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Crystal engineering of inorganic/organic composite solids: the
structure-directing role of aromatic ammonium cations in the synthesis of the
‘step’-layered molybdenum oxide phase [4,4A-H2bpy][Mo7O22]·H2O
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The hydrothermal reaction of MoO3, Mo metal, NiCl2 and
4,4A-bipyridine yields a step-layered molybdenum oxide
[4,4A-H2bpy)][Mo7O22]·H2O, a material structurally related
to layered MoO3.

Among the inorganic materials enjoying widespread contem-
porary interest, the metal oxide-based solid phases occupy a
prominent position by virtue of their applications to catalysis,
sorption, molecular electronics, energy storage, optical materi-
als and ceramics.1,2 The evolution of metal oxide chemistry is
critically dependent on the synthesis of new solids possessing
unique structures and properties.3 While the synthesis of solid-
state materials remains a challenge,4,5 the techniques of
hydrothermal synthesis, in combination with the structure-
directing properties of organic components, may be exploited in
the isolation of metastable inorganic/organic composites which
retain the structural elements of the synthetic precursors.6,7 The
cooperative assembly of metal oxide/organic phases has been
demonstrated by the recent reports of novel one-dimensional
molybdenum oxide polymers, incorporating organoammonium
cations.8,9 More significantly, we have demonstrated that
incorporation of organoammonium or amine-ligated transition-
or post-transition-metal cations situated between mixed-valence
vanadium oxide layers yields materials structurally related to
V2O5, with the degree of reduction and condensation within the
layers reflected in the charge per volume ratio of the
interlamellar cation. In addition to functioning as structure-
directing cations or as components of complex cations,
organoamines may serve as multifunctional ligands, forming an
integral part of the covalent skeleton of the solid. While crystal
‘engineering’ based on transition-metal coordination to appro-
priate ligands has evolved dramatically since the seminal work
of Robson and Hoskins,10,11 applications to metal oxides have
remained largely unexplored. We have shown recently that
4,4A-bipyridine may be incorporated into metal oxide phases as
a ligand serving to buttress the inorganic layers, as illustrated by
[MoO3(4,4A-bpy)0.5].12 It was anticipated that under more acidic
reaction conditions, protonation of the aromatic amine would
provide an aromatic ammonium cation which would serve as a
structure-directing template by virtue of the interplay of
hydrophobic/hydrophilic interactions13 and of multipoint hy-
drogen bonding between the cation and the metal oxide
scaffolding of the composite.

The title compound [4,4A-H2bpy][Mo7O22]·H2O (1·H2O) was
prepared as colourless rhombs in 10–15% yield in the
hydrothermal reaction of MoO3, Mo (250 mesh), 4,4A-bipyri-
dine, NiCl2 and H2O in the mole ratio 5 : 1 : 2 : 2 : 300 at 200 °C
for 93 h in a Parr acid-digestion bomb.

Under the acidic conditions of the reaction, the pyridyl
nitrogen atoms are protonated, precluding coordination to the
oxide skeleton and resulting in incorporation of the organic
component as the bipyridinium dication.

As shown in Fig. 1, the structure of 1·H2O† consists of the
molybdenum oxide layers, separated by an interlamellar region
populated by [4,4A-H2bpy]2+ cations and H2O molecules of

crystallization. The inorganic subunit of 1·H2O is both structur-
ally and compositionally related to the layered oxide MoO3. In
a formal sense, 1·H2O may be considered to derive from MoO3
through intercalation of [4,4A-H2bpy]2+ cations and water,
requiring the addition of an oxide anion to the inorganic
framework to achieve charge compensation. Since charge/
volume considerations result in one bipyridinium cation for
seven molybdenum oxide sites, compound 1·H2O may be
reformulated as [4,4A-H2bpy][(MoO3)7O]·H2O to reflect its
relationship to the MoO3 parent.

However, while the [Mo7O22]n
2n2 layers are constructed from

edge- and corner-sharing {MoO6} octahedra as observed for
MoO3,14 the consequences of adding one O22 group every
seven molybdenum sites are manifested in a layer structure
significantly different from that adopted by MoO3. The MoO3
layer is constructed from linear ribbons, two polyhedra thick, of
edge-sharing {MoO6} octahedra; adjacent ribbons are linked
through corner-sharing to produce the layer structure. Conse-
quently, each Mo site in MoO3 displays three triply bridging,
two doubly bridging, and one terminal oxo group.

In contrast to the planar layers adopted by MoO3, the oxide
layers of 1·H2O are distinctly stepped. Examinations of the
detailed structure of the layers of 1·H2O reveals a motif again
based on ribbons of edge-sharing {MoO6} octahedra. However,
as shown in Fig. 2, the ribbon executes a 90° turn and shifts one
polyhedral length along the b-direction at the ‘step’ juncture at
every seventh Mo site. Adjacent ribbons are again linked
through corner-sharing interactions, but in such a fashion as to
produce three distinct {MoO6} sites. The molybdenum centres
Mo(2) and Mo(3) exhibit bonding patterns essentially identical
to that observed for MoO3: each projects a single terminal oxo

Fig. 1 A view of the structure of 1·H2O, showing the [Mo7O22]n
2n2 inorganic

layers and the H2O molecules and [C10H80N2]2+ cations occupying the
interlamellar regions
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group to either surface of the metal oxide layers and participates
in three triply bonding oxo interactions within the ribbon and
two doubly bonding oxo linkages to adjacent ribbons. On the
other hand, the Mo(4) site is constrained by the folding of the
ribbon to provide a second terminal oxo unit, which projects
into the ‘step’ domain of the metal oxide network and adopts the
conventional cis configuration with respect to the terminal oxo
group directed toward the interlamellar region. The most
unusual coordination site is occupied by Mo(1) which exhibits
only doubly and triply bridging oxo groups and provides the
locus of the dislocation of the layer structure of 1·H2O with
respect to the parent MoO3 structure.

There is an extensive hydrogen-bonding network formed
among the –NH+ groups of the bipyridinium cations, the waters
of crystallization, and the cis terminal oxo groups of Mo(4).
This extensive hydrogen-bonding motif causes water and the
organic component to be released only at elevated temperatures.
Thermogravimetric analysis of 1·H2O at a heating rate of 10 °C
min21 under N2 revealed no mass loss until 170 °C when release
of water commences. The organic component is not removed
until ca. 250–300 °C.

There has been considerable interest in MoO3 for its catalytic
properties in the oxidation of methanol to formaldehyde15 and
for its intercalation properties,16 for example, intercalation of
hydrogen from oxide bronzes of the HxMoO3 family with
applications to electrochromic displays and proton mobility in
solids.17 Oxide 1·H2O represents a new class of organically
based molybdenum oxides which are different from those

obtained from intercalation reactions.18 The structural mod-
ifications of composite metal oxide/organic solids may be
realized by introducing organic components as ligands, tethers
or structure-directing cations, roles which reflect hydrophobic–
hydrophilic interactions and/or multipoint directional hydrogen
bonding. Thermal removal of the organic templates from these
materials may lead to new metal oxides, with different physical
properties and selectivities with respect to interactions with
organic substrates. The characterization of the thermal decom-
position products of 1·H2O is in progress, and their structures
and physical properties will be presented in future publica-
tions.

The work at Syracuse University was funded by NSF grant
CHE9318824.

Footnote

† Crystal data for 1·H2O, C10H12Mo7N2O23: monoclinic, space group
P2/n, a = 12.219(2), b = 5.532(1), c = 18.322(4) Å, b = 103.28(3)°, U
= 1205.4(7) Å3, Z = 2; R = 0.032 for 2107 reflections with I0 ! 3.0s(I0)
(Mo-Ka radiation, m = 36.35 cm21). Atomic coordinates, bond lengths and
angles, and thermal parameters have been deposited at the Cambridge
Crystallographic Data Centre (CCDC). See Information for Authors, Issue
No. 1. Any request to the CCDC for this material should quote the full
literature citation and the reference number 182/347.
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R. Leon, P. M. Petroff, F. Schüth and G. D. Stucky, Nature, 1994, 368,
317.

8 M. I. Khan, Q. Chen and J. Zubieta, Inorg. Chim. Acta, 1993, 213,
328.

9 Y. Xu, L.-H. An and L.-L. Koh, Chem. Mater., 1996, 8, 814.
10 R. Robson, D. P. Abraham, S. R. Batten, R. W. Gable, B. F. Hoskins and

J. Liu, in Supramolecular Architecture, ed. T. Bein, ACS Symp. Ser.,
1992, 499, 256.

11 D. P. Abraham, B. F. Hoskins and R. Robson, J. Am. Chem. Soc., 1991,
113, 3603.

12 P. J. Zapf, R. L. LaDuca, R. C. Haushalter and J. Zubieta, Chem.
Commun., submitted for publication.

13 R. C. Haushalter and L. A. Mundi, Chem. Mater., 1992, 4, 31.
14 L. Kihlborg, Ark. Kemi, 1963, 21, 357.
15 E. McCarron, III and A. W. Sleight, Polyhedron, 1986, 5, 129.
16 D. O’Hare, in Inorganic materials, ed. D. W. Bruce and D. O’Hare,

Wiley, New York, 1992.
17 R. C. T. Slade, T. K. Halstead and P. G. Dickens, J. Solid State Chem.,

1980, 34, 183.
18 J. W. Johnson, A. J. Jacobson, S. M. Rich and J. F. Brody, J. Am. Chem.

Soc., 1981, 103, 8246.

Received, 15th October 1996; Com. 6/07022A

Fig. 2 A polyhedral representation of the [Mo7O22]n
2n2 layer. The stippled

polyhedra represent the Mo(1) sites which provide the location of the
dislocations in the 1·H2O structure with respect to the parent MoO3

structure.
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