
A New Class of Organic-Inorganic Hybrid Materials: Hydrothermal Synthesis and Structural
Characterization of Bimetallic Organophosphonate Oxide Phases of the Mo/Cu/O/RPO32- Family

Robert C. Finn and Jon Zubieta*

Department of Chemistry, Syracuse University, Syracuse, New York 13244

ReceiVed January 2, 2001

The incorporation of organic substructures into inorganic oxide
phases provides a powerful method for structural modification
and synthesis of novel organic-inorganic hybrid materials, which
combine the unique features of both the organic and inorganic
substructures.1 Organic components have been introduced not only
as structure-directing cations in a wide range of materials
including zeolites, mesoporous materials of the MCM-41 class,
and transition metal phosphate and oxides, but also as ligands
directly coordinated to the inorganic scaffolding of the material.2

Metal organophosphonate phases are representative hybrid materi-
als which have been extensively studied with respect to the
structural consequences of steric demands of the organic subunit,
spacer length modifications, and additional functionality.3,4 Metal
organophosphonate oxide phases, [MxOy(RPO3)z], constitute a
subclass of these hybrid materials which conflates the structural
versatility of metal oxides with that of organophosphonate
architectures. Curiously, while numerous soluble oxide clusters
of the type [MoxOy(O3PR)3]n- have been described, the only
structurally characterized examples of solids are provided by the
isomorphous two-dimensional phases [M2(MoO3)3(O3PR)].5 In an
attempt to extend the chemistry of oxomolybdenum organophos-
phonate materials, we exploited a strategy previously successful
in the preparation of bimetallic phosphonate networks of the
oxovanadium family,6 that is, the introduction of a secondary
metal-ligand component as a charge-compensating unit and, more
significantly, as a structure-directing component. This com-
munication describes the structural consequences on oxomolyb-
denum-organodiphosphonate phases of secondary metal-organic
subunits, an approach which combines the spatial transmission
of structural information by the diphosphonate ligand and surface
modification of the oxide material by a bidentate organodiimine
ligand. The prototypical materials of a new family of oxomolyb-
denum organophosphonates [Cu(o-phen)(Mo2O5)(O3PCH2PO3)-
(H2O)] (1), [{Cu(o-phen)}2(Mo4O12)(H2O)2(O3PCH2CH2PO3)]‚
2H2O (2‚2H2O), and [{Cu(H2O)2(o-phen)}{Cu(o-phen)2}(Mo5-
O15)(O3PCH2CH2CH2PO3)]‚2.5H2O (3‚2.5H2O) are described.

In a typical reaction, a mixture of Cu(SO4)‚5H2O, MoO2, 1,-
10-phenanthroline (o-phen), methylenediphosphonic acid, and
water in the mole ratio 1.0:2.1:1.4:2.0:3500 was heated at 170
°C for 74 h to give blue plates of1 in 30% yield.7 Compounds
2 and3 were prepared under analogous conditions.

The structure of1, shown in Figure 1,8 consists of one-
dimensional chains constructed from corner-sharing Cu(II) square
pyramids and phosphorus tetrahedra, and corner- and edge-sharing
Mo(VI) octahedra. The coordination sphere of the Cu(II) site is

defined by the nitrogen donors of the chelating o-phen ligand,
an oxygen donor from each{PO3} group of the chelating
methylenediphosphonate ligand, and an oxo group bridging to a
molybdenum site. Binuclear Mo sites constructed from edge-
sharing octahedra are embedded in the chain, each bonding to
three diphosphonate ligands. The diphosphonate units, in turn,
chelate a Cu site and employ the remaining four oxygen donors
to link three adjacent binuclear molybdenum units.

The profound structural consequences of increasing the diphos-
phonate tether length by one methylene group are evident in the
two-dimensional structure of2‚2H2O, shown in Figure 2.9 The
structure may be described as bimetallic oxide phosphate chains
linked through ethylene bridges of the diphosphonate ligands into
a layer structure. The{Cu(o-phen)(Mo2O6)(H2O)(O3P-)}n chains
are constructed from noncyclic{Mo4O16} clusters linked through
diphosphonate ligands and square pyramidal Cu(II) sites. The
copper centers bond to two nitrogen donors from a chelating
phenanthroline ligand, two oxygen donors from two different
diphosphonate ligands, and an oxo group bridging to a molyb-
denum site. Each{-PO3} unit of the diphosphonate provides two
oxygen donors to adjacent copper sites in aµ2-O,O′-type bridge
while the third oxygen bonds to an octahedral molybdenum center.
The ethylene groups of the diphosphonate ligands serve to bridge
adjacent inorganic chains. The tetranuclear molybdate cluster
embedded in the chain of2 exhibits several unusual features. The
molybdenum centers are arranged in a nonlinear chain of edge-
sharing polyhedra with octahedra at the termini and square
pyramids in the interior locations.

Somewhat suprisingly, the structure of the propylene derivative,
3‚2.5H2O, shown in Figure 3, is one-dimensional.10 The structure
may be described as{Mo5O21} cyclic clusters, linked through
diphosphonate ligands into a chain which is decorated by{Cu-
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10-phenanthroline (0.065 g, 0.33 mmol), ethylenediphosphonic acid
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propylenediphosphonic acid (0.0478, 0.230 mmol), 1,10-phenanthroline
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(H2O)2(o-phen)}2+and{Cu(o-phen)2}2+ subunits. There are, thus,
two distinct Cu(II) environments: a square pyramidal site and
an octahedral site. The diphosphonate ligands serve to bridge
adjacent clusters, coordinating exclusively to molybdenum sites
at one{-PO3} terminus and to Mo and Cu centers at the other.
The molybdate cluster is structurally analogous to the well-known
[Mo5O15(O3PR)2]4- molecular clusters,11,12consisting of a ring of
edge-sharing octahedra.

The isolation of3 suggested that a building-block approach to
such chain structures is conceivable. However, attempts to link
preformed clusters through diphosphonate ligands of various tether
lengths under non-hydrothermal conditions proved futile. Fur-
thermore, adopting pH and stoichiometry conditions favoring such
cluster formation under hydrothermal conditions did not yield the
analogous [(Mo5O15){O3P(CH2)xPO3}]4- chains (x ) 1, 2, or 4)
to 3 but rather required the presence of Cu(II) and phenanthroline
to yield 1, 2, and an unidentified material, respectively. While
cluster preorganization and linkage is an attractive strategy for
structural design, it appears that such synthetic building blocks
persist only under narrowly defined conditions, whereas, in
general, dissociation is evident and the system “selects” the
appropriate structural unit from the species present in the
hydrothermal mix.

The isolation of1-3 illustrates the synergistic influence of
diphosphonate tether lengths and the metal-organic component
on the structures of hybrid oxide materials. The organic tether
serves to expand the distance between molybdate polyhedra or
clusters and to direct the relative orientations of the{PO3} termini,
consequently influencing the dimensionality of the material.
However, the structural influences of the variabilities of polyhedral
type and polyhedral connectivities available to the oxometalate
substructures are also determinants which may produce unantici-
pated structural motifs. For example, the common tendency of
the V/P/O and Mo/P/O families to form two-dimensional sub-
structures, based on the MO(PO4) prototype,13 would suggest that
an oxomolybdate material incorporating a diphosphonate of
sufficiently extended tether length to buttress such layers would
adopt overall three-dimensional connectivity. The steric constraints
of the{Cu(o-phen)2}2+subunit can, of course, passivate the surface
of the oxide and result in lower dimensional materials, as
previously observed for [Cu(2,2′-bpy)(VO)(O3PCH2CH2CH2-
PO3)]‚H2O. The one-dimensional structure of3 may reflect several
influences: the persistence of the{Mo5O15(O3P-)2}4- core and
the incorporation of significant numbers of passivating subunits,
in this case both{Cu(H2O)2(o-phen)}2+ and{Cu(o-phen)2}2+.
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Figure 1. A polyhedral representation of the chain structure of1. Color scheme: phosphorus tetrahedra, yellow; copper polyhedra, blue; molybdenum
polyhedra, green; oxygen, red spheres.

Figure 2. A polyhedral representation of the two-dimensional structure
of 2‚2H2O.

Figure 3. A polyhedral view of the structure of3‚2.5H2O.
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