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The crystal structures of fully dehvdrated fully Zn""-exchanged zeolite X. ZnsSiiAlizOs5¢18 ZnO (Zie-X -8
ZnO: a = 24.710(4) A). and that of fully dehydrated Zn“"-and Tl*-exchanged zeolite X. Zn;3TlsSijAlzOw.2
Z10 (Zm3Tlee-X 2 ZnO: a = 24.984(4) A). have been determined by single-crystal X-ray diffraction methods
in the cubic space group #¢3 at 21(1) “C. Zne-X-8 ZnO was prepared by ion exchange in a flowing stream of
0.05 M aqueous Zn{NOs): for 2 davs. Zm;Tl-X2 ZnO was similarly prepared using a solution of 0.025 M
each in Zn(NO:): and TINOs. Each crystal was then dehydrated at 400 °C and 2 x 10 ® Torr for 2 days. Their
stmictures were refined to the final error indices R; = 0.052 and R = 0.047. with 292 reflections for Zmn:-X -8
ZnO. and £, =0.039 and K- = 0.034, with 382 reflections for Zm;Tlss-X-2 ZnO: / > 36(/). [n the structure of
dehydrated Zn.-X-8 ZnO. Zn™" ions are located at fonr different crvstallographic sites. Two Zn™ ions lie at the
center of a double six-ring (site 1. Zn-O = 2.584(10) A, O-Zn-0 = 103.2(4)*). Twenty-eight Zn"" ions are locat-
ed at site [' displaced from a shared hexagonal face into a sodalite cavity (Zn-O = 1.984(12) A. O-Zn-O =
108.0(4)%). Eight over-exchanged Zn™" ions. which lie at site 11'. are recessed ca. 0.61 A into the sodalite cavity
from their three O(2) oxy gen plane (Zn-O = 2.109%(11) A and O-Zn-O = 109.1(4)"). and each associates with
three framework oxygens and also with one nonframework oxy gen deeper in the sodalite unit in a distorted tet-
rahedral arrangement. The remaining sixteen Zn"~ ions are found at site 11 in a supercage (Zn-O = 1.986(10) A
and O-Zn-O = 119.7¢5)"). In the structure of a dehvdrated Zn 3 Tlse-X-2 ZnO. thirteen Zn*~ ions are found at site
I' adjacent to DGR (Zn-O = 2.036(14) A and O-Zn-O = 119.8(3)"). Two overexchanged Zn™ ions. which lie
at site [1', are recessed ca. (.66 A into the sodalite cavity from their three O(2) oxy gen plane (Zn-O = 2.276(36)
A and O-Zn-0 = 109.9(5)"). TI" ions are located at four different crystallographic sites. Nineteen T1™ ions lie at
site 1' in the sodalite cavity (T1-O = 2.536(13) A and O-TI1-O = 88.0(4)"). Thirty TI” ions occupy site 11. recessed
1.68 A into a supercage from the three O(2) oxvgen plane (TI-O = 2.678(10) A and O-TI-O = 88.0(4)°). Four-
teen T1” ions are found at site 111 deep in the supercage (T1-O = 2.835(14) A. O-TI-O = 75.4(4)*). The remaining
three TI” ions are found at site 1II' in a snpercage (TI-O = 3.007(62) A. TI-O = 2.408(59) A. O-TI-O =
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35.4(13)°).

Introduction

The synthetic zcolite X has a framework structure similar
{o that of thc natural mincral laujasitc'. Many structural
investigations have been devoled to the characierization of
cation distributions in faujasitc-type zcolitcs.~*

The knowledge of the three-dimensional structures of zco-
liles 1s quile important for the understanding of their proper-
tics such as absorption and calalvsis. which arc scnsitive to
the naturc of the cations. their number. and the distribution in
the framework cavitics. Cation substitution 1s onc of the
mcthods of modifving physical and chemical propertics of
zcolites. So. the problem of reactivity and location of multi-
valent-cxchanged ions 15 of interest from both theoretical
and practical points of vicw. The distribution and coordina-
tion of vanous cations in (he framework of fawasite-type
seolites have been widely investigated and reviewed.”

Onlv a fow studics of dehvdrated Group 11 cation-
cxchanged »colitc X arc present in the literature. ™' Smolin
et al” determined the crvstal structures of Ca-X after dehy-
dration al various temperaturcs. In a partially dehvdrated
form. Ca' ions arc located in sites I 1. T1. and 111. They con-
firmed that the occupancy at site 11T decreases with increas-

ing dchydration temperature. In partially dchydrated Sry,s-
X Sr" ions arc located in four sites. I. I”. [1. and 11, Barrer
et al.” reported that Ba®' (r=1.34 A) did not exchange com-
pletely into zcolite X at room temperature. and that it did not
occupy site | in the hydrated zcolite. In a dehydrated crystal
of Ba” -cxchanged natural faujasite.® and in dehydrated
BassNaj-X". Ba™' ions occupy sites I. 7. and [I. The order of
decrcasing occupancy of sites for Ba™' ion is 11>1>1",
Yeom ef of." determined the crystal structure of fully dchy-
drated Mgs-X. Cays-X. and Bay-X. Their results are sum-
marized in Table 1.

Callograris er «l. studicd the cryvslal struclurcs of the
hydrated and partially dehyvdraled forms of Cd™ -exchanged
reolites.!! They compared the occupiced sites and occupan-
cics of Cd™' ions and H-O molecules in the structure of
hydrated Cdy-X with those of partially hydrated Cdy-X.
They also investigated the migration of Cd”' ions and H-O
molccules during the dehydration. Kwon ef ¢f.'= determined
the crystal structure of fully dehydrated Cdys-X and Cd~y5Tly;-
X. Their results are summarnized in Table [

Pcapples-Montgomery and  Scfl’ synthesized the fully
dehydrated. fully Zn*'-cxchanged zcolite Y by the reduction
of all H' ions in H-Y by zinc vapor.* Two different Zn®
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Table 1. Distribution ot Cations over Sites
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Site 1 I 1I 1r 1l 1
Maximum Occupancy® 16 32 32 32 48 96"
Tlo-X¢ 31.8(4) 32.14) 16.3(3)

10.6(6)
Mg X7 1477 4.2(11) 28.2(11)
Cay-X" 16.3(5) 33T
Bay-X 13.6(1) 1.6(2) 28.9(2)
Cdy-X* 16.6(2) 29.5(2)
7ny-X-8700" 2.5(2) 27.8(3) 16.9(3) 87U 7n°
7n iz Tle-X-2 7n0Y 13.5(1Y7n' 18.5(1) 292(1)TU 223 7n° 14.0(2)

e 273 1T
Cdy < 1:-X 14.6(TyCd™ 10.8(9) Cd*,
211 1T 18.1¢4) 11"

“Jons per unit cell. *Duc to crowding. all 96 sites may not be available. ‘Ret. 8. “Ref. 10. “Ref. 10.Ret. 10. *Ret. 12. *Ret. This work. ‘Ret. This work.

‘Ref 12.

positions were found in the structure. The Zn(1) position is
located on a threefold axis in the sodalite unit adjacent (o a
single 6-ring (sitc [17). The Zn(2) position is also on a three-
fold axis in the sodalite unit. but is adjacent to a double 6-
ring (site [%).

This work investigated the cation position in the crystal
structure of the dehydrated fully Zn -cxchanged zcolite X.
and Zn"' and TI' -cxchanged zcolite X. The sclective posi-
tions of Zo™' and TI' ions within vcolitc X were determined.
Becausc the ionic radii of Zn™ and Tl ions arc quitc difler-
enl. precise and reliable crystallographic determination should
be casy 1o perform.

Experimental Section

Large single crvstals of svnthetic sodium zcolitc X. stoi-
chiometry of NagAloz Si11xOssq were prepared in St. Pelers-
burg. Russia."* Each of two singlc crystals. colorless octahe-
dra about (.20 mm in cross-scclion. was lodged in a linc
Pyrex capillary. An exchange solution of 0.03 M Zn(NOs):
was filiered through a membranc Olter for crystal 1 (Znsg-
X-BZnO). Crystal 2 of composition Zn|3Tls-X-2 ZnO was
prepared using an exchange solution whose Zn(NO:s)a:
TINO: mole ratio was 1 : 1 with a total concentration of 0.03
M. lon exchange was accomplished by flow methods: the
solution was allowed to flow past cach cryvstal al a velocity
of approximalcly 10 mm/scc for 2 days al 24(1) °C. Each
crvstal was dehyvdrated at 400 °C for crvstal 1 and crystal 2
under the constant pressure of 2 X 107° Torr for 36 h. After
cooling o room (ecmperature. cach crystal. still under vac-
uum. was scaled in its capillary by a torch. The two crystals
were colorlcss,

The space group 7-d3 was uscd throughout this work. This
choice is supporied by (a) the low Si/Al ratio. which in tum
requires. at Icast in the short range. alicmation of St and Al
and ¢b) thc obscrvation that these crvstals. hike all other crys-
tals from thc samc batch. do not have mtensity symunctry
across (110) and therefore lack that nurror plane. Diffraction
data were collected with an automated Enraf-Nonius four-
circle computer<controlled CAD-4 diffractometer equipped

with a pulsc-height analyzcr and a graphitc monochromator.
using Mo Ke radiation (Keg. A=0.70930 A. Kos. A=
0.71359 A). The cubic unit ccll constants determined by a
Icast-squarcs refincment of 23 intense rellections for which
149°<20<24° arc 24.710(H A for Zny-X-8 ZnO and
24.984(d) A for Zn)3Tlg-X 2 ZnO.

The @-26 scan technique was used. The data were col-
lecled using variable scan speeds. Most reflections were
obscrved al slow scan speeds. ranging between 0.24 and
0.34 deg min™' in @ The intensitics of three reflections in
diverse regions ol reciprocal space were recorded every 3h
Lo monilor ¢rystal and instrument stability. Only small ran-
dom (luctuations of these cheek reflections were noted dur-
ing the course of data collection. All unique reflections in
the positive octant of an F-centered unit ¢ell of which 28 <
50° 1= h. and k > h were examined.

The raw data were corrected for Lorentz and polarization
clleets. including incident beam monochromatization. and
the resultant cstimated standard deviations were assigned to
cach reflection by the computer programs GENESIS and
BEGIN."* Of the 1344 unique reflections examined for Zn-
X-8 ZnQ and 1386 for Zn;;Tlg-X-2 ZnQ. only the 292 and
382 reflections. respectively. for which [> 3a(l) were used
m subscquent structure determinations.

Structure Determination

Zne-X-8 ZnO (Crvstal 1). Full matrix lcast-squarcs
refinement was imitiated using the atomic paramcters of the
framcwork atoms |Si. AL O(1). O2). O@3). and O] in
dehydrated RbaNaz SijonAlyOses-X. ' [sotropic relinement
of the framework atoms converged to an unweighted R,
index. Z(F - VEF,. of 0351 and a weighled R: index. (X
w(l oAl DTEwF ) 7 of 0422,

The mtial different Founer function revealed two large
peaks at Zn(2) (0.058. 0.058. 0.058) and Zn(3) (0.199.
0.199. 0.199). with pcak heights of 9.8 cA™ and 8.6 cA™,
respectively. Tsotropic refimement of the framework aloms,
Zn(2). and Zn(3) (scc Table 2 (a)) converged to Ry =0.17
and R~-=0.18.
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Table 2. Positional, Thermal, and Occupancy Parameters”
() Crystal 1
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Atom  TNC N v ‘ “Uu Uss U Ups Uss {(_)Ccum“c'v
Pos. : of U varied  tixed
81 96(g) -496(2) 1243(2) 3042)  194(28) 162(26)  218127) -8(30) -2(27) 30(39) 96
Al 96(g) -322(2) 382(2) 1226(3) 18829 122027 134(27) 32(28)  -28(38)  -13(37) 96
Oy 96w -936(h) -11(3) 1019(34) 0381 320(72)  427(81) 20004)  -192(61)  -17(04) 96
02y Y6(g) 4 HE I507(3) 306(60)  242(39)  86(33)  130(39)  63(56)  S1(34) 96
03y 906w -191(3) T04H) T4 T3IR(BY) 148(68)  217(07) 116(063)  231(67) 39%(62) 96
Od)  96(g) TS TIHGY 168D 36T 30Y)  2835(6T)  -696T)  ATGT) -147(33) 96
n(ly  106{c) 0 0 0 3990123)  399(123)  399(123)  41(147) 41147y 41(147)  2.3(2) 2.0
n(2y  32(¢) 3806(2) 380(2) 38O(2) 991(18) 991(18)  99I(18)  479(23)  47923) 47925 278(3) 2840
n(3y  32(¢) 19906(3) 19906(3) 1996(3)  91(28) 91(28) 91(28) 31(3%) 31(33) 31(33) 8.7(2) 8.0
nfdy  32(¢) 21806(3)  2186(3) 21806(3) 886(24) 880(24)  88G(24) 76329 TOI2Y) 7632V 16.X3) 160
0(3) 32(¢) 1488(19)  1488(19)  1488(19) 697(444) 11.0(9) 8.0
(b) Crvstal 2
Atom WS X v 7 “Un sz Uz U Uss Oceupuncy
Pos. : or Uise varied  tixed
Si 96(g)  -324(2) 1247(2) 357(2) 13427y 127024) 5923)  -30(24) =323 -4(23) 96
Al 96(2)  -3332)  369(2)  1239(2)  R6(26)  3223)  62024)  -1324)  -1024)  4(23) 9%
O} 96(2) -1042(4)  -4(6)  1023(5)  171(62)  S21R1)  266(6T)  -4983) -101(5T) -63(89) 9%
02)  96(g)  -14(5)  -136)  1439(4) 1244y 243(52)  225(53)  120(72)  TXTS)  I(82) 9%
03)  96(2)  -266(5)  TIS)  TOGS)  283(T0)  144(61)  120(60) 363 3263)  1(62) 9%
O} 96(2)  -TIS(S)  TIMS)  ITHKS)  2R0(69)  162(66)  23R(6T)  -26(T1)  <4A0(TL)  -2%(39) 9%
7o) 32e)  409(3)  409(3)  4093)  433(30)  435(30)  435(30)  228(38) 228(38) 228(38) 13.5(1) 130
7a(2)  32e)  1990(15) 199013) 1990(13)  TA109)  T2I09)  T2AI09) 295(13d) 295(13d) 295(134) 22(3) 240
T 32e) T3 T3 TN 3006)  3006)  3006)  -INT) 19Ty -19(T)  185(1) 190
TIW2)  32(e)  2332(1)  2332(1)  2332(1)  317(2) 317(2) 317(2) -36(6) -36(6) -36(6) 292(1y 300
TI3)  d&t)  J100(2) 15¢4y - 1377(5)  241(34)  94480)  15336(90)  -170(43)  224(34) -258(34) 14.0(2) 140
TId)  96(z) 416523}  R2K24) 87323 1234(170) 273 30

“Posilional 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
, - ) X . L % B . :
the corresponding parameter. *I'he anisotropic temperature factor — exp| (-2 ¢*XUnh® 1U2:k* 1Usal® - Uzhk 1 Uyahl 102k ‘Occupancy factors are

given as the number of atoms orons per unit cell.

A subscquent diffcrence Fourier synthesis showed a peak
al Zn(d) (0.22. 0.22. 0.22). with a peak height of 5.1 cA™
and a pcak at Zn(1) (0.0. 0.0. 0.0). with a pcak height of 3.1
cA~. Simultancous refinement of positional and anisotropic
thermal parameters for the (ramework atoms. Zn(1). Zn(2).
Zn(3). and Zn{4) converged 1o the crror indices Ky = 0.057
and 2~ = 0.060).

A subscquent difference Fourer synthesis showed a peak
al O() (0.15. 0.15. 0.15). with a peak height of 1.3 cA™
Simultancous rclincment of positional and amisotropic ther-
mal paramcicrs for the framework atoms. Zn(l). Zn(2).
Zn(3). and Zn(4). and isotropic refincment of O(3) con-
verged (o the crror indices £y =0.031 and R- = 0.048 (scc
Table 2¢a)). The final refingment as shown in Table 2 was
donc using 694 reflections for which 7> 0 to make the most
usc of the difTraction data: £, =0.139 and R~=0.055. This
allowed the csds to decrease to about 33% of their former
valucs.

An absorption correction (¢t =225 mm™" and pyg = 1.59
g/cm?) was made empirically using a ¥ scan. The calculated

transmission cocfTicicnts ranged from 0.90 10 0.99. This cor-
rection had little cffect on the final 2 valucs.,

ZnsTles-X-2 ZnO (Crystal 2). Full matrix Icastl-squarcs
refinement was initiated using the atomic parameters of the
framcwork atoms |Si. Al O(. O(2). O@3). and O(#)] 1 the
dchydrated Zny-X 8ZnO. [sotropic refinement of the frame-
work atoms converged to R 0.620 and R~ = 0.708. A dif-
ferent Fouricr function showed the position of TI' ions at
TI(2) (0.25. 0.25. 0.25). with a pcak height of 21.8 cA™. Tl
1ons at TI(1) (0.07. 0.07. 0.07). with a pcak height of 16.2
¢A~ Anisotropic refincment of the framework atoms. and
1isotropic refinement of TI(1) and TI(2) converged to R =
0.12 and R-=0.15. A subscquent difference Fourier fune-
tion showed the position of Zn” ions al Zn(2) (0.04. 0.04.
0,04). with a peak height of 6.8 ¢A™. and TI' ions at TI(3)
(0.41.0.11. 0.13). with a pcak height of 3.8 cA~. These were
stable in least-squarcs refincment. and anisotropic refine-
ment of framework atoms and 1sotropic refinement of Zn(2).
TI(D. TIE2). TI(3). and TI() converged to R, = 0.052 and R»
= 0.045 (scc Table 2(b)).
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It is not very difficult (o distinguish Zn*' from T1' ions. for
several reasons. First. their ionic radii. Zn®' = 0.74 A and TI'
=147 A" arc different. Sccond. the approach distances
between these ions and zcolite oxide ions in the previous
Znye-X-8 ZnO (scc Tables 2(a) and 3) and Tlo-X'™ have
been determined and are indicative. Finally. the requircment
that 92 monovalent mctal ions (or 46 divalent metal ions)

Table 3. Sclected Interatomic Distance (AY and Angles (°C)

Crystal | Crvstal 2
Si-O(1) 1.569012) 1.616(16)
S1-O42) 1.652(12) 1.639(16)
S1-0O(3) 1.667(12) 1.674(14)
Si1-Od) 1.582(12) 1.623(14)
ALO(1) 1.669(12) 1.630(16)
Al-(2) 1.735(12) 1.712(16)
Al-(X3) 1.776(12) 1.733(14)
Al-O{d) 1.690(12) 1.686(15)
7n(1 O3 2.384(10)
7n(2y0O(3) 1.984(12) 2.036(14)
7n(3p0O(2) 2.109(11) 2.276(36)
7n{dr0(2) 1.986(10)
7n{3pR0(3) 2.173(27)
TICH}O(3) 2.536(13)
TI(2}C(2) 2.678(1)
TI3 3O 2.833(14)
TIE»O(1) 3.007(62)
TI(4yO() 2.408(3%)
O(1)-81-0(2) 112.0(6) 2.9
O(1)-81-0(3) 111.3(6) 109.7(7)
O(1)-81-O(4) 112.9(6) 1007
O(281-0(3) 102.3(6) 103.8(6)
O(2)-81-0(4) 108.4(6) 109.2(6)
O(3)-81-0(4) 109.3(6) (T
O(1)A1-0{2) 113.0(6) 1197
O(1)-Al-O3) 109.3(6) 109.3(6)
O(1)AL-O(d) 116.0(6) 11.8(7)
0(2)-A1-O(3) 102.2(5) 104.3(6)
0(2)-Al-Oid) 104.3(5) 107.3(6)
O(3)FAL-O(d) 109.3(3) 111.3(6)
S1-0{1RAl 131.0(8) 143.1(8)
S1-002)Al 129.6(6) 138.7(7)
S1-0{3)Al 122.2(7) 130.3(8)
Si-O(d Al 144.7(7) 143.2(8)
O(33-7n{ 13-0(3) 103.2(4)
O(23-7n{23-0(2) 108.0(4) 119.8(5)
O(33-7n(2)-0(3) 109.1(4) 109.9(3)
O2)>7n(3)F02) 119.7(5)
O3RTI 1 FO(3) %8.0(4)
O21TH2)FO2) 88.0(4)
O@ETI3O) 74.5(4)
O(1RTIARO(L) 33.4(13)

Numbers in parentheses are eslimated standard deviations in least
signilicant digit given lor the corresponding values.

Ball. Korean Chem. Soc. 2000, Vol 21, No. 2 |83

per unit ¢cell be found docs not allow the major positions to
be refined 1o acceptable occupancics with an alternative
assignment of ionic identitics.

From successive difference Fouriers. one peak was lound
at (0.03. 0.03. 0.03). height = 1.61 ¢cA™>. which was rclined
as Zn(3). Simultancous refinement of positional and an iso-
tropic thermal parameter for the framework atoms. Zn(2).
Zn(3). TI(1). TI(2) and TI(3). and isotropic rclincment of
TI(H). converged to the crror indices £ =10.039 and R =
0.034. The occupancy numbers were reset and lixed at the
values shown in Table 2¢(b). All shilis in the linal cyvcles of
least-squares refinement were Iess than €.1 ol their corre-
sponding standard deviations. The [inal error indices con-
verged to £, =0.039 and R>=10.034. The [nal dilference
function was fcaturcless except lor a peak at (0.33. 0.33.
0.33) of hcight 0.72 ¢cA~ This pcak was not relined in the
Icast-squarcs relincment.

The final rcfinctment as shown in Table 2(b) was donc
using 782 rcflections. for which 7> 0. to make the most usc
of the diffraction data: £, =0.137 and R.=0.040. This
allowed the csds to decrease to about 33% of their former
valucs.

Alomic scaticring factors for Si. AL O™ Tl'. and Zn*' were
uscd. Alomic scattering factors were modified (o account for
anomalous dispersion. The [inal structural paramecters and
sclected interatomic distances and angles are presented in
Tablcs 2 and 3.

An absorplion corrcction (4= 1449 mm™ and pey = 2.49
g/cm®) was made empirically using a ¥ scan. The calculated
transmission cocTicicnts ranged from 0.92 10 0,98, This cor-
rection had little effect on the final 22 valucs.

Discussion

Zeolite X is a synthetic counterpart of the naturally occur-
ring mineral laujasitc. The [4-hedra with 24 vertices known
as the sodalite cavitics or f<ages are connccled ictrahe-
drally at six-rings by bridging oxygens to give double six-
rings (D6R’s. hexagonal prisms) and. concomitantly. to give
an interconnccted sct of eyven larger cavilics (supercages)
accessible in three dimensions through 12-ring (24-mem-
bered) windows. The Siand Al atoms occupy the vertices of
these polyhedra, The oxygen atoms lic approximately half-
way between cach pair of Si and Al aloms bul are displaced
from thosc points to give ncar tctrahedral angles about Si
and Al. Singlc six-rings (S6R’s) arc shared by sodalilc and
supcrcages. and may be vicwed as the entrances to the
sodalitc units. Each unit cell has cight sodalite units. ¢ight
supcrcages. 16 D6Rs. 16 12-rings. and 32 S6R s,

Exchanggcable cations that balance the negative charge of
the aluminosilicate framework are found within (the »colilc’s
cavitics. They are usually found at the following silcs as
shown in Figure 1 site [ at the center of a D6R. sile I in the
sodalite cavity on the opposite side of on¢ of the DORs six-
rimgs from sitc I 11" mside the sodalite cavity near a single
six-rmg (S6R) entrance to the supercage. 11 in the supercage
adjacent to a S6R. TIT in the supercage on a twofold axis
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e oxygen
o cation
)
111 v
V]
o lll
3 42 —OI ) S6R
11 | OI] |DsR
2 g 111
4N .
V= v /O
; o I ’
/ l
large sodalite
cavity 0 cavity

Figure 1. Framework structure of zeolite X. Near the center of the
each line segment is an oxvgen atom. The different oxygen atoms
are indicated by the numbers 1 to 4, Silicon and aluminum atoms
allernate the tetrahedral intersections. exeept that Sisubstitutes tor
about 4% of the Al's. Extraframcwork cation positions are labeled
with Roman numerals. Site [V, difticult to indicate, is at the center
ol the supercage.

opposile a four-ring between two 12-rings, [[I” somewhat or
substantially distant from [T but otherwise near the wall of
supercage ot the edge ofa 12-ring. '

[n the dehydrated structure of Znye-X-8 Zn0, Zn®' ions are
found at four different crystallographic sites. Two Zn®' ions
al Zn(l} are at the center of the double six-oxygen ring
(DGR). Zn*' ions at Zn(2) arc at site I’. which is displaced
from a shared hexagonal face into the sodalite cage. Every
site Tis surrounded by two sites of I'. The neighboring posi-
tions [ and 1” cannot be occupiced by cations simultancously,
because the resulting intercationic distance would be too
short (2.56 A). On the basis of these considerations, the cat-
ion distributions in sites [ and I” become comparable in all
the analyses. Sites [ and 1" are 16-fold and 32-fold positions.
respectively. This mutual blocking will, however, limit the
site occupation of the linked group 1 1 1" to not more than 32
by the inequality #(I") = 2 [ 16-n([)]. where #{1) and #(I) are
the number of cations in the sites per unit cell. From the inc-
quality rclationship mentioned above, the observed cation
population of site I” is equal to 28.0 (sec Table 2). and the
cation occupancy of site 1 must be less than 2.0. The octahe-
dral Zn(1)-O(3) distance. 2.584(10) A. is longer than the
sum ol the ionic radii of Zn?' and 0?7 0.74 A - .32 -
2.06 A.

Twenty-cight Zn®" ions at Zn(2) are found at site I'; cach is
recessed ca. 0.71 A into the sodalite unit [rom its three-0(3)
planc. Each Zn®' ion coordinates at 1.984(12) A to those
three oxygens..

Eight over-exchanged Zn*' ions. which lie at site II', are
recessed ca. 0.61 A into the sodalite cavity from their three
0(2) oxygen plane (Zn-O-2.109(11) A and O-Zn-O -
109.1(4Y°), each associated with three oxygens of the zeolite
framework and onc nonframework oxygen (O(5)) decper in
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Figure 2, A stereoview ol a sodalite cavity with two allached
D6R in dehydrated Znae-X-8 Zn0. Shown are one Zn™ ion at Zn( 1)
(site 1) three Zn® " ions at Zn(2) (site 1), one Zn" ion at Zn(3) (site
11"). and one oxygen at O(3) (connected with Zn(3)). Ahout 30% ot
the sodalite cavities may have this arrangement. Lillipsoids ol 20%
probability arc shown.

Figure 3. A stercovicw of the supercage of the dehydrated Znyg-
X8 7Zn0. One 7Zn* jon at Zn(3) (site II"). two Zn*' ions at Zn(4)
(site 11, and one nontramework oxygen (X(3) are shown, All ol'the
supercages have this arrangement. Lllipsoids ol 20% probability
are shown.

the sodalite unit in a distorted tetrahedral arrangement {sce
Figures 2 and 3). The bond distances ol Zn(3)-O(5) —
2.173(27) A is a litte longer than the Zn-O distance in zine
oxide, 1.98 A.

During ion exchange, 16 OI1 ions per unit cell accompa-
nicd the Zn®' jons into the zeolite, cither as ZnOHl or
Zn(OH):. Accordingly. cight Zn®' ions more than necded for
conventional complete ion exchange were needed to balance
the additional anionic charge. When FO was driven oflf by
vacuum dehydration at clevated temperatures, cight oxide
ions remained per unit cell. Thus, zine oxide molecules
might be formed during dehydration process as follows:

Zn(OH): = ZnO — H:0

2 Zn(OHY — ZnO + Zn°” = H:0
Sixteen Zn®' ions at Zn(4) per unit cell occupy the threcfold
axes in the supercage (see Figure 3). The Zn{4)-0O(2) dis-
tance is 1.986(10) A.

Peapples-Montgomery and Sefl” studied the structure ol
the fully dehydrated Zn* -exchanged zeolite Y."* The Zn(1)
position is on a threefold axis in the sodalite unit. 0.87 A
from the planc of the single 6-ring, at site I1”. The Zn(2) posi-
tion is also on a threefold axis inside in the sodalite unit, but
opposile a double 6-ring at site I’ and 1.15 A from the nearer
6-ring planc. The position of Zn(1) of the dehydrated Zn-Y
corresponds to the position ol Zn(3) of the dehydrated Ziye-
X-8 ZnQO. The position of Zn(2) ol the dehydrated Zn-Y is
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corresponding to the position of Zn(2) of the dehydrated
Z1y6-X-8 Zn0.

Recently Seft. Bace and Chen have also studicd a erystal
structure of the dehydrated Zn®' exchanged zeoliote X.*'
Unlike this study, they have exchanged Zn?' ions at 80 °C
using Zn(NOs)» aqueous solution. Number of Zn*' ions per
unit cell upon ion exchange is 54, which is exactly same as
in the present erystal. However., because of higher tempera-
ture ion-cxchange, the crystal was much hurt after dehydra-
tion. the framework was dealuminated. and the long-range
SifAl ordering was lost, resulting in a change of the space
group. [ts ccll constants also became smaller {« — 24.718 A).
The structure was solved using with Fo3m space group. Sefl
et al. reported that Znsy-X upon dehydration became Znsg-X
and the whole framework composition changed alter alumi-
nates came out as follows:

24 ZnssSinneAlyx0584-8Zn{OH)(H0)y —
23 Zns6SiosAlssOss1' 8HAIO8H — 4 Zn-Si0y + 4 HaS10s
+772 H>O

In their structure, about 56 Zn®' ions occupy three crystallo-
graphic sites: 30 almost fill site I, 23 nearly three quarter (ill
site [I’, and the remaining three occupy site 1. [n this struc-
ture, cach sodalile unit contains a monomeric tetrahedral
aluminate anion (AlQO4 ) at its center. Unlike the present
crystal. Selt’s erystal was much more hydrolyzed during the
dehydration process.

[n the dehydrated structure of ZnyzTle,-X 2 Zn(Q), Zn* jons
arc found al onc crystallographic sitc and TI' jons are
located at four different crystallographic sites. Thirteen Zn®'
ions occupy site 1”. These cations are trigonally coordinated
1o their respectively set of three O3) framework oxygens at
2.036(13) A.

The Zn(2) occupy site 1" in the sodalite cavity with occu-
pancy of 2.0. This position corresponds to the position of
Zn(3) ol the dehydrated Znyg-X-8 ZnO. Perhaps it is conjec-
tured that two Zn®' ions that lic at site [I” are coordinated by
oxygen. But we could not locate nonframework oxygen in
the sodalite cavity crystallographically {scc Figure 5).

Tl ions at TI(1} occupy site I'. These positions are located
in the sodalite cavity and lic on threefold axes. Each T1 ion
is coordinated 1o three O(3) framework oxygens at 2.536(13)

Figure 4. A stercoview of a sodalite cavity with two attached
D6R in dehydrated Zn 3 Tl-X-2 ZnQ. Twwo Zn”' ions at Znf2) (site
1), one Zn** jon at Zn{3) (site 11") and two 11% fons at TI(1) (site 1)
are shown. About 23% of the sodalite cavitics may have this
arrangement. Ellipsoids of 20% probability are shown.
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Figure 5. A siereoview ol a sodalite cavity with two atlached
D6R in dehydrated ZnaTlg-X-2 Zn€} are shown. One Zn® fon at
7n(2) (site I’y and three T1™ ions at TI(1) (site 1) are shown. About
37.5% of the sodalite cavities may have this amrangement,
Lilipsoids of 20% probability are shown.

Figure 6. A slereoview of the supercage of the dehydrated
Zn:Tlee-X 2 ZnO. Three TI ions at TI(2) (site 1. two TI ions at
TIG3) (site 1117) and one TI" jons at TI(4) (site 111°) are showwn. About
25% of the supercages have this arrangement. Ellipsoids ol 20%
probability are shown.

A. This distance is shorter than the sum of the ionic radii,
1.47 1 1.32 - 2.79 A. This indicates that cach Tl' ion coordi-
nates strongly to its three O{3) oxygens, as would be
expected by the low coordinates number. The occupancy
number of TI(1) is 19.0. Both Zn(1) and TI([) positions arc
on threelold axes. They are very close together. Therefore,
they can not occupied site [ simultancously. The sum of the
occupancics of Zn(1} and TI(1) should not exceed 32.

TI" ions at TI(2) lie at site 1, cach of which is [.51 A
recessed into a supercage from a three O(2) oxygen plane
(sce Figure 6}. Each T1 ions coordinates only three O(2)'s at
2.678(10) A and the bond angle of O(2)-T1(2)-O(2) is 86.5°.
The distance of 2.678(10) A is slightly shorter than the sum
of the ionic radii of TI' and O% . 2.79 A and this would be
also expected by the low coordinates number. The occu-
pancy is 30.0 per unit cell. These positions (11 1 [[7) arc
almost fully occupied.

Fourteen TI' jons at TI(3) lic at site 11" in the supercage
(sce Figure 7). An approach distance from TI3) to the
framework oxygen O(4) is slightly longer than the sum ol
the ionic radii of TI' and O (TI(3)-O(4) — 2.835(14) A).
This position is a 48-fold position.

Theee T1 ions at TI(4) lic at site 1[I” in the supercage {(sce
Figure 6). The T1 ions at TI(4) bind strongly to O(4). The
TI4)-0(1) and TIH-O(4) distances are 3.007(62) A and
2.408(59) A. respectively.

In the structures of Cdye-X and Cdzy sTlys-X.'* the smaller
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Figure 7. A stereoview ol the supercage of the dehydrated
Zn 3 1Tlee=X-2 ZnO. YFour TI™ jons at TH(2) (site [[) and two 11" ions
at TI(3) (sitc 1"y arc shown. About 37.5% of the supercages have
this arrangement. Ellipsoids of 20% probability are shown.

and more hightly charged Cd*' fons (r—0.97 A) nearly fill
site 1, with the remainder going to the site [ as in Cdye-X.
alfirming that Cd* ions prefer site [. The larger TI' ions,
which are less able to balance the anionic charge ol the zco-
lite (ramework because of their size, linish satislying the
D6Rs with some occupancy at 1, and finish filling site 11,
with the remainder going (o the Ieast suitable cation sile in
the structure, site 111, In the present structures, Zn® ions pre-
[er 1o occupy sites 17 and TI' jons preler to occupy sites (1.
Unlike Cd? ions, Zn®' ion (r — 0.74 A) may be too small for
site 1 which is at the center of the rigid double six-rings. The
smaller Zn® ions lic closer o framework oxygens than
larger T1' ions. Similar to CdaysTli3-X."? the remaining TI'
ions in the structure of ZnisTle-X go to the least suitable
cation site site 111" in the supercage.

This study shows the selective sites of Zn? and Tl jons in
zeolite X. In the dehydrated Znge-X-8 ZnQ structure, Zn®'
ions arc located at sites [, ', [T°, and [ with the occupancy ol
2. 28, 8 and 16, respectively {sce Table 2(a)). [n the dehy-
drated structure of Zn)3Tlge-X 2 Zn0, Zn?" ions are lound at
sites 1" and [1". On the other hand. T ions occupy four dif-
ferent sites; 1, 11, and two difTerent 1117%s.
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