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The crystal structures of fully dehydratec?Niand Tf-exchanged zeolite X (MiTlsg-X, and NizTleg-X;
X=Si100Al 20384) have been determined by single-crystal X-ray diffraction techniques in the cubic space group
Fd3 at 21(1JC (@=24.380(4)A, 24.660(4)A, respectively). Their structures have been refined to the final er-
ror indicesR;=0.037 andR,=0.043 with 485 reflections, ai{=0.039 and?,=0.040 with 306 reflections, res-
pectively, for which >3a(1). In Niy7Tlse-X, 17 N#* ions per unit cell were found at only two sites: 15 at site |

at the center of the hexagonal prism (Ni-O=2.208(9and the remaining 2 at site Il near single six-oxygen
rings in the supercage (Ni-O=2.16(8). Fifty-eight TI' ions were found at five crystallographic sites: 28 at
site Il (TI-0=2.626(8)3), 2 at site'lin the sodalite cavity near the hexagonal prism (TI-O=2.8%)1another

2 at site I1in the sodalite cavity (TI-0=2.77(#&)). The remaining 26 were found at two nonequivalehsités

with occupancies of 23 and 3. In)Nileg-X, 12 N#*ions per unit cell were found at two sites: 10 at site | (Ni-
0=2.37(2)A) and the remaining 2 at site Il (Ni-O=2.13f) Sixty-eight Tt ions were found at five crystal-
lographic sites: 28 at site Il (TI-0=2.63@), 12 at site'I(TI-0=2.62(1)A), 2 at site I (TI-0=3.01(2)A), and

the remaining 26 at two Ilkites with occupancies of 23 and 3. It appears tifatddis prefer to occupy site |

and Il, in that order. The large*Tibns occupy the remaining sites, I, 1" and two different Ill sites. In both
crystals, only the Nf ions at site Il were reduced and migrated to the external surface of zeolite X when these
crystals were treated with hydrogen gas.
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Introduction that the reducibility and the resulting catalytic activity
depend on the location of Niions, the nature and concen-
Dispersed nickel supported on various oxides has beetmation of other elements, and the pretreatment and reduction
used as a catalyst in the hydrogenation, dehydrogenationpnditions. The reducibility of Ki ions also depends on the
and hydrogenolysis reactioh$.The support has multiple composition and redox properties of the zeolite framework.
effects on the formation of metal particles and on the catalt is known that the Ni ion is more reducible in framework
lytic reactions. It is available to stabilize the nickel in a dis-A than in X and Y zeolites’
persed state and inhibit its sintering. It can also provide The distributions of cations in faujasite-type zeolites have
acidic sites and play a role in dual functional cataf/sts. been widely studied by X-ray diffraction methdd® Se-
Actually, zeolites contain cavities with well defined size andveral structural studies of mixed cation systems of mono-
strong acidic site$® Metal particles can be entrapped within valent and divalent ion exchanged zeolite A and X also have
the cavities and some catalytic reactions that are catalyzduken reported to investigate the site selectivity of various
by metals occur. cationst®*? It has been observed that the small and highly
Several studies concerning the formation and catalyticharged Cé&, C&" and St'ions prefer to occupy site |, with
properties of nickel metal in A, X and Y type zeolites arethe remainder going to site Il. The larg€,TCs, and Rb
reportec®*! By treating a zeolite containing Niions or  ions, which are less able to balance the anionic charge of the
nickel complex cations with hydrogen at elevated tem-zeolite framework than the small and highly charged di-
perature, the major part of the nickel is reduced tovalentions, fill site | and finish filling site 1l with the remain-
metallic nickel, which partially migrates and agglomeratesder going to the least suitable cationic sites in the structure,
on the zeolite surface as crystallites and partially remainsites Il and IIl.
in the intracrystalline structure in the form of clustérs.  The present work was done to study the relative positions
The formation of clusters can be verified using the changef cations in fully dehydrated Ri and Tf-exchanged zeo-
of the unit cell parameters taking place during"Niduc-  lite X. As the structural stability and catalytic property of
tion. zeolites depend on the type and number of cations and their
Investigations into reduced nickel faujasite catalysts shovdistribution over the available sites, it is meaningful to deter-
mine the cationic positions and occupancies in the zeolite
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Experimental Section calculated transmission coefficients ranged from 0.08 to
0.10 for both crystals. These corrections had little effect on
Large single crystals of sodium zeolite X, gbBo0Alo2 the finalR indices. The summary of data collection as well
Osss, Were prepared in St. Petersburg, Ru&sizach of two  as the crystal structure determination are presented in Table 1.
single crystals, octahedron with a cross-section of about 0.2

mm, was lodged in a fine Pyrex capillary for ion exchange. Structure Determination
Ni17Tlse-X and NioTles-X were prepared using an exchange _ .
solution whose Ni(N)2-6H:0 : TINO; mole ratio was 10 : Ni7Tlsg-X. The full-matrix least-squares refinement was

1 and 1: 1, with a total concentration of 0.05 M. The solu-initiated by using the atomic parameters of the framework
tion was allowed to flow past the crystal at a velocity ofatoms [Si, Al, O(1), O(2), O(3), and O(4)] in dehydrated
approximately 15 mm/s for 4 days at 21C) The crystals CasTlse-X.2 The anisotropic refinement converged to an
were dehydrated at 36C under 2 x 1 Torr for 2 days. unweighted Ry index, &(Fo-|F[)/ZFo), of 0.61 and a
The color of crystals was black. Two other crystals were preweightedR, (WRy) index, EW(Fo—[Fd)/ZwFo’)", of 0.69.
pared by the same method and treated with 100 Torpof H A difference Fourier function revealed two large peaks at
for 1 hour at 21(1JC to reduce Ni ions and to form Ni  (0.257, 0.257, 0.257) and (0.0, 0.0, 0.0), with heights of 24.2
clusters within the zeolite cavities. Then, each crystal wa€A >and 9.98 7 respectively. The anisotropic refinement,
evacuated at room temperature and 2% T6rr for 2 hours.  including these peaks as*Tons at TI(2) and Nfions at
Each crystal was sealed in a Pyrex capillary by a torch. ~ Ni(1), converged td=0.24 andwR=0.37, with occupan-
The cubic space groupd3 was used throughout this Ccies of 27.4(1) and 14.9(2), respectively. These values were
work. It was justified by the low Si/Al ratio, which in turn reset and fixed at 28 Tand 15 Ni*ions, respectively.
requires, at least in the short range, the alternation of Si and Distinguish N¥* from TI" ions is easy for several reasons.
Al, and by the observation that this crystal, like all otherFirst, their atomic scattering factors are quite different (26 e
crystals from the same batch, does not have intensity witfer Ni**and 80 efor TI*). Secondly, their ionic radii are dif-
symmetry across (110) and, therefore, lacks that mirroferent (NF*=0.69 and Tt=1.47A).>* Also, the approach dis-
plane. Diffraction data were collected with an automated@nces between Tions and oxygens in zeolite framework in
four-circle CAD-4 diffractometer equipped with a pulse- dehydrated B-X*have been determined and are indica-
height analyzer and graphite monochromator. Molybdebunilve.
radiation was used for all experimentsagA=0.70930A; A subsequent difference Fourier synthesis revealed two
Kay, A:O?lssg&) The cubic unit cell constard, deter- additional peaks, at T|(3) (041, Oll, 013), with a helght of
mined by a least-squares refinement of 25 intense reflectior?d-9 €73, and at TI(5): (0.177, 0.177, 0.177), with a height
for which 14 <20<22 at 21(1)°C are 24.380(4h and  ©of 11.0 &3, Inclusion of these peaks as ions at TI(3) and
24.660(4)A for Nip/Tlse-X and NizTles-X, respectively. Al TI(5) lowered the error indices ®=0.058 andvR.=0.069.
unique reflections in the positive octant of an F-centered unif he occupancy numbers at TI(3) and TI(5) were refined to
cell for which <5, | > h, andk > h, were recorded. Of 24.1(2) and 2.4(2), respectively. On ensuring the difference
the 1327 unique reflections measured forNig-X and the ~ Fourier function, two peaks appeared, at TI(1): (0.08, 0.08,
1344 for NisTles-X, only 485 and 306 reflections, respec- 0.08), with a peak height of 4.64¢, and at TI(4): (0.41,
tively, for whichl > 30 (1) were used in subsequent structure 0.08, 0.08), with a height of 5.8&. The anisotropic refine-
determination. Spherical absorption corrections (fasTe- ~ Ment, including these Tlons, TI(1) and TI(4), converged to
X crystal, uR=1.93 andd.=2.781 g/cri for NisTlee-X R;=0.044 andvR,=0.055. From successive difference Fouri-
crystal, iR=1.87 andid.»=2.881 g/cr) were applied? The  ers, one peak was found at Ni(2), (0.22, 0.22, 0.22), with a
height of 2.5 A2, This peak was stable in least-squares
Table 1 Crystallographic Data refinement. The anisotropic refinement of framework atoms
and all cations, except Ni(2) and TI(4), which were refined

NizrTlso X NizoTloe X isotropically, converged t6,=0.037 andwR,=0.042. The

Space group Fd3 Fd3 anisotropic refinements of Ni(2) and TI(4) gave negative
Unit cell constanta (A) 24.380(4) 24.660(4) values of the thermal ellipsoids, which were physically
dC.amd(g/crr?) 2.781 . 2881 unacceptable. The occupancies of Ni(1), Ni(2), TI(1), TI(2),
Diffractometer Enraf-Nonius  Enraf-Nonius TI3), TI(4), and TI(5) were fixed at the values shown in

_ CAD-4 CAD-4 Table 2(a), considering the cationic charge per unit cell. The
Data collection temperaturéQ) 21 21 final error indices for the 485 reflections for which 30(1)
Radiation (Mo k) M(A) 0.70930 0.70930 wereR;=0.037 andvR=0.043.

) A(A) 0.71359 071359 Ni12Tles-X. The full-matrix least-squares refinement was

Number of reflections gathered = 1327 1344 initiated by using the atomic parameters of the framework
Number of reflectionsl > 30(l)) 485 306

} e . atoms for the previous crystal ofiNilsg-X. The anisotropic
FinalRindicesi(>35())) R X 0.037 0.039 refinement converged tB;=0.61 andwR:=0.69. A differ-

wR" 0.043 0.040 ence Fourier function revealed a peak at (0.253, 0.253,
*Ru= ((Fo~[Fel)/Fo). "WRe=(W(Fo=[FclPWFo?) 2. 0.253) with a height of 22.32&%. The anisotropic refine-
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Table 2 Positional, thermal, and occupancy paraméters
(a) Niz7Tlse-X

“Occupancy
Atom WyC. Pos. X y Z bU11 or dUiso U22 U33 U12 U13 U23 —_—

varied  fixed
Si 96(g) -524(2) 1226(2) 332(2) 106(17) 102(17) 120(19y-26(18) -22(16) -20(18) 96
Al 96(g) -532(2) 375(2) 1210(2)  109(18) 88(19) 53(18)  2(17)11(18) -44(19) 96
o(1) 96(g) -1108(4) 25(4) 1076(4)  266(57) 354(59) 271(54135(58) 146(43) -198(57) 96
0(2) 96(g) -35(5) -34(4) 1475(4)  339(51) 250(47) 108(41) 160(50)-57(54) -33(52) 96
0o(3) 96(g) -318(4) 620(4) 576(4)  191(55) 131(51) 166(53)-16(47) -34(50) -3(44) 96
0(4) 96(g) -668(4) 855(4) 1681(4)  246(56) 162(53) 145(51) 42(48) 53(48)  8(45) 96
Ni(1l)  16(c) 0 0 0  123(8) 123(8)  123(8)  3(13)  3(13)  3(13) 14.9(2) 15
Ni(2)  32(e) 2294(37) 2294(37) 2294(37) 476(415) 1.9(1)2
TI1)  32()  811(8) 811(8) 811(8)  684(79) 684(79) 684(79) 101(96) 101(96) 101(96)  1.7)
TI2)  32(e) 2552(1) 2552(1) 2552(1)  252(2) 252(2)  252(2)-26(4) —26(4) -26(4) 27.4(1) 28
TI3)  96(g) 4129(1) 1176(2) 1382(2) 150(11)  1034(28) 945(38)30(21) 151(16) 88(27) 24.1(2) 23
TI4)  96(g) 4180(16) 893(17) 871(17)  851(96) 3.3(2)3

TI(5) 32(e) 1755(3) 1755(3) 1755(3) 180(26) 180(26) 180(26) 52(30) 52(30) 52(30) 2.42)

(b) NizsTleg—X

‘Occupancy

Atom WyC. Pos. X Yy z bU110r dUiso Uszo Uss Ui Uiz Uzs _—

varied  fixed
Si 96(g) -523(3) 356(3) 1231(3) 218(33) 136(33) 228(32) -9(31) 22(36) -58(34) 96
Al 96(g) -524(3) 1227(3) 362(3) 177(34) 149(33) 160(36) 58(36) 20(3262(35) 96
0o(1) 96(g) -1068(7) -11(8) 1079(6) 539(114) 502(108) 258(11:764(117) -13(76) 109(108) 96
0(2) 96(g) -29(8) -21(8) 1481(5) 411(85) 339(79) 270(73) 58(10433(105) 47(103) 96
0@ 96(g) -—299(6) 634(6) 657(7) 323(102) 260(98) 344(105) 53(92) 68(89) 144(87) 96
0o4) 96(g) -694(6) 800(6) 1708(7) 125(89) 271(95) 381(101»91(84) -103(91) -117(80) 96
Ni(1) 16(c) C 0 0 123(19) 123(19) 123(19) 96(36) 96(36) 96(36) 10.7(2) 10
Ni(2) 32(e) 2261(18) 2261(18) 2261(18) 14(160) 1.9(3)2
TI(2) 32(e) 754(1) 754(1) 754(1) 341(13) 341(13) 341(13) 22(16) 22(16) 22(16) 13.0(2) 12
TI(2) 32(e) 2546(1) 2546(1) 2546(1) 319(4) 319(4) 319(4)-16(7) -16(7) -16(7) 27.9(1) 28
TI(3) 96(g) 4135(2) 1114(3) 1377(3) 231(24) 1209(65) 1170(6360(34) 235(34) -131(39) 22.6(2) 23
TI(4) 96(g) 4155(27) 853(29) 851(29) 1096(169) 2.6(2)3

TIG)  32(e) 1673(28) 1673(28) 1673(28) 2826(528) 2826(528) 2826(5285(494)-306(494)-306(494)  1.7(2) 2

3positional and anisotropic thermal parameters are givigl. Numbers in parentheses are the esds in the units of the least significant digit given for
the corresponding parametBFhe anisotropic temperature factor = ex#(f/a’)(Uuh?+Uak+U3zd >+ U1 hkt+Usshl+Uo3kI)]. “Occupancy factors are
given as the number of atoms or ions per unit Ygle=(Bis/877)

ment, including this as Tion at TI(2), converged 18,=0.32  the cations, except Ni(2) and TI(4), which were refined iso-
andwR,=0.43, with an occupancy of 27.9(1). tropically, converged t&8,=0.045 andvR,=0.043. The occu-

A subsequent difference Fourier function revealed twagpancies of Ni(1), Ni(2), TI(1), TI(2), TI(3), TI(4), and TI(5)
additional peaks, one at (0, 0, 0), with a height of 28§ e were fixed at the values shown in the Table 2(b), considering
and the other at (0.08, 0.08, 0.08), with a height of I5:8@ e the cationic charge per unit cell. The sum of the occupancy
Inclusion of these peaks as ions at Ni(1) and TI(1) lowerechumbers at Ni(2), TI(2), and TI(5) were fixed at 32.0, which
the error indices t&,=0.18 andwR,=0.31. The occupancy is the maximum number of ions per unit cell at these posi-
numbers at Ni(1) and TI(1) were refined to 10.7(2) andtions. The final error indices for the 306 reflections for
13.0(2), respectively. On ensuring the Fourier functionswhichl >30(1) wereR;=0.039 andvR.=0.040.
three peaks appeared, at TI(3): (0.40, 0.12, 0.12), with a The shifts in the final cycle of least-squares refinements
height of 13.4 A%, at TI(5): (0.179, 0.179, 0.179), with a were less than 0.1% of their corresponding standard devia-
height of 3.65 A=, and at TI(4): (0.41, 0.09, 0.09), with a tions for both crystals. All crystallographic calculations were
height of 1.56 A™%. From successive difference Fouriers, done using MolEN® Atomic scattering factoféfor Si, Al,
one peak was found at (0.22, 0.22, 0.22), Ni(2), with a heigh®", Ni**, and Tf were used. All scattering factors were modi-
of 1.4 A 3. These peaks were stable in least-squares refindied to account for anomalous dispersif’. The final
ment. structural parameters are given in Table 2 and selected inter-

The anisotropic refinement of framework atoms and allatomic distances and angles are in Table 3.
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Table 3. Selected interatomic distancdg @nd angles (ded)

Ni17T|53-X NI 12T|63-X
Si-O(1) 1.63(1) 1.66(2)
Si-0(2) 1.61(1) 1.65(2)
Si-O(3) 1.67(1) 1.67(2)
Si-O(4) 1.61(1) 1.66(2)
Average 1.63 1.66
Al-O(1) 1.68(1) 1.67(2)
Al-O(2) 1.70(1) 1.69(2)
Al-O(3) 1.74(1) 1.73(2)
Al-O(4) 1.67(1) 1.63(2)
Average 1.70 1.68
Ni(1)-O(3) 2.203(9) 2.37(2)
Ni(2)-0(2) 2.16(3) 2.13(2)
TI(1)-0(3) 2.85(1) 2.62(1)
TI(2)-0(2) 2.626(8) 2.63(1)
TI(3)-0O(4) 2.71(1)/2.82(1) 2.84(2)
TI(4)-0(1) 2.87(4)/2.90(4) 2.93(7)
TI(5)-0(2) 2.77(1) 3.01(2)
0O(1)-Si-0(2) 112.4(6) 112.0(1)
O(1)-Si-O(3) 106.4(5) 107.5(8)
O(1)-Si-O(4) 109.1(5) 108.4(8)
0(2)-Si-0O(3) 107.9(5) 107.6(8)
0(2)-Si-O(4) 109.5(5) 106.9(8)
0O(3)-Si-0(4) 111.4(5) 114.6(9)
O(1)-Al-O(2) 112.0(6) 113.0(1)
O(1)-Al-O(3) 108.7(4) 106.5(9)
O(1)-Al-O(4) 109.9(4) 107.1(9)
0O(2)-Al-O(3) 109.1(5) 108.6(8)
0O(2)-Al-O(4) 107.0(5) 107.1(8)
O(3)-Al-O(4) 114.7(3) 114.5(9)
Si-O(1)-Al 125.6(6) 131.0(1)
Si-O(2)-Al 133.5(6) 134.0(9)
Si-O(3)-Al 126.9(3) 127.0(1)
Si-O(4)-Al 155.3(7) 150.0(1)
O(3)-Ni(1)-O(3) 88.4(3)/91.6(3)/180  88.1(5)/91.9(5)/180
0(2)-Ni(2)-0(2) 115.0(2) 117.0(2)
O(3)-TI(1)-0(3) 67.3(4) 77.7(5)
0(2)-TI(2)-0(2) 88.1(3) 87.7(6)
O(4)-TI(3)-0(4) 62.0(3) 67.6(4)
O(1)-TI(4)-0(1) 115.0(1) 117.0(2)
O(1)-TI(4)-0O(4) 58.1(9)/60.8(9) 60.0(2)
0O(2)-TI(5)-0(2) 82.4(3) 74.5(7)

Numbers in parentheses are estimated standard deviations in le
significant digit given for the corresponding valué&xactly by

symmetry.
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Figure 1. A stylized drawing of the framework structure of zeolite
X. Near the center of each line segment is an oxygen atom. The
numbers from 1 to 4 indicates the four different oxygen atoms.
Silicon and aluminum atoms alternate at the tetrahedral intersec-
tions, except that a silicon atom substitutes for aluminum at about 4
% of the Al positions. Extraframework cation positions are labeled
with Roman numerals.

even larger cavities (supercages) accessible in three dimen-
sions through 12-ring (24-membered) windows. The Si and
Al atoms occupy the vertices of this polyhedral. 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 | at the center of a D6R;ih the sodalite
cavity on the opposite side of one of the D6R from sité [; ||
inside the sodalite cavity near a single six-ring (S6R)
entrance to the supercage; Il in the supercage adjacent to a
S6R; Il in the supercage opposite a four-ring between two
12-rings; and 1lI' in the vicinity of Il but off the twofold
axis30:3t

Nii7Tlse-X. The mean values of the Si-O and Al-O bond
lengths are normata 1.63A and 1.704, respectively. The
individual bond lengths, however, show marked variations:
Si-O from 1.61(1A to 1.67(1)A, and Al-O from 1.67(1R

a¥ 1.74(1)A. The Si-O and Al-O distances depend on the

positions and coordination of cations to framework oxygen
(see Table 3).

In this structure, 17 Riions occupy two crystallographic
sites and 58 Tions occupy five different sites. 152ions

Zeolite X is a synthetic version of the mineral faujasite,at Ni(1) fill the octahedral site | (see Figures 2 and 3). The
having opened, negatively charged frameworks. The 14ectahedral Ni(1)-O(3) distance of 2.203M)is a little

hedron with 24 vertices, known as the sodalite cavit-or

longer than the sum of the ionic radii of?Niand G~

cage, may be viewed as the principal building block of theg0.69+1.32=2.0R)? but is nearly the same as the bond dis-
aluminosilicate framework of the zeolite (see Figure 1).tance in natural faujasite #O(3)=2.2894).3 The remain-
TheseB-cages are connected tetrahedrally at six-rings byng 2 NP* ions at Ni(2) are at site Il in the supercage (see
bridging oxygen to give double six-ring (D6R, hexagonalFigure 2). The bond distance of Ni(2)-O(2) is 2.16(3)
prisms) and, concomitantly, to give an interconnected set of As every site | is surrounded by twicsites, the neighbor-
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Figure 4. Stereoview of the supercage of dehydrategThi-X.
Three Tt ions at TI(2) (site I1), three Tions at TI(3) (site ), and
Figure 2. Stereoview of a sodalite cavity with an attached D6R inone TF ion at TI(4) (site IIf) are shown. About 25% supercages
dehydrated NiTlss-X. One Nf'ion at Ni(1) (site I), three Tions  may have this arrangement. Ellipsoids of 20% probability are used.
at TI(2) (site 1), and one i ion at Ni(2) (site 1) are shown.
About 25% of sodalite cavities may have this arrangement
Ellipsoids of 20% probability are shown.

Figure 5. Stereoview of a sodalite cavity with an attached D6R in
dehydrated NpTles-X. One NF*ion at Ni(1) (site 1), one Niion at
Ni(2) (site II), and three Tlions at TI(2) (site Il) are shown. About
25% of sodalite cavities may have this arrangement. Ellipsoids of
20% probability are shown.

Figure 3. Stereoview of a sodalite cavity with an attached D6R in
dehydrated NiTlse-X. One NF*ion at Ni(1) (site 1), three Tions

at TI(2) (site Il), and one Tiion at TI(5) (site I are shown. About
25% of sodalite cavities may have this arrangement. Ellipsoids o
20% probability are shown.

ing positions | and'lcannot be occupied simultaneously
because of the strong electrostatic repulsion between ion
Thus, the respective site occupatiom@f+n(l')/2 should be
less than and equal to 16 whe(® andn(l') are the num-
bers of cations in each site per unit cell. From this relation
ship, the observed cation populations of the remaining |
sites are equal to 2. The 2sites are filled by Tlions at e
TI(1). The TI(1)-O(3) bond distance is 2.85fL)which is Figure 6. Stereoview of a sodalite cavity with an attached D6R in
almost the same as the sum of the ionic radii bamtl G dehydrated NpTlse-X. One N#*ion at Ni(1) (site 1), three Tions
(1.47+1.32=2.748).2* TI* ions at TI(1) form ionic bonds at TI(2) (site Il), and one Tion at TI(5) (site ) are shown. About
with three framework oxygens, O(3). 25% of sodalite cavities may have this arrangement. Ellipsoids of
About 28 Ttions at TI(2) occupy the 32-fold site Il in the 20% Probability are shown.
supercage. The TI(2)-O(#) bond distance is 2.626(8)
which is a little shorter than the sum of the correspondindsee Figure 3). The remaining 26 Tdns occupy crystallo-
ionic radii, 2.794.2 Each TI(2) ion is recessed 1.76) graphically two different Ill sites at TI(3) and TI(4) in the
from the plane of three O(2) oxygens of the single six ringsupercage, with occupancies of 23 and 3, respectively(see
About 50% of the supercages have the maximunt ot  Figure 4). The TI(5)-O(2) bond distance, 2.77(%), is
at TI(2) in the supercage. The 4 Tns in the supercage that nearly the same as the sum of the ionic radii b&nd G-,
are in the tetrahedral position by themselves may have 279A.
large electrostatic repulsion between them. To compensateNiisTles-X. In this structure, 12 Kiions occupy two
for the large electrostatic repulsion and stabilize their strucerystallographic sites and 68" Tons occupy five different
tures, T ions at TI(2) push each other to the charged oxygesites. 10 Ni* ions at Ni(1) fill the octahedral site | (see Fig-
plane, which results in the slightly shorter distance of theures 5 and 6). The octahedral Ni(1)-O(3) distance, 2.37(2)
TI(2)-O(2) bond. A, is much longer than the sum of the ionic radii of*Ni
The 2 Tt ions occupy the 32-fold TI(5) positions at site Il and G-, 2.01A ?*but is nearly the same as the bond distance




Structures of NirTlsg-X and NizTlgs-X Bull. Korean Chem. So2001, Vol. 22, No. 2 169

Table 4. Deviations f) of cations from six-ring planes Table 5 Distribution of nonframework atoms over sites
Niz7Tlsg-X Ni12Tleg-X Sit Crystals
ites
At O(3) Nig7Tlsg-X  NigsHaTlsg X NigaTlegX  NiggHsTlee-X
Ni(1) -0.60(1) -0.83(1) | 15Ni(1) 15Ni(1) 10Ni(1) 10Ni(1)
TI(1) i 2.35(1) 2.04(1) § 2TI(1) 2TI(1) 11TI(1) 11TI(1)
At C_>(2) 1K 2TI(5) 2TI(5) 2TI(5) 2TI(5)
Ni(2) 0.67(5) 0.50(2) [ 2Ni(2) - 2Ni(2) -
TI(2) 1.76(1) 1.72(1) 28TI(2) 28TI(2) 28T1(2) 28TI(2)
TI(5) -1.61(2) -2.01(4) n 23TI(3) 23TI(3) 23TI(3) 23TI(3)
*The negative and positive deviations indicate that the atom lies in a 3TI(4) 3TI(4) 3TI(4) 3TI(4)

D6R and in the sodalite cavity, respectivéiyhe positive and
negative deviations indicate that the atom lies in the supercage and in
the sodallite cavity, respectively. from the plane of three O(2) oxygen. Thus, the TI(5)-O(2)

bond distance, 3.01(}) is somewhat longer than the sum of
the ionic radii of Tt and G-, 2.79A.

To study the structure of Ni clusters in;Nisg-X and
Niy,Tles-X, Hz gas was treated to reduceNons in zeolite
X. Upon treating the dehydrated;Nilse-X and NizTlgg-X
with 100 Torr of H gas for one hour at 210, only NF*
ions at site 1l were reduced and moved out from the zeolite
structure. The results for the relative occupancies of non-
framework atoms over sites are given in Table 5. To com-
pensate for the negative charge of the zeolite framework

Figure 7. Stereoview of the supercage of dehydratedTNi-X. !nduced by, the reduct!on of Niions, the protons were
Four TI" ions at TI(2) (site 1) and three Tions TI(3) (site Ilf) are  introduced into the zeolite framework as follows:

shown. About 50% of the supercages may have this arrangement.

Ellipsoids of 20% probability are used. 7-0

in natural faujasite, 2.288.3 The remaining 2 Nf ions at >Nl2 + H, &= 2ZOH' + Ni°
Ni(2) are at site Il in the supercage (see Figure 5). Thebon z-0
distance of Ni(2)-O(2) is 2.13(4). This N?* ion is slightly
recessed, 0.58, into the supercage from the plane of three It may be concluded that Niions at site Il, which are
0O(2) oxygen (see Tables 2 and 3). The O(2)-Ni(2)-O(2)tetrahedrally coordinated, are readily reduced, but the octa-
bond angle, 117.0(2)is nearly trigonal planar. hedrally coordinated Ni ions at site |, crystallographically
12 Tl ions at TI(1) occupy the remaining 32-folcsites.  a very stable site, are not reduced under mild reducing con-
The TI(1)-O(3) bond distance, 2.62@) is shorter than the ditions, for example, treating with,Hjas for one hour at
sum of the ionic radii of Tland &, 2.79A.2* About 2 TF 21(1)°C.
ions at TI(1) have electrostatic repulsion in each of the
sodalite cavities. These ions push each other to the charged Conclusion
oxygen planes to get the stabilized positions in that cavity.
This makes the bond distance of TI(1)-O(3) shorter than the The present study indicates that all of thé Mas in zeo-
sum of the corresponding ionic radii. 28" Tons at TI(2)  lite X can be replaced readily by3and Tt ions. The ionic
occupy site Il far inside the supercage. Each TI(2) ion issize and charge govern the competition for site | for both
1.72(1)A from the plane of three O(2) oxygen of the S6R tostructures. The small and highly charge@' Mins nearly fill
which it is bound (see Table 4). The TI(2)-O(2) distance ighe site I, with the remainder going to site II, affirming that
2.63(1) A. This distance is almost the same as in theNi?* ions prefer to occupy site I. The largé Wns, which
Nii7Tlse-X. In this structure, about 50% of the supercagesare less able to balance the anionic charge of the zeolite
have four Tl ions at TI(2). The 4 Tlions at TI(2) push each framework, occupy the remaining sodalite cavities with
other to the charged oxygen planes to compensate for tleme occupancies at siteSites Il, II, and III are occupied
large electrostatic repulsion and stabilize their structuresby TI* ions. In both structures, no*Tibns occupy site |. The
This results in a somewhat short bond distance of TI(2)TI* ion is apparently too large to occupy the center of the
0O(2). double 6-ring. When the Ri and Tf-exchanged zeolite X
The Tl ions at TI(3) and TI(4) lie in the supercage at twowas treated with hydrogen gas, thé*Nons at site Il were
crystallographically different Illsites with occupancies of readily reduced and migrated to the external surface of zeo-
23 and 3, respectively (see Figure 7). The remaining 2 Tllite X.
ions at TI(5) occupy the 32-fold position at site(fee Fig- Acknowledgment This work was supported in part by
ure 5). They are recessed 2.0M4dinto the sodalite cavities the Korean Research Foundations made in the program year
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