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nents in the preparation of films possessing optical, nonlin-
The hydrothermal reaction of a mixture of (Et4N)2MnCl4 , ear optical, or electronic properties (4–17). While metal

N, N9-piperazinebis(methylenephosphonic acid), Et4NCl ? H2O, organophosphonate phases possessing two-dimensional
and H2O in the mole ratio 1 : 1 : 5 : 300, adjusted to pH 5 with structures offer a recurring structural theme (18–21), three-
40% aqueous (Bu4N)OH, at 1608C for 63 h yielded dimensional zeolite-like phosphonate structures have
[MnhO3PCH2NH(C2H4)2NHCH2PO3j] ? H2O (1) in 60% as off- been reported recently for b-Cu(O3PCH3) (22) and
white platelets. The analogous reaction using (Et4N)2CoCl4 pro-

Zn(O3PC2H4NH2) (23).duced [CohO3PCH2NH(C2H4)2NHCH2PO3j] ? H2O (2). The iso-
One strategy for expanding the structural chemistry ofmorphous materials 1 and 2 display three-dimensional network

metal phosphonate phases involves the used of diphospho-structures, based on binuclear units of corner-sharing metal
nic acids H2O3P–R–PO3H2 or of functionalized phos-and phosphorus tetrahedra, forming eight membered h–Co–O–

P–O–j2 rings. The diphosphonate groups serve to tether the phonic acids such as H2O3PCH2CH2COOH, as in the prep-
binuclear units into large ellipsoidal 44-membered rings. As aration of pillared layered structures of zirconium (24),
the piperazinyl nitrogen atoms are protonated, the organic moi- vanadium (25–27), zinc (28), bismuth (29), and mixed
ety of the disphosphonate group serves as both tether and manganese/zinc phases (30). We have noted that modifica-
charge compensating site. Compound 1 exhibits Curie–Weiss tions in the tether length R of a diphosphonate may influ-
paramagnetism with weak antiferromagnetism between Mn

ence not only the layer separation distance in two-dimen-centers. In contrast, the susceptibility of 2 exhibits a broad
sional phases but may also dictate the dimensionality ofmaximum at low temperatures consistent with short range anti-
the solid (25). Furthermore, the tether itself may beferromagnetic coupling. Crystal data: 1, C6H16MnN2O7P2 ,
‘‘sculpted’’ to allow variations in the dimensions of thetriclinic P1, a 5 8.393(2)Å, b 5 9.043(2)Å,

c 5 9.125(2)Å, a 5 62.88(3)8, b 5 86.36(3)8, g 5 78.96(3)8, interlamellar void space or may be functionalized to pro-
V 5 604.8(3)Å3; R 5 0.056 for 1663 reflections. 2, C6H16 vide portonation sites or additional coordination sites. One
CoN2O7P2 , triclinic P1, a 5 8.340(2)Å, b 5 8.917(2)Å, c 5 such designed diphosphonic acid, N, N9-piperazinebis
9.018(2)Å, a 5 64.11(3)8, b 5 86.24(3)8, g 5 78.87(3)8, V 5 (methylenephosphonic acid), has been shown to act as
591.9(2)Å3; R 5 0.083 for 1917 reflections.  1996 Academic Press, Inc.

both cation and diphosphonate tether in the pillared layer
structure of [(VO)(H2O)hO3PCH2NH(C2H4)2NHPO3j]
(26). In an effort to extend the chemistry of this unique
diphosphonate group, the chemistry with Mn and Co wasThe recent acceleration in the development of metal
investigated, resulting in the isolation of open frame-organophosphonates stems not only from their expansive
work three-dimensional phases [MhO3PCH2NH(C2H4)2coordination chemistry (1–3) but also from their practical
NHCH2PO3j] ? H2O (M 5 Mn (1) and Co (2)) with largeapplications as catalysts, hosts in intercalation compounds,

sorbents, ion-exchangers, protonic conductors, and compo- ellipsoidal cavities defined by 44-membered rings.
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FIG. 1. A view of the structure of [CohO3PCH2NH(C2H4)2NHCH2PO3j] ? H2O (2), viewed down the crystallographic [100] direction, showing
the cavities occupied by water molecules. Co sites are cross-hatched circles; P, striped left to right; O, open; C, lightly shaded.

The hydrothermal reaction of a mixture of (Et4N)2 phosphonate groups resulting in undulating sheets con-
structed of cobalt/PO3 dimers linked into chains whichCoCl4 , N, N9-piperazinebis(methylenephosphonic acid),

Et4NCl ? H2O, and H2O at 1608C for 63 h afforded are in turn connected through hCH2NH(C2H4)2NHCH2j21

tethers (Fig. 2). These sheets are then connected to thoseblue plates of [CohO3PCH2NH(C2H4)2NHCH2PO3j] ?
H2O (2) in 80% yield (31). Compound 1, above and below the sheet plane through two identical

(O3PCH2NH(C2H4)2NHCH2PO3)22 units, resulting in 44-[MnhO3PCH2NH(C2H4)2NHCH2PO3j] ? H2O, was pre-
pared in an analogous fashion from (Et4N)2MnCl4 . membered rings which form the boundaries for large ellip-

tical voids (Fig. 3).Compound 2 is best described as a three-dimensional
Co–O–P–C covalently lined network solid (32). The cobalt The structure-directing role of the piperazinyl moiety is

manifested in the shape of the cavities which is dictated insite exhibits tetrahedral geometry, with each vertex defined
by an oxygen from each of four different diphosphonate part by the chair conformation of the piperazinyl structural

units. The approximate dimensions of the ellipsoidal cavityligands. Each h-RPO3j-terminus of the diphosphonate li-
gands coordinates to two Co sites through two oxygen are 4.7Å by 18.0Å. The water molecules of hydration are

accommodated within these spacious cavities.donors resulting in a pendant hP 5 Oj moiety at each
phosphorus site. The water molecules of hydration are hydrogen-bonded

to the phosphate oxygen atoms of the Co–P–O frameworkThe extended structure of 2, shown in Fig. 1, is based
upon two cobalt tetrahedra corner-sharing with two phos- with O7 ? ? ? O1 and O7 ? ? ? O5 distances of 2.94(1)Å and

2.85(1)Å, respectively. Similarly, the piperazinyl protonsphorus tetrahedra, to form an eight membered h–Co–O–
P–O–j2 ring, which adopts a pseudo-chair conformation. engage in hydrogen bonding to the pendant hP 5 Oj groups

of the phosphate termini of the diphosphonate moieties.Within a dimer, the cobalt atoms are linked by the biden-
tate hRPO3j-terminus of two crystallographically identical Compound 1 is isomorphous with 2, exhibiting only mi-

nor variations in metrical parameters. The most significantdiphosphonate linkages. The metal dimer units are con-
nected to neighboring metal sites through the organodi- difference is the contraction of the average M–O bond
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FIG. 2. A view of the structure of 2, showing the chains of corner-sharing hCoO4j and hPO3Cj tetrahedra, linked through the hNH(C2H4)2NHj21

tethers of the diphosphonate groups. Co sites are heavily shaded, circles; P, large open circles; O, small open; N, smallest open; C, filled in.

distance from 2.031(8)Å in 1 to 1.950(9)Å in 2, a feature 4.06 emu K mol21 and u 5 25.71 K. The negative u is
consistent with a weak antiferromagnetic coupling betweenconsistent with the trend in covalent radii for the d-

block elements. the manganese centers. The electron structure of the com-
The temperature dependent magnetic susceptibility data plex corresponds to manganese(II) as the 3d 5 electron

for both compounds exhibit Curie–Weiss paramagnetism structure, which gives a g-value for the S 5 5/2 compound
at high temperatures (33). The magnetic data for the two corresponding to g 5 1.93.
compounds were fit to the Curie–Weiss law, The magnetic susceptibility data for 2 were fit to the

Curie–Weiss law at higher temperatures (T . 100 K) with
x 5 C/(T 2 u) 5 Ng2e2

BS(S 1 1)/[3k(T 2 u)]. [1] the fitted parameters C 5 2.70 emu K/mol, u 5 28.268
K, and TIP 5 0.000321 emu/mole. The inverse magnetic
susceptibility data are plotted in the inset of Fig. 4 withFor the Mn(II) material (1), the inverse magnetic suscep-

tibility plot provided least-squares fitted parameters C 5 the fitted curve. As shown in the figure, at lower tempera-

FIG. 3. A view down the [111] direction showing the large 44-membered ellipsoidal rings which provide a structural motif for 1 and 2.
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V 5 604,8(3)Å3, Z 5 2, Dc 5 1.895g cm23, Z 5 2, e 5 1.381 mm21,9. A. Clearfield, in ‘‘Design of New Materials’’ (D. L. Cocke and A.
T 5 233 K; structure solution and refinement based on 1663 reflectionsClearfield, Eds.). Plenum, New York, 1986.
with I0 $ 3s(I0) converged at R 5 0.056. C6H16CoN2O7P2 (2), triclinic,10. G. L. Rosenthal and J. Caruso, Inorg. Chem. 31, 144 (1992).

11. Y. Zhang and A. Clearfield, Inorg. Chem. 31, 2821 (1992). P1, a 5 8.340(2)Å, b 5 8.917(2)Å, c 5 9.018(2)Å, a 5 64.11(3)8,
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b 5 86.24(3)8, c 5 78.87(3)8, V 5 591.9(3)Å3, Dc 5 1.959g cm23, 34. C. J. O’Connor, Prog. Inorg. Chem. 29, 203 (1982).
35. The isotropic coupling of these two centers gives the following mag-Z 5 2, e 5 1.749 mm21, T 5 233 K; structure solution and refinement

netic susceptibility equationbased on 1917 reflections with I0 $ 3s(I0) converged at R 5 0.083.
In both cases, data was collected on a Rigaku AFC-5S diffractometer
using graphite crystal-monochromated MoKa radiation (l 5

x 5
Ng2e2

B

kT
e2J/kT 1 5e6J/kT 1 14e12J/kT

1 2 3e2J/kT 1 15e6J/kT 1 7e12J/kT .0.71073Å) with 2u–g scans. An empirical absorption correction was
applied. The structure was determined by direct methods using the 36. The secondary interactions were treated using the molecular field
SHLEXTL PLUS solution and refinement programs. All non-hydro- approximation,
gen atoms were defined anisotropically; hydrogen atoms were located
in idealized positions.

x 5
x9

1 2 (2zJ 9/Ng2e2
B)x9

,
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