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Two mabydrous ervstal structures of Tully dehydrated Cd™'- and Cs'-exchanged voolite X, Cds:CsaStionAlo:Oss
(CdaCsze-X: @ =24 828(11) A) and {ully dehydrated Cd™ - and Rb'-exchanged veolite X, CdayRbsaShonAlzOs
(CdzsRbzs-X: @ = 24.794(2) A). have been determined by single-crvstal Xoray dillraction (echuiques in the
cubic space group Fd3 at 21(1°C. The structures were refined (o the final crror indices, Ry = 0.058 and R-=
(.065 with 637 reflections for Cdz:Csx-X and Ry = 0.086 and Rz = 0.113 with 521 reflections lor CdzyRbss-X
for which 7 > 36(/). In the structure of Cds2Csx-X. 16 Cd™ ions (il the octahedral sites T at the centers of the
double six rings (Cd-0 = 2. 358(8) A and 0-Cd-O = 90.8(3)"). The remaining 16 Cd™' ions oceupy site TT (Cd-
0 =2194(8) A and O-Cd-O = 119.7(4)") and six Cs' ions oceupy site 1T opposile to the single six-rings in the
supercage: cach is 2.322 A {rom the planc of three oxygens (Cs-0 = 3.193(13) and O-Cs-0 = 73.0(2)%). About
ten Cs' jons are found atsite IT', 1.974 A into the sodalite cavity rom their three oxy gen plane (Cs-0 =2 947(R)
A and O-Cs-0 = 80.2(3)"). The remaining 12 Cs' ions are distributed over site T (Cs-0 = 3.143(9) and O-Cs-
O =391(2)"). In the structure of CdzxRbas-X, 16 Cd® 1ons 111l the octahedral sites T at the center of the double-
six rings (Cd-0 = 2.349(15) and O-Cd-0 =91.3(3)"). Another 12 Cd™' ions oceupy two ditferent 1T sites (Cd-
O = 2171018Y2.269(17) A and O-Cd-O = [19.7(7)/113.2(7)). Filteen Rb™ jons oceupy site 1T (Rb-0) =
2.707(17) A and O-Rb-0 = 87.8(5)"). The remaining 21 Rb jens are distributed over site I (Rh-0 =3.001(16)
A and O-Rb-0 = 60.7(4)%). Tt appears that the smaller and more highly charged Cd™ 1ons prefer sites T and 11
in that order, and the larger Rb™and Cs™ 1ons, which are less able o balance the anionie charge ol the zeolite
Iramework, occupy sites IT and 1T with the remainder going o the least suitable site in the strueture, site 11T
The maximum Cs™ and Rb* ion exchanges were 30% and 39%, respectively. Becausce these cations are too large
to enter the small cavities and their charge distributions may be unlavorable, cation-sicve effects might appear.
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Introduction

The crvstal structure of zeolite X in its hvdrated form was
determined by Broussard and Shocmaker' using powder
dilfraction tcchniques. The cryvstal structure of hydrated Na-
X has been reinvestigated using single crystal  X-ray
techniques.”

The exchangeable cations in zcolites have reccived a great
deal of attention in the scicntific litcrature. The thermal
stabilitv. sorption paramclers. and catalytic propettics of
zcolitcs arc all determined by (he (vpe and number of
exchangeable cations and their  distribution over the
available sitcs. Cation distributions in [aujasitc-type zcolites
have been widely studied by X-ray diffraction methods. ™

Calligaris et al. studicd the crystal structures of hydrated
(Cd1iShuiALkOsw - 233H-0) and partially dehvdrated Cd™ -
exchanged zcolitc X (CdShiwAlaOse - 138H-0)" The
positions and occupancy number of Cd™' ions and H-O
molecules in hydraled Cdy-X were then compared with
thosc of partially hvdrated Cd.-X. Partial dechvdration
causcd (he movement of some cations from sites I' and 1T to
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I and II. The coordination number of the Cd™' ions generally
decrcased. and the water molecules lost were primarily from
the supercage.

Shepeley. Butikova. and Smolin studied the  crystal
structurcs of the partially K'-. Rb'-. and Cs -cxchanged
forms of NaX rcolitc in both the hydraied and the
dehydrated (400 °C) states.” They investigated (he migration
of cations during dchydration. Analysis of the cation
distribution in the hydrated forins shows (hat K' ions
penetrate into all zeolite cavitics. whercas Rb' ions diffuse
imto the sodalitc cage and Cs™ ions arc localed in (he
supcrcage. Dehydration of the scolites is accompanicd by
the migration of uncxchanged sodium cations into the
hexagonal prism. Destruction of the dehydrated Rb'-exchanged
crystal after the 6 h exposure at 400 “C scems to be caused
by a slow migration of the Rb' ions into (he hexagonal
prism.’

Tn our recent work. the crvstal structures of CaKx-X.*
CauRba-X.” Cda1sTlia-X."" SraKa-X. and SresK-s-X.'"!
have been detennined. In these structures. the smaller and
morc highly charged Cd™. Ca™'. and S ions occupy sile T,
the center of a hexagonal prism. with the remainder going to
sitc TT. The larger Rb' and K  ions. which arc less able o
balance the anionic charge of the zcolite framework because
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of their size. finish satisfving the double six ring with some
occupancy at sites, 1' and 11. with the remainder going to sites
111 and L11'. the least suitable cation site in the structure.

In this work, the occupancy number and locations of
cations in the structure of dehvdrated CdCsx-X are
compared with those of dehvdrated Cd>xRbas-X. This study
was performed to leam the selective positions of Cd** and
Cs™ (or Rb") ions within zeolite X and to investigate
accurately the geometry of Cs™ (or Rb™) and Cd™* ions
because of the large difference in their atomic scattering
factors and ionic radii.”

Experimental Section

Large single crvstals of zeolite Na-X with the stoichio-
metry of Nag-SiiowAly-Oss1 were prepared in St. Petersburg.
Russia.'* One of these. a colorless octahedron about 0.2 mm
in cross-section. was lodged in a fine Pyrex capillary.

An exchanged solution of Cd(NQOs)- and Cd(O:CCHa3): in
the mole ratio of 1 : 1 with a total concentration of 0.05 M,
was allowed to flow past the crystal for 3 davs. This crystal
was successively exchanged using a 0.05 M CsNOs solution
for 3 days. Similarly, CdxRbze-X was prepared by the flow
method using an exchange solution whose RbOH : RbNO;
mele was 1: 10 with a total concentration of 0.05 M for 3
days. The capillaries containing the crvstals were attached to
a vacuum system. and these cryvstals were cautiously
dehvdrated by gradually increasing the temperature (ca. 29
°C/h) to 430 °C at a constant pressure of 2 x 107 Torm
Finally. the system was maintained at this state for 2 days
and both crystals. which were colorless initially. became
dark blue. After cooling to room temperature, each crystal,
still under vacuum, was sealed in its capillary by touch.

The cubic space group 7«3 was used throughout this
work. This choice is supported by (a) the low Si/Al ratio
which in turn requires. at least in the short range. the
alternation of Si and Al. and (b) the observation that this
crystal. like all other crystals from the same batch. does not
have intensity symmetry across (110) and therefore lacks
that mirror plane. Diffraction data were collected with an
automated Enraf-Nonius four-circle computer-controlled
CAD-4 diffractometer equipped with a pulse-height analyvzer
and graphite monochromator. using Mo radiation (Ko, A =
0.70930; Koea. & = 0.71359 A). The cubic unit cell constant
at 21(1) °C. determined by least-squares refinement of 23
intense reflections for which 14°< 28 < 22° is a =
23.828(11) A for Cda-Cs»¢-X and 24.794(2) A for Cd-gRba-
X. All unique reflections in the positive octant of an 7~
centered unit cell for which 28 < 50°. / > A and k > /r were
recorded. Of the 1382 unique reflections measured for
Cd3~Cs¢-X and 1373 for Cd~Rbss-X. only the 637 and 521
reflections respectively. for which I > 3a(f). were used in
subsequent structure determination. Absorption corrections
(for Cdy:Csae-X. iR 0.31. per= 2.034 g/om’ and for CdsRbj-
X pR 042 poa=1.924 g/em?y were made empirically using
a  scan.'” The calculated transmission coefficients ranged
from 0.9835 to (.9935. This correction had little effect on the
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final R indices. Other details are the same as those previously
reported."”

Structure Determination

Cd3:Cs28-X  (crystal 1), A full-matrix least-squares
refinement was initiated by using the atomic parameters of
the framework atoms |Si. Al, O(1). O(2). O(3). and O(4)] in
dehvdrated CasTlse-X.' Anisotrophic refinement corverg-
ed to an unweighted R, index. ((Fo-|f<|)/F.). of 0.45 and a
weighted Rx index. (w(|F-|F|))* 7). of 0.54.

A difference Fourier function revealed two large peuaks at
(0.0, 0.0. 0.0) and (0.220. 0.220. 0.220) with heights of 27.31
eA™ and 7.71 eA™. respectively. Anisotropic refinement
including these Cd™' ions at Cd(1) and Cd(2) comverged to
R; =0.24 and R =0.31 with occupancies of 15.7(1) and 15.5(1),
respectively. A subsequent difference Fourier function
revealed two additional peaks at (0.263, 0.263. 0.263) with
height 23.76 A™ and (0.163. 0.163. 0.163) with height 16.92
A~ Inclusion of these peaks as ions at Cs(2) and Cs(l)
lowered the error indices to Ry = 0.16 and Ry = 0.20. The
occupancy numbers at Cs(2) and Cs(l) were refined to
10.3¢1) and 5.60(1), respectively. The remaining Cs’ ion
position was found on an ensuring Fourier function at (0.42.
0.125. 0.123) with height 13.4 A™*. Anisotropic refinement
of framework atoms and all cations comverged to R, = 0.054
and R: = 0.062. The occupancies of Cd(1), Cd(2). Cs(l).
Cs(2) and Cs(3) were fixed at the values shown in Table 1
considering the cationic charge +92 per unit cell. The final
error indices for the 637 reflections for which 7 > 36(/) were
Ry = 0.058 and R: = 0.065. The shifts in the final cyvcle of
least-squares refinement were less than 0.1% of their
corresponding standard deviations.

Cd2sRbse-X  (erystal 2). A full-matrix least-squares
refinement was initiated by using the atomic parameters of
the framework atoms for the previous crystal of Cda-Cszs-X
(crystal 1). Anisotropic refinement comverged to an umveighted
Ry = 0.435 and a weighted R: = 0.54. A difference Fourier
function revealed one large peak at (0.0. 0.0, 0.0) with height
3170 A7

Anisotropic refinement including this peak as Cd*" ion
at Cd(1l) comverged to R, = 0.28 and R~ = 0.34 with
occupancies of 16.7(2) at Cd(l). A subsequent difference
Fourier function revealed three additional peaks at (0.256,
0.256. 0.256) with height 12.21 A~ (0.232. 0.232. 0.232)
with height 12.55 A~ and (0.216. 0.216. 0.216) with height
9.90 e-3. Inclusion of these peaks as ions at Rb(1). Cd(3) and
Cd(2) lowered the error indices to Ry = 0.124 and R~ =
0.142. The occupancy numbers at Rb(1), Cd(3) and Cd(2)
were refined to 15.6(4). 4.2(2) and 8.4(2). respectively. On
an ensuing difference Fourier function, one peak appeared
at Rb(2) (0421, 0.113. 0.124) with height 840 A~
Anisotropic refinement of the framework atoms and all the
cations cormverged to Ry= 0085 and R. = 0.111. The
occupancies of Cd(l). Cd(2). Cd(3). Rb{l) and Rb(2) were
fixed at the values shown in Table 2 considering the cationic
charge per unit cell.
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Table 1. Positional. Thennal?, ind Occupaney Parameters
(a) Cd_‘«_‘.Cst-X
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Wie.

‘ceupaney

Atom Pos. b N z T In U Lis Uas varied  fixed
Si 96(g)  -333(1) 123D 340l 32(1d) 36(14) 2201y -15(15)y  -lOCL3)y  -35(16) 96
Al 96(g)  -346(1) 368(1)y  1220(D) 175(16) 127(16) 123(15)  -13(15)  -2316)  -1NI8) 96

Oy  96(e) -1111(3) 10(d)y 10393 I31¢dd)y 41149y 208(ddy  -131(dS) 93(35) -183(45) 96

O2)  96(2) -28(4) S36(d) 14493y 23741y 234(42)  278(43) T4 43) o(de)y  -23(de) 96

O3)  96(e)  -320(3) 638(3) 604(3)  263(43) 92040 138(1) 23(40) T741) -7(36) 96

4y 96(2)  -649(3) 832(3)  171H3) 148(41) Q5(400 [Te(dl)y  -25(4) 36(40)  -51(33) 96

Cd(y  16(e) 0 0 0 179(5) 179(5) 179(5) 22(6) 33(6) 36y 187y 16

Cd(2)y  32(¢) 2194(1  2194(1y 21941y  d&d(10y  ded(ldy 46410y 28413y 284(12)  284(13) 133 16

Cs(l)  32(¢) 1631(3) 16315 16313  1327(66)  1327(66)  1327(66) 3481 24(81) 3481y 3.60(1) 6

Cs(2)  32(¢) 2631 263K 263D 314012y 314012y 314(12) 3(13) 3(13) AL3)  10ay 1o

Cs(3)  96(2)  4248(2) 1230 1250 190028y 697(43)  873(4T) 0 0 SSidD 1222 12

(b) CdzsRb:-X
v by I'e .

Atlom \?);: X v 7 or €,£ im (i Uiz Uia U v a(ézzum I;Ic\\b d

Si 96(g)  -335(3)  1228(2) 345(2)  148(30) 81(28) 152(31) 3(34)  -38(28) -41{36) 96

Al S6(g)y  -337(3) 3537(2) 1226(3) 81(29) Te(30) 49(29) -9(28) 43 -45(36) 96

O(1y  96(g) -1093(6) 6(8) 1082(7)  174(100) - 689Y(131) 168(97)  -89(102) 97(70)y  -33(100) 96

02y 96(g) -39(8) 3T 14677y 336(99)  28((93) 286(93)  182(87) 24(93) -18(94) 96

O3y 96(gy  -330(6) 632(6) 623(6)  127(82) 119(83) 175(86) RN(78)  -14(8I) -6U(74) 96

Oy 96(gy  -638(5) 824(5) 1689(3)  -10(68) -19(68) 13(70)  -26(63) 34(64) 21(58) 96

Cd(1y 16(c) 0 0 (} 130(9) 130(9) 130(9) 26(12) 26(12) 206012) 16.7%2) 16

Cd(2y 32(e)  2134(5)  2134(5)  2134(3) 45(48) R.4(2) b

Cd(3)y 32(e) 232003y  2320(3)  2320(3) 81(27) 4.2(2) 4

Rb(1} 32(e) 2338(3) 2338(3)  2538(3)  380(23)  380(23) 3RK23Y  HI6(33)  116(33) LIG(R3) 15.6(4) 15

Rb(2y 481 4202(5) 1250 12500 222(36) 13090115 1449(123) 0 0 =502(121) 21.3(1) 21

)

“Positional and anisotropic thermal parameters are given x 107, Numbers in parentheses are the csds in the units of the lcast signiticant digit given tor the

corresponding parameter. “The anisotropic temperature factor = exp[(-227° a%) (L7 |0 =L k= LglP= U shk+ b= UkD]. ©Occupaney factors are given

as the number of atoms or ions per unit cell. Ui, — (B, 87)

The final error indices for the 485 reflections for which 7 >
3o(/) were R = 0.086 and R- = 0.113. The shifts in the final
cvcle of least-squares refinement were less than 0.1% of
their corresponding standard deviations.

Atomic scattering factors'™'® for Si. AL O, Cd™'. Cs' and
Rb' were used. All scattering factors were modified to
account for anomalous dispersion.™ The final structural
parameters are listed in Table 1 and selected interatomic
distances and angles are presented in Table 2.

Discussion

Zeolite X is a svnthetic version of the mineral faujasite.
which has an open. negatively charged framework. The 14-
hedron with 24 vertices known as the sodalite cavity or 3
cage may be viewed as the principal building block of the
aluminosilicate framework of zeolites (see Figure 1). These
B-cages are connected tetrahedrally at six-rings by bridging
oxyvgens to give double six-rings (D6R's. hexagonal prisms).
and. concomitantly. to give an interconnected set of even
larger cavities (supercages) accessible in three dimensions
through 12-ring (24-membered) windows. The Si and Al

atoms occupy the vertices of these polvhedra. The oxygen
atoms lie approximately midway between each pair of Si
and Al atoms. but are displaced from those points to give
near tetrahedral angles about Si and Al

Exchangeable cations that balance the negative charge of
the aluminosilicate framework are found within the zeolite's
cavities. They are usually found at the following sites shown
in Figure 1: site I at the center of a DGR. [' in the sodalite
cavity on the opposite side of one of the D6R's six-rings
from site I, II' inside the sodalite cavity near a single six-ring
(SGR) entrance to the supercage. II in the supercage adjacent
to a S6R. [II in the supercage opposite a four-ring between
two L2-rings. and III' in the vicinity of [LI but off the twofold
axis.”

Cd;:Cs25-X (crystal 1). In this structure. the mean values
of the Si-O and Al-O bond lengths are normal, ca. 1.62 and
1.72 A, respectively. The individual bond lengths. however.
show marked variations: Si-O from 1.59(8) to 1.66(8) A and
Al-O from 1.69(8) to 1.77(8) A. Thirtv-two Cd™' ions coordinate
only to O(2) and O(3) in this structure and. as a consequence
of these interactions. the Al-O(2). Si-0(2). AI-O(3). and Si-
O(3) bonds are somewhat lengthened (see Table 2).
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Table 2. Sclected Interatomic Distance (A) and Angles (deg) for
Cd;;(’s:g-X and Cd:gij(‘-X

C(l_;:CSzg—X Cd;st_;(,—X
Si-O(1} 1.60(9} 1.64(2)
Si-O(2} 1.64(9} 1.67(2)
Si-O(3} 1.66(8} 1.70(2)
Si-O(4} 1.59(8} 1.63(1)
Average 1.62 1.66
Al-O(1} 1.70(8} 1.67(2)
Al-O(2) 1.72(9} 1.68(2)
Al-O(3) 1.77(8} 1.72(2)
Al-Od} 1.69(8} 1.66(1)
Average 1.72 1.68
Cd(1}-(3) 2.358(8) 2.349(15)
Cd(2}-(2) 2.194(8) 2.171¢18)
Cd(3}-(2) 2.269(17)
Cs{(1)-02) 3.193(13)
Cs(2)-O2)Rb(1}-042} 2.947(8) 2.707(17)
Cs(3)-O(d)Rb(2}-O4} 3.143(9) 3.001¢16)
O 1)-8i-0(2) 112.3(35) 112.0(1)
{1)-8i-0(3) 108.5(4) 105.4(8)
G(1)-5i-0i4) 1T11(4) 111.4(8)
G2)-5i-0(3) 105.2(4) 108.3(8)
G2)-5i-0i4) 107.6(4) 107.1{8)
G3)-5i-0i4) 112.1(4) 112.3(8)
G-ALO(2) 112.9(3) 112.0(1)
ON-AL-O(3) 105.7(4) 106.3(8)
ON-AL-O4) 113.2(4) 112.4(7)
O2)-AL-0(3) 106.3(4) 108.1(8)
O2)»ALO) 1035.5(4) 107.7(8)
O3)-ALO4) 112.3(3) 111.2(8)
Si-O(1)-Al 129.0(3) 128.0(1)
Si-O(2)-Al 138.5(3) 137.001)
Si-O(3)-Al 125.8(35) 127.1(9)
Si-O()-Al 160.7(35) 158.8(9)
ON-CdN-O(3) 90.8(2) 91.3(3)
H2)-Cd(2)-O0(2) 119.7(4) 119.7(7)
OR)-Cd(3)-0(2) 113.2(7)
O2)-Cs(1)-01(2) 73.0(2)
(X2)-Cs(2)-01(2) 80.2(3)
O(2)-Rb{1)-0(2) 87.8(3)
{H)-Cs(3)-O(4) 59.1(2)
O{)-RB(2)-O(4) 60.7(4)

Thirty-two Cd*” ions occupy two crystallographic sites
and 28 Cs™ ions occupy three crystallographic sites. Sixteen
Cd** jons at Cd{1) fill the octahedral site I at the centers of
the D6R's (sec Figure 2). The octahedral Cd{1)-O(3)
distance, 2.358(8) A, is a little longer than the sum of the
ionic radii of Cd* and O, 0.97 + 132 - 229 A*
indicating a reasonably good fit.

Six Cs" ions at Cs(1) occupy site II'. These positions are
located in the sodalite cavity and lie in a threefold position.
Each Cs™ ion 1s coordinated to three O{2) framework
oxygens at 3.193(13)A. Ten Cs* ions at Cs(2) occupy site 11.

Gyoung Hhva Jeong and Yang Kim

@ oxygen
o cation I

362 J1. /s6R
11 O1] |D6R
2
4 .
A /
[y
/ |
large ST sodalite
cavity o cavity

Figure 1, A stylized draws of the framework structure of zeolite X,
Near the center of the each ling segment is an oxygen atom,
Difterent oxy pen atoms are indicated by the numbers | to 4. Silicon
and aluminum atoms altcrnate at the tctrahedral interscetions.
except that @ silicon atom substitutes for aluminum atom at about
4% of the Al positions, Lxtralramework cation positions are
labeled with Roman numerals.

Figure 2. Stercoview of a sodalite cavity with an attached D6R in
dehydrated CdizCsap-X. One Cd?* lons at Cd(1). two Cd™* ons at
Cd(2) (site 1) and one Cs™ jon at Cs(1) (site 1IN and one Cs™ ion at
Cs(2) (site 1) are shown, About 75% of double six-ring have this
arrange ment. Ellipsoids ot 20% probability arc shown.

The Cs(2)-0O(2) distance is 2.947(8)A. This distance is
shorter than the sum of the ionic radii of Cs" and O, 1.69 +
1.32 — 3.01 A" presumably because Cs(2) is only threc
coordinate. The remaining 16 Cd™* ions at Cd(2) occupy the
32-fold at site [ in the supercage (sce Figure 2) and the bond
distance of Cd(2)-0(2) is 2.194(8) A is shorter than the sum
(2.29A) of the ionic radii of Cd*™ and O, prcsumably
because Cd(2) is only three-coordinate. Twelve Cs™ ions at
Cs(3) occupy the 96-fold site [II' in the supecrcage (sce
Figure 4). An approach distance from Cs(3) to [ramework
oxygen O(4), 3.143(9) A, is slightly longer than the sum ol
the ionic radii of Cs* and (% (sec Table la and 2).

Recently the structures of Cyye-X2' CdaysTlyz-X 2!
CapKoy-X> and Cag-X. 2 were determined. From these it
appears that site [ is the lowest energy site for most cations,
except for the largest. Ca®* ions in Caye X and Cd*” ions in
Cdye-X Afill site 1, with the remainder going to site [[ in the
supercage, nearly filling it. In Cday sTlis-X, fonic size and
charge dominate the competition for sites. The smaller and
more highly charged Cd® ions select their sites “first”
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Figure 3. Stereoview of a sodalite cavity with an attached D6R in
dehyvdrated Cds:Csz-X. One Cd* dons at Cd(1). two Cd* jons at
Cd(2) (site IT) and two Cs” ions at Cs(2) (site IT) are shown. About
23% of sodomite cavities may have this arrangement. Ellipsoids of
20% probability are used.

Figure 4. Stereoview of the supercage of dehvdrated Cd;»Csae-X.
Two CE* ons at Cd(2) (site I1). one Cs* ion at Cs(2) (site 11) and
two Cs™ ions al Cs{3) (site 111 are showi, About 30% ol supercargoes
may have this arrangement. Elhpsods of 20% probability are used.

because they can approach the anionic oxy gens of the zeolite
framework more closely. They nearly fill the site [ position
as in Cd-X. ascertaining that Cd™" ions prefer site 1. the
DGR sites 1. Once the Cd™' ions have selected their sites. the
TI' ions finish filling site 1L with the remainder going to the
least suitable cation site in the structure. site LII'. Koller ef a/f.
studied the location of Na and Cs' cations within the
dehydrated Csa:Najs-Y by solid state “Na and '**Cs nuclear
magnetic resonance (NMR) spectroscopy and Rietveld
method. They found Na' cations at site I are replaced by Cs'
cations at a high cesium exchange level. Upon increasing the
calcination temperature of Cs;Najs-Y from 473 to 773 K.
the further migration of Cs' and Na' to site 1 is observed.
Even though the ionic radius of Cs™ is 1.69A. Cs™ ion can
occupy at site [~

CdsRbss-X (crystal 2). In this structure. 28 Cd™ ions
occupy three crvstallographic sites and 36 Rb' ions occupy
two different sites. Sixteen Cd™ ions at Cd(l) fill the
octahedral siteat the centers of the D6R's (Cd(1)-O(3) =
2.349(13) A and O(3)-Cd(1)-0O(3) = 91.3(5)°). Eight Cd™
ions at Cd(2) occupy the 32-fold site II in the supercage (see
Figures 5 and 6): The Cd(2)-O(2) distance. 2.171(18) A. is
shorter than the sum of the conventional ionic radii'~ of Cd™
and O, 0.97 A + 1.32 A = 229 A_ presumably because
Cd(2) is only three-coordinate. These Cd~" ions are slightly

Figure 5. Stercoview of a sodalite cavity with an attached DOR in
dehvdrated CdasRbse-X. One Cd®' dons at Cd(1), one CI* jon al
Cd(2) (site Iy and one Cd*' ion at Cd(3) (site 1) and two Rb' ions
at Rb( 1) (site IT) are shown. About 50% of sodality cavities may
have this arrangement. Lllipsoids of 20% probability ure used.

Figure 6. Sicreoview of the supercage ol dehydrated CdasRbag-X.
Iwo Rb' ions at Rb(1) (site I1) and (hree RbY fons at RH(2) (site 111
are shown. About 3(0% of supercages may have this arrangement.
Fllipsoids of 20% probability are used.

recessed. (0.48) into the supercage from the plane of the
three O(2) oxvgens (see table 3). The O(2)-Cd(2)-O(2) bond
angle, 119.7(7)°. is nearly trigonal planar. Four Cd"' ions at
Cd(3) occupy site [1. Four Cd™" ions at Cd{(3) occupy the 32-
fold site 11 in the supercage. The Cd(3)-O(2) distance is
2269(17)°. and O(2)-Cd(3)-O(2) angle is 113.2(7)"
Compared with the stmcture of Cd3-Csag-X. the sites of Cd™’
tons are similar to those of Cd-sRbas-X.

Rb(1) is recessed 1.620(4) into the supercage from the
S6R plane at O(2) (see Figure 5 and 6). 15 Rb’ ions lie at

Table 3. Deviations (A ) of Calions from Six-Ring Plancs

Cd\gCSgg-X Cdgth_\u-X

at O3y
Cd(1) 1.35(1) 1.32(1)

ar Q)"
Cd(2) -0.095(2) -0 1I8(T)
Cd(3) 0.598(4)
Cs(1) 2.322(4)
Rb(1) 1.620(4)
Cs(2) 1.974(2)

YA negative deviation indicates that the atom lics in a DER. A positive
deviation indicates that the atom lies in (he supercage and a negative
deviation indicates that the atom lies in the sadalite cavity'.
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Table 4. Distribution of Nonlramework Atoms over Siles

Crystals
Siles -

C(l_;:CS;3—X C(l;th_m—X
1 16Cd(1) 16Cd(1)
1 16Cd(2) 8Cd(2)
n 6Cs(1) 4Cd(3)
1] 10Cs(2) 15Rb( 1)
] 12Cs(3) 21Rb{2)

Figure 7. Stereoview ol the supercage ol dehydrated CdzgRbje-X
Two Rb™ ions at Rb{ 1) {sitc 11} and two Rb™ ions at Rb(2) {sitc 11[)
arc shown. About 37.5% of supcrcages may have this arrangement.
Ellipsoids ol 20% probability are used.

Rb(1) (site 11). The Rb(1)-O(2) bond distance, 2.707(17) A.
is almost the same as the sum of ionic radii’? of Rb™ and
0. 148 A + 1.32 A - 2.80 A. The O{2)-Rb{1)-O{2) bond
angle is 87.8(5), lar less than 120° (trigonal planar).
indicating again that the Rb* ion is oo large to [it into the
planc of this six-ring. 21 Rb* ions at Rb(2) per unit cell lic in
the supercage at site [T (see Figure 7). Each of these Rb*
ions coordinates 1o three O3) oxygens at 3.001(16) A.
longer than the sum of the corresponding ionic radii, 2.80 A.
The angle at Rb(2). O(4)-Rb(2)-0O(4), is 60.7(4)".

This work indicates that all of the Na* ions in zeolite X can
readily be replaced by Cd** and Cs™ {or Rb*) ions. The size
and charge ol cations govern the competition for sites in both
structures. The smaller and more highly charged Cd* ions
nearly O site 1. with the remainder going to site 1L allirming
that Cd* ions prefer site 1. The larger Cs™ {or Rb*) ions,
which are less able to balance the anionic charge of zeolite
framework because of their size. finish filling the sodalite
cavity with some occupancy at site II', and finish [illing site
11, with the remainder going to the least suitable cation site
in the structure sites 11 and [ Considering the
experimental procedures and the structures of Cd;Csag-X

Gyoung Hhva Jeong and Yang Kim

and CdzsRbse-X, Rb™ ions have a higher ion-selectivity than
Cs" jons in Cdag-X.

Supporting Information Available: Tablcs of calculated
and obscrved structure factors (5 pages). The supporting
matcrials will be given upon your request to the corre-
spondence author

Acknowledgment. This work was supported by Pusan
National University Rescarch Grant (April [, 1999-March
31,2003) and by also Brain Korca 21 Project, 2001.

References

1. Broussard. L..: Shoematker. D, P, /. Am. Chem. Soc. 1960, §2.
1041,
2. Olson. DL H. /. Phys, Chem. 1970, 74. 14,
3. Mortier. W. 1. Compilation of Extra-framework Scites in Zeolites:
Butterworth Scientilic Ltd.: Guildiord. U. K. 1982.
4. Schollner. R.: Broddack. R.: Kuhlmann. B.: Nozel. P erden. [1.
7. Phvs. Chent. (lLeipzig) 1981, 262,17,
5. Fgerton. T. S Stone. F. S, S Chem. Soc., Faraday Trans. 11970,
66,2364,
6. Calligaris. M.: Mezzetti. A.: Nardin. (i.: Randaccio. L. Zeofites
1986. 6. 439,
7. Shepelev. Y. F.: Butikova. 1. K.: Smolin. Yu. L. K.: Smolin. Yu. .
Zeofites 1991, 11, 287.
8. Jang. S. B.: Song. S. H.: Kim. Y. . Korean Chem. Soc¢, 1995, 39,
1.
9. Jang. S. B.: Kim. M, S.oHan, Y. W  Kinl Y., Budl. Korean Chem.
Soc. 1996, /7.7,
10. Kwon. J. 1L: Jang. 8. B.: Kim. Y.: Sefl. K. J Phys. Chem. 1996,
1060, 13720.
11, Kime M. 1 Kin Y.z Selll Ko Aorean J. Crystallogr. 1997, 8.1,
12. Handbook of Chemistry and Physics. 70" ed.: The Chemical
Rubber Co.: Cleveland, Ohio, 1986/1990: P T-187.
13. Bogomolov. V. N.: Petranovskii. V. P. Zeolites 1986. 6. 418.
1. International Tabies for X-ray Crystaltography: Kynoch Press:
Birmingham. England. 1944: Vol. 1L, p 302.
15, Yeom, Y. H: Kim, Y. Seft, K. . Phvs. Chem. B 1997, 101,353 14,
16. Choi. E. Y Kim, Y. J Korean Chent. Soc. 1999, 43. 384
17. Calculations  were  performed  using  the  software  package
“MolEN™ supplied by Enral-Nonius. The Netherlands. 1990.
18. International Tables for X-ray Crystallograpty. Kynoch Press:
Birmingham. England. 1974: Vol. IV. pp 73-87.
19. Cromer. D, T. Acta Crostaflogr. 1968, 18,17,
20. Reference 18, pp 149-1350.
21, Sun. T.: Seff. K. Heo. N, Ho: Petranovskii, V. P, Science 1993,
259,495,
22. Sun. Iz Sell. K. Chem. Rev. 1994, 94, 839,
23. Kwon. I 1L Jang. S. B.: Kim. Y. Selll K./ Phys. Chem. 1996.
100, 13720
24. Koller. H.: Burger. B.: Schneider. A.: Englehardt. G.: Weithamp.
1. Micro. Mes. Mat. 1995, 3. 219.




