An ab initio Hartree—Fock study of a-MoQO;
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The structural and ground-state electronic properties of the layered orthorhombic molybdenum trioxide (x-Mo0O;) have been
investigated using a periodic boundary condition ab initio Hartree—Fock method. The effect of electron correlation is estimated
with a posteriori density functional corrections to the total energy. The structure has been optimised using the correlation
corrected Hartree—Fock energy (except for the interlayer separation where the correlation correction has not been applied),
treating each degree of freedom independently. The bonding in the solid is examined in detail: the nature of the Mo—O interaction
changes considerably with the equilibrium bond distance, and varies from strongly covalent for the shortest bond to a
predominantly ionic interaction for the longest bonds in the MoOg octahedron. The degree of covalence in the bonding is
characterised using electron density maps and the Mulliken population analysis; the net charge shows a value as low as —0.44|e|
for the oxygen involved in the shortest Mo—O bond. The energy as a function of the interlayer spacing has a minimum, both at
the correlated and the Hartree—Fock level, indicating that a weak attractive Coulombic force is active between adjacent layers.

The properties displayed by the molybdenum oxides, and their
several fields of application are attracting a growing interest
in these materials. In particular, MoO3 is an important hetero-
geneous catalyst component, both when used alone and when
activated on a suitable oxidic support. Industrial applications
are found in the fuel industry in the processes of hydrocracking!
and desulfurization;? in the de-NO,,3 partial oxidation* and
metathesis® reactions, and also in the manufacture of synthetic
fibres, specifically in the production of the monomer maleic
anhydride.® However, interest in this compound extends
beyond its catalytic behaviour: its electro/photochromic
properties are being exploited for solar cell technology,” and
the nanostructural material could be useful in developing
mechanical logic gates.® MoOj is also the parent oxide for the
molybdenum bronzes, a class of insertion compounds which
exhibit novel and useful electronic properties, in particular
large anisotropies in the electrical conductivity with respect to
the crystal planes, metal-to-semiconductor transitions wvia
Peierls distortions and charge density waves.’

Molybdenum trioxide at ambient conditions is present in
two polymorphs: the ReOj; structured B-MoO5!%!! and the
layered o-MoQOj;. Both are built up from octahedral MoOgq
structural units, but the three-dimensional connectivity of the
octahedra differs. The structure of B-MoO; is a common
arrangement in the solid-state chemistry of transition-metal
trioxides, and has an equivalent in binary ReO;'? and WO,;!3
it is based on a network of corner-sharing octahedra where all
the oxygen ions are in a two-fold coordinated bridging position
between adjacent metal sites. The crystal structure of a-MoO,
was first determined in 1931 by Brakken'# and Wooster;"
both studies found that the trioxide could be described as a
layered orthorhombic arrangement with space group Pnma
and four formula units of MoOj; per unit cell. Kihlborg refined
the structure,'® showing that the MoQOg octahedra are consider-
ably distorted around the metal centre, with a spread of the
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Mo—O bond distances which range from 1.67 to 2.34 A (see
Fig. 1). The experimental parameters are reported in Table 1.
The layered disposition of octahedra found in a-MoO; is
unique to molybdenum trioxide, and its equivalent has not
been observed in other oxides. In the crystal structure of o-
MoO; we can identify a preferential direction (a), perpendicular
to the layers, along which the octahedral units are not connec-
ted to one another; within the layers the connectivity of the
MoOg octahedra occurs in one direction (b) by common edges,
so as to form zigzag rows, and in the perpendicular (c) by
common corners only. A schematic picture of the structure is
displayed in Fig. 1(a) and (b). The anisotropy in the connectivity
between MoQOg octahedra results in a different local environ-
ment for the oxygens, that are now topologically inequivalent.
The outermost oxygen in each layer [labelled O(1) in Fig. 1]
has only one nearest molybdenum atom; where the octahedra
are connected by corner-sharing, the oxygens [O(2) in Fig. 1]
are two-coordinate, as in B-MoQOj;, while oxygens along shared
edges are three-coordinate [O(3) in Fig. 1]. In the coordi-
nation octahedron around each molybdenum atom [Fig. 1(c)],
one oxygen is of type O(1), two are of kind O(2) and three

Table 1 The optimised structure of a-MoO3; compared to experimental
data“

structure structure

parameter calc. obs.'® parameter calc.  obs.!®
a/A 14271 13855  O(2)(2) 05182 05212
b/A 3.680 3696 O(3)(x) 04417 04351
c/A 3.910 3963 O(3)() 05124 04994
V/A3 205.34 202.94 Mo—O(1)/A 1.643 1.671
Mo (x) 00956 01016 Mo—O(2)A 1687 1734
Mo (2) 00887 00867 Mo—O(2)/A 2237 2251
O(1)(x) 02113 02214 Mo—O(3)A 1937 1948
O(1)(z) 00483 00373 Mo—O(3)/A 2212 2332
0(2)(x) 00841 00866

“The index used for labelling the oxygen atoms refers to their
coordination in the crystal structure; oxygens with same coordination
number, but at a different distance from the Mo ion in the MoOg
coordination octahedron have been labelled with a prime
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Fig. 1 Structure of a-MoOj;. (a), (b) Network of edge- and corner-sharing MoOg octahedra, showing the layered structure of a-MoO; and the
layer orientation relative to the lattice vectors of the solid. Oxygen octahedra are connected corner-sharing along the ¢ crystallographic axis and
edge-sharing along the b direction. (¢) Distorted MoOg octahedron highlighting the distribution of bond lengths (in A) as obtained from the

experimental refinement.'®

are O(3). The local atomic environment of the two polymorphs
of MoOs;, therefore, differs more with respect to the oxygens,
rather than to the metal atom.

The fundamental solid-state chemistry of the perovskite-like
structure of B-MoQO; has been investigated theoretically with
extended-Hiickel,'” and more recently with ab initio calcu-
lations.'®-2° In this paper we apply ab initio methods of the
same quality as employed in ref. 18 to investigate the chemical
properties of the layered a-MoO; phase. Due to the unique
crystal structure and to the many industrial applications
referred to above, a-MoOQO; is an interesting material to study
using theoretical techniques. Only one previous quantum
mechanical study of this solid has been reported, which pre-
dicted the XANES absorption spectra of the Mo atom in the
trioxide as well as NiMoO,.?! In the present study we will
attempt to optimise the structure, characterise the chemical
bonding and investigate the ground-state electronic properties
of a-MoOj;. Finally, we will compare the chemical features of
the two polymorphic, o and f, structures.

Computational method and basis set

The computational model that we have employed to study the
bulk material is based on periodic boundary conditions, at the
ab initio Hartree-Fock (HF) level of approximation, as
implemented in the code CRYSTAL.?2-?* The wavefunction of
the solid is described in terms of crystalline orbitals; these are
obtained as linear combinations of localised functions, or
atomic orbitals (AOs), associated with atomic positions.

The approximations in such an approach are of two kinds:
methodological and numerical. The neglect of electron corre-
lation, intrinsic to the HF theory, is ascribed to the first class.
In the following sections the HF results have been corrected
using a correlation energy, which is calculated a posteriori,
with a density functional of the HF density, according to the
generalised gradient approximation (GGA) scheme proposed
by Perdew et al?*?®> However, no correction has been
attempted for the HF wavefunction.

Numerical approximations are introduced in the implemen-
tation of the self-consistent field (SCF) equations for an infinite
system. The accuracy in the evaluation of the infinite Coulomb
and exchange series is controlled by a set of ‘cut-off” thresholds
(see ref. 22 for details); in the present case we have chosen a
set of very severe computational tolerances (8, 7, 8, 8, 16), to
reduce the effect of numerical inaccuracies to a minimum.
Reciprocal space integrals are performed by sampling the first
Brillouin zone at a discrete set of equispaced k-points, that
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define the Pack-Monkhorst net.?® In the geometry optimis-
ation we have used 27 irreducible (64 total) k-points; selected
final calculations have been repeated with an improved grid
(75 irreducible, 256 total k-points), that gives well converged
results in the numerical integration.

The final limitation of our approach is related to the finite
size of the variational basis set. Because of the large number
of electrons (i.e. 42) in the molybdenum atom, we have used a
small-core effective-core pseudopotential (ECP) of the
Hay-Wadt type®’ which accounted for the electrons 1s>-3d'°.
The valence basis set for molybdenum is composed of 22 AOs;
using the notation adopted by Hehre et al.,*® the molybdenum
basis set is 311-31G. The oxygen basis set is a 8-51G, optimised
for MgO in a previous study,?® which has already been used
in several other oxides.!®3%3! The molybdenum basis set has
been developed from the atomic solution and further refined
by optimising the exponents and contraction coefficients of
the d orbitals. We note that all the basis set optimisations
were performed with respect to the HF energy in the cubic
structure of the B phase, whose geometry has been chosen in
such a way that the volume per formula unit is the same as in
the experimental geometry of the monoclinic phase;'®'! the
resulting lattice parameter was a=3.76 A. We recall that
the local environment of the Mo atom is similar in both
polymorphs, and the high symmetry of the ReO, structure
made the optimisation less computationally demanding. The
molybdenum basis set employed in the computations is given
in Table 2. Basis sets of this quality have proved adequate to
describe most crystalline materials;>* the presence of unoccu-
pied AOs on both oxygen and metal gives flexibility to the

Table 2 The Mo®* basis set employed in the calculations. The core
electrons (1s*2sp®3sp®3d'©) are described by a Hay-Wadt type, small
core ECP?’

coeflicient
shell type exponent s pord
4sp 12.0795 0.01275 —0.01618
2.6745 —0.86046 —0.30674
1.5970 0.77399 0.65206
5sp 0.6300 1.00000 1.00000
6sp 0.1900 1.00000 1.00000
4d 1.6630 0.09700
1.0830 0.24100
0.3570 0.53000
5d 0.2200 1.00000




basis, and allows the polarizability of both species, and back-
donation effects from the oxygens to the metal to be taken
into account.

Results and Discussion

Structural analysis, geometry optimisation and energetics of
0-MoO,

Ideally, one would like to optimise the crystal structure com-
pletely. For a system with many degrees of freedom (11 for
orthorhombic a-Mo00Os;), however, this is very computationally
expensive; on the other hand, once all the major chemical and
physical features of the solid are correctly represented, small
geometry modifications do not alter appreciably the overall
description obtained for the material. For this reason, we have
employed the following simplified strategy in the geometry
optimisation: we first analyse the solid, and identify the basic
structural components, such as the layer orientation, covalent
groups, bond lengths and angles, and assess their relative
importance in the energetics of the interaction. The internal
coordinates of the structural components are then varied one
at the time, in order of decreasing bond strength involved.
Once the coordinates corresponding to the minimum energy
have been found for one degree of freedom, the geometry of
that component is fixed at its optimum value, and not modified
further. In doing so we implicitly assume that on relaxing the
degrees of freedom corresponding to the weakest interactions
in the solid, the equilibrium geometry due to the stronger
forces is not appreciably influenced. This procedure is justified
if the difference in the bond strength involved in different
structural components is sufficiently high; we will later check
and comment on the accuracy of this choice a posteriori, in
the discussion in the following sections.

Guidance as to understanding the relative energetics of the
different structural components is provided by simple structural
and chemical considerations; we also refer to the results of our
previous study of the isoelectronic, and chemically similar
oxide, WOj;.!® We showed in that work that the most important
component of the bonding in the solid is the electrostatic
attraction between metal and oxygens complemented by a
strong, but localised, covalent contribution between the metal
and one particular oxygen. The equilibrium distance of the
covalently bound W—O pair in tetragonal WO, is consider-
ably shorter than all the other W—O bond lengths; in ref. 18
we also found that the covalent W—O group was only
marginally affected by modifications in the overall crystal
structure. For example, a 10% change in the volume per
formula unit resulted in a change in the shortest bond length
of only 0.18%. It is legitimate therefore to identify the bonded
W —O pair as asingle unit, or tungstyl group. The experimental
evidence, from the spread of Mo—O bond distances in
a-Mo003,'¢ suggests that similar behaviour is observed also in
molybdenum oxide.

To start our analysis of the bonding, we perform an initial
factorisation of the problem, as suggested by the layer struc-
ture of a-MoQOj;, which allows us to consider separately the
intra- and inter-layer interactions.

Let us consider first the intralayer forces. Here, we need to
decide which oxygen is more likely to have the strongest
interaction with the molybdenum atom. To this end, we have
examined the local environment of each species, taking into
account the differences in the Mo—O bond lengths and the
inequivalence of the oxygens. The shortest experimentally
observed Mo—O distance involves O( 1), which is attributable
to two factors. First, O(1) is the species with the lowest
coordination in the crystal structure. We know that the fully
ionic state of oxygen, with the formal charge of —2, is stabilised
in the solid state by the field created by neighbouring cations,
but that O?~ is unstable when isolated. Therefore, since O(1)

has the lowest coordination number, it has the highest tendency
towards a covalent interaction with the metal. The second
factor is evident when we note that each layer in the solid is
terminated with a stratum of O(1) atoms (see Fig. 1), and in
the interlayer region O(1) atoms face one another. The electro-
static repulsion can be lowered by a reduction in the ionic
charge of these atoms, as can be obtained in practice by
increasing the Mo—O(1) covalence, so that electrons are
delocalised towards the metal and are drawn away from the
oxygen. The combination of the two effects above is such that
we expect a very strong and covalent interaction between Mo
and O(1), in agreement with the very short bond length
observed in ref. 16. A similar argument to that employed for
O(1) can be used to differentiate the properties of O(2) and
O(3); we expect in fact that an increase in the coordination
number of the oxygen corresponds to an increase in its ionicity.
The two-coordinate O(2) should therefore give a more covalent
and stronger bond with Mo than the three-coordinate O(3).
The analysis can be further validated by examining the trans-
effect of the oxygen ligands around the Mo atom. It is well
established in coordination chemistry that the stronger a bond
in a square-planar complex, the weaker is the one in the
opposite (trans) direction with respect to the central metal.?
The explanation is due to the competition of trans ligands for
the same set of AOs on the metal. Based on simple symmetry
requirements, this concept can be extended to octahedral
complexes, both in molecular species and in the solid state;
the influence of the trans-effect on MOg octahedra in solid-
state chemistry agrees both with extended-Hiickel results!’
and with our previous HF calculations on WO;. trans to the
strongly bound O(1) atom in a-MoO; we find an O(3) species,
which is therefore expected to provide the weakest interaction
in the MoOy octahedron.

All the previous arguments concur to define the
following order in the intralayer interaction energies:
Mo—O(1)>Mo—0(2)>Mo—O0O(3). This analysis is in agree-
ment with the experimentally determined bond lengths.

Let us now move to analysing the forces holding the layers
together. We note here that each layer is symmetry equivalent
and charge-neutral, and we can therefore exclude strong ionic
forces. Moreover, since changing the interlayer spacing does
not involve changing any of the nearest-neighbour Mo—O
distances, we expect that the interlayer bonding represents a
weak interaction. In previous studies on similar layered struc-
tures [for example B-MgCl,*3* and Mg(OH),**] it was found
that the layer-layer interaction was very weak indeed, and
limited to dispersive forces. Other molybdenum-based layered
compounds, in particular MoS,,*® are used in industry as
lubricants owing to their easy cleavage and low interlayer
forces. This is not the case, however, for MoO3, for which we
might expect a stronger interaction. We analyse the interlayer
bonding in greater depth in the next section, using the calcu-
lated electronic distribution. At this stage we simply note that
the interlayer bonding is weaker than the intralayer inter-
actions. We have therefore obtained the desired scale of
interaction energies, according to which we can perform our
simplified geometry optimisation, as proposed earlier in this
section.

The starting point for the optimisation is the experimental
geometry, as derived from ref. 16. Following the previous
discussion, we have first of all optimised the intralayer structure
and then subsequently the interlayer spacing. The first param-
eter in the intralayer geometry optimisation was the short
Mo—O(1) bond length; this degree of freedom was varied and
then fixed at its optimum value of 1.644 A: subsequently the
baricentre of the Mo—O(1) couple was shifted within the
MoOQOg octahedron, and anchored at its minimum energy
position. Next we considered the Mo—O(2) interaction, and
optimised the coordinates of the O(2) species with respect to
the rest of the crystal; the above optimisation yields an
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Fig. 2 Plot of the optimisation of the interlayer spacing. The scaling
parameter X is defined in the text; X=1.0 for the experimental
structure. The two lines refer to the HF results and to the correlation-
corrected values, as indicated.

Mo—O(2) optimum distance of 1.710 A, which is short enough
to provide a strong interaction energy, but sufficiently longer
than the Mo—O(1) distance to validate our initial hypothesis.
The x and z fractional coordinates of O(3) were the last of the
oxygen parameters to be optimised. At this point we scaled
the b and c lattice parameters, to obtain the resulting equilib-
rium intralayer structure. Subsequently, the layer geometry is
kept fixed, and the layer—layer separation allowed to vary.

The interlayer spacing is a difficult parameter to define
unambiguously; we make reference to the lattice parameter a,
which defines the direction perpendicular to the layer orien-
tation in the solid. In the space group Pnma, the layers in each
unit cell are centred at the positions with fractional coordinates
x=0.0, x=0.5 and x=1.0. The layer at x=0.5 is translated
half a lattice vector along the b and ¢ directions with respect
to the layers at x=0.0 and x=1.0. To change the interlayer
spacing we have applied a scaling factor X to the lattice
parameter a, balanced by a factor 1/X for the distance (in
internal coordinates) of each atom from the baricentre of its
layer. This operation leaves the intralayer structure unaltered,
but varies the distance of the baricentre of adjacent layers by
a factor X. We note that the experimental value of a=13.855 A
corresponds to a scaling factor X =1.0. Fig. 2 shows a plot of
the relative energy against the scaling factor X thus defined,
at both the HF and correlated levels of theory. In both cases
the zero of energy has been chosen as coincident with the
energy of the structure with the highest interlayer separation,
which corresponds to X = 1.50.

The optimised geometry obtained is compared to the exper-
imentally determined structure!® in Table 1. The agreement is
in general good; bond distances are slightly underestimated in
our calculations, but this is a general result for GGA-corrected
HF values. We can now focus on the calculated equilibrium
geometry, and perform a quantitative analysis of the forces
involved in the solid, which will also provide us with a
validation of the qualitative assumptions made in the geometry
optimisation.

From the quantum-mechanically derived electronic distri-
bution in the solid, we can perform several analyses: electron
density maps and profiles, population analyses, electrostatic
potential maps, band structures and projected densities of
states (PDOS). In the following discussion we make use of
these tools to extract a wide range of information for the solid.
In analysing the results we preserve the factorisation of the
problem into intra- and inter-layer interactions.

Electronic structure and bonding of a-MoQ3: intralayer

When examining the intralayer forces, our main interest is to
analyse the short-range (chemical) interaction between the
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central molybdenum atom and its six nearest-neighbour
oxygen ligands that form the octahedral building unit of the
solid. Fig. 3 reports a contour plot of the difference electron
density for the optimised geometry. The map is obtained by
subtracting the density of isolated Mo®* and O~ ions from
the total electron density of the solid. The former represent an
ideal ionic description of the solid, where no covalence is
included; moreover they are spherical species and represent an
appropriate reference to highlight the chemical features of the
electronic distribution in the solid. The density of the isolated
ions is obtained by solving the HF equations for the ions,
using the same basis set as employed in the solid-state calcu-
lation; due to the finite size of the basis set, the HF calculation
on the O?~ ion converges, and the density of the isolated ion
can be defined. With reference to the labelling of atoms
reported in Table 1, the plot of Fig. 3 is drawn in the crystallo-
graphic ac plane, and cuts the MoOg octahedra in a slice
containing the Mo ion at the centre, and the
O(1)O(2)0O(3')O(2") vertices; the window chosen is long
enough to include some of the interlayer space (region A in
the figure). The anisotropy in the bonding is quite evident in
the map; in particular, we note that the two short bonds
Mo—O(1) and Mo—O(2) display a significant increase of
charge density in the bonding region typical of covalent
interactions, which is not present in the longer Mo—O(3’) and
Mo—0O(2’) bonds.

To pursue the investigation of the degree of covalence in
each of the Mo—O bonds it is, however, necessary to quantify
the information given graphically in Fig. 3. In order to do so,

B

7
Vi a S0

Fig. 3 Difference electronic charge density map (solid minus isolated
Mo®* and O?" ions), displayed in the crystallographic ac plane,
containing the central Mo and the vertices O(1)O(2)O(3)O(2) of
one MoQOg octahedron. Continuous, dashed and dot-dashed lines
correspond to positive, negative and zero difference respectively. The
interval between the isodensity lines is 0.005 a.u. (electrons a,~*). The
map extends beyond the central octahedron, and includes part of the
interlayer space, denoted by A.



we have used a Mulliken population analysis of the electronic
distribution. Results within the coordination octahedron are
summarised in Table 3. The picture that arises from the data
is quite clear: the net charge on the Mo ion is large enough to
give a strong ionic contribution to the bonding; covalence
effects contribute to decrease the net charge on the metal by
transferring (back-donating) electrons from the oxygens. The
net charge on the non-symmetry-equivalent oxygens gives
unambiguous information regarding the nature of the inter-
action: O(1) has a strikingly low value for an oxide species,
being as low as —0.44|e|. This value is half the (already low)
net charge on O(2) of —0.75|e|, and a third of the net charge
on O(3) of —1.25l¢|. The degree of covalence of the bonds is
confirmed by the bond population analysis, reported in the
last column of Table 3: the short Mo—O(1) bond has a
population ¢, =0.29|e|, which is very high. The corresponding
value of g, for the Mo—O(2) bond decreases sharply to 0.10|e|,
indicating, however, that covalence in the bonding is still
appreciable. All other bonds have a negative overlap popu-
lation, which excludes major covalent contributions to the
bonding. This quantitative analysis is in excellent agreement
with the analysis given in the previous section.

To stress further the anisotropy of the bonding, we report
in Fig. 4 the electron density profile along the six Mo—O
bonds. As in Fig. 3, we have obtained the value by subtracting
the ionic contribution of Mo®* and O~ species from the total
electron density in the solid. In Fig. 4, the Mo atom is at the
origin of the x axis, and the abscissa refers to the Mo—O
distance. Fig. 4 shows a very strong dependence of the elec-
tronic redistribution on the bond length. The accumulation of
electron charge in the internuclear region, which characterises
covalent bonds, is clear for the short Mo—O bonds, while for
the longer bonds we observe a polarisation of the ions, but
the electronic charge is close to the atomic centres and therefore
must be attributed to the ions, rather than shared in the central
region. On decreasing the equilibrium distance, there is an
increasingly pronounced redistribution of charge towards the
centre of the bond.

The present result, combined with the Mulliken population
analysis reported above, suggests that oxygens with a different
coordination number behave as truly different chemical species
in o-MoOs;.

It is instructive to compare the present results for a-MoQOj;
with our previous calculations on WO,.'® The two solids are
isoelectronic and chemically very similar. Calculations on both
compounds have been performed using exactly the same
computational conditions, and results can therefore be com-
pared directly. For completeness, in the lower part of Table 3we
report our results relating to bond distances and Mulliken
population analysis for tetragonal and cubic WOs;. It is
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Fig. 4 Difference charge density profiles, Ap (relative to Mo®* and
O?” ions), along each Mo— O bond. Black circles indicate the position
of the atoms: Mo on the left, O on the right. The horizontal lines
represent the zero difference charge density for each bond.

important to note the different structure and symmetry of the
two solids examined: WQOj; has a distorted ReO; structure,
while o-MoO; is layered; in our work on WOj; we had
considered higher symmetry phases, in which the central metal
ion was at the centre of its coordination octahedron (cubic),
or displaced towards one oxygen ligand only (tetragonal); in
the orthorhombic phase the metal is displaced instead towards
two oxygen ligands. These are important factors, and must be
taken into due account when comparing the two phases.

The general trend that emerges from Table 3 confirms the
similarity in the chemical behaviour of tungsten and molyb-
denum trioxides. In both cases the metal forms a very strong
covalent bond with one particular oxygen ligand [labelled
O(1) in Table 3 for both a-MoO; and tetragonal WO;]. In
both solids M—O(1) is a very strong bond, and by analogy
with the WOj; results, we identify the Mo—O(1) pair in o-

Table 3 Equilibrium bond distances and Mulliken population analysis for a-MoO5; and WOj; (from ref. 18). The entry labelled as <O) refers to

the average M—O value in a MOy octahedron

atom multiplicity net charge/e bond distance bond population
r(M—O)/A qo(M—0)/le|

a-MoOj; (orthorhombic) Mo +243

o(1) 1 —0.44 1.643 +0.29

0(2) 1 —0.75 1.687 +0.10

0(3) 2 —1.25 1.937 —0.02

0(2) 1 —0.75 2212 —0.02

0(3) 1 —1.25 2.237 —0.00

<O 6 —0.81 1.942 +0.055
WOj; (cubic) W +4.09

(0] 6 —1.36 1.883 —0.03
WO; (tetragonal) w +3.79

o(1) 1 —0.97 1.629 +0.21

0(2) 4 —141 1.895 —0.01

o(1") 1 —0.97 2.366 —0.00

<O) 6 —1.26 1.929 +0.03
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MoOj; as a molybdenyl group. The further symmetry lowering
from tetragonal to orthorhombic brings the metal closer to a
second oxygen ligand [O(2)], with which there is a covalent
interaction, but to a much lesser extent than with O(1). The
overall interaction between molybdenum and oxygen appears
to be more covalent than between tungsten and oxygen, which
is confirmed by the lower ionic charges and higher bond
population (g,) values in MoO; compared to WOj;. The first
reason for the different behaviour is chemical: Mo is above W
in group VI-A of the Periodic Table, and its AOs are more
compatible (i.e. closer in energy) with the oxygen levels than
are the W orbitals; in more classical terms, Mo is slightly more
electronegative than W. The second reason is structural: as
shown in the previous section, the lower coordination of O(1)
in a-MoO; makes it more prone to covalent interactions than
the local environment of O(1) in tetragonal WO;. We are not
able, however, to quantify the relative importance of these two
effects using the data available from this study.

To complete the characterisation of the intralayer forces, in
Fig. 5 and 6 we report the band structure and the PDOS of
the solid, respectively. We observe three main features, which
can be characterised as the oxygen 2s (in the region of —1.25
E, in Fig. 6), the valence band, with contributions from both
oxygens and molybdenum (—0.5 Ey), and the conduction band
(starting at 0.1 E,). The calculated band structure confirms
that «-MoOQOj; is an insulator with a band-gap at the I” point
of 0.45 E;, (12.4 eV). However, the HF approximation is known
to overestimate the band-gap, sometimes by a factor of 2 or
more.3” The gap in a-MoOQj is considerably higher than 8.1 eV
calculated for tetragonal WO,,'® known experimentally to be
a semiconductor.®® The higher band-gap is consistent with a
stronger covalent character in the M—O interaction.

From inspection of the total and projected density of states
(PDOS), we find that the different oxygen atoms have distinct,
but similar PDOS in the valence region. The valence band
appears to be composed of two sub-bands: the one at higher
energy (i.e. the highest peak in Fig. 6, just below the Fermi
energy) has contributions from the oxygen atoms, but a very
small component on the metal. This is a common feature of
the PDOS that was obtained also in WOj3,'®* ReO; and
NaWO,;.1%2° We attribute this sub-band to the unshared
electron pairs on the oxygen ions; the corresponding bands in
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Fig. 5 Valence band structure for a-MoOj in a typical orthorhombic
reciprocal space path, including all the high-symmetry positions of
the first Brillouin zone
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Fig. 6 Projected density of states (PDOS): total value for the solid,
and contributions from symmetry-unique atoms. The continuous
vertical line marks the Fermi energy position (top of the valence
band); the dotted vertical line highlights the presence of two sub-
bands, as mentioned in the text.

Fig. 5 are very flat in k-space. The lower sub-band has, in
contrast, appreciable contributions from both oxygen and
metal; it therefore accounts for the chemical interactions in the
solid. The corresponding bands show a more appreciable
dispersion in k-space. Effects of this kind have been examined
extensively with extended-Hiickel methods,'” and are typical
of covalent interactions. The low symmetry of the phase
examined makes it impossible to separate single contributions
to the bonding without employing localisation techniques for
the electrons, such as Wannier functions, that unfortunately
are not currently implemented in the code we have employed.

Electronic structure and bonding of a-MoOj: interlayer

In Fig. 2 we report the energy change due to the variation of
the interlayer spacing of the solid, as a function of the scaling
parameter X defined in the previous section, both at the HF
and at the correlated level. The interlayer binding energy is
0.0055 Ey, (0.15¢eV) per unit cell at the HF level, and rises to
0.0278 E, (0.75 eV) on including correlation.

It is interesting to note that the HF approximation alone
can provide a minimum energy position, although the equilib-
rium interlayer spacing (X = 1.04) is slightly overestimated with
respect to the experimental value (corresponding to X =1.00).
The forces included at the HF level of theory arise from
Coulomb and exchange terms, but the dispersion (van der
Waals) contribution to the bonding is excluded. This result
shows therefore that in «-MoOj5 long-range interactions con-
tribute to the interlayer bonding. In this respect the behaviour
of a-MoQO; is different from that of the previously studied
layered solids [B-MgCl,**3* and B-Mg(OH),*>] where the
layer—layer interaction was found to be due only to dispersion
forces, which had to be included in the model either ad hoc,
with a semiclassical contribution,® or via the a posteriori
correlation correction to the HF energy.®*3°
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Fig. 7 Electrostatic potential map in the crystallographic (a) ac, (b) ab,
and (c) bc planes. The window sizes used are different in the three
cases: (a) includes three adjacent layers to highlight the long-range
structure of the solid; (b) is drawn between the centre of mass of two
adjacent layers, and provides a better resolution of the electrostatic
potential in the near-layer region; (¢) shows the alternation of regions
of positive and negative potential above each layer. In (@) and (b) the
isopotential lines in the intralayer region represent the atomic
coordinates in the layers; atoms are labelled as in Fig. 1. Continuous,
dashed and dot-dashed lines correspond to positive, negative and zero
potential respectively. The interval between isopotential lines is 0.005
au. (1 au=-2721V), as described in the text. The dashed line
above the outermost oxygens in (b) represents the projection of the
plane in which plot (c) is drawn.

To investigate further the contribution of long-range inter-
actions to the layer—layer bonding, we show in Fig. 7 three
maps of the electrostatic field created by the electronic and
nuclear distribution of the solid, in mutually perpendicular
planes. To clarify these representations, we have increased the
layer—layer separation (the maps correspond to a scaling factor
X =2.0), so that the field created by adjacent layers does not
overlap. Fig. 7(a) and (b) are created by the superposition of
two plots: each layer is in fact charge-neutral, and the Coulomb
field projecting outside the layers has a low value. To gain
resolution in the interlayer region, in the first plot we have
used a low difference between isopotential lines (0.005 a.u.;
1l au.=2721V), and a very low cut-off threshold of +0.05
a.u. The potential in the intralayer space is higher than the
cut-off value, and most of the intralayer space in the first plot
is blank. To mark the atomic positions, we have superimposed
a second plot, comprising the isopotential lines between 2 and
10 a.u. at steps of 1 a.u; the zones marked in the second plot
correspond to the maxima of the electrostatic potential in the
respective planes, and are located in the near-nuclear region.

Atoms are labelled here as in Fig. 1. The plane in which
Fig. 7(a) is drawn is that defined by the crystallographic a and
¢ axes; Fig. 7(b) is drawn in the ab plane, instead. The former
is the same plane employed to draw the electron density map
of Fig. 5. In the space group Pnma, the glide plane ‘@’ translates
each layer of {+0.5a+0.5b+0.5¢} lattice vectors; referring to
the planes of Fig. 7(a), (b), each layer is therefore repeated, but
translated by half a lattice vector along the direction perpen-
dicular to the map. Although of low intensity, we note that
the electrostatic potential created by each layer is non-zero in
the near-layer region. In particular a negative contribution
prevails in the region above the outermost oxygens, O(1), and
a positive contribution where octahedra connect by corner-
sharing, in the region above the O(2) species.

Map 7(c) illustrates how positive and negative zones connect
above each layer; the plane employed there is parallel to the
layer orientation (the bc crystallographic plane), and lies at 8.0
a, above the centre of mass of the layer [2.3 a, above the O(1)
nuclear position]; its projection is marked with a dashed line
in Fig. 7(b). We clearly see in Fig. 7(c) that the potential created
by the layer forms a pattern of positive and negative areas,
similar to the (001) surface of MgO. The negative zones are
above O(1) atoms; the positive zones correspond to the O(2)
and O(3) regions. Under the effect of the glide vector ‘@’, in
the next layer the same pattern is repeated, but translated by
half a lattice vector along b and ¢, so that positive areas are
translated above the negative ones. At the equilibrium inter-
layer separation, positive and negative zones in adjacent layers
overlap, thus giving a non-zero Coulombic contribution to the
HF binding energy, as noted when discussing Fig. 2.

A possible reason why this electrostatic interlayer bonding
is present in a-MoO; but not in B-MgX, is the lower symmetry
of the former phase, which is due both to the coordinates of
the metal ion, that are considerably off-centre in its coordi-
nation octahedron, and to the inequivalence (in particular in
the ionic charge) of the different oxygens. The low symmetry
has the major consequence that the Coulomb field does not
perfectly balance in each MoQOg octahedron, resulting in a
medium-range component for the electrostatic field acting
between adjacent layers.

The slope of the curve of Fig. 2 is significantly altered when
the correlation corrections are added to the HF energy, which
means that dispersive forces still play an important role in the
interlayer bonding in a-MoQO;. The minimum of the corrected
HF energy corresponds to X =0.93, which is considerably
lower than the experimental spacing. [t must be noted, however,
that the interlayer interaction is indeed weak, and even a small
overestimation of the van der Waals contribution can cause a
large error in the equilibrium geometry (though not in the
binding energy). We comment further on this topic in the
analysis of the density maps in the interlayer region.

Given the weak interlayer forces, the (100) planes, that
define the layer orientation in the solid, represent an easy
cleavage direction for the material; and in light of these results,
we expect that most of the surfaces exposed by an a-MoOj;
crystallite will be of (100) type. For the same reason, we
consider that the potential which we have plotted in Fig. 7 will
be very similar to the electrostatic potential generated by a
free a-MoO; (100) surface. The result obtained here encourages
therefore extensions of the present study to the oa-MoO,
surfaces and to the adsorption processes therecon.

We need also to consider in greater detail the interlayer
region (labelled A) in the difference density map of Fig. 3. We
note in this respect the negative contribution around the
outermost atoms in each layer, in particular around O(1). We
recall that the map is obtained by subtracting the density of
the isolated ions from the total density of the solid; the higher
the negative contribution, the more the ions in the solid are
contracted. The contraction effect is most pronounced for
O(1): as noted earlier, O(1) species are facing one another in
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the interlayer region. By decreasing the effective radius of
O(1), the two-body repulsion between layers is effectively
reduced, just as the electrostatic repulsion between layers is
reduced by decreasing the ionic charge of O(1).

The molybdenyl Mo—O(1) groups in adjacent layers are
connected to one another in a zip-like manner. To focus on
this structural feature, we have plotted the difference electron
density map (with the same reference and conventions used in
Fig. 3) in the plane passing through the terminal molybdenyl
groups in the interlayer region; the result is shown in Fig. 8.
The contraction of the O(1) electronic cloud, as well as the
short O(1)---O(1) distance (about 2.7 A, depending on the
interlayer separation) are immediately apparent from Fig. 8.
The short O(1)---O(1) distance, as well as the low net charge
of O(1) suggest that in some circumstances, adjacent O(1)
species belonging to different layers could bind to form a
superoxide (O,27) unit. In all our calculations, however, the
bond population between nearest neighbour O(1) species was
negative, a result which seems to exclude the possibility of
superoxide units, at least in the ground electronic state of the
material. It is possible, however, that the presence of superoxide
type bonds between O(1) species could represent a common
defect in this material. If this were the case, since adjacent
O(1) species belong to different layers, this type of defect
would considerably increase the interlayer binding.

In the context of the results summarised in Fig. 8, it is
important to comment on the procedure employed to estimate
the electron correlation in the system. As we have mentioned
previously, the method is based on a density functional of the
equilibrium HF electron density; the procedure has been shown
to work in many recent solid-state applications (see for instance
ref. 40 and 41). In all the above cases, however, correlation
represented only a minor correction to the HF interaction,
which seems not to be the case for the O(1):--O(1) interactions
discussed above. We suggest that future studies of this system
should aim at improving the estimate of the electron corre-
lation; in particular it would seem desirable to include the
effect of correlation in the SCF procedure, hence influencing
the wavefunction and not only the total energy. Work is in
progress to include this functionality in the program that we
have employed. As a consequence, at the present stage we
consider the HF results relating to the optimisation of the
interlayer spacing as more reliable than those using correlation
corrections, and we used the HF equilibrium value of the
scaling factor X in the calculated data reported in Table 1.

One very important question that can be addressed in the

Fig. 8 Difference electron density map in the plane through the
outermost molybdenyl groups [Mo—O(1)] in adjacent layers, showing
the zip-like connection of layers and the short O(1)---O(1) equilibrium
distance. The zigzag dashed line in the centre of the plot serves as a
guideline to separate the molybdenyl groups belonging to each of the
two facing layers.
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light of the results reported here and in the previous section
concerns why the tungsten analogue of the layered structure
of MoO; has never been observed. One key factor in this
respect appears to be the electrostatic repulsion between the
facing O(1) species in adjacent layers, as clearly shown in
Fig. 8. The higher degree of covalence that characterises MoOj,
contributes to reducing the ionic charge on the oxygens,
including O(1), and therefore to reducing the electrostatic
repulsion between layers. Indeed, we have already noted how
strikingly low the net charge is on this species. The covalent
contribution to the bonding is less pronounced for the less
electronegative W atom; in a hypothetical layer structured
WO; the layer-layer electrostatic repulsion would be much
higher, thus stabilising the perovskite with respect to the
layered polymorph.

Conclusions

Our calculations have given substantial insight into the relation
between structure and bonding in a-MoOQOj;. In particular, we
have shown that oxygens with a different coordination number
behave as truly different chemical species in the solid; as a
consequence the octahedron of oxygen ligands surrounding
each Mo ion is highly distorted. The distortion is driven by
the different balance of covalence and ionicity in the different
Mo—O bonds. Both covalent and ionic contributions are
important in the intralayer interactions; covalence, in particu-
lar, is the dominant force in the bonding between Mo and the
singly coordinated oxygen, O(1). We identified the strongly
bound Mo—O(1) pair as a molybdenyl group. The covalent
contribution in the two shortest bonds of the MoO octahedron
is clearly seen and characterised from both charge density
difference maps and population analyses. Interlayer forces are
weak and Coulombic in nature. The stabilisation of the o-
MoO; structure compared with the ReO; like structure
adopted by WOj; can be attributed to the greater degree of
covalence in the former, which reduces the Coulomb repulsion
between the molybdenyl groups which face each other in the
interlayer region.

The results of the present quantum-mechanical ab initio
calculations on o-MoO; have shown that the method is
successful in modelling the geometry, including layer spacing,
and the electronic structure of «-MoQO5. Further studies of the
structure and bonding in complex transition-metal oxides are
encouraged by the success of this work.
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