Journal of the Korean Chemical Society
Veol. 35, No. 3, 1991
Printed in the Republic of Korea

2 0|21 ot 0|22 XEHE HIBBIOIE A AgaZn-A)e] Sost
ZHTE9} 00 HPHUS FMAIZ FYTE

CETRETY TR TR
padet Adseae S
{1990. 11. 12 )

Crystal Structures of Dehydrated Ag* and Zn’* Exchanged Zeolite A,
Ag:sZnge-A and of Its Ethylene Sorption Complex

Mi Suk Jeong, Jong Yul Park, Un Sik Kim, and Yang Kim'
Department of Chemistry, Pusan National Universily, Pusan 609-735, Korea
(Received November 12, 1990)

£ o ¥5Y AgddngAf) T2 o) Ao oAl 7Vt F48 FEE XA 92A Yo
UHETHEQA Pmdm-g AHE3b] 2 E )M stz YUt Agt o) § Zn?t o] 2B ol TR
5 /9) AAL 400C, 2X107 % Torre] AFsjolA] 247 &2 ¥, 2 5 shigl ZAel= 25(1)CHA
250 Torr®} ol€ddl 7|4 147 St Helshinh, 58 AgZnAla=12137(2)R)8) AFFzE 3o
(D2 237702) AP E AH-El R, gte) 0.04474x] Fd3bA)gar, S F2407 AgosZnge-A-5.6CH,
(a=12106(2)A) o} AAPZANE 301702 HAYE AH83te] R, ko) 005072 HLRAAc) 2.8702)
Agt o1 && U EAIo} n AE-E Y&, 6-3 YR T EFRLE 0922(2)4 01 5Y 9AHe] Tz
tast 22405)Ae1 4 Agern ANT, oW F2he) RBarbsh 2290(5) Al M Rk Ak Znt
o] &2 wisld X F Jiel M2 b 38 FHAFA] AE o, o] F 2809 In®t o)L Y
BAbol n AES YA, (111) H)d 2 $TE22 0408(D4 o158 o] T2} A4s} AYstn
Qadek Zn* ole3 olgal Rabe) gAUA AAele 278 Ao, o1& vimA ok AYYE v
elfic),

ABSTRACT. Two crystal structures of dehydrated Ag:sZn,e-A and of its ethylene sorption complex
have been determined by single-crystal X-ray diffraction techniques. The structures were solved and
refined in the cubic space group Pm3m at 23(1)C. Dehydration of two crystals studied were achieved
at 400C and 2X107® Torr for 2 days and one crystal was treated with 250 Torr of ethylene at 25(1)C.
The structures of dehydrated AgssZnge-A {a=12.137(2) &) and of its ethylene sorption complex (¢ =12.106
2 A) were refined to final error indices, R(weighted)=0.044 with 237 reflections and R(weighted)=0.050
with 301 reflections, respectively, for which I>3c(]). 2.8 Ag' ions are recessed 0.922(2) 3 from (111)
plane of three 6-ring oxygens into the large cavity where each forms a lateral n complex with an ethylene
molecule. These Ag" ions are in 2.240(5) A from three framework oxide ions and 2.290(5) A from each
carbon atom of an ethylene molecule. The Zn®" ions occupy two different threefold axis positions of
the unit cell. 2.8 Zn?* ions are recessed 0.408(2) A from (111) plane of the 6-ring oxygens and each
Zn®* ion forms a m complex with an C,H, molecule. The distances between Zn®* ions and carbon atom
of ethylene molecule, Zn(2)— C=2.78(4) A are long. This indicates that this bond is relatively weak.
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INTRODUCTION

Selective catalysis of a wide variety of organic
reactions by zeolites, containing transition metal
ions is well established™ . It has been possible to
determine the geometry and symmetry of the
weak complexes which form when small molecules
(for example, C;H,, CO, H,0P** are physically sor-
bed onto the inner surfaces of the zeolite. As a
part of these studies, Carter ¢f @l have studied
the sorption of ethylene at room temperature onto
a series of ion-exchanged synthetic near-faujasites
by infrared spectroscopy and by microcalorimetry.
They found that ethylene molecules form laterally
held m complexes of symmetry C,. Of the transi-
tion metal ions examined, Ag* and Cd** were
found to hold ethylene most strongly. Further-
more, in every complexes except that with Ag*,
the bound ethylene molecules are found to rotate
about the C, axis.

In the crystal structure of an ethylene sorption
complex® of partially decomposed fully Ag*-ex-
changed zeolite A, ca. 3.6 Ag* ions per unit cell
are recessed approximately 1,1 & into the lurge
zeolite cavity where ewch forms a lateral n comp-
lex with an ethylene molecule. These Ag* ions
are in a near tetrahedral environment, 249(1) A
from three framework oxide ions and 254(8) A
from each carbon atom of an ethylene molecule
(which is here counted as a monodentate li-
gand).

This study was done to learn the selective posi-
tions of Ag* and Zn** ions within zeolite A and
to investigate the geometry of the sorbed ethylene
molecules which may form a lateral n complex
with Ag* ions and/or Zn®* ions.

EXPERIMENTAL SECTION

Crystal of zeolite 4A were prepared by Char-
nell’s method”. Each of two single crystals 0.08
mm on an edge was selected and lodged in a fine
glass capillary. To prepare exchanged crystals of
composition Ag,sZnys-A and Ag.sZnge-A:5.6CH,,
an exchange solution of AgNQ; and Zn(NOy), in
the mole ratio of 1 to 300, with a total concentra-

tion of 0.05 M, was used.

fon exchange was accomplished by allowing the
solution, to flow past each crystal at a velocity
of approximately 1.0 cm/sec for 3 days. Then each
crystal was dehydrated at 400C and 2X 107 Torr
for 2 days. After each crystal returned to ambient
temperature (ce. 24T), one crystal was sealed in
its capillary by a torch. The crystal became brown
during the dehydration treatment.

The second crystal was treated with 250 Torr
of zeolitically dried ethylene for 1 hr at 25(1)%.
Under these conditions, the crystal in its capillary
was removed from the vacuum system by torch.

Microscopic examination indicated that the cry-
stal had become dark brick-red color.

The space group Pm3m (no systematic absen-
ces) was used throughout this work for reasons
discussed previously®~', Diffraction data were col-
lected with an automated Enraf-Nonius four circle
computer controlled CAD-4 diffractometer, equip-
ped with a pulse-height analyzer and a graphite
monochromator, using Mo Ka radiation (Ka,, A=
07930 &; Koy, A=0.71359 &). The unit cell cons-
tant, as determined by a least-squares refinement
of 25 intense reflections for which 18°<20<25°
is 12.137(2) A for AgsZnis-A and 12.106(2) & for
AgosZngs-A-56CH,, respectively.

Reflections from the two intensity equivalent
regions of reciprocal space (hk!, h<i<! and Ihk,
iSh<k) were examined. The intensities were
measured using »— 28 scan technique over a scan
width of (0.80+0.344 tan 8)° in w. The data were
collected using the variable scan speeds. Most re-
flections were observed at slow scan speeds, from
0.137° to 0.342° in @ min~'. The intensities of
three reflections in diverse regions of reciprocal
space were recorded after every 3 hrs to monitor
crystal and X-ray source stability. Only small, ran-
dom fluctuations of these check reflections were
noted during the course of data collections. For
each region of reciprocal space, the intensities of
all lattice points for which 28<70° were recorded.

The raw data from each region were corrected
for Lorentz and polarization effects including that
due to incident beam monochromatization; the re-
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duced intensities were merged and the resultant
estimated standard deviations were assigned to
each average reflection by the computer programs,
PAINT and WEIGHT".. An absorption correction
(uR ca. 0.109, p.»=1.89 g/cm® and F(000)=2856 for
Ag2eZnye-A, and pR ca. 0.110, p.y=2.05 g/cm® and
F(000)=945 for Ag:sZnye-A-5.6C,H,) was judged
to be negligible and was not applied'*®, Of the
894 pairs of reflections for AgsZng;-A and 892
for AgsZngs-A-56CH,, only the 237 and 301
pairs, respectively, for which I>36(f) were used
in subsequent structures determination.

STRUCTURE DETERMINATION

All structure calculations were done using the
Structure Determination Package (SDP)" programs
supplied by Enraf-Nonius.

Dehydrated Ag;sZn,s-A. Least-squares refine-
ment began using the framework atomic coordina-
tes ((Si, AD), (1), 0(2), and O(3)) and three 6-ring
Ag” ions at (0.190, 0.190, 0.190) of dehydrated Ag;s
Na,.-A", The occupancy of Ag* ions at Ag(1) refin-
ed 2.71(2)(see Table 1). Refinement with isctropic
thermal parameters converged to an unweighted
R, index, (T | Fo— | Fc | /ZFo) of 0.196 and a
weighted R; index, (Zw(Fo— | F¢ | V/ZuwF§"* of
0.229.

Since ionic radii of Zn®* and Ag” ions are differ-
ent, Zn2* =074 A vs Ag* =126 A, and their ato-
mic scattering factors are also quite different, 28
e~ for Zn** vs 46 e~ for Ag™, it is easy to distin-
guish Ag* from Zn** ions. Also, the approach
distances between those ions and zeolite oxide
ions in partially decomposed Agi,-A® and dehydra-
ted ZnsK:-A® and Agp-2Zn.~-A (x=146 and 4.6)"
have been determined. Besides, the requirement
that 12 monovalent cations {or 6 divalent cations)
per unit cell be found does not allow the major
positions to refine to acceptable occupancies with
the alternative assignment of ionic identities™.

A difference Fourier synthesis revealed two lar-
ge threefold axis peaks at (0.166, 0.166, 0.166) and
(0210, 0210, 0.210) with heights of 49(2) A,
and 59(2) eA-? respectively. Two peaks were sta-
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ble in least-squares refinement. The first peak was
refined to 2.0 Zn** ions, and the second was to
2.6 Zn** ions. This model lowered the error indic-
es to R,=0.047 and R,=0.046 (see Table 1). An-
isotropic refinement of all atoms converged to 1=
0.043 and R,=0.044. The occupancies of Ag(l),
Zn(1), and Zn(2) were fixed at the values shown
in Table 1. All other parameters were varied ex-
cept the thermal parameter of Zn(2). Final differ-
ence Fourier function was featureless, All shift/
error in the final cycle of the least square were less
than 0.3% of the their corresponding esd’s.

AgrsZn-A-5.6CH,. Full-matrix least-squares
refinement of the structure was initiated using
framework atoms and Ag* ions and Zn®* ions,
which determined from the previous crystal of
Ag»9Znys-A. Full anisotropic refinement of this mo-
del converged with R8,=0.068 and R,=0.077.

From a subsequent difference Fourier map, the
carbon atoms of the ethylene molecules appeared
at the 24 fold position (0.2773, 0.3574, 0.3574) with
a peak height of 1.3(2) eR-3 The occupancy num-
ber of C per unit cell refined to C=13.1(8). The
carbon atoms are associated with Ag* ions at Ag
(1) and Zn®* ions at Zn(2). Therefore, refinement
of about 11.2 carbon atoms per umnit cell at this
position, constrained to be no more than twice the
number of 2.8 Ag* ions and 2.8 Zn** ions, conver-
ged readily, but gave a large isotropic thermal pa-
rameter (10(1) A2). Hence a trial refinement with
carbon atom at a general position (x, y, 2), simi-
lar to the ethylene sorption complex of CoNa,-AY,
converged to a lower isotropic thermal parame-
ter (7(1) A9 for carbon. This model lowered the
error indices to R;=0053 and R,=0.050. Aniso-
tropic thermal parameters for all species except
ethylene molecules were employed in the refine-
ment (see Tagble 1). In the final cycle of least-
squares refinement, all shifts in atomic parameters
were less than 0.3% of their corresponding stan-
dard deviations. The final difference Fourier func-
tion was featureless except one at (0.0, 0.0, 0.0)
with peak height of 2.7(10) eA2.

The full-matrix least-squares program used in
all structure determinations minimized Z(Fo—
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| Fc | ¥ the weight () of an observation was the

reciprocal square of o(Fo), its standard deviation.
Atomic scattering factors'® for (Si, Al)'"**(the ave-
rage of Si¥, Si**, Al°, and AP"), 0", Zn?*, Ag*
and C(valence) were used. All scattering factors
were modified to account for the anomalous dis-
persion correction’®?,

DISCUSSION

Dehydrated Ag;sZn A, 2.8 Ag™ ions at Ag(l)
are located on the threefold axes of the unit cell
(see Table 1). These Ag* are coordinated to three
O(3) framework oxygens at 2.065(6) A. The 0(3)-
Ag(1)-0(3) angle of 119.9(1)° indicates that Ag
(1) has achieved trigonal-planar coordination (see

Table 2. Selected interatomic distances (A} and Ang-
les {deg)

Interatom AgrsZnge-A AgrsZng-A-5.6CH,
(Si, AD-O(D) 1.626(2) 1.626(2}
{Si, A)-O(2) 1.630(4) 1.648(4)
(Si, AB-0(3) 1.704(4) 1.701(3)

Ag(1)-0(3) 2.065(6) 2.2414)

Zn(1)-03) 2.133(6) 2.108(6)

Zn(2}-03) 2.106(5) 2.082(5)

Ag(1)-C 2.29(4)

Zn(2)-C 2.78(4)

C-C 1.47(5)
O{1)-(Si, AD-O(2) 115.6(4) 112.8(4)
O(1)-(Si, AD-O(3) 111.4(3) 111.4(3)
O(2)-(S1, AD-O(3) 105.8(2) 106.62)
0@)(Si, AD-O(3) 106.3(3) 108.8(2)
(Si, AD-O(1)-(Si, Al}) 170L3(8) 169.8(7)
(Si, Al-O(2)«Si, Al) 149.9(3) 145.%3)
(Si, AD-O(3)-(Si, Al) 1342(4) 133.1(3)
0(3)-Ag(1)-0(3) 119.9(1) 104.2(1)
0(3)-Zn(1)-0(3) 113.8(2) 114.0(2)
0(3)-Zn(2)-0(3) 116.0(1) 116.3(1)
0(3)-Ag(1)-C 97.7(9)
O(3)-Zn{2)-C 87.9(7)
C-4g()-C 32(1)
C-Zn{2)-C 27(2)
C-C-Ag(1) 712) .
C-C-Zn(2) 75(2)

“Numbers in parentheses are the estimated standard
deviations in the units of the least significant digit
given for the corresponding value.
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Table 2). Ag* ions lie almost the center of (111)
plane of three O(3) atoms.

2.0 Zn** ions at Zn(1) are located on the three-
fold axes and lie relatively far inside the sodalite
cavity from the (111) plane at O(3) with Zn(1)-0(3)
distances of 2.144(6) A.

2.6 Zn*" ions at Zn(2) are also on the threefold
axes of unit cell and associate with 6-rings. They
are recessed 0.426(2) & into the large cavity from
the (111) plane at O(3) (see Table 3). Zn(2) is 2.106
(5) A to three O(3) atoms, close to the sum of
the conventional ionic radii of Zn®* and O°~, 2.06
Ax,

In this structure, both Zn®* ions and Ag* ions
occupy only 6-ring sites and the 8-ring (and 4-
ring) sites are empty. This result shows that Ag*
ion and Zn®* ions which have relatively small ion-
ic radii (ionic radius of Ag*=126 A and that of
Zn?* =0.74 R)" prefer the 6-ring sites to the 8-
ring sites.

A plausible arrangement of the large cavity of
the AgosZnye-A is presented in Fig. 1. To minimize

Table 3. Deviation of atoms(&) from the (111) plane
at 0(3)

Atom AgeaZnggA AgoaZng-A+5.6C,H,
02) 0.375(4) 0.389(3) :
Ag(l) 0.073(2) 0.922(2)

In(D) —0.541(4) —~0.527(4)

Zn(2) 0.426(2) 0.408(2)

C 3.087(3)

A negative deviation indicates that the atom lies on
the same side of the plane as the origin.

03

I5i

01
In

Fig. 1. A stereoview of a large cavity of dehydrated
AgZue-A. Two Ag™ ions at Ag(l), two Zn** ions
at Zn(1), and three Zn** ions at Zn(2) are shown.
About 60% of the large cavities may have this ar-
rangement. Ellipsoids of 25% probability are used.



194 WX - KT £BE- & B

Fig. 2. A stereoview of a large cavity of dehydrated
AgsZnie-A-56CH,. 2 Ag* ions at Ag(l), 2 Zn** ions
at Znfl), 3 Zn’* ions at Zn(2), and 5 C,H, molecules
at C are shown. About 60% of the large cavities may
have this arrangement. Ellipsoids of 25% probability
are used.

electrostatic repulsions, the Zn®* ions at Zn(l) are
placed triangular fashion, and the Ag* ions and
Zn(1) ions are filled the remained threefold axis
equipoints of the unit cell,

The fractional occupancies observed at Ag(1)
and Zn(2) indicate the existence of at least 2 types
of unit cells. About 60% of unit cells may have
2 Ag* ions at Ag(l), 2 Zn** ions at Zn(l), and
3 Zn** ions at Zn(2). Remaining 40% may consist
of 4 Ag* ions at Ag(1), 2 Zn** ions at Zn(l), and
2 Zn** (see Fig. 1).

AgrsZni-A-5.6C,H,. A comparison of the st-
ructure of AgysZn,-A-5.6C,H; with that of the de-
hydrated Ag.aZnyc-A, reveals some changes of
bond lengths and distances (see Table 1).

Each ethylene molecule forms a lateral n com-
plex (see Fig. 2) with a 6-ring Ag” ion. To bind
one molecule of ethylene, each Ag* ion of the de-
hydrated Ag.sZnss-A moves significant distance (ca.
085 &, see Table 2) from its triad of O(3) at-
oms, further into the large cavity. Accordingly, the
length of the Ag(1)-O(3) bond has increased from
2.065(6) & in the dehydrated structure to 2.240
(@) A (see Table 2) in ethylene sorption structure.
The three equivalent O(3)-Ag(1)-0(3) angles have
decreased correspondingly from the trigonal pla-
nar value of 119.9(1)° in dehydrated Aggj,zmﬁ'ﬁ
to near tetrahedral value of 104.2(1)° after the
sorption of ethylene (see Table 2). With the excep-
tion of an decrease of 4° in the (Si, A)-O(2)-(Si,
Al angle, no significant change in framework st-
ructure has resulted from the sorption of ethylene.

The Ag(1)-C bond length of the AgsZne-A+5.6C;
H,, 2.2%(4) ﬁ, indicates that the ethylene is firmly
held by the Ag* ion at Ag(l). 2.8 Ag* ions are
recessed 0922(2) & from (111) plane of three 6-
ring oxygens into the large cavity (see Table 3).

The Zn** ions occupy two different threefold
axis positions of the unit cell. 2.8 Zn®* ions are
recessed 0.408(2) A from (111) plane of the 6-ring
oxygens (see Table 3).

The positions of Zn?* ions at Zn(2) are almost
unchanged: Zn(2)-0(3) distances are 2.106(5) & in
the dehydrated structure and 2082(5) & in its
ethylene sorption complex, respectively. And no
changes in the angles formed at Zn®*' ions are
observed (see Table 2). Although Zn(2)-C distance,
2.78(4) Ais relatively long, the occupancies of eth-
ylene revealed that each Zn®* was weakly bound
to an ethylene. The positions of ethylene molecules
which were bound to Zn** ions must be somewhat
different from those bound to Ag* ions. However,
this could not be resolved crystallographically.

The bonding between transition metals and al-
kenes is usually described in terms of the Chatt-
Dewar model®. An initial ¢ bond is formed bet-
ween the filled nm orbital of the alkene and an
empty g-acceptor orbital of the metal (for exam-
ple, 5s orbital of Ag* ion and 4s orbital of Zn2*
ion). Accumulated negative charge on the metal
then is “back-donated” by 4 n orbitals of the me-
tal to a n-acceptor orbital of the alkene. This effect
strengthens not only the preliminary ¢ bond but
also synergically reinforces the n bond as well.
Because the n-acceptor orbital of the alkene is
antibonding, the C=C bond order may be dimini-
shed somewhat by back-donation, and such an ef-
fect may be indicated by a lengthening of the
C=C bond. The long ethylene double bond, the
C=C distance of 1.47(5) A may be reflect this
back-donation. The difference between Zn®** and
Ag* ions in their ability to back-donate 3d and
44 electrons, respectively, to the n* orbitals of
ethylene lies in their difference in ionic radii. Di-
valent Zn** jon, has an ionic radius of 0.74 &,
compared to 1.26 A& for the monovalent Ag* ion.
This suggests that the filled 34 orbitals of Zn®**
ion do not reach sufficiently far out in space to
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{a) (b)

Fig. 3. The coordination environments of the Ag(l)
and Zn(Il) ions. An Ag(C,H.)* complex (a) and a Zn
(C;H,* complex (b) in large cavity. The hydrogen
atoms whose position were not determined are not
shown. Ellipsoids of 25% probability are used.

overlap effectively, as 44 orbitals of Ag* ion do.
The Ag*-C distance, 22%4) A is much shorter
than the Zn**-C distance, 2.78(4) A. Therefore,
Zn**-C,H, complexes in zeolite A have much wea-
ker interaction than Ag*-C;H, complexes.

The Zn?* jons at Zn(1) have no distinct change
upon ethylene sorption (see Table 1 and 2). The
distance between the Zn(l) ion and ethylene is
369 A, too long to be an interaction. Although
the uncertainties in the carbon position are large
and the determination of the C=C distance is
poor, it is still clear that the ethylene molecules
make so significant approaches to the zeolite fra-
mework. The closet C-O approach is 341 At
an O(3) ion (see Fig. 3). The hydrogen atoms
would therefore also be too far from the nearest
oxide ions to interact with them.
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