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‘The chemistry of metal phosphonates has been of increasing interest during the past two
decades, owing to their practical applications as ion exchangers, catalysts and sensors.
Great efforts have been devoted to the metal diphosphonates, by modifying the organic
tether (R) of R(PO3H,), to explore new materials with Jarge pores and interesting func-
tions. The template effect on directing the formation of different metal diphosphonate
structures, however, has not been well documented. We present here the syntheses and
structures of eleven M-hedp compounds, where M=Cu, Fe, Ni;
hedp = 1-hydroxyethylidenediphosphonate. The influences of templates on the final prod-
ucts are discussed.
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INTRODUCTION

In recent years, increasing attention has been paid to the syntheses of
new inorganic/organic hybrid materials or coordination solids with
open-framework structures. 1-3 The work has been motivated in order to
explore a new generation of zeolite-type materials which not only
mimic the properties of traditional zeolites but also have applications in
such areas as chiral recognition. Several approaches have been devel-
oped to achieve this goal, among which the metal phosphonate com-
pounds have been shown to be particularly interesting candidates.

The chemistry of metal phosphonates grew primarily out of the simi-
larity of phosphonates of group 4 and 14 elements to the inorganic phos-
phates and their potential applications in ion exchange, catalysis and
sensors.*’ Subsequent studies from several research groups have
shown that the metal phosphonates usually adopt layered or pillared lay-
ered structures.®1® The organic part of the phosphonates plays a
space-filling role between the two-dimensional layers or participates in
the three-dimensional open-framework structures via strong covalent
linkages. Although a few metal monophosphonates also exhibit porous
structures,! =14 more effort has been devoted to the diphosphonates due
to their promising capabilities in building up open-framework structures
with metal ions. By modifying the length and functionality of the
organic tether (R) in R(PO3H;),, a number of new compounds, particu-
larly those with open-framework structures, have been prepared, 101316
Reports on the diphosphonate compounds involving organic templates,
however, have not been well documented especially for the transition
metal ions other than vanadium.

Traditionally, organic templates played very important roles in the
synthesis of zeolites. The use of such templates still attracts significant
interest in searching for new zeolite structures. For example, the M41S
family was discovered by scientists at Mobill7 through the successful
use of self-assembling surfactant cations such as (C;gH33)(CH3);N".
More recently, organic templates have been actively used in metal phos-
phate chemistry,s'w’19 and many interesting phosphate materials with
open-framework or porous structures have been discovered. In the metal
phosphonate area, Haushalter and Zubieta et al. also found that organic
templates may be employed to direct the organization of layered solids
of V/O/RPO,;* phases.?0-2!
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The potential of organic templates in directing structures and for the
discovery of new materials has prompted us to carry out a systematic
study of the template effect on the structures of metal diphosphonates.
Our efforts have focused on searching for transition metal diphospho-
nates with new structure types, based on the 1-hydroxyethylidenedi-
phosphonate [CH3;C(OH)(PO3),, hedp] ligand, which has been selected
because of its versatile coordination abilities with metal ions (scheme I).

In contrast with most of the diphosphonates which favor pillared lay-
ered structures, the short length of the R tether in hedp permits forma-
tion of stable M-O-P-C-P-O six member rings with the metal ions.
Although an exception has been observed in Snz(htzdp),22 where each
hedp serves to bridge six Sn ions through each of the six oxygen donors,
hedp is more likely to behave as a bis(bidentate) bridging ligand using
its four phosphonate oxygen atoms as shown in scheme I. The coordina-
tion of the remaining two oxygen atoms of the {CPO3;} moieties may
lead to the formation of compounds with higher dimensionalities
[scheme I(d)-(e)]. The additional -CH;3 and -OH groups attached to the
organic tether of hedp provide not only a steric hindrance but also a pos-
sible hydrophobic or hydrophilic environment which could be important
in the self-assembly of metal diphosphonates. This coordination chem-
istry of hedp is reminiscent of that of methylenediphosphonate. Several
transition metal methylenediphosphonate compounds with chain, layer
or framework structures have already been reported.1623-25

When some of the phosphonate oxygen atoms in hedp coordinate to
more than one metal ion, more complicated structures could be gener-
ated such as the case shown in scheme I(f). If the phosphonate oxygen
atoms are partially protonated, the ability of hedp to build up higher
dimensional structures is substantially lowered. The bis-protonated
hedpH,?" may even behave as a terminal ligand.

So far, only a few metal-hedp complexes have been structurally char-
acterized, including Snz(hcdp)22 with an open-framework structure, a
number of one-dimensional lanthanide-hedpH,, (n = 1-3)*¢ compounds,
and a few polynuclear compounds with metal ions such as Mo.2” In this
paper, we describe the syntheses and structures of some transition
metal-hedp compounds by using different templates. The crystallo-
graphic data for these compounds are listed in Table 1. The influences of
the various templates on directing the final products are also discussed.
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®
SCHEME 1
SYNTHESIS

The reactions were conducted under hydrothermal conditions at temper-
atures of 110 ~ 180°C in the presence of different templates including
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NH3'H20, NHz(CHz)nNI‘Iz (n = 2, 3, 4, 5), N}*I(sz)zNH, 1,4-d1azab1-
cyclo[2.2.2Joctane (dabco) and Na* etc. Typically, the compound
(NH,),Cus(hedp),(H;0),4 (1) was synthesized by heating a mixture of
CU(N03)2'3H20, 50% hede4, N'H4H.F2 and Hzo, adjusted by
NH;-H,0 to pH = 3, in a Teflon-lined autoclave at 140°C for 2 d. Fluo-
rides (NH4HF, or LiF) were added in order to improve the crystalliza-
tion. The syntheses of the other compounds except § were similar to that
of 1, although FeSO, and NiSO, were used as starting materials for the
iron-, and nickel-hedp compounds, respectively, and a different template
was involved in each reaction. The compound
Na,Cu, 5(hedp)s(OH),(H,0) (5) was prepared in the presence of both
Na* and 1,4-diazabicyclo[2.2.2]octane (dabco).

STRUCTURAL DESCRIPTION

Copper-hedp compounds

Compounds 1-4 were synthesized under the same conditions except dif-
ferent templates were used. The structures of 1 and 2 consist of anionic
Cu-hedp chains which are charge-balanced by the ammonium or dipro-
tonated ethylenediamine (Figs. 1 and 2). Compounds 3 and 4 have
two-dimensional layer structures with the diprotonated amines filling
the inter-layer spaces (Figs. 3 and 4).

Figure 1 shows the  infinite chain structure  of
(NH4)2Cu3(hedp)2(H20)4 (1) with a ladder-typc motif. A symmetric
Cu3(hedp)2(H20)4 building block is found in this structure which con-
tains two types of copper atoms [Fig. 1(a)]. The Cu(1) atom is in a pla-
nar environment with the four oxygen atoms from centrosymmetrically
related hedp groups. The Cu(2) atom has a distorted square pyramidal
coordination geometry. The hedp group forms bis(bidentate) bridges
between the Cu(1) and Cu(2) atoms, using four oxygen atoms from its
two {CPO;} moieties. One of the remaining two oxygen atoms, O(6), 1s
further linked to the Cu(2) atom in the neighboring Cu3(hedp)2(H20)4
trimer unit. The other oxygen atom, O(3), is terminal. Therefore the
sidepieces of the ladder chains are formed by the {Cu(2)O5} tetragonal
pyramid and the {CPO;} tetrahedra, while the rungs of the ladder are
formed by the {Cu(1)O,4} planes [Fig. 1(b)]. The NH," cations stabilize
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(b)

FIGURE 1 (a) The building unit of structure 1; (b) The ladder-like anionic chain of the
structure 1

the lattice through extensive hydrogen bonds with the phosphonate and
hydroxy oxygen atoms.

The structure of [NH,(C,H,),NH,]Cus(hedp), (3), using piperazine
as template, is two-dimensional with the inter-layer space occupied by
the [NH,(C,H,) 22NH2] 2* cations (Fig. 3). As in 1, the building unit of 3
is a Cus(hedp),” trimer. However, the remaining two oxygen atoms of
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(b)

FIGURE 2 (a) The linear anionic chain of structure 2; (b) Structure 2 packed along b-axis
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hedp, after bridging Cu(1) and Cu(2), are both coordinated to copper
atoms from neighboring trimer units. Consequently, a two-dimensional ani-
onic layer is formed, containing 4- and 8-membered rings assembled from
vertex-sharing {CuO,} units and {CPOj3} tetrahedra. The replacement of
piperazine by 14-butylenediamine as template leads to the formation of
[NH3(CH,)4NH3]Cus(hedp),-2H,0 (4) which is isostructural to 3.

(a)

®)
FIGURE 3 (a) The building unit of 3; (b) One layer of structure 3 packed along a-axis
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It is interesting that a linear chain is observed in the compound
[NH3(CH;);NH3]Cu,(hedp),-H,O (2) which has a symmetrical dimer
building unit {Cu,(hedp),} (Fig.2). The hedp also behaves as a
bis(chelating) bridging ligand. However, when the coordination

- geometries of the building units in 1 and 2 are compared carefully, the

differences are significant. Scheme I shows clearly that the two six
membered rings formed by hedp and metal ions are not planar. If both
rings prefer a chair-like shape, a cis-bridging mode results [scheme I(a)]
which has been found in the compound 2. If one six membered ring dis-
plays a chair-like shape while the other a boat-like shape, a trans-bridg-
ing mode is formed as shown in scheme I(b). The mode shown in
scheme I(c) could be energetically unfavorable because of steric hin-
drance. The trans-configuration seems to be most common, as evi-
denced by compounds 1 and 3-5. Variations in the twist angles of these
six membered rings may also cause structural differences.

The incorporation of sodium ion results in a completely different
structure of NayCu, 5(hedp)s(OH),(H,0) (5). The hedp group in 5 again
acts as a multidentate ligand [Fig. 4(a)]. It bridges the Cu(1) and Cu(2)
atoms in a way similar to that in 1 by using its four terminal phospho-
nate oxygen atoms. In contrast to the previous four structures, three of
these four oxygen atoms serve as nj bridging ligands. Therefore, each
Cu(1)0, tetrahedron is edge-shared with another Cu(1)O, tetrahedron,
and each Cu(2)O, plane is edge-shared with two NaOg octahedra. The
remaining two oxygen atoms of {CPO3} coordinate to the monovalent
Cu(3) atoms [Fig. 4 (a)]. This coordination pattern is shown in scheme
I(D).

Consequently, two alternately arranged honeycomb layers are found
in this structure. The {[Cu(1);0(8)]O3} sheet is based on an equilateral
triangle unit created from three equivalent Cu(l) atoms centered about a
H3-O(8) atom. Each Cu(1) atom in this triangle unit is edge-shared with
the other Cu(l) from the neighboring triangle unit, thus forming a
two-dimensional {(Cu30)O;} network with 12-membered rings. The
{Cu(2)O4Na(1)} sheet contains similar 12-ring cavities which are gen-
erated from edge-shared Cu(2)O, planes and Na(1)Og octahedra
[Fig. 4(b)]. Between these two sheets are the nine-membered rings
made up from the organic backbones of the hedp groups as well as
Cu(3) [Fig.4(b)]. Therefore, an interesting three-dimensional
open-framework structure is established, with one-dimensional chan-
nels along the [001] direction [Fig. 4(c)}.
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(c)

FIGURE 4 (a) Coordination geometries of hedp in 5; (b) Fragments of {(Cu(1);0)0;) and
{Cu(2YO4Na(1)} sheets and the nine-membered ring attached to the sheets; (c) Polyhedral
representation of structure 5 packed along c-axis. All H, C2, O7 and water molecules are
omitted for clarity

Iron-hedp compounds

The structure of [NH3(CH,)4sNHj][Fe,(hedpH),],-2H,O (6), where
diprotonated 1,4-butylenediamine serves as charge-compensating coun-
terions, can be best described by a supramolecular open network, built
up from the strongly hydrogen-bonded covalent chains. Each chain con-
tains a centrosymmetric dimer unit [Fe/z(hede)z]z' [Fig. 5(a)}, in which
the Fe atoms adopt distorted octahedral coordination spheres that are
edge-shared with each other through pairs of O(4) atoms. The hede3'
ligand is again bis-chelated and bridges the Fe atoms through four oxy-
gen atoms from the phosphonate moieties and O(7) from the hydroxy
group. Between the chains there exists a very strong hydrogen bonding
interaction involving the protonated O(3) and O(6) oxygens. A
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three-dimensional supramolecular framework is thus constructed by the
assembly of [Fc/z(hede)zl,,Z“' chains through strong hydrogen bond-
ing, with one-dimensional channels created along the a axis [Fig. 5(b)].
The compound [NH;(CH,)sNHj][Fe;(thedpH),)o-2H,O (7), where
[NH;(CH,)4NH;]?* is replaced by [NH3(CH,)sNH3]?*, exhibits a quite
similar structure.

Using cthylendiamine  as template, the  compound
[NH;(CH,),NH;]Fe(hedpH,), -2H,0 (8) has also been synthesized.
This compound has a one-dimensional chain structure, and is isostruc-
tural with that of the corresponding nickel compound
[NH;3(CH,),NH;NithedpH,),-2H,0 (9) which is described below.

Nickel-hedp compounds

Fig. 6 shows the structure of the compound
[NH3(CH;);,NH;]Ni(hedpH,),-2H,O (9) which is composed of cor-
ner-sharing {NiOg4} octahedra and {O3;PC} tetrahedra, with the
[NH3(CH2)2NH3]2+ cations and water molecules present between the
chains. The coordination geometry of each nickel atom is defined by six
O atoms from four hedpH,”" anions. Each hedpH,“" bridges the Ni
atoms using three O atorns from its two {PO3;H} moieties. The two pro-
tonated O atoms of the {CPO3} moieties prevent structures with higher
dimensionalities from forming, but rather contribute to extensive hydro-
gen bonding within and between the chains.

Compound [NH3(CH,)3;NH;]Ni(hedpH,),(H,0) (10) consists of dis-
crete [Ni(hedpH,),(H,0)],*dimers and [NH;3(CH,);NH;)?* cations.
The dimer can be viewed as a fragment of the chain adopted by 9, which
is terminated by the coordination of one molecule of H,O to each Ni
atom (Fig. 7). The hede27" moieties in the dimer serve as both terminal
and bridging ligands. By using 1,4-butylenediamine instead of 1,3-pro-
panediamine or ethylenediamine as template, a mononuclear structure
compound [NH;3(CH,)4NH;]NithedpH,),(H,0), (11) has been isolated
(Fig. 8). Both hedpH,?" ligands in this case act as terminal ligands. The
discrete [Ni(hedpH,),(H,0)),* dimers in 10 or [Ni(hedpH,)(H,0),}*
monomers in 11 are efficiently connected to each other, forming
three-dimensional networks of hydrogen bonding. The cavities gener-
ated within the networks are filled by protonated 1,3-propanediamine or
1,4-butylenediamine cations.
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FIGURE 5 (a) A fragment of the double chain in 6; (b) packing diagram of 6 along [100]
direction
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FIGURE 6 Polyhedral representation of the structure 9 packed along [001] direction

TEMPLATE INFLUENCES

Under hydrothermal conditions, compounds 1-11 incorporating hedpH,,
(n = 0 - 2) ligands have been successfully synthesized. Their structures,
described above, differ significantly and range from mononuclear to
three-dimensional network. There are a number of factors that may
affect the structures of the final products, such as the starting materials,
the molar ratio, the temperature, pH and the templates etc. By conduct-
ing the reactions under approximately the same experimental condi-
tions, we have found that the templates play important roles in directing
the structures of the resulting metal-hedp compounds.

Generally, a template agent such as organic amine has several influ-
ences on the final products. The template effect depends on both its own
properties and the nature of the anionic lattice. The properties of tem-
plates include the size, geometrical shape, hydrogen bonding ability
with the other components and charge density and distribution. For the
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(a)

(b)

FIGURE 7 (a) The discrete dimeric anion in 10; (b) Polyhedral representation of the struc-
ture 10 viewed along a-axis
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organic diamines NH,(CH3),NH5 (n=2-5) which are used as tem-
plates in this work, all can be diprotonated under acidic conditions to
form diammonium counterions that charge-balance the anionic M-hedp
species. Additionally, each of the two protonated terminal nitrogen
atoms of the template can form extensive H-bonds with the phosphonate
or hydroxy oxygen atoms, thus stabilize the lattices by holding the ani-
onic M-hedp species together. Considering the flexibility of
NH,(CH,),NH;, both the size and the geometrical shape should be
essential in directing the structures of the corresponding M-hedp com-
pounds especially those with similar building units. The piperazine tem-
plate, to some extent, is comparable to ethylenediamine, although it is
less flexible and has a larger size.

Compounds 24, prepared under similar conditions, provide good
examples to discuss the effect of different templates. Compound 2 with
ethylenediamine as template has a one-dimensional chain structure. The
ethylenediammonium cations sit between the anionic chains [Fig. 2(b)].
And each nitrogen atom of the cation is linked to two neighboring
chains via hydrogen bonds with the phosphonate and hydroxy oxygen
atoms. On the other hand, compounds 3 and 4 using piperazine and
1,4-butylenediamine templates, respectively, have two-dimensional
layer structures. The two compounds (3 and 4) are isostructural. An
analogous trimer unit Cun3(hedp)2 is found in both structures, where
each hedp group bridges the copper atoms in a bis(bidentate)
trans-arrangement [scheme I(b)]. The remaining two phosphonate oxy-
gens of each hedp coordinate to two Cu atoms from two neighboring
trimers, thereby forming a two-dimensional layered structure. The
diprotonated piperazine or 1,4-butylenediamine cations occupy the
inter-layer spaces and hold the adjacent { Cun3(hedp)2}n2"' layers
through moderate strength hydrogen bonds between the nitrogen atoms
of the amine and the phosphonate oxygen atoms. The N...O distances in
3, for example, are 2.728 A, 2.938 A and 2.841 A for N1...01, N1...03
and N1...06, respectively. Keeping in mind the similarities of these
three template agents except size, we may conclude that the size of the
template cations is key to the structures of these three compounds. The
larger cations NH2(C2H4)2NH22+and NH3(CH2)4NH32+ favor forma-
tion of a two-dimensional anionic layer, whereas the smaller cation
NH;(CH,),NH;* directs the formation of an anionic chain structure.

The failure of our efforts to synthesize a layered compound similar to
those of 3 and 4 but using ethylenediamine template supports this con-
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(b)

FIGURE 8 (a) The monomeric anion in 11; (b) Polyhedral representation of the structure
1n
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clusion. However, since compound 2 has a different building unit from 3
and 4, arguments about the template influence would be more convinc-
ing if a Cu/hedp/ethylenediamine(en) compound could be synthesized
with the analogous building unit Cull;(hedp),. In fact, our studies have
shown that at least one more phase can result from the Cuw/hedp/en sys-
tem which has a different XRD pattern from either 2 or 3. Characteriza-
tion of the structure of this phase is currently in progress. It is worth
noted that the chain compound 1, having a building unit
Cun3(hcdp)2(l-120)2 similar to 3 and 4, was prepared in the presence of a
small template NH;.

For the Fe-hedp system, by using ethylenediamine, 1,4-butylenedi-
amine or 1,5-pentamethylenediamine as template, three Fe-hedp com-
pounds have been obtained under approximately the same experimental
conditions. The compounds [NH3(CH,)4NH3][Fe,(hedpH),],-2H,0 (6)
and [NH3(CH2)5NH3][Fez(hcde)ﬂz-ZHzo (7) are isostructural to each
other. Both show a three-dimensional supramolecular open network
structure which contains covalent double chains of [Fey(hedpH),],2™
linked through very strong hydrogen bonds. Compound
[NH3(CH,),NHj]Fe(hedpH,),-2H,0 (8) with ethylenediamine tem-
plate, however, exhibits a linear chain structure. This result again dem-
onstrate that the'size of template is important in directing the structures.
In compounds 6-8, the larger templates NH,(CH,);NH, and
NH;(CHz)sNHin_favor directing the formation of double chains of
[Fe,(hedpH), ],

For the Ni-hedp system, it has to be noted that compound 9, employ-
ing ethylenediamine as template, has a one-dimensional chain structure
formed by corner-sharing {NiOg} octahedra and {O3PC]} tetrahedra,
while compounds 10 and 11 with 1,3-propanediamine and 1,4-butylene-
diamine templates, exhibit discrete dimeric and monomeric structures,
respectively. The fact that the 1,4-butylenediammonium cation crystal-
lizes with a monomeric anion is contrary to the above mentioned rule.
When the geometries of the templates in 9-11 are compared carefully,
we found that the two nitrogen atoms in ethylenediammonium cation in
9 are arranged in a trans-manner, whereas those in 1,3-propanediammo-
nium (10) [Fig. 7(b)] and 1,4-butylenediammonium (11) [Fig. 8(b)] are
arranged in a cis-manner. The cis-arrangement of the diprotonated
diamine leads to a significantly different pattern of hydrogen bonding
from that of the trans-arrangement. The template influences on 9-11
may be caused by a combination of size, shape, charge distribution and
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hydrogen bonding directions of the templates and, therefore, cannot be
simply compared with each other. In the case of 10 and 11, efficient
hydrogen bonds are found between [Ni(hedpH,),(H,0)},* dimers or
[Ni(hede2)(HzO)2]2' monomers. The mononuclear species

: [Ni(hcdez)(HZO)Z]z'may create larger cavities within the -hydro-

gen-bonding networks which can hold larger cations.

CONCLUSIONS

In this paper we summarize the syntheses and structures of eleven tran-
sition metal-hedp compounds created using different templates. The dis-
tinct differences in the structural features between the compounds
having the same metal ions are mainly attributed to the template influ-
ences in force during the hydrothermal reactions. Such influences may
be related to size, shape, charge distribution and hydrogen bonds of tem-
plates. When the shape, charge distribution and hydrogen bonds of the
templates are comparable, a larger template tends to direct the formation
of a larger polymeric anion. In order to better understand the template
influences on the transition metal-hedp compounds, a systematic inves-
tigation is demanded which should include various types of templates.
From such an investigation we shall benefit to explore new transition
metal diphosphonate compounds with open-framework or porous struc-
tures that are directed by templates. Finally, it has to be noted that the
introduction of a second metal ion, as in the case of
Na,Cu, 5(hedp)s(OH),(H,0) (5), may also leads to the interesting com-
pounds with open-framework structures. Further work is in progress.

Acknowledgements

Support from the National Natural Science Foundation of China and the
Natural Science Foundation of Jiangsu province is greatly acknowl-
edged. The authors are also indebted to Prof. A.J. Jacobson and Dr. J.
Korp for reading the manuscript and providing the valuable comments.

References

1. C. Janiak, Angew. Chem. Int. Ed. Engl. 36, 1431(1997).

2. PJ. Hagrman, D. Hagrman and J. Zubieta, Angew. Chem. Int. Ed. 38, 2639(1999).

3. AKX Cheetham, G. Ferey, T. Loiseau, Angew. Chem. Int. Ed. 38, 3268(1999), and
references therein.

148



12: 21 15 January 2011

Downl oaded At:

h B

6.

7.

10.

11.
12.

13.
14,
15.
16.
17.

i8.
19.

21.

23.
24,
25.
26.

27.

31
32

3.

. B. Zhang and A. Clearfield, J. Am. Chem. Soc. 119, 2751(1997).

. G. Alberti, U. Constantino, M. Casciola and R. Vivani, Adv. Mater. 8, 291(1996).
J.L. Snover, H. Byrd, E.P. Suponeva, E. Vicenzi and M.E. Thompson, Chem. Mater.
8, 1490(1996).

J.W. lohnson, A.J. Jacobson, WM. Butler, S.E. Rosenthal, J.F. Brody and J.T.
Lewandowski, J. Am. Chem. Soc. 111, 381(1989).

. G. Cao, H. Hong and T.E. Mallouk, Acc. Chem. Res. 25, 420(1992).

. G. Alberti, Comprehensive Supramolecular Chemistry, J.M. Lehn, Ed.; Pergamon,

Elsevier Science, Ltd.: Oxford, UK, 1996: vol. 7.

A. Clearfield, Progress in Inorganic Chemistry, K.D. Karlin, Ed.; John Wiley &
Sons, Inc. New York, 1998, vol. 47, 371-510.

J. Le Bideau, C. Payen, P. Palvadeau and B. Bujoli, Jnorg. Chem. 33, 4885(1994).
K. Maeda, J. Akimoto, Y. Kiyozumi and F. Mizukami, Angew. Chem., Int. Ed. Engl.
34, 1199(1995).

M.D. Poojary, D. Poojary, D. Grohol and A. Clearfield, Angew. Chem., Int. Ed.
Engl. 34, 1508(1995).

G. Bonavia, R.C. Haushalter, C.J. O'Connor, C. Sangregorio and J. Zubieta, Chem.
Commun. 2187(1998).

A. Clearfield, Chem. Mater. 10, 2801(1998) and references therein.

D.L. Lohse and S.C. Sevov, Angew. Chem. Int. Ed. Engl. 36, 1619(1997).

C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli and J.S. Beck, Narure 359,
710¢1992).

P. Feng, X. Bu and G.D. Stucky, Nature, 388, 735(1997).

K.-H. Lii, Y.-F. Huang, V. Zima, C.-Y. Huang, H.-M. Lin, Y.-C. Jiang, F.-L. Liao
and S.-L. Wang, Chem. Mater. 10, 2599(1998).

. V. Soghomonian, Q. Chen, R.C. Haushalter and J. Zubieta, Angew. Chem. Int. Ed.
Engl. 34, 223(1995).

M.L Khan, Y.-S. Lee, C.J. O'Connor, R.C. Haushalter and J. Zubieta, J. Am. Chem.
Soc. 116, 4525(1994).

. P.J. Zapf, D.J. Rose, R.C. Haushalter and J. Zubieta, J. Solid State Chem. 125,
182(1996).

G. Huan, J.W. Johnson, A.J. Jacobson and J.S. Merola, J. Solid State Chem. 89,
220(1990).

G. Bonavia, R.C. Haushalter, C.J. O'Connor and J. Zubieta, Jnorg. Chem. 35,
5603(1996).

Q. Gao, N. Guillou, M. Nogues, A.K. Cheetham and G. Ferey, Chem. Mater. 11,
2937(1999).

K.L. Nash, RD. Rogers, J. Ferraro and J. Zhang, Inorg. Chim. Acta, 269,
211(1998).

I A. Krol', Z.A. Starikova, V.S. Sergienko and E. O. Tolkacheva, Russian J. Inorg.
Chem., 36, 226(1991).

. L.-M. Zheng, H.-H. Song, C.-Y. Duan and X.-Q. Xin, Inorg. Chem. 38, 5061(1999).
29.
30.

H.-H. Song, L.-M. Zheng, A.J. Jacabson and X .-Q. Xin, unpublished result.

L.-M. Zheng, C.-Y. Duan, X.-R. Ye, L.-Y. Zhang, C. Wang and X.-Q. Xin, J. Chem.
Soc. Dalton Trans., 905(1998).

L.-M. Zheng, H.-H. Song, C.-H. Lin, S.-L. Wang, Z. Hu, Z. Yu and X.-Q. Xin,
Inorg. Chem. 38, 4618(1999).

H.-H. Song, L.-M. Zheng, G.-S. Zhu, Z. Shi, S.-H. Feng, S. Gao and X.-Q. Xin,
unpublished result.

H.-H. Song, L.-M. Zheng, C.-H. Lin, S.-L. Wang, X.-Q. Xin and S. Gao, Chem.
Mater. 11, 2382(1999).

149



