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hydroxylated amorphous silica surface. The Mo grafting site has been investigated systematically
on the type of silanol (geminate, vicinal, isolated or in a nest) accessible on the surface, as well as

its effect on H-bond formation and stabilization, with the Mo-oxide species. Different grafting

geometries, combined with different degrees of hydration of the Mo species are investigated using

atomistic thermodynamics. The most stable Mo(VI) oxide species resulting from these calculations

are confronted with experiment.

Finally, calculated vibrational frequencies confirm the

experimental evidence of the dominant presence of di grafted di-oxo Mo(VI) species on silica up to

700 K.

Introduction

Supported oxide catalysts are designed to maximize the number
of active sites by reaching the dispersion limit of the two-
dimensional support'. Typical supports are silica-, alumina-,
titania- based materials, and molecular sieves. The physico-
chemical properties and its low price make amorphous silica an
ideal candidate for catalyst support. Many transition metal
oxides have been deposited/grafted on various silica surfaces”.
The structural characterization at the molecular level of an
isolated transition metal species dispersed on the oxide support
is of the utmost importance to unravel the catalytic reaction
mechanism and in designing new high performing catalysts. In
this study we focus on Mo(VI) monomers supported on silica.
Molybdenum species grafted on silica have attracted
considerable attention because of their relevance to a variety of
catalytic reactions, including the selective oxidations of
alkanes® 7 alkenes®, and alcohols™ '°. Many research groups
have reported methods of characterization and synthesis which
is supposed to generate specific surface molybdenum oxide
species. At low coverage, the active sites have been proposed to
have wvarious structures, including isolated dioxo surface
species'*"* isolated mono-oxo species'*'¥, and dimeric surface
species'® (See Fig. 1).

Characterization of Mo-oxide/silica catalyst has been the
subject of considerable research'> '>2°2° but very few studies
are combined with a computational approach. Theoretically
studies have been focused almost exclusively on mono-oxo and
di-oxo species without OH groups mainly using cluster models
and without considering a realistic amorphous silica model>*>*.
Mo-silica species have been calculated in detail by Chempath?®
and Handzlik** ¥, from which it was concluded that mono-oxo
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species can be more stable under dehydrated conditions than
the di-oxo species.

The objective of this study is to investigate possible atomic
models of the silica supported Mo oxide catalysts in hydrated
and dehydrated forms, in a similar way to our study on the
characterization of vanadium®® and chromium®” ** containing
silica. To this end, density functional theory (DFT) is used to
calculate the structures, vibrational frequencies, and relative
stabilities of isolated monomeric Mo oxide species grafted to
the surface of amorphous silica.
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Figure 1. Schematic representation of a. Mono-oxo (mono-
grafted) Mo oxide monomeric species b. Di-oxo (di-grafted)
Mo monomeric species and c. tetra-oxo (tetra-grafted) dimeric
species, all grafted on amorphous silica.

Methodology

Computational details

All calculations are performed using ab initio plane-wave
pseudopotential approach as implemented in VASP* %° The
Perdew-Burke-Ernzerhof (PBE) functional*” *? has been chosen
to perform the periodic DFT calculations with an accuracy on
the overall convergence tested elsewhere®*®. The valence
electrons are treated explicitly and their interactions with the
ionic cores are described by the Projector Augmented-Wave
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method (PAW)*" *® which allows to use a low energy cut off
equal to 400 eV for the plane-wave basis. The Gamma point is
used in the Brillouin-zone integration. The positions of all the
atoms in the super cell are relaxed until the total energy
differences decrease below 10™ eV (forces acting on atoms fall
below 0.01 eV/A).

Vibrational spectra have been calculated for selected surface
species within the harmonic approximation. Only the
molybdenum/tungsten centre and its first and second
neighbours (O-Si and OH groups) are considered in the Hessian
matrix. This matrix is computed by the finite difference method
followed by a diagonalisation procedure. The eigenvalues of
the resulting matrix lead to the frequency values. The
assignment of the vibrational modes is done by inspection of
the corresponding eigenvectors and a scaling factor was used
according to Halls et al.*

2. Model description

The hydrated SiO2 containing 13 water molecules per unit cell
was used, as in the original paper’ and in our vanadium
oxide/Si0,*®, chromium oxide/SiO,*” ** and gold/Si0," 2
studies. The silica model reproduces the experimentally
established ring size distribution, Si-O-Si and O-Si-O angles,
overall density of silanol groups and partition into several types
(isolated, associated, geminate) (Fig. 2). Unit cell dimensions of
model are 12.77 x 17.64 x 25.17 A°.

The group VI precursor is modelled by a H,MoO,4 molecule (a
model precursor). One such species is added to the silica unit
cell resulting in a coverage of 0.44 monomers per nm2, a
typical coverage found in working catalysts.”

In order to probe and compare various grafting sites on the

silica surface, a di-oxo molybdenum monomer was used, in
analogy to chromium, for which the di-oxo monomer was
found to be most stable at 0 K 3" .
Next, a thermodynamic analysis was performed to establish
what the most stable monomer form at different temperatures
is. The model precursor H,MO, is grafted by dehydration of
surface silanols, following the reaction:

H2M004 + SiOZ(HzoSurf)13 g OXMO(OH)y-Si02(HzoSurf)13_n
+1n H,0 (1)

The n = the number of water molecules added or eliminated and
varies between -1 and +3, x = number of Mo=0 groups and, y =
number of Mo-OH groups, with the condition x + y = n + 3,
due to the oxidation state of molybdenum. Theoretically up to
four silanols may be involved in the reaction yielding different
modes of grafting: mono, di, tri and tetra.

Structures involving different silanol types: isolated (Si-OH),
vicinal (HO-Si-O-Si-OH), geminate (HO-Si-OH) and non-
vicinal (two Si-OH groups not directly connected) on the
surface were considered. Due to the flexibility of the silica
surface, these species can be more or less easily
accommodated.

Figure 2. A. Top view of the 2 x 2 unit cell (12.77 x 17.64 x
25.17 A% of the amorphous silica van der Waals surface model,
B. Di-oxo digrafted Mo(VI) oxide species grafted on silica.
(Mo in green)
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Results and Discussion

Survey of the grafting sites
On each site, the model precursor (H,Mo00,) reacts with two
silanol groups and creates two linkages with the surface,
liberating two water molecules in the process. Possible
anchoring sites are divided into three categories: (i) geminate —
both silanol groups are located on the same Si centre, (ii) —
vicinal — silanol groups are attached to silicon sites directly
connected by an oxygen bridge and (iii) — non-vicinal — all
other sites, in which silicon centres bearing silanol groups are
spaced further apart. It is clear that non-vicinal sites are most
flexible, while geminate sites are rather rigid. Almost all
grafting energies are positive, reflecting the fact that,
thermodynamically, monomers are unstable in the presence of
water. On the other hand, in the process of slow, overnight
drying at elevated temperature as is employed in the catalyst
synthesis; monomers should occupy various grafting sites in the
order given by the adsorption energies. It should be noted that
precursors other than MoO,(OH), are usually used during
catalyst preparation and that the monomer sites connected with
the support are rather generated during the further calcination
step; or organometallic precursors can also be used what can
alter the thermodynamics of the grafting process. Therefore, the
grafting reactions presented in this work should be considered
as a way to compare energetic stability of the sites rather than
the description of a real grafting process.

Usually, the Mo centre is bonded with four oxygen atoms in
a slightly distorted tetrahedral symmetry. However, in few
cases, nearby surface OH groups create Mo-OH-Si bridges and
change the Mo coordination number to 5. If the structure is
flexible enough, the monomer can attain a penta coordinated
trigonal bi-pyramidal symmetry. Such structures will be
discussed after the more common tetrahedron case.
In Table 1 we present the grafting energy for all geometries
considered. Positive values indicate thermodynamically
unstable adsorption. However, the monomer stays at the
surface, due to a kinetic barrier. When two water molecules are
available, monomers can detach from the surface as
MoO,(OH), and create two silanol groups. When only one H,O
is present, the monomer leaves as MoQOs. If one allows for the
possibility of creating Si-O-Si siloxane bridges, then two more
situations can be envisioned: (i) with one water present the
monomer leaves as MoO,(OH),, (ii) with no water, the
monomer leaves as MoOs.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. Amorphous silica surface modeled by two sides of the
slab. The actual unit cell is shown as red rectangle. Pairs of
silanol groups which are used to anchor a particular Mo
monomer are connected with black lines (g — geminal, v —
vicinal, n — non-vicinal).

Table 1. Grafting energies of a di-oxo molybdenum monomer
(structure F) on various sites on the surface of amorphous
silica. Energies are calculated with respect to MoO; or
MoO,(OH), in the gas phase. Negative values (in eV) indicate
stable species.

Physical Chemistry Chemical Physics

ARTICLE

v6 -2.32 0.57
v7 -2.75 0.14
v8 -1.96 0.93
v9 -2.64 0.25
v10 -2.58 0.31
Non-vicinal sites

nl -3.06 -0.16
n2 -2.94 -0.05
n3 -2.96 -0.07
n4 -2.92 -0.02
n5 -2.78 0.11
n6 -2.53 0.36
n7 -2.86 0.03
n8 -2.44 0.45
n9 -2.73 0.16
nl0 -2.97 -0.08
nll -2.80 0.09
nl2 -2.75 0.14
nl3 -3.05 -0.16

Site label MoO; MoO,(OH),
Geminate sites

gl -1.16 1.73
g2 -1.46 1.44
g3 -1.59 1.30
g4 -1.36 1.53
Vicinal sites

vl -2.33 0.56
v2 -2.50 0.39
v3 -2.23 0.66
v4 -2.90 0.00
v5 -2.58 0.32

This journal is © The Royal Society of Chemistry 2012

For anchoring, geminate sites are energetically disfavoured
due to their high rigidity. The adsorption energy is between
1.30 and 1.73 eV indicating an unstable structure. Vicinal sites
are more flexible and can accommodate a Mo monomer with
adsorption energies between 0.0 and 0.93 eV. Monomers are
more stable on the flexible non-vicinal sites — all adsorption
energies are below 0.36 eV. Few structures even show stable
adsorption, although only barely stable as the best adsorption
energy is only -0.16 eV. It seems that structures with more
hydrogen bonds are more stable, but no clear correlation could
be found. As noted above, without large excess of water vapour
available, anchored monomers can only detach from the
grafting sites as MoOj; species. This reaction still requires one
water molecule to recreate two surface hydroxyl groups. The
monomer stability with respect to gaseous MoO; in the
presence of traces of water is very high — energies required to
remove a monomer from the surface range from 1.16 to over 3
eV. Without water, MoO; can still be removed if the anchoring
Si centres are close enough to create a siloxane bridge.
However, this reaction pathway is expected to require even
more energy. It is interesting to note, that depending on the
grafting site, the adsorption energy can vary by as much as 0.6
eV, or even 1.1 eV if one includes geminate sites.

The geometry of the monomer does not vary much between
different grafting sites. The molybdenyl Mo=0O bonds have
lengths between 1.71 and 1.75 A, depending on the number of
hydrogen bonds between surface and the monomer. If no such
hydrogen bonds are present, both Mo=0 bonds are 1.72 A. If
two hydrogen bonds are created to one molybdenyl oxygen
atom, then the corresponding Mo=0O bond is weakened and
elongated to 1.75 A while the other Mo=0 is contracted to 1.71
A. The angle between Mo=0 bonds is usually 107 — 108° with
some deviations induced by hydrogen bonds (See Table 2).

J. Name., 2012, 00, 1-3 | 3
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The lengths of Mo-O(Si) bonds anchoring the monomer to
the surface range from 1.87 to 1.95 A. The angle between those
bonds vary between 88° and 115° (for the very strained
geminate sites it is 80° or less) and correlate well with the
adsorption energy — monomers with angles close to the
tetrahedral angle of 109° are usually more stable.

Table 2. Calculated ieometrical parameters in Mo oxide/silica
system. Distances in A and angles in degrees.

oxide species on silica support. Tri- and tetra-grafted species
need the presence of three and four neighbouring silanol sites,
respectively. The preference of mono-grafted species to the
vicinal HO-Si-O-Si-OH, depend on the neighbourhood of the
Mo-site, and is dependent on the possibility to form H-bonds
between the metal oxide Mo-OH groups and surface silanol
groups, which stabilize the conformations. Di-grafted metal
oxide species show a large preference for vicinal silanol sites
compared to non-vicinal and geminate ones (vide ultra).

According to the calculated energy values for reaction at 0 K

Model d(MoO-H) d(Mo-Osi) d(Mo=0) 0=Mo=0) (eq. 1) shown in Table 1, the tri- (species G and H) and tetra-
A 1913 1.922 grafted (species I) oxide species are the Ileast
1,928 thermodynamically stable configurations. The most stable
) structure is predicted to be the di-oxo mono-grafted species
1.932 (species C): In our recent DFT study of the stability of grafted
1.941 chromium species on silica support’’, the di-oxo mono-grafted
1.997 Cr(VI) (structure analogous to F) was also predicted to be the
B 1.902 1.951 1.739 most stable species.
1.914 Figure 4. Different geometries as a function of its hydration
1.921 state for the supported Mo oxide grafted on amorphous silica.
C 1.911 1.887 1.720 108.25
1.728 OH
HOy, | WOH Il yom ' A°
D 1.887 1.936 HO'MO‘OH HO_MO\‘OH MO‘OH
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(o] (] 1
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1.976 o o
E 1.916 1.910 1.712 O N 7 on N A
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1.892 1.725 D | ‘ E ] ‘ F | ’
G 1.847 1.939 HO  OH 0 OH @)
HO\\ S % & I
1.940 1.940 5 Mo Mo
’l///O gy o VAR %)
1.950 2.040 e \O 4 3 (I)O/ \ |
H 1.918 1.896 1.722 ‘ 4L' | ! | !
G | H | 1| |
1.905
1.955
I i 1.917 1.702 The geometrically optimized structures show Mo=0 distances
1.934 from 1.702 to 1.739 A on the amorphous surface and between
’ 1.713 to 1.750 A on the crystalline triclinic silica(ref!!).
1.958 Depending on the number of OH groups on the Mo atom (see
1.976 Table 2). The lower the number of OH groups the shorter is the

As mentioned above, in few cases the coordination of Mo
central atom is 5 instead of 4. A flexible OH group in the
vicinity can create a Mo-OH-Si bridge and stabilize the
monomer. However, at geminate and vicinal anchoring sites,
the monomer itself is not flexible enough to fully adopt the
desired trigonal bi-pyramid coordination and the imposed strain
cancels out the effect of crating another oxygen bridge to the
surface. Only on a non-vicinal site the Mo monomer exhibits
distorted trigonal bi-pyramid geometry, with one axial bond
elongated (the one to the surface OH group). In fact this
structure was found to be the most stable. However, due to
special surface arrangement necessary to accommodate such
structure it will, most probably, not be the most common.

Mo-species at different temperatures

Figure 4 shows mono- (structure: A, B, C), di- (structure: D, E,
F), tri- (structure: G, H) and tetra-grafted (structure: I) Mo-

4| J. Name., 2012, 00, 1-3

Mo=0 bond. These calculated Mo=O values are larger than the
experimental Mo=0 bond distances reported for gas phase Mo
compounds MoO,Cl, (1.686 A)** and MoOCl, (1.658 A)>.

The configuration of di-grafted and tetra-grafted molybdenum
F and I (see Figure 4) represent the typical species reported in
the literature for Mo(VI) in di-oxo and mono-oxo forms. Using
EXAFS method for the characterization of molybdenum
formed on silica Takenaka et al.'? have suggested the existence
of octahedral molybdenum species with four measured Mo-O
bonds. The length of two shorter bonds was estimated to be
1.68 A and that of the other bonds to be 1.88 A. It is likely that
the shorter Mo-O bonds have a double bond character and
would be terminal ones, and the longer bonds would be bound
directly to the silica support. Concerning the penta-coordinated
mono-oxo species, its presence was a subject of controversies.
While some theoretical works® 3 predicted the mono-oxo
species to be energetically favourable under dehydrated
conditions, from experimental point of view its presence was

This journal is © The Royal Society of Chemistry 2012
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proposed based on the failure to observe more than two bands
in the Raman spectrum of isolated molybdate species that had
been partially exchanged with O18%® ¢, Nevertheless, the
reason these bands were not observed was explained by
Chempath et al.>* *'| later, they were observed by Lee et al.’
who proposed that di-oxo Mo species are dominant on silica.
The mono-grafted Mo configuration (species C) can be
formally regarded as the product of successive hydration of
configuration I and F. Its stability might mainly results from
hydrogen interaction with silanol groups.

Energetics of the supported Mo oxide species

Grafting of Mo metal oxide species on silica surface has a
relatively small effect on the silica framework, and is
comparable with what has been found in our previous study on
the grafting of vanadium and chromium oxide species on
silica.>6-38

Depending on their density, surface silanols are generally
interacting with their neighbours forming an H-bond network.
The grafting reaction perturbs the local H-bond network in two
ways: first, surface hydroxyl groups are removed upon grafting
and secondly, the Mo oxide units might also form hydrogen
bonds with the silica support. In the models studied, the M-OH
groups bind to surface silanols with a stabilization of the
structure, in contrast to M=O groups which are found to be H-
bond free on the amorphous surface.

To summarize, the nature of the silanol group (isolated, vicinal,
and geminate) has indeed an influence on the geometry and
stability of the grafted precursor. The type of silanol becomes
critical for the mono-grafted species, since they are the only
species that can bind on every silanol group, independently of
its type and its number of local neighbours. However,
statistically an area of the silica surface with a high number of
silanols will accommodate more precursors. The only
restriction on grafting is the availability of silanol groups on the
surface. So, if local silanol nests are present it will be the
anchoring site with the highest probability, just based on
numbers and not on energies.

The overall silica framework is only slightly modified upon
metal oxide grafting. The tri- and tetra grafted sites introduce
the largest strain on the silica surface. However, the silanol H-
bond connectivity influences the overall reaction energy. The
final result depends on the energetic balance of the number of
H-bonds broken/created.

Considering the reaction energy AE,.,. of Table 3 calculated
according to the eq. 1 for the best grafting modes as a function
of hydration rate. For Mo oxide the values of -0.49, -0.26, -
0.76, +0.02, and +0.38 eV, for +1, 0, -1, -2 and -3 water
molecules are obtained, corresponding to the models A, B, C,
F, and I, respectively. As from -2 water molecules the grafting
energies are positive, indicating that the adsorption of the
H,MO, is disfavoured compared to the initial situation
(hydroxylated silica and H,MOy, in the gas phase).

Table 3. Reaction energy calculated using equation (1) for the
grafting of the different group VI metal oxide models
investigated. (Values in eV).

Physical Chemistry Chemical Physics

D: Surface + MO4H, -0.18 0.13
E: Surface + MO,H, + 1H,O -0.39 -0.80
F: Surface + MO,H, — 2H,0 0.02 -1.33
G: Surface + MO4H, - 1H,O 1.04 1.72
H: Surface + MO,H, -2 H,O 1.06 0.34
I: Surface + MO,H, — 3 H,0 0.38 0.42

Model JAY S AE 0"
Group VI metal Mo Cr

A: Surface + MO4H, + 1H,O -0.49 -0.26
B: Surface + MO4H, -0.26 -0.89
C: Surface + MO4H, - 1H,0 -0.76 -2.09

This journal is © The Royal Society of Chemistry 2012

Another point which is revealed by this reaction energy
analysis, is that the most favourable models associated to the
different degrees of hydration are different between Cr and Mo.
Nevertheless, it should be noted that the results in Table 3
report electronic energies only, which are identical to the free
energy at 0 K. Under given temperature T and pressure p, the
contributions of entropy and chemical potentials have to be
taken into account in the free energies.

It is interesting to note that the synthesis of the grafted M(VI)-
SiO, catalyst occurs experimentally through successive steps:
after impregnation by the precursor at room temperature, in
aqueous or non-aqueous solution, the obtained surface is dried
and then calcined to achieve a chemically grafted active site
and to burn all reactive species still present at the surface. In the
cases of the M(VI)-SiO2 synthesis, the samples are dried one
night at room temperature or at 383 K, then calcined for several
hours up to 923 K*” %7 depending on the experimental works™
3759 and references therein. Thus, it is empirically known that a
high temperature and dehydration conditions are necessary to
obtain the multi-grafted group VI transition metal-complexes.
In order to get a more precise picture of the respective
stabilities of the mono-, di-, tri and tetra-grafted Mo(VI) species
on the silica surface, we performed calculations using the
atomistic thermodynamics approach. To take into account
deviations in surface composition and the presence of gas
phase, one introduces appropriate chemical potentials to
calculate an approximation of the Gibbs free-surface energy.
Assuming that the surface is in thermodynamic equilibrium
with the gas phases, the chemical potentials are related to a
given temperature T and pressure p. This procedure enables to
extend the 0 K and zero pressure DFT results to experimentally
relevant environments, thereby bridging the gap between ultra-
high vacuum like conditions, and temperatures and gas phase
pressures that are applied in realistic catalytic conditions.

The Mo(VI)/silica system is considered in contact with a
gaseous water reservoir. From the electronic energy, the free
energy of the water/Mo(VI)/silica interface under known
thermodynamic conditions may be estimated following the
approximations used by Digne et al.®°, as originating from
Kaxiras et al.®' and Qian et al.®%. Tt consists in the neglect of the
variation of the chemical potentials of the surfaces with the
adsorption and the consideration of the gas phase as a perfect
gas. In the proposed scheme, the free energy of water
(including the ZPE correction) in the gas phase is:

AG(H,0) = E(H,0) - ((AHg -TAS4(T)) + RT In
»/p°) @)

where E(H,0) is the electronic energy of water calculated at 0
K, AHg and ASg(T) are the enthalpy and entropy of gaseous
water, calculated with the Gaussian03 code®® as a function of
the temperature, p is the partial pressure of water vapour and p°
is the standard pressure (1 bar).

J. Name., 2012, 00, 1-3 | 5
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Using the above mentioned formalism, the free energy of
dehydration reaction (eq. 1) for the formation of the mono-, di-,
tri and tetra-grafted Mo(VI) complexes at equilibrium
conditions, are then expressed as:

AGl1 = E(model A) - 1.AGH,0) - E((Si-O)Slab) —

E(O,M(OH),) 3)

AG2 = E(model B or D) — E((Si-O)Slab) — E(O,M(OH),)
4)

AG3 = E(model C, E, G) + 1.AG(H,0) — E((Si-O)Slab) —

E(O2M(OH)2) )

AG4 = E(model F or H) + 2.AG(H,0) — E((Si-O)Slab) —

E(O,M(OH),) (6)

AG5 = E(model I) + 3.AG(H,O0) - E((Si-O)Slab) -

E(O,M(OH),) )

In this approach, we consider that the energies of the different
types of grafting transitions are independent of the degree of
hydration of the silica surface. It is known experimentally that
silanols are stable at silica surfaces until 673 K. Above this
temperature, silanols begin to condensate into siloxane
bridges®. Thus, our model with 5.8 OH/nm* corresponding to
conditions of a hydroxylated surface, remains valid until the
temperature of 673 K.

Figures 5 shows the surface free energy I', defined as the free
energy per surface area, of the mono-, di-, tri- and tetra-grafted
Mo(VI)-complexes on the silica surface as a function of
temperature (T) for a water partial pressure (p) equivalent to the
ambient air water partial pressure (pw = 1500 Pa)®.

At these conditions, for Mo the mono-grafted model C
containing two Mo=0 groups and one Mo-OH group is
predicted to be the dominating specie at low temperatures (up
to 80 K). For T > 80 K the tetra-grafted Mo=0O model I (See
dotted line Fig. 5) is omnipresent, until the validity of our
model is reached due to dehydration the surface. Our model is
predicted to applicable only up to 673 K. (Figure 5),
Nevertheless, tetra grafted species I can also be considered as a
model for the insertion/substitution of Mo into silica, which is
not reached in the synthesis of the usual Mo-oxide/silica
catalysts. This tetra grafted species can be formed if four silanol
groups are available in such a configuration (into a nest) that
the Mo precursor can react with the surface. In other words
model I is only possible in special situations in which the
silanol local density it permits.

Figure 5. Phase diagram (surface energy vs. temperature)

showing the stability ranges for the different grafted Mo oxide
geometries.
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Taking this into account the most stable species is then the di-
grafted di-oxo species F model (See Fig. 4), for temperatures
higher than 290 K. These result is fully consistent with the
experimental procedure used in the synthesis of Mo(VI)-
supported catalysts by the grafting method®, where samples are
heated and annealed at high temperatures to obtain O=Mo=0
surface structures. Note that such species correspond to
completely dehydrated conditions. In hydrated conditions (high
water pressure or low temperature) mono-grafted model with an
extra Mo-OH group is stabilized.

In summary, the mainly two grafted Mo(VI) species may exist
on a silica surface depending on the experimental conditions.
They are supposed to reversibly interconvert in the presence of
water, and they might coexist on the surface.

Vibrational frequency analysis

Lee and Wachs™ ® concluded that under dehydrated conditions
the Mo(VI) oxide forms on silica are predominantly present as
isolated dioxo species, whereas the isolated monooxo Mo(VI)
species are in minority on the surface. Nevertheless,
Molybdenum species might be present as mono — di-,
oligomeric oxide species and monocrystalite. Experimentally
this point is still under debat.®®

Comparing the theoretical frequencies with the experimental
ones” 3, we can conclude that the model containing the most
similarities with the experiment is model F. This was concluded
with the use of a scaling factor for the {frequencies,
independently from the type of bond and normalized on the
well-known silanol vibration. This approach has been used with
success in former studies.®”"%

According to Lee et al.> * the surface molybdenum oxide
species on the supported MoO3/SiO, catalyst are present as
both dioxo (0O=),Mo(-O-Si); and monoxo O=Mo(-O-Si),
surface species, giving rise to Raman bands for vy, (Mo(=0)2)
at 976 - 988 cm™' and vy, (Mo=0) at 1020 cm™.% '* ' 2% The
corresponding asymmetric V,sym (Mo(=0),) vibration appears as
a shoulder at 965 - 975 cm™ and the bending 8(O-Mo-O) mode
at 364 cm™. 222

The calculated vibrational frequencies are tabulated in Table 4.
Vibrational analysis shows that the Mo=0O bond vibrations are
not as cleanly decoupled from others as was in the case of
chromium®’. Only the frequency of Mo=0 asymmetric
vibration can be easily given. It ranges from 973 to 1001 cm
due to various hydrogen bonds arrangements, which in turn
depend on the hydration level. In effect, a wide band cantered

This journal is © The Royal Society of Chemistry 2012
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around 991 cm™ should appear in the spectrum. From these

results one can conclude that the vibrational frequencies
calculated for model structure F confirm the experimental
results presented in refs.>*

Table 4. Scaled (0.96) and unscaled calculated vibrational
frequencies for M=O group.in mono or di oxo-configuration in
the different models studied. (Frequencies in cm™).

Mo=0 Mo=0 (scaled) Exp.’
B 997 957
C(Veym) 1038 997
C(Vasym) | 1005 965
E 1048 1006
F(Veym) 1028 987 976 - 988
F(Vasym) | 1015 975 965 - 976
H 1020 979
1 1066 1024 1020
Conclusions

A DFT atomistic thermodynamics approach combined with
experimental and theoretical vibration frequency analysis
enabled us to describe Mo(VI)-oxide/silica system. This step
forward enabled to shed some light on a question open for some
decades now: Which Mo(VI) oxide species is the most
common on an amorphous silica surface? From our calculations
we predicted that di-oxo digrafted Mo-oxide species are
expected to be the dominant species in dehydrated conditions
over a large range of temperatures (T > 290 K). At lower
temperatures (T < 290 K) a monografted di-oxo Mo oxide
species appears. If during the grafting high density silanol
domains are present, showing nests of at least four silanol
groups, a mono-oxo tetra grafted species might also be formed.
Although, the latter species is thermodynamically stable, its
presence is merely due to the distribution of the silanol density
on the silica surface.

A good agreement between -calculated and experimental
vibrational frequencies was found for the di-oxo di-grafted Mo-
species.

Another aim of this study has been reached since it was the
construction of a realistic and calculable (periodic DFT level)
structure representing Mo(VI) oxides supported on amorphous
silica. With this model the investigation of its reactivity
(transition states and reaction paths) will be possible for a series
of important reactions, as mentioned in the introduction.
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