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Abstract

Microporous materials based on cations of medium acidic strength, such as the alumino-silicate zeolites, represent one of the
most widely used heterogeneous catalysts. Synthesising novel materials that could combine the molecular-sieve characteristics
of Si-zeolites, with the much higher acidic strength and redox properties of early transition metal cations, would be a major
breakthrough in catalysis. In this paper we examine this topic employing computer modelling in advance of experiment:
we design suitable microporous structures of M@@d WG, compare their relative energy with those of the known dense
polymorphs of the materials, and finally explore the possibility of their synthesis via a template/host approach previously
developed for zeolitic materials. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction insertion process that leads to the formation of the
bronzes, in particular, can be exploited in two ways:
The crystalline oxides of M~ and WP+ ions, built once the host M@ framework is formed, the in-
up as a network of connecting M@ctahedral units,  tercalation of extraframework ions can be driven
are at the basis of a rich solid state chemistry, which electrochemically, and employed either to store en-
comprises several phases and polymorphs. Becauseergy in rechargeable batteries [7,8], or to modify

of the high O/M ratio, the binary oxides MaCand  the physical properties of the MChost, as in elec-
WOj3 contain empty interstices in the oxygen sublat- trochromic devices [4,5]. On the other hand, the
tice, where external species can be reversibly accom-presence of extraframework ions during the synthe-
modated to form the insertion compounds, or bronzes, sis of the MQ host, can be used to stabilise dif-
A,MOa. The latter can be described as composed of ferent polymorphic structures of the forming MO

an MOz framework, in whose interstices are located
the inserted, or extraframework species, A.

The properties of the Mo and W trioxides and
bronzes are exploited in a diverse range of appli-
cations, including gas-sensors [1], catalysis [2,3],
electrochromic devices [4,5] and solar cells [6]. The
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backbone.

In the paper we focus on the latter topic, employing
computer modelling to investigate the feasibility of the
synthesis of microporous frameworks of Mg@nd
WOQO;3. Although the method is applied to structures
with composition M@, the procedure employed and
most of the results have general validity, and can be
extended to the whole class of early transition metal
oxides.
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We first present an overview of the calculations per- vance to investigate the effect of extraframework ions
formed and of the existing polymorphic structures of during the synthesis; these are the perovskite (PV),
the Mo and W trioxides and bronzes; we then design layered (L), hexagonal (Hex) and pyrochlore (PY)
new microporous structures, and examine their rela- polymorphs, shown in Fig. 1. The M-O framework

tive stability and the feasibility of their synthesis.

2. Computational details

The crystalline oxides are described with periodic
boundary conditions, at the ab initio Hartree-Fock
(HF) level of approximation, as implemented in the
computer program CRYSTAL [9,10].

The wavefunction of the solid is obtained as a
linear combination of localised functions, or atomic

in all four structures has stoichiometry MO

The thermodynamically stable phase of WO
at ambient conditions is a distorted PV structure
[14-19], which is metastable in Ma{(J20,21]. The
stable phase of Mofis instead the L polymorph,
or a-MoOs [22-24], not displayed by W& A
metastable hexagonal form has been synthesized for
both WG; [25—-29] and MoQ [30-33], while a poly-
morph isostructural to the octahedral backbone of
the mineral pyrochlore, Galb,O7, has recently been
observed for W@ [34—36], but not for MoQ.

orbitals, associated with the constituent atoms. The The relative order of stability of the four poly-
basis sets employed to describe the Mo and W ions morphs in the bronzes is different. In the W bronze
are composed of an effective core pseudopotential of family, the PV polymorph is stable for small inserted
the Hay-Wadt type [11], coupled with a split-valence atoms (H, Li, Na) [37-39], while larger atoms or
set of basis functions for the valence electrons. Their groups of atoms (K, Cs, Rb, In, Nff favour the
derivation and performance can be found in [12,13]. Hex structure [40—42]. Inserted atoms which are even

Numerical approximations are introduced in the larger (T, Cs, Rb) stabilise the PY structure [34-36],
evaluation of the Coulomb and exchange series for depending also on the synthesis conditions [43-45].
infinite systems. In the CRYSTAL code, the accuracy Examining the structural stability in the Ma@amily,
is controlled by a set of “cut-off” tolerances (see [10] we see instead that MeQs layered, NaMoOs is a
for details); the values we have chosen (8, 7, 8, 8, cubic perovskite [46], while KMoOs and the bronzes
16) reduce the effect of numerical inaccuracies to a of larger inserted atoms are stable in different layered
minimum. forms (see [47] and references therein).

Reciprocal space integrals are performed as a To understand the effect of the extraframework ions
weighted sum at a discrete set bfpoints, whose on the phase stability, it is instructive to examine the
number is chosen in such a way that the results of structure of the four polymorphs, and the characteris-
the numerical integration are converged to within tics of their interstices.
10~ Hartree for the total energy and 19e| for the The MG; framework of PV, Hex and PY structures
Mulliken charges. This corresponds to ax® x 8 is based on corner-sharing only of M@ctahedra. In
sampling of the first Brillouin Zone for the perovskite PV materials, octahedra form four-membered rings in
polymorph, and has been scaled in the other structureseach of the crystallographic planes; interstices are lo-
according to the lattice parameters. cated in the dodecahedral sites (A) of the O sublattice.

Geometry optimisations have been performed with The Hex structure is instead composed of alternating
a numerical conjugated-gradient procedure, stopped three- and six-membered rings of octahedra inghe
when the energy difference at subsequent cycles hadplane; this arrangement is repeated alontgaving a
fallen below 106 Hartrees. set of parallel triangular and hexagonal channels, of
which only the hexagonal is large enough to host in-
serted species.

In the PY structure, six-membered rings of octa-
hedra are oriented along the 111 > directions
of the cubic unit cell, creating a three-dimensional

Among the known structural types of the Mo and network of interconnecting hexagonal channels. Fi-
W trioxides and bronzes, four are of direct rele- nally, in the L polymorph, M@ octahedra connect

3. Known polymorphs of the Mo and W trioxides
and bronzes
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Fig. 1. Connectivity of the M@ octahedra in the M@ framework of Mo and W trioxide and bronzes: (a) PV; (b) Hex; (c) PY; (d) L

polymorphs.

corner-and edge-sharing in thee crystallographic

trons fill the energy states at the bottom of the con-

plane, leaving a layered structure in the perpendicular duction band (CB). At the same time, the ionisetl A

direction, a. Interstices are available in the interlayer
region.

The four polymorphs examined have a different
number of interstitial sites, and of different dimen-

particles occupy in cationic form the empty interstices
of the host framework.

Both components of the insertion process, the added
electrons and the inserted cations, can induce struc-

sions. In the three corner-sharing arrangements (PV, tural strains in the host transition metal oxide. In our
Hex and PY), for instance, the size of the vacant in- recent work, we have examined them separately with

terstices increases in the order of RVHex < PY,
which is obviously an important feature of the host
framework in insertion processes.

4. Framework stability
The insertion reaction that leads from the binary
oxides to the bronzes

MOz + x(AT +€7) = A,MO3 (1)

computer modelling. In particular, we have shown that
the CB electrons modify the stability of structural dis-
tortions which involve M off-centerings in its coor-
dination octahedron [48,49]. In the PV structure, for
instance, the M off-centering hybridises a set of lev-
els which are M—O non-bonding in the cubic phase
into a pair of M—O bonding (in the valence band, VB)
and M-0 antibonding (in the CB) crystalline orbitals.
When M has the formal electronic configuratiof?d

as in Mo and WQ;, only the M—O bonding level in
the VB is filled, and the distortion is stable; if instead

can be formally decomposed into two steps: the ex- the M-O antibonding orbital in the CB is occupied,
traframework species A ionise upon insertion, and as in the bronzes MOg, its population opposes the

cede their valence electrons to the host M@ame-
work, reducing the transition metal ions M; in a

distortion [48,49]. This finding is in agreement with
the experimental evidence concerning the structure of

band-structure description of the solid, the extra elec- MoOz, WOz and of their sodium bronzes NaMO
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The same M-O bonding pattern described above occurs in the bronzes destabilises the L polymorph.
occurs in the other polymorphs examined [50], and the The relative stability of the other three polymorphs,
finding that the population of CB states in the bronzes parallels instead their relative density, as higher elec-
opposes M off-centerings has general validity. trostatic energies stabilise the densest structures; in

The relative stability of the host M framework WQOg;, for instance, the Madelung field (measured as
in the binary oxides and in the bronzes can there- the difference of electrostatic potential in the W and
fore, be obtained by two separate sets of calculations, O sites) is highest in the PV polymorph, while in the
in which the structure of the M@backbone is op- Hex and PY it is respectively 0.125 and 0.365V less
timised without constraints (CB empty) or under the favourable. The latter data are roughly proportional to

constraint of having M on-centre in its coordination
octahedron (CB partially populated). The results of
our HF calculations are summarised in Table 1. We
note, in particular, that the undistorted L polymorph of
MoQj3 is unstable compared to the other polymorphs
examined, suggesting that bronzes based on L-MoO
would not be structurally stable following insertion;
this is due to the very high energy gained in optimis-
ing the distance of the short Mo+®onds of Mo with
the 1-coordinate, outermost O ions in the layers [12].
The population of the Mo—Pantibonding level which

Table 1
Calculated energies for the MQGramework structures examined
Polymorph AE (eV)
MoOs WO3
Fully optimised
PV 0.000 0.000
Hex - 0.454
PY 0.957 1.524
L —0.006 -
Optimised with M on-centre
PV 0.000 0.000
Hex 0.239 0.318
PY 0.561 0.725
L 4.281 5.471
pv2x1 - 0.736
pV2x2 0.962 1.634
H2x1 0.524 0.902
H2x2 1.128 1.393

aAE is the relative energy, in eV per Mformula unit, with
respect to the PV polymorph. The upper part of the table refers to
the fully optimised phase of each polymorph, and applies to the
relative stability of the binary oxides MaCand WQ. The calcu-
lated energy of L-Mo@ includes an estimate for electron correla-
tion in the interlayer binding; the fully optimised Hex-W@®hase
includes off-centerings of the W ions along the axial direction,
without long-range order in the structure [50]. The bottom part of
the table refers to structures optimised with the M ions on-centre
in their coordination octahedra, and applies to the relative stability
of the MO; frameworks in the bronzes.

the energy difference between the polymorphs.

The calculated energies reported in the bottom part
of Table 1 give therefore, the relative stability of the
MO3; framework of Mo@Q and WQ in the insertion
compounds.

The interaction of the M@backbone with the ex-
traframework ions A provides an additional con-
tribution to the relative stability of the polymorphs,
which again can be estimated via computer modelling.
In [51], we have compared the migration profile of
Na™ and K ions in the hexagonal tungsten bronzes
A1/3WOsg; a calculated difference of 0.52 eV per in-
serted ion, in the interstitial position closest to the
framework oxygens, is associated with the different
ionic dimensions of Na and K*. The latter value
provides an estimate for the short-range repulsion en-
ergy between the host framework and each inserted
K™ ion. The steric repulsion energy between the host
transition metal oxide framework and the extraframe-
work species, can be assumed to be proportional to the
size of the latter, and can be varied via the addition
of different-sized extraframework ions to the synthe-
sis medium. The value of 0.52 eV, calculated for the
K* ion, is comparable to the calculated energy dif-
ference between the PV, Hex and PY frameworks; the
short-range repulsion between framework and inserted
ions plays therefore, a relevant role in the energetics
of the bronzes, and may reverse the relative stability of
different framework structures. This is confirmed by
the experimentally reported crystal structures of the W
bronzes: increasing the size of the extraframework ions
we move from the cubic perovskite form of NaWwO
towards the hexagonal VO3 and RRWOs3, to the
pyrochlore structure obtained by insertion of Cs and
of primary and secondary ammonium salts. The latter
comparison suggests that if the extraframework ions
are present during the synthesis, the energy arising
from the short-range repulsion is sufficient to offset
the energy difference between the polymorphic struc-
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tures, and to shift the stability towards the polymorphs of early transition metal cations, would indeed be a
with the appropriate interstitial dimensions. We can in major breakthrough in catalysis. Of course, this is a
such a case identify the extraframework ions as inor- very challenging task, since microporous structures of
ganic templates, or structure-directing agents, for the MoO3 and WQ have so far never been reported.
forming MO3 frameworks. Before proceeding, it is instructive to extend the
What happens if we increase the size of the ex- comparison with zeolites, and examine the computa-
traframework ions, so that the steric repulsion between tional procedures that have recently been developed
framework and inserted ions becomes the prevailing to understand and guide the synthesis of microporous
force during the synthesis? Among inorganic species, structures. We shall then transfer the relevant knowl-
the range of ionic dimensions achievable to modulate edge to the new field of microporous transition metal
the steric interaction energy is limited, and the alkali oxides.
ions referred to above are already those with the largest
ionic radius. Larger stable ions can however, be easily 4.1. Analogy with zeolites
found among organic molecules, and metallo-organic
complexes. Zeolites are polymorphs of silica, of stoichiometry
The template/host relation between extraframework SiOp, with an open framework structure. The frame-
ions and transition metal oxide structure, recalls simi- work cations are tetrahedrally coordinated by four
lar fields of research; the use of organic cationic tem- nearest neighbour oxygens.
plates, for instance, is the standard procedure in the In the pure Si@ form, or when Si is replaced by
synthesis of microporous alumino-silicates (zeolites), stoichiometric amounts of3 and +5 ions such as
which heavily relies on the presence of organic cations Al and P, the zeolitic framework is chemically in-
in the synthesis medium, to create molecular-sized in- ert. If, however, a charge imbalance occurs in the
terstices in the forming Sigstructure. The correlation ~ framework, for instance by replacing a*$ication
between the shape of the organic cation and that of with Al3t, the framework is chemically activated. The
the micropores obtained in the zeolitic material is now overall negative charge of the tetrahedral backbone is
recognised [52-55]. Space-filling approaches are alsocompensated during the synthesis by the extraframe-
adopted in the synthesis of pillared catalysts, such aswork cations, the same acting as templates. The ex-
clays [56], and even of molecular crystals (clathrates) traframework cations can be exchanged with protons
[57]. in post-synthetic treatments, yielding Brgnsted acid
Attempts to use larger organic cations, usually qua- sites in the solid. Al-doped zeolites are used in a range
ternary ammonium salts, to template novel transition of acid-activated heterogeneous catalytic reactions.
metal oxide frameworks have already been reported The most attractive features of microporous
in the literature [45,58]. However, they resulted in solids as heterogeneous catalysts are those of hav-
the formation of inorganic polyanions, the Keggin ing high surface areas per unit of weight (in fact

structures, rather than extensive M—O frameworks. In
the following discussion, we shall examine the topic
with a more analytic approach, exploiting the insight
that can be obtained from computer modelling to pro-
vide information on the relative stability and on the

required synthesis conditions for new, microporous
structures of transition metal oxides. If the pore sizes
reach the dimension of small organic molecules, and

the whole of the solid can be imagined as a single
three-dimensional surface), and of containing the ac-
tive sites in a spacially confined environment, where
they can be accessed only by selected molecules
and/or parts of molecules, leading to a highly specific
shape-selectivity in the reactions catalysed [59].

Zeolites are thermodynamically unstable compared
to thea-quartz structure of Sig) the topic is examined

provided the new frameworks have sufficient stabi- with the same computational technique employed here
lity at high temperatures, microporous transition metal in a recent paper [60]. The energy difference between
oxides would allow heterogeneous catalytic applica- the silica polymorphs is in the range of 0.1-0.2 eV
tions. Synthesising novel materials that could combine per formula unit, much smaller than the one we calcu-
the molecular-sieve characteristics of zeolites, with lated for MoQ and WQ; excluding the L polymorph,
the much higher acidic strength and redox properties the energy range of the PV, Hex and PY structures is



128 F. Cora et al./Journal of Molecular Catalysis A: Chemical 166 (2001) 123-134

in fact of ~ 0.5 eV per formula unit. We attribute the is altered, to minimise the cost-function, and hence
higher energy difference in the Mo and W trioxides to maximise its interaction energy with the host. The
two effects: technique generates, in this way, a set of organic tem-
plates which are likely to provide optimal space-filling
and/or maximum interaction energy with the selected
microporous host, thus helping to direct the synthesis
towards the target structure.

1. the higher ionic charges, which increases the
Madelung field, and hence the energy toll to pay
when the density of the solid is decreased by
introducing larger interstices; and

2. the rigidity of the octahedral framework of transi-
tion metal oxides, compared to the more flexible
tetrahedral framework of silicates, whose Si—O (or
Al-0) backbone is formed only by bonds. The
o bonds allow in fact an easy rotation of the struc-
ture along the M—O direction, with small energy
barriers, to respond to local strains. The flexibil-
ity of the O-Si-O, and especially of the Si-O-Si
angles in zeolites is confirmed by the wide range
of values observed, which covers almost all values
between 90 and 180In comparison, ther fron-
tier orbitals in early transition metal oxides, confer
rotational rigidity to the M—O bonding, which can
less easily adapt to local strains.

4.2. Microporous transition metal oxides

The method implemented in the code ZEBEDDE,
requires the knowledge of the porous structure as a
starting point. When transferred to transition metal
oxides, this is a challenging task by itself, since mi-
croporous structures built up only on M@ctahedra
have so far never been reported. The only exception
are the OMS sieves based on edge-sharing d¥ kg
units [63—65], in which the framework has stoichiom-
etry MO, and not MQ as required for the Mo and W
oxides. The first problem to solve is therefore, that of
designing a suitable target structure.

The stability requirements, as can be deduced from
The difference in framework energy between the poly- the structure of the stable Mo and W bronzes, are that
morphs examined of Mogand WG, however, is still each oxygen ion be shared between at least two neigh-
in the range of energy provided by the steric repulsion, bouring M ions, avoiding 1-coordinate oxygens which
and can be reversed, as confirmed by the different sta-would break the framework connectivity, as in the L
ble structures of the alkali W bronzes. polymorph. The structure must also contain the max-

A computational strategy has been recently devel- imum extent of corner-sharing of octahedra, which is
oped for the de novo design of structure-directing stable upon insertion of extraframework ions and re-
agents in zeolites [61], and implemented in a com- duction of the host transition metal cations.
puter code, ZEBEDDE [62]. Given a target micro- The design of new polymorphs can be reformu-
porous architecture, the organic template is gradu- lated as a problem of tiling in space. If we connect
ally grown computationally within the pores of the the M ions along corner-shared octahedra in the PV,
host, starting from a small molecular fragment used Hex and PY polymorphs, we obtain a tiling based
as seed. The implementation in ZEBEDDE employs on adjoining triangles, squares and hexagons. No
a cost-function approach to construct molecules that other polygon allows a complete space-filling un-
best fill the void space of the targeted crystalline host. der the constraint of periodic boundary conditions
The cost-function can either be based on a sum of necessary to yield crystalline materials, and the PV,
close contacts between atoms in template and host, orHex and PY structures exhaust the possibilities based
on the interaction energy between the two, calculated on corner-sharing only of single octahedral units. In
via interatomic potentials. In the latter case, repulsion the new structures we need therefore, to introduce
and dispersion forces are summed up to a user-definedsome extent of edge-sharing between octahedra. The
cut-off, and the electrostatic contribution to the energy PV and Hex structures can be further imagined as a
is calculated using Ewald summations. two-dimensional tiling, repeated by corner-sharing of

Optimal space-filling is achieved by growing the the axial oxygens along the third)(crystallographic
template molecules within the porous host; at each direction. In the design of new structures, we shall
stage of the tentative template construction, the po- retain this two-dimensional approach, as a useful
sition, orientation and configuration of the molecule starting point to assess the feasibility of the method.
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(b)

Fig. 2. Disposition of octahedra in the MGramework of the: (a) P%L; (b) PV2*2; (c) H®*1; (d) H2*2 microporous structures.

We have devised two ways of proceeding.

. If we define a new building block, as a chain of
n aligned edge-shared octahedra, a complete series
of new structures can be obtained from the same
two-dimensional tiling of the PV and Hex phases,
using tiles with sides of different length, for in-
stance with polygons whose sides have alternating
lengths ofm andn units (in the case examined,
chains ofm andn edge-shared octahedra).

Given the method of construction, we call the
new structures P¥*" and H"*" (the 1x1 struc-
tures reproduce the PV and Hex polymorphs). A
schematic representation of the first members of
the H"*" and PV"*" series is reported in Fig. 2.

. Alternatively, microporous structures can be de-
rived from a projection of the Hex polymorph
onto the crystallographiab plane, according to
the method exemplified in Fig. 3. In the first step

enclosed in the bold triangles in Fig. 3b. The sub-
traction leads to the microporous super-lattices
represented in Fig. 3c. In the second step, the ver-
tices left 1-coordinated by the first operation are
merged, to form edge-shared octahedra; the chains
of edge-shared octahedra are represented by the
shaded area in Fig. 3d.

The H"*" structures can be reproduced with this
second procedure, which is therefore, more general
for designing microporous structures related to the
Hex polymorph; it cannot however, be applied to
the PV lattice. The case in which the second method
yields the H*? polymorph is shown in the left
column of Fig. 3; the structure in the right column
cannot instead be obtained via the first route.

The structures obtained with either of the above
methods have M@framework stoichiometry. In this
respect, they are equivalent to the pure Sf@rm of

(Fig. 3b), one or more octahedra (squares in the zeolites. As in zeolites, charge imbalances can be in-
two-dimensional projection) are subtracted, to troduced into the M@ framework by chemical dop-
form an hexagonal super-lattice with missing oc- ing, for instance by replacing the host Rtoor W+
tahedral blocks; the octahedra deleted are thosecations with a group-V ion, such as®V, Nb®>* or
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Fig. 3. Construction of microporous MGtructures by creating a super-lattice of missing octahedral blocks in the parent HestMCiure.

Ta>+. The latter operation is equivalent to the creation frameworks. It is important to mention, however, that
of Brgnsted acid sites in zeolites by the doping with the transition metal ions examined (Mo and W) have
Al3* jons. Such chemistry, however, is not examined by themselves a redox ability, and can therefore, ac-
here; in this initial stage, we are only concerned with commodate the presence of extraframework cations by
the stability of the unsubstituted microporous MO reducing their oxidation state, as in the alkali bronzes
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examined earlier. Both neutral and cationic templates those whose interstices are more likely to accommo-
can therefore, be employed in the synthesis of the date organic ions.
porous transition metal oxides. In zeolites, onthe con- The implementation of the method in the code
trary, the presence of charged cationic templates dur- ZEBEDDE is based on interatomic potentials. In pre-
ing the synthesis, must be charge-compensated withvious applications to the growth of templates for ze-
the introduction of a sufficient amount of ¥l ions olitic frameworks [61], all interactions were described
in the backbone. by a consistent set of interatomic potentials, both the
We have calculated the electronic distribution, geo- intra-framework Si—O and the template-framework
metry and energy of first two members, the 2 and forces. The electrons populating tleSi—O bonds
2 x 2, of the H"*" and PV"*" series, for both com-  that compose the silica backbone of zeolites are lo-
positions MoQ@ and WGQ. In all cases, the structure calised in the structure between the bonded atomic
has been optimised under the constraint of keeping the pair, and thes Si-O bonds are well characterised
transition metal ions on-centre in their coordination chemically; they are therefore, suitable for a descrip-
octahedra. If, as for the zeolites, cationic templates are tion with interatomic potentials, to take into account
used in the synthesis, the transition metals will be in a the local constraints imposed by the surrounding
reduced state; we have therefore, excluded the chemi-lattice. Sets of parameters derived to describe;SiO
cal distortions of the M@ octahedra from the energy  polymorphs are available in the literature [66—70].
minimisation, but allowed the lattice parameters and In the case of zeolites, the relaxation of the SiO
the internal coordinates of the M and O ions to relax framework structure around the tentative template
fully under the local Coulomb field generated by the molecule was therefore, included consistently in the
neighbouring ions. computational method. This is not the case, how-
All the new structures examined represent local ever, for transition metal oxides, in which structural
minima in the potential energy surface; hence, if distortions cause extensive rehybridisations of the
synthesised, they would have a non-zero activation frontier w M—O levels, whose bonding, non-bonding
barrier towards phase transformations, and may be or antibonding character is subject to symmetry con-
kinetically stable. straints of quantum-mechanical nature [49]. Deriving
The calculated internal energy of the M@ame- a set of interatomic potentials to describe the MO
work in the microporous polymorphs is compared framework would represent a crude approximation.
in Table 1 with that of the known structures. The On the other hand, the estimate of interactions via
microporous polymorphs are unstable, as expected;interatomic potentials describes with sufficient ac-
the energy difference, however, is still comparable curacy the two-body repulsion forces at the basis of
with that among the known polymorphs, and has the steric, templating effect of the extraframework
only a marginally larger magnitude than the steric ions. For this reason, we have employed a two-step
forces examined earlier. We consider it to be pos- procedure in the template construction. First, we
sible to overcome this energy difference with steric have optimised the host MOframework with QM
effects. Given the relative instability of the frame- methods which correctly represent the M—O bond-
work, the template must however, be selected very ing. Second, the framework structure is fixed at
carefully, and must fit very tightly in the porous its energy-minimised geometry, and the template is
structure to stabilise the new polymorphs, which is grown in the pores of the host. During this second
probably why previous attempts with randomly se- step, the host geometry is not allowed to change;
lected organic templates have failed. The search for energy-minimised structures have been obtained by
templating molecules with the required features may relaxing only the template molecule, at each stage of
achieve a much higher accuracy by applying the its growth.
computational method devised for the synthesis of The steric interactions between the Nftamework
zeolites. and the organic template have been evaluated with the
As a final step in the computational procedure, we same set of interatomic potentials used for zeolites
have applied the de novo method to design templat- [70], including the term between framework oxygens
ing agents specific for the®® and H*2 structures, and organic molecule, but ignoring the M-template
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Fig. 4. Di-azobicyclooctane (DABCO) molecule, as located by the code ZEBEDDE inside the pores d™thedtymorph. The darker
atoms in the framework are oxygens; the lighter atoms the transition metals. The shaded surface represents the solvent-accessible surface
inside the pores, and renders the volume occupied by the framework oxygens.

short-range interaction potential. The latter appears parable to the 12-membered rings in zeotypes, and
however, a good approximation, as the shape of the allow the insertion of more structured organic moi-
pores is controlled by the oxygens and not by the M eties. The calculations reveal that adamantane and
ions of the structure. The effect of the transition metal di-azobicyclooctane (DABCO) derivatives are of suit-
ions was instead included in the electrostatic field, by able dimensions, the latter being the most promising.
attributing to them the net charges calculated at the A picture of the DABCO template, as located by the
QM level via a Mulliken population analysis of the code ZEBEDDE inside the pores of theé’t poly-
electronic distribution. morph of W@, is reported in Fig. 4. It is interesting

The candidate template molecules obtained by the to note there the match between the six-fold symme-
use of ZEBEDDE have been ranked by their calcu- try of the porous <2 structure and the six hydrogen
lated binding energyKg) with the host lattice: the  atoms of the DABCO organic template. The shaded
higher Eg, the more favourable the molecule is con- surface in Fig. 4 represents the solvent-accessible sur-
sidered as a template [53]. The calculations performed face inside the pores, and renders the volume occu-
reveal that the pores of the?K! structure have dimen-  pied by the framework oxygens. Each hydrogen of
sions comparable to unsubstituted hydrocarbon chains,the template is in close, 1:1, correspondence with one
suggesting thatv-amines orN-diamines, as used in  framework oxygen, suggesting that a strong stabili-
zeolite synthesis, may be suitable as templates. Thesation from hydrogen bonding may arise in such a
pores of the ¥*2 polymorph have instead a size com- configuration.
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5. Conclusions

We have employed periodic ab initio HF calcula-
tions to examine the relative stability and electronic
properties of the Mo and W trioxides, and how they
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Treatment of Crystalline Systems, Lecture Notes in
Chemistry, Vol. 48, Springer, Heidelberg, 1988.

[10] V.R. Saunders, R. Dovesi, C. Roetti, M.Causa, N.M. Harrison,
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Manual, University of Torino, Italy, Turin, 1998.

are modified during the insertion process that leads to [11] P.J. Hay, W.R. Wadt, J. Chem. Phys. 82 (1985) 270, 284, 299.

the formation of the bronzes,MOs.

Extraframework ions show a templating effect to-
wards the stable structure of the host transition meta
oxide framework, which may be exploited for the
synthesis of novel polymorphs. We have examined
the latter topic by designing new microporous struc-
tures of Mo@ and WQ;, and exploring the feasibil-
ity of their synthesis, employing modelling in advance
experiment.
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[15] J. Wyart, M. Foex, C.R. Acad. Sci. 233 (1951) 2459.

[16] E. Salje, Acta Cryst. B 33 (1977) 574.

[17] B.O. Loopstra, P. Boldrini, Acta Cryst. 21 (1966) 158.

[18] E. Salje, K. Viswanathan, Acta. Cryst. B 31 (1975) 356.
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[20] E.M. McCarron, Chem. Commun. 336 (1986).

[

We consider that the computational study presented [21] J.B. Parise, E.M. McCarron, R. von Dreele, J. Solid State

here shows the feasibility on energetics grounds of an

Chem. 93 (1991) 193.

extensive range of microporous chemistry based on [22] P.G. Dickens, D.J. Neild, Trans. Faraday Soc. 64 (1968) 13.

octahedral Mo®@ and W@, and suggests that such

[23] N.C. Stephenson, A.D. Wadsley, Acta Cryst. 19 (1965) 241.
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structures may be synthesised. using a hos_t/gue.st teM125] M. Figlarz, Prog. Solid State Chem. 19 (1989) 1.
plating approach. Future experimental studies will test [26] T. Nanba, I. Yasui, J. Solid State Chem. 83 (1989) 304.

the prediction of these calculations. If successful, it
would be the first time that a new solid catalyst has
been derived completely on theoretical grounds, from
its design stage, up to the ‘recipe’ for its synthesis, a
target that computer modelling should pose itself in
future advanced applications.
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