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Abstract Chromium, molybdenum and tungsten oxides supported on amorphous
silica are catalysts for many reactions, including large-scale industrial processes.
Although these systems have been extensively studied for many years, there are still
a few unresolved issues, concerning mainly the nature of the active sites and mecha-
nisms of their formation. Computational studies, using cluster or periodic models to
represent the catalyst surface, are helpful in interpretation of spectroscopic data and
can provide complementary information about the catalytic process. In this chapter,
such computational works on CrO«/SiO,, MoOy/SiO; and WO/SiO, systems are
presented. It is seen that coordination environment of the transition metal, deter-
mined also by local surface properties, is a key factor influencing catalytic activity
of the surface metal species. This results in complex structure—activity relationships.
While a great progress has been achieved in modelling of these systems, from simple
clusters to advanced periodic slabs, theoretical determination of complex reaction
mechanisms using surface models with representative distribution of metal sites is
still a challenge for computational catalysis.

1 Introduction

Group VI transition metal oxides supported on amorphous silica are effective cat-
alysts for many important reactions, including large-scale industrial processes like
ethene polymerization or alkene metathesis. These ill-defined systems have been
extensively studied for many years using both experimental and theoretical meth-
ods. Nevertheless, the structure of the surface chromium, molybdenum and tungsten
oxide species on silica has been a subject under debate for a long time, and sometimes
contradictory conclusions, based on spectroscopic data, were drawn. Moreover, the
nature of the active sites, usually surface organometallic species, as well as the way
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how they are formed, is even less understood. On the other hand, knowledge about
the catalyst structure at the atomic level is extremely important for studying the cat-
alytic reaction mechanisms and necessary in effective designing of new catalysts.
Coordination environment of the transition metal is a key factor influencing the cat-
alytic properties of the surface metal species. Especially, the local properties of the
support, which can be considered as a multidentate ligand coordinated by the metal
centre, can dramatically affect the reactivity. However, establishing the structure—ac-
tivity relationships for silica-supported metal oxide catalysts is still a challenging
task, mainly due to heterogeneity of the metal species on amorphous surface and low
fraction of the active sites formed in situ.

Computational modelling, taking advantage of growing computer power, enables
for development of advanced models representing surface metal species. Density
functional theory (DFT) methods, offering a good balance between the accuracy and
the cost, are nowadays commonly used in the field of computational catalysis. The-
oretical investigations are helpful in interpretation of spectroscopic data concerning
supported transition metal oxide species. Quantum chemistry methods, especially
when combined with advanced models of the surface, can also provide comple-
mentary information about the catalytic system, not accessible at this moment by
experimental techniques. Better understanding the nature of the active sites and their
precursors, as well as mechanisms of the catalytic reactions and the role of the amor-
phous surface, is possible owing to computations. Many examples of such compu-
tational studies, concerning silica-supported chromium, molybdenum and tungsten
oxide systems, are presented in this chapter.

2 Surface Modelling

An adequate model representing surface is crucial for realistic description of the
supported metal oxide systems. Especially, modelling amorphous materials with
inhomogeneous distribution of surface metal sites is challenging. There are two main
approaches to simulate surface of solid, cluster approximation [1-6] and periodic
slab models [1-5, 7-10]. A cluster model is a finite fragment cut off from the solid,
with dangling bonds usually saturated by hydrogen atoms. Consequently, long-range
interactions are neglected, which can be justified for covalent amorphous materials
like silica. Small clusters, often used in the past due to limitations of computer
power, cannot reproduce the complexity of the amorphous surface, although they are
handy for efficient computations of reaction mechanisms. Nowadays, it is possible
to employ very big cluster models, containing dozens or even hundreds of atoms [3,
4]. To reduce the computational cost or enlarge the model, partitioning into layers
treated at different levels of theory can be done [11]. The active site and its close
vicinity are then calculated at a higher level of theory (inner layer), while the rest of
the system (outer layer) is described by a computationally less demanding method.
An example of such hybrid method is the ONIOM partitioning scheme [11] (Fig. 1).
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Fig. 1 Example cluster (top) and periodic [4] (bottom) models of Cr(VI) oxide species on silica. In
the first case, the two-layer ONIOM method is applied (the wireframe part of the model represents
the outer layer)

In the case of the periodic models, the surface of the solid is represented by a slab
inside the unit cell that is repeated using periodic boundary conditions (Fig. 1) [1]. For
realistic description of the catalyst surface, especially for amorphous materials, the
unit cell should be large enough to avoid artificial periodicity and lateral interactions
between a surface metal site or adsorbed reactant and its periodic images. Several
advanced slab models of amorphous silica were developed from DFT calculations
[12-16], and some of them were used in computational studies presented below.



318 J. Handzlik

3 CrO4/SiO; System

Chromia-silica system is well known as the Phillips catalyst for ethene polymeriza-
tion, discovered in 1950s [17-20]. Approximately 40-50% of the worldwide produc-
tion of high-density polyethylene is related to this catalyst [17]. A unique property of
the Phillips catalyst is the fact that no cocatalyst is necessary to achieve the catalytic
activity, in contrast to other transition metal systems used for ethene polymerization,
such as Ziegler—Natta and metallocene catalysts. Silica-supported chromium oxide
systems are also effective in other catalytic reactions, like dehydrogenation of alka-
nes [21], oxidative dehydrogenation of hydrocarbons in presence of oxygen [22, 23]
or carbon dioxide [24, 25], and various selective oxidation reactions [20, 26-28].

3.1 Structure of Surface Chromium Oxide
Species—Experimental Data

Many techniques, including UV-vis, Raman, XANES (X-ray absorption near-edge
structure), EXAFS (extended X-ray absorption fine structure), EPR (electron param-
agnetic resonance), XPS (X-ray photoelectron spectroscopy) and IR (infrared) spec-
troscopy, have been used to characterize chromium oxide species on silica. After high-
temperature calcination of chromia-silica systems, well-dispersed surface Cr(VI)
oxide species are mainly present [17-26, 28-36], although small amounts of Cr(V)
and Cr(III) species were also detected, as well as Cr, O3 clusters at higher Cr loadings
[17,19-24,26, 32, 34]. The nature of the Cr(VI) species on silica has been discussed
for many years. Monomeric, dimeric and polymeric Cr(VI) species were often pos-
tulated, mainly based on the UV-vis DRS (diffuse reflectance spectroscopy) data
[19, 20, 24]. On the other hand, Raman spectroscopy, UV-vis, XANES and EXAFS
studies conclusively demonstrated that the monomeric form is the major or even the
only surface Cr(VI) oxide species [19, 23, 26, 29-36]. It is described as a tetrahedral
dioxo species with two Cr—O-Si linkages (Fig. 2a). Minor five-coordinate monooxo
Cr(VI) species, bonded to the silica surface by four Cr—O-Si linkages (Fig. 2b), was
also suggested [32—34]; however, this proposal has been recently questioned [35,
36].

Even more complex and problematic is nature of reduced chromium species,
which seems to be strongly dependent on the reduction conditions. If CO is used
as the reducing agent, Cr(VI) species are almost selectively converted to Cr(I) [5,
17-20, 30, 37-39], whereas reduction with H, results in Cr(III) [34, 37] or both
Cr(Ill) and Cr(Il) [5, 24] oxidation states. The presence of water during reduction
favours formation of Cr(IIl) species [5]. When the calcinated Phillips catalyst is
contacted with ethene, Cr(VI) is reduced to Cr(II) and/or Cr(III) [17-19, 34, 40, 41].

According to the UV-vis DRS studies, there are three distinct reduced chromium
oxide species on silica: pseudo-tetrahedral Cr(Il), pseudo-octahedral Cr(II) and
pseudo-octahedral Cr(III) [20, 24, 42]. In addition to the surface reduced chromium
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Fig. 2 Proposed structures (a)
for monomeric Cr(VI) oxide
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species, Cr, O3 clusters can be present [5, 20, 24]. Cr(IIT) and Cr(IT) oxidation states
were also detected by XPS [19, 28, 43]. Based on IR spectroscopy data concern-
ing CO chemisorption on the silica-supported Cr(II) species, three families of the
Cr(II) sites can be distinguished, characterized by a different degree of coordinative
unsaturation [19, 20, 30, 44]. Isolated Cr(V) species, dispersed Cr(III) species and
Cr(II) clusters in the CrO4/SiO, systems can be observed by EPR [20, 23, 24, 39,
45-47]. Although intermediate Cr(IV) oxidation state might be also expected dur-
ing the reduction of the surface Cr(VI) species with two-electron reducing agents,
like CO or H,, there are very few reports suggesting that Cr(IV) species are indeed
experimentally observed [38, 39].

3.2 Structure of Surface Chromium Species—Computational
Modelling

Taking into account a complex molecular picture of the CrO,/SiO; catalyst and
amorphous character of the silica support, computational modelling of this system
is a difficult task even today. In the past, only small cluster models of the chromium
species on silica were possible to apply for efficient computations. Nevertheless,
even simple models, if reasonable constructed, can be helpful in interpretation of
spectroscopic data.

Espelid and Bgrve [48] used F-terminated clusters containing 2-3 Si atoms
to calculate d—d transition energies and intensities for monomeric Cr(II) and
Cr(IIT) species, and dimeric Cr(II) species. The transition energies, computed from
second-order, multireference many-body perturbation theory (CASPT2 method),
were in agreement with the experimental UV-vis DRS data reported for reduced
chromia-silica systems. On this basis, the assignment of the experimental bands to
specific coordination and oxidation states of chromium was proposed. Mainly the
same cluster models were applied to investigate at the DFT level the structure, stabil-
ity and vibrational properties of surface Cr(Il) and Cr(III) species after CO adsorption
[49]. Damin et al. [50] computationally studied interaction between Cr(II) species
on silica and probe molecules (CO, N,) employing the model of Espelid and Bgrve.
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Fig. 3 Cluster models of monomeric dioxo Cr(VI) species on silica. Adapted from [29] with
permission from the PCCP Owner Societies

In addition to F-termination of the cluster, other terminations (H, OH) were also
examined. Interestingly, by varying the percentage of Hartree—Fock exchange in
hybrid DFT functionals, they found that its increase to 35-40% allows for a better
agreement with the experimental IR data, compared to the B3LYP method (20% of
Hartree—Fock exchange).

In combined experimental and theoretical (B3LYP) studies, Dines and Inglis [29]
used cluster models ranging in complexity (Fig. 3) to obtain geometrical parameters
of the monomeric dioxo Cr(VI) species on silica and enable the assignment of the
measured Raman spectra. It was concluded that only monomeric chromium species
are present in the Cr(VI)/SiO, system at low Cr loading. Recently, the electronic
structure of isolated Cr(VI) species on silica was comprehensively investigated using
two complementary techniques: UV-vis absorption and fluorescence spectroscopy
[35]. The observed electronic absorption spectrum was compared with simulated
spectra obtained from TD-DFT (B3LYP) calculations for cluster models of the dioxo
Cr(VI) species containing various chromasiloxane ring structures, built based on the
models used by Dines and Inglis. Additionally, the five-coordinate monooxo Cr(VI)
species was considered. The obtained results provided no evidence for the presence
of the monooxo Cr(VI) sites in significant amounts.

Small clusters were also applied to model surface Cr(VI) species which were
formed after CrO,Cl, grafting on silica and characterized with IR, XANES and
EXAFS spectroscopy [51, 52]. The energetic effects for possible routes for the for-
mation of the surface Cr(VI) sites were calculated with the B3LYP functional. It was
concluded that fraction of Cr(VI) species with strained chromasiloxane ring depends
on silica dehydroxylation temperature and is related to the catalytic activity in ethene
polymerization. In next combined experimental and computational work on this sys-
tem [53], reduced surface Cr(Il) species were modelled by a chromasiloxane ring
embedded in a large cluster (37 Si atoms) cut off from the p-cristobalite structure.
The ONIOM method and hybrid B3PW91 functional with increased percentage of
Hartree—Fock exchange (40%) were used to study adsorption of CO on the Cr(II)
sites. They were coordinated by either one or two siloxane ligands, in agreement
with EXAFS results. The former, three-coordinate Cr(II) species were proposed to
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Fig. 4 Cluster models of monomeric Cr(II) species on silica (black sphere: Cr atom). For models
at the bottom the ONIOM scheme with differently defined inner layer was applied. Adapted from
[44], Copyright (2015), with permission from Elsevier

be relevant for ethene polymerization activity. Based on these results, smaller cluster
models of Cr(I) monocarbonyl, Cr(Il) dicarbonyl and Cr(II) vinyl species were
further built and used in DFT calculations to aid in vibrational assignments in recent
experimental studies on the initiation mechanism for the Phillips ethene polymeriza-
tion catalyst [39, 47].

The ONIOM partitioning scheme was applied for clusters containing 22 Si atoms
to model Cr(Il) species in the Phillips catalyst (Fig. 4) and examine CO adsorp-
tion on these sites [44]. High-level calculations were performed with the long-range
corrected hybrid @B97X-D functional, including empirical dispersion corrections.
Additionally, electronic transitions were computed at the TD-DFT level for smaller
models, limited to the inner layer. Two differently located Cr(II) sites were mod-
elled. The first one is more coordinatively unsaturated and leads to stable dicarbonyl
species upon CO adsorption. In the second one, chromium strongly interacts with a
siloxane bridge and monocarbonyl species is rather formed. The models were val-
idated by comparison of the computational results with the experimental IR and
UV-vis spectroscopy data for the Cr(I1)/SiO; catalyst with a very low Cr loading.
It was concluded that both kinds of the Cr(Il) sites coexist in the real system and
their relative ratio depends on the activation temperature. Similar computational
approach was recently used for modelling Cr(VI) and Cr(Il) species on silica and
was validated by comparison of the simulated and experimental XANES spectra
[41]. Simulation of the XANES spectrum for a model of Cr(II) species with methyl-
formate and two ethene molecules in the coordination sphere supported the proposal
based on operando spectroscopic investigations of the Phillips catalyst that sixfold
coordinated Cr(I) sites, in interaction with the oxygenated by-products, are mainly
involved in ethene polymerization.

Isolated monooxo and dioxo Cr(VI) species on silica under dehydrated condi-
tions were modelled using medium-size (15 Si atoms) clusters derived from the
B-cristobalite structure [54]. Geometries of the whole systems were fully optimized
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with the PW91 and TPSS functionals to account for the amorphous nature of silica.
On the basis of test calculations, the PW91 method was found to be most accu-
rate, among many density functionals, in predicting relative energies of chromium
oxo compounds. It was concluded that the relative stability of the monooxo Cr(VI)
species, compared to the dioxo one, is much lower than the relative stability of the
monooxo Mo(VI) species in the molybdena-silica system, which was earlier com-
putationally studied using analogous models [55].

High-resolution '"H MAS NMR and 2°Si CP/MAS NMR spectroscopy was
combined with DFT (B3LYP) computations employing polyhedral oligomeric
silsesquioxane (POSS) models to investigate the role of various silanol groups in
formation of surface Cr(VI) species [56]. It was suggested that monomeric dioxo
Cr(VI) species are most favourable located on pairs of a single and an adjacent
geminal silanols accompanied with a geminal silanol left. Replacing a pair of gem-
inal silanols by the chromium species is not preferred energetically. The calculated
enthalpies of the grafting reactions indicate also higher preference for monomeric
Cr(VI) species, compared to Cr(VI) dimers.

Although cluster models of various complexity, representing CrO/SiO; catalyst,
were successfully applied in many computational works, especially those combined
with spectroscopic studies, they are usually more or less arbitrarily constructed. To
develop more advanced models, being able to reproduce heterogeneity of the surface
chromium oxide species, realistic and well-validated models of amorphous silica
[12-16] are necessary. Such a model, developed and validated by Tielens et al. [13],
representing hydroxylated surface (5.8 OH nm~2) in the unit cell including 120
atoms (Sip70s4-13 H,0), was employed in systematic computational studies of the
Cr(VD)/SiO, system [7]. Mono-, di-, tri- and tetragrafted monomeric chromium(VI)
species at different degrees of hydration were modelled (Fig. 5). Their formation
can be regarded as grafting H,CrO,4 unit with dehydroxylation of surface silanols.
Different types of silanols were involved in grafting reactions: isolated (Si—~OH), vic-
inal (HO-Si—O-Si—OH), geminal (HO-Si—OH) and nonvicinal (two Si—~OH groups
not directly connected). The relative stabilities of the surface chromium species in
a wide range of temperatures were determined from the atomistic thermodynamic
approach, based on the calculated energies (PBE functional) for grafting reactions.
The monografted hydroxy dioxo Cr species was predicted to be most stable at lower
temperatures. An increase of temperature favours digrafted dioxo Cr species (Fig. 2a)
and then tetragrafted monooxo Cr species (Fig. 2b). The comparison of the calculated
Cr=0 stretching frequencies for the surface chromium species with experimental
Raman spectra indicated the digrafted dioxo Cr species as the most representative
for the Cr(VI)/SiO, system.

A large number of periodic and cluster models of the SiO, surface were applied
in extensive DFT (PW91) investigations of chromium(VI) oxide species on partly
dehydroxylated silica [4]. The periodic model of Tielens et al. [7, 13] was properly
modified to achieve the initial surface with 3.1 OH nm~2, and, 2.4—1.3 OH nm2
after grafting the Cr species, which roughly corresponds to the conditions of the
catalyst thermal treatment before the reaction [17-19, 30, 57, 58]. Similar to the
original model, the chromium coverage was about 0.4 atoms nm~2, in agreement
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Fig. 5 Modelled Cr(VI) oxide species on hydroxylated silica surface and periodic model of

digrafted dioxo Cr(VI) species. Adapted with permission from [7]. Copyright (2012) American
Chemical Society

with typical Cr loadings for the Phillips catalyst [17-19, 30]. Based on the periodic
models, a set of cluster models (33 Si atoms) was also built. Additionally, cluster
models (21, 24, 26 and 72 Si atoms) derived from another structure of amorphous
silica were developed, as well as periodic (24 Si atoms in the unit cell) and cluster
(63 and 97 Si atoms) models based on the B-cristobalite structure (Fig. 6). With a
variety of models, relative stabilities of the tetrahedral dioxo Cr(VI) species and five-
coordinate monooxo Cr(VI) species (Fig. 2) were determined. The relative energies
were shown to depend on the location of the Cr site on the surface and the structure
of the model. More flexible amorphous models allow for easier formation of the four
Cr—O-Si linkages of the monooxo Cr(VI) species, compared to the models based
on the crystalline structure. Nevertheless, all the approaches led to the same general
conclusion that the dioxo Cr(VI) species are more stable than the monooxo species.
This is consistent with the above-mentioned experimental results [35, 36]. It was
again noticed that the energetic preference for the dioxo Cr(VI) species over the
monooxo Cr(VI) species is stronger than in the case of the analogous models for the
Mo(VI) species on silica [3]. The vibrational frequency analysis for the variously
modelled surface Cr(VI) species, including simulation of the isotopic effect, allowed
for a detailed interpretation of the experimental Raman spectra for the Cr(VI)/SiO,
system [4]. It was predicted that the asymmetric O=Cr=0 stretching mode for the
dioxo species and the Cr=O0 stretching mode for the monooxo species can overlap.
By considering in the next computational studies [5] dimeric Cr(VI) species on
silica, often postulated in the literature [19, 20, 24, 42], it was predicted that they
are less stable than the monomeric Cr(VI) species. The structures of various reduced
chromium oxide species, both monomeric (Fig. 7) and dimeric (Fig. 8), were also
calculated. The use of advanced periodic and cluster models of amorphous silica,
taken from the previous work [4], allowed to deal with the heterogeneity of variously
located reduced Cr species. For instance, three-coordinate Cr(II) species interacting
with siloxane ligand, which was proposed to be relevant in ethene polymerization [39,
44, 53], was directly obtained after geometry optimization without any arbitrarily
construction of the model. Therefore, such models can be helpful in investigations of
structure—activity relationships for the Phillips catalyst. On the basis of the vibrational
frequency analysis, some new assignments for reported Raman spectroscopy data



324 J. Handzlik

Fig. 6 Example periodic and cluster models of monomeric Cr(VI) oxide species on silica. Adapted
with permission from [4]. Copyright (2013) American Chemical Society
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Fig. 7 Example periodic and cluster models of monomeric Cr(IV) and Cr(Il) oxide species on
silica. Adapted from [5], Copyright (2016), with permission from Elsevier

concerning reduced CrO4/SiO, systems were proposed. The energetic effects of
complex redox paths, leading to various Cr(Il) and Cr(IIl) sites, were computed
using the PW91 functional. In addition to the DFT calculations, in situ UV-vis DRS
studies of the reduction of CrO4/SBA-1 system with CO and H, were carried out. It
was observed that the presence of water favours the formation of Cr(IIl) species, what
can be explained, in accordance with the DFT results, by reoxidation of Cr(II) species
and hydrolysis of the Cr—O-Si bonds, finally leading to Cr,O3 generation. Using the
TD-DFT (wB97X-D) approach, excitation energies for the surface Cr species were
calculated. For a given oxidation state of chromium, they depend significantly on the
structure of the Cr species and its interaction with the surface siloxane bridges and
silanol groups.
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Fig. 8 Example periodic models of dimeric chromium oxide species on silica. Adapted from [5],
Copyright (2016), with permission from Elsevier

3.3 Catalytic Activity—Computational Studies

Many theoretical investigations addressed mechanisms of the reactions catalysed by
the CrO/SiO; system. The size of the models was usually limited to reduce compu-
tational cost of exploring many potential reaction pathways. In DFT (BP86) studies
of ethane dehydrogenation over Cr(IIl) sites on silica, cluster models constructed
either in ad hoc manner or systematically, starting from low-index surfaces of o- and
B-cristobalite, were used [59, 60]. To examine the accuracy of the cluster approxima-
tion, hybrid QM/MM periodic calculations were also done. Mechanism of acetylene
and methylacetylene cyclotrimerization catalysed by Cr(II)/SiO, system was inves-
tigated with a simple cluster model (2 Si atoms) representing chromasiloxane ring
[61, 62]. On the basis of benchmark calculations of triplet—quintet energy gaps per-
formed for many density functionals, taking the CASPT2 value as the reference, the
B3PW91 functional with Hartree—Fock exchange increased to 28% was selected for
the mechanistic calculations [61].

Despite many decades of investigations, the nature of the active sites in the Phillips
catalyst, as well as the mechanism of their formation, is still not well recognized and
raise much controversy in the literature. CrOx/SiO; does not require any cocatalyst as
a source of alkyl group to form the polymer chain via the Cossee—Arlman insertion.
Instead, ethene must somehow react with surface chromium species to generate the
initiating ligand. A lot of computational works concerning the CrO4/SiO, system
were focused on this issue.

First comprehensive computational studies on the mechanism of ethene polymer-
ization over the Phillips catalyst were performed by Espelid and Bgrve [63—65]. They
compared several initiation and propagation routes using the BP86 functional and
small cluster models representing monomeric and dimeric reduced chromium species
onsilica. It was concluded that various chromium(I'V) organic species, being potential
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products of reaction between monomeric Cr(Il) site and ethene, are not effective in
chain propagation [63]. However, easily generated Cr(IV) chromacyclopentane inter-
mediate can lead, after ethylene insertion, to experimentally observed [66] 1-hexene
formation. The latter is a product of intramolecular B-H transfer, which competes
with the ring expansion, and the kinetic preference depends on the Cr site strain. On
the other hand, Cr(IIl) alkyl site was predicted to be the active propagating species,
although the mechanism of its formation was not explained [63]. Instead, generation
of propagating Cr(IV) alkyl site through hydrogen transfer from a surface silanol to
Cr(II) species was later proposed [64]. Another initiation route postulated involves
dimeric Cr(II) species which might react with ethene to form cyclic dimeric Cr(III)
propagating species without external sources of hydrogen [65].

Various initiation pathways for the Phillips catalyst, starting from Cr(II)
site. modelled by chromasiloxane ring (2 Si atoms), were calculated with
the B3LYP functional [67]. The key intermediate was Cr(IV) chromacyclopentane
species. According to their experimental results [43, 68], the authors took into account
the presence of formaldehyde, which can be formed during reduction of the surface
Cr(VI) species by ethene. They found that adsorption of one formaldehyde molecule
on the Cr site favours ethene dimerization to 1-butene through Cr(IV) hydride inter-
mediate and metathesis to form propene/ethene through a Cr(IV) chromacyclobu-
tane intermediate. This proposal might explain experimentally observed production
of propene and butene during the induction period of ethene polymerization over
the Phillips catalyst [43, 68]. On the other hand, after formaldehyde desorption,
a ring expansion pathway to Cr(IV) chromacycloheptane and subsequent one-step
reductive elimination of 1-hexene were predicted to be kinetically preferred.

Conley et al. [69, 70] showed that well-defined Cr(III)/SiO, catalysts are active
in ethene polymerization. They proposed that heterolytic C—H bond activation of
ethene forms the first Cr—C bond, which was supported by computational (B3LYP-
D3) studies [70]. Two F-terminated cluster models were constructed (Fig. 9), repre-
senting major tri-coordinate Cr(III) species and minor species with Cr(III) coor-
dinated to an additional siloxane bridge, which was confirmed by comparison
of experimental and computed vibrational shifts after CO adsorption. The calcu-
lated reaction pathways included initiation by hydrogen transfer from ethene to
generate (=Si0),(=SiOH)Cr(IIl)-vinyl species, subsequent propagation accord-
ing to the Cossee—Arlman mechanism and less kinetically favoured termination
via reverse hydrogen transfer to chromium alkyl. Coordination of two ethene
molecules to the Cr(IIl) site facilitates the C—H bond activation, but it is prevented
if the additional siloxane ligand is present. On this basis, it was suggested that
Cr(II) sites coordinating siloxane bridge are inactive in polymerization. The same
computational approach was used for investigations of propane dehydrogenation
over the Cr(II1)/SiO, system [70].

The C-H bond activation mechanism was further re-examined by Fong et al. [6],
who used the same cluster model representing Cr(III) species and concluded that the
initiation step is too slow. In addition, they found a termination route which is faster
than propagation, so only oligomers would be formed. Similar results were obtained
for the analogous mechanism on Cr(II) site represented by the chromasiloxane cluster
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Fig. 9 Cluster models of Cr(III) oxide species on silica and the corresponding CO adducts. Adapted
with permission from [70]. Copyright (2015) American Chemical Society

(2 Si atoms). Other routes considered for the Cr(II) site, i.e., chromacycle ring expan-
sion, oxachromacycle ring expansion and carbene mechanism, were also excluded
because of too high Gibbs energy barriers calculated (wB97X-D functional) for the
initiation or propagation steps. Instead, (=Si0O),Cr(IlI)-alkyl species without vinyl
end were proposed as the active sites; however, the mechanism of their formation
remained unknown.

Alarge number of potential initiation (Fig. 10), propagation and termination mech-
anisms for ethene polymerization involving surface Cr(Il), Cr(Ill) and Cr(V) sites
on silica were computationally investigated on the PBE0-D3 level [71], applying
cluster models obtained from the PB-cristobalite or amorphous silica [4, 13] struc-
ture (Fig. 11). It was predicted that Cr(II) oxachromacycle ring expansion is a
more effective polymerization mechanism than the routes via Cr(Il) chromacycle
or (=Si0)(=SiOH)Cr(I)-vinyl site, mainly because of the kinetic preference for
propagation, compared to the termination step. The mechanisms involving Cr(III)
oxachromacycle [40, 71] or (=SiO),(=SiOH)Cr(II)-vinyl species would be less
kinetically accessible than the corresponding routes for the Cr(Il) sites. However,
the calculated barriers might strongly depend on a silica model used, i.e. on a more
realistic description of the local coordination environment. It was also shown that
(=Si0),Cr(IIT)-OH species can transform into (=Si0),Cr(II1)-CH=CH, [40, 71],
which enables rapid propagation, kinetically favoured over the possible termination
steps. The proposed mechanism was consistent with operando spectroscopy studies
[40], which indicated the Cr(III) vinyl site as the active reaction intermediate during
ethylene polymerization over the CrO,/SiO; catalyst. Trying to explain how Cr(III)
sites might be generated from Cr(II) species, most likely formed in the Phillips cata-
lyst after Cr(VI) reduction by ethene, it was suggested that defect sites on the silica
surface can play a role [71].

Structure—activity relationships for well-defined Cr(III)/SiO; catalyst were stud-
ied with periodic DFT (PBE) approach [10], based on the amorphous silica model
[15] with 372 atoms in the unit cell and a surface silanol density of 1.1 OH nm~2
The models of surface Cr(IlI) species were constructed by substituting =SiOH frag-
ments with Cr (Fig. 12). Reactivity of five resulting (=Si0);Cr(III) sites of different
location and strain were compared for the C—H bond activation and oxachroma-
cycle ring expansion mechanisms. It was found that both routes are facilitated by
strained Cr(II) species and propagation is more accessible kinetically than termi-
nation. Strained sites favour the oxachromacycle pathway of ethene polymerization,
whereas both mechanisms can compete in the case of less strained and thereby less
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Fig. 10 Potential initiation routes for ethene polymerization involving Cr(II), Cr(IlI) and Cr(V)
oxide species on silica. Adapted from [71], Copyright (2017), with permission from Elsevier

Fig. 11 Cluster models of Cr(II), Cr(IlI) and Cr(V) oxide species on silica. Adapted from [71],
Copyright (2017), with permission from Elsevier

active Cr(IIT) species. On this basis, the authors suggested that the distribution of
active sites with different local environments accounts for the broad distribution of
polymer chains. In the next work of this group [72], the oxachromacycle ring expan-
sion and C-H bond activation mechanisms were theoretically examined for propene
polymerization, which allowed to explain experimentally observed different reactiv-
ity of the well-defined Cr(III)/SiO, system towards ethene and propene.

An influence of the coordination environment of the surface chromium species on
their reactivity was also pointed in the next computational work of Fong et al. [73].
By applying cluster models, the wB97X-D functional and variational transition state
theory, they examined a one-electron initiation mechanism for ethene polymeriza-
tion over the Phillips catalyst, according to Kissin and Brandolini proposal [74].
In the first step, various organo-Cr(IV) sites might be formed by oxidative addi-
tion of ethene to surface Cr(II) species. Intramolecular hydrogen transfer in Cr(II)
bis(ethene) complex would lead to (=SiO),Cr(IV)(CH,—CHj3)(CH=CH,) species.
Subsequent Cr—C bond homolysis gives active (=SiO),Cr(III)(CH=CH,) site and
ethyl radical, in agreement with the observed generation of organic radicals [47] and
Cr(IIT) vinyl species [40, 47] during the initiation stage of ethene polymerization.
The studied effect of siloxane coordination to the Cr site suggested that the proposed
mechanism might be effective if the siloxane ligands were hemilabile, allowing
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Fig. 12 Construction of Cr(II1)/SiO; periodic model by substitution of one of the five SiOH groups
in the unit cell with Cr. Reprinted from [10], Copyright (2017), with permission from Elsevier

access to lower and higher coordination states during the first and second initiation
steps, respectively (Fig. 13). However, to confirm such a scenario, a more advanced
model would be required, reproducing the flexibility of the silica framework. Because
Cr(IV) chromacyclopentane site is the most kinetically accessible product of oxida-
tive addition of ethene to Cr(Il), an alternative Cr—C bond homolysis mechanism
was examined [75]. According to this proposal, Cr(IV) chromacyclopentane species
undergoes homolysis to generate tethered butyl radical which can attach to an adja-
cent Cr(I) site forming an n-butyl bridge. Then, ethene insertion might occur at
both of the resulting Cr(III) alkyl sites. Although this mechanism does not require
a change in Cr coordination number during the reaction, it needs neighbouring Cr
sites instead.

In most industrial polymerization processes by the Phillips technology, the ini-
tial Cr(VI) species are reduced by ethene; however, the reaction mechanisms for
the reduction stage are not well recognized. This issue was addressed in compu-
tational (PBEO-D3) studies using cluster models developed from the B-cristobalite
structure [76]. It was shown that the reduction mechanism strongly depends on the
coordination of the surface Cr(VI) sites. In the case of the major four-coordinate
dioxo Cr(VI) species, the most kinetically favoured reduction pathway involves both
oxo ligands and leads to the formation of Cr(II) site and two formaldehyde molecules.
Potential minor five-coordinate monooxo Cr(VI) species would be reduced to a very
stable cyclic Cr(IV) site, being rather a spectator species than a reactive intermedi-
ate. Reduction of the dioxo and monooxo Cr(VI) species by CO also leads to Cr(II)
and Cr(IV) sites, respectively. To explain experimentally observed CO, release after
treating of the Cr(VI)/SiO, system with ethene at higher temperatures [40], the
mechanism of formaldehyde oxidation to carbon oxides and water was proposed.
An alternative conversion of formaldehyde to methyl formate over Cr(I) sites, as
suggested from experimental investigations [41], was examined too; however, the
calculated pathways are less kinetically accessible. On the other hand, transforma-
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Fig. 13 Proposed initiation mechanism for ethene polymerization over the Phillips catalyst, requir-
ing hemilabile siloxane ligands. Reprinted with permission from [73]. Copyright (2016) American
Chemical Society

tion of formaldehyde to various surface intermediates was predicted to occur easily,
which might explain why formaldehyde is usually not detected in gas phase during
the early stage of ethene polymerization.

4 MoOy/SiO; System

Molybdenum oxide supported on amorphous silica is a popular catalyst which
exhibits activity in a variety of reactions, including alkene metathesis [77-85], selec-
tive oxidation of methane [86—88], alkenes [22, 89, 90] and alcohols [27, 91-93],
as well as, oxidation of ammonia [94]. The active sites or their precursors are usu-
ally highly dispersed surface molybdenum species, often proposed to be monomeric
species [78, 81-85, 88].

4.1 Structure of Surface Molybdenum Oxide
Species—Experimental Data

The structure of the silica-supported Mo(VI) species under dehydrated conditions
have been discussed for many years, on the basis of UV-vis, Raman, XANES, NEX-
AFS, EXAFS and IR spectroscopy results [32, 33, 81, 84, 85, 87-90, 92, 95-104].
Today, it is rather established that the isolated surface Mo(VI) sites are present as
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Fig. 14 Proposed structures for monomeric Mo(VI) and Mo(1V) oxide species on silica

major four-coordinate dioxo Mo(VI) species (Fig. 14a) [32, 33, 81, 84, 89, 90,
97, 99-101, 104]. Minor five-coordinate monooxo Mo(VI) species can also exist
(Fig. 14b). Some authors also proposed dimeric/oligomeric Mo(VI) oxide species
[85, 102, 103] or clusters [85], besides monomers, at relatively low Mo loadings. At
higher Mo content, crystalline MoO3 phase is additionally observed [32, 84, 104].

Considering the reduced MoOy/SiO; catalyst, two or three distinct Mo(V) species
on silica were observed with EPR after reduction of the Mo(VI)/SiO, system by H,
[79, 105] or its thermal treatment in inert gas [79]. XPS measurements indicated
the existence of Mo(VI), Mo(V) and Mo(IV) states after more severe reduction of
the catalyst by H, [79]. The presence of Mo(IV) species in H,-reduced MoO,/SiO,
system was supported by XANES studies [88, 98]. Effective generation of surface
Mo(IV) species by photoreduction of molybdena-silica catalysts in CO was also
reported [77, 78]. The nature of the Mo(IV) species might depend on the precursor
structure (Fig. 14).

4.2 Structure of Surface Molybdenum
Species—Computational Modelling

Similar to modelling chromia—silica catalysts, rather simple cluster models were
used in the past to represent molybdenum oxide species on silica. Radhakrishnan
et al. [97] combined NEXAFS, EXAFS and Raman spectroscopy studies of the
Mo(VI)/SiO, system with Hartree—Fock calculations using small cluster models
(1-2 Si atoms). They found that tetrahedral dioxo and distorted octahedral Mo(VI)
species, the latter modelled as five-coordinate monooxo species, can be present on the
silica surface. On the basis of DFT (B3LYP) calculations with slightly larger cluster
models, Chempath et al. [106] proposed that surface dioxo and monooxo Mo(VI)
species (Fig. 14a, b) can be in equilibrium with each other. However, by comparing
XANES and EXAFS spectra simulated for the Mo(VI) and Mo(IV) models with
the corresponding experimental spectra, they concluded that isolated Mo(VI) sites
on silica are present as dioxo species, and Mo(IV) sites exist as three-coordinate
monooxo species (Fig. 14¢). This proposal was additionally confirmed by vibrational
frequency analysis, referred to experimental Raman data at the time. In contrast,
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Fig. 15 Cluster models of Mo(VI) oxide species on silica. Adapted from [55], Copyright (2009),
with permission from Elsevier

the results of B3LYP cluster studies employing the POSS model to represent silica
suggested that the vibrational assignments for the surface Mo(VI) species might be
reverse than those originally proposed from the experiment [32, 33] and, therefore,
the monooxo Mo(VI) species might be dominant [107]. The POSS-based cluster
models were also applied in combined computational (RPBE) and experimental
investigations of MoOy/SBA-15 system [101]. By comparison of the calculated and
experimental NEXAFS spectra, it was concluded that the tetrahedral dioxo Mo(VI)
species is the major species, while the pentahedrally coordinated monooxo Mo(VI)
species exists in small quantities if at all.

Relative energies of the dioxo and monooxo Mo(VI) species on silica, represented
by medium-size (15 Si atoms) cluster models (Fig. 15) derived from the B-cristobalite
structure, were computed with various density functionals, selected on the basis of test
calculations for molybdenum oxo compounds [55]. Although the monooxo species
was predicted to be more stable, the theoretically determined Mo=O stretching fre-
quencies confirmed the vibrational assignments [32, 33] indicating that the dioxo
species is dominant.

In comprehensive DFT (PW91) studies of the MoOy/Si0; system [3], a variety of
advanced cluster models (15-97 Si atoms) were developed from the f-cristobalite and
amorphous silica structure (Fig. 16). The two-layer ONIOM partitioning scheme was
adopted to the largest models. In addition, periodic models based on the B-cristobalite
framework were applied. It was found that relative energies of the Mo(VI) species
depend on their location and a silica model used. If the local silica structure is flexible
enough to facilitate formation of four Mo—O-Si linkages, the monooxo Mo(VI)
species (Fig. 14b) are thermodynamically preferred under dehydrated conditions.
Most locations, however, due to geometrical constraints on the surface, are favourable
for the dioxo Mo(VI) species (Fig. 14a), which therefore should be in majority. This
conclusion was supported by the vibrational frequency analysis, consistent with the
proposed assignments of the experimental Raman bands [32, 33]. Reduction of the
surface Mo(VI) species to Mo(IV) sites by H, was calculated as a highly endergonic
process, in contrast to the exergonic reduction of Cr(VI) to Cr(IV) [5], which is in
agreement with much worse reducibility of molybdena—silica catalysts, compared
to chromia—silica systems. It was predicted that relative stabilities of the Mo(IV)
species (Fig. 14c, d) are determined by the relative energies of the corresponding
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ONIOM method is applied. Adapted with permission from [3]. Copyright (2012) American Chem-
ical Society

Mo(VI) precursors; hence, three-coordinate monooxo Mo(IV) species (Fig. 14c) are
most likely formed during Mo(VI) reduction with two-electron reducing agents.

Dioxo functionality of the major monomeric Mo(VI) species on silica was also
confirmed by DFT (PBE) atomistic thermodynamic approach combined with vibra-
tional frequency analysis [8]. Analogous to the previous work on CrO4/SiO, system
[7], mono-, di, tri- and tetragrafted monomeric molybdenum(VI) species at different
degrees of hydration were considered using the slab model of hydroxylated silica sur-
face [13]. The Mo grafting site was investigated systematically for the type of silanol
(isolated, vicinal, geminal, nonvicinal or in a nest) accessible on the surface, as well
as its effect on hydrogen bond formation with the Mo species and its stabilization.
Based on calculated surface Gibbs energies and comparison between calculated and
experimental vibrational frequencies, the digrafted dioxo Mo(VI) species (Fig. 14a)
was predicted to be the dominant over a wide range of temperatures. Only at low tem-
peratures, a monografted hydroxy dioxo Mo(VI) species would be more preferred
thermodynamically. The tetragrafted monooxo Mo(VI) species (Fig. 14b) is more
stable than the digrafted dioxo species, but it requires a nest of at least four silanol
groups for grafting, so its presence is merely due to the distribution of the silanol
density on the surface. This conclusion is consistent with the postulated geometrical
constrains on the dehydroxylated silica surface, which hinder the formation of the
tetragrafted monooxo Mo(VI) species [3].

4.3 Catalytic Activity—Computational Studies

Both dioxo and monooxo isolated Mo(VI) species were considered as the active sites
or their precursors in computational studies of reactions catalysed by the MoO,/SiO,
system. Based on B3LYP cluster calculations, two mechanisms were proposed for
methane oxidation to formaldehyde, depending on which Mo(V]) species, the dioxo
or monooxo one, is assumed as the active site [108]. It was shown that the path-
way involving the dioxo Mo(VI) species and reduced monooxo Mo(IV) species
(Fig. 14a, c) is in a better agreement with experimental kinetic data. The mecha-
nisms of methanol oxidation to formaldehyde over the dioxo and monooxo Mo(VI)
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sites were also found to be different each other and only in the latter case cleavage
of the Mo—O-Si linkage is predicted [107].

Similar to other supported metal oxide catalysts for alkene metathesis, active metal
alkylidene sites in the MoO,/SiO; system are generated in situ from the surface Mo
oxide species upon contact with alkene [82—-85]. Among several initiation mech-
anisms considered in the literature, reduction of Mo(VI) to Mo(IV) with propene,
followed by 1,2-hydrogen shift, was recently proposed, based on experimental results
[82, 83]. It was also reported that high-temperature activation of the MoOx/SiO, cat-
alyst under an alkene-containing atmosphere is highly efficient for low-temperature
alkene metathesis [85]. However, these issues were not addressed in computational
works, although the propagation mechanism for alkene metathesis was studied in
detail.

In a series of papers [109-111], DFT (B3LYP) studies of alkene metathesis over
MoO,/SiO; catalyst were reported. The Mo(VI) and Mo(IV) alkylidene species
(Fig. 17) were represented by various cluster models (749 Si atoms) derived
from the p-cristobalite structure. The largest models were developed using the two-
layer ONIOM partitioning scheme [110, 111]. By exploring the pathways of ethene
metathesis over tetrahedral Mo(VI) methylidene sites, it was found that a cyclorever-
sion step, involving trigonal bipyramidal (TBP) molybdacyclobutane intermediate,
is more favoured kinetically than a side transformation to a more stable square pyra-
midal (SP) molybdacyclobutane [109], in contrast to the theoretical results reported
for molybdena—alumina systems [112-115]. The TBP — SP pseudorotation was
proposed to be a reversible deactivation route. The comparison of the computed
and experimental [78] C-H stretching frequencies suggested that the experimen-
tally observed molybdacyclobutane species were the stable SP sites, not the reactive
TBP intermediates. It was also shown that metathesis activity of the Mo(VI) alkyli-
dene sites strongly depends on their location on the silica surface, similar to Mo(VI)
alkylidene species on y-alumina [113—-116]. The electronic and geometrical structure
analysis indicated that the main factor affecting the reactivity is the geometry of the
Mo site, determined by surface constrains [109, 111]. Especially, the more advanced
models (Fig. 18) enabled investigations of the relationship between metathesis activ-
ity of the tetrahedral Mo(VI) methylidene species (Fig. 17a) and the local structure
of partially dehydroxylated silica surface [111]. Five-coordinate Mo(VI) alkylidene
species (Fig. 17b) and Mo(IV) alkylidene species (Fig. 17c) were also examined,
and it was concluded that these sites are inactive in alkene metathesis, in contrast
to the four-coordinate Mo(VI) alkylidene sites, further additionally studied with the
paired interacting orbitals (PIO) method [117]. Thus, it was shown [109, 111] that
the metathesis activity of the Mo alkylidene sites is determined by the coordination
environment of molybdenum, its oxidation state and the geometry of the Mo species,
which is influenced by the local structure of the silica surface. The latter factor reflects
heterogeneity of the active Mo sites.

Another strategy to account for inhomogeneous distribution of active sites on
amorphous supports and investigate the structure-reactivity relationship was pro-
posed by Goldsmith et al. [118]. They developed an algorithm which generates a
representative set of small cluster models allowing to relate the activation energy
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Fig. 18 Example models representing tetrahedral Mo(VI) methylidene species on SiO, which
differ significantly each other in predicted metathesis activity. Adapted with permission from [111].
Copyright (2007) American Chemical Society

to the geometry and energy of the active site. By applying this method to model
the above-mentioned TBP — SP molybdacyclobutane pseudorotation, they found
a clear relationship between the Si—Si distance and the activation barrier. The same
reaction was later studied by Ewing et al. [119] who used an advanced periodic model
of amorphous silica (250-270 atoms in the unit cell) [14], considering 15 different
surface structures with silanol density of 4, 3.2 and 2.3 OH nm~2. They developed an
approach for generating a large number of isolated metal atom sites on amorphous
surface (Fig. 19). It was shown that the local structure of silica in the vicinity of the
Mo site affects significantly the reaction and activation energy. A very complex struc-
ture—energy relationship was revealed, which results from various effects, including
the Mo site interactions with neighbouring silanols and rotation-induced relaxation
of the surface, which are not accounted for in small cluster models.

5 WO,/SiO; System

Silica-supported tungsten oxide is mainly used as the industrial catalyst for metathe-
sis of light alkenes [84, 85, 120—123]. In the past, ethene and butene were produced
from propene in the Phillips triolefin process. Nowadays, due to a world shortage
of propene, the reverse process, known as olefins conversion technology (OCT),
is carried out on a large scale. The WO,/SiO, system is also active in other cat-
alytic reactions, including selective oxidation of methane [124], butene [22], styrene
[125] and methanol [27], as well as, photocatalytic water splitting [126]. Similar to
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Fig. 19 Example models of SP molybdacyclobutane species differently located on the silica sur-
face. Adapted with permission from [119]. Copyright (2016) American Chemical Society

CrO4/Si0; and Mo0O4/Si0O,, the catalytic activity of WO/SiO; is often attributed to
well-dispersed surface metal oxide species [84, 85, 121-123, 126].

The structure of the surface W(VI) species in oxidized WO,/SiO; systems under
dehydrated conditions was determined mainly from in situ Raman, UV-vis, XANES
and EXAFS studies [32, 33, 84, 100, 121]. It was postulated that isolated four-
coordinate dioxo W(VI) species and five-coordinate monooxo W(VI) species coexist
on the silica surface and their ratio is a function of temperature. On the other hand,
surface oligomeric W(VI) species were sometimes proposed [127, 128]. At higher
tungsten loadings, crystalline WOj3 nanoparticles are also present [32, 84, 121, 127,
128].

Following the previous computational works on silica-supported chromium(VI)
[7] and molybdenum(VI) [8] oxide species, Guesmi et al. [9] performed DFT (PBE)
studies of isolated tungsten(VI) oxide species on hydroxylated silica surface repre-
sented by the slab model of Tielens et al. [13]. Thermodynamic stability of mono-, di,
tri- and tetragrafted monomeric tungsten(VI) species at different degrees of hydra-
tion was determined for a wide range of temperatures (Fig. 20). It was predicted
that hydrated species with W—OH groups might be present only at very low tem-
peratures. In more typical conditions, five-coordinate monooxo W(VI) species was
found to be most stable; however, this tetragrafted species is statistically disfavoured
due to the low probability to have four silanols, required for grafting, in one nest.
For this reason, the digrafted dioxo W(VI) species is expected to dominate over the
more thermodynamically preferred monooxo species. The presence of both dioxo
and monooxo species was additionally confirmed by the computed W=O stretch-
ing frequencies, being close to the corresponding experimental Raman data. Finally,
a comparison between the tungsten oxide species and other group VI metal oxide
species on silica confirmed a greater similarity with the Mo species than with the Cr
species.

In recent experimental works [85, 121-123], activation of the WO/Si0O, catalyst
for alkene metathesis was extensively investigated. It was postulated that the isolated
dioxo W(VI) species are the active site precursors. Similar to the MoOy/SiO, system,
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Fig. 20 Phase diagram (surface energy vs. temperature) showing the stability ranges for various
W(VI) oxide species on silica [9]—adapted by permission of The Royal Society of Chemistry

the high-temperature activation in the presence of alkene was found to be very effec-
tive [85]. It was also proposed that three distinct sites of different metathesis activity
are generated during the catalyst activation with alkenes [122]. Surprisingly, compu-
tational studies on the mechanism of alkene metathesis catalysed by the WO,/SiO,
system were not reported.

6 Concluding Remarks

From the computational works presented in this chapter, it is evident that a great
progress has been achieved in the field of modelling silica-supported group VI metal
oxide systems. Whereas only simple and more or less arbitrarily constructed cluster
models could be used in the past, the most advanced today’s slab models contain
hundreds of atoms in the unit cell and are able to account for the heterogeneity of
the surface metal species.

A number of theoretical works concerned the CrOx/SiO, system, mainly as the
Phillips catalyst for ethene polymerization. They addressed the nature of the oxi-
dized and reduced chromium oxide species on silica, as well as polymerization
mechanisms, especially formation of the active sites. It seems that the latter sub-
ject still requires further investigations, although many new important results, both
experimental and theoretical, were reported recently.
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Modelling of the molybdenum oxide species on silica allowed to support the exper-
imental proposals about their structure. The MoO,/SiO, system was also computa-
tionally studied as the catalyst for selective oxidation reactions and alkene metathesis.
However, the still unknown mechanism of generation of the metathesis active sites in
this system was not examined, and theoretical studies on this issue would be desired.

Although the WO,/SiO, system is an important industrial catalyst for alkene
metathesis, computational works on the metathesis activity of the surface tungsten
oxide species on silica are lacking, only the structure of the W(VI) species was
modelled. Hence, further theoretical investigations of this system are also needed.

Combined with experimental results, computational studies often enabled for bet-
ter recognizing of the structure of the surface metal species on silica. On the other
hand, many mechanisms of the catalytic reactions, especially the formation of the
active sites from the metal oxide precursors, have not been understood well enough
yet. Applying advanced surface models with representative distribution of metal
sites to determine complex reaction mechanisms and structure—activity relationships
seems to be a challenge for future works. Even more challenging might be an appli-
cation of ab initio molecular dynamics methods to study catalytic reactions over the
silica-supported metal oxide systems.
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