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Abstract

Three crystal structures of dehydrated partially Co**-exchanged zeolite A treated with 0.6 Torr of
K at 300°C (for 12 hrs, 6 hrs, and 2 hrs) vapor have been determined by single-crystal X-ray dif-
fraction techniques in the cubic space group Pm3m at 21(1) °C (a = 12.181(1) A, a=12.184(1) A,
and a=12.215(1) A respectively). Their structures were refined to the final error indices, R
(weight) of 0.090 with 70 reflections, 0.091 with 82 reflections, and 0.090 with 80 reflections,
respectively, for which I > 36(J). In each structure, all four Co* and four Na* ions to be reduced
by K atoms. The cobalt and sodium atoms produced are no longer found in the zeolite. K species
are found at five different crystallographic sites: three K” ions lie at the planes of 8-rings, filling
that position, ca. 11.5 K ions lie on threefold axes, ca. 4.0 in the large cavity and ca. 4.0 in the
sodalite cavity, and ca. 0.5 K* ion is found near a 4-ring. ca. three K° atoms are found deep into

59



60 A% - A %

e ELEE

the large cavity on threefold axes. In these structures, crystallographic results show that cationic
tetrahedral K, (and/or triangular K;) clusters have formed in the sodalites of zeolite A. The K, and/
or K; clusters coordinate trigonally to three oxygens of a six-oxygen ring. The partially reduced
ions of these clusters interact primarily with oxygen atoms of the zeolite structure rather than with
each other. ca. 14.5 K species are found per unit cell, more than the twelve K* ions needed to bal-
ance the anionic charge of zeolite framework, indicating that sorption of K has occurred. The three
K° atoms in the large cavity are closely associated with three out of four K* ions in the large cavity
to form K7 clusters. The K#* cluster not interacts primarily with framework oxygens.

1. Introduction

Zeolites can absorb alkali metal atoms to give
cationic clusters.” Zeolites with their well-defined,
regular channels and cavities offer a great opportu-
nity to encapsulate, isolate, stabilize and study these
clusters. The smaller of these have been identified
by ESR methods, but the larger are described only
as “metallic”.

Kasai and Rabo'™ exposed Na-Y zeolite powder
to Na metal vapor and detected the tetrahedral alkali
metal cluster Na;* by electron spin resonance
(ESR). Na." was found when Na-X was exposed to
sodium metal vapor. Subsequently a series of ESR
experiments were done by Edwards,”™ Jacobs,'*"?
and Kevan™'¥ on samples prepared by various syn-
thetic methods. The new cationic alkali metal clus-
ters NaJ*, Naf*, K3*, and K7*, as well as Na, K, Rb,
and Cs metal particles, were found in zeolite A, X,
and Y. Barrer’” and Smeulders'™'” found by ESR
that NaZ+ clusters could form in synthetic socialites;
this indicated that the Na?f' clusters in zeolites A, X,
and Y might also be in sodalite cavities. However,
the actual positions of all of these cationic clusters
within zeolites remained entirely unknown, and lit-
tle could be said about the bonding within the clus-
ters.

Recently, linear Rb;", Cs3*, and Cs}* Clusters,
and triangular Rb3" clusters, were found crystallo-
graphically in the sodalite cavities of zeolite A."®*”
Single crystals of K-A-3K (n = ca. 12) and K,,-
X-50K were synthesized by exposing Na-A and
Na-X to potassium metal vapor, and their structures
were determined by X-ray diffraction methods.”® It
was found that each sodalite cavity of zeolite A
contained either a tetrahedral Ki* (n < 4) or (less
likely) a triangular K5 (m < 3) cluster, and that

two-dimensional potassium continua had formed in
its large-cavity/8-ring-channel system. At high
potassium loadings, all potassium clusters in the
sodalite “cavities of zeolite X were linked by potas-
siums at the centers of double six-oxygen rings
(D6R’s) to form rings or chains (one-dimensional
continua: zig-zag strands). A three-dimensional
potassium continuum, similar to that found in Csg,-
X-36Cs,”” formed in Ky,-X-50 K.

More recently, Armstrong et a studies the
crystal structure of dehydrated potassium LTA
(K12-A) with a calibrated amount of potassium
vapour at temperatures between 200 and 250°C.
They reported the structure of Ky/K,-A, K;-A. Its
structure was determined POLARIS diffractometer
in the space group Fm3m. Sun and Seff”” found
that K** could be produced by exposing K-A at
350°C to potassium, and its structure was deter-
mined by X-ray diffraction methods. They showed
K2 clusters form in the sodalite cavity. No excess
potassium atoms are found in the large cavity. They
found the one delocalized electron binds the potas-
sium ions in K3" more strongly than it can bind
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those in a K2* cluster.

This work was done to determine the structure
and placement of clusters within zeolite A. First,
potassium metal vapor was ex- pected to react with
Co,Na,-A to form K,-A. It was hoped that addi-
tional potassium atoms would then be sorbed to
form isolated clusters. Their existence could then be
confirmed, and their placement and geometry deter-
mined, by single-crystal X-ray diffraction methods.

2. Experimental Section

Crystals of zeolite 4A were prepared by a modifica-
tion of Chamell’s method.® Ton exchange with an
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aqueous solution of 0.1 M Co(NO;), was done by the
static (batch) method.”” This yielded a material whose
approximate stoichiometry was Na,Co,Al ,S1,,04
xH,O per unit cell, subsequently to be referred to as
Co,Na,-A, exclusive of water molecules. One of the
largest single crystals from this experiment, a light
pink cube about 0.08 mm along on edge, was
selected for X-ray diffraction study. It was placed in
a finely drawn Pyrex capillary, attached to a vac-
uum system, and cautiously dehydrated by gradu-
ally increasing its temperature (ca. 25°C/h to 360°C)
at a constant pressure of 2 x 107 Torr. Finally the
system was maintained at this state for 48 h. The
crystals at 300°C were brought into vapor contact
(0.6 Torr) with K(g) at 300°C for 12, 6, and 2 hrs,
respectively. After reaction, the crystals, now red-
brown in color, were sealed off under vacuum.

3. X-ray Data Collection

The cubic space group Pm3m (no systematic
absences) was used throughout this work for rea-
sons discussed previously.”>*” Preliminary crystallo-
graphic experiments and subsequent data collection
were performed with an automated four-circle
Enraf-Nonius CAD-4 diffractometer, equipped with
a graphite monochromator. MoKol radiation was
used for all experiments (Ko, A = 0.70930 A; Koy,
A = 0.71359 A). The cubic unit cell constant, as
determined by a least-squares refinement of 25
intense reflections for which 19° < 20 < 24°, are
12.181(1) A, 12.184(1) A, and 12.215(1) A for
crystal 1, 2, and 3, respectively. For each crystal,
reflections from two intensity-equivalent regions of
reciprocal space (hkl, h < k < [; hlk, h <[ < k) were
examined using the ®-26 scan technique. The data
were collected using variable scan speeds. Most
reflections were observed at slow speeds from 0.23
and to 0.32 in w min",

The intensities of three reflections in diverse
regions of reciprocal space were recorded after
every three hours to monitor crystal and X-ray
source stability. Only small, random fluctuations of
these check reflections were noted during the course
of data collection. For each region of reciprocal
space, the intensities of all lattice points for which
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26 < 70° were recorded. The intensities were cor-
rected for Lorentz and polarization effects; the
reduced intensities were merged, and the resultant
estimated standard deviations were assigned to each
averaged reflection by the computer programs
PAINT and WEIGHT.” An absorption correction
(LR = 0.056) was judged to be negligible and was
not applied for all crystals.” Of the 858, 858, and
862, pairs of reflections for the crystal 1, 2, and 3
respectively, only 70, 82, and 80 pairs, respectively,
for which I > 36(I) were used in subsequent struc-
ture determinations. All structure calculation were
done using MoIEN programs supplied by system
from Enraf-Nonius.

4. Structure Determination

Crystal 1. Treated with 0.6 Torr K(g) at 300°C
for 12 hrs.

Least-squares refinement was initiated by using
the Co(Il) cation coordinates and framework posi-
tions ((Si, Al), O(1), O(2), and O(3)) of Co,Na,-
A’" Anisotropic refinement quickly converged to
R, = (ZIF, — IFI)/ZF, = 0.33 and R, = [Ew(F, -
IEIY/ZwF2]"* = 0.38.

The initial difference Fourier function revealed
three large peaks at (0.117, 0.117, 0.117), (0.251,
0.251, 0.251), and (0.0, 0.471, 0.5) with heights of
45, 42, and 1.9 eA‘a, respectively. These three
peaks were stable in least-squares refinement. Iso-
tropic refinement including these as K(1), K(2), and
K(3) positions, respectively, converged to R, =
0.156 and R, = 0.170, with occupancies given in the
last column of Table 1. The thermal parameter at
K(3) was large compared to that at other potassium
positions in this structure (see Table 1), and a resid-
ual peak was seen at (0.0, 0.47, 0.5) in a second
Fourier function. This position, and that at (0.0,
047, 0.47) found in sample K-A,* were examined
by least-squares refinement. Each refined relatively
well to lower isotropic thermal parameters without
affecting the R indices.

A subsequent difference Fourier function revealed
a large peak at (0.389, 0.391, 0.391) with a height
of 2.9 eA™. Inclusion of this peak as K(4) (see
Table 1) lowed the error indices to R, = 0.115 and
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Table 1. *Positional, thermal, and occupancy parameters

Crystal 1. Dehydrated Co,Na,-A treated with 0.6 Torr K vapor

at 300°C for 12 hrs

W ] b [
Atom P()),: X y Z B['Sl :’ B B3 B Bis B Oc\f:al;ipezzncy fixed
(SL,AlD 24(k) O 1780(10) 3760(10) 110(10) 40(10) 30(10) O 0 -30(30) 24.0°
Ol) 12th) O 2400(60) 5000 240(70) 200(100) 120(70) © 0 0 120
02) 12G) 0 3060(40) 3060(40) 50(50) 250(60) 250(60) 0O 0 400(200) 12.0
O@3) 24(m) 1150(20) 1150(20) 3540(30) 10(10) 10(10)  150(50) —90(60) —40(50) —40(50) 240

K1) 8(g) 1160(20) 1160(20) 1160(20) 140(20) 140(20) 140(20) 90(60) 90(60) 90(60) 4.6523) 40

K@2) 8(g) 2550(30) 2550(30) 2550(30) 80(20) 80(20)
K@) 12(0) O 4740(70) 4740(70) 12(3)°

80(20) 150(60) 150(60) 150(60)  3.77(22)
3.1820) 3.0

K@) 8(G) 3930(60) 3930(60) 3930(60) 300(100) 300(100) 300(100) 100(300)100(300)100(300) 3.43(26)

K©S) 96(g) 2520(100)2520(100) 5000 15(fixed)

0.4343)

Crystal 2. Dehydrated Co Na,-A treated with 0.6 Torr K vapor

at 300°C for 6 hrs

Wyec. b 0
Atom Pg: X y z Bi: B B Be Bis By C:al:.?ea(;]cy fixed
(Si,Al) 24(k) 0 1790(10) 3750(10) 110(10) 40(10) 20(9) 0O 0 -30(30) 24.0°
o) 12t O 2400(50) 5000 280(70) 190(90) 50(40y O 0 0 120
0@ 120) 0 3060(30) 3060(30) 70(50) 170(40) 170(40) O 0 400(200) 120
0O@3) 24(m) 1170(10) 1170(10) 3540(20)40(10) 40(10) 170(40) —90(60) —40(50) —40(50) 24.0

K1) 8(g) 115030) 1150(30) 1150(30) 170(30) 170(30) 170(30) 90(60) 90(60) 90(60) 44422y 40

K(2) 8(g 2570(20) 2570(20) 2570(20) 90(10) 90(10)
K@) 12(0) O 4710(70) 4710(70) 13(2)

90(10)  150(60) 150(60) 150(60)  3.92(20)
3.56(22) 3.0

K@) 8(G) 3900(50) 3900(50) 3900(50)310(60) 310(60) 310(60) 100(300)100(300)100(300) 3.04(25)

K(5) 96(g) 2440(40) 2440(40) 5000 15(fixed)

0.49(33)

Crystal 3. Dehydrated Co,Na,-A treated with 0.6 Torr K vapor

at 300 °C for 2 hrs

b c,
Atom \;/(})ISC ' X y z LE[ : Bx B3 B Bis Bys Ocvcal;.iaélcy fixed
(S1,Al) 24(k) O 1800(10) 3740(10) 80(10)  32(9) 20(10) O 0 —-20(30) 24.0°
o) 12t) O 2320(40) 5000 170(60) 100(70) 50(40) O 0 0 12.0
0o2) 12) 0 3150(40) 3150(40) 210(70) 240(50) 240(50) 0O 0 500(100) 12.0
O@3) 24(m) 1130(10) 1130(10) 3550(30) 10(10) 10(10)  150(40) —90(60) —70(50) —70(50) 24.0

K1) 8(g 121020) 1210(20) 1210(20) 170(20) 170(20) 170(20) 100(60) 100(60) 100(60)  4.32(22) 4.0

K@) 8(g) 2540(30) 2540(30) 2540(30) 70(20) 70(20)
K@) 126) 0 4730(50) 4730(50) 8(3)

7020)  130(60) 130(60) 130(60)  3.96(24)
35622) 30

K@) 8() 3860(40) 3860(40) 3860(40)290(60) 290(60) 290(60) —0(200) —0(200) —0(200)  3.32(25)

K@) 96(g) 2410(50) 2410(50) 5000 15(fixed)

0.46(40)

®Positional and anisotropic thermal parameters are given x

10*. Numbers in parentheses are the esd’s in the units

of the least significant digit given for the corresponding parameter. "The anisotropic temperature factor = exp[~(B, ,/’
+ Byuk® + Byl + Brohk +Bshl +B,:kD)]. “Occupancy factors are given as the number of atoms or ions per unit cell.
Occupancies with e.s.d’s were in least-squares. “Occupancy for (Si) = 12 and occupancy for (Al) = 12. “Isotropic

thermal parameter in units of A%

R, = 0.090. The number of K° atoms at K(4)
refined to per unit cell.

Successive difference Fourier synthesis reveled a
peak of height 1.5 eA™ at (0.255, 0.255, 0.5). This
peak refined with an unusually large thermal param-
eter. Therefore, the isotropic thermal parameter of

K(5) was fixed at the more reasonable value given
in Table 1. allowing all occupancies of K), i = 1-5
to vary except that at K(3), which was not permitted
to exceed 3.0 (its maximum occupancy by symme-
try), led to R, = 0.098 and R, = 0.087.

Therefore, the occupancy numbers of K(i), i = 1,
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2, and 3 except for K(4) and K(5), were reset and
fixed eithin their 2.0 esd’s as in the last columm of
Table 1. The final error indices converged to R, =
0.109 and R, = 0.090. The final difference function
was featureless except for a peak eA™ in height at
the origin.

Crystal 2. Treated with 0.6 Torr K(g) at 300°C
for 6 hrs.

Full-matrix least-squares refinement was initiated
with fixed positional and thermal parameters for the
framework atoms [Si(Al), O(1), O(2), O(3)] of the
previous structure. This model converged to R, =
0.32 and R, = 0.37.

A difference Fourier function disclosed five
strong peak at (0.250, 0.250, 0.250), (0.115, 0.115,
0.115), and (0.0, 0.483, 0.483). Anisotropic refine-
ment of these as K(2), K(1), and K{(3), respectively,
converged to R, = 0.164 and R, = 0.156, with occu-
pancies given in the last column of Table 1.

The final difference Fourier function showed a
strong peak (0.393, 0.393, 0.393) at the center of
the large cavity. It could be refined as ca. 3.56
potassiums per unit cell with a fixed isotropic ther-
mal parameter. However, its inclusion lowered R,
and R, only slightly to 0.118 and 0.091, respec-
tively. This position was not included in the final
structure. The final structural parameters and
selected interatomic distances and angles are pre-
sented in Tables 1 and 2, respectively.

Crystal 3. Treated with 0.6 Torr K(g) at 300°C
for 2 hrs.

Full-matrix least-squares refinement was initiated
with fixed positional and thermal parameters for the
framework atoms [Si(Al), O(1), O(2)] and five
potassium positions at previous two structures. The
final refinement converged nicely to R, = 113 and
R, = 0.090. The final difference function was fea-
tureless. The largest maximum/minimum in the
final difference function is 1.0 eA™/ 0.9 eA™. The
final structural parameters and selected interatomic
distances and angles are presented in Tables 1 and
2, respectively. The chemical composition indicated
crystallographically is K-A per unit cell.

The full-matrix least-squares program used mini-
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Table 2. Selected interatomic distances (A) and
Angles (deg) for dehydrated Co,Na,-A treated with
K vapor

Crystal 1 Crystal 2 Crystal 3

(Si,AD)-O(1) 1.69(4)  1.693)  1.66(2)
(SL,AD-O(2) 1.78(5) 1.772)  1.793)
(Si,AD)-O(3) 1.62(1)  1.63(1)  1.62(1)
K(1)-0(3) 2.90(4) 1.83(6) 2.97(8)
K(2)-0(3) 2.70(3)  2.68(2)  2.95(6)
K(3)-0(1) 2.87(8) 2.83(6) 2.97(5)
K(3)-0(2) 2.89(7)  2.84(7)  2.74(6)
K(5)-0(3) 3.009) 283) 284

K(5)-0(1) 3.12)  297(3)  2.95(6)
K(1)-K(1) 3.99(2)  3952) 4.17(2)
K(3)-K(4) 499(2) 4952) 4.952)
K(4)-K(4) 3.69(5) 3.784) 3.93(4)
K(3)-K(5) 4109)  414) 415

K(4)-K(5) 484) 5002) 5.1(3)

K(2)-K(4) 291(5) 2.82(4) 2.79(4)
K(2)-K(4) 490(3) 4.88(2) 4.95(2)
O()-(SLAD-O(2)  92.03) 92.0(2) 92.002)
O(D)~(SLAD-O(3) 111.02) 110(1)  109.0(1)
O@)-(SLAD-O(3)  110(1)  109.0(8) 113.9(8)
O(B3)-(SLAD-O(3)  120.0(1) 122.0(1) 116.0(1)
Si,AD-O(1)-(Si,Al) 127.0(1) 127.0(4) 136.1(3)
(Si,A1)-O(2)-(Si,Al) 147.0(1) 147.02) 138.0(2)
(Si,Al)-O(3)-(S,Al) 142.0(1) 141.0(1) 147.0(1)
O(3)-K(1)-0(3)  90.04) 88.8(7) 93.7(3)
O(B3)-K(1)-0(3)  99.5(7) 99.1(6)  100.0(1)
OB)-K(1)»-0(3)  74(9)  78(9)  85(11)

0(3)-K(1)-0(3)  84.035) 98(1)  77(11)

Numbers in parentheses are estimated standard de-
viations in the least significant digit given for the
corresponding value.

mized Zw(F, — IF,J)’; the weight of an observation
was the reciprocal square of o(F), its standard devi-
ation. Atomic scattering factors®™*® for K° (valence),
K*, O, Co*, Na*, and (Si,Al)'”™" were used. The
function describing (Si,Al)'”* is the mean of the
Si% Si*, Al°, and AI’* functions. All scattering fac-
tors were modified to account for anomalous dis-
persion.’” The final structural parameters and
selected interatomic distances and angles are pre-
sented in Tables 1 and 2, respectively.

5. Discussion

Treating dehydrated Co,Na,-A with 0.6 Torr of K
vapor at 300°C causes all four Co* and four Na*
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ions to be reduced by K atoms. The cobalt and
sodium atoms produced are no longer found in the
zeolite and that extra potassium atoms are sorbed
into the zeolite structure. The chemical composition
indicated crystallographically per cubic unit cell is
K,-A, where n is 14 or 15, or an intermediate value.
K" ions are found at five crystallographic sites
(Table 1).

Four potassium ions at K(1) are found on three-
fold axes in every sodalite unit in K, s-A, half fill-
ing an eight-fold position. To avoid a short contact,
ca. 2.92 A for K(1)-K(1), these potassiums must be
tetrahedrally arranged in the sodalite cavity (Figs. 3
and 4). Six K(1)-K(1) contacts are then each ca.
4.04 A (Table 2).

Four potassium ions at K(2) are found on three-
fold axes, like those at K(1), but in the large cavity.
It is impossible to place two K' ions at K(1) and
K(2) on the opposite sides of the same 6-ring
because K(1)-K(2) would be too short, ca. 2.71 A.
Each 6-ring can therefore contain only one K ion,
and this requires that the ions at K(2) be arranged
tetrahedrally about each sodalite cavity.

Three potassiums at K(3) are located in the
planes of 8-rings; this had been seen in previously
reported structure involving K ions in zeolite A.
Each K(3) cation is ca. 2.89(6) A from four O(1)
oxygens and ca. 2.82(7) A from four O(2)’s (Table
2). These distances are substantially longer than the
sum of the ionic radii of O7 and K*, 2.65 A.*" If the
K(3)’s were located at the centers of the 8-rings, the
K*-O atomic distances would have been A to all
four O(1)’s, and A to all O(2)’s, each far greater
than the K(2)-O(3) distance of A (which is near to
the sum of the ionic radii of K* and O™, 1.33 +
1.32 = 2.65 A).*® Accordingly, it is reasonable that
the K(3)’s are not found at the centers of the 8-
rings.

The K* ion at K(5) lies opposite a 4-ring. This K"
iton is rather far from the framework oxygens (ca.
3.01 A from O(1) and ca. 2.87 A from O(3), per-
haps because of repulsive interactions with the K*
ions on the sodalite unit site of in the adjacent 6-
ring) (Table 3). This distance may be virtual, a bit
too long; this particular 4-ring may be distorted
from the mean 4-ring geometry due to the presence

A 2 B3A 43317
Table 3. Deviations of atoms (f&) from the (111)
plane at O(3) for dehydrated Co,Na,-A treated with
K vapor

Crystal 1 Crystal 2 Crystal 3
0@2) 0.20(3) 0.16(2) 0.34(3)
K(1) -1.67(2) -1.72(2) -1.54(2)
K(2) 1.26(2) 1.28(2) 1.28(2)
K(4) 4.17(4) 4.09(3) 4.07(3)

A negative deviation indicates that the atom lies on the
same side of the plane as the origin.

of its K" ion. This 4-ring position for alkali cations
has been reported in Na-A and K-A, but always
with very low occupancy, one or 0.5 per unit
cell. " Sun and Seff exposed zeolite A to K metal
vapor and the occupancy at opposite 4-rings found
four per unmit cell. In this model, K* ions at K(2)
and K(5) are placed to maximize the distances
among them and to avoid a short K(2)-K(5) contact,
ca. 3.33 A. However this placement distributes the
ions at K(2) and K(5) more evenly among their
equipoints of partial occupancy, but contains four of
these short K(2)-K(5) contacts (Fig. 2). They con-
cluded that the three excess electrons per unit cell
(for K 5-A), are insufficient to provide the bonding
which these short distances would indicate.

Generally, the K(5) position is least favored for
cations in zeolite A. In the structures, the occupancy
at K(5) (opposite 4-rings), ca. 0.5 per unit cell, is
usual. This position could be refined as 0.5 potas-
siums per unit cell with a fixed isotropic thermal
parameter. However, its inclusion lowered R, and R,
only slightly and this was difficult to refine.

Three potassiums at K(4) are located at the three-
fold axes far into large cavity. This had not been
seen in any previously reported structure involving
K" ions in zeolite A. K(4) does not associate with a
framework oxygen ion. This
reduced K° atom (an uncharged potassium cluster)
and not a K" ion (or a cluster with a formal charge)
exists at K(4). The distance between K(2) and K(4),
ca. 2.84 A, is too short to be an unmoderated K*-K*
contact, and too long to be a K°-K° bond.*” Each
K(4) atom coordinates trigonally to three K* ions at
K(2) to form a K% cluster. K3 cluster is trigonal
and shows at the center of the large cavity (Figs. 1

indicates that a
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Fig. 1. A stereoview of a large cavity of dehydrated Co,Na,-A treated with K vapor. Four K" ions at K(1),
four K* ions at K(2), three K* ions at K(3), one K* ions at K(5), three K species K(4), and one K;* cluster

are shown. Ellipsoids of 20% probability are shown.

3

- BK2

o

©K2

Fig. 2. The trigonal K molecule, stabilized by coordination to four K* ions at K(2) is shown. Ellipsoids of

20% probability are shown.

and 2).

The potassium site (ca. 0.390, 0.390, 0.390) is
known in dehydrated K,,-A** (ca. 0.356, 0.356,
0.356), and may be regarded as primarily ions in
character. Importantly, no distinction can be drawn
between potassium originally present in the zeolite
and that absorbed from the vapour phase. Presum-
ably in return for a framework coordination site, the
incoming ‘guest’ potassium atoms give up their
valence electrons which then interact with the
framework cations. Similarly, the site is known in
dehydrated Nay,-X reacted with Cs(g) at 450°C.*"
In this structure, the Cs position (0.375, 0.375,
0.375) is very far (7.25 A) from its nearest frame-

work oxygens (O(4)), indicating that it is occupied
not by ions but by atoms. In dehydrated Ag,Na,,-
A treated with hydrogen at 350°C.** The silver spe-
cies at Ag(4) (0.264, 0.425, 0.425) and Ag(5)
(0.365, 0.365, 0.365) are located deep inside the
large cavity (Ag(4)-O(2) = 3.94(3) A and Ag(5)-
0O(3) = 4.37(4) A). In dehydrated Ag, K, ,-A treated
with Cs(g) at 250°C,* about 4.5 Ag atoms at
Ag(1), the products of the reduction of Ag" by Cs’,
are located (0.348, 0.5, 0.5) near the center of the
large cavity (Ag(1)-O(1) = 5.42(2) A In present
structure, the K(4) position (Fig. 1) is very far (4.95
A) from its nearest framework oxygens (O(2)), indi-
cating that it is occupied not by ions but by atoms.
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Fig. 3. A stereoview of sodalite cavities of dehydrated Co,Na,-A treated with K vapor. A tetrahedral K)
cluster are shown. Ellipsoids of 20% probability are shown.

Recently, also we found to the position (0.389,
0.389, 0.389) at the dehydrated Ag,Ca,-A treated
K(g) at 300°C. Therefore, the position is also con-
sistent with these structure and conclusion.

It is most interesting to observe the position of
the K atoms at K(4). It lies at a position relatively
loosely defined by the electrostatic field of the
framework and the other K* cations. Its nearest
neighbors, all part of the nearest 6-ring or arranged
symmetricaily about it, are three O(3)’s at ca. 4.75
A, three O(2)’s at ca. 4.95 A, the single K(2) at ca.
2.84 A, six O(1)’s at ca. 5.27 A, and one K(5)s at
ca. 264 A. Its broad oblate thermal ellipsoid
appears to be consistent with the maintenance of the
distance between K(4) and its nearest neighbors at

K1

o

K1

K1

K(2) and K(5).

The four ions at K(2) do not have equivalent
environments, Three of the four are close to three
potassium atoms at K(4), whereas the remaining
one interacts only with framework oxygens. If all of
four potassium ions at K(2) interact with four potas-
sium atoms at K(4), the two distances, K(2)-K(4)
ca. 491 A and the K(2)-K(4) ca. 2.84 A, is much
shorter. The chemical composition, therefore, is
about K, 5-A, which can be viewed as a mixture of
K,5-A and K,,-A. The potassium arrangement in the
large cavity of K;,-A would be the same as that in
Kis5-A, but some to most of the sodalite cavities
would contain triangular K,™* clusters instead of tet-
rahedral Kj*,

K1

Fig. 4. The tetrahedral potassium cluster, K, is shown in sodalite cavity. Ellipsoids of 20% probability are

shown.
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K,s-A shows an ideal potassium distribution in
the sodalite (Fig. 3) and large (Fig. 1) cavities of
zeolite A. Kj* clusters, present in all sodalite units,
have no very short K(1)-K(1) contacts. The very
short K(2)-K(5) distance is avoidable by segregating
the ions at K(2) from those at K(5), by placing
them an opposite sides of the large cavity.

To summarize, K,,;-A was prepared by exposing
CoNa,-A at 300°C to potassium vapor, and its
structure was determined by X-ray diffraction meth-
ods. A crystal of K;-A, n = 14 or 15, has been pro-
duced by replacing all of the sodium and cobalt
ions in the parent samples by redox reaction with
potassium metal, followed by the sorption of extra
potassium atoms. The crystallographic results show
that potassium ions have formed either a tetrahedral
K}* or possibly a triangular K3 cluster in each
sodalite cavity of zeolite A. The partially reduced
ions of these clusters interact primarily with oxygen
atoms (ions) of the zeolite structure. Four potassium
ions per unit cell lie on the threefold axes in the
large cavity, where each trigonally coordinates to
three oxides of a 6-ring. Potassium ions, probably
partially reduced, in the 8-ring windows and oppo-
site 4-rings are loosely bonded together by ca. one
or two electrons atoms form a triangular which is
capped by an 6-ring potassium ion to form a Kj*
cluster. The K7* clusters not interact primarily with
framework oxygens.
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