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The crystal structures of vacuum-dehydrated, fully’®MgCe*-, and B&"-exchanged zeolite X (Mg(H>O)4—

X, Cagg—X, and Bas—X; X = SijoAlez0384) have been determined by single-crystal X-ray diffraction
techniques in the cubic space grdegB at 21°C (a = 24.671(5), 25.024(4), and 25.266(5) A, respectively).
Their structures were refined to the final error indid®s = 0.046 with 439 reflections, 0.037 with 434
reflections, and 0.049 with 485 reflections, respectively, for whieh3o(l). In Mgss(H20)s—X, Mg?* ions

are found at four crystallographic sites: 14 per unit cell are located at site | at the center of the hexagonal
prism (Mg—O = 2.262(6) A), only four are at sité in the sodalite cavity near the hexagonal prism (M
=2.221(5) A), four, each coordinated to agdHmolecule, are located at sité ith the sodalite cavity (MgO

= 2.223(12) A), and the remaining 24 are at site Il near single six-oxygen rings in the supercag® évlg
2.184(5) A). In Cas—X, Ca* ions are found at only two sites: 16 per unit cell fill site | (€@ = 2.429(8)

A) and the remaining 30 at site Il (€& = 2.276(5) A). In Bas—X, Ba2* ions are again found at three
sites: 14.5 per unit cell are at site | (B® = 2.778(11) A), only 1.5 are at sité (Ba—O = 2.44(3) A), and

30 are at site Il (BaO = 2.667(8) A). In the three crystals, sites | and I are the most populated:; ‘sited |

I, if they were used, are only sparsely occupied.>'Gappears to fit the octahedral site | best. No cations
are found at sites Ill or Il| all of which are clearly less favorable for alkaline-earth cations in dehydrated
zeolite X.

Introduction TABLE 1: Distribution of Group Il Cations over Sites
(Previous Work)

The crystal structure of sodium zeolite X in its hydrated form

was determined by Broussard and Shoenakeing powder sites
X-ray diffraction techniques. It was reinvestigated by single- crystals I I 1 1 total no.
crystal method8. The distribution and coordination of various  h-Mg,Na-Xx2>  Mg?* 7.4 42 8 19.6
cations in the frameworks of faujasite-type zeolites have been Na" 5 93 7 21.3
widely investigated and reviewéd. d-Mg,Na-Xbe Mg 5 9 15.9 29.9
Only a few studies of dehydrated Group Il cation-exchanged h-Mg,Ca X2 I\N/Izﬂ 5 gg 15 58 22 7
zeolite X are present in the literatufe® Andersonet al* ' ca 16.5 19 18.4
determined the crystal structure of hydrated and fully dehydrated d-Mg,Ca—X>¢ Mg2* 144 8 224
MgsiNage—X and MgsCas—X. Their results are summarized Ca&* 123 38 7.0 23.1
in Table 1. Smoliret al® determined the crystal structures of ~N-Cae—X* ca* 20.1 105 165 471
Ca—X after dehydration at various temperatures. In a partially g:g;g_);(;yf gsi 13'(13 13:8 gg:g 6.4 2.1 ﬁ'g

dehydrated form, CGa ions are located in sites I, Ill, and Ill; d-Bafaujasité" Ba* 7.3 50 11.3 23.6
see Table 1. They confirmed that the occupancy at site IlI
decreases with increasing dehydration temperature. In partly,
dehydrated Sig~X®, SP* ions are located in four sites: r" I erence 8; no entry is made for dehydratedsRlai;o—X (ref 9) because

Il, and II'. Barreret al” reported that BY (r = 1.34 A) did those results are not quantitative.

not exchange completely into zeolite X at room temperature

and that it did not occupy site | in the hydrated zeolite. In a zeolite matriced®1? The reactions are very selective and lead

2 Hydrated.” Reference 4¢ Dehydrated at 400C. ¢ Reference 5.
Dehydrated at 686C. f Reference 69 Dehydrated at 500C. " Ref-

dehydrated crystal of Ba-exchanged natural faujasitand in to the corresponding alkene hydroperoxide in each case. Laser
dehydrated BaNayo—X,? Ba2" ions occupy sites I,'J and 1. reaction excitation spectra (measurement of the product growth
The order of decreasing occupancy of sites for thé"Ban is as a function of CW dye laser wavelength) revealed a continuous
in=>1>1. absorption tail in the visible spectral region for each system.

Frei et al. have studied the visible-light-induced oxidation They attributed this absorption to an alkeBgcontact charge-
of small olefins by Q in alkali- and alkaline-earth-exchanged transfer transition. In the visible range, diffuse reflectance
spectroscopy has been used to measure atkexygen charge-
® Abstract published ifAdvance ACS Abstractguly 15, 1997. transfer absorption in NaY and Ba-Y and to determine the
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photooxygenation quantum efficienci®s A principal result of Absorption corrections (for the Mg(H,0),—X crystal, uR
their study is the direct evidence, by diffuse reflectance = 0.048 andoca = 1.40 g/cnT3; for the Cag—X crystal,uR =
spectroscopy, for a very strong stabilization of alk€recharge- 0.077 andpca = 1.41 g/cnd; for the Bag—X crystal, uR =
transfer states in the ionic environment of a zeolite Y cage. The 0.322 andoca = 1.82 g/cnd)l” were made empirically using a
largest electric field gradients in the zeolite are near the y scan. The calculated adjusted transmission coefficients
exchangeable cations, so it is expected that their charge, radiiranged from 0.96 to 0.999 for the three crystals. These
and the sites they select should govern the function of those corrections had little effect on the finRlindices. Other details
catalysts. are the same as previously reportéd.

Sun et al® used BaY and Ca-Y for the oxidation of
toluene. They reported the first selective photooxidation of Structure Determination
toluene to benzaldehyde by,O It was accomplished by
photoexcitation of @HsCHs-O, complexes in the molecular-
scale cages of alkaline-earth-exchanged faujasitic zeolites with

igi i 14,15 i i
visible light. Blatteret al'*1>used BaY for the oxidation of dehydrated Ca,MgX.4 Anisotropic refinement converged to

propylene and for the highly selective formation tert- . .
. . . . ranRyindex, G (JFo — |F¢||)/>Fo), of 0.19 and a weighteR;,
butylhydroperoxide from isobutane. In catalysis, photochemical inézlex, CW(Fo — [F)ISWEAY2 of 0.24.

means are attractive because reaction surfaces can be accesse A difference Fourier function revealed three large peaks, at
selectively and the reactions can occur at ambient temperature, .
This work was done to learn the site selectivities of the three E]%%’h?s'o(’)fol'g)b(o?'zzo’ a?{(?% g 5,(2 r?zgg e(gt.isgiyo.?éf%gfn) ér\:\tllth
common alkaline-earth cations in fully dehydrated zeolite X. including the'm' a's 'M?j ioﬁs with anisotropi(; temperature
These selectivities should depend strongly upon ionic radius. factors at Mg(1) and Mg(4), and isotropically at Mg(3)

. . respectively, converged & = 0.054 and?, = 0.057 (see Table
Experimental Section 2a).

Large single crystals of sodium zeolite X, stoichiometrygNa On an ensuing difference Fourier function, a peak of height
Si100Al520s84 per unit cell, were prepared in St. Petersburg, 1.6 € A appeared at (0.057, 0.057, 0.057). Least-squares
Russial® For each of the following preparations, one of these, refinementincluding this peak isotropically as Mg(2) converged
a colorless octahedron about 0.2 mm fom&%a( and Bag—X to R]_ = 0.050 and?z = 0.051. From a Subsequent difference
and 0.25 mm for M@s(HQO)4—X in cross Section’ was |0dged Fourier fUnCtion, a peak of he|ght 0.6 e_mas found at (0146,

(a) Partially Dehydrated Mg¢(H20)4—X. Full-matrix least-
squares refinement was initiated with the atomic positions of
the framework atoms [Si, Al, O(1), O(2), O(3), and O(4)] of

in a fine Pyrex capillary. 0.146, 0.146), which was refined as O(5). The occupancy
The crystals of Mgs(H-0):—X, Caus—X, and Bas—X were numbers at Mg(1), Mg(2), Mg(3), and Mg(4) were reset and
obtained by ion exchange with 0.05 M Mg@H,0 (Aldrich fixed as in the last column of Table 2a because (1) the number

99.995%), 0.05 M Ca(N§), (Aldrich, 99.997%), and 0.05 M of ions athg(l) plus half thg numbgr at Mg(Z) cannot exceed
Ba(OH)-H.,O (Aldrich, 99%), respectively. For each crystal, 16 per unllt cell (otherwise an impossibly short site I'td|$tange
ion exchange was accomplished by flow methods; the exchange?Vould exist) and (2) the total number must be 46 per unit cell
solution was allowed to flow past each crystal at a velocity of (10 balance the-92 charge of the zeolite framework). The
approximately 1.5 cm/s fob d atroom temperature. occupancy at O(5) was fixed at 4.0, equal to that at Mg(3),
The crystals of C- and B&+-exchanged zeolite X were because the distance involved indicates that O(5) represents
dehydrated by slowly increasing the temperature by@%per coordinated water molecules. The relatively large displacement
hour to 370°C, followed by 48 h at 370C and 2x 1076 Torr. (0.64(1) A) of Mg(3) from the plane of the three O(2) oxygens

. e to which it coordinates supports this result (see Table 5). The
Mg?*-exchanged zeolite X was dehydrated similarly, but at 250 . -~ _ =
°C. (Two other M@*-exchanged zeolite X crystals, similarly fl'_?]al f_errcl)r dl_r]c]fdlces canver_ge(]iI 'ﬁlt._ 0.048fanth2 I_ 0.046.
dehydrated at 370 and 30C, had cracked.) % 'Bah Id erter(;cg olJ;erFurl}c |ort1 _W?S eta ureless. .
After cooling to room temperature, each crystal, still under (b) Dehydrated Cas—X. Full-matrix least-squares refine-

vacuum, was sealed in its Pyrex capillary by torch. The crystals giﬂ;v}’;sm'g\'lt\lg:idagﬂst?f p:r?igl(l) nzgingrggm\;&pg&feters
of Mgse(H20)s—X and Cas—X were colorless; Ba—X was ntia P y deny 2-4
yellow. X. Isotropic refinement of the framework atoms converged to

R; = 0.29 andR; = 0.30.

The initial difference Fourier function revealed large peaks
at (0.0, 0.0, 0.0) and (0.22, 0.22, 0.22) with heights of 14.7 and
The cubic space groupd3 was used throughout this work.  10.0 e A3, respectively. Anisotropic refinement including these
This choice is supported by (a) the low Si/Al ratio, which in peaks as Cd ions at Ca(1) and Ca(2), respectively, converged

turn requires, at least in the short range, alternation of Si andto Rt = 0.042 andR, = 0.037 (see Table 2b). Occupancy
Al, and (b) the observation that this crystal, like all other crystals refinement converged at 16.2(1) and 29.4(2), respectively.
from the same batch, does not have intensity symmetry acrossThese values were reset and fixed at 16.0 ions at Ca(1), its
(110) and therefore lacks that mirror plane. Molybdenugn K maximum value, and 30.0 at Ca(2), to complete a total of 46
radiation was used for all experimentsoK A = 0.709 30 A; C&" ions per unit cell. Anisotropic refinement of the frame-
Koz = 0.71359 A). The unit cell constants at 21¢1), each ~ work atoms and Ca ions converged t&; = 0.042 andR; =
determined by least-squares refinement of 25 intense reflections0.037. The final difference Fourier function was featureless.
for which 1£ < 20 < 24°, area = 24.671(5) A for dehydrated (c) Dehydrated Baig—X. Full-matrix least-squares refine-
Mgae(H20)s—X, 25.024(4) A for dehydrated Ga-X and ment began with the atomic and thermal parameters of the
22.266(5) A for dehydrated BgX. The intensities of all framework atoms in dehydrated £aX. Anisotropic refine-
lattice points for which 8 < 50° were recorded. Of the 1340, ment converged t&®; = 0.48 andR, = 0.52.

1400, and 1576 unique reflections measured ford#tpO)s— A difference Fourier function showed the positions of the
X, Caye—X, and Bag—X, only the 439, 434, and 485 unique Ba2" ions at (0.24, 0.24, 0.24), Ba(3), with peak height 10.8 e
reflections, respectively, for which > 30(1), were used in A-3 and those at (0.0, 0.0, 0.0), Ba(1), with peak height 10.4
subsequent structure determinations. e A=3. Anisotropic refinement of the framework atoms and

X-ray Data Collection
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TABLE 2: Positional, Thermal,® and Occupancy Parameters

occupancy

atom wyc. pos. site X y z U1P or Uiso Uz Uss Ui Uiz Uzs varied fixed
(a) Partially Dehydrated Mg(H20)s—X
Si 96(g) —520(1) 1227(1) 339(1) 186(11) 133(10) 179(11) —1(13) -—7(11) -—27(14) 96
Al 96(g) —539(1) 377(1) 1211(1) 189(12) 163(12) 133(12)  17(11) 3(14)y-22(14) 96
O(1) 96(9) —1115(2) 20(3) 1063(2) 262(40) 558(42) 321(39)156(35) —1(28) —85(36) 96
0(2) 96(9) —29(3) —27(3) 1471(2) 231(31) 287(32) 199(30) 104(28) 7(29)—35(30) 96
O(3) 96(9) —313(2) 635(3) 583(3) 274(33) 209(33) 360(35) 67(32) 70(34) 140(30) 96
O(4) 96(9) —655(2) 843(2) 1694(2) 365(36) 243(33) 215(33)-21(35) 3(35) —85(29) 96
Mg(1) 16(c) I 0 0 0 312(20) 312(20) 312(20) 42(24) 42(24) 42(24) 13.8(2) 14
Mg(2) 32(e) I 585(9) 585(9) 589(9) 287(98) 287(98) 287(98) 27(122)  27(122) 27(122) 4.013) 4
Mg(3) 32(e) I 2026(8) 2026(8) 2026(8) 132(80) 3.83) 4
Mg(4) 32(e) Il 2288(2) 2288(2) 2288(2) 532(22) 532(22) 532(22) 227(26) 227(26) 227(26) 26.2(4) 24
o(5) 32(e) I 1450(24) 1450(24) 1450(24) 1141(761) 4
(b) Dehydrated Ca—X
Si 96(g) —540(1) 1230(1) 335(1) 115(11) 105(11) 90(11)-16(14) —8(12) —15(16) 96
Al 96(g) —567(1) 366(1) 1215(1) 94(12) 105(12) 94(12)  32(12y-14(14) —35(16) 96
O(1) 96(9) —1130(2) 5(3) 1069(2) 145(35) 202(31) 166(34)-69(34) —27(25) —59(32) 96
0(2) 96(9) —=37(3) —31(3) 1429(2) 125(28) 117(30) 161(30) 27(30-30(30) —43(31) 96
O(3) 96(9) —361(2) 662(2) 611(2) 174(32) 66(31) 150(31) 30(31) 14(32)—20(28) 96
O(4) 96(g) —595(2)  798(2) 1734(2) 330(35) 124(31) 148(33)119(35) 67(37) —116(28) 96
Ca(1) 16(c) I 0 0 0 123(10) 123(10) 123(10) 1(13) 1(13) 1(13) 16.2(1) 16
Ca(2) 32(e) I 2234(1) 2234(1) 2234(1) 288(10) 288(10) 288(10)  91(13)  91(13) 91(13) 29.4(2) 30
(c) Dehydrated Ba—X

Si 96(g) —559(2) 1253(2) 340(2) 68(18) 60(17) 54(18) 27(26) 6(17)—13(25) 96
Al 96(g) —575(2)  363(2) 1246(2) 56(19) 3(*9) 54(18) 22(18) —14(27) —3(27) 96
O(1) 96(9) —1118(4) 3(5) 1081(4) 180(64) 63(50) 146(59)-23(51) 25(42) 26(48) 96
0O(2) 96(9) —43(4) —46(4) 1371(3) 82(51) 125(52) 140(65) 31(46) 0(49)-110(51) 96
O(3) 96(9) —394(4) 743(4) 708(4) 56(54) 157(60) 136(59) 9(52) 69(51)—17(52) 96
O(4) 96(9) —629(4) 700(4) 1826(4) 41(49) 96(55) 116(56)—28(51) 36(51) —64(47) 96
Ba(l) 16(c) I 0 0 0 268(7) 268(7) 268(7) 69(8) 69(8) 69(8) 14.5(1) 14.5
Ba(2) 32(e) 1 530(10) 530(10) 530(10) 213(4) 213(4) 213(4) 97(6) 97(6) 97(6) 151) 15
Ba(3) 32(e) I 2409(1) 2409(1) 2409(1) 213(4)  213(4) 213(4) 97(6) 97(6) 97(6)  29.6(1) 30

a Positional and anisotropic thermal parameters are giveé@. Numbers in parentheses are the esd'’s in the units of the least significant digit
given for the corresponding parametefhe anisotropic temperature facterexp[—273(h4(@*)2U11 + K3(b*)2U2, + 13(c*)2U3z;s + 2hk(a*b*) Uy, +
2hl(a*c*)Uyz + 2KI(b*c*) Uag)]. © Occupancy factors are given as the number of atoms or ions per unit dgll.= (Biso/87?). © This physically
unacceptable value was increased byiri the preparation of Figures—8.

isotropic refinement of the Ba ions converged t&; = 0.042 Discussion

andR, = 0.047. . . . .
. . ) Zeolite X is a synthetic counterpart of the naturally occurring

From a subsequent difference Fourier function, a peak of mineral faujasite. The 14-hedron with 24 vertices known as
height 1.0 e A% was found at (0.052, 0.052, 0.052), whichwas  the sodalite cavity of-cage may be viewed as the principal
refined as Ba(2). The thermal motion of Ba(2) was unreason- pyilding block of the aluminosilicate framework of the zeolite
ably large, so the anisotropic thermal parameters of Ba(2) were(see Figure 1). Thesf-cages are connected tetrahedrally at
constrained to be equal to those of Ba(3); the occupancy at Ba-six-rings by bridging oxygens to give double six-rings (D6Rs,
(2) was also constrained so that the total occupancy at Ba(1)hexagonal prisms) and, concomitantly, to give an interconnected
and Ba(2) would equal 16. Anisotropic refinement of the set of even larger cavities (supercages) accessible in three
framework atoms and Ba ions at Ba(l), Ba(2) and Ba(3) dimensions through 12-ring (24-membered) windows. The Si
converged toR; = 0.046 andR, = 0.048. The occupancy and Al atoms occupy the vertices of these polyhedra. The
numbers of Ba(1), Ba(2) and Ba(3) were reset and fixed as in 0xygen atoms lie approximately halfway between each pair of
the last column of Table 2c. The final error indices converged Si and Al atoms but are displaced from those points to give
to Ry = 0.046 andR; = 0.049. The final difference Fourier ~ Near tetrahedral angles about Si and Al.
function was featureless except for a peak of height 1.1(1) e Exchangeable cations, which balance the negative charge of
A-3 at (0.33, 0.33, 0.33); this peak was far from other atoms the aluminosilicate framework, are found within the zeolite’s
and was unstable in least squares. cavities. They are usually found at the following sites shown

The goodness-of-fit SW(Fo — [Fel)2/(m — )2 is 2.09, 1.48, in Figure 1: site | at the.ce.nter of a D6R (alterngtlvely called
and 1.87 for Mag(H:0)—X, Caus—X, and Bas—X, respec- the hexagonal prism), sité in the sodalite §) cavity on the

. . ) opposite side of one of the D6Rs 6-rings from site 'linkide

tively; m_(439, 434, and 485, respectlvely) IS t_he number of thpepsodalite cavity near a single 6-rin§ (S6R) entrance to the

observations, ansl(66, 60, and 62, respectively) is the number supercage, Il in the supercage adjacent to a S6R, Ill in the

of variables in least squares. All shifts in the final cycles of supercage opposite a 4-ring between two 12-rings, ad Il

least-squares refinement were less than 0.1% of their corre-somewhat off 111 (off the 2-fold axis}®2

sponding standard deviations. The structures of Mg(H20);—X, Cas—X, and Bag—X
Atomic scattering factors for Si, Al, Q Mg?", C&*, and appear to be fully exchanged and either fully anhydrous or

Ba2t were used. Atomic scattering factors were modified to stoichiometrically partially dehydrated. Because of this, these

account for anomalous dispersion. The final structural param- structures are relatively simple.

eters and selected interatomic distances and angles are presented (a) Partially Dehydrated Mg4e(H20)4—X. In Mgse(H20)4—

in Tables 2 and 3. X, the M¢?t ions are found at four crystallographic sites. About
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TABLE 3: Selected Interatomic Distances (A) and Angles (deg)

Framework
Mg4e(H20)4*X Ca457X Ba4e*X
Si—0(1) 1.629(6) 1.594(6) 1.615(11)
Si—0(2) 1.631(6) 1.654(7) 1.646(11)
Si—0(3) 1.659(6) 1.641(6) 1.643(11)
Si—0(4) 1.603(6) 1.623(7) 1.628(12)
average 1.630(6) 1.628(6) 1.633(11)
Al—0(1) 1.712(6) 1.715(6) 1.698(11)
Al-0(2) 1.729(6) 1.743(7) 1.723(11)
Al—0(3) 1.764(7) 1.759(6) 1.726(12)
Al—-0(4) 1.681(6) 1.693(7) 1.701(12)
average 1.722(6) 1.728(6) 1.709(12)
0O(1)-Si—0(2) 111.9(3) 112.7(4) 111.4(6)
O(1)-Si—0(3) 107.5(3) 108.4(3) 110.3(6)
0O(1)-Si—0(4) 109.3(3) 113.7(3) 111.6(6)
0O(2)-Si—0(3) 107.4(3) 106.7(3) 105.9(5)
0(2)-Si—0(4) 108.1(3) 102.8(3) 103.7(5)
O(3)-Si—0(4) 112.7(3) 112.2(3) 113.6(6)
O(1)-AI-0(2) 112.8(3) 113.0(3) 110.7(5)
O(1)-AlI—-0(3) 105.0(3) 106.3(3) 108.6(6)
O(1)-AlI-0(4) 111.2(3) 117.8(3) 114.5(5)
0O(2)-AlI-0(3) 107.7(3) 106.4(3) 105.7(5)
0O(2)-Al—-0(4) 104.8(3) 99.2(3) 101.9(5)
O(3)-Al—0(4) 115.5(3) 113.7(3) 114.8(5)
Si—O(1)-Al 126.5(4) 125.9(4) 131.1(7)
Si—0(2)-Al 134.2(4) 140.8(4) 153.9(6)
Si—O(3)—Al 122.6(4) 130.2(3) 144.5(7)
Si—O(4)-Al 158.1(4) 169.2(4) 149.4(7)
Cations and Framework
Mg45(H20)4— X Ca45—X Bass—X
Mg(1)—0(3) 2.262(6) Ca(HO(3) 2.429(8) Ba(1)yO(3) 2.778(11)
Mg(2)—0(3) 2.221(5) Ba(2)y0(3) 2.44(3)
Mg(3)—0(2) 2.223(12) Ca(20(2) 2.276(5) Ba(3)y0(2) 2.667(8)
Mg(3)—0(5) 2.48(4)
Mg(4)—0(2) 2.184(5)
0O(3)—-Mg(1)—0(3) 90.8(2)/89.2(2) O(3)Ca(1)-0(3) 93.4(2)/86.6(2) 0(3)Ba(1)-0(3) 92.1(3)/87.9(3)
0O(3)-Mg(2)—0(3) 93.0(6) 0O(3)Ba(2)-0(3) 110.1(8)
0O(2)-Mg(3)—0(2) 112.1(8) 0O(2yCa(2)-0(2) 118.3(2) O(2)Ba(3-0(2) 103.7(3)
0O(2)-Mg(4)—0(2) 115.2(3)

aNumbers in parentheses are estimated standard deviations in the units of the least significant digit given for the corresponding value.

@ oxygen
O cation
I <‘D
o II'
S S6R
3 @2 1ol
11 | OI| |DéR
S 3 a1
4
Q Nl
O ,/I AN
~ Figure 2. Stereoview of a sodalite cavity with an attached D6R in
i} dehydrated Mgy(H,0),—X. One Mg ion at Mg(1) (site ), one Mg
oI ion at Mg(3) (site I1), and three Mg" ions at Mg(4) (site Il) are shown.
o Ellipsoids of 20% probability are used.

Figure 1. Stylized drawing of the framework structure of zeolite X.  in MgO (NaCl structure¥t? For comparison, the Mg—O(3)

Near the center of each line segment is an oxygen atom. The differentdistance is 2.28(1) Ain dehydrated Mblago—X%. A similar

oxygen atoms are indicated by the numbergt1 Silicon and aluminum — gistance, 2.26(1) A, was observed in Miya—A.22 (In both

?toms alternate at the’tetrahed'ral intersections, except th_at Si Su.bSt'tUteﬁ/lgmN aso—X and Mg, Nag—A, only some sort of average O(3)

or about four of the Al's per unit cell. Extraframework cation positions o . . .

are labeled with Roman numerals. position was refined, so the corresponding?¥aO distances
should be somewhat elongated and inaccurate in those structures.)-

14 Mg?* ions at Mg(1) occupy the 16-fold site | (see Figure Four Mg?* ions at Mg(2) are found at sit& keach is recessed

2). The octahedral Mg(BHO(3) distance, 2.262(6) A, is much  ca. 1.21(1) A into the sodalite unit from its thre©(3) plane

longer than the sum of the ionic radii of Migand G, 0.66+ (see Table 5). Each Mgion coordinates at 2.221(5) A to those

1.32=1.98 A2%aand is longer than 2.12 A, the MdD distance three oxygens. The shortest approach distance between the |



6918 J. Phys. Chem. B, Vol.

101, No. 35, 1997

Figure 3. Stereoview of the less common D6R in dehydrated,Mg
(H20)s—X. Two Mg?t ions at Mg(2) (site’) are shown. Ellipsoids
of 20% probability are used.

Figure 4. Stereoview of a supercage in dehydrated,§td.0),—X.
Three Mg" ions at Mg(4) (site Il) are shown. About 50% of the . at r
supercages have this arrangement. The remaining 50% of the superat Ca(2) (site Il) are shown. Ellipsoids of 20% probability are used.
cages have one Mg ion at Mg(3) and three Mi ions at Mg(4).
Ellipsoids of 20% probability are shown.

and I sites is only 2.50 A, which must be avoided because of
electrostatic repulsion. Therefore if a site | is occupied, the
two adjacent site’'$ (of the same D6R) cannot be. It follows
that the four Mg(2) ions must lie outside those two D6Rs per
unit cell that are void of Mg(1) ions (see Figure 3). The 5.0 A
repulsive interaction between the two Mg(2) ions of a single
D6R is responsible for the longer M@ distance (as compared
to that for Mg(4)) and greater displacement from the three
O(3) plane than even Bawith its much larger cationic radius
(Ba(2) in Bag—X, vide infra).

Four Mg?" ions lie at Mg(3) (site I) and the remaining 24
Mg?2* ions lie at Mg(4) (site 11). Mg(3) is recess@a. 0.64(1)
A into sodalite cavity and Mg(4) is recessed 0.48(1) A into the

supercage from the S6R plane at O(2) (see Figures 2 and 4 an

Table 5). Each of these Mg ions coordinates to three O(2)

oxygens at 2.223(12) and 2.184(5) A, respectively, again longer

than the sum of the ionic radii, 1.98 A. It is very unusual for

an ion with so low a coordination number to be so distant from
its nearest neighbors. (This is true for the ions at Mg(2) also.)
Each Mg(3) coordinates further to a water molecule at O(5)
(Mg2*—OH, = 2.47(3) A).

Each sodalite cavity contains a Ffgion. In half of the
sodalite cavities, it is at sité (Mg(2)), and in the other half, it
and a coordinated water molecule (Mg{X)(5)) are at site Il

The Mg ions preferentially occupy sites | and Il. Yet
neither site is filled. This may be a consequence of the four Si
atoms per unit cell that must be at Al, a 96-fold position which
contains 92 Al and 4 Si atoms. The small size of the’Mign
allows it to fit comfortably within the D6R (site ), so this site
is not unsuitable because it is too small; it may be too large.

The O(3)-Mg(1)—0(3) bond angles are 90.8¢2and 89.2-
(2)°, nearly octahedral. The O@BMg(2)—0(3) bond angles
are 93.0(6), far from trigonal planar due to the repulsion
between M§&' ions at sites’l Mg(3) and Mg(4) are much closer
to trigonal planar (see Table 3). The cation distribution is
summarized in Table 4.

Mgae(H20)4—X is sensitive to dehydration temperature. The
crystal studied survived dehydration at 288 but two crystals

Yeom et al.
TABLE 4: Distribution of Cations over Sites
crystals

sites Mge(H20),—X Cayis—X Bass—X

| 14 16 145

I 4 0 15

1l 24 30 30

1N 4

Figure 5. Stereoview of a sodalite cavity with an attached D6R in
dehydrated Ca—X. One C&" ion at Ca(1) (site I) and four Caions

Figure 6. Stereoview of a supercage in dehydrateds€X. Four
Ca&* ions at Ca(2) (site 1) are shown. About 75% of the supercages
have this arrangement. The remainder have only thre¢ ©as.
Ellipsoids of 20% probability are shown.

éramework (strain) occurring upon dehydration. The magnitude

of the distortion can be seen in the framework angles at O(2)
and O(3), which are less than the corresponding angles for
Cas—X and Bas—X (see Table 3). It can also be seen in the
cell constant of dehydrated MgH.0),—X: at 24.671(5) A, it

is sharply less than those of £&aX and Bag—X.

(b) Dehydrated Cass—X. This structure was determined
twice using separately prepared crystals. In the first determi-
nation, 166 reflections were refined Ry = 0.096 andR, =
0.068;a = 25.002(1) A. The work was repeated more carefully
to increase the precision of the results, and only the latter work
is presented fully in this report. The only difference between
the two structures is a small one in the cell constant.

In Caye—X, all Ca2" ions are located with high occupancy at
just two crystallographic sites. The 16 €dons at Ca(1) fill
site | at the center of the D6Rs (see Figure 5). The octahedral
Ca(1)-0(3) distance, 2.429(8) A, is just a little longer than the
sum of the corresponding ionic radii, 0.991.32= 2.31 A212
indicating a reasonably good fit. The 30%&ons at Ca(2)
are located at site Il in the supercage; each coordinates trigonally
at 2.276(5) A to three O(2) framework oxygens and is recessed
ca. 0.30(1) A into the supercage from their plane (see Figures
5 and 6 and Table 5). The O@R¥Ta(2)-0O(2) bond angle
(118.3(29, near trigonal planar) indicates that®fits this six-
ring well. Clearly site I, because it is filled, is preferred over

dehydrated at higher temperatures had cracked. The relativelysite Il.

low structural stability of Mg*-exchanged zeolite X at high

Smolin et al® investigated the migration of cations in fully

temperature may be related to the large distortions of the Ca2™-exchanged zeolite X during dehydration by heating in a
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TABLE 5: Displacements of Cations (A) from Six-Ring
Planes

position site displacement
Mg46(H20)4—X
at O(2y
Mg(3) I'e —0.64(2)
Mg(4) I} 0.48(1)
at O(3y
Mg(2) |'c —-1.21(2)
Mg(1) I 1.29(1) Figure 8. Stereoview of the less common D6R in dehydratedsBa
Caie—X X. One B&" ion at Ba(2) (site ') is shown. Ellipsoids of 20%
at O(2} probability are used.
ca(2) I 0.30(1)
at O(3p ca(1) | 1.32(2)
Baye—X
at O(2}
Ba(3) I 1.12(1)
at O(3y
Ba(2) fe —0.79(1)
Ba(l) | 1.54(1)

a A positive displacement indicates that the ion lies at site Il in the
supercage? A positive displacement indicates that the ion lies at site
| in a double six-ring¢ Sites | and II' are in the sodalite cavity; their
displacements are negative.

Figure 9. Stereoview of a supercage in dehydratedsBX. Four
Ba?* ions at Ba(3) (site 11) are shown. About 75% of the supercages
have this arrangement. The remainder have only thre€ Rms.
Ellipsoids of 20% probability are shown.

A into the sodalite cavity from their plane (see Table 5). As
with Mgas(H20)—X, because the closest | todpproach is 2.32

A, if a D6R has a B ion in it, then the two adjacent sites
must be unoccupied. Each of the Ba(2) ions must occupy a |
site that lies outside an empty D6R. Because only 1.5 empty
D6Rs are available per unit cell, ax22.32 A= 4.64 AT to

I distance is being avoided also (see Figure 8). Supporting
this conclusion is the observation that the corresponding smaller

2+ i ir Qiv-fi
Figure 7. Stereoview of a sodalite cavity with an attached D6R in Mg"" ions are further (1.21 A) from their six-rings than are

dehydrated Ba—X. One B&" ion at Ba(1) (site 1) and four Ba ions these B&" io_ns 0.79 A (§ee Table 5). ) .

at Ba(3) (site Il) are shown. Ellipsoids of 20% probability are used. ~ 1he remaining 30 Bd ions at Ba(3) lie at site Il and are
recessed 1.12(1) A into the supercage from the plane at O(2)

stream of hot Ngas. The C# ions progressed into the D6Rs  (se€ Figures 7 and 9 and Table 5). Each of thes¥ Bms

and to S6R sites in the supercage. Their positions after Coordinates to three O(2) oxygens at 2.667(8) A, the same as

dehydration at 400C are indicated in Table 1. The occupancy th(glium of the ionic radii of B4 and G-, 1.34+ 1.32= 2.66

at site lll decreased gradually with increasing dehydration A2 The angle subtended at Ba(3), OtBa(3)-0(2), is

temperature but never reached zero, indicating that full dehydra-103.7(3}, far less than trigonal planar, indicating that’Bas
tion was never achieved. too large to fit into the plane of this six-ring.

Ba®t has the largest ionic radiug & 1.34 A) of any
dipositive cation except Ra(r = 1.43 A). However, it is small
enough, compared to, for example,'Rénd TH (r = 1.47 A)
and C$ (r = 1.67 A), for B&" ions to fit into the hexagonal
prisms, unlike Rb, TI*,26 and Cg 27 which cannot.

The cation distribution found for Gg—X in this work is much
simpler than that reported by Smofin.This same simple
distribution was found in dehydrated gd X223 and Mnye—X?*
whose crystal structures were recently determined by single-
crystal X-ray diffraction methods. This indicates that complete In dehydrated crystals of Ba-exchanged natural faujasite
dehydration is being achieved. w9 "y

) and dehydrated BgNaj;o—X?9, all B&" ions are located at the

(c) Dehydrateq Bae—X. In Bas—X, the B&* lons are same three sites found in this work (see Table 1).
found at three sites, unlike Ga-X. The 14.5 Ba" ions at Fully Ba2*-exchanged zeolite X is stable with respect to
Ba(1) lie at site | at D6R centers (see Figure 7). The octahedral complete dehydration at high temperatuga. (370 °C). In
Ba(1)-O(3) distance, 2.778(1) A, is a little longer than the sum ¢ontrast, the corresponding zeolite A material, although similar

of the ionic radii of_Bé+ and G, 1.34+1.32=2.66 A’Zlaas in composition, decomposes easily at relatively low temperatures
was seen above with the corresponding octahedr# @as at when dehydration is attemptéd.

perhaps because this site is a little too small for a large cation Thjs corresponds to the colors of the three crystals whose

like B2t (r = 1.34 A): other smaller divalent cations such as  stryctures reported here.

Ca* (r = 0.99 A), Mt 24 (r = 0.80 A), Cé" %5 (r = 0.74 (d) Comparisons. The mean values of the SD bond

A), and C&* 23 (r = 0.97 A) fully occupy this 16-fold position. lengths for Mgg(H20)a—X, Cass—X, and Bas—X are 1.630-
The Ba(2) position is on a 3-fold axis in the sodalite unit, (6), 1.628(6), and 1.633(11) A, respectively. The mean values

opposite D6Rs at sité [see Figure 8). This 32-fold position  of the corresponding AtO bond lengths are appropriately

is occupied by only 1.5 B4 ions. Each coordinates at 2.44- longer: 1.722(6), 1.728(6), and 1.709(12) A, respectively. The

(3) A to three O(3) framework oxygens and is recessed.79 range of individual bond lengths for these three crystals is
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wide: Si—O from 1.594(6) to 1.659(6) A and AIO from 1.681-
(6) to 1.764(7) A: see Table 3. The individuatS) and AHO

distances depend upon alkaline-earth cation coordination 010 32,

framework oxygen: O(1) and O(4) are not involved in

coordination; all cations coordinate to O(2) and O(3). Accord-

ingly, the Al-0(1) and AFO(4) distances are shorter than-Al
0O(2) and AF-0O(3); similarly S-0(1) and Si-O(4) are shorter
than Si-O(2) and Si-O(3) (see Table 3).

The “right” size of the C&" ion allows it to occupy site | at
the center of the D6R fully; it clearly prefers this position. In
partially dehydrated Mg(H>0),—X, Mg?" ions preferentially
occupy sites | and Il but partially occupy sitésahd II. In
dehydrated Ca—X, Ca* ions occupy only sites | and 1. In
dehydrated Ba—X, the B&" ions are again located at three
sites: 1, I, and Il. B&* appears to prefer the D6R sites (I and
I") over the S6R site (lI).

Mg?* is a little too small, C& fits well, and B&" ions are

a little too large for site I. Nonetheless, all fit reasonably well
into D6Rs. The distribution of cations among sites for the three

crystals is presented in Table 4.

The cations at site Il are closer to their coordinating oxygens
than are those at site I. This is a consequence of their very

different coordination numbers, three at site/$lsix at site I.

In the present work, no cations were found at sites Ill and
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