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The hydrothermal reactions of Cut2H,0, NaVO,, 1,10-phenanthroline, and the appropriate organodiphosphonate
ligand yield [Cu(phen)(VO)(PCHPOs)(H20)] (1), [{ Cu(phen)»(V205)(OsPCHCHPG3)] (2), [{ Cu(phen).-
(V305)(OsPCHCHCHPG3)2 (H20)] (3), and [ Cu(phen) 2(V30s)(OsPCHPO;)2(H20)] (4). Compoundsl—3
exhibit two-dimensional structures. The structures exhibit distinct vanadium building blocks: square pyramidal,
mononuclear V(IV) sites irl, a binuclear unit of corner-sharing V(V) tetrahedra2inand a trinuclear unit of
corner-sharing V(V) square pyramids and a V(IV) octahedrdh ithe network structures dfand2 are constructed
from one-dimensional oxovanadiurdiphosphonate chains linked by Cu(ll) square pyramids into two-dimensional
layers. In contrast, compourglexhibits a two-dimensional oxovanaditrarganodiphosphonate network, with
Cu(ll) sites decorating the surfaces. Compound unique in exhibiting a framework structure, which may be
described as a three-dimensional oxovanadionganodiphosphonate substructure witu(phen)2* subunits
covalently attached to the surface of channels running parallel ta-#xés. The magnetic properties bf-4 are

also correlated to the structural characteristics. The magnetic behavds tifus dominated by antiferromagnetic
interactions. The magnetic behaviorlo&dnd4 is consistent with the presence of two distinct paramagnetic metal
ions, Cu(ll) and V(IV). In contrast3 does not exhibit ferrimagnetic behavior, but rather weak antiferromagnetic
coupling. Crystal datal, C;aH1o0N2CuRVOg, monoclinicP2y/c, a= 9.0656(5) A b = 8.6584(5) A,c = 20.934-

(1) A, B =97.306(1), Z = 4; 2, CogH20N4CUPoV 2014, triclinic P1, a = 10.6096(5) A = 11.6951(5) Ac =
13.1796(6) Ao = 71.369(1), B = 70.790(1}, y = 80.738(1}, Z = 2; 3, CaoH29N4CUP4V 301, triclinic P1, a

= 9.4356(6) Ab = 10.6556(6) Ac = 11.0354(7) Ao = 118.187(19, B = 91.416(13, y = 107.821(1), Z =

1; 4, CyeH20N4CWPV301s, monoclinic, P2;)/c a = 8.3947(3) A,b = 16.8401(7) A,c = 11.9144(5) A =
93.903(1}, Z = 2.

The oxovanadium phosphate-{¥—0) system represents an  conditions exploited for the preparation of these phases, the
important subclass of the family of inorganic oxides. The V(lll), V(IV), and V(V) oxidation states are readily accessible.
dramatic expansion of the chemistry of the-WP—O system Consequently, different vanadium coordination polyhedra,
derives its impetus from the observation that vanadyl pyro- including tetrahedral [V(V)], square pyramidal [V(IV) and
phosphate (VQP,O;12 and vandyl phosphife! are effective V(V)], trigonal bipyramidal [V(IV)], distorted octahedral [V(IV)
in the selective air oxidation of butane to maleic anhydride, a and V(V)], and regular octahedral [V(lIl)] are available as
remarkable transformation involving 14 electrons and seven structural building blocks. In addition, vanadium polyhedra may
oxygen atoms. In addition to studies directed at the elucidation fuse through condensation via shared oxo groups into larger
of the catalytic reaction mechanism, the synthesis and charac-oxide aggregategV«Oy} or even one-dimensional chains. The
terization of related materials has provided an expansive vanadium and phosphorus polyhedra may exhibit variable
chemical literature. The compositional range and structural connectivities, sharing common corners, edges or faces and
diversity associated with the WP—O phases reflects in part  combinations of these modes. Water molecules and hydroxyl
the versatility of vanadium oxide chemistry. Under the synthetic group participation in the vanadium ligation provide additional

- complexity.
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been amply demonstrated in the chemistry of zedlitethat

Finn et al.

valence V(IV)/V(V) sites?-5 as well as molecular species

novel structures may be derived from the use of organocationsexhibiting a remarkable structural divers#Furthermore, the
as guests in the crystallizing product. The organic component structural chemistry of the oxovanaditrarganophosphonate

effectively stabilizes the “void” regions within the inorganic

phases can be influenced not only by the length of the organic

structure by adopting charge compensating and space-filling spacer but also by the introduction of organic cations as charge-
roles? with such guest species often referred to as templates orcompensating and space-filling entities with multipoint hydrogen-

structure-directing agent8. The successful exploitation of
organic cations as structure-directing components of zeolitic

bonding interactions to the oxide backbone.
In the course of developing the chemistry of hybrid materials

structures suggested that similar roles may be adopted in theof the oxovanadiumorganophosphonate family, the chemistry

design of open-framework materials based on transition metal-
oxide polyhedra and appropriate negatively charged subunits,

in place of aluminum and silicon tetrahedra. This expectation
has been realized in the family of hybrid materials constructed
from oxovanadium phosphate and organic cation subihits,
displaying structures ranging from simple one-dimensional
chains in (CNHe)[(VO)(HPO,)(H2POy)(H20)] to complex
three-dimensional microporous frameworks in [HN@ECH,)s-
NH]K 1.3V 509(PQy)2].

While organic structure-directing subunits are most commonly

of the cationic component was elaborated by replacing the
simple organic charge-compensating group with a transition-
metal coordination complex catidh,so as to exploit the
coordination preferences of this secondary metal site and the
geometric variability attainable at the associated ligand center.
In this way, both the spatial transmission of structural informa-

tion by a diphosphonate ligand and the surface modification of
the V—P—0 substructure could be effected. Furthermore, the

building block approach to new families of solid-state com-
pounds has produced significant progress in the specific case

introduced as cationic components as noted, the evolution of of magnetochemist_r%“s as well as in “crystal engineering”
inorganic phosphate materials has exploited direct derivatizationand porous materialé:*%% The strategy has led to many
of the tetrahedral phosphate subunit as a method for incorporat-advances in the study of low-dimensional magnetic phenomena

ing the organic moiety. Consequently, metal organophospho-

as a result of the relative ease in tuning the systems through

nates are prototypical composite materials, in which variations the use of different spacers, ligands and metal complexés.

in the steric demands of the organic subunit, the tether length,

and/or the presence of additional functional groups may be
exploited to effect structural modificatiof$.
Oxovanadium-organophosphonate chemistry includes solid
materials with one-, two-, and three-dimensional structures,
incorporating either single valence V(IV) or V(V) sites or mixed-
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a rich class of organic/inorganic hybrid materf4t§® whose crystals of3 were recovered in ca. 3510% vyield: IR (KBr pellet,
structures can be influenced by the presence of organic spacer§m™) 1426 (m), 1144 (s), 1107 (s), 1021 (s), 972 (s), 922 (m), 856
as well as incorporation of charge-compensating cations that(m), 721 (m).

can be of either organic or inorganic character, the structural _ Synthesis of {Cu(phen)}»(V:0s)(OsPCH.POs)(H0)] (4). A
diversity of these compounds, spanning one, two, and threemlxture of CuC}-2H,0 (0.102 g, 0.60 mmol), methylenediphosphonic

di ? led with th f ti t Iacid (0.064 g, 0.36 mmol), N"O, (0.046 g, 0.25 mmol), 1,10-
Imensions, coupled wi € presence of paramagnetic me aphenanthroline (0.051 g, 0.28 mmol), angH10.04 g, 556 mmol) in

ions, make them ideal candidates for magnetic property studies.ie moje ratio 2.4:1.4:1.0:1.1:2200 was heated at*T8for 41 h. Blue
We have previously reported the isolation of a series of two- ¢rystals of4 were recovered in 60% yield: IR (KBr pellet, c) 1521
dimensional \-P—O networks, surface-modified by the pres- (m), 1429 (m), 1142 (s), 1085 (s), 978 (s), 941 (s), 855 (m), 769 (s),
ence of copper(Ib-2,2-bipyridine subunits, represented by 722 (m).

[{Cu(2,2-bpy)(H0)} (VO)(OsPCHPO;)], [Cu(2,2-bpy)(VO)- X-ray Crystallography. Structural measurements fdr-4 were
(OsPCH,CH,PQ;)], and [Cu(2,2-bpy)(VO)(OsPCH.CH,CH,- performed on a Bruker SMART-CCDdiffractometer at a temperature
PO;)]-H-046 As part of these studies, the 2/fpy component of 100+ 1 K using graphite-monochromated MaxKadiation ¢(Mo
was replaced by 1,10-phenanthroline (phen) to investigate theKa) =0.71073 A). T_he dat_a were corrected for Lorentz and polarization
consequence of the increased steric demand of the ligand effects and absorption using SADABSThe structures were solved

. . - 2 by direct method&? All of the non-hydrogen atoms were located from
Hydrothermal synthesis provided four novel hybrid materials: the initial solution or from subsequent electron density difference maps

the two-dimensional phases [Cu(phen)(VORCHPO;)(H-0)] during the initial stages of the refinement. After all of the non-hydrogen
(1), [{Cu(phen)2(V20s)(OsPCHCHPG3)] (2), and [Cu- atoms in each structure were located, the models were refined against
(phen}»(V30s)(OsPCHCH, CHPOs)2(H-0)] (3) and the three-  F2 first using isotropic and finally anisotropic thermal displacement
dimensional { Cu(phen)(V30s)(OsPCHPOs)2(H20)] (4), whose parameters, until the final value ofAmax was less than 0.001. The

structures and magnetic properties are presented. positions of the hydrogen atoms were then calculated and fixed, and a
final cycle of refinements was performed untilAmax was less than
Experimental Section 0.001. Neutral atom scattering coefficients and anomalous dispersion

corrections were taken from thénternational Tables for X-ray
Crystallography Vol. C.7° All calculations were performed using the
SHELXTL®® crystallographic software packages.

In the case of compoung, the V(1) and O2 sites are disordered
Bbout the inversion center, so as to produce equal populations of the
two alignments of thg V=0} vector with respect to the basal plane.
Likewise, the V(2) site is disordered along the \KZ)(6) vector with
relative occupancies of 0.9 and 0.1 for the two orientations.

The V(1) site of compound is also disordered about the inversion
center at 1/2 1/2 1/2. This results in a statistical disordering of the
vanadium along th€O = V—0OH_} vector so as to alternate thex\D
unit between the two orientations along the vector.

Crystallographic details for the structures bf4 are summarized
in Table 1. Atomic positional parameters, full tables of bond lengths
and angles and anisotropic temperature factors are available in the
Supporting Information. Selected bond lengths and anglesfdrare
given in Tables 25, respectively.

Magnetic Measurements.Samples (36100 mg) were placed in
gel-cap holders and accurately weighed prior to data collection. Zero-
field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility data

: . were collected on a Quantum Design Squid magnetometer between 2
2 were recovered in 40% yield: IR (KBr pellet, c#) 1427 (m), 1177 54 350 K with an applied field of 500 Oe. For clarity, only the ZFC

Esm)) 1163 (s), 1050 (s), 953 (s), 906 (s), 859 (s), 790 (s), 721 (m), 649 data are shown in the figures since no divergence was observed for all
: samples. Diamagnetic corrections were applied to the data using Pascal's
Synthesis of { Cu(phen)}2(V30s)(OsPCH;CHZCH2POs)2(H;0)] consF;ants in emg mot units (-2.7 x 1074 (plg —4.5x 1074 (2), —2.0

(3)- A mixture of CuC}-H,O (0.097 g, 0.57 mmol), 1,3-propylene 1074 (3), —5.6 X 107 (4)).™

diphosphonic acid (0.059 g, 0.29 mmol),N®, (0.101 g, 0.57 mmol), '

1,10-phenanthroline (0.078 g, 0.43 mmol), angOH(10.24 g, 569 Results and Discussion

mmol) in the mole ratio 2.0:1.0:2.0:1.5:2000 was heated at*Cfor

40 h. After the mixture was cooled to room temperature, dark green

Reagents were purchased from Aldrich Chemical Co. and used
without further purification. All syntheses were carried out in 23 mL
poly(tetrafluoroethylene)-lined stainless steel containers under autog-
enous pressure. The reactants were stirred briefly before heating. Wate
was distilled above 3.2 in-house using a Barnstead Model 525
Biopure distilled water center.

Synthesis of [Cu(phen)(VO)(QPCH,PO3)(H-0)] (1). A mixture
of CuCk:2H,0 (0.089 g, 0.52 mmol), methylenediphosphonic acid
(0.065 g, 0.36 mmol), N&wO, (0.060 g, 0.33 mmol), 1,10-phen-
anthroline (0.061 g, 0.34 mmol), 40%n-CsHo)s.NOH (0.163 g,

0.63 mmol), and kKO,(10.16 g, 564 mmol) in the mole ratio
1.6:1.1:1.0:1.0:4.9:1700 was heated for 46 h at ZDOAfter the mixture
was cooled to room temperature, green crystal wlere isolated in
30% vyield. IR (KBr pellet, cm?®): 1516 (m), 1426 (s), 1167 (s), 1121
(s), 1068 (s), 1036 (s), 993 (s), 846 (m), 769 (m), 722 (m), 648 (m).

Synthesis of { Cu(phen)} »(V:05)(0sPCH,CH,PO3)] (2). A mixture
of CuCk-2H,0 (0.098 g, 0.58 mmol), ethylene diphosphonic acid (0.109
g, 0.58 mmol), NgvO, (0.103 g, 0.56 mmol), 1,10-phenanthroline
(0.104 g, 0.57 mmol), and 4@ (15.7 g, 870 mmol) in the mole ratio
1.0:1.0:1.0:1.0:1500 was heated for 42 h at 180 Green crystals of

Syntheses, Infrared Spectroscopy, and StructuresThe
isolation of compoundsl—4 relies on hydrothermal tech-
(57) DeBord, J. R. D.; Zhang, Y.; Haushalter, R. C.; Zubieta, J.; O’Connor, niques’?~7* which have now witnessed extensive application
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(59) Cador, O.; Price, D.; Larionova, J.; MathaeieC.; Kahn, O.; Yakhmi, (68) Sheldrick, G. M.SADABS: Program for Empirical Absorption
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Table 1. Summary of Crystal Data for [Cu(phen)(VOYRCHPG;)(H20)] (1), [{ Cu(phen)2(V20s)(OsPCH.CHPGs)] (2),
[{ Cu(phen)2(V505)(0OsPCHCH;CHPOy)2(H20)] (3), and f Cu(phen)2(V30s)(0sPCHPG;)2(Hz0)] (4)
1 2 3 4
emp formula GaH10N2CuRVOs Ca6H20N4C WPV 2011 CioH28N4C P4V 3018 CaeH20N4C P4V 3018
fw 498.65 855.36 1136.34 1080.24
space group P2:/c P1 P1 P2:/c
a, 9.0656(5) 10.6096(5) 9.4356(6) 8.3947(3)
b, A 8.6584(5) 11.6951(5) 10.6556(6) 16.8401(7)
c, A 20.934(1) 13.1796(6) 11.0354(7) 11.9144(5)
o, deg 90.0 71.369(1) 118.187(1) 90.0
p, deg 97.306(1) 70.790(1) 91.416(1) 93.903(2)
y, deg 90.0 80.738(1) 107.821(1) 90.6
Vv, A3 1629.8(2) 1460.5(1) 911.8(1) 1680.4(2)
z 4 2 1 2
Deai, gCnT3 2.032 1.945 2.069 2.135
u, cmt 21.24 22.36 21.52 23.30
A, Mo Ka 0.71073 0.71073 0.71073 0.71073
Rla 0.0399 0.0400 0.0396 0.0318
wR2b 0.0994 0.1088 0.1107 0.0805
a3||Fo| — |Fd|/||Fal. ® Z[w(Fo? — FA/=[w(Fo?)3] Y2
Table 2. Selected Bond Lengths (A) and Angles (Deg) for [Cu(phen)(VGRCHPOs)(H-0)] (1)
Cu(1}-0(1) 1.932(2) O(1yCu(1)-0(3) 95.85(10) O(3yP(1)y-0(7) 111.96(15)
Cu(1)-0(3) 1.947(2) O(2)yCu(1)-N(1) 89.39(11) O(3yP(1-0(4) 110.23(14)
Cu(1}-N(1) 2.020(3) O(3)Cu(1)-N(1) 166.08(12) O(HP(1)-0(4) 109.77(14)
Cu(1)-N(2) 2.038(3) O(1)Cu(1)-N(2) 159.83(11) O(3yP(1)-C(13) 109.55(15)
Cu(1}-0(2) 2.180(2) O(3yCu(1)-N(2) 89.63(11) O(7yP(1)-C(13) 106.98(15)
V(1)—0(8) 1.604(3) N(1)Cu(1)}-N(2) 81.27(12) O(4yP(1)-C(13) 108.23(16)
V(1)—0O(6) 1.944(2) O(1yCu(1)-0(2) 104.94(10) O(2yP(2)-0(2) 111.09(14)
V(1)—0(4) 1.949(3) O(3)Cu(1)-0(2) 91.27(10) O(2yP(2)-0(6) 110.91(14)
V(1)—0(7) 1.967(2) N(1)-Cu(1)-0(2) 99.85(11) O(LyP(2)-0(6) 112.43(15)
V(1)—0(5) 2.033(3) N(2)-Cu(1y-0(2) 94.29(11) O(2yP(2)-C(13) 110.53(16)
P(1-0(3) 1.519(3) O(1yP(2)-C(13) 106.54(15)
P(1)-0(7) 1.530(3) O(8yV(1)—0O(6) 112.82(13) O(6yP(2-C(13) 105.08(15)
P(1)-0(4) 1.533(2) O(8yV(1)—0(4) 112.30(12)
P(1)-C(13) 1.805(4) O(6yV(1)—0(4) 134.88(12) P(2)O(1)-Cu(1) 130.50(14)
P(2-0(2) 1.518(2) O(8)yV(1)—0O(7) 100.88(13) P(2)0O(2)—Cu(1) 134.38(14)
P(2-0(1) 1.526(3) O(6yV(1)—0(7) 90.52(10) P(£O(3)—Cu(1) 128.11(15)
P(2)-0(6) 1.550(3) O(4yV(1)—0O(7) 80.64(10) P(HO(4)-V() 145.18(16)
P(2-C(13) 1.816(3) O(8yV(1)—0(5) 100.03(12) P(2)0(6)-V(1) 139.31(15)
0O(6)—V(1)—0O(5) 84.70(10) P(HO(7)-V(@1) 135.62(15)
O(4)—-V(1)—0(5) 88.13(10)
0O(7)-V(1)—0(5) 158.77(11)

not only in the synthesis of zeolifebut also in the isolation of
molybdenum oxide$;~78 metal halides and pseudohalidés?
and metal phosphates and phosphon&tés6 Hydrothermal

constituents and promotes “self-assembly” of metastable phases
from simple molecular precursors.
The syntheses of compounds-4 were effected through

synthesis exploits the reduced viscosity of water at temperaturesstraightforward application of these principles. In general,
above 100°C and autogenous pressure to promote solvent hydrothermal reactions of Cug2H,0, NaVOy, 1,10-phenan-

extraction of solids and crystal growth from solution. Another

throline and the appropriate diphosphonate 6f46 h duration

advantage of the method for the preparation of hybrid materials at temperatures of 18200 °C produced the compounds as

is the ready solubilization of both organic and inorganic starting
materials which alleviates differential solubility problems. The
working temperature range of 12@50 °C, in contrast to the

monophasic materials in 3B0% yield. In the case of com-
poundl, the pH of the starting solution was adjusted by the
addition of (i-C4Hg)NOH in the synthetic optimization.

elevated temperatures of conventional solid-state syntheses, The infrared spectra of compountis4 exhibit in all cases

allows retention of the structural integrity of the organic

(75) Hagrman, P. J.; Hagrman, D.; ZubietaAdgew. Chem., Int. Ed. Engl.
1999 38, 2638.

(76) Chesnut, D. J.; Hagrman, D.; Zapf, P. J.; Hammond, R. P.; LaDuca,
R.; Haushalter, R. C.; Zubieta, Goord. Chem. Re 1999 190-192,

737.

(77) Hagrman, D.; Zubieta, Jrans. Am. Crystallogr. Assod.998 33,
109.

(78) Hagrman, D.; Hagrman, P. J.; Zubieta,Chmments Inorg. Chem.
1999 21, 225.

(79) See, for example: (a) Francis, R. J.; Halasyamani, P. S.; O'Hare, D.
Angew. Chem., Int. Ed. Engl998 37, 2214. (b) Mitzi, D.Chem.
Mater. 1996 8, 791. (c) DeBord, J. R. D.; Lu, Y.-J.; Warren, C. J,;
Haushalter, R. C.; Zubieta, Chem. Commuril997 1365.

(80) (a) Chesnut, D. J.; Kusnetzow, A.; ZubietaJJChem. Soc., Dalton
Trans. 1998 4081. (b) Chesnut, D. J.; Zubieta, Ghem. Commun.
1998 1707. (c) Chesnut, D. J.; Kuznetzow, A.; Birge, R. R., Zubieta,
J.Inorg. Chem.1999 38, 2663.

a series of three or four strong bands in the X00R00 cn1?
range associated with(P—O) of the diphosphonate ligands.
Characteristic phen features are observed between 1400 and
1550 cntl,

The infrared spectrum of [Cu(phen)(VOYRCHPG;)(H0)]
(1) exhibits a strong absorption at 993 chattributed tov(V=
0) for V(IV) site. In contrast, the V(V) specie§Cu(phen),-
(V205)(03PCH,CH,PG3)] (2) exhibits strong bands at 953 and
906 cnt1?, attributed tov(V=0) andv(V=0-:-Cu). The lower
frequency of these bands compared to thafl @ consistent
with the V(V) oxidation. The mixed valence compourf{cCi-
(phen} 2(V30s)(OsPCHCH,CH,POs)2(H20)] (3) exhibits a
strong band at 972 cm and a weaker feature at 922 th
attributed tov(V=0) for the V(IV) and V(V) sites, respectively.
The three-dimensional materiglQu(phen)2(V30s)(OsPCH;,-
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Table 3. Selected Bond Lengths (A) and Angles (Deg) fp€{i(phen)(V20s)(0sPCHCH.POy)] (2)

Cu(1}-0(11) 1.933(2) O(1%yCu(1)-0(10) 96.58(8) O(8yV(2)—0(7) 108.80(12)
Cu(1)y-0O(10) 1.938(2) O(11)yCu(1)-N(3) 88.90(9) O(8)V(2)—0(6) 109.71(10)
Cu(1}-N(3) 2.012(2) O(10yCu(1)-N(3) 169.69(9) O(73rV(2)—0(6) 112.48(10)
Cu(1)-N(4) 2.031(2) O(11)yCu(1)-N(4) 159.81(9) O(8yV(2)—0(9) 108.15(10)
Cu(1y-0(7) 2.258(2) O(10yCu(1)-N(4) 90.89(9) O(73V(2)—0(9) 104.52(10)
Cu(2-0(1) 1.924(2) N(3) Cu(1)-N(4) 81.17(10) 0O(6YV(2)—0(9) 112.95(9)
Cu(2-0(3) 1.925(2) O(1LyCu(1)-0O(7) 101.32(8)
Cu(2-N(1) 2.006(2) O(10)Cu(1)-0(7) 96.24(8) O(1BP(1)-0(10) 115.97(12)
Cu(2-N(2) 2.029(2) N(3)-Cu(1)-0(7) 91.20(8) O(1LyP(1)-0(9) 110.28(11)
Cu(2-0(2) 2.344(2) N(43Cu(1)-0(7) 96.45(9) O(10yP(1)-0(9) 110.41(11)
V(1)—0(5) 1.616(2) O(1)Cu(2)-0(3) 95.38(8) O(1LyP(1)-C(25) 106.75(12)
V(1)—-0(2) 1.647(2) O(1yCu(2)-N(1) 167.57(9) O(10yP(1)-C(25) 108.51(12)
V(1)—0O(6) 1.805(2) O(3)Cu(2)-N(1) 89.02(9) O(9)-P(1)-C(25) 104.17(12)
V(1)—0(4) 1.871(2) O(1yCu(2)-N(2) 92.21(9) O(1yP(2-0(3) 114.66(11)
V(2)—0(8) 1.620(2) O(3)Cu(2)-N(2) 167.10(9) O(1yP(2)-0(4) 111.60(11)
V(2)—0(7) 1.642(2) N(1y}Cu(2)-N(2) 81.50(10) O(3yP(2)-0(4) 110.01(11)
V(2)—0O(6) 1.805(2) O(1yCu(2)-0(2) 91.99(8) O(1yP(2)-C(26) 105.54(12)
V(2)—0(9) 1.875(2) O(3)Cu(2)-0(2) 105.69(8) O(3)P(2)-C(26) 107.73(12)
P(1-0(11) 1.504(2) N(1)Cu(2)-0(2) 98.00(8) O(4yP(2)-C(26) 106.85(12)
P(1)-0(10) 1.517(2) N(2)Cu(2)-0(2) 84.41(8)
P(1)-0(9) 1.570(2) P(2)O(1)—Cu(2) 133.16(12)
P(1)-C(25) 1.802(3) O(55V(1)—0(2) 108.78(11) V(1) O(2)—Cu(2) 119.52(10)
P(2-0(1) 1.515(2) O(5¥V(1)—0(6) 111.23(10) P(2)O(3)-Cu(2) 132.26(12)
P(2-0(3) 1.517(2) O(2rV(1)—0(6) 109.70(10) P(20(4)-Vv(1) 130.08(12)
P(2)-0(4) 1.564(2) O(5}V(1)—0(4) 107.80(10) V(2rO(6)-V(1) 136.37(12)
P(2)-C(26) 1.799(3) O(2rV(1)—0(4) 107.22(9) V(2)-O(7)—-Cu(1) 116.81(11)
0(6)-V(1)—0(4) 111.99(9)
Table 4. Selected Bond Lengths (A) and Angles (Deg) fp€{i(phen)(V30s)(0sPCHCHCHPOs)2(H-0)] (3)

Cu(1-0(4) 1.905(2) O(4yCu(1)-0(1) 93.23(9) O(4yP(1)-0(3) 110.34(12)
Cu(1)-0(1) 1.922(2) O(4} Cu(1)-N(2) 92.51(9) O(4yP(1)-0(5) 115.85(12)
Cu(1-N(2) 2.016(2) O(1yCu(1)-N(2) 170.34(9) O(3yP(1)-0O(5) 110.76(11)
Cu(1)-N(1) 2.020(3) O(4yCu(1)-N(1) 170.89(9) O(4yP(1)-C(13) 106.34(13)
Cu(1}-0(2) 2.303(9) O(1yCu(1)y-N(1) 91.74(10) O(3yP(1)-C(13) 105.92(12)
V(1)—0(2) 1.608(7) N(2)-Cu(1)}-N(1) 81.58(10) O(5yP(1)-C(13) 107.01(13)
V(1)—0O(8) 1.862(2) O(4yCu(1)-0(2) 99.2(4) O(1yP(2y-0(7) 113.08(12)
V(1)—0(9) 1.903(2) O(1yCu(1)-0(2) 97.47(17) O(1yP(2y-0(9) 110.30(12)
V(1)—O(8)#1 2.008(2) N(2)Cu(1)-0(2) 89.27(18) O(HP(2-0(9) 111.50(11)
V(1)—O0(9)#1 2.017(2) N(Z)yCu(1)-0(2) 87.7(4) O(1yP(2y-C(15) 107.69(12)
V(2)—0(6) 1.597(2) O(7yP(2)-C(15) 107.82(12)
V(2)—0(8) 1.734(2) O(2rV(1)—0(8) 106.2(5) O(9P(2)-C(15) 106.10(12)
V(2)—0(3) 1.930(2) O(2rV(1)—0(9) 107.7(3)
V(2)—0(7) 1.950(2) O(8yV(1)—0(9) 88.55(9) P(2y0O(1)-Cu(1) 122.89(12)
V(2)—0O(5) 1.968(2) 0O(2)-V(1)—0(8) 104.9(5) V(1)0(2)—Cu(1) 126.4(5)
P(1-0(4) 1.515(2) O(2rV(1)—0(9) 103.1(3) P()0O(3)-V(2) 150.98(14)
P(1-0(3) 1.532(2) 0(6YV(2)—0(8) 105.63(11) P(HO(4)-Cu(1) 144.29(14)
P(1-0(5) 1.534(2) O(6yV(2)—0(3) 98.42(10) P(H0O(5)-V(2) 149.11(13)
P(1)-C(13) 1.794(3) 0(8YV(2)—0(3) 92.46(9) P(2}YO(7)-V(2) 133.28(12)
P(2-0(1) 1.519(2) O(6yV(2)—0(7) 97.80(10) V(2)-O(8)-V(1) 143.73(13)
P(2)-0(7) 1.530(2) 0(8YV(2)—0(7) 89.57(9) V(2 0(8)-V(1) 115.90(12)
P(2-0(9) 1.552(2) O(3yV(2)—0(7) 162.45(9) P(2y0(9)-V(1) 137.60(13)
P(2)-C(15) 1.795(3) O(6yV(2)—0O(5) 108.88(10)

O(8)-V(2)—0(5) 145.37(10)

O(3)—-V(2)—0(5) 85.44(8)

O(7)-V(2)—0(5) 83.02(8)

PGs)2(H20)] (4) likewise exhibits two strong absorptions at 978 position is occupied by the terminal oxo-group. Consequently,
and 941 cm?, consistent withv(V=0) from V(IV) and V(V) each methylenediphosphonate ligand bridges two V(IV) and two
sites, respectively. Cu(ll) sites.

As shown in Figure 1, the structure of [Cu(phen)(VO)- The network structure ofl may be described in terms
(OsPCH:POs)(H20)] consists of two-dimensional networks of undulating {(VO)(O;PCHPQ)}2"" chains linked by
constructed from corner-sharing Cu(ll) square-pyramids, V(IV) {CuQsNg} sites into a two-dimensional structure. It is instructive
square pyramids, and phosphorus tetrahedra. The coordinatiorto compare the structure afto that of the analogous bipyridine
sphere of the Cu(ll) site is defined by the nitrogen donors of compound [Cu(2,2bpy)(VO)(OsPCHPOs)(H20)]. Although
the phenanthroline ligand and two oxygen donors from a the compounds share a common formulation [Cu(ligand)(VO)-
chelating methylenediphosphonate ligand in the basal plane, and OsPCHPG;)(H20)], the structural details are quite distinct.
by an oxygen donor from a second methylenediphosphonateWhile the aqua ligand id is bound to the V(IV) center, that of
group occupying the apical position. The basal plane of the [Cu(2,2-bpy)(VO)(OsPCHPGs)(H20)] is associated with the
V(IV) center consists of two oxygen donors from a chelating Cu(ll) site. Consequently, as shown in Figure 2, the structure
methylenediphosphonate ligand, an oxygen donor from a secondof the bipyridyl derivative may be described as a two-
methylenediphosphonate group and the aqua ligand; the apicadimensional{ (VO)(O,PCH,PQO,)} ﬁ”_ network, decorated by
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Table 5. Selected Bond Lengths (A) and Angles (Deg) fp€{i(phen)(V30s)(0sPCHPOs)2(H20)] (4)

Cu(1)-0(3) 1.931(2) O(3)Cu(1)-0(1) 96.11(7) O(3)P(1)-O(4) 115.02(11)
Cu(1y-0(1) 1.942(2) O(3)Cu(1)-N(2) 172.87(8) O(3)P(1)-0(8) 108.80(10)
Cu(1)-N(2) 2.002(2) O(1)Cu(1)-N(2) 89.37(8) O(4y-P(1)-0(8) 108.54(10)
Cu(1)-N(1) 2.004(2) O(3)Cu(1)-N(1) 90.97(8) O(3)P(1)-C(13) 108.27(11)
Cu(1)-0(2) 2.357(2) O(1FCu(1)-N(1) 160.60(8) O(4yP(1)-C(13) 107.07(11)
V(1)—0(9) 1.636(2) N(2)-Cu(1)-N(1) 82.41(8) O(8)-P(1)-C(13) 108.99(10)
V(1)—0(5) 1.992(2) O(3)Cu(1-0(2) 91.18(7) O(1yP(2)-0(5) 114.85(11)
V(1)—0(4) 1.992(2) O(1) Cu(1)-0(2) 103.16(7) O(1yP(2)-0(6) 108.89(10)
V(1)—O(4)#1 2.011(2) N(2)} Cu(1}-0(2) 92.00(7) O(5)P(2)-0(6) 108.34(10)
V(1)-0(5) 2.022(2) N(L)-Cu(1)-0(2) 94.70(7) O(1yP(2)-C(13) 108.35(11)
V(1)—0(9) 2.314(2) O(5)P(2)-C(13) 107.22(11)
V(2)-0(7) 1.611(2) O(9)V(1)-0(5) 99.99(10) O(6YP(2)-C(13) 109.06(10)
V(2)-0(2) 1.635(2) O(9)V(1)—O(4) 99.45(10)

V(2)-0(8) 1.855(2) O(5)V(1)—0(4) 90.08(8) P(2yO(1)-Cu(1) 130.35(11)
V(2)—0(6) 1.871(2) O(9)V(1)—0(5) 99.48(10) V(2)-0(2)-Cu(1) 130.95(10)
P(1)-0(3) 1.512(2) O(7V(2)-0(2) 108.68(9) P(1yO(3)-Cu(1) 130.61(11)
P(1)-O(4) 1.514(2) O(7V(2)—0(8) 107.00(9) P(1yO(4)-V(1) 136.88(11)
P(1)-0(8) 1.555(2) 0(2)V(2)—0(8) 109.22(8) P(2)O(5)-V(1) 130.00(11)
P(1)-C(13) 1.803(2) O(7V(2)-0(6) 107.07(9) P(2)0(6)-V(2) 131.81(10)
P(2)-0(1) 1.512(2) 0(2)V(2)—0(6) 110.57(8) P(HO(8)-V(2) 145.25(12)
P(2)-0(5) 1.515(2) O(8)V(2)—0(6) 114.10(8)

P(2)-0(6) 1.563(2)

P(2)-C(13) 1.810(2)

Figure 1. Polyhedral representation of the layer structure of [Cu(phen)- Figure 2. Polyhedral representation of the structure of [CU(Bgy)-
(VO)(OsPCHPG;) (H20)] (1). The dark square pyramids are the Cu  (VO)(OsPCHPQOs)(H,0)]. The same conventions are used as those
sites; the lighter square pyramids are V sites; the tetrahedra are P sitesadopted for Figure 1.

Nitrogen atoms are shown as light spheres; oxygen atoms and the carbon
of the diphosphonate are shown as dark spheres. The water oxyger
atom bound to the vanadium is shown as a larger sphere to distinguish
it from the oxo groups. The ligand carbon atoms have been omitted
for clarity.

{CuGsNy} square pyramids which project into the interlamellar
regions. While the Cu(ll) site is an integral component of the
network connectivity inl, the network structure of [Cu(2;2
bpy)(VO)(OsPCHPO,)(H20)] is established by the VP—O—C
substructure alone. Since the organoimine ligands in baifd
[Cu(2,2-bpy)(VO)(G:PCHPG;)(H20)] project out of the oxide
plane, it does not appear that steric arguments can be invokec
for the dramatic structural changes. The factors controlling the
location of the aqua ligand and consequently the network y
connectivity remain obscure.

The network structure of Cu(phen) 2(V20s)(OsPCHCH,- Figure 3. Polyhedral view of the network structure ¢fQu(phen).-
PG)] (2), shown in Figure 3, is quite distinct from that adopted (V205)(OsPCHCHPO)] (2).
by 1. In this case, the polyhedral connectivity of the layer
involves corner-sharing of Cu(ll) square pyramids, V(V) donors, one from each of two ethylenediphosphonate ligands
tetrahedra, and phosphorus tetrahedra linked through the ethand a bridging oxo-group to a V(V) site. The coordination
ylene chain. The Cu(ll) site is considerably distorted from the spheres of the V(V) centers are defined by a terminal oxo-group,
idealized square pyramidal limit, with the geometry defined by an oxo-group bridging to a V(V) center, an oxo-group bridging
two nitrogen donors from the phenanthroline ligand, two oxygen to the Cu(ll) site, and an oxygen from an ethylenediphosphonate
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: Figure 5. Polyhedral view of the network structure ¢fGu(phen)-
Figure 4. Polyhedral view of the network structure of [Cu(2t®y)- (VaOs) (OsPCHCHCHPOy)2(H20)] (3)-
(VO)(OsPCH,CH,PO;)].

structure of3 is constructed from corner-sharing Cu(ll) square
ligand. The corner-sharing interaction between vanadium tet- pyramids, V(V) square pyramids, V(IV) octahedra, and phos-

rahedra results in a binuclear V(V) si{&/,07}; this unit in phorus tetrahedra linked through the propylene bridges of the
turn engages in oxo-bridging to two Cu(ll) sites to produce an propylenediphosphonate ligands. The Cu(ll) geometry is defined
unusual bimetallic tetranuclear metal-oxide mé¢@uw,V,0s}. by two nitrogen atoms from the phenanthroline ligand and two

A curious feature of the structure is evident in the coordination oxygen donors from different organodiphosphonate ligands in
mode adopted by the ethylenediphosphonate ligand whichthe basal plane and a bridging oxo-group in the apical position.
bridges four Cu(ll) and two V(V) sites. The octahedral vanadium site exhibits coordination to two trans
The network structure o2 may be described agV,0x)- disposed oxygen donors from different diphosphonate ligands,
(O;PCH,CH,PQy)} ﬁ”‘ chains linked by{ CuO;N3} sites into a to two trans oxo-groups bridging to two neighboring V(V) sites,
two-dimensional layer. The linking of phosphorus and Cu(ll) and an oxo-group and an aqua ligand bridging to the Cu(ll)
polyhedra producesCu,P,04} eight-membered rings, exhibiting  sites. The square pyramidal V(V) centers exhibit coordination
the common dix(O,0) geometry. The network connectivity  to three oxygen donors from different diphosphonate ligands, a

also produces the 22-membered rifQu,V 4P40sCs} . bridging oxo-group, and a terminal oxo-group. As a conse-
The structure of2 contrasts with that of the previously quence, the structure 8fis characterized by a trinuclear mixed
described bipyridyl material, [Cu(Z;Dpy)(VO)(OsPCHCH,- valence V(IV)/V(V) cluster of corner-sharing polyhedra embed-
PG)], shown in Figure 4. In contrast tb and [Cu(2,2bpy)- ded within the two-dimensional network. Since the central V(1V)
(VO)(O3PCHPGs)(H20)], 2 and [Cu(2,2bpy)(VO)(OsPCH,- site also corner shares to two adjacent Cu(ll) centers, an unusual

CH,P0;)] exhibit distinct formulations and different oxidation  pentanuclear bimetallic oxide subugiCw,V30s} provides a
states for the vanadium centers. The V(IV) sites of [CuU¢2,2 building block for the network. Each propylenediphosphonate
bpy)(VO)(O:PCHCH,PG;)] are isolated; i.e., there are no ligand links four vanadium and two copper sites, in contrast to
V—0O-V interactions. Furthermore, the network structure of the the diphosphonate o2 which bridge four copper and two
bipyridyl derivative is constructed exclusively of the-P— vanadium sites.
O—C substructure. In a fashion similar to that described for  The network may be described in terms of corner-sharing
[Cu(2,2-bpy)(VO)(GsPCHPOs)(H0)], the Cu(ll) sites of [Cu- vanadium and phosphorus polyhedra linked by propylene
(2,2-bpy)(VO)(OsPCH,CH,POs)] decorate the surface of the  bridges into a two-dimensional covalently linked layer. Alter-
layer and are not required to establish network connectivity. natively, the layer may be described in terms of one-dimensional
However, the most distinctive and significant features of the oxovanadium copper phosphate ribbons connected by propylene
structure of2 are the presence of the binucl¢at,O;} building bridges into a layered structure. The network is characterized
block and the V(V) oxidation state. While the members of the by a number of cyclic subunits, including the comn{afpP,O4}
bipyridyl family of materials exhibit exclusively V(IV) sites, ring with di-«(O,0) phosphate bridges. There is also a
the phenanthroline compounds contain V(IV) sitedjn/(V) 16-membered cyclic substructuf® ,P,0,Cg} .
sites in2 and mixed valence V(IV)/V(V) irB and4. Since the Several features of this structure are noteworthy. The detailed
oxidation-reduction potentials for 2;ipyridine and 1,10-  |ayer structure of3 is quite distinct from that oR. While 2
phenanthroline in water are nearly identf€aind the energies  exhibits a binuclear V(V) building block, compouBdtontains
associated the LUMO’s are similar, the rationale for the 3 trinuclear mixed valence subunit. Furthermore, thePv-
preference of the bpy system for the reduced V(IV) state is not 0—C substructure of2 is one-dimensional, and network
obvious. connectivity requires linking through the Cu(ll) sites. In contrast,
Extension of the tether length in{Cu(phen)z(V50s)- the V—P—O—C substructure 08 is two-dimensional, with the
(OsPCH.CH,CH,PG;)2(H20)] (3) has profound structural con-  {CuO;N,} sites decorating the surfaces of the layer. Further-
sequences as illustrated in Figure 5. The two-dimensional more, while the structures ¢f and 3 are quite distinct, the
bipyridyl counterparts [Cu(2,py)(VO)(G;PCH,CH,PG;)] and

(81) 78:;359, for example: Feng, P.; Bu, X.; Stucky, GNature1997, 388, [Cu(2,2-bpy)(VO)(OsPCHCH,CH,PO;] are structurally analo-
(82) Meites, L.; Zuman, P.; Rupp, E. BRC Handbook Series in Organic ~ 90us, differing primarily in the expansion of cyclic substructures

ElectrochemistryCRC Press Inc.: Boca Raton, FL, 1978; Vol. IV.  of the layers as a consequence of carbon spacer lengthening.
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Figure 6. Polyhedral representation of the three-dimensional structure 088 -
of [{ Cu(phen)(V30s) (OsPCH.PO;),(H20)] (4), viewed normal to the ]
ab plane. —
. 2 osd -
Table 6. Summary of Magnetic Measurements § .
Ccalcb Cobs g .- .
(emuK (emuK Oobs L e
compd  paramagnetic iohs mol™! mol™Y) (K) e
1 CU2* (sp), V** (sp) 0.85 0.876(3) —9.8(7) 0.82- B R
2 CU2+ (sp), Cé* (sp) 0.95 0.976(3) —12.4(7) . .
3 CU?* (sp), Cd™ (sp), 1.32 1.200(1) —2.2(2) ettt
\Vas (0) 080 T T T T T T
4 CWw* (sp), Cé¢* (sp), 1.32  1.365(2) —5.12(2) 0 0 100 150 w20 0
V4 (0) TK

Figure 7. Temperature dependence)fT for compound2 between

asp= square pyramidal; e octahedral® The Curie constant was i a2
2 and 350 K. Inset shows the ZFC magnetic susceptibility data.

determined using the Curie la® = (Ngus?(S + 1))/3k ~ (u2)/8
whereN is Avogadro’s numberg the Landesplitting factor,ug the 05
Bohr magnetons the total spin quantum number. The valggs = ’ TR
2, gewt = 2.25 were assumed. 090 '

The most unusual characteristic of the phenanthroline system 085+

is the discovery of a three-dimensional structure. White3 w0l 7 : .
and the bipyridyl family share the common characteristics of / -
two-dimensional structureq,Cu(phen) »(V305)(OsPCHPOs),-
(H20)] (4) exhibits a three-dimensional framework, shown in

400
20
075 o RO
250
20

T (emuKmal™)

o704 : 5
Figure 6. The structure of is constructed from the corner- . . § cops o
sharing of Cu(ll) square pyramids, V(IV) octahedra, V(V) 085 s 5 i -
tetrahedra, and phosphorus tetrahedra. The Cu(ll) site is defined os0d e i S D
by two nitrogen donors from the phenanthroline ligand and two | TR

. . : 056 T T T T
oxygen atoms from a chelating methylenediphosphonate ligand, s S S

in the basal plane and a bridging oxo group from the tetrahedral T

vanadium site. _The _V(IV) center bonds to four oxygen donors Figure 8. (a) Temperature dependenceza for compoundl between
from two Chelatl_ng dlphosphonate groups, aterminal 0X0-groupP , 2ng 350 K. Inset shows the ZFC magnetic susceptibility data. (b)
and an aqua ligand. This connectivity pattern requires the inimum of ,,T.

diphosphonate to bridge one Cu(ll) site, one V(IV) site, and
two V(V) sites.

The framework structure of may be described in terms of
{Cu(phen)(VQ)(OaPCI-EPQ)}ﬁ"f layers linked by V(IV) oc-
tahedra into a three-dimensional structure. Alternatively, the
structure consists of a three-dimensiodgV ;O;)(O;PCH,-
PGO,))(H,O)} ﬁ”’ framework with{ Cu(phen)2" groups occupy-
ing channels running parallel to the crystallographiaxis.

Magnetic Properties. A summary of the results of the
magnetic measurements is listed in Table 6. Figures07show

250 30 30

paramagnetic ions Cu(ll) (square pyramidal?)3and/or V(IV)
(square pyramidal or octahedrat'} both areS= 1/2 magnetic
centers. Thegn, vs T plots for all four compounds (Figures-1.0,
insets) show typical CurieWeiss behavior with no obvious
signatures for even significant low-dimensional short-range
correlations (i.e., broad maxima). To a good approximation, the
high-temperature portion>(100 K) of the susceptibility data
can be fitted to the CurieWeiss law,y = C/T — 6, whereC

is the Curie constant] the temperature, ané the Weiss

the temperature dependence of the molar susceptibjfity, ( constant. There is reasonable agreement between the experi-
inverse molar susceptibilityy, — 1) and theymT product for mental and theoretical Curie constants, calculated using common
the entire series of oxovanadium organophosphonate phases with ande splitting factors for the magnetic iongy*™ = 2 and
copper-phenanthroline building blocks in the temperature range gc?" = 2.25). Overall, the behavior of these magnetically dilute
2—350 K. As shown in Table 6, compounds-4 contain the compounds appears to be dominated by very weak antiferro-
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Figure 9. Temperature dependence ofT for compound4 between
2 and 350 K. Inset shows the ZFC magnetic susceptibility data.
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Figure 10. (a) Temperature dependence pfT for compound3
between 2 and 350 K. Inset shows the ZFC magnetic susceptibility (85) Qiang, X.; Darriet, J.; Soubeyroux, J. L.; Georges] Riagn. Magn.
data. (b) Low-temperature range showing a minimunyef.

magnetic interactions of the paramagnetic ions as indicated by
the small negativé values (Table 6). Further insight is provided

by theymT vs T plots (Figures 710).
As indicated previously, theCu(1»03N2} and{ Cu(2»03N2}

square pyramids in compouriserve to link zigzag chains of
alternating \M\Os and QPCHCH,PO; units into two-dimen-

sional layers. Within these sheets, each?'Cion is linked
through a double oxo-bridge to a crystallographic equivalent to (91) Ruiz, R.; Surville-Barland, C.; Journaux, Y.; Colin, J. C.; Castro, I.;

form approximate pairs that are 5.065 A (CutQu(1)) and
5.105 A (Cu(2)-Cu(2)) apart, respectively. Additionally, these

Cu—Cu pairs are insulated from each other within8(A) as

well as between%6.4 A) the layers. Thus, one would most

Inorganic Chemistry, Vol. 40, No. 15, 200B753

if there are significant interactions between neighboring Cu(ll)
ions. Figure 7 shows the temperature dependence of the molar
susceptibility as well agmT for compound?2. It is clear that

the magnetic behavior of Cu(phen)(V,0s)(OsPCH.CH,PGs)]

is dominated by antiferromagnetic interactions, as indicated by
the gradual decrease of the magnetic moment down to about
50 K followed by a rapid and sudden drop toward a singlet
ground state. This observation is also consistent with a
compensation of the two spin-1/2 sublattices upon onset of
antiferromagnetic exchanges since the two Cu(ll) ions are
expected to have comparable Largpditting factors ¢) given

their similar environments. Surprisingly, we do not observe a
maximum in the susceptibility data dowa 2 K even though

0 = —12 K. For a dimer magnetic systethyve would expect
T(ymax) to be at approximately 20 K, but this is not reflected in
the magnetic data, suggesting the presence of additional
interactions between Cu(ll) ions beyond the isolated binuclear
regime such as interdimer or 3-D exchange interactions.

The magnetic behavior of compoun@i@nd4 is consistent
with the fact that there are two different paramagnetic metal
ions, Cu(ll) and V(IV), with dissimilarg values. Not surpris-
ingly, the magnetic susceptibility data show evidence
for uncompensated moments at low temperatures, giving
rise to characteristic low-dimensional ferrimagnetic
behavior?4~56.58-6085-94 The structure of [Cu(phen)(VO)-
(OsPCH,PO;)(H20)] consists of square pyramids{oCuOsN2}
and{VOs} linked by the diphosphonate ligang@CH,PO; to
form a two-dimensional structure. Intralayer metaletal (Cu-

Cu, Cu—V, and V-V) distances are in the range 5.048.419

A so some interactions may be expected although the true
magnetic dimensionality is not entirely clear. As shown in Figure
8a, a gradual decrease in theT product with decreasing
temperature is followed by an abrupt increase at about 50 K.
The shallow and rounded minimum at low temperature,
emphasized in Figure 8b, is indicative of ferrimagnetic behavior
in this compound. The source for the two-dimensional ferri-
magnetic behavior can be assumed to be weak intralayer
antiferromagnetic interactions between nearest neighbor metal
ions. The absence of any transition in the susceptibility data at
low temperature shows the lack of any long range ordering
between the Cu/V layers. Similarly, the,T vs T plot for
compound4 resembles one for a linear chain ferrimagnetic

(83) MagnetochemistryCarlin, R. L., Ed.; Springer-Verlag: New York,
1986.

(84) ForS= 1/2 binuclear clusterg;,; = —1.24KT. and 0= J;12/2k, where
Ji2 is the exchange interactioR,is the Boltzmann’s constanty is
the critical temperature (correspondingytgax for antiferromagnetic
interactions), and 0 is the Weiss constant. One can calculate the value
of T¢ if all other values are known.

Mater. 1988 74, 219.

(86) Pei, Y.; Nakatani, K.; Kahn, O.; Sletten, J.; Renard, Jnég. Chem.
1989 28, 3170.

(87) Sapim, F.; Coronado, E.; Gomez-Romero, P.; Beltran, D.; Burriel,
R.; Carlin, R. L.J. Appl. Phys199Q 67, 6003.

(88) Coronado, E.; Guez-Gara, C. J.; Borfa-Almenar, J. JJ. Appl.
Phys.199Q 67, 6009.

(89) Fabretti, A. C.; Giusti, A.; Albano, V. G.; Castellari, C.; Gatteschi,
D.; Sessoli, RJ. Chem. Soc., Dalton Tran$991, 2133.

(90) Stumpf. H. O.; Pei, Y.; Ouahab, L.; Berre, F. L.; Codjovi, E.; Kahn,
O. Inorg. Chem.1993 32, 5687.

Cervera, B.; Julve, M.; LLoret, F.; Sd@inF.Chem. Mater1997, 9,
201.

(92) Escuer, A.; Vicente, R.; Fallah, M. S. El; Goher, M. A. S.; Mautner,
F. A. Inorg. Chem.1998 37, 4466.

(93) Chiozzone, R.; Goniee, R.; Kremer, C.; Munno, G. D.; Cano, J,;
Lloret, F.; Julve, M.; Faus, Jnorg. Chem.1999 38, 4745.

likely anticipate magnetic properties that are characteristic of (94) Ruiz-Peez, C.; Sanchiz, J.; Hefndez-Molina, M.; Lloret, F.; Julve,

binuclear cluster systems (i.e., Bleand3owers typej-57:61.83

M. Inorg. Chim. Acta200Q 298, 202.
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system with intrachain antiferromagnetic coupling between substantially close intratrimer GtV separations of 3.503 and
nearest neighbor, as shown in Figure 9, which displays a steady4.377 A. These trinuclear clusters are fairly well isolated,
decay of the moment from room temperature to about 20 K magnetically, as shown by the closest intertrimer distance of
where there is a prominent and rounded minimum before the 9.436 A within a network layer and 5.936 A between layers.
moment rapidly increases at low temperature. Structurgiu{ The overall antiferromagnetic feature in theT vs T plot
(phen}2(V305)(OsPCHPOs)2(H20)] exhibits a three-dimen-  suggests that thg values of Cu and V ions in this compound
sional framework constructed from corner-sharing of Cu(ll) are fairly close, thereby rendering the magnetism to be best
square pyramids, V(IV) octahedra, V(V) tetrahedra, and O modeled by an isolate8= 1/2 linear trimer systerft however,
PCHPG; building blocks. Magnetically, there are local linear the extremely weak nature of the antiferromagnetic coupling
arrangements of Cu(ll) (spy(IV) (0)-Cu(ll) (sp) (sp= square and the presence of a residual moment at low-temperature
pyramidal; o= octahedral) moeities which are separated by preclude any fitting to a model.
the GPCHPO; units. The Cu-V separations within these linear .
magnetic trimers are 4.581 and 4.984 A. Since the shortestConclusions
intertrimer distance is>7 A, compound4 appears to be a Hydrothermal synthesis has allowed the preparation of a new
ferrimagnetic trimer system. However, the dimensionality of series of organieinorganic materials of the oxovanadium/
the magnetic lattices it is also definitive since intertrimer Cu-  organophosphonate/M(Horganoimine family. While [Cu-
(1) interactions may still occur through the intervening oxo (phen)(VO)(QPCHPOs)(H20)] (1), [{ Cu(phen)a(V20s)(Os-
bridges. PCH,CH,PGs)] (2), and [ Cu(phen)a(V30s)(OsPCH,CH,-
Unexpectedly, compoun8 does not exhibit the anticipated = CH,PGO;)] (3) exhibit two-dimensional structure;Gu(phen) -
ferrimagnetic behavior as seen in the previous two examples (V30s)(OsPCHPG;)2(H20)] (4) is three-dimensional. The hy-
despite containing both Cu(ll) and V(IV) metal ions. As shown brid materials exhibit a range of magnetic properties, reflecting
in Figure 10a, its magnetic behavior appears to be dominatedthe presence of a single type of paramagnetic metal ion Cu(ll)
by antiferromagnetic coupling but the exchange is the weakestin 1 and two distinct paramagnetic ions Cu(ll) and V(IV) in
of the series as indicated by the relatively sfalblue (-2.2(2) 2—4.
K). Therefore, we do not see manifestation of uncompensated

spin lattices abaw 2 K asobserved in compounds and 4. Acknowledgment. The work at Syracuse University was
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