements remain possible. A trigonal-

structure. These position of Kr atoms at Kr(2) and thebipyramid arrangement of those five Kr atoms as iKr

approaching distance to framework oxygens are all identicadelected as most plausible because of its higher symmetry
with those of CsA(5Kr)*® except for the population (two Kr and by considerations regarding alternating polarizations
in Cs-A(5KN®® and three Kr in GsA(6Kr)). This Kr(2)  krypton atoms as before with $5%(6Ar),Y" Cs-A(5.25Xe)?
position is consistent with the results of Klinowskial > (see Figures 2 and 3). Two Kr(3) atoms of thedfuister on
which indicate that the four-ring is the most stable sorptiora single threefold axis opposite sides of the large cavity
site for xenon in dealuminated NaY. occupy axial positions and the other three Kr(2) atoms are at

The Kr-N& interaction can be seen, on the basis ofequatorial positions with inter-krypton distances of 4.78(6)
approach distances, to be somewhat stronger than the Kr-® for Kr(2)-Kr(3) and 5.94(7)A for Kr(2)-Kr(2). In this
(framework) interaction. If the conventionaf @dius (1.32  arrangementg™ polarizations from all three Kr(2) atoms
A)*%0 is subtracted from the average of the two Kr-Opoint toward the center of the large cavity where each can
distances (3.84), a “Kr interaction radius” of 2.5@ is interact with each of the twd* polarizations from the
found. If the Na radius (0.973) “>*is subtracted from the threefold-axis Kr(3) atoms (see Figure 3). The favorable
mean (3.34A) of the Kr(1)-Na and Kr(3)-Na distances  Kr(2)-Kr(3) interactions, 4.78(64, are nicely much shorter
(3.6 and 3.08A, respectively), a smaller “Kr interaction than the unfavorable equatorial Kr(2)-Kr(2) interactions,
radius”, 2.37A, is found. (These “Kr radii” can not be 5.94(7)A.
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