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Abstract：The arrangement of encapsulated Ar atoms in the molecular-dimensioned cavities of fully 

dehydrated zeolite A of unit-cell composition Cs3Na8HSi12Al12O48 (Cs3-A) has been studied 

crystallographically to probe the confinement effect of guest species in microporous environment.  

Atoms of Ar were encapsulated in the cavities of Cs3-A by treatment with 410 atm of Ar at 400 ℃ 

for two days, followed by cooling at room temperature.  The crystal structure of Cs3Na8H-A(4Ar) (Pe 

= 410 atm, a = 12.245(2) Å, R1 = 0.0543, and R2 = 0.0552) has been determined by single crystal 

X-ray diffraction technique in the cubic space group Pm 3m at 21 (1) ℃ and 1 atm.  Encapsulated Ar 

atoms are distributed in three crystallographic distinct positions: 1.5 Ar atoms per unit cell opposite 

6-rings, 1.5 opposite four-rings in the large cavity, and finally 1.0 in the sodalite-unit.  The possible 

structures of argon clusters, such as Ar2, Ar3, and Ar4, are proposed.
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1)1. Introduction

Zeolite A is an aluminosilicate material with a stable 

crystalline framework consisting of two interconnecting 

nano-sized cavities, namely, - and -cages. The 

-cages each with a diameter of 11.4 Å are connected 

three-dimensionally through 4.2 Å circular apertures and 

-cages each with 6.6 Å diameter, and 2.2 Å 

apertures are connected through double-4-ring.
1

Large quantities of gas molecules can be stored in 

zeolite cavities and released from the cavities if their 
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kinetic diameters are somewhat larger than the effective 

diameters of the zeolite windows in a controlled 

fashion. It can be accomplished by heating the zeolite 

and gas at high pressure, followed by quenching to 

ambient temperature while the high pressure is 

maintained.2-17 Controlled releasing can be achieved by 

relaxing the window blockage by reheating the zeolite 

and/or by exposing the zeolite to small polar 

molecules.12,17-20

Zeolite A as the storage medium of small nonpolar 

molecules, such as H2, O2, N2, CH4, Ar, Kr, and Xe, 

was widely studied experimentally6-17,21-24 and sometimes 

with computer simulations25-28 to illuminate the 

encapsulation characteristics and the behavior of 
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encapsulated molecules.

Since the several experiments on the encapsulation of 

gas molecules in zeolite A at the relatively high 

pressure by Heo et al., the studies of rare-gas 

encapsulates have been focused on the single crystal 

X-ray crystallographic method.
11,13-17

 They reported the 

positions of Ar, Kr, and Xe atoms encapsulated at the 

pressure of 660 and 1000 atm for Cs3Na8H-A(xAr), x = 

5 and 6,
13

 635 and 1025 atm for Cs3Na8H-A(yKr), y = 

5 and 6,
11,16

 and 255, 450, and 1020 atm for 

Cs3Na8H-A(zXe), z = 2.5, 4.5, and 5.25,
14

 in the 

cavities of fully dehydrated Cs3Na8H-A by single-crystal 

X-ray diffraction techniques in the cubic space group 

Pm 3m at 21(1) ℃ and 1 atm. Their crystallographic 

studies resulted in the possible clustering of rare-gas 

atoms in the large cavities of zeolite A such as Arx, x 

= 4 and 5,
l3 Kry, y = 4 and 5,11,16 Xez, z = 2, 3, 4, 5, 

and 6.
14

 In those structures of Cs3-A(5Ar),
13

 

Cs3-A(5Kr),
11

 and Cs3-A(4.5Xe),
14

 four Ar, Kr, and Xe 

atoms in the large cavity formed a rhombus (planar) 

with an inter-rare gas atom distances of 4.75(8), 

4.67(3), and 4.51(3) Å and an angle of 88(1), 95.6(5), 

and 95.1(5)°, respectively. In this rhombic ring of four 

Ar, Kr, and Xe atoms, the charge dipoles induced on 

the Ar, Kr, and Xe atoms by their interactions with the 

zeolite alternate around the ring, showing the effect of 

the electrostatic fields in the zeolite cavity.
11,13,14

 In the 

case of the structures of Cs3-A(6Ar),
13

 Cs3-A(6Kr),
16

 

and Cs3-A(5.25Xe),
14

 the five Ar, Kr, and Xe atoms in 

the large cavity have a trigonal-bipyramid arrangement 

with three such atoms at equatorial positions and two 

at axial positions with an inter-Ar, -Kr, and -Xe atoms 

distance of 4.63(9), 4.78(6), and 4.45(2) Å, respectively. 

These arrangement of encapsulated Ar, Kr, and Xe 

atoms in the large cavity are stabilized by alternating 

dipoles induced on those atoms by four-ring oxygens 

and six-ring Na
+
 ions, respectively.

In the structure of Na-A(7Xe),
15 six Xe atoms in the 

large cavity of the native zeolite (Na12-A) formed 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. These arrangements of 

the encapsulated Xe atoms in the large cavity are 

stabilized by alternating dipoles induced by eight- and 

six-ring Na
+ ions as well as four-ring oxygens, 

respectively. 

In this work, Ar atoms, which are small gaseous 

atoms with high X-ray scattering power, have been 

encapsulated in the cavities of zeolite A at elevated 

temperature and much lower pressures (410 atm of Ar 

gas) than previous works13 (660 and 1000 atm of Ar 

gas). Crystal structure of such zeolite-encapsulate should 

be thoroughly studied for the understanding 

encapsulation characteristics of Ar gas molecules, 

confinement effect, interactions between Ar gas 

molecules and/or framework atoms of zeolite, and the 

possible clustering among the confined Ar atoms by 

comparing those Cs3-A(xAr), x = 5 and 6,13 in the 

molecular dimensioned cavities of zeolite A. The 

formation of interesting Ar clusters due to the induced 

dipolar attractions (London forces) in the large cavity 

as well as Ar atom trapped in the sodalite-unit even at 

lower pressure than our previous works would be seen.

2. Experimental Section

2.1. Reagents and Experimental proceeding

Colorless single crystals of 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 ㎛ on an edge, was 

lodged in a fine Pyrex capillary with thin and uniform 

walled thickness to minimize the effect of X-ray absorption 

and scattering during the subsequent diffraction experiment. 

Crystals of hydrated Cs3-A (approximate composition 

Cs3Na8H-A) were prepared by the dynamic (flow) 

ion-exchange of Na-A with an aqueous solution (pH = 5.7), 

0.04 M in Cs+ and 0.06 M in Na+ made by using CsNO3 

and NaNO3 (both Aldrich 99.99%).
10,11,13-17

 This solution 

composition was carefully chosen so that all eight- and 

six-ring sites of the zeolite would be fully occupied by Cs+
 

and Na+ ions with occupancies of 3.0 and 8.0 per unit cell, 

respectively.

A single crystal of hydrated Cs3-A was lodged in a 

fine Pyrex capillary with both ends open. This capillary 

was transferred to a high-pressure line connected to the 
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vacuum line. After cautious increases in temperature of 

25 ℃/hr under vacuum, followed by complete 

dehydration at 400 ℃ and 1 × 10-4
 torr for two days, 

forced sorption of Ar into crystal was carried out at 

400 ℃ for two days with 410 atm of Ar (Special Gas 

Co., 99.99%). Encapsulation was accomplished by 

cooling at pressure to room temperature with an electric 

fan. Following released of Ar gas from the chamber, 

both ends 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 crystals upon examination under the 

microscope.

A CAD4/Turbo diffractometer equipped with a 

rotating anode generator and a graphite monochromator 

was used for preliminary experiments and for the 

subsequent collection of diffraction intensities, all at 

21(1) ℃ using molybdenum radiation. The cubic space 

group Pm 3m (no systematic absences) was used in 

this work for reasons discussed previously.10-16
 For this 

crystal, the cell constants, a = 12.245(2) Å at 21(1) ℃, 

were determined by a least-squares treatment of 15 

intense reflections for which 20 < 2 < 30o. Each 

reflection was scanned at a constant scan speed of 0.5 
o
/min in 2 with a scan width of (0.59 + 0.82*tan ). 

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 2 < 70° were 

recorded. Absorption correction ( R ca. 0.26)31 was 

judged to be negligible for this crystal since 

semi-empirical -scans showed only negligible 

fluctuations for several reflections. Only those 

reflections in each final data set for which the net 

count exceeded three times its standard deviation were 

used in structure solution and refinement. This 

amounted to 280 reflections. Other crystallographic 

details are the same as previously reported.
11,13-17 A 

summary of the experimental conditions and 

crystallographic data is presented in Table 1.

Table 1. Summary of Experimental and Crystallographic 

Data

Ion exchange solutions 0.1 N 40 mol%

(NaNO3 + CsNO3)

Dehydration Temperature 400 ℃

Dehydration Period 2 days

Encapsulation Temperature 400 ℃

Encapsulation Period 2 days

No. of Reflection obsd., m 280

No. of Variables, s 33

Unit Cell parameter, Å 12.245(2)

Space group Pm 3m/221

Final Error Index

R1
a

0.0543

R2
b

0.0552

Goodness-of-fit
c

1.62

aR1 ＝ ∑｜Fｏ－｜Fc｜/ ∑ Fｏ, 
bR2 ＝ (∑w ( Fｏ－ Fc )

2
/ 

∑w Fｏ)
1/2, cGoodness - of - fit ＝｜∑ｗ ( Fｏ－｜Fc｜)

2/

(m - s)｜
1/2

2.2. 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)], Cs+
 at Cs, and Na

+
 at Na in 

Cs3Na8H-A.
10

 Refinement with anisotropic thermal 

parameters for all atoms in this model converged to R1 

= lFo - lFcll/ Fo = 0.126 and R2 = ( w (Fo - 

lFcl)
2/ wFo

2)1/2 = 0.161 with occupancies of 3.1(2) 

and 7.5(2) for Cs and Na, respectively. A refinement 

with Ar(1) at a peak (0.0622, 0.0774, 0.0774) in an 

ensuing difference Fourier function converged to R1 = 

0.067 and R2 = 0.079 with resulting occupancy of 

1.2(1) for Ar(1). Another difference Fourier function 

based on this model revealed a peak (0.3550, 0.3550, 

0.3550) opposite a six-ring in the large cavity. The 

following refinement with this peak as Ar(3) converged 

to R1 = 0.061 and R2 = 0.067, resulting in occupancies 

of 1.3(1) and 1.1(1) for Ar(1) and Ar(3), respectively. 

A subsequent refinement including a peak found in the 

large cavity at (0.3254, 0.3254, 0.5) as Ar(2), further 

reduced the error indices to R1 = 0.053 and R2 = 

0.052, with the refined occupancies of 3.01(1), 8.2(1), 
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Table 2. Positional, Thermal, and Occupancy Parametersa

Wyckoff

position
x y z

U11 or 

Uiso
b U22 U33 U12 U13 U23

Occupancy
c

fixed varied

(Si, Al) 24 (k) 0 1830(2) 3706(2) 22(1) 20(1) 20(1) 0 0 6(3) 24d

O (1) 12 (h) 0 2205(7) 5000
e

58(7) 50(7) 50(7) 0 0 0 12

O (2) 12 (i) 0 2942(5) 2942(5) 58(7) 23(3) 23(3) 0 0 47(9) 12

O (3) 24 (m) 1123(3) 1123(3) 3384(5) 37(3) 37(3) 37(3) 15(7) 6(6) 6(6) 24

Cs 3 (c) 0 5000
e

5000
e

137(3) 81(3) 81(3) 0 0 0 3 3.01(1)

Na 8 (g) 2049(4) 2049(4) 2049(4) 79(3) 79(3) 79(3) 101(6) 101(6) 101(6) 8 8.2(1)

Ar (1) 24 (m)  424(28) 821(21) 821(21) 2(1) 1 1.6(1)

Ar (2) 12 (j) 3055(51) 3055(51) 5000
e

29(4) 1.5 1.8(1)

Ar (3) 8 (g)  332(47) 3322(47) 3322(47) 19(3) 1.5 1.7(1)

a
Position parameters ×10

4
 and thermal parameters × 10

3
 are given. Numbers in parentheses are the estimated standard 

deviations in the units of the least significant given for the corresponding parameter. The anisotropic temperature factor 

is exp[-2
2
a

-2
(U11h

2
 + U22k

2
 + U33l

2
 + 2U12hk + 2U13hl + 2U23kl)]. 

b
Isotropic thermal parameters in units of Å

2
. 

c
Occupancy factors are given as the number of atoms or ions per unit cell. 

d
Occupancy for (Si)=12, occupancy for (Al) 

= 12. 
e
Exactly 0.5 by symmetry.

Table 3. Selected Interatomic Distances(Å) and Angels(deg)
a

Distances Angles

(Si,Al)-O(1) 1.649(4) O(1)-(Si,Al)-O(2) 108.4(4)

(Si,Al)-O(2) 1.652(7) O(1)-(Si,Al)-O(3) 111.8(3)

(Si,Al)-O(3) 1.673(4) O(2)-(Si,Al)-O(3) 107.0(2)

O(3)-(Si,Al)-O(3) 110.7(3)

Na-O(1) 2.289(7)

Na-O(2) 2.947(6) (Si,Al)-O(1)-(Si,Al) 147.7(7)

Cs-O(1) 3.42(1) (Si,Al)-O(2)-(Si,Al) 159.1(4)

Cs-O(2) 3.565(5) (Si,Al)-O(3)-(Si,Al) 142.7(4)

Ar(3)-Na 2.70(4) O(3)-Na-O(3) 117.5(3)

Ar(1)-Na 2.91(3)

Ar(2)-Na 4.01(2) Ar(1)-Na-O(3) 86.2(4)

Ar(2)-Cs 4.43(6) Ar(3)-Na-O(3) 99(1)

Ar(3)-Cs 5.00(5) Ar(1)-Na-Ar(3) 172(1)

Ar(1)-O(3) 3.27(1) Ar(2)-Ar(3)-Ar(2) 87(1)

Ar(1)-O(2) 3.71(2) Ar(3)-Ar(2)-Ar(3) 93(1)b

Ar(2)-O(1) 3.88(7)

Ar(2)-O(3) 3.89(4)

Ar(3)-O(3) 3.81(5)

Ar(3)-O(2) 4.12(6)

Ar(2)-Ar(3) 4.90(8)
a
The numbers in parentheses are the estimated standard deviations in the units of the least significant digit given for the 

corresponding parameter. 
b
Required to be the supplement of the Ar(2)-Ar(3)-Ar(2) angle.
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1.3(1), 1.8(1), and 1.7(1) for Cs, Na, Ar(1), Ar(2), and 

Ar(3), respectively. The final cycles of refinement with 

all occupancies fixed at 3.0, 8.0, 1.0, 1.5, and 1.5, 

respectively, for Cs, Na, and Ar (i), i = 1 ~ 3, 

converged with no further changes in the error indices. 

Extensive but unsuccessful efforts were made to locate 

the 12th cation necessary for electroneutrality at the 

usual position opposite a four-ring in the large 

cavity.10,11,13-17 A final difference Fourier function was 

featureless. Considering the moderate amount of H+
 in 

the ion-exchange solution (pH = 5.7), and the small 

deviation from unity which may be expected for Si/Al 

(perhaps 1.04),10-16
 the unit cell formula of the zeolite 

itself is taken to be Cs3Na8Hx-A, x = ca. 1. If the H+ 

ions were lost as water during crystal dehydration, the 

formula would be Cs3Na8-A with 0.5 framework oxygen 

absences per unit cell. For simplicity, the notation 

Cs3-A(4Ar) will be used for this crystal. The final 

structural parameters are given in Table 2. Selected 

interatomic distances and angles are given in Table 3.

The value of the goodness-of-fit, ( w (Fo - |Fc|)
2
/ (m 

- s))1/2
, is 1.62; the number of observations, m, is 280. 

The number of parameters, s, is 33. All shifts in the 

final cycles of refinement were less than 0.1% of their 

corresponding estimated standard deviations. The 

quantity minimized in least-squares is w (Fo - |Fc|)
2
, 

where the weights (w) are the reciprocal squares of 

(Fo), the standard deviation of each observed structure 

factor. Atomic structure factors for Cs+
, Ar, Na

+
, O

-
, 

and (Si,Al)1.75+
 were used. The function describing 

(Si,Al)
1.75+

 is the mean of the Si
4+

, Si
0
, Al

3+
, and Al

0
 

functions. All scattering factors were modified to 

account for anomalous dispersion.32,33

3. Results and Discussion

3.1. Zeolite A Framework and Cations

The structural parameters of the framework atoms and 

cations are almost identical in all of the following 

structures: empty Cs3-A,
10

 Cs3-A (xAr), x = 5 and 6,
17

 

Cs3-A (yKr), y = 5 and 6,
11,16

 and Cs3-A (zXe), z = 2.5, 

4.5, and 5.25.14 
The occupancies of the Cs

+
 ions in the 

eight-rings of the Ar encapsulate are slightly greater 

(closer to integer) than they were in Cs3-A
10 and Cs3-A

(5Kr),11
 due to the (purposefully) higher Cs

+
/Na

+
 ratio in 

the ion-exchange solution used for the preparation of 

Cs3-A in this work. 

In Ar-encapsulate structure, three Cs+ ions per unit cell 

fully occupy the centers of the eight-rings at equipoints 

of local symmetry C4h (D4h in Pm 3m), positions 

commonly found in partially or fully Cs
+
-exchanged 

zeolite A.10,11,13-17,34-37 Each Cs+ ion is 3.42(1) Å from 

four O(1) oxygens and 3.565(5) Å from four O(2) 

oxygens (see Table 3). Although these distances are 

substantially longer than the sum, 2.99 Å, of the 

conventional ionic radii of O2-
 and Cs

+
 ( r O 2-  = 1.32 Å 

and r Cs+  = 1.67 Å), these positions are well established 

experimentally10,11,13-17,34-37
 and theoretically.

38,39

As in the crsytal strcture of dehydrated Na12-A,
40

 

eight Na+ ions per unit cell are located near the center 

of the eight six-rings per unit cell. Each Na+
 ion is 

2.289(7) Å from three O(3) oxygens. These Na+
 ions 

extend 0.36 Å into the large cavity from the (111) 

planes at O(3) (see Table 4). The O(3)-Na-O(3) angles 

are close to 120o
 (117.5 (3)

o
), showing that Na

+
 is 

nearly trigonal, quite different from its near tetrahedral 

geometry in hydrated Cs3Na8H-A and Cs3Na9-A.
10 

As in 

the previously reported crystal structures of the empty 

Cs3-A,
10

 Cs3-A(xAr), x = 5 and 6,
17

 Cs3-A(yKr), y = 5 

and 6,11,16
 and Cs3-A(zXe), z = 2.5, 4.5, and 5.25,

14
 the 

12th
 cation per unit cell, because it could not be 

located crystallographically, is assumed to be, at least 

predominantly, a H+ ion. Alternatively, it may have 

been lost as water.10,11,13-17 

Table 4. Deviations of Atoms (Å) from the (111) 

plane at O(3)a

Na 0.36

Ar(1) -2.55
a

Ar(3) 3.06

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.
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3.2. Argon Atom in the Sodalite Unit

Like as the crystal strcutures of Cs3-A(xAr), x = 5 and 6,17 

an isolated argon atom at Ar(1) is found inside each 

sodalite-unit (see Fig. 1). The occupancies from least-squares 

suggest that a second Ar(1) might be placed in some 

fraction of the sodalite units. However doing so would 

lead to impossibly short Ar(1)-Ar(1) distances of 3.02 Å 

for Cs3-A(4Ar). A dynamic process for the passage of an 

Ar atom through a six-ring, whose aperture is formally too 

small (2.2 Å), must exist at 400 ℃ and (likely) at 

somewhat lower temperature.

Fig. 1. Stereoview of a sodalite unit in the unit cell, 

showing an encapsulated Ar atom near a Na
+
 ion 

on a 6-ring. The zeolite A framework is drawn 

with solid line between oxygens and tetrahedrally 

coordinated (Si,Al) atoms. Ellipsoids of 20% 

probability are shown.

Ar(1) on an off-site of threefold axis (x, y, y) is 

2.55 Å from the center of the sodalite unit where it 

can be polarized by the electrostatic field of the zeolite. 

This Ar atom is closer to Na
+
 and further away from 

the center of the sodalite units, when it was compared 

with Kr atom. The closest approach distances of this 

Ar(1) to two six-ring Na
+
 ions and to two O(3) 

oxygens are 2.91(3) and 3.27(1) Å for Cs3-A(4Ar). 

Considering the radii of the cations ( r Na+  = 0.97 Å 

and r Cs+  = 1.67 Å),
41,42

 framework oxygens (1.32 

Å),41,42
 and argon atoms (1.92 Å as r min /2 and as 

found in the solid).
43 These approach distances are 

substantially longer than the sum of the atomic and 

ionic radii of Ar and Na
+ (1.92 + 0.97 = 2.89 Å) and 

the sum of those Ar and O
2- (1.92 + 1.32 = 3.24 Å), 

respectively, indicating that Ar(1) is weakly held. Ar(1) 

is displaced 2.55 Å from the center of the sodalite 

unit toward a Na
+
 ion, 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. Therefore, it can be concluded that 

there must be an attractive force between the polarized 

Ar atom at Ar(1) and the electrostatic field of the 

zeolite with an energy minimum at this position.

3.3. Argon Atoms in the Large Cavity

The 3 Ar atoms in large cavity of Cs3-A(4Ar) are found 

at two crystallographically distinct positions. That there are 

two kinds of positions indicates that the argon atoms are 

not arranging themselves by simple packing within the 

highly symmetric zeolites, to form, for example, a 

tetrahedron. It is attributed to dipolar interactions among 

the sorbed atoms. 1.5 Ar atoms at Ar(2) lie opposite a 

four-ring and another 1.5 Ar atoms at Ar(3) lie on a 

three-fold axis opposite a six-ring, which may mean that 

50% of the unit cells have 2 Ar atoms and the remaining 

50% have 4 Ar atoms in the large cavities of Cs3-A zeolite. 

It is also possible that some fraction of the unit cells have 

3 Ar atoms in large cavity like as 2 Ar at Ar(2) and 1 Ar 

at Ar(3) or 1 Ar at Ar(2) and 2 Ar at Ar(3).

The closest approaches of these argon atoms to 

nonframework cations are 2.70(4) Å for Ar(3)-Na+
 and 

4.43(6) Å for Ar(2)-Cs+
, while those to framework 

oxygens (Ar(2)-O(1)) are 3.88(7) Å (see Table 3). 

Considering the radii of the cations ( r Na+  = 0.97 Å and 

r Cs+  = 1.67 Å),
41,42

 framework oxygens (1.32 Å),
41,42

 

and argon atoms (1.92 Å as r min /2 and as fond in the 

solid),43 some of the argon 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 Ar, 

0.97 + 1.92 = 2.89 Å, the approach distances of the 

three-fold axis argon atoms, Ar(3), to the six-ring Na+ ions 

(2.70(4) Å) indicate very strong Na+-Ar interactions. In 

contrast, inter-argon distances of 4.90(8) Å between Ar(2) 

and Ar(3) in the large cavities are nearly an angstrom 

larger than those in solid Ar.

Cs+-Ar interactions are much less important than 

Na+
-Ar interactions, as would be expected because Cs

+
 is 

much larger than Na+
, so the electric field gradient at its 

Copyright (C) 2005 NuriMedia Co., Ltd.



Woo Taik Lim,
*
 Bok Jo Kim,

** 
Jong Sam Park, Chang Hwan Chang,

*** 
Sung Wook Jung,

***
 and Nam Ho Heo

★

Analytical Science & Technology

546

"surface" is much less. The Cs+-Ar distances, 4.43(6) Å 

(see Table 3), are ca. 0.84 Å longer than the sum of the 

Cs+
 and Ar radii. In contrast, the Na

+
-Ar distances, 2.70(4) 

Å, are shorter than the corresponding sum.

The argon atoms at Ar(3) in the large cavity appear to 

interact much more strongly with six-ring Na+ ions than 

do those at Ar (1). These Ar(3)-Na+ interactions (2.70(4) 

Å) are all shorter than the corresponding Ar(1)-Na+
 

distances (2.91(3) Å). Similarly, the large-cavity Ar, Kr, 

and Xe atoms in Cs3-A(xAr), x = 5 and 6,
17

 Cs3-A(yKr), 

y = 5 and 6,11,16 Cs3-A(zXe), z = 2.5 and 4.5, and in 75% 

of the large cavities of Cs3-A(5.25Xe),
14

 respectively, 

interact much more strongly with Na+
 ions than do the 

small-cavity Ar, Kr, or Xe's.

The both interatomic distances between Ar atoms 

and zeolite cations are shorter than those found with Kr 

atoms, as expected from the smaller size of Ar atoms. 

However, those between Ar atoms opposite four-rings 

and framework oxides are longer, allowing the 

formation of the square plane rather than rhombus in 

the large cavity. This is probably because of smaller 

polarizability and larger mobility of Ar atoms compared 

to those of Kr atoms in the same large cavity.

3.4. Clustering of Ar Atoms

The two argon atoms each at Ar(2) and Ar(3) on 

the inner surface of the large cavity in the half of unit 

cells may be placed within their partially occupied 

equipoints in various ways (see Fig. 2 and 4). The 

inter-argon distance, 4.90(8) Å, suggests the possibility 

of an Ar(2)-Ar(3) interaction with favorably oriented 

induced dipoles (see Fig. 2 and 3). A longer distance, 

6.61(2) Å, is also possible (see Fig. 4).

The next possible arrangement in the remaining half of 

unit cells is a planar four-Ar ring, [-Ar(2)-Ar(3)-Ar(2)-Ar(3)-], 

with Ar(2)-Ar(3) = 4.90(8) Å, Ar(2)-Ar(3)-Ar(2) = 87(1)o
 and 

Ar(3)-Ar(2)-Ar(3) = 93(1)o, is selected as the most plausible due 

to its higher symmetry and favorably oriented induced dipoles 

(see Fig. 5 and 6). 

Fig. 2. Stereoview of the large cavity with one possible 

arrangement of two Ar atoms at Ar(2) and 

Ar(3). See the caption to Fig. 1 for other 

details.

Fig. 3. Schematic diagrams of two Ar atoms in the 

large cavity. The immediate environment of 

each Ar atom and the dipole moment it 

induces on each Ar are shown. The interactions 

between the polarized Ar atoms are indicated 

by dashed lines.

Fig. 4. Stereoview of the large cavity with another 

possible arrangement of two Ar atoms at Ar(2) 

and Ar(3). See the caption to Fig. 1 for other 

details.

Fig. 5. Stereoveiw of the large cavity with the only 

reasonable arrangement of four Ar atoms at Ar(2) 

and Ar(3). Inter-argon contacts are indicated by fine 

lines. See the caption to Fig. 1 for other details. 
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Fig. 6. Schematic diagram of the rhombus of four Ar 

atoms in the large cavity. See the caption to 

Fig. 3 for other details.

In this square plane, Ar atoms alternately approach Na+
 

ions and four-oxygen rings and are polarized oppositely, 

allowing their inter-argon approaches to be attractive. This 

arrangement is similar to the previously found rhombus 

arrangement of four Ar, Kr, and Xe atoms in the large 

cavity of Cs3-A(5Ar), Cs3-A(5Kr), and the 75% unit cell 

of Cs3-A(zXe), z = 4.5 and 5.25, respectively.

Another palusible arrangement of Ar atoms in the 

large cavities are 2 Ar atoms at Ar(2) and 1 Ar atoms 

at Ar(3) in the half of unit cells and 1 Ar atoms at 

Ar(2) and 2 Ar atoms at Ar(3) in the remaining half 

of unit cells (see Fig. 7 and 8). 

The shortest distance, Ar(2)-Ar(3) = 2.10(1) Å, is 

impossibly short. Of the two longer Ar(2)-Ar(3) distances, 

Fig. 7. Stereoview of the large cavity with one possible 

arrangement of three Ar atoms at Ar(2) and 

Ar(3). Inter-argon contacts are indicated by fine 

lines. See the caption to Fig. 1 for details.

Fig. 8. Stereoview of the large cavity with another 

possible arrangement of three Ar atoms at Ar(2) 

and Ar(3). Inter-argon contacts are indicated by 

fine lines. See the caption to Fig. 1 for details.

4.90(8) and 6.61(3) Å, the first indicates a reasonable 

interaction. Possible Ar(2)-Ar(2) interactions are 3.36(1), 

4.76(5), 5.83(2), and 6.74(3) Å. Among these, a planar 

three-Ar arrangements, [Ar(2)-Ar(3)-Ar(2)] with 

Ar(2)-Ar(3) = 4.90(8) Å and Ar(2)-Ar(3)-Ar(2) = 

87(1)o
 and [Ar(3)-Ar(2)-Ar(3)] with Ar(2)-Ar(3) = 

4.90(8) Å and Ar(3)-Ar(2)-Ar(3) = 93(1)o
 are selected 

as the most reasonable due to its higher symmetry and 

favorably oriented induced dipoles (see Fig. 9). In these 

three-Ar arrangements, argon atoms alternately approach 

Na+
 ions and four-oxygen rings; they are therefore 

polarized oppositely, allowing their inter-argon 

approaches to be attractive.

Fig. 9. Schematic diagrams of the bent linear of three 

Ar atoms in the large cavity. See the caption 

to Fig. 3 for other details.
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