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Full-matrix A2Ak5 A5 A A4 I>36()1] 166712 S M3t HF 23102 Ri=009,
R,=0068742 A3t A8, CapKep-X8) F2E 130709 SHMALE AH-314 R, =0078, R,=0056
A2} AR Ak G55 Cag-XohAl Ca?* ol Afde]l 2 AHE O =709) Aol A28k A
16709) Ca?* ol o1 6- A 72)(D6R)2 FAlel A sk (A2t I Ca())-0(3)=251(2) A), 30719 Ca?*
ole-g & ETol gl el Lol #AAZ Uk HAl e 30789 Ca?* o] 02) A &
23F o oF 044 A Soi7t Ae)e) 913313 QIeKCa(2)-0(2)=2.24(2) A, 0(2)-Ca(2)-02)=119(1)°). B+
CanKs-X8) TF2ojH RE Ca?* o]&3 K* ol 479 A2 o 2AA Ao sixskz dsdet:
16704] Ca®* °]&-& DERS) FA X sk, o}E 16749 Ca?* olg3} 167]8) K' o) & %3
gl =) o] Z7t sk ek ol2¥ Ca*t o] K* 0|28 0(2)8] FelA & $35°=2 <F
0.56 A3 154 A SoI7 Aelol 247 S5 AIKCa@)-02)=2.292) A, 0(2)-Ca(d-0(2)=1191)°, K(D-
0(2)=2.5%2} A, 02-K(1)-0(2)=99.28)°). 12718] K* ¢]&& & $3l & A= IlIo) $1A]3}ar ARHK
@-0@=3114, 0(1)-K@)-0(1)=128(2)°).

ABSTRACT. The crystal sructures of Cag-X (CausAlsSinOuss) and CapKaX (CaxKosAleSineOz) de-
hydrated at 360 C and 2X107° Torr have been determined by single-crystal X-ray diffraction techniques
in the cubic space group F43 at 21(1) T . Their structures were refined to the final error indices, R, =0.096
and R,=0.068 with 166 reflections, and R:=0.078 and R.,=0056 with 130 reflections, respectively, for
which I>30(). In dehydrated Ca,-X, Ca®* ions are located at two different sites of high occupagldes.
Sixteen Ca?* ions are located at site [, the centers of the double six rings (Ca(1)-0(3)=251(2) A and
thirty Ca?* ions are located at siteﬁ II, the six-membered ring faces of sodalite units in the supercage.
Latter Ca2* ions are recessed 044 A into the supercage from the three ((2) oxygen plane (Ca(2)-0(2)=
2.24(2)5& and O(2)-Ca(2)-0(2)=11%1)°). In the structure of CanKs-X, all Ca?* ions and K* ions are
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located at the four different crystallographic sites: 16 Ca?* ions are located in the centers of the double
six rings, another sixteen Ca’* ions and sixteen K* ions are located at the site I in the supercage.
These Ca?* jons and K* ions are recessed 0.56 A and 1.54;\, respectively, into the supercage from their
three O(2) oxygen planes (Ca(2)-0(2)=2.2%2) A, 0(2)-Ca2)-02)=11%1)°, K(1)-0(2)=25%2) A, and O
(2-K(1)-0(2)=99.2(8)°). Twelve K* ions lie at the site III, twofold axis of edge of the four-membered
ring ladders inside the supercage (K(2)-0(4)=3.11(6}f\ and O(1)-K(2)-0(1)=128(2)°).

INTRODUCTION

The synthetic zeolite X has a framework with
a structure similar to that of the natural mineral
faujasite!. The chemical composition can vary, ac-
cording to the silicon and aluminium content, from
a Si/Al ratio of ca. 1.0~1.5. The increase of the
aluminium content increases the number of ex-
changeable cations and influences their distribu-
tion in the different possible sites of the lattice,
The knowledge of the three-dimensional structure
18 quite important for understanding their proper-
ties, such as absorption and catalysis, which are
sensitive to the nature of the cations, their number
and distribution in the framework cavities.

Cation substitution is one of the methods of mo-
dification of their physical and chemical properties.
So the problem of reactivity and location of multi-
valent-exchanged ions is of interest from hoth
theoretical and practical points of view. The distri-
bution and coordination of various cations in the
framework of faujasite-type zeolites have been wi-
dely investigated and reviewed. Most of these stu-
dies have been summarized by Mortier?. The ca-
tions and water molecules are usually distributed
in zeolite X over the sites I, I', II, I, and OL
The site I lies in the center of the double six ring.
The site II lies at the six-membered ring face of
sodalite unit in the supercage side. The site I'
and II' lie inside the sodalite unit and on the op-
posite sides of the six-membered rings as compa-
red with sites I and IL. The site IIl lies at the
twofold axis of the edge of the four-membered
ring ladder inside the supercage. Alkali-metal ca-
tions other than sodium are of interest for use
in catalysis and sorption. Li~exchanged zeolites X
and Y were studied using powder® and single-cry-
stal® diffraction data. Pluth and Showmaker inves-
tigated a single-crystal of the dehydrated K-ex-

changed natural faujasite (Si/A1=2.3)". The struc-
tures of four K-exchanged Y and X zeolites with
various Si/Al ratio were also studied in the hydra-
ted® and dehydrated’ states using X-ray powder
data. Anderson, Shepelev and Smolin studied the
structures of Mg?*-exchanged Na-X and Ca-X°.
They found that Mg?* ions are located in three
sites, I, II, and IIl in hydrated MgNa-X, and 1
and I in hydrated CaMg-X. In the dehydrated
forms, the sites of Mg?* ions are I, I, and II in
dehydrated MgNa-X, and II II' in dehydrated
CaMg-X. They also found that Ca®” ions in dehy-
drate CaNa-X are located in sites I, I, and II

Calligaris et 4l. have studied hydrated and dehy-
drated structures of some monovalent and divalent
cation exchanged chabazite®'® and heulandite?, by
single crystal X-ray techniques. They have shown
that the extra-framework structure can be explai-
ned in terms of the sizes, charges and electronic
structures of the exchanged cations. In additon,
they have also shown that the comparison of the
electron density maps of the same zeolite, excha-
nged with different cations, may be useful in dete-
rmining site locations and possibly the approxi-
mate ratio of two different cations at the same
site'!,

The present study has been initiated to investi-
gate the cation positions in zeolite X. Because the
ionic radii of Ca** and K* ion are quite different,
precise and reliable crystallographic determination
should be easy to achieve. The present work is
preliminary to later studies of crystal structures
of Cay-Kx-X absorbed with other guest molecu-
les.

EXPERIMENTAL SECTION

Large single crystals of sodium zeolite X, having
stoichiometry of NagAlySij0Css, were prepared
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in St. Petersburg, Russia'?. Each of two single cry-
stals, a colorless octahedron about 02 mm in
cross-section was lodged in a fine Pyrex capillary.

An exchange solution of 0.04325 M Ca(NO5), and
0.00675 CaO with a total concentration of 0.05 M
was filtered through a membrane filter for crystal
1, Crystal 2 of composition CazKes-X was prepared
using an exchange solution whose Ca(NQ,); : KNO,
mole ratio was 1:1 with total concentration 0.05
M. Ion exchange was accomplished by flow me-
thods; the solution was atlowed to flow past each
crystal at a velocity of approximately 1.5cm/s for
5 day at 24(1) C. Each crystal was dehydrated at
360C and 2X107*Torr for 2 days.

After cooling to room temperature, each crystal,
still under vacuum, was sealed in its capillary by
torch. Microscopic examination showed that the
crystal 1 has remained colorless. However, crystal
2 has become red.

The cubic space group Fd3 was used throughout
this work. Diffraction data were collected with an
automated Enraf-Nonius four-circle computer co-
ntrolled CAD-4 diffractometer equipped with a
pulse-height analyzed and a graphite monochro-
mator, using Mo Ka radiation (Kg,, A=0.70930 A
Kaz, A=0.71359 A). The unit cell constants at 21(1)
C determined by least-squares refinement of 25
intense reflections for which 14°<28<24° are a=
25.046(1) A for crystal 1 and 2=25.002(1) A for cr-
ystal 2, respectively.

For each crystal, the §—28 scan technique was
used. The data were collected using variable scan
speeds. Most reflections were observed at slow
scan speeds, ranging between 024 deg and 0.33
deg min~! in o. The intensities of three reflections
in diverse regions of reciprocal space were recor-
ded after every three hours to monitor crystal and
X-ray source stability. Only small random fluctua-
tions of these check reflections were noted during
the course of data collection. The intensities of
all lattice points for which 28<60° were recorded.
Only those of which I>30{I}) were used for struc-
ture solution and refinement. This amounted to
166 of the 1200 reflections examined for crystal
1, and 130 of the 1151 reflectionss for crystal 2.

The intensities were corrected for Lorentz and
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polarization effects; the reduced intensities were
merged and the resultant estimated standard
deviations were assigned to each averaged reflec-
tion by the computer programs, BEGIN and WEI-
GHT®:,

For the first crystal, ugR=0.077, pe=1.405 g/cm?
and F(000)=6542; for the second the correspon-
ding values are 0.078, 1.468 g/cm® and 6794, respe-
ctively. An absorption correction was made empi-
rically using a y scan for both crystals!*. The cal-
culated transmission coefficients ranged from
0.975 to 0.999. This correction had little effect on
the final R indices.

STRUCTURE DETERMINATION

Dehydrated Cay-X. Full-matrix least-squares
refinement was initiated with fixed thermal para-
meters of the framework atoms [Si, Al, O(1), O(2),
0(3) and O(4)] of dehydrated Na-X treated with
Rb(g). Isotropic refinement of the framework
atoms converged to an R, index, CTI|F.— |F.l)
[ZF,) of 0.36 and a weighted R, index, (Tw(F,—
[ F | P/ZwWEADY of 0.35.

The initial difference Fourier function revealed
two large peaks at (0.0, 0.0, 0.0) and (0.222, 0.222,
0.222) with heights of 10.0 and 649 eA~?, respecti-
vely. These two peaks were stable in least-squares
refinement. Anisotropic refinement including these
Ca®* ions at Ca(l) and Ca(2) positions converged
to R;=0.092 and R,=0.070.

Occupancy refinement converged at 16.3(5) and
31.3(7), respectively. These values were resect and
fixed at 16.0 and 30.0 Ca?* ions at Ca(1) and Ca(2),
respectively, because the cationic charge should
not be exceed +92 per Fd3 unit cell. Anisotropic
refinement of the framework atoms and cations
at Ca(l) and Ca(2) converged to R,=0.096 and
R>,=0.068 (see Table 1).

In the final cycle of least-squares refinement,
all shifts in atomic parameters were less than 0.1%
of their corresponding standard deviations. The
final difference function was featureless except for
a peak of height 1.24 eA~% at (0.250, 0.999, 0.750).
This peak was not refined at the least-squares
refinement.

Dehydrated Cay;K;;-X. Full-matrix least-
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Table 1. Positional, thermal, and occupancy parameters”

(a) Crystal 1. Dehydrated Cau-X

[
Atom ‘::: x y z g: Bz Bn  Be  Ps  Bxn Vmpagzd
Si 96@) —559%(5) 334(4) 1215(5) 52) -02r -—1@r 34) 6(5) 34) 96
Al 96Eg) —5495)  1220(6) 365(4) 62) 52 -202r 226) —6@) -—134) %
A 9% —11168)  30(20) 11098) —-6(dr  12(5¢y —2(5) 58 -96) -1® 96
02 9 —30(10) -3010 14458 ~120r &5 95 -58 -27) 158 96
o 9%{g) —342(8) 646(9) 680¢10) 25) —2(4y 13(5) 2(®) 15(9) —18(8) 96
0d) 96 —551(8)  766(9) 17201100  54) —63y  25(6) —25(6) —10(10) —28(8) %
Ca(l}) 16 0 0 0 6(2) 6(2) &2) 2(4) 2(4) 2(4) 16.3(5) 16
Cald) 3 2285) 22285) 2028) 0D KD 1K) 1) 1) 17) 33D 3
(b) Crystal 2. Dehydrated CagKn-X

b
- o Wk h m m
Si 96(g) —526(5) 329%(6) 1220(8) 2) 42) 9%2) 4(4) 1(6) 126) 96
Al 96(g) - 565(5) 1218(7)  370{4) 5(2) 32 -52r 120 34) &(5) 96
O1) 96 —-1076(8) 3010} 1125(7) 55) -—-84) -—10dy —47) -135) —-3(D 9%6
x2) 96(g) —50(10) —52(9) 1435(8) 16(6) —54y —1(5r —31(8) —1X7) 206) 96
0B  9%6(g) —366(6) 60%9)  643(D) =5@Y -4y 152y 15(5) 12(5) 4(5) 96
04) 96(g) —612(9) 780(10) 1677(19) 0(5) 16(7y —11{4Y —89) —10(10) —96) 9%
Ca(l) 166 0 0 0 0.1(4¥ 1616 16
Ca(2) 32(e) 2239(8) 223%8) 223%(8®) 2.0(9 1639y 16
K(1) 32(e) 2465(8) 2465(8) 2465(8) 0.3(6) 1677 16
K@  48() 4180(30) 1250 1250 6(2) 12703) 12

“Positional and anisotropic thermal parameters are given X 107% 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
+ Baak® + Bof?+ Buohk + Brol + Prkd)]. “Occupancy factors are given as the number of atoms or ions per unit cell, “Isotro-
pic thermal parameter in units of A2 “Some of physically unacceptable values of anisotropic thermal parameters were
increased by le to 3o in the preparation of Fig. 1, 2, and 3.

squares refinement was initiated by using the ato-
mic parameters of framework atoms for the pre-
vious crystal of Cas-X. Isotropic refinement of the
framework atoms converged to an R, index of 0.30
and a weighted R, index of 0.33, respectively.
A difference Fourier function showed the posi-
tions of Ca?* jons at Ca(l), (0.0, 0.0, 0.0), with peak
height 792eA-% K* ions at K(1), (0.249, 0249,
0.249), with peak height 5.10 eA~% and Ca?* ions
at Ca(2), (0.222, 0.222, 0.222), with peak height 3.18
eA-3. These were stable in least-squares refine-
ment, and anisotropic refinement of framework
atoms and isotropic refinement of Ca(l), K(1) and
Ca(2) converged to R;=0.092 and R,=0.078 with
occupancies of 16.1(6), 16.7(7), and 16.3(9), respec-

tively (see Table 1).

It is not so difficult to distinguish Ca®* from
K* ions for several reasons. First, their ionic radii
are different, Ca?* =099 A and K*=133A 6, Se.
condly, the approach distances between those ions
and zeolite oxide ions in the previous Cau-X (see
Table 1 and 2} and Koe-X'" have been determined
and are indicative. Finally, the requirement that
92 monovalent metal ions (or 46 divalent metal
ions) per unit cell be found do not allow the major
positions to refine to acceptable occupancies with
the alternative assignment of ionic identities,

From successive difference Fouriers, one peak
was found at (042, 0,125, 0.125), height=2.09 eA~3,
which refined as K(2). Simultaneous positional iso-
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Tadle 2. Selected interatomic distances (A) and angles
(deg)

Table 3. Deviations of atoms (A) from the plane of
three 6-ring oxygens at O2)

Crystal 1 Crystal 2 Crystal 1 Crystal 2

Si-O(1) 161(3) 1.58(3) Ca(2) 0.44(1) 0.56(1)
Si-O(2) 1.70(3) 1.61(3} K 1.54(1)
2::&3 ig;g; :2?8; 31 ep?:li:)i:: cat;t:!iation indicates that the atom lies in
Al-O(D) 1.73(3) 1.76(3)
ﬁ:gg; i;gg i;i({:;; and fixed as in the last column of Table 1.
AI-0@) 1.65(3) 1.70(3) All shifts in the final cycles of least-squares re-
Ca(1)-0(3) 2.51(2) 240(2) finement were less than 0.1% of their correspon-
Ca(2)-0(2) 224(2) 2292 ding standard deviations. The final error indices
K(1)-0(2) 2.59(2) converged to R=0.078 and R,=0.057. The final
K(2)-0(D) 3424 diffrerence function was featureless except for a
K(@)-0) 3.116) peak at (—0.06, 0.0, 0.0) of height 0.69 eA*. This
gg:g:gﬁg i}gﬁ; i{l)é((ﬂ peak was not within bonding distance of any other
O(l)-Si-O@) 116(1) 10%1) atom, and was not considered further,
0(2)-Si-0(3) 106(1) 111(1) All crystallographic calculations were done using
0(2)-Si-04) 94(1) 106(2) the MolEN (a structure determination package
0(3)-Si-04) 108(1) 111(1) programs, supplied by Enraf-Nonius). The full-
O(1)-AIFO(2) 109(2) 108(1) matrix least-squares program used minimized Tw
O(1)-A-OG3) 112(1 106(1) (F,— | F.| % the weight (W) of an observation was
O)-Al-0(4) 118(1) 117(1) the reciprocal square of o(F,), its standard devia-
0(2)-A1-0(3) 108(1) 107(1) . . . 1819 ; -
02)-Al-0() 26(1) 103(1) tion. Atomic scattering factors'®” for Si, Al, O-,
0(3)-Al-0(4) 1110 114() Ca®*, and K* were used. All scattering factors
Si-O(1)-Al 122(1) 124(1) were modified to account for anomalous disper-
Si-0(2)-Al 137(1) 141(2) sion®. The final structural parameters and selec-
Si-0@3)-Al 132(1) 130(1) ted interatomic distances and angles are presented
(5)1('3?(?'3; & ;ﬁﬁ; iﬁi; in Table 1 and 2, respectively.

-Ca(1)-
(2)-Ca(2)-0(2) 119(1) 11%(1)
O2)-K(-O2) 99.2(8) DISCUSSION
(3)-K(©2)-0(3) 104.8(6) In the crystal structure of vacuum-dehydrated
O-K@-O(1) 128(2) Cas-X, all Ca%* ions are located at the two diffe-

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

tropic thermal parameter refinement with varied
occupancy numbers converged to the error indices
R,=0078 and R,=0.055.

Allowing all occupancies of K(1), Ca(2), and K(2}
to vary except that of Ca(1) which was not permit-
ted to exceed 16.0 (its maximum occupancy), led
to R,=0.078 and R,=0.056. The occupancy num-
bers of Ca(l), Ca(2), K(1), and K(2) were reset
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rent sites of high occupancy. The Ca®* ions at Ca
(1) lie at site I in the center of a double six-oxy-
gen ring (D6R). This 16-fold position is fully occu-
pied. The Ca(1)-O(3) distance, 2514, is longer
than a Ca?*~0?" the sum of the ionic radii, 0.99+
1.32=231A%, The Ca’* ions at Ca(2) are located
at site II, in the supercage. Thirty of 32-fold posi-
tion may be occupied. Each Ca®* ion coordinates
at 2.24(2) A to three 0(2) framework oxygens, and
is recessed ca. 0.44 A into the supercage from its
nearer 6-ring plane. The O(2)-Ca(2)-0(2) bond
angle is 119(1)°, close to near trigonal planar.
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Smolin, Shepeler, and Anderson studied the cr-
ystal strcuture of the hydrated and dehydrated
Ca®* -exchanged zeolite X*'. They also investigated
the migration of cations during the dehydration
by heating under a stream of hot N; gas. In the
initial hydrated form, Ca** ions are located in the
sodalite cavities and supercages. Upon dehydra-
tion the Ca®* ions migrate in the direction of the
hexagonal prism and sitess on the single six oxy-
gen ring faces on the supercage sites. Recently,
the crystal structures of fully dehydrated Cos-X,
Cds-X, and Mng-X have been determined by si-
ngle crystal X-ray diffraction methods”. In the
these structures, all divalent cations are located
at the site I and IL. In present work, all Ca®* ions
are located in the centers of double six ring (site
I} and near the plane of single six oxygen rings
inside the supercage (site II). Therefore, the pre-
sent structure is in good agreement with the other
works'7?!,

In dehydrated CaxnKs-X, thirty two Ca’* ions
occupy two crystallographic sites and about twenty
eight K* ions to O(3) distance are found at four
such sites. The Ca** ions at Ca(l) lie at site I,
in the centers of the double six-oxygen rings (D6
R’s). The distance between Ca(l) and O{3) is long,
240(2) A (see Table 2). It is shorter than those
distances of the previous Ca?* ions at Ca(1) in
the structure of Caws-X. Such long interaction dis-

Fig. 1. A stereoview of sodality cavity of dehydrated
Cae-X. One Ca®* ion at Ca(l) lies at site [ and four
Ca** ions at Ca(2) lie at site II. All double six-rings
have this arrangement. About 75% of the sodalite ca-
vities may have this arrangement. Remaining 25%
may have only three Ca’* ions at Ca(l). Ellipsoids
of 20% probability are shown.

tances have been observed previously in the cen-
ter of a D6R in the zeolite X structures®.

The 16 Ca** ions at Ca(2) are on the threefold
axis in the supercage, 056 A from the plane of
the single 6-ring at site Il Each Ca®* ion is coor-
dinated to their three oxygens, O{2) with Ca(2)-0
(2) distances of 2.29 A. The O(2)-Ca(2)-O(2) angle
of 11%1)° also indicates that Ca(2) has achieved
near trigonal-planar coordination (see Table 2). A
plausible atomic arrangement in a parﬁcular unit
cell is shown in Fig.1 and 2, Also 16 K* ions
at K1) lie at site Il and are recessed 1.54 A into
the supercage from the single 6-oxygen ring plane
at O(2). Each of these K* ions coordinates to three
O(2) oxygens at 2.59(2) A, somewhat less than the
sum of K* and 02 radii, 265A .

12 K* ions at K(2) lie in the supercage (at site
IID). This is 48-fold position, but this is occupied
by only 12 ions (see Fig. (a) and 2). The K* ions
at K(2) are loosely held to framework oxygens K
©-0(1)=342@) A and K(2-0@4)=311(6) A. For
comparison the sum of the corresponding ionic ra-
dii is 1.33+132=265A"%. These distances are
substantially longer than the sum of the ionic radii.
Such long interaction distances have been obser-
ved previously in supercage in other X struc-
tures®.

The mean values of the Si-O and Al-C bond
lengths are 1.63(3)?\ and 1.72(3):&, respectively.
The individual bond lengths show marked varia-

‘Fig. 2. A stereoview of sodality cavity of dehydrated

CawKes-X. Two Ca®* ions at Ca(2), two K* ions at
K(), and one Ca’* ion at Ca(l) are shown. All the
double 6-rings and sodalite cavities have this arra-
ngement. Ellipsoids of 20% probability are shown.

Joumat of the Kovean Chemical Society
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Fig. 3. A stereoview of supercage of dehydrated Cax
Kx-X. Two Ca® ion at Caf2), two K* ions at K(1),
and one K* ion at K(2) are shown. About 50% of
the supercages have this arrangement. Remaining 50
% of supercages may have two Ca** ions at Ca(2),
two K* ions at K(1} and two K* jons at K(2). Ellip-
soids of 20% probability are shown.

tions: Si-O from 158(3) to L70(3)A and Al-O
from 1.65(3) to 1.76(3) A. The Si-O-Al bond angles
range from 122° to 169°. The framework geome-
ties of the zeolites presented here are not sensi-
tive to ion exchange and dehydration as in other
zeolite X structures*®®, Therefore, our discussion
have been focused mainly on the distributon of
cations in the zeolite framework.

In summary, the principal positionss of Ca®>* ion
are Ca(l) position (site I}, the center of the double
six-oxygen ring (symmetry of 3) and the Ca(2)
position in supercage (site Il and symmetry of 3).
Because the ionic radius of K* ion is larger than
that of Ca®* ion, larger K* ions preferentially oc-
cupy deep in the large supercage (site Il and III).
Smaller Ca’* ions occupy smaller pore sites such
as the centers of the double 6-rings and the posi-
tions near the centers of single 6-ring planes in
the supercage.

This work was supported in part by the Basic
Research Institute Program, Ministry of Education,
Korea, 1994, project No. BSR1-94-3409. S. B. Jang
is grateful to Daewoo Foundation for the postgra-
duate Fellowship, 1994.
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