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The synthesis and crystal structure of a novel organic-inor-
ganic hybrid material Co,(H;0),[O3PCH,(CsH,)CH,PO3] is
described. It crystallizes in the orthorhombic space group
Pca2(1) [a = 9.6214(19), b = 5.6855(11), ¢ = 21.725(4) A, V =
1188.4(4) A3], which consists of two-dimensional cobalt-oxy-
gen inorganic layers pillared by p-xylylenediphosphonate
to form a three-dimensional framework, which has

10.850x5.687 A channels running along the b-axis. The ma-
terial is exceptionally stable, even when heated up to 500 °C
in air. More interestingly, the framework components display
a reversible dehydration/rehydration behavior. There is an
antiferromagnetic interaction between the cobalt ions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Organic-inorganic hybrid materials have received con-
siderable interest because of their potential ability to incor-
porate an organic functionality within a robust framework
and promising applications in adsorbents, optical materials,
magnets, catalysts, and so forth.l'"# One such group of hy-
brid materials that has attracted much attention is the metal
phosphonate/diphosphonate family, which exhibits great
possibilities for application in the areas of sensors, charge
and energy storage, biotechnology, and so forth.>-%1 As one
hydroxy group (OH) of the phosphonic acid can be re-
placed by other organic groups, the organic diphosphonic
acid has a greater advantage in the synthesis of open-frame-
work compounds than phosphonic acid. The structure and
functionality of these materials can be rationally designed
by controlling the organic portion of organodiphosphonate
ligands ([OsP-R—PO;]*, R = organic unit). The combina-
tion of organodiphosphonate ligands with metal ions is ex-
pected to lead to new three-dimensional structures with
open frameworks and unique properties.”~''1 Not only do
these ligands form materials with progressively longer or-
ganic chains to expand the pore size or contain organic
functional groups to present both metal and organic species
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to guest molecules within the pores,'>!3] but they are also
desirable in their pillared framework with clearly different
organic and inorganic parts. Investigations of di-, tri-, and
tetravalent metal phosphonates in recent years have yielded
exciting structural diversity with interesting properties.['4!°]

Because the metal polyhedra are bridged by phosphonic
tetrahedra to form two-dimensional layers, many
M™(RPO5)-H,O compounds are two-dimensional struc-
tures, with the metal/PO; layer arrangement and the ad-
sorption behavior of some dehydrated layered phosphates
reported in the literature.l'’2!1 The hydrothermal method
has proved to be a promising technique in the preparation
of highly stable and infinite metal-ligand frameworks.[>>->3
The organophosphorus compound p-xylylenediphosphon-
ate, which possesses much longer chains and a more rigid
framework, has been used successfully in the hydrothermal
synthesis of diphosphonates. Ferey et al. solved the struc-
ture of the copper diphosphonate Cu,(H,0),[O;PCH,-
(CsH4)CH,PO5] by powder X-ray diffraction to reveal that
it was built up from inorganic layers covalently linked by
the organic chains.?* The inorganic layers are constructed
by the dimers of edge-sharing CuO4(H,0O) square pyramids
and the PO;5C tetrahedron. Harvey et al. have reported Ga,.
[O;PCH,(C¢H4)CH,PO;5](H,0),F,,  containing  linear
chains of corner-sharing GaO4F, octahedra connected by
diphosphonate groups to form two-dimensional framework
structures.l'l meta-Xylylenediphosphonic acid has been
used instead of the para isomer, leading to a layered com-
pound.[?3

However, frameworks of organic-inorganic hybrid mate-
rials showing simultaneously permanent porosity and high
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thermal stability are extremely rare.?27 The inability of
these materials to support a stable framework at higher
temperatures or after removing guest molecules has hin-
dered further application in many fields.[>8! So the applica-
tion of diphosphonates is still quite limited relative to that
of zeolites or aluminophosphates, despite the extensive
studies. Generally, they are thermally unstable when com-
pared with inorganic phosphates and most of them are de-
stroyed at high temperature (>300 °C).

Some diphosphonates containing coordinated water and
showing dehydration behavior have been reported, but their
dehydration behaviors are diverse. The copper ethylenedi-
phosphonate loses water irreversibly from the metal center,
resulting in the collapse of the structure.?”) The aluminum
and gallium diphosphonates lose water in two stages: first
the water residing within channels and subsequently the
water from positions coordinated to metal cations, and the
latter stage leads to loss of crystallinity.?%-*! The aluminum
and vanadium ethylenediphosphonates show reversible de-
hydration/rehydration behavior without losing their crystal-
linity and may therefore have potential applications as ad-
sorbents, sensors, and catalysts, but such diphosphonates
are still not very common.3%33

We have successfully synthesized a novel three-dimen-
sional cobalt diphosphonate Co,(H,0),[O3;PCH,(CgHy)-
CH,PO;] with two-dimensional infinite cobalt-oxygen in-
organic layers pillared by an organophosphorus p-xylylene-
diphosphonate. The compound is exceptionally stable even
when heated up to 500 °C in air. More interestingly, the
framework components display a reversible dehydration/re-
hydration behavior.

Results and Discussion

Description of Crystal Structure

Single-crystal X-ray analysis shows that the compound
is a 3D structure that possesses 2D infinite cobalt-oxygen
inorganic layers pillared by the P-CH,-C¢H4;~CH,-P
group. As shown in Figure 1, the asymmetric unit contains
two crystallographically independent cobalt atoms, one p-
xylylenediphosphonate ligand, and two water molecules.
Each of the cobalt atoms is located in an octahedral coordi-

Figure 1. Thermal ellipsoid plot showing an asymmetric unit of
Co,(H,0),[03PCHy(CsH,)CH,PO5].
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nation environment with five oxygen atoms (O1, O2, O3,
04, 05 for Col; Ol1, O2A, O3A, O4A, 08 for Co2) from
the p-xylylenediphosphonate ligand, and one oxygen atom
(06 for Col; O7 for Co2) from the water molecule.

The compound crystallizes in the orthorhombic space
group Pca2(1). Interestingly, the structure consists of infi-
nite inorganic layers of corner-sharing CoOg octahedra,
which is totally different from other reported metal phos-
phonates using p-xylylenediphosphonate as the ligand.[>¥
The coordination between the cobalt atoms and the PO;
groups in the compound is similar to that found in
Mn(CgHsPO5)-H,O!! or Zn(C¢HsPO5)-H,O,P% but these
are 2D layered structures and the former is a 3D pillared
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Figure 2. (a) The view of the Co-O layers of Co,(H-0),-
[O3PCH,(C¢H4)CH,PO3] in the [001] plane. (b) A ball-and-stick

representation of the structure viewed along the [100] and (c) [010]
directions. Hydrogen atoms are omitted for clarity.
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layered structure. As shown in Figure 2a, such a compound
is a rare example of a hybrid metal oxide containing an
infinite 2D —-M—O-M-O- net framework.** The adjacent
cobalt-oxygen layers are interconnected to each other
through the organic part of p-xylylenediphosphonate, P—
CH,-C¢H,4~CH,-P, to produce a 3D structure (Figure 2b).
The pillars can connect the inner layers of the Co—O net-
work and, thus, further stabilize the structure. As presented
in Figure 2b, The p-xylylenediphosphonate groups link the
inorganic octahedral layers in the fashion of an alternately
left and right arrangement along the [100] direction. As
indicated in Figure 2c, the framework along the [010] direc-
tion contains a 10.850 A [Col-Co1]x 5.687 A [C3—C3] one-
dimensional channel system. The overall structure may be
described in terms of alternating inorganic infinite metal
oxygen layers and organic pillars (P-CH,~C¢H,~CH>—P).
To the best of our knowledge, inorganic metal oxygen layers
pillared by organophosphorus groups with the in situ hy-
drothermal method have not been reported so far.

Thermal Stability

The thermal stability of the sample has been studied by
using TGA and XRD at different temperatures. Thermo-
gravimetric analysis (TGA) of the compound (Figure 3)
showed that the first weight loss of 8.61% from 200 to
500 °C corresponds to the loss of two coordinated water
molecules (calculated: 8.66%). The decomposition of the
compound starts above 500 °C, which is in good agreement
with the TGA of the calcined sample, except for the absence
of the first weight loss, indicating that the coordinated
water had already been removed during calcination (Fig-
ure S1). Considering the thermal stability of the compound,
X-ray powder diffraction (PXRD) studies are performed for
the as-synthesized sample and the samples heated at 350 °C,
400 °C, and 500 °C. Figure4 presents X-ray diffraction
(XRD) patterns simulated from single-crystal X-ray diffrac-
tion data as well as those of the as-synthesized sample, the
calcined samples, and the rehydrated sample. The XRD
pattern of the as-synthesized sample fits well with the simu-
lated one, indicating that the sample is a pure phase. The
XRD patterns for the calcined samples (Figure 4c, d, e) are
similar to that of the as-synthesized sample (Figure 4b).
The very intense peaks, (002) and (004), located at two
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Figure 3. TGA curves of the sample.
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Bragg angles 26 of 8.06° and 16.3°, are always maintained
after calcination and rehydration, indicating that the struc-
ture of 2D cobalt-oxygen pillared by organophosphate does
not collapse after the removal of the coordinated water
molecules and that the calcined sample retains high crystal-
linity and pure phase. It is quite surprising that the com-
pound could maintain its structure even when heated up to
500 °C, which is extremely rare in organophosphates and
suggests that the compound can preserve its rigid and stable
framework at high temperature. It is also clear that the de-
hydration of the water lattice is reversible (Figure 4f).
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Figure 4. Simulated powder X-ray diffraction patterns of the single-
crystal crystallography data (a), as-synthesized sample (b), dehy-
drated sample after calcination at 350 °C (c), 400 °C (d), 500 °C
(e), and rehydrated sample after calcination at 350 °C (f).

Dehydration/Rehydration Properties

Interestingly, it was found that the color of the crystals
changed from pink to blue when they were heated at 350 °C
for 2 h, while optical microscopy showed that they main-
tained their transparency and morphology (Figure 5a). Be-
cause of the difference in the crystal field splitting energy
between the octahedral field and the square-pyramidal
field,13! the observed color of the compound containing oc-
tahedrally coordinated cobalt ions is pink, while that of the
compound containing square-pyramidally coordinated co-
balt is blue. Therefore, accompanying the change of color
from pink to blue, the coordination environment of the co-
balt ion is changed from octahedral to square-pyramidal.

For a deep understanding of how the structure of the
compound changes with temperature and how it undergoes
a reversible dehydration/rehydration process, it is instructive
to simulate the distorted square-pyramidal coordination ge-
ometry of the cobalt atom in the dehydrated compound
(Figure 5b). Notably, all the coordinated water can be re-
moved from the structure at 350 °C within 2 h without loss
of framework periodicity. The coordinated water is removed
and diffuses out along the [100] direction, which is con-
firmed by the observation that some partly dehydrated crys-
tals presented different colors after being calcined at 300 °C
for 2 h: pink at the central part and blue at the two ends of
the crystal (Figure 5¢). Therefore, without sufficient time or
higher temperature, the central part could not be fully dehy-
drated. More significantly, the crystals can be fully rehy-
drated when they are immersed in water for several hours.
Thus, the rehydration process is accompanied by a return
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Figure 5. Pictorial representation of the dehydration/rehydration process and the partly dehydrated crystals. The pink crystals turned blue
after dehydration, then changed back to pink after rehydration (a). Correspondingly, the cobalt coordination environment changed from
octahedral to square pyramidal, and finally returned to octahedral (b). The partly dehydrated crystals are pink at the center and blue at
the two ends (c).

of the original pink color (Figure 5a). The XRD pattern of IR Spectrum
the rehydrated sample (Figure 4f) indicates that a high de-

gree of crystallinity is retained after water is resorbed. This dehydration process can be further confirmed by IR

spectroscopy (Figure 6). The IR spectrum of the as-synthe-
sized sample (Figure 6a) presents broad peaks at 3494 cm™!

Water Sorption Properties

The phenomenon of dehydration/rehydration in the micro-
porous frameworks and the thermal stability encouraged us
to try to create the micropores after removing the coordi-
nated and guest water molecules. The calcined compound
was evacuated under reduced pressure (1 x 107> Torr) until
no more weight loss occurred at 150 °C, and then it was
exposed to water vapor. As shown in Figure S2, type I be-
havior is observed in the water adsorption isotherm of the
sample in the range P/P, = 0-0.7. At saturation, the ' . ' . '
amount of water sorbed is 87.6 mgg!, which is equivalent 4000 3000 2000 1000
to the adsorption of about eight water molecules per for- 1

mula unit. Therefore, the pore volume is estimated to be

approximately 0.09 mLg™' by the water adsorption iso- Figure 6. IR spectrum of the sample (a) and of the sample after
therm. calcination at 350 °C (b).
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corresponding to the stretching of water molecules and a
sharp peak at 1618 cm™' corresponding to the bending vi-
bration of coordinated water. After calcination at 350 °C
for 2 h, the two types of peaks mentioned above decreased
in size significantly (Figure 6b). The main structure peaks
could correspondingly be observed in the spectrum of the
calcined sample as compared to the as-synthesized sample,
indicating that the main framework of the compound is re-
tained after calcination.

Magnetic Properties

The temperature-dependent (4-300 K) magnetic suscep-
tibility of the compound is shown in Figure 7. Between 4
and 300 K, y,, continuously increases with decreasing tem-
perature and achieves a maximum of 0.115 cm®mol! at
8.99 K. In the 1/y,, versus T plot, the susceptibility can be
fitted to the Curie-Weiss law with C = 6.87 cm?*Kmol .
The Weiss temperature, 0 = —50.97 K, indicates that antifer-
romagnetic interactions exist between the metallic Co cen-
ters.
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Figure 7. y, vs. T and 1/y,, vs. T plots of Co,(H,0),[O;PCH,-
(C¢H4)CH,PO;].

Conclusions

A cobalt diphosphonate with micropores has been syn-
thesized by a hydrothermal method. The structure was
solved by single-crystal X-ray diffraction and found to be
constructed of infinite cobalt oxygen layers pillared by p-
xylylenediphosphonate groups. The compound is stable up
to 500 °C, illustrating the exceptional stability of the frame-
work. The more important feature is that it undergoes a
reversible dehydration/rehydration process driven by tem-
perature, which can be detected by changes in crystal color.
This is a rare example of a metal diphosphonate framework
that has a “defect” site with incomplete coordination, which
can be created without loss of framework architecture. Such
defect sites in compounds can result in changes in physical
properties, such as color, and are expected to show shape-
selective adsorption behavior for small molecules and could
be potentially used as sensors, adsorbents, catalysts and so
forth.
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Currently, we are carrying out investigations into the
ability of dehydrated compounds to absorb molecules other
than water. Efforts toward the preparation of new hybrid
materials containing other transition metals based on this
type of ligand are underway.

Experimental Section

General Remarks: All chemicals purchased were of reagent grade
or better and were used without further purification. The elemental
analyses were carried out with a Perkin—Elmer 240C elemental ana-
lyzer. TGA (thermal gravimetric analyses) were performed under
nitrogen with a heating rate of 10 °Cmin~! by using a Perkin-Elmer
TGA 7 thermogravimetric analyzer. XRD was performed with a
Siemens D5005 diffractometer with Cu-K,, radiation, 40 kV, 35 mA
at a scanning rate of 0.3°min' (20). The IR spectra were recorded
(400-4000 cm ! region) with a Nicolet Impact 410 FTIR spectrom-
eter by using KBr pellets.

Synthesis of Co,(H,0),|O;PCH,(C¢H4,)CH,PO3]: As a typical
preparation procedure, a mixture of tetraethyl p-xylylenediphos-
phonate (0.03 mmol) and Co(NOs3),4H,0O (0.03 mmol) was sus-
pended in deionized water (8§ mL) and cyclohexanol (2 mL), and
then triethylamine (0.1 mL) was added while stirring to adjust the
pH value of the mixture. The mixture (pH = 6) was sealed in a 15-
mL Teflon-lined autoclave after being stirred for 60 min. Upon be-
ing heated at 160 °C for 2 d, the autoclaved mixture was naturally
cooled to room temperature. The pink crystals were collected,
washed with deionized water, and dried at room temperature. The
compound was stable in air and insoluble in water and common
organic solvents. CgH,C0,0OgP5: caled. C 23.10, H 2.90, Co 28.33,
P 14.89; found C 23.40, H 3.34, Co 28.03, P 14.20.

X-ray Crystallographic Study: The intensity data were collected
with a Smart CCD diffractometer with graphite-monochromated
Mo-K,, (% = 0.71073 A) radiation at 293 K in the w-scan mode. An
empirical absorption correction was applied to the data by using
the SADABS program.[) The structures were solved by direct
methods. All non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were fixed at calculated positions and refined by
using a riding mode. All calculations were performed with the
SHELXTL program.’”! The crystallographic data are summarized
in Table 1, and the selected bond lengths and bond angles of the
compound are listed in Table 2. CCDC-608190 for Co,(H-0),-
[OsPCH,(C4H4)CH,PO;] contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Table 1. Crystallographic data for the compound.
CgH,C0,05P;

Empirical formula

Formula mass 415.98

Crystal system orthorhombic

Space group Pca2(1)

a[A] 9.6214(19)

b[A] 5.6855(11)

c[A] 21.725(4)

v [A3] 1188.4(4)
4

Pealed. [ng 3] 0.2325

u [mm 1] 3.096

R [[ > 205(])] 0.0582

R, 0.1316

[a] R= ZHF&)' - |Fc”/2|Fo| [b] Rw = [EW(FO2 - Fcz)/ZW(F02)2]1/2~
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Table 2. Selected bond lengths [A] and angles [°] for the com-
pound.[#l

Col-Ol 22755  Col-O2 2.088(4)
Col-03 2.012(5)  Col-O4 2.046(5)
Col-05 2.102(5)  Col-O6 2.156(5)
Co2-01 2.095(5)  Co2-O2A 2.068(5)
Co2-03B 2.192(5)  Co02-04C 2.342(5)
Co2-07 2.150(6)  Co2-08 2.082(5)
02 Col-O1 66.62(17)  03-Col-Ol 90.39(19)
04-Col-O1 164.72(17)  05-Col-Ol1 85.12(18)
06-Col-O1 91.72(18)  03-Col-02 156.82(18)
04-Col-02 98.12(19)  05-Col-02 87.81(18)
03-Col-04 1049(2)  03-Col-O5 93.41(19)
04-Col-05 93.80(19) 02-Col-06 88.51(18)
03-Col-06 89.24(18)  04-Col-06 88.55(18)
05-Col-06 175.88(19)  02A-Co2-O1 104.95(19)
02A-C02-03B  93.05(19) O1-Co2-O3B 162.00(18)
07-C02-03B 85.9(2)  08-Co2-O3B 88.13(19)
01-C02-04C 95.89(19)  O3B-Co2-OAC 66.36(17)
07-C02-04C 90.5(2)  08-Co2-OAC 83.67(18)
02A-C02-04C  157.89(16) O1-Co2-O7 91.6(2)
02A-C02-07 96.12(19)  08-Co2-0O7 173.0(2)
01-Co2-08 92.99(19)  02A-Co2-O8 87.87(17)

[a] Symmetry transformations used to generate equivalent atoms:
Arx,y-1,zB:x-1/2, -3,z C:x - 12, -y + 1, z

Water Sorption Isotherm: Water sorption isotherm studies were
performed by measuring the increase in weight at equilibrium as a
function of relative pressure. The weight of the sample was mea-
sured by a CAHN 2000 electrobalance and the adsorbate (H,O)
was added incrementally and manually.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1, TGA curves of the compound after being calcined
at 350 °C, and Figure S2, water sorption isotherm for the dehy-
drated compound, are available.

Acknowledgments

This work was funded by the State Basic Research Project (No.
2006CB806100) and the National Nature Science Foundation of
China (Grant nos. 20571030, 20531030 and 20371020).

[11 A. Clearfield, Progress in Inorganic Chemistry (Ed.: K. D. Kar-
lin), John Wiley & Sons, New York, 1998, vol. 47, p. 371.

[2] a) D. Deniaud, G. A. Spyroulias, J. F. Bartoli, P. Battioni, D.
Mansuy, C. Pinel, F. Odobel, B. Bujoli, New J Chem. 1998,
22, 901-905; b) S. M. Zakeeruddin, M. K. Nazeeruddin, P. Pe-
chy, F. P. Rotzinger, R. Humphry-Baker, K. Kalyanasundaram,
M. Graltzel, Inorg. Chem. 1997, 36, 5937-5946.

[3] C. Maillet, P. Janvier, M. Pipelier, T. Praveen, Y. Andres, B.
Bujoli, Chem. Mater. 2001, 13, 2879-2884.

[4] D. Deniaud, B. Schollorn, D. Mansuy, J. Rouxel, P. Battioni,
B. Bujoli, Chem. Mater. 1995, 7, 995-1000.

[5] a) K. Maeda, Y. Kiyozumi, F. Mizukami, J. Phys. Chem. B
1997, 101, 4402-4412; b) L. C. Brousseau III, T. E. Mallouk,
Anal. Chem. 1997, 69, 679-687; c) L. C. Brousseau III, D. J.
Aurentz, A.J. Benesi, T. E. Mallouk, Anal. Chem. 1997, 69,
688-694.

[6] G. Alberti, M. Casciola, Solid State Ion. 1997, 97, 177-186.

4128

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[71 L. A. Vermeulen, M. E. Thompson, Nature 1992, 358, 656
658.

[8] B. Bujoli, S. M. Lane, G. Nonglaton, M. Pipelier, J. Léger,
D. R. Talham, C. Tellier, Chem. Eur. J. 2005, 11, 1980-1988.

[9] T. Asefa, M. J. MacLachlan, N. Coombs, G. A. Ozin, Nature
1999, 402, 867-871.

[10] M. A. Said, H. W. Roesky, C. Rennekamp, M. Andruh, H.
Schmidt, M. Noltemeyer, Angew. Chem. Int. Ed. 1999, 38, 661—
664.

[11]V. A. Russell, C. C. Evans, W. Li, M. D. Ward, Science 1997,
276, 575-579.

[12] H. G. Harvey, A. C. Herve, H. C. Hailes, M. P. Attfield, Chem.
Mater. 2004, 16, 3756-3766.

[13]W. F. Yan, E. W. Hagaman, S. Dai, Chem. Mater. 2004, 16,
5182-5186.

[14] D. K. Cao, Y. Z. Li, L. M. Zheng, Inorg. Chem. 2005, 44, 2984—
2985.

[15]H. G. Harvey, S. J. Teat, M. P. Attfield, J Mater. Chem. 2000,
10, 2632-2633.

[16] A. Subbiah, D. Pyle, A. Rowland, J. Huang, R. A. Narayanan,
P. Thiyagarajan, J. Zon, A. Clearfield, J. Am. Chem. Soc. 2005,
127, 10826-10827.

[17]1G. Cao, H. Lee, V.M. Lynch, T. E. Mallouk, Inorg Chem.
1988, 27, 2781-2785.

[18] G. Cao, T. E. Mallouk, Inorg. Chem. 1991, 30, 1434-1438.

[19] K. J. Frink, R.C. Wang, J. L. Colbn, A. Clearfield, Inorg
Chem. 1991, 30, 1438-1441.

[20] K. J. Martin, P. J. Squattrito, A. Clearfield, Inorg. Chim. Acta
1989, 155, 7-9.

[21] A. Clearfield, Curr. Opin. Solid State Mater. Sci. 2002, 6, 495~
506.

[22] A. Rujiwatra, C. J. Kepert, J. B. Claridge, M. J. Rosseinsky, H.
Kumagai, M. Kurmoo, J 4Am. Chem. Soc. 2001, 123, 10584~
10594.

[23]1 D. Kong, A. Clearfield, Chem. Commun. 2005, 1005-1006.

[24] D. Riou, F. Beler, C. Serre, M. Nogues, D. Vichard, G. Ferey,
Int. J. Inorg. Mater. 2000, 2, 29-33.

[25] V. Penicaud, D. Massiot, G. Gelbard, F. Odobel, B. Bujoli, J
Mol. Struct. 1998, 470, 31-38.

[26] T. M. Reineke, M. Eddaoudi, M. Fehr, D. Kelley, O. M. Yaghi,
J. Am. Chem. Soc. 1999, 121, 1651-1657.

[271E. Y. Lee, S. Y. Jang, M. P. Suh, J Am. Chem. Soc. 2005, 127,
6374-6381.

[28] H. Li, M. Eddaoudi, M. O’Keefe, O. M. Yaghi, Nature 1999,
402, 276-279.

[29] D. M. Poojary, B. L. Zhang, A. Clearfield, J Am. Chem. Soc.
1997, 119, 12550-12559.

[30] H. G. Harvey, S. J. Teat, M. P. Attfield, J Mater. Chem. 2000,
10, 2632-2633.

[311H. G. Harvey, J. Hu, M. P. Attfield, Chem. Mater. 2003, 15,
179-188.

[32] R. N. Devi, P. Wormald, P. A. Cox, P. A. Wright, Chem. Mater.
2004, 16, 2229-2237.

[33] K. O. Kongshaug, D. Riou, J. Chem. Soc., Dalton Trans. 2002,
4152-4155.

[34] P. J. Hagrman, R. L. LaDuca, H. J. Koo, R. Rarig, R. C. Hau-
shalter, M. H. Whangbo, J. Zubieta, Inorg. Chem. 2000, 39,
4311-4317.

[35]1F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry,
John Wiley & Sons, Inc., New York, 1972, pp. 593-619.

[36] G. M. Sheldrick, SADABS, Program for Empirical Absorption
Correction for Area Detector Data, University of Gottingen,
Gottingen, 1996.

[37] G. M. Sheldrick, SHELXS 97, Program for Crystal Structure
Refinement, University of Gottingen, Gottingen, 1997.

Received: May 19, 2006
Published Online: August 15, 2006

Eur. J. Inorg. Chem. 2006, 4123-4128



