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The crystal structure of a cyclopropane sorption complex of dehydrated félyexehanged zeolite X,
Cau6Sii00Al 920384 - 30GHs (a = 24.988(4) A), has been determined by single-crystal X-ray diffraction tech-
niques in the cubic space groegB at 21(1rC. The crystal was prepared by ion exchange in a flowing stream

of 0.05M aqueous Ca(N{ for four days, followed by dehydration at 48D and 2x16f Torr for two days,

and exposure to 100 Torr of cyclopropane gas at 2C(Ihe structure was determined in this atmosphere and
refined to the final error indicd®; = 0.068 and?, = 0.082, with 373 reflections for whidhk> 3a (1). In this
structure, C# ions are located at two crystallographic sites. Sixte@hi@as fill the octahedral sites | at the
centers of the hexagonal prisms (Ca-O = 2.412(9) A). The remaining?3®@aare at sites II; each extends
0.46 A into the supercage (an increase of 0.16 A upblg ©rption) where it coordinates to three trigonally
arranged framework oxygens at 2.311(8) A. Each of the 30 cyclopropane molecules was found to complex to
Ca*ions at site Il by the induced dipole interaction (Ca-C = 2.99(4) A). All carbon atoms in each cyclopropane
molecule are equivalent and equidistant fror*@ms at site Il with which they are associated.

Introduction threefold axes inside the large cavity, close to three trigo-
nally arranged framework oxygens . The metal to oxygen
Most of the transition metal ions ion-exchanged into zeodistances are Co(ll)-O = 2.174(&)and Mn(l1)-O = 2.122
lites are unusually coordinated or coordinately unsaturated8) A. Each of the four cyclopropane molecules in each
To relieve coordinative unsaturation inside the zeolites, thetructure is found to complex to a transition metal ion with
cations complex readily with a variety of guest moleculesCo(ll)-C = 2.81(7)A and Mn(ll)-C = 3.09(6)A. The large
that enter the zeolite channels and cavities. One aspect of timtropic carbon thermal parametargl the long metal to
catalytic activity of zeolites is their capacity to adsorb hydro-carbon approach distances lead to the conclusion that the
carbon molecules within the voids and channels of theyclopropane molecules are loosely bound to the metal ions
framework structuré.The knowledge of molecule-frame- by a ion to induced dipole interacti®n.
work and molecule-molecule interactions is crucial to the Use of the selective and catalytic properties of zeolite is
understanding of the catalytic processes taking place in thwidespread. Structural information of various sorbates in
voids of the zeolitic channel system. The selective sorptiotinner surface of the zeolite A and X has been obtained by the
and catalytic properties of zeolites rely on not only the kindsvery powerful crystallographic method. The environments
of cations and their distribution but also on the interactionof guest molecules such asBy CL%1% CH,1112 CH4B314
between the cations and the sorbed molecules. NH3!>%and CHOH! have been studied.
Calcium-exchanged zeolites are used in industry to dry Nuclear quadrupole resonance studies#fs@how that
and purify natural gas, for carbon dioxide and hydrogen sulall of the carbon atoms in cyclopropane molecules &e sp
fide removal, and for the separation ferand isoparaffing. hybridized. Hence, cyclopropane has someharacter by
In dehydrated CaX, 16 C&* ions fill site | and 30 are at which it might interact with transition metal cations. It has
site 112 Upon sorption of ethylene or acetylene, each site-lbeen found that cyclopropane is sorbed by patrtially Ni(ll)-
Ca* ion moves 0.1 or 0.12A further into the supercage exchanged zeolite A complexes with Ni(ll)io¥s.
from the plane of its three nearest oxygens to coordinate This work was undertaken to further investigate cyclopro-
laterally to a GH2, molecule! These C# ions have a tetra- pane sorption by zeolite X, to determine the positions of
hedral environment, 2.31& or 2.318A from three frame- sorbed cyclopropane molecules, and to observe the shifts in
work oxygens and 2.98 or 2.87A from each carbon atom cation and framework positions upon sorption.
of ethylene or acetylene molecules (C-C = 1.39(6) A and

C-C = 1.30(5) A) (ethylene or acetylene is counted as a Experimental Section
monodentate ligand ).
The structures of GblasSii2Al 12048 - 4GHe and MnNas- Large single crystals of sodium zeolite X, stoichiometry

Si12Al12048 - 4GHs, formed by exposure to cyclopropane Nag;ShooAl 920384 Were prepared in St. Petersburg, Ru¥sia.
gas at approximately atmosphere pressure, were complete@®ne of the crystals, a colorless octahedron about 0.2 mm in
In each structure, the transition metal cations are located across-section, was lodged in a fine Pyrex capillary.
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Table 1. Positionak Thermal? andOccupancy Parameters

Cation bOccupancy
Atom _ X y z Uiso® ) _
Site varied fixed
Si -538(2) 1227(2) 343(1) 103(7) 96.0
Al -558(2) 357(2) 1219(2) 69(8) 96.0
o(1) -1113(4) 3(4) 1091(4) 202(27) 96.0
0(2) -40(4) 39(4) 1429(3) 82(21) 96.0
0O(3) -361(3) 641(4) 624(4) 157(25) 96.0
O(4) -602(4) 779(4) 1735(4) 209(25) 96.0
Ca(1) | 0 0 0 79(16) 17.2(3) 16.0
Ca(2) 1 2277(1) 2277(1) 2277(1) 192(25) 30.7(4) 30.0
C 3190(11) 2802(14) 2815(15) 2371(53) 91.6(3) 90.0

aPositional and thermal parameters are giv&*. Numbers in parentheses are the esds in the units of the least significant digit given for the
corresponding parameté®ccupancy factors are given as the number of atoms or ions per urii ddll value; for Ca(1)Us = 0.0077 A andJ; =

0.0016 A; for Ca(2)Uii = 0.0240 A andJ; = 0.0048 Aizj. The anisotropic temperature factor = exglé2(h?U11+ k2Uz+ 12Uss+ 2hk Ui+ 2hl Ugs+

2kl Uz3)].

To prepare fully Ca-exchanged zeolite X, a 0.05 M solu- A difference Fourier function showed the positions of the
tion of Ca(NQ), was used. It was allowed to flow past the C&* ions at Ca(1), (0.0, 0.0, 0.0) with peak height 17.3,eA
crystal at a velocity of approximately 15 mm/s for 5 d atand at Ca(2), (0.227, 0.227, 0.227) with peak height 12.0
21(1)°C. After dehydration at 46@C and 2x1€ Torr for 2 eA=3. Isotropic refinement of framework atoms and these
d, the crystal was colorless. To prepare a cyclopropane sorfse* ions converged tB = 0.087 andR; = 0.14 with occu-
tion complex, the crystal was treated with 100 Torr of zeolit-pancies of 16.7(6) and 34.01(9), respectively. These values
ically dried cyclopropane gas (Aldrich, 99.995%) for 2 h atwere reset and fixed at 16 €dons and 30 Ca ions,
21(1)°C. The resulting yellow crystal, still in its cyclopro- respectively, because the maximum occupancy at Ca(1) is 16
pane atmosphere, was sealed in its capillary by torch. ions, and because the cationic charge should sum to 92+ per

The cubic space groupd3 was used throughout this unit cell.
work. This choice is supported by (a) the low Si/Al ratio, A subsequent difference Fourier function showed the car-
which in turn requires, at least in the short range, alternatiobon atoms of the cyclopropane molecules at a general 96-
of Si and Al, and (b) the observation that this crystal, like allfold position (0.289, 0.307, 0.368) with a peak height of 1.7
other crystals from the same batch, does not have intensigA-3. Simultaneous positional, occupancy, and isotropic
symmetry across (110) and therefore lacks that mirror planghermal parameter refinement for all atoms, which was

Diffraction data were collected with an automated Enraf-refined isotropically, converged Ry= 0.068 andR,= 0.082.
Nonius four-circle computer-controlled CAD-4 diffractome-  Occupancy refinement of the carbon atom at C converged
ter equipped with a pulse-height analyzer and graphite

monochromator, using Mo radiationdlg A = 0.70930; Ky, Table 2. Selected Interatomic Dist A) and Andl
A = 0.71359 A). The unit cell constant at 21¢C) deter- able 2. Selected Interatomic Distances (A) and Angles (teg)

mined by least-squares refinement of 25 intense reflection8§i-O(1) 1.63(1) O(1)-Si-O(2)  112.4(5)
for which 14 < 20 < 22, is a = 24.988(4) A. Al unique Si-O(2) 1.67(1) O(1)-Si-O(3)  107.4(5)
reflections in the positive octant of an F-centered unit cel®-O(3) 1.69(1) O(1)-Si-O(4)  114.0(5)
for which 8 < 50, | > h, andk > h were recorded. Of the SO(4) 1.63(1) O(2)-Si-O(3)  106.9(5)
1410 reflections examined, only the 373 reflections for’’/e'39 1.66 ~ O@)-S-O(4)  101.8(5)

which 1>30 (1) were used in subsequent structure determinay 0% 167(1) O(@)-S-O() - 114.36)

: ) . Al-O(2) 1.71(1) O(1)-Al-0(2)  112.3(5)
tion. An abSOI’ptIOI"I COI’reCtlorR(= 0.078 mml, Pcal = 1.547 AI_o(S) 172(1) O(l)'Al'O(3) 1068(5)
g/Cﬂ'}g andF(000) = 7288) was made empirically using’a Al-O(4) 1.67(1) O(1)-Al-O(4) 115.4(5)
scar?! The calculated transmission coefficients ranged fromayverage 1.69 0(2)-Al-0(3) 106.6(5)
0.985 to 0.995. This correction had little effect on the fhal Ca(1)-0(3) 2.412(9) O(2)-Al-O(4)  100.3(5)
indices. Other details are the same as previously reg8rted. Ca(1)-0(2) 2.311(8) O(3)-Al-O(4) 115.4(5)
C(1)-Cc(1) 1.24(6) Si-O(1)-Al 125.7(5)
Structure Determination Cyclopropane-Ca(2) Si-O(2)-Al 141.4(6)
Center-Ca(2) 2.85 Si-O(3)-Al 129.6(6)

2.99(4) Si-O(4)-Al 166.8(7)

Full-matrix least-squares refinement was initiated by usingc(l) -Ca(2) 0(3)-Ca(1)-0(3) 86.5(3)/93.5(3)

the atomic parameters of the framework atoms [Si, Al, O(1), ] ]

0(2), 0(3), and O(4)] in dehydrated &X.3Isotropic refine- géz()z)cgggg((f)) %Gd?s)

ment converged to an unweightedindex, &(Fo-|F¢|)/ZFo), C(1)-C(1)-C(1) 60_'0(5)

of 0.31 and a weighteB, index, EW(Fo-[FdP/zwFo?)' of aNumbers in parentheses are estimated standard deviations in the units of
0.36. the least significant digit given for the corresponding value.
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at 91.6(3) and this value was fixed at 90 atoms (see Table 1
three times the number of €dons at Ca(2), the maximum
number that can fit at this equipoint; it is assumed that on
CsHe molecule is associated with each Ca(2), such coordine \
tion being the reason that each Ca(2) ion has moved 0.16 |
further into the supercage as compared with its dehydrate &A~—— Q)
structure. The final error indices for the 373 reflections, for
which | > 30 (1), wereR; = 0.068 andr, = 0.082, and the i o ‘
corresponding difference function was featureless. The fin 'gzlfr_e 2. Stereov_lewhof double S'X'“?lg of %XfO%HG' The i
refinement was done using the 800 reflections, for which, . ulggdét Ca(1) is shown at site I. Ellipsoids of 20% probability
| > 0, to make better use of the diffraction d&a=: 0.17 and
R, = 0.089. This allowed the esds to decrease to about 40%
of their former values. All shifts in the final cycles of least- from those points to give near tetrahedral angles about Si
squares refinement were less than 0.1% of their correspondnd Al
ing standard deviations. Exchangeable cations that balance the negative charge of
Atomic scattering facto?d24for Si, Al, O, Ca&*, and C  the aluminosilicate framework are found within the zeolite's
were used. All scattering factors were modified to accountavities. They are usually found at the following sites shown
for anomalous dispersiéh.The final structural parameters in Figure 1: site | at the center of a D6R, I' in the sodalite
and selected interatomic distances and angles are presentavity on the opposite side of one of the D6R's six-rings

in Tables 1 and 2, respectively. from site | II', inside the sodalite cavity near a single six-ring
(S6R) entrance to the supercage, Il in the supercage adjacent
Discussion to a S6R, Il in the supercage opposite a four-ring between

two 12-rings, and IlI' off the twofold axis, somewhat or sub-

Zeolite X is a synthetic counterpart of the naturally occur-stantially distant from 1l but otherwise near the inner walls
ring mineral faujasite. The 14-hedron with 24 verticesof the supercag®:2”
known as the sodalite cavity Pprcage may be viewed as the  The mean values of the Si-O and Al-O bond lengths are
principal building block of the aluminosilicate framework of 1.66 A and 1.69 A, respectively. The individual bond lengths,
the zeolite (see Figure 1). Th@seages are connected tetra- however, show marked variations: Si-O from 1.63(1) A to
hedrally at six-rings by bridging oxygens to give double six-1.69(1) A and Al-O from 1.67(1) A to 1.72(1) A. The Si-O
rings (D6R's, hexagonal prisms), and, concomitantly, to giveand Al-O distances depend onZ2Can coordination to
an interconnected set of even larger cavities (supercagepmework oxygen; Ca ions coordinate only to O(2) and
accessible in three dimensions through 12-ring (24-mem©(3). As a consequence of these (substantially ionic) inter-
bered) windows. The Si and Al atoms occupy the vertices oéictions, the Si-O(2), Si-O(3), Al-O(2), and Al-O(3) bonds
these polyhedra. The oxygen atoms lie approximately mid-
way between each pair of Si and Al atoms, but are displacethble 3. Deviations of Atoms (A) from Six-Ring Planes

at O(3): Ca(1) -1.30
e oxygen at O(2): Ca(2) 0.47
o cation aA negative deviation indicates that the atom lies in a DBRnositive
I deviation indicates that the atom lies in a supercage.
I g
o
o g
5 1. S6R
11 | OI] |DeR
2 g I
4N\ ;
/)52 e
2 o )
/ I
large O sodalite
cavity ) cavity

Figure 3. A stereoview of a sodalite cavity. Four®Cmns, Ca(2),

Figure 1. A stylized drawing of the framework structure of are shown at site Il. Each €don at Ca(2) coordinates to one
zeolite X. Near the center of the each line segment is an oxygetyclopropane molecules. The hydrogen atoms, whose positions
atom. The different oxygen atoms are indicated by the numbers Were not determined, are not shown. All D6Rs have this arrange-
to 4. Silicon and aluminum atoms alternate at the tetrahedrahent. At least 75% of sodalite cavities have this arrangement. The
intersections, except that a silicon atom substitutes for aluminum atmaining 25% have only three €#ons at Ca(2), each of which
about 4% of the Al positions. Extraframework cation positions arecoordinates to one cyclopropane molecule. Ellipsoids of 20% pro-
labeled with Roman numerals. bability are shown.
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are somewhat lengthened (see Table 2). This effect is fralehydrated Ca-X 2 (see Figures 3-5). Similarly, in the crys-
guently observed, for example in dehydrateg:&a® tal structures of the ethylene and acetylene sorption com-

Only small changes from the framework geometry of theplexes of dehydrated fully €aexchanged zeolite Xthe
dehydrated structure are observed upon sorption. The celle* ions at site || moved only 0.11 A and 0.12 A further
constant decreased somewhat from 25.024(4) A in dehyinto the supercage, respectively, as compared with dehydrated
drated Ca-X12to 24.988(4) A in its cyclopropane sorption CaueX.3
structure. Smaller decreases upon sorption were seen in itsAs a consequence of the movement of thé" @ms at
ethylene & = 25.003(5) A) and acetylena £ 25.013(5) A)  Ca(2) into the supercage upon complexation, the Ca(2)-O(2)
sorption structures. bonds have increased from 2.276(5) A in dehydrataeg Ca

The C&* ions are found at only two high occupancy sites.X3 to 2.382(7) A. The O(2)-Ca(2)-O(2) angle has corre-
Sixteen Ca&' ions at Ca(1) fill the octahedral site | at the cen-spondingly decreased from near trigonal planar (118)3(2)
ters of the D6R's (see Figure 2). The Ca(1)-O(3) distancen dehydrated CgX,2 to 116.0(3) in the cyclopropane
2.412(9) A, is a little longer than the sum of the ionic radii ofcomplex (see Table 2 and Figures 4 and 5).

Ce*and G-, 0.99 + 1.32 = 2.31 Bindicating a reasonably ~ The Ca(2)-C bond distance is relatively long %@ =

good fit. In empty Ca-X, the Ca(1)-O(3) distance is similar, 2.99(4) A), and the changes to the framework upon sorption
2.429(8) A3 The remaining 30 Caions at Ca(2) are at site are relatively small. The present?G& distance in zeolite X

Il in the supercage (see Figures 3 and 5); the3ei@®s are  is very similar to those in zeolite A ( Co(ll)-C = 2.81(7) A
2.311(8) A from their nearest neighbors, three O(2) frameand Mn(ll)-C = 3.09(6) A) The bonding in these complexes
work oxygens. Recently, the crystal structures of fully dehy-appears to be the result of electrostatic interaction between
drated Ca-X3, Mnss-X?9, and Sie-X30 were determined by the C&* ions and the polarizable-electron density of the
single-crystal x-ray diffraction methods. In these structuresgyclopropane molecules. These interactions are relatively
all Ca&*, Mn?*, and St* cations are located at sites | and Il, weak.

also with the same occupancies, 16 and 30, respectively. A more detailed presentation of the previously discussed

To coordinate to cyclopropane molecules, th& @ms at  character of cyclopropane is possible. Mitfeysing Hell-
site Il have moved 0.16 A further into the supercage, furthemann-Feynman arguments and ring bending strain energies,
from their triads of three O(2) oxygens as compared withcalculated a “negative pole” in cyclopropane to be 0.288 e
This negative pole arcloud would be polarized by the field
of the Ca(ll) ion to form the bond between cyclopropane and
Ca(ll). In this work, cyclopropane molecule is loosely bound
to C&* ion by the induced dipole interaction.

The intermolecular carbon-carbon distances are observed
to be short, 1.24 A, as compared with the 1.52 A in free
CsHs molecule® (C-C = 1.10(12) A in CfNa-ACzHg and
Mn4sNas;-ACsHe). These observed C-C bond lengths are
somewhat foreshortened, an effect of thermal motion, by an
amount which can be estimated to be a few tenths of an ang-
strom. Accordingly, the C-C bonds have not been shown to
be shortened by complexation.

Summary, all C# ions are found at sites | and Il. Each of
the 30 cyclopropane molecules sorbed per unit cell coordi-

Figure 4. Ca(GHe)?* complex on the inner surface ofasupercagenates fo site Il Gaion in the supercage. The Taons at
. 6, . . .
is shown in stereview. The positions of the hydrogen atoms wer: ite | do not interact with cyclopropane molecules. THe-Ca

not determined. Ellipsoids of 20% Probability are shown. bonds are long, and the interactions are weak, so the
changes in GaX due to sorption are small.
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