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The influence of organonitrogen ligands on the network structure of molybdenum oxides was examined by preparing
three new molybdenum oxide phases [MoO3(4,4′-bpy)0.5] (MOXI-8), [H xMoO3(4,4′-bpy)0.5] (MOXI-9), and [MoO3-
(triazole)0.5] (MOXI-32). The structure of [MoO3(4,4′-bpy)0.5] consists of layers of corner-sharing MoO5N octahedra,
buttressed by bridging 4,4′-bipyridyl ligands into a three-dimensional covalently bonded organic-inorganic
composite material. Partial reduction of [MoO3(4,4′-bpy)0.5] yields the mixed-valence material [HxMoO3(4,4′-
bpy)0.5] (x ≈ 0.5). The most apparent structural change upon reduction is found in the Mo-ligand bond lengths
of the MoO5N octahedra, which exhibit the usual (2+ 2 + 2) pattern in [MoO3(4,4′-bpy)0.5] and a more regular
(5 + 1) pattern in [HxMoO3(4,4′-bpy)0.5]. Substitution of triazole for 4,4′-bipyridine yields [MoO3(triazole)0.5],
which retains the layer motif of corner-sharing MoO5N octahedra but with distinct sinusoidal ruffling in contrast
to planar layers of [MoO3(4,4′-bpy)0.5] and [HxMoO3(4,4′-bpy)0.5]. The folding reflects the ligand constraints
imposed by the triazole ligand that bridges adjacent Mo sites within a layer. MOXI-8, C5H4NMoO3: monoclinic
P21/c, a ) 7.5727(6) Å,b ) 7.3675(7) Å,c ) 22.433(3) Å,â ) 90.396(8)°, Z ) 8. MOXI-9, C5H4.5NMoO3:
monoclinic I2/m, a ) 5.2644(4) Å,b ) 5.2642(4) Å,c ) 22.730(2) Å,â ) 90.035(1)°, Z ) 4. MOXI-32,
C2H3N3Mo2O6: orthorhombicPbcm, a ) 3.9289(5) Å,b ) 13.850(2) Å,c ) 13.366(2) Å,Z ) 4.

1. Introduction

Metal oxide based solid phases are among the inorganic
materials enjoying widespread interest in contemporary solid-
state chemistry. Layered inorganic oxide materials are of
particular interest because these materials find application in
catalysis, sorption, molecular electronics, energy storage, optical
materials, and ceramics.1,2 While many of these solids are noted
for their unique characteristic of allowing a wide variety of
organic or inorganic chemistries to be performed in the
interlamellar region, the closed-shell, diamagnetic metal oxide
layers serve mainly as an inert nanoscale scaffolding. Since the
processes involved in the assembly of extended inorganic solids
are not fully understood, the evolution of metal oxide chemistry
remains critically dependent on the synthesis of new materials
possessing unique structures and properties.3 While the synthesis
of these 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 that
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
cations8,9 or organonitrogen ligands directly coordinated to the
oxide substructure,10 as well as two-dimensional materials based
on molybdenum oxide layers with organic groups occupying
the interlamellar regions11,12 and based on bimetallic oxide
compositions exhibiting integral organic ligation.13 There also
exist a number of lamellar vanadium oxide solids that have been
prepared by the intercalation of alkali metal cations,14 conductive
organic polymers,15 and organic cations16 between the layers
of V2O5. Our research has demonstrated that not only does the
V2O5‚nH2O host of these materials possess a porous layered
structure capable of intercalating various neutral and charged
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guest species but also the incorporation of these species 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. Extending
these ideas, we were able to prepare an entirely new class of
layered, mixed-valence vanadium oxides that possess cationic
interlayer transition or post transition metal coordination
complexes.17 Inspired by our successful investigations into the
vanadium oxide system, we sought to explore the molybdenum
oxide system. We felt that in addition to functioning as structure-
directing cations or as components of complex cations, orga-
noamines should serve as multifunctional ligands, forming an
integral part of the covalent skeleton of the well-known layered
structure adopted by MoO3. Using 4,4′-bipyridine and 1,2,4-
triazole, we have prepared three such molybdenum oxide
systems: [MoO3(4,4′-bpy)0.5], [HxMoO3(4,4′-bpy)0.5], and [MoO3-
(1,2,4-triazole)0.5]. Herein we report the synthesis and the crystal
and electronic band structures of these compounds.

2. Experimental Section

2.1. Syntheses and Spectroscopy.Syntheses were carried out in
Parr acid digestion bombs with 23 mL of poly(tetrafluoroethylene) liners
or in borosilicate tubes with5/8 in. outside diameter,3/32 in. wall
thickness, and 6 in. length. NiCl2‚6H2O was purchased from Aldrich
and used without further purification. Water was distilled above 0.3
MΩ in-house using a Barnstead model 525 Biopure distilled water
center.

Infrared spectra were obtained on a Perkin-Elmer 1600 series FTIR
spectrometer. The UV-visible spectra were measured with an Ocean
Optics S2000 fiber optic spectrometer with both quartz-halogen and
deuterium sources. The effective wavelength range is 200-1000 nm.

The standard Kubelka Munk function was used to analyze the data.18

2.1.1. [MoO3(4,4′-bpy)0.5]. A solution of MoO3 (0.056 g 0.356
mmol), 4,4′-bipyridine (0.50 g, 0.34 mmol), and H2O (6.7 g, 372 mmol)
in the mole ratio 1:1:1094 was heated at 150°C for 72 h in a borosilicate
tube. Large yellow blocks of [MoO3(4,4′-bpy)0.5] were collected in 70%
yield based on Mo. Anal. Calcd for C5H4NO3Mo: C, 27.0; H, 1.81;
N, 6.31. Found: C, 26.8; H, 1.70; N, 6.44. IR (KBr pellet, cm-1): 1608-
(m), 1060(m), 925(s), 809(s), 772(s,br), 670(s).

2.1.2. [H0.5MoO3(4,4′-bpy)0.5]. A solution of MoO3(0.127 g, 0.88
mmol), Mo (2-4 µm, 0.0204 g, 0.21 mmol), 4,4′-bipyridine (0.0692
g, 0.44 mmol), and H2O (8.011 g, 445 mmol) in the mole ratio 4:0.97:
2.02:2025 was heated at 180°C for 18 h in a Parr acid digestion bomb.
Black blocks of [HxMoO3(4,4′-bpy)0.5] were recovered in 50% yield
based on MoO3. Anal. Calcd for C5H4.5NO3Mo: C, 27.0; H, 2.02; N,
6.29. Found: C, 26.9; H, 2.10; N, 6.11. IR (KBr pellet, cm-1): 1606-
(m), 1057(m), 954(s), 806(m), 628(s).

2.1.3. [MoO3(1,2,4-triazole)0.5]. A solution of Na2MoO4 (0.0734 g,
0.36 mmol), 1,2,4-triazole (0.0200 g, 0.29 mmol), NiCl2‚6H2O (0.1422

g, 0.60 mmol), and H2O (8.001 g, 444.5 mmol) in the mole ratio 1:0.95:
1.67:1465 was heated for 136 h at 200°C. Light-yellow blocks of
[MoO3(triazole)0.5] were recovered in ca. 74% yield based on molyb-
denum.

2.2. X-ray Crystallography. Diffraction data for [MoO3(4,4′-bpy)0.5]
were collected on a yellow bar crystal of approximate dimensions 0.02
mm × 0.02 mm× 0.06 mm with a Rigaku AFC7R diffractometer
having graphite monochromated Mo KR radiation and an 18 kW
rotating anode generator. The data were collected out to 60.1° in 2θ
using theω-2θ scan technique at a speed of 16°/min in ω. A total of
3753 reflections were measured of which 3485 were unique(Rint )
0.036). The data were corrected for Lorentz and polarization effects,
and an empirical absorption correction using the program DIFABS was
applied (resulting in transmission factors ranging from 0.77 to 1.00).
The structure was solved by direct methods using the teXsan crystal-
lographic software package of Molecular Structure Corporation. All
non-hydrogen atoms were refined anisotropically, with the hydrogen
atoms themselves being included but not refined.

Crystallographic data for [HxMoO3(4,4′-bpy)0.5] and [MoO3(triazole)0.5]
(see Table 1)were collected with a Siemens P4 diffractometer equipped
with the SMART CCD system19 and using Mo KR radiation (λ )
0.710 73 Å). The data were collected at 100 K and corrected for Lorentz
and polarization effects. Absorption corrections were made using
SADABS.20 The structure solution and refinement were carried out
using the SHELXL9621 software package. The structures were solved
using direct methods, and all of the non-hydrogen atoms were located
from the initial solution. After locating all of the non-hydrogen atoms
in each structure, the model was refined againstF2, initially using
isotropic, and later anisotropic, thermal displacement parameters until
the final value of∆/σmax was less than 0.001.

The location of the proton in [HxMoO3(4,4′-bpy)0.5] could not be
established on the final difference Fourier maps. However, comparison
of the bond valence sums22 for the bridging oxo groups in [HxMoO3-
(4,4′-bpy)0.5] with those for [MoO3(4,4′-bpy)0.5] (1.3 (av) and 1.6 (av),
respectively) suggests that the proton is disordered over the bridging
oxo groups of [HxMoO3(4,4′-bpy)0.5]. Under the synthetic conditions
of this study, the value ofx was approximately 0.5, as determined by
elemental analyses and manganometric redox titration.23
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Table 1. Summary of Crystallographic Data for the Structures of
[MoO3(4,4′-bpy)0.5] (MOXI-8), [H xMoO3(4,4′-bpy)0.5] (MOXI-9),
and [MoO3(1,2,4-triazole)0.5] (MOXI-32)

MOXI-8 MOXI-9 MOXI-32

empirical formula C5H4NMoO3 C5H4.5NMoO3 C2H3N3Mo2O6

fw 222.03 222.54 356.95
cryst syst monoclinic monoclinic orthorhombic
space group P21/c I2/m Pbcm
a, Å 7.5727(6) 5.2644(4) 3.9289(5)
b, Å 7.3675(7) 5.2642(4) 13.8504(16)
c, Å 22.433(3) 22.730(2) 13.3660(15)
â, (deg) 90.396(8) 90.035(1)
V, Å3 1251.5(2) 629.91(8) 727.3(2)
Z 8 4 4
Dcalc, g cm-3 2.357 2.347 3.260
µ, cm-1 20.28 20.18 34.53
λ, Mo KR 0.710 73 0.710 73 0.710 73
R1a 0.038 0.030 0.026
wR2b 0.040 0.079 0.060

a ∑(|Fo| - |Fc|)/∑|Fo|. b [∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]] 1/2.
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3. Results and Discussion

3.1. Syntheses and Infrared Spectra.Hydrothermal reac-
tions in the presence of organic molecules have been established
as versatile methods for the isolation of new materials with
diverse structural architectures.24-32 While well-established for
the synthesis of zeolites, the hydrothermal method has more
recently been adapted to the preparation of a wide variety of
metastable materials, including transition metal phosphates,
polyoxoalkoxometalates, and metal oxide-ligand hybrid materi-
als.10 Hydrothermal reactions, typically carried out in the
temperature range 120-260 °C under autogenous pressure,
exploit the self-assembly of the product from soluble precursors.
The reduced viscosity of water under these conditions enhances
diffusion processes so that solvent extraction of solids and
crystal growth from solution are favored. Since differential
solubility problems arising from the mixture of organic and
inorganic starting materials are minimized, a variety of simple
precursors may be introduced, as well as a number of organic
and/or inorganic structure-directing agents from which those
of appropriate size and shape may be selected for efficient
crystal packing during the crystallization process. Under such
nonequilibrium crystallization conditions, metastable kinetic
phases rather than the thermodynamic phase are most likely
isolated. While several pathways, including the one that leads
to the most stable phase, are available in such nonequilibrium
mixtures, the kinetically favored structural evolution results from
the smallest perturbations of atomic positions. Consequently,
nucleation of a metastable phase may be favored. The general
approach we have adopted is to employ an organic component
at low temperature to modify or control the surface of growing
composite oxide crystals in a hydrothermal medium.

The organic component of an organic-inorganic composite
material may adopt a variety of roles depending on its structure,
charge, and presence of heterometallic sites: (i) as a charge-
compensating, space-filling, and structure-directing cation, (ii)
as a ligand to a secondary transition metal center in a complex
cation, and (iii) as a ligand bound directly to the inorganic matrix
as a terminal group or as a pillar. In the last case, the organic
ligand may associate with the primary metal constituent of the
inorganic substructure or with a secondary metal site of a
heterobimetallic inorganic substructure. In the present instance,
the role of the organic component is that of a ligand bound
directly to the molybdenum oxide framework. As discussed
below, the influences of the organic component on the oxide
microstructure are significant and reflect both ligand geometry
and the coordination preferences of the metal.

The compound [MoO3(4,4′-bipy)0.5] was prepared by the
hydrothermal reaction of MoO3, 4,4′-bipyridine, and H2O in a
sealed glass tube as bright-yellow bar-shaped crystals having
an overall volume significantly less than 0.1 mm3. Crystals of
[MoO3(4,4′-bpy)0.5] are the only solid material obtained from
the reaction mixture and are isolated in approximately 70%
yield.

The infrared spectrum of [MoO3(4,4′-bpy)0.5] exhibits ligand
bands at 1608 and 1060 cm-1 and a strong band at 925 cm-1

assigned toν(ModO). Strong intensity bands at 809 and 772
cm-1 are attributed toν(Mo-O-Mo). The infrared spectrum
of [HxMoO3(4,4′-bpy)0.5] likewise exhibits ligand bands at 1606
and 1057 cm-1. Theν(ModO) band is now at higher energy,
954 cm-1, as anticipated for more reduced molybdenum sites.
The bands at 806 and 628 cm-1 are tentatively assigned to
ν(Mo-O-Mo).

3.2. Structural Characteristics.The structure of [MoO3(4,4′-
bipy)0.5] consists of layers of corner-sharing MoO5 square
pyramids linked through 4,4′-bipyridyl groups into a three-
dimensional covalently bonded metal oxide-organic ligand
framework, as shown in Figure 1. The overall structure of
[MoO3(4,4′-bpy)0.5] may be described in terms of alternating
inorganic metal oxide layers and organic layers, as shown in
Figure 2. The distorted MoO5N coordination geometry at each
molybdenum site is defined by a terminal oxo group, four
asymmetrically bridging oxo groups, and a pyridyl nitrogen
donor and has the typical “two short, two intermediate, and two
long (2 + 2 + 2)” bond length geometry common to molyb-
denum oxides.33 The long Mo-N distances, 2.412(6) Å on
average, reflect the strong trans influence of the terminal oxo
group. The terminal Mo-O bond distances of 1.698(5) Å, on
average, and the bridging Mo-O bond distances, which range
from 1.763(5) to 2.120(5) Å, are within the range expected for
molybdenum oxides. Selected bond lengths and angles for the
compound are shown in Table 2.

It should be pointed out that the structure of [MoO3(4,4′-
bpy)0.5] is quite distinct from the layered structure adopted by
MoO3,34 which exhibits both edge- and corner-sharing of MoO6

octahedra. However, the [MoO3(4,4′-bpy)0.5] does possess the
molybdenum oxide network structure proposed from powder
diffraction data for the pyridine intercalation phase [MoO3-
(pyridine)] and predicted on that basis for [MoO3(4,4′-bpy)0.5].12a

The structures of two other bipyridine-containing molybde-
num(VI) oxide compounds, namely, [MoO3(2,2′-bipy)]10a and
[[H2(4,4′-bipy)][Mo7O22]‚H2O],11 have recently been reported.
The structure of MoO3(2,2′-bipy) consists of one-dimensional
chains of corner-sharing MoO4N2 octahedra with the bipyridyl
ligand serving to passivate the molybdenum oxide coordination
sphere, blocking further Mo-oxo bond formation, while the
structure of [H2(4,4′-bipy)][Mo7O22]‚H2O comprises a two-
dimensional network of molybdenum oxide layers that adopt a
stepped motif that is separated by an interlamellar region
populated by [H2(4,4′-bipy)]2+ cations and H2O molecules. This
particular family of compounds helps to illustrate the structural
versatility of metal oxide solids, which may be realized by the
introduction of organic components acting as ligands, tethers,
or structure-directing cations.

As shown in Figure 3, the partially reduced phase [HxMoO3-
(4,4′-bpy)0.5] (x ≈ 0.5) exhibits a structure in which the
characteristic network of the parent [MoO3(4,4′-bpy)0.5] is more
or less preserved. Selected bond lengths and angles for the
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compound are shown in Table 3. The major structural change
lies in the manner in which the MoO5N octahedra are distorted.
In [MoO3(4,4′-bpy)0.5], the octahedra exhibit the characteristic
2 + 2 + 2 pattern, while in [HxMoO3(4,4′-bpy)0.5], the octahedra
adopt a more regular 1+ 4 + 1 type coordination. This is similar
to the structural trends observed for MoO3 and the hydrogen-
doped molybdenum oxides of general formula HxMoO3 (0.02
< x < 2.0).35-39 The structural data for [MoO3(4,4′-bpy)0.5],

[HxMoO3(4,4′-bpy)0.5], MoO3, and HxMoO3 are compared in
Table 5. The structures of [MoO3(4,4′-bpy)0.5] and [HxMoO3-
(4,4′-bpy)0.5] also contrast in the angles between the N‚‚‚N′ axis
of the bipyridyl ligands and the molybdenum oxide planes (ca.
85° and 90°, respectively) and also in the interlamellar spacing
(11.22 and 11.37 Å, respectively).

While partial reduction of the molybdenum sites retains the
planar network geometry of the molybdenum oxide substructure,
changes in ligand geometry may have more dramatic conse-
quences, as observed in the structure of [MoO3(triazole)0.5]

(35) Kihlborg, L. Ark. Kemi1963, 21, 357.
(36) Dickens, P. G.; Birtill, J. J.; Wright, C. J.J. Solid State Chem.1979,

28, 185.
(37) Wilhelmi, K.-A. Acta Chem. Scand.1969, 23, 419.
(38) Adams, S.; Ehsen, K.-H.; Spilker, J.Acta Crystallogr. B1993, 49,

958.
(39) Rousseau, R.; Canadell, E.; Alemany, P.; Galva´n, D. H.; Hoffmann,

R. Inorg. Chem.1997, 36, 4627.

Figure 1. (a) Coordination environments of the crystallographically
independent Mo sites of [MoO3(4,4′-bpy)0.5], showing the atom-
labeling scheme and 50% thermal ellipsoids. (b) View of the layer
structure of [MoO3(4,4′-bpy)0.5] (MOXI-8) parallel to the crystal-
lographica axis.

Figure 2. Polyhedral representation of the metal oxide layer of
MOXI-8.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
[MoO3(4,4′-bpy)0.5] (MOXI-8)

Mo(1) O(1) 1.829(5) Mo(1) O(1) 1.985(5)
Mo(1) O(2) 1.763(5) Mo(1) O(3) 1.699(5)
Mo(1) O(4) 2.120(5) Mo(1) N(1) 2.413(6)
Mo(2) O(2) 2.120(5) Mo(2) O(4) 1.763(5)
Mo(2) O(5) 1.696(5) Mo(2) O(6) 1.810(5)
Mo(2) O(6) 2.006(5) Mo(2) N(2) 2.411(6)

O(1) Mo(1) O(1) 155.51(5) O(1) Mo(1) O(2) 100.2(2)
O(1) Mo(1) O(3) 102.1(3) O(1) Mo(1) O(4) 82.5(2)
O(1) Mo(1) N(1) 83.3(2) O(1) Mo(1) O(2) 92.8(2)
O(1) Mo(1) O(3) 95.1(3) O(1) Mo(1) O(4) 78.7(2)
O(1) Mo(1) N(1) 77.6(2) O(2) Mo(1) O(3) 102.7(2)
O(2) Mo(1) O(4) 160.7(2) O(2) Mo(1) N(1) 83.9(2)
O(3) Mo(1) O(4) 95.3(2) O(3) Mo(1) N(1) 170.4(3)
O(4) Mo(1) N(1) 77.5(2) O(2) Mo(2) O(4) 161.1(2)
O(2) Mo(2) O(5) 94.3(2) O(2) Mo(2) O(6) 83.6(2)
O(2) Mo(2) O(6) 77.4(2) O(2) Mo(2) N(2) 78.0(2)
O(4) Mo(2) O(5) 102.8(2) O(4) Mo(2) O(6) 100.3(2)
O(4) Mo(2) O(6) 93.1(2) O(4) Mo(2) N(2) 84.9(2)
O(5) Mo(2) O(6) 102.5(3) O(5) Mo(2) O(6) 94.3(3)
O(5) Mo(2) N(2) 169.5(3) O(6) Mo(2) O(6) 155.47(5)
O(6) Mo(2) N(2) 83.8(2) O(6) Mo(2) N(2) 77.2(2)
Mo(1) O(1) Mo(1) 161.8(3) Mo(1) O(2) Mo(2) 169.8(3)
Mo(1) O(4) Mo(2) 156.4(3) Mo(2) O(6) Mo(2) 163.0(3)
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shown in Figure 4 with selected bond lengths and angles listed
in Table 4. The structure again consists of MoO3 networks of

corner-sharing octahedra, with the ligands projecting above and
below the oxide layers. The most apparent structural change
from the [MoO3(4,4′-bpy)0.5] and [HxMoO3(4,4′-bpy)0.5] pro-
totypes is the sinusoidal ruffling of molybdenum oxide networks,
with an amplitude of ca. 4.1 Å and a period of ca. 13.4 Å. The
distortion from planarity is a consequence of the ligation mode
of the triazole ligand.

As a neutral ligand, triazole adopts a bidentate-bridging
coordination mode through the 1,2-nitrogen sites. The structural
consequence of this bridging mode is to tilt adjacent molybde-
num octahedra such that the vertexes occupied by the nitrogen
donors of the triazole ligand are pinched together while the O4-
equatorial planes and the vertexes trans to the nitrogen donors
are titled away. As shown in Figure 5, the consequence is a
layer structure that may be described as [(Mo2O3)O6/2(triazole)]n
double chains linked through corner-sharing to the two-
dimensional network. The alternation of the triazole ligand above
and below the oxide plane on adjacent chains results in the
observed sinusoidal ruffling.

It is noteworthy that the registry of layers positions the N-H
group of the triazole of one layer directly above or below the
bridging oxo group of the Mo2O3 grouping of the adjacent layer.
This results in significant hydrogen bonding between the layers
with an O‚‚‚H(N) distance of 1.75 Å and an O-H-N angle of
180°.

3.3. Electronic Structure.The electronic band structures of
[MoO3(4,4′-bpy)0.5], [HxMoO3(4,4′-bpy)0.5], and [MoO3(tri-
azole)0.5] were calculated using the extended Hu¨ckel meth-
od.40-42 The total density of states (DOS) calculated for MoO3-

Figure 3. (a) Coordination environment of the Mo sites in [HxMoO3-
(4,4′-bpy)0.5], showing the atom-labeling scheme and 50% thermal
ellipsoids. (b) View of the buttressing of{HxMoO3} layers by 4,4′-
bipyridyl ligands in [HxMoO3(4,4′-bpy)0.5] (MOXI-9).

Table 3. Selected Bond Lengths (Å) and Angles (deg) for
[HxMoO3(4,4-bpy)0.5] (MOXI-9) a

Mo(1)-O(1) 1.690(4) Mo(1)-O(3) 1.922(6)
Mo(1)-O(2)#1 1.924(6) Mo(1)-O(2) 1.929(6)
Mo(1)-O(3)#2 1.931(6) Mo(1)-N(1) 2.445(5)

O(1)-Mo(1)-O(3) 99.4(2) O(1)-Mo(1)-O(2)#1 99.7(2)
O(3)-Mo(1)-O(2)#1 160.9(3) O(1)-Mo(1)-O(2) 99.8(2)
O(3)-Mo(1)-O(2) 88.5(2) O(2)#1-Mo(1)-O(2) 88.35(7)
O(1)-Mo(1)-O(3)#2 99.8(2) O(3)-Mo(1)-O(3)#2 88.34(8)
O(2)#1-Mo(1)-O(3)#2 88.3(2)
O(1)-Mo(1)-N(1) 179.9(2)
O(2)#1-Mo(1)-N(1) 80.4(2)
O(3)#2-Mo(1)-N(1) 80.1(2)

a Symmetry transformations used to generate equivalent atoms. #1:
-x + 3/2, y - 1/2, -z + 1/2. #2: -x + 1/2, y - 1/2, -z + 1/2. #3: -x
+ 1, -y, -z + 1.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for
[MoO3(1,2,4-triazole)0.5] (MOXI-32)a

Mo(1)-O(3) 1.700(3) Mo(1)-O(2) 1.9288(14)
Mo(1)-O(4) 1.729(4) Mo(1)-O(4)#1 2.224(4)
Mo(1)-O(1) 1.8931(9) Mo(1)-N(2) 2.354(3)

O(3)-Mo(1)-O(4) 104.80(15) O(3)-Mo(1)-N(2) 162.91(14)
O(3)-Mo(1)-O(1) 101.19(11) O(4)-Mo(1)-N(2) 91.10(14)
O(4)-Mo(1)-O(1) 98.3(2) O(1)-Mo(1)-N(2) 82.26(9)
O(3)-Mo(1)-O(2) 95.44(16) O(2)-Mo(1)-N(2) 75.95(15)
O(4)-Mo(1)-O(2) 97.56(19) O(4)#1-Mo(1)-N(2) 76.16(13)
O(1)-Mo(1)-O(2) 153.17(17) Mo(1)-O(4)-Mo(1)#2 167.26(19)
O(3)-Mo(1)-O(4)#1 87.85(14) Mo(1)#3-O(2)-Mo(1) 142.6(2)
O(4)-Mo(1)-O(4)#1 167.26(19) Mo(1)#4-O(1)-Mo(1) 161.7(3)
O(1)-Mo(1)-O(4)#1 80.29(18)
O(2)-Mo(1)-O(4)#1 79.45(17)

a Symmetry transformations used to generate equivalent atoms. #1:
x - 1, y, z. #2: x + 1, y, z. #3: x, y, -z + 3/2. #4: x, -y + 1/2,
-z + 2.

Table 5. Comparison of Bond Lengths (Å) for the Molybdenum
Oxides of This Study and Related Materials

Mo-Ot Mo-Oequatorial Mo-Laxial

valence
sums35

[MoO3(4,4′-bpy)0.5] 1.697(5), av 1.763(5) 2.412(6), av 6.10
(MOXI-8) 1.820(5), av

2.001(5), av
2.120(5), av

[HxMoO3(4,4′-bpy)0.5] 1.690(4) 1.922(6) 2.445(5) 5.41
(MOXI-9) 1.924(6)

1.929(6)
1.931(6)

[MoO3] 1.671 1.755 2.332 5.90
1.948
1.948
2.251

[HxMoO3] 1.69, av 1.95× 4, av 2.33, av 5.14
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(4,4′-bpy)0.5 is shown in Figure 6a, where the dotted curves
represent the partial density of states (PDOS) for the Mo 4d
orbitals and the dashed curves the PDOS for the O 2p orbitals.
The Fermi level (vertical dashed line) lies at the HOMO of 4,4′-
dipyridine, which lies in the middle of the energy gap between
the p- and d-block bands of the MoO3 framework. The LUMO
of 4,4′-dipyridine is calculated to lie near the bottom of the
d-block bands of the MoO3 framework. The electronic band
structure of [HxMoO3(4,4′-bpy)0.5] can be approximated by that
of its [MoO3(4,4′-bpy)0.5]x- lattice. The electronic structure of
the [MoO3(4,4′-bpy)0.5]x- lattice is quite similar to that of
[MoO3(4,4′-bpy)0.5], as shown in Figure 6b, where the Fermi
level of Figure 6b is given forx ) 0.5. The electronic band
structure calculated for [MoO3(triazole)0.5] is presented in Figure
6c, which shows that the LUMO of triazole lies above the
d-block bands of the MoO3 framework.

To understand the optical and other physical properties of
[MoO3(4,4′-bpy)0.5], [HxMoO3(4,4′-bpy)0.5], and [MoO3(tri-
azole)0.5], it is necessary to check the accuracy of the calculated
energy levels of the inorganic framework relative to those of
the organic ligands. Thus, we calculated the molecular electronic
structures of 4,4′-dipyridine and triazole based on the extended
Hückel method and also on the density functional theory using
the ADF program package.43-46 The lowest (π-π*) excitation
energies of 4,4′-dipyridine and triazole are calculated to be
2.75 and 4.77 eV, respectively, from the extended Hu¨ckel
method, but they are 3.76 and 5.95, eV, respectively, from
the density functional theory. Since 4,4′-dipyridine is color-
less, the excitation energies obtained from the density func-
tional theory are consistent with experimental results, and the
extended Hu¨ckel method underestimates these energies by about

(40) Hoffmann, R.J. Chem. Phys. 1967, 39, 1397.
(41) Whangbo, M.-H.; Hoffman, R.J. Am. Chem. Soc.1978, 100, 6397.
(42) Our calculations were carried out by employing the CAESAR program

package (Ren, J.; Liang, W.; Whangbo, M.-H.Crystal and Electronic
Structure Analysis Using CAESAR; 1998. This book can be down-
loaded free of charge from the web site http://www.PrimeC.com/.)

(43) ADF, release 1.1.3; Department of Chemistry, Vrije Universiteit:
Amsterdam, 1997.

(44) Baerends, E. J.; Ellis, D. E.; Ros, P.Chem. Phys. 1973, 2, 41.
(45) te Velde, G.; Baerends, E. J.J. Comput. Phys.1992, 99, 84.
(46) The calculations were carried out with the frozen core approximation.

The orbitals of C, N, and H were represented by triple-ú basis
functions.

Figure 4. View parallel to the crystallographica axis of the structure of [MoO3(1,2,4-triazole)0.5] (MOXI-32), showing the atom-labeling scheme
and 50% thermal ellipsoids.

Figure 5. Polyhedral representation of the molybdenum oxide layer of MOXI-32.

4316 Inorganic Chemistry, Vol. 39, No. 19, 2000 Hagrman et al.



1 eV. The color of [MoO3(4,4′-bpy)0.5] is yellow, and diffuse
reflectance measurements for [MoO3(4,4′-bpy)0.5] show a broad

absorbance centered at 390 nm. This indicates that the bottom
of the d-block bands of the MoO3 framework lies approximately
2 eV above the HOMO of 4,4′-dipyridine. Therefore, the true
position of the LUMO of 4,4′-dipyridine in parts a and b of
Figure 6 should not be near the bottom of the d-block bands
but near the middle of the d-block bands. This means that in
the [HxMoO3(4,4′-bpy)0.5] system, the extra electrons generated
by the hydrogen doping will reside in the d-block bands, not in
the LUMO of 4,4′-dipyridine. Thus, the [HxMoO3(4,4′-bpy)0.5]
(x ≈ 5) system is expected to be metallic, as found for Hx-
MoO3.36 Diffuse reflectance measurements for [HxMoO3(4,4′-
bpy)0.5] exhibit broad absorbances at 390 and 520 nm and show
no transmission above 600 nm and less than 20% transmission
beyond 380 nm. The latter is consistent with the metallic
character proposed.

4. Concluding Remarks

Hydrothermal synthesis has been used to prepare a series of
layered organic-inorganic hybrid materials. The unique char-
acteristics of organic and inorganic components complement
each other in such hybrid materials, leading to new solid-
state structures and materials with composite or even new
properties.

The “pillared” layer structure of [MoO3(4,4′-bpy)0.5], first
proposed by Jacobson and co-workers,11 has been largely
confirmed. Furthermore, exploitation of hydrothermal techniques
allows isolation of the mixed-valence material [HxMoO3(4,4′-
bpy)0.5] (x ≈ 0.5). Calculation of the electronic band structures
of [MoO3(4,4′-bpy)0.5] and [HxMo3(4,4′-bpy)0.5] using extended
Hückel methods reveals that [MoO3(4,4′-bpy)0.5] is a semicon-
ductor while [HxMo3(4,4′-bpy)0.5] is metallic. This latter ob-
servation is confirmed by the diffuse reflectance properties of
[HxMo3(4,4′-bpy)0.5].

The structure-directing properties of the organic component
are apparent in the pillared layer structures of [MoO3(4,4′-
bpy)0.5] and [HxMo3(4,4′-bpy)0.5]. Modification of ligand ge-
ometry should influence the structure of the composite. Hydro-
thermal reactions with 1,2,4-triazole, which may assume
tridentate coordination as the 1,2,4-triazolate anion, in place of
4,4′-bipyridine, yielded the undulating two-dimensional phase
[MoO3(1,2,4-triazole)0.5]. Protonation of the N-4 position pre-
cludes bridging between layers, while the bridging mode adopted
by the N-1 and N-2 donors within a layer results in folding and
the undulating profile of this two-dimensional oxide.
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Figure 6. Electronic band structures of (a) [MoO3(4,4′-bpy)0.5], (b)
[H0.5MoO3(4,4′-bpy)0.5], and (c) [MoO3(triazole)0.5] calculated using the
extended Hu¨ckel method. The unit cells of [MoO3(4,4′-bpy)0.5], [Hx-
MoO3(4,4′-bpy)0.5], and [MoO3(triazole)0.5] have 4, 16, and 8 formula
units, respectively.
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