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ABSTRACT : Three crystal structures of dehydrated Ag*- and Ca® -exchanged zeolite A
(AgCas-A, AgiCas-A and AgéCa.-A) treated at 250°C with 0.1 Torr of Rb vapor have been deter-
mined by single-crystal x-ray diffraction techniques in the cubic space group Pm3m at 21(1) C
(a=12271(1) A, 12.255(1) A, and 12.33%(1) A, respectively). Their structures were refined to the
final error indices, R(weighted) of 0.072 with 130 reflections, 0.050 with 110 reflections, and
0.083 with 86 reflections, respectively, for which I)3e(1). In each structure, Rb species are
found at three different crystallographic sites:3 Rb* ions per unit cell are located at 8-ring cen-
ters, ca. 5.6 to 6.4 Rb* ions are found opposite 6-rings on threefold axes in the large cavity, and
ca. 2.5 to 3.0 Rb* ions are found on threefold axes in the sodalite unit. Also, Ag species are found
at two different crystallographic stites:ca. 0.7 to 2.1 Ag™* lie opposite 4-rings and ca. 2.2 to 4.8
Ag atoms are located near the center of the large cavity. In these structures, the numbers of Ag
atoms per unit cell are 2.2, 2.4, and 4.8, respectively, and these may form hexasilver clusters at
the centers of the large cavities. The Rb* ions, by blocking 8-rings, may have prevented silver
from migrating out of the structure. Each hexasilver cluster is stabilized by coordination to up
to 13 Rb™ ions. An excess absorption of about 0.8 Rb atom per unit cell indicates that the pres-
ence of a triangular symmetric (Rbs)** cation in sodalite cavity. At least one large-cavity six-
ring Rb* ion must necessarily approach this cluster and may be viewed as a member of it to
give (Rb)*, (Rbs)** or (Rbe)**.
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INTRODUCTION

Ag" ions in zeolite A can be reduced by
heating (Kim and Seff, 1977, 1978c), by reaction
with reducing agents (Kim and Seff, 1984), or by
sorption of metal vapors (McCusker, 1980).
Tsutsumi and Takahashi found that Ag* ions in
zeolite Y can be reduced to bulk clusters of Ag’
by treatment with alcohol and alkyl benzenes
(Tsutsumi and Takahashi, 1972). Ag" ions in Ag-
A, Ag-Y, Ag-mordenite, and Ag-chabazite can
also reduced by hydrogen (Beyer and Jacobs,
1982;Beyer et al, 1979;Kim and Seff, 1978b).
Beyer et al.(1982) reported that the silver clusters
(Agy)" and (Ags)" are formed at temperatures up
to 150°C, but that silver crystallites external to
the zeolite are created at higher temperatures
(350 C) in Ag-Y and Ag-mordenite treated with
H. Also, Ag" ions in zeolite A can be easily re-
duced by H, and reduced Ag atoms or clusters
can be readily reoxidized to Ag" by Ox(Kim and
Seff, 1978b). An (Ags)’" cluster was found crystal-
lographically in the large cavity of partially Ag"-
exchanged zeolite A treated with H. (Kim and
Seff, 1987).

The neutral cluster (Ags)’, stabilized by coor-
dination to 8 Ag" ions, has been found by x-ray
diffraction methods (Kim and Seff, 1977, 1978c).
This cluster may alternatively be viewed as (Ag..)®*.
Grobet and Schoonheydt (1985) identified Ag"
(n<6) clusters in the sodalite cavities of dehy-
drated Ag-A zeolite by epr spectroscopy. This
was reverified by the careful work of Morton
and Preston (1986) on Ag-A using isotopically
pure silver. Finally Schoonheydt and Leeman
(1989) again identified an Ag* cluster by epr
spectroscopy in partially Ag'-exchanged zeolite
A treated with H..

Recently fully Rb-exchanged zeolite A has
been synthesized by the reduction of all Na™ ions
and Ca” ions in Nay-A and Ca:Na:-A by rubidi-
um vapor(Song and Kim, 1991). These redox re-
actions go to completion at 250°C with ca. 0.1
Torr of Rb’. In these structures, an extra Rb atom
is associated with three (or more) Rb" ions to
form a (Rb.+1)f** cluster. The value of n may be 3,
4or5.

This work was initiated with the expectation

that the intrazeolitic redox potential for the reac-
tion,
Agp-»Ca—A+12Rb"—
Rbe—A+(12—2x) Ag’+xCa’

would be positive enough to ensure complete ex-
change. The E° values, not involving the zeolite,
are easily calculated (Weast et al,, 1989/1990a).

2Rb(s)+Ca’*—2Rb*+Ca¥s) E..'=0.06eV
Rb(s)+Ag'— Rb"+Ag(s) E.'=3.72eV

The resulting material would be of interest be-
cause the volume of exchangable cations would
be large and some extra Rb’ atoms may be pres-
ent, forming Rb clusters as before. However, in
this experiment, the reduced silver and calcium
atoms may not be able to diffuse to the surface of
zeolite because of the blockage of the 8-windows
by the large Rb" ions. By such trapping, some
new, perhaps larger, clusters might form and be
identified. If hexasilver were to form, its occupan-
cy might be full, which would allow its existence
to be confirmed crystallographically. Further-
more, because of the atomic sizes and high
scattering powers of Rb* and Ag”, precise and re-
liable crystallographic determinations should be
easy to achieve.

EXPERIMENTAL SECTION

Crystals of sodium zeolite 4A (stoichiome-
try : NauSizAl:Os - 27TH) were prepared by
Charnell’s method (1971).

Three crystals of composition AgCa,-A
(crystal 1), AgiCas-A (crystal 2), and AgiCas-A
(crystal 3) were prepared. To do this, exchange
solutions of AgNO; and Ca(NOs): in the mole
ratio of 1:200, 1 :75, and 1:35, respectively, with a
total concentration of 0.05M, were used. These ra-
tios were obtained from a previous study of the
crystal structures of dehydrated Ag,Ca;-A and
Ag:Ca:s-A (Song et al, 1989) which were pre-
pared using exchange solutions in which AgNOy/
Ca(NOs); was 1 :1000 and 1 : 50, respectively.

Ion exchange was accomplished by allowing
the solution to flow past each crystal at a velocity
of approximately 05cm /see for 4days. The
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crystals remained colorless.

Each crystal was lodged in a fine Pyrex capil-
lary on a vacuum line. Afte complete dehydration
at 350C and 5x107° Torr for 2days, rubidium
vapor was introduced by distillation from a side-
arm break-seal ampoule to the glass-tube exten-
sion of the crystal-containing capillary. The glass
reaction vessels were than sealed off under vacu-
um and placed within two cylindrical coaxially
attached horizontal ovens. The oven about the
crystal was always maintained at a higher tem-
perature than that about the rubidium metal so
that rubidium would not distill onto the crystal.

Each crystal was allowed to react with 0.1
Torr or Rb(g) at 250 C for 2hrs, after which it was
sealed off from the reaction vessel by torch after
cooling to room temperature. Microscopic exami-
nation showed that all these crystals had become
black.

The space group Pm3m (no systematic
absences) was used throughout this work for rea-
sons discussed previously (Riley et al, 1972;SefT,
1976). Preliminary crystallographic experiments
and subsequent data collection were performed
with a Enraf-Nonius four-circle computer-con-
trolled CAD-4 diffractometer, equipped with a
graphite monochromator, a pulse-height anal-
yzer, and PDP micro 11/73 computer, Molybde-
num radiation (Ka;, 4 = 0.70930A, Ka 1 =
0.71359 A) was used for all experiments. In each
case, the cell constant, a = 12271(1) A, 12.255(1)
A,and 12.339(1) A for crystals 1, 2, and 3, respec-
tively, were determined by a least-squares treat-
ment of 25 intense reflections for whic 20°(26{30".

Reflections from two intensity-equivalent re-
gions of reciprocal space (hkl, h<k <1:hlk, h=1
<k) were examined by using the w-26 scan tech-
nique. The data were collected using variable
scan speeds. Most reflections were observed at
slow scan speeds, from 0.25 to 0.32 deg min ' in .
The intensities of three reflections in diverse re-
gions of reciprocal space were recorded after
every 3 h to monitor crystal and x-ray source sta-
bility. 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
26{70° were recorded. The raw data from each re-
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gion were corrected for Lorentz and polarization
effects including that due to incident beam
monochromatization ;the reduced intensities
were merged, and the resultant estimated stan-
dard deviations were assigned to each averaged
reflection by the computer programs, PAINT and
WEIGHT (Frentz and Okaya, 1987). An
absorption correction (#R ca. 0.38-040) was
judged to be negligible for all crystals (John and
Kathleen, 1974a). Of the 879, 874, and 89] pairs of
reflections for crystal 1, 2, and 3, respectively,
only the 130, 110, and 86 pairs, respectively, for
which I>30(I) were used in subsequent structure
determinations.

STRUCTURE DETERMINATION
Dehydrated Ag.Ca.-A treated with Rb(g)

Full-matrix least-squares refinement was ini-
tiated with the atomic parameters of the frame-
work atoms [(Si, Al), O(1), O(2), and O(3)] and
Rb" ions at Rb(1), Rb(2), and Rb(3) of dehydrat-
ed Nap-A and CaNas-A treated with Rb vapor.
Anisotropic refinement of the framework atoms
and Rb() species, i=1—3, converged to an un-
weighted R, index, (2| Fo— | Fc| | )/2' F,, of 0.178
and a weighted R index, (Sw(F,- | F. | Y/ZwF2)"?
of 0.219. Subsequently, the occupancies at Rb(1),
Rb(2), and Rb(3) refined to 3.1(1), 5.8(1), and 2.8
(1), respectively. A difference Fourier synthesis
then revealed the position of Ag” ions at Ag (1),
(0.26, 0.26, 0.5), with peak height 1.7(4) e A~ and
Ag species at Ag(2), (0.34, 0.5, 0.5). with peak
height 5.4(6) e A . Ag(1) refined with an unusually
large isotropic thermal parameter, so it was fixed
at the more reasonable value given in Table 1.

It is easy to distinguish Ag* from Rb" ions
because their ionic radii are quite different, 1.26
A and 147 A, respectively. Furthermore, the ap-
proach distances between these ions and zeolite
oxygens in dehydrated RbuNa-A (Firor and
Seff, 1977), Rb 2 5-A, and partially decomposed
Age-A (Kim and Seff, 1977, 1978c), are known
and are indicative.

Allowing all occupancies of Rb(i), i =1~3
and Ag(j), j=1—2 to vary, except that of Rb(1)
which was not permitted to exceed 3.0 (its maxi-
mum occupancy by symmetry), and allowing all
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Table 1-1. Positional, Thermal, * and Occupancy Parameters of Crystal 1 (Ag.Ca.-A treated with 0.1 Torr
of Rb Vapor at 250C for 24 hrs)

Atom V;’gsc X Y Z of lll;.snr Bz B B B Boa O;:z;y
(Si, AD 24(k) 0 1846(5) 3743(5) 25(3) 44(4) 15(4) 0 0 -49) 24°
o(1) 12(h) 0 2360(20) 5000 140(20)  30(20) 50(20) 0 0 0 12
o(2) 123i) 0 2920(10) 2920(10) 80(20) 50(10) 50(10) 0 0 70(30) 12
0O(3) 24(m) 1138(7) 1138(7) 3510(10) 77(8) 77(8) 90(20) 10(30) -10(20) -10(20) 24
Rb(1) 3(c) 0 5000 5000 200(20) 184(9) 184(9) 0 0 0 3
Rb(2) 8(g) 2682(4) 2682(4) 2682(4) 114(3) 114(3) 114(3) 116(8) 116(8) 116(8) 5.58(6)
Rb(3) 8(g) 1060(10) 1060(10) 1060(10) 170(6) 170(6) 170(6) 240(10) 240(10) 240(10) 3.17(6)
Ag(1) 12()) 2520(40) 2520(40) 5000 10 (Fixed) 0.79(6)
Ag(2) 6(f) 3420(20) 5000 5000 230(30) 300(20) 300(20) 0 0 0 2.19(5)
Table 1-2. Positional, Thermal, * and Occupancy Parameters of Crystal 2 (AgiCa;-A treated with 0.1 Torr
of Rb Vapor at 250C for 2 hrs)
Atom \zg: X Y Z o rﬂ léb‘snr B B B2 Bia Bos Ogca:;;y
(8i, AD) 24(k) 0 1828(7) 3727(6) 27(4) 44(5) 21(5) 0 0 10(10) 24°
o(1) 12(h) 0 2310(20) 5000 190(30) 10(20) 30(20) O 0 0 12
o(2) 126(1) 0 2930(10) 2930(10) 80(20) 60(10) 60(10) O 0 -20(50) 12
O(3) 24(m) 1134(9) 1134(9) 3490(20) 100(10) 100(10) 110(20) 20(40) 80(30) 80(30) 24
Rb(1) 3(c) 0 5000 5000 220(10) 200(10) 200(10) O 0 0 3
Rb(2) 8(g) 2701(4) 2701(4) 2701(4) 108(3) 108(3) 108(3) 70(10) 70(10) 70(10)  6.40(6)
Rb(3) 8(g) 1080(10) 1080(10) 1080(10) 80(10) 80(10) 80(10) 20(20) 20(20) 20(20) 2.45(5)
Ag(1)  12()) 2680(60) 2680(60) 5000 10 (Fixed) 0.67(7)
Ag(2) 6(f) 3400(20) 5000 5000 170(30) 250(20) 250(20) O 0 0 2.35(4)
Table 1-3. Positional, Thermal, *and Occupancy Parameters of Crystal 3 (Ag«Ca.-A treated with 0.1 Torr
of Rb Vapor at 250°C for 2 hrs)
Atom ‘ggsc X Y V4 Ol‘ﬂ l]];isoc B2 Bss Bz B3 B O;ca:'ll-cy
(Si, Al) 24(k) 0 1840(10) 3760(10) 20(10) 60(10) 10(10) ] 0 0(30) 24°
o(1)  12(h) Q 2360(20) 5000 330(80) 90(10) 110(50) Q 0 0 12
o(2) 12(3i) 0 3000(30) 3000(30) 10(40) 100(40) 100(40) 0 0 100(100) 12
0O(3) 24(m) 1230(30) 1230(30) 3620(30) 290(40) 290(40) 20(30) -200(200)130(60) 130(60) 24
Rb(1) 3(c) 0 5000 5000 190(40) 200(20) 200(20) 0 0 0 3
Rb(2) 8(g) 2701(9)  2701(9) 2701(9) 101(7) 101(7)  101(7) 90(20) 90(20)  90(20) 5.88(13)
Rb(3) 8(g) 1130(10) 1130(10) 1130(10) 40(10) 40(10) 40(10) -10(30) -10(30) -10(30) 2.78(11)
Ag(l)  12()) 2680(40) 2680(40) 5000 12.6(2) 2.14(14)
Ag(2) 6(f) 3330(20) 5000 5000 220(4)  330(30) 330(30) 0 0 0 4.81(11)

“Positional and anisotropic thermal parameters are given x 10*. Numbers in parentheses are the esd’s in the units of the least signifi-
cant digit given for the corresponding parameter. "The anisotropic temperature factor =exp[ — fi1h%-+ fuk*+ ful*+ fizh k + fsk 1 +
/sh1]. © Isotropic thermal parameters in units of A% Occupancy factors are given as the number of atoms or ions per unit cell. ‘Oc-

cupancy for (Si)=12;occupancy for (AD=12.
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anisotropic thermal parameters to vary, except
for that of Ag(l) which was refined isotropically,
led to R,=0.073 and R.=0.072(Table 1).

The largest peak on the final difference Fou-
rier function was at(0, 0, 0) with height 1.5(12)
e A % This peak was rejected because it was too
close (2.27 &) to three Rb species at Rb(3).

Dehydrated Ag:Ca;— A treated with Rb(g)

Full-matrix least-squares refinement was ini-
tiated with the atomic parameters for all atoms
and ions in crystal 1. Simultaneous positional, oc-
cupancy, and anisotropic thermal parameter re-
finement, except for that of Ag(1), which was re-
fined isotropically, converged to R,=0.067, and
R.=0.049. Subsequently the occupancies at Rb
(1), Rb(2), Rb(3), Ag(1), and Ag(2) refined to 3.05
(7), 6.38(6), 2.50(6), 0.66(7), and 240(5) iohs or
atoms per unit cell, respectively. The occupancy
of Rb(1) was fixed at 3.0, its maximum occupancy
by symmetry. The final R values converged at R:
=0.070 and R,=0050. The final difference func-
tion was featureless except for some residual den-
sity (1.2(8) e A at (0.30, 0.5, 0.5), near Ag(2),
deep in the large cavity.

Dehydrated AgCa:-A treated with Rb(g)

Using the automic coordinates from the
structure of crystal 1, simultaneous occupancy,
positional, and thermal parameter refinement
was done. Anisotropic refinement for all positions
except for that of Ag(l), which was refined
isotropically, converged to R1=0.095 and R.=0.
080. The number of Rb* ions at Rb(1), Rb(2), and
Rb(3) and Ag species at Ag(1) and Ag(2) refined
to 3.1(1), 5.98(15), 2.65(11), 2.15(14), and 4.
93(13), respectively. After the occupancy at Rb
(1) was fixed at 3.0 as before, the final R values
converged at R,=0.10 and R.=0.083.

These higher R values and the fewer diffrac-
tion data observed for this crystal indicate that
treatment with Rb vapor did some structural
damage. The final difference function was fea-

tureless except for some residual density (2.1(9)
eA™® at (0.30, 0.5, 0.5), near Ag(2), deep in
the large cavity.

For all structrues, the full-matrix least-
squares program used minimized Sw(F,— | F. | };
the weight w of an observation was the reciprocal
square of o(F), its standard deviation. Atomic
scattering factors for Rb*, Ag*, Ag’, O~ and (Si,
Al'™" were used (John and Kathleen, 1974b). 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 (Cromer, 1965;John and Kathleen, 1974¢).
The final structure parameters and selected inter-
atomic distances and angles are presented in Ta-
bles 1 and 2, respectively.

DISCUSSION OF STRUCTURE

In all three structures, Rb* ions are found at
three different crystallographic sites and Ag spe-
cies are found at two such sites. The three struc-
tures are similar except for the occupancies at
the Rb(2), Rb(3), Ag(1), and Ag(2) positions.

At Rb(1) in each structure, three Rb™ ions fill
equipoints of symmetry Cau{Ds in Pm3m) at the
centers of 8-ring (see Figures 1,2, and 3). Each Rb
(1) ion is ca. 327(2) A from four O(1) oxygens
and ca. 3.56 A from four O(2)’s (see interatomic
distances in Table 2). These distances are sub-
stantially longer than the sum of the ionic radii of
O and Rb*, 2.79 A(Weast , 1989/1990b). Rb* ions
were observed at this site in all previous studies
of Rb” in zeolite A, with similar long contact dis-
tances (Firor and Seff, 1977;Pluth and Smith,
1983).

In the large cavity opposite 6-rings, ca. 5.58,
6.40, and 5.88 Rb* ions are found at Rb(2) in crys-
tals 1, 2, and 3, respectively. In the sodalite unit
opposite 6-rings, 3.17, 245, and 278 Rb" ions,
respectively, are found at Rb(3). The sum of these
threefold axis occupancies, at Rb(2) and Rb(3),
are 875, 885, and 8.66 for crystals 1, 2, and 3,
respectively. If the Rb species at Rb(2) and Rb(3)
are all ions, this sum should not exceed eight ; oth-
erwise an unacceptably short distance (3.36-3.45
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Table 2 Selected Interatomic Distances(A) and Angles(deg) of Ag.»Ca.-A (x=4, 3, and 2, respectively)

Treated with Rb Vapor

crystal 1 crystal 2 crystal 3
(Si, AD-0(1) 1.67(1) 1.67(2) 1.66(2)
(Si, A)-0(2) 1.66(2) 1.67(1) 1.71(4)
(Si, A)-0(3) 1.670(6) 1.65(2) 1.70(3)
Rb(1)-0(1) 3.24(2) 3.30(2) 3.25(3)
Rb(1)-0(2) 3.62(2) 3.59(2) 3.50(3)
Rb(2)-0(2) 3.316(5) 3.334(1) 3.37(1)
Rb(2)-0(3) 2.864(9) 2.88(1) 2.81(3)
Rb(3)-0(2) 3.47(1) 3.46(1) 3.54(3)
Rb(3)-0(3) 3.01(2) 2.95(2) 3.08(4)
Ag(1)-0(1) 3.09(7) 3.32(8) 3.3247)
Ag(1)-0(3) 3.02(3) 3.25(5) 3.04(6)
Ag(2)-0(1) 5.30(4) 5.31(4) 5.24(5)
Ag(2)-0(2) 5.54(5) 5.49(6) 5.39(7)
Rb(1)-Rb(2) 5.20(1) 5.18(1) 5.21(1)
Rb(1)-Ag(1) 4.34(3) 4.34(6) 4,37(4)
Rb(2)-Rb(2) 5.69(1) 5.63(1) 5.67(2)
Rb(2)-Rb(3) 3.447(7) 3.432(8) 3.35(1)
Rb(3)-Rb(3) 3.68(1) 3.74(2) 3.94(2)
Ag(2)-Rb(1) 4.21(2) 4.17(2) 4.11(3)
Rb(2)-Ag(2) 4.12(1) 4.08(1) 4.09(1)
Ag(1)-Ag(2) 3.24(6) 2.98(8) 2.98(8)
Ag(2)-Ag(2) 2.74(4) 2.77(5) 2.92(3)
0(1)-(Si, A1)-0(2) 105.5(7) 105.2(9) 101(1)
o(1)-(8i, AD-0(3) 110.9(6) 110.1(8) 105(1)
0(2)-(8i, AD-0(3) 107.8(4) 108.4(6) 108(2)
0(3)-(Si, A1)-0(3) 113.5(5) 114.3(7) 126(1)
(Si, AD-0O(1)-(Si, AD 136(1) 139(1) 134(2)
(Si, A)-0(2)-(Si, AD 165.4(8) 161.8(8) 157(2)
(8i, AD)-O(3)-(Si, Al) 147.2(7) 146.5(9) 141(2)
0(3)-Rb(2)-0(3) 91.8(3) 90.3(4) 96.0(9)
0O(3}-Rb(3)-0(3) 86.3(3) 87.7(3) 85.5(6)
Rb(2)-Rb(3)-Rb(3) 180 180 180
Ag(2)-Rb(1)-Ag(2) 180 180 180

A) between Rb(2) and Rb(3) would exist. By dif-
ference, therefore, at least 0.7 to 0.8 of these very
close Rb(2)-Rb(3) contact distances must exist
per unit cell. Also, the presence of more than two
Rb(3) species per sodalite unit (the mean for the
three crystals is 2.8) requires 3.5 A Rb(3)-Rb(3)
contacts. Together, these observations indicate
that the Rb species at Rb(3) must be partially re-
duced from Rb*, to form, for example, (Rbs)*
(Figure 4). The short 3.36 to 345 A distance that
at least nearly one Rb ion in this cluster must
necessarily have with a large-cavity six-ring Rb*
ion indicates that it should instead be viewed as
(Rb.+)*, where n=3, 4 or 5. It would consist of a

central three-membered ring with one, two, or
three of the approximately six Rb* ions in the
large cavity included (Figure 4).

Each ion at Rb(2) is ca. 285(1) A from the
three O(3) oxygens of its 6-ring and ca. 1.58 A from
the (111) plane at O(3). Each partially reduced ion
at Rb(3) is somewhat further inside the sodalite
unit, ca. 297(3) A from three O(3) oxygens and ca.
1.79 A from their (111) plane Table 3).

In each structure, the Ag* ion at Ag(l) is sta-
tistically distributed over a 12-fold equipoint in
the large cavity on a twofold axis opposite a 4-
ring (Figures 2 and 3). This ion is rather far from
framework oxygens (Ag(1)-O(1)=320(7) A and
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Table 3. Deviations of Atoms(A) from (111)
Plane at O(3) of Agu.»Ca-A(x=4, 3, and 2, respe-
ctively) Treated with Rb Vapor

crystal 1 crystal 2 crystal 3
Rb(2) 1.601(3) 1.657(3) 1.441(6)
Rb(3) —1.846(7) —1.775(7) —1.911(10)
Ag(l) 3.014(28) 3.253(45) 3.042(28)
Ag(2) 5.411(14) 5.404(14) 5.163(16)

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

Ag(1)-0(3)=307(6) A) probably because of an
interaction with Ag(2) species. It is also possible
that this distance is virtural, an artifact of the low
occupancies. The other Ag position, Ag(2), is lo-
cated near the center of the large cavity (Figure 1)
and is occupied by Ag atoms (vide inffa) produced
by the reduction of Ag” by Rb".

Discussion of Metal Clusters

The sums of the Rb(i) and Ag(i) occupancies
in crystals 1,2, and 3(see Table 1) are 14.7(2), 14.
9(2), and 18.6(5), respectively. The unit cells
clearly contain more metal species than the ap-
proximately twelve monovalent cations which
are required to balance the anionic charge of the
zeolite framework, which is variously estimated
to be —11.75 (Blackwell et al, 1985) to —12 (Seff
and Mellum, 1984). Therefore about three to
seven metal atoms must exist per unit cell. These
may be present as isolated atoms or neutral clus-
ters, or they may associate with cations to form
cationic clusters.

The distance between Ag(2) and its nearest
framework oxygens, four at O(1), is very much
longer (Ag(2)—O(1)=ca. 528 A) than the sum of
the approximate ionic radii, 2.58 A (Weast, 1989/
1990b). This indicates that the species at Ag(2)
must be Ag’ and not Ag*. The shortest distance
between Ag(2) and Ag(2), ca. 2.81 A, which must
exist whenever more than two silver species at Ag
(2) are present per unit cell, is far too short to be
an unmoderted Ag'—Ag" distance. Crystal 3, at
least, has more than two silver species at Ag(2).
This Ag(2)-Ag(2) distance is close to the Ag-Ag
distance, 289A (Weast, 1989/1990c), in silver
metal. If the Ag(2) equipoint were filled in a frac-

tion of the large cavities, as is sensible to infer but
not proven by these crystallographic results (vide
infra), closest packed clusters of six silver atoms
would exist in all three structures. The hexasilver
molecule would be octahedral and would show
the full symmetry of its site, O, at the center of
the large cavity (Figures 1 and 5).

The occupancy at Ag(2) in crystal 3 is 4.81
(11) atoms per unit cell, higher by ca. 1 than had
been achieved for the sodalite Ags cluster in pre-
vious studies (Kim and Seff, 1977, 1978¢). This in-
dicates that pentasilver (approximately) may
exist in all unit cells as an alternative to the
hexasilver cluster. However, it is unlikely that the
less symmetric pentasilver with eight Ag-Ag con-
tacts (1.6 per atom) would be more stable than
hexasilver with twelve such contacts (20 per
atom), and that it would occupy a site of O, sym-
metry (Kim and Seff, 1978a). The existence of
hexasilver was initially proposed by such argu-
ments (Kim and Seff, 1977, 1978¢), and was subse-
quently verified by epr work (Grobet and
Schooneydt, 1985;Morton and Preston, 1986;
Schoonheydt and Leeman, 1989).

Without a mechanism for their stabilization,
metal clusters like hexasilver would generally not
be retained within the zeolite structure. Because a
mechanism involving association with the ions at
Rb(1) and Rb(2) is seen, it is reasonable to accept
the fact that atoms of silver have formed and
gave been retained within zeolite A. The structure
and symmetry of this hexasilver cluster is exactly
that found at the center of sodalite unit in partial-
ly decomposed fully dehydrated Ag-exchanged
zeolite A (Kim and Seff, 1977, 1978c).

The distances from Ag(2) to Rb(1) and Rb(2)
are ca. 416 A and 4.10 A, respectively. These are
almost the same as the sum of the van der Waals
radius of Ag’ and the ionic radius of Rb*, 414A
(Dean, 1979;Huheey, 1983). Such a sum was
found to describe Ag* to Ag’ contacts quite accu-
rately (Kim and Seff, 1977, 1978c). The relatively
large thermal ellipsoids of the Ag atoms at Ag(2)
indicate that the hexasilver cluster is loosely held
(by association with Rb"’s) at its position.

An excess absortion of one Cs atom per unit
cell was noted in the corresponding Cs work and
this was attributed to cationic crowding (Heo and
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Fig. 1. A stereoview of the large cavity containing
an Ags molecule. The octahedral Ags molecule, stabi-
lized by coordination to 6 Rb* ions at Rb(1) and 7 Rb*
ions at Rb(2) is shown. Ellipsoids of 20% probability
are used.

Fig. 3. A stereoview of the large cavity of dehy-
drated AgCa;-A treated with Rb vapor. 3 Rb" ions at
Rb(1), 6 Rb" ions at Rb(2), 2 Rb species at Rb(3), and
one Ag species at Ag(1) are shown. Two-thirds of the
unit cells may have this arrangement. Ellipsoids of 25
% probability are used.

Age

Fig. 5. The octahedral Ags; molecule is shown
using ellipsoids of 50% probability.

Nb3

Fig. 2. A stereoview of the large cavity of dehy-
drated Ag«Ca:-A treated with Rb vapor. 12 Ag species
at Ag(1). 3 Rb" ions at Rb(1). and 3 Rb species at Rb
(3) are shown. One-sixth of the unit cells may have
this arrangement. Ellipsoids of 20% pobability are
used.

Fig. 4. A stereoview of a sodalite cavity. A (Rb)'
cluster is shown. Ellipsoids of 25% probability are
used.

@

Fig. 6. The octahedral Ags; molecule, stabilized by
coordination to 6 Rb* ions at Rb{(1) and 7 Rb" ions at
Rb(2), is shown. Eilipsoids of 25% probability are used.
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Seff, 1987 ; Heo, 1987). This crowding is important
in the Rb case also. However, the nature of the
cationic cluster is quite different, clearly because
the far smaller sizes of Rb* and Rb" allow one
more Rb to fit into the sodalite cavity.

To maximize the number of favorable inter-
actions and to avoid some questionable ones such
as Ag(1)-Ag(2), each structure may be viewed as
composed of two unit cell stoichiometries {Table
4). For example, about one-third of the unit cells
of crystal | may contain three Rb* ions at Rb(1),
seven Rb* ions.at Rb(2), three Rb species at Rb
(3) and six Ag atoms at Ag(2) (Figure 1). The Ag
atoms at Ag(2) would form a hexasilver cluster
which would be stabilized by association with
seven ions at Rb(2) and three ions at Rb(1). Each
of these latter Rb(1) ions is shared by two clusters,
so the formula of an individual metal cluster may
be viewed as (Ag){Rb*)s (Figures 1 and 5). The
remaining two-thirds of the unit cells would have
three Rb" ions at Rb(1), five Rb" ions at Rb(2).
three Rb species at Rb(3) and one Ag"* ion at Ag
(1). Some degree of arbitrariness is used in select-
ing these idealized stoichiometries.

Table 4. Inferred Unit Cell Compositions for
Crystals 1,2, and 3.

Position of Cations Crystall Crystal2 Crystal 3

ana Atoms /3 2/3 1/3 2/3 5/6 1/6
8-ring Rb(1) 3 3 3 3 3 3
6-ring Rb(2) 7 5 7 6 7 0

Rb(3) 3 3 3 2 3 3
opposite Agl) 0 1 0 1 0 12
4-rings

center of Ag2) 6 0 6 0 6 0
large cavity
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