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Abstract: Vanadium-based catalysts, in which vanadium is present either as bulk V2O5 or as isolated
species, are active in numerous oxidation reactions. In the present study, vanadium speciation and
the possibility of its introduction in various forms (V=O, V–OH, V(=O)(–OH)) into the structurally
different crystallographic positions in BEA zeolite was considered by means of Density Functional
Theory (DFT). Out of nine nonequivalent positions, T2 and T3 positions are the most preferred.
The former may accommodate V=O or V–OH, the latter V–OH or V(=O)(–OH). The structural and
electronic properties of all possible centers present in the BEA zeolite are then compared with the
characteristics of the same species on the most abundant (010) V2O5 surface. It is demonstrated that
they exhibit higher nucleophilic character when introduced into the zeolite, and thus, may be more
relevant for catalysis.
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1. Introduction

Catalytic materials incorporating vanadium are an important class of heterogeneous catalysts,
applied mostly to oxidation reactions [1–3]. This follows from high reactivity of vanadium pentoxide,
V2O5, which is an active component of many catalysts. Due to its low specific surface area, vanadium
phase is often deposited on the solid support. Such a modification is done in order to develop its
surface, and in consequence, to expose vanadium centers to reactants. Numerous metal oxide supports
are used for V2O5. Among various supports, microporous and mesoporous systems, such as zeolites,
play a distinctive role because their highly specific surface area allows for preparation of catalysts with
well-dispersed vanadium species. As claimed in the literature, the dispersion and isolation of the active
sites is an important factor in the design of efficient catalysts for selective oxidation [4,5]. Vanadium was
successfully introduced into e.g., HMS [6], MCM-41 [7], MCM-48 [8], SBA-15 [9], BEA [10], FAU [11,12],
EMT [11], and ZSM-5, Y [13]. Our attention is focused on the V-incorporated BEA system, as it proved
to be active in many catalytic processes, including oxidative dehydrogenation of propane [14], propene
epoxidation [15], methanol oxidation to formaldehyde [16], and NO reduction with NH3 [17].

BEA zeolite is a microporous crystalline aluminosilicate built of [SiO4] and [AlO4] tetrahedra,
arranged into three-dimensional interconnected 12-membered ring channels of 6.68 Å diameter. In the
crystal structure of BEA, there are nine non-equivalent tetrahedral positions (referred to usually as T
sites, which are occupied by Si or Al atoms in zeolites)—see Figure 1. BEA zeolite can be synthetized
with Si/Al ratio varying from 10 to 100. It was experimentally shown that vanadium can substitute T
sites (Si or Al) in BEA zeolite [10].
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synthetized with Si/Al ratio varying from 10 to 100. It was experimentally shown that vanadium can 
substitute T sites (Si or Al) in BEA zeolite [10]. 

 
Figure 1. Crystal structure of BEA zeolite. Nine non-equivalent T sites are highlighted (T1 – magenta, 
T2—bright green, T3—yellow, T4—cyan, T5—violet, T6—grey, T7—blue, T8—dark green, T9—
orange). 

There exist a few theoretical studies of the vanadium-substituted BEA systems done within 
periodic models using PBE/PAW as implemented in VASP. The earliest studies employed the 
geometry of the sodalite (SOD) zeolite as models of the BEA structure [18–20]. Such a choice of the 
model followed from the fact that the SOD structure contains only one type of T atom, allowing for 
the simplification and acceleration of calculations. Two forms of vanadium atoms were considered; 
one in which vanadium is incorporated into the zeolite framework bearing the vanadyl oxygen (V=O) 
and the second in which it is connected with the hydroxyl group (V–OH). The V=O group linked to 
three silicon atoms via oxygen bridges is the most stable form of vanadium introduced into SOD. In 
such an arrangement, vanadium preserves tetrahedral geometry of the T site. The exchange of the 
SOD silicon into vanadium was predicted as not energetically favored. The form in which vanadium 
was bound to both oxo and hydroxyl ligand (V(=O)(–OH) site) was also considered, but found 
unfavorable [19]. Then, the chemical reactivity of vanadium sites was explored with molecular 
electrostatic potential [18]. Low reactivity of the vanadyl oxygen (V=O) towards hard nucleophile 
was predicted, whereas the vanadyl hydroxide (V–OH) was found to be more nucleophilic. Further, 
the acid-basic properties of the V=O and V–OH vanadium models were assessed with PBE/PAW 
periodic approach by considering protonation and deprotonation of the vanadyl oxygen and 
hydroxide and comparing with protonation and deprotonation of the bridging oxygen site (V–O–Si) 
[21]. The calculations showed that the vanadium-bound hydroxyls are more acidic than the Si–OH 
groups and their protonation is favored over deprotonation. Although it was shown that SOD model 
might yield the correct local geometry of the V=O and V–OH site, Wojtaszek et al. [22] pointed out 
that in the BEA zeolite, there are nine structurally different T positions, which can be substituted by 
other elements and, therefore, the preference of vanadium can vary depending on the position. Based 
on the periodic PBE/PAW method, the authors claim that vanadium is preferentially located as V=O 
center in T1 and T2 sites. It can adopt also the V–OH form when in T7 and T9, although T6, T8, and 
T5 sites are less preferred by only 0.1, 0.1, and 0.2 eV. The chemical character of the sites was not 
determined, as the main aim of the study was to check if group V elements (V, Ta, Nb) can substitute 
T atoms in the BEA zeolite. 

In the present article, we consider three possible forms of vanadium, which can be found in the 
BEA zeolite, namely V=O, V–OH, and V(=O)(–OH), and study their feasible location in nine 

Figure 1. Crystal structure of BEA zeolite. Nine non-equivalent T sites are highlighted (T1—magenta,
T2—bright green, T3—yellow, T4—cyan, T5—violet, T6—grey, T7—blue, T8—dark green, T9—orange).

There exist a few theoretical studies of the vanadium-substituted BEA systems done within
periodic models using PBE/PAW as implemented in VASP. The earliest studies employed the geometry
of the sodalite (SOD) zeolite as models of the BEA structure [18–20]. Such a choice of the model
followed from the fact that the SOD structure contains only one type of T atom, allowing for the
simplification and acceleration of calculations. Two forms of vanadium atoms were considered; one in
which vanadium is incorporated into the zeolite framework bearing the vanadyl oxygen (V=O) and
the second in which it is connected with the hydroxyl group (V–OH). The V=O group linked to three
silicon atoms via oxygen bridges is the most stable form of vanadium introduced into SOD. In such an
arrangement, vanadium preserves tetrahedral geometry of the T site. The exchange of the SOD silicon
into vanadium was predicted as not energetically favored. The form in which vanadium was bound
to both oxo and hydroxyl ligand (V(=O)(–OH) site) was also considered, but found unfavorable [19].
Then, the chemical reactivity of vanadium sites was explored with molecular electrostatic potential [18].
Low reactivity of the vanadyl oxygen (V=O) towards hard nucleophile was predicted, whereas the
vanadyl hydroxide (V–OH) was found to be more nucleophilic. Further, the acid-basic properties of
the V=O and V–OH vanadium models were assessed with PBE/PAW periodic approach by considering
protonation and deprotonation of the vanadyl oxygen and hydroxide and comparing with protonation
and deprotonation of the bridging oxygen site (V–O–Si) [21]. The calculations showed that the
vanadium-bound hydroxyls are more acidic than the Si–OH groups and their protonation is favored
over deprotonation. Although it was shown that SOD model might yield the correct local geometry
of the V=O and V–OH site, Wojtaszek et al. [22] pointed out that in the BEA zeolite, there are nine
structurally different T positions, which can be substituted by other elements and, therefore, the
preference of vanadium can vary depending on the position. Based on the periodic PBE/PAW method,
the authors claim that vanadium is preferentially located as V=O center in T1 and T2 sites. It can adopt
also the V–OH form when in T7 and T9, although T6, T8, and T5 sites are less preferred by only 0.1, 0.1,
and 0.2 eV. The chemical character of the sites was not determined, as the main aim of the study was to
check if group V elements (V, Ta, Nb) can substitute T atoms in the BEA zeolite.

In the present article, we consider three possible forms of vanadium, which can be found in the
BEA zeolite, namely V=O, V–OH, and V(=O)(–OH), and study their feasible location in nine structurally
different crystallographic positions. Further, we characterize all vanadium active sites and compare
their structural and electronic properties with the active sites present on the most exposed surface of
vanadium pentoxide, V2O5, which is (010). The system chosen for comparison (V2O5) constitutes the
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active phase of numerous industrial catalysts, applied in particular for selective oxidation of o-xylene to
phtalic anhydride, selective reduction of NOx with NH3, or selective oxidation of CH3OH. Theoretical
studies of V2O5 reported in the literature aim at characterization of the bulk oxide and its surfaces and
employ both cluster and periodic models [23–26]. Activity of V2O5 in oxidation reactions prompted the
intensive studies in its reducibility, formation of vacancies, and the re-oxidation [23,27–29]. Vanadium
pentoxide is a crystalline solid built of [VO6] distorted octahedra, in which V-O bonds have different
lengths: one of 1.58 Å, one of 1.78 Å, two of 1.89 Å, one of 2.02 Å, and one long bond of 2.78 Å.
The consequence of such a long vanadium-oxygen bond is the layered structure of V2O5. The layers are
perpendicular to (010) surface and interact one with another via van der Waals forces. The (010) surface
being the most stable and coordinatively saturated, is mainly exposed in the vanadium pentoxide
crystals as can be seen in STM or AFM experiments [30–32].

2. Results and Discussion

The vanadium centers introduced into BEA zeolite were modeled by cluster approach, in which
fragments of the BEA zeolites were cut out from the crystallographic structure of BEA retrieved from
the zeolite structures database [33], and terminal bonds were saturated with hydrogen atoms, which
were then kept frozen during geometry optimization. In each cluster, a central T-atom was replaced
with vanadium species in such a way that its coordination sphere is saturated with Si tetrahedra.
We have considered three different forms of vanadium species: V–OH, V=O, and V(=O)(–OH)—see
Figure 2. In all of the models, vanadium was on its +V oxidation state and formed respectively
four, three, and two bonds with the neighboring Si atoms via oxygen bridges. The V–OH and V=O
centers were proposed based on the available literature data on the geometry and environment of
the V-sites in zeolites, in particular the theoretical studies regarding SOD and BEA zeolites [16,18,22].
The V(=O)(–OH) center was taken into account in [16], where it was proposed as one of the active sites
for methanol oxidation to formaldehyde.
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Figure 2. Three different forms of vanadium considered in the current work: (a) V–OH, (b) V=O, (c) 
V(=O)(–OH). 

Although the cluster approaches to model zeolitic materials as the one employed in the present 
study exist in literature, we are aware that the representation of an extended crystalline system such 
as the BEA zeolite by the cluster model of a finite size may introduce some inaccuracies. On the one 
hand, cluster studies are relatively simple and can be applied to a wide range of structures. For 
instance, Migues et al. [34,35] developed a systematic method to construct cluster models that ensure 
the convergence of the energetic effects of the selected zeolite-catalyzed reactions. On the other hand, 
cluster calculations may miss some information on the long-range interactions within the bulk, which 
are otherwise captured by periodic calculations. Such a limitation can be partially overcome by 
embedding cluster models inside the system of atoms or partial charges representing the larger 
portion of the solid. To do so, mixed quantum mechanics/molecular mechanics (QM/MM), ONIOM-
like methods, and electronic embedding schemes are often employed [36–38]. The discussion on the 

Figure 2. Three different forms of vanadium considered in the current work: (a) V–OH, (b) V=O,
(c) V(=O)(–OH).

Although the cluster approaches to model zeolitic materials as the one employed in the present
study exist in literature, we are aware that the representation of an extended crystalline system such
as the BEA zeolite by the cluster model of a finite size may introduce some inaccuracies. On the
one hand, cluster studies are relatively simple and can be applied to a wide range of structures.
For instance, Migues et al. [34,35] developed a systematic method to construct cluster models that
ensure the convergence of the energetic effects of the selected zeolite-catalyzed reactions. On the
other hand, cluster calculations may miss some information on the long-range interactions within
the bulk, which are otherwise captured by periodic calculations. Such a limitation can be partially
overcome by embedding cluster models inside the system of atoms or partial charges representing
the larger portion of the solid. To do so, mixed quantum mechanics/molecular mechanics (QM/MM),
ONIOM-like methods, and electronic embedding schemes are often employed [36–38]. The discussion
on the influence of the type of electronic embedding of cluster models of zeolites can be found,
e.g., in [39], where the authors consider two alternative models. In the first one, a correction potential is
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introduced by fitting a non-periodic set of point charges to the difference between the bare cluster and
periodic potentials. In the second one, the cluster is immersed in a lattice of atomic charges of fitted
values. No matter if the cluster is embedded or not, the proper calculation protocol requires that the
computed values are converged with respect to the cluster size. In the present manuscript, we focus
mostly on structural (bond lengths) and electronic parameters (bond orders and Mulliken charges) of
the vanadium centers introduced into different positions of BEA zeolite. Therefore, we performed
benchmark calculations to check to what extent they are affected by the size of the model. In order to
do so, the models of increased size were created for exemplary T sites—see Supplementary Materials
Figure S1, starting from the simple ones, in which vanadium is surrounded by only one “layer” of Si
atoms, through a larger one, in which we put more T sites, up to the largest one where bigger fragments
of zeolite walls are considered. Next, the parameters of the vanadium site were computed for each
of the models to check the convergence. Analysis of the obtained data reveals that the character of
the vanadium centers is comparable irrespective of the size of the model (see Table S1), therefore,
the reported calculations are done with the use of the middle size cluster as it is the one that guarantees
a good balance between the geometry representation of the site and the computational cost.

In order to determine which form of vanadium is the most probable in any of the possible
crystallographic positions of the BEA zeolite, the energy needed to exchange Si for V was calculated
according to the equations given below.

The substitution of Si for V–OH was considered as a product of the following process:
Si–BEA + V(OH)5→ Si(OH)4 + (V–OH)–BEA
accompanied by the change of the energy computed as:
∆ESi→ VOH = E((V–OH)–BEA) + E(Si(OH)4) − E(Si-BEA) − E(V(OH)5)
The substitution of Si for V=O was considered as the product of the following reaction:
Si–BEA + V(OH)5→ Si(OH)4 + (V=O)–(H–BEA)
in which Si4+ ion becomes replaced by the V(=O)3+ species. In order to keep the neutrality of the

network, after incorporation of V, one of the Si–O bonds is saturated with hydrogen (denoted above
as H–BEA).

Accordingly, the energy needed to substitute Si with V=O is calculated as:
∆ESi→ V=O = E((V=O)–(H–BEA)) + E(Si(OH)4) − E(Si–BEA) − E(V(OH)5)
Finally, the substitution of Si for V(=O)(–OH) can proceed according to the reaction:
Si–BEA + V(OH)5 + H2O→ Si(OH)4 + V(=O)(–OH)–(2H–BEA)
The energy needed for the process is calculated as:
∆ESi→ V(=O)(OH) = E(V(=O)(–OH)–(2H–BEA)) + E(Si(OH)4) − E(Si–BEA) − E(V(OH)5) − E(H2O)
The computed energies needed for the isomorphic Si to V substitution described above are

gathered in Table 1.

Table 1. Energy (in eV) needed for the isomorphic substitution of the zeolite Si atom into V–OH, V=O,
and V(=O)(–OH) sites.

Site ∆E V–OH
[eV]

∆E V=O
[eV]

∆E V(=O)(–OH)
[eV]

T1 0.23 −0.69 1.43
T2 −2.16 −2.24 −1.51
T3 −1.69 −2.21 −2.19
T4 −0.42 −1.14 −1.29
T5 −0.41 −0.85 −1.09
T6 0.10 0.00 −0.40
T7 −0.48 −1.12 −0.14
T8 0.06 −1.42 −1.38
T9 −1.19 −1.79 −1.41
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2.1. The Substitution of Si for V–OH

The substitution of silicon for vanadyl hydroxo group is exothermic in most crystallographic
positions. It is the most exothermic for T2 position; for other positions, the order of reaction energies is
as follows T3 > T9 > T7~T4~T5. The process is endothermic when V–OH is introduced into T1, T6,
and T8 positions, but the energetic cost associated with the isomorphous substitution is not large and
equals to 0.23 eV, 0.10 eV, and 0.06 eV, respectively.

Table 2 collects the V–OH bond lengths, bond orders, and Mulliken charges accumulated on
the V–OH center computed for all considered structures. The V–OH bond length varies between
1.81–1.85 Å and has a single bond character (bond order is equal to 0.94–1.22). The positive charge
accumulated on the vanadium in the V–OH form is in the range 1.25–1.39. The charge on the oxygen
atom from the OH group is similar irrespective of its location and is in the range of −0.44 to −0.50.
In this complex, however, it is connected to the positively charged hydrogen atom (its charge is equal
to 0.32–0.33), therefore, as a whole, the charge on the OH group varies from −0.12 to −0.17.

The T2 position is the most energetically favored one for Si to V–OH substitution. Figure 3
presents the main parameters calculated for this site.

Table 2. Structural parameters of the V–OH group introduced to different crystallographic positions in
BEA zeolite.

Site R(V–OH) [Å] B.O. qOOH qOH qV

T1 1.85 1.12 −0.48 −0.16 1.25
T2 1.84 1.09 −0.50 −0.17 1.33
T3 1.82 1.12 −0.49 −0.16 1.37
T4 1.83 1.09 −0.50 −0.17 1.39
T5 1.83 1.09 −0.49 −0.16 1.38
T6 1.84 1.14 −0.48 −0.16 1.31
T7 1.84 1.09 −0.50 −0.17 1.39
T8 1.81 0.94 −0.46 −0.13 1.31
T9 1.82 1.22 −0.44 −0.12 1.27

R—distance, B. O. Mayer bond order indices, q—Mulliken charges.
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in parentheses—bond order indices; red—Mulliken charges).
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The examination of the parameters describing V–OH placed in the T2 position reveals that all
five vanadium-oxygen bonds are similar. Their length (1.77–1.84 Å) and bond orders (0.91–1.09) are
comparable. The oxygen atoms that connect vanadium with the zeolite silicas are only slightly less
negatively charged (−0.39, −0.40, −0.46, −0.47) than the hydroxyl oxygen (−0.50). Therefore, all of
them may act as nucleophilic centers interacting with organic substrates. This observation is further
supported by the inspection of the density of states (DOS) plots—see Figure 4. In there, total DOS
(rising from contributions of all atoms present in the structure) and atom projected partial DOS (rising
from the atoms constituting the vanadium center) are depicted. The valence band is dominated by all
types of oxygen atoms, which are bound to vanadium, while the conduction band is composed mostly
of the vanadium orbitals with the admixture of the oxygen atoms from the V–O–Si bonds. The band
gap width (HOMO–LUMO gap) calculated for the model is equal to 2.71 eV, which is narrower by
2.56 eV than the gap calculated for the pure silica model.

Catalysts 2020, 10, x FOR PEER REVIEW 6 of 20 

 

The examination of the parameters describing V–OH placed in the T2 position reveals that all 
five vanadium-oxygen bonds are similar. Their length (1.77–1.84 Å) and bond orders (0.91–1.09) are 
comparable. The oxygen atoms that connect vanadium with the zeolite silicas are only slightly less 
negatively charged (−0.39, −0.40, −0.46, −0.47) than the hydroxyl oxygen (−0.50). Therefore, all of them 
may act as nucleophilic centers interacting with organic substrates. This observation is further 
supported by the inspection of the density of states (DOS) plots—see Figure 4. In there, total DOS 
(rising from contributions of all atoms present in the structure) and atom projected partial DOS (rising 
from the atoms constituting the vanadium center) are depicted. The valence band is dominated by 
all types of oxygen atoms, which are bound to vanadium, while the conduction band is composed 
mostly of the vanadium orbitals with the admixture of the oxygen atoms from the V–O–Si bonds. The 
band gap width (HOMO–LUMO gap) calculated for the model is equal to 2.71 eV, which is narrower 
by 2.56 eV than the gap calculated for the pure silica model. 

 
Figure 4. DOS plot of the V–OH center in the T2 position. 

2.2. The Substitution of Si for V=O 

As can be seen from Table 1, the isomorphous substitution of silicon for vanadyl oxo group is 
exothermic in all but T6 crystallographic positions. The energy values for exothermic reactions 
change in order T2~T3 > T9 > T8 > T4~T7 > T5 > T1. For the T6 site, there is no energy gain associated 
with the process (ΔE = 0.00 eV). Our finding that the T2 is the preferred siting for the V=O site is in 
agreement with earlier calculations by Wojtaszek [22]. By contrast, our calculations indicate that the 
T1 site is considerably less favored than T2. This discrepancy probably results from the different 
models employed for both studies. In the current article, we adopt cluster model approach, in which 
cuts from the lattice are considered, whereas Wojtaszek et al. considered the whole periodic cell of 
the zeolite. Table 3 collects the V=O bond lengths, bond orders, and Mulliken charges accumulated 
on the V=O moiety computed for all considered structures. 

Table 3. Structural parameters (R—distance, B. O. Mayer bond order indices, q—Mulliken charges) 
of the V=O group introduced to different crystallographic positions in BEA zeolite. 

Site 
R(V–O) 

[Å] B.O. qO qV 

T1 1.60 2.09 −0.46 1.23 
T2 1.61 2.00 −0.49 1.28 
T3 1.60 1.93 −0.50 1.50 
T4 1.60 1.83 −0.54 1.58 
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2.2. The Substitution of Si for V=O

As can be seen from Table 1, the isomorphous substitution of silicon for vanadyl oxo group is
exothermic in all but T6 crystallographic positions. The energy values for exothermic reactions change
in order T2~T3 > T9 > T8 > T4~T7 > T5 > T1. For the T6 site, there is no energy gain associated
with the process (∆E = 0.00 eV). Our finding that the T2 is the preferred siting for the V=O site is in
agreement with earlier calculations by Wojtaszek [22]. By contrast, our calculations indicate that the T1
site is considerably less favored than T2. This discrepancy probably results from the different models
employed for both studies. In the current article, we adopt cluster model approach, in which cuts from
the lattice are considered, whereas Wojtaszek et al. considered the whole periodic cell of the zeolite.
Table 3 collects the V=O bond lengths, bond orders, and Mulliken charges accumulated on the V=O
moiety computed for all considered structures.

The V=O bond has a typical character of the double bond, its length ranges between 1.59–1.61 Å
and bond order from 1.83–2.09. The V=O group is polar and positively charged. The Mulliken charge
accumulated on the V atom depends on the type of T site it occupies and varies between 1.23 (for the
T1 site) and 1.60 (for the T9 site) and is on average higher than the charge accumulated on vanadium in
the V–OH form—see Table 2. The charge on the O atom form the V=O group lies in the range between
−0.46 (for the T1 site) to −0.54 (for the T4 and T5 sites). The vanadyl oxygen is thus more nucleophilic
than the OH group of the V–OH species (charge on OH varies from −0.12 to −0.17, see Table 2).
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Table 3. Structural parameters (R—distance, B. O. Mayer bond order indices, q—Mulliken charges) of
the V=O group introduced to different crystallographic positions in BEA zeolite.

Site R(V–O) [Å] B.O. qO qV

T1 1.60 2.09 −0.46 1.23
T2 1.61 2.00 −0.49 1.28
T3 1.60 1.93 −0.50 1.50
T4 1.60 1.83 −0.54 1.58
T5 1.61 1.87 −0.54 1.49
T6 1.59 1.91 −0.50 1.53
T7 1.61 1.89 −0.52 1.49
T8 1.60 1.91 −0.51 1.48
T9 1.60 1.91 −0.51 1.60

Data in Table 1 indicate that the T2 and T3 positions are the most suitable for silicon substitution
for vanadium as V=O. The energy gain equals to −2.24 eV and −2.21 eV, respectively. Therefore,
the structural and electronic parameters of both structures are depicted in Figure 5a,b. The analogous
geometry and electronic data for the remaining sites are shown in the supplementary information file.
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The inspection of the geometry of the V=O neighborhood in the T2 site shows the difference
between the V=O bond and the remaining V–O ones through which vanadium is bound to the silicon
atoms. The latter are longer (V–O bond length ranges between 1.75–1.80 Å) and of single bond character
(B.O. = 0.88–1.02). The nucleophilicity of all four oxygen atoms connected to vanadium is comparable;
the Mulliken charge varies between −0.47 to −0.50. The parameters characterizing the V=O group
in the T3 position are similar. The lengths of the single V–O bonds (1.75–1.80 Å) and their bond
orders (0.86–0.99) are comparable to those found for the T2 position. The positively charged vanadium
ion (qV = 1.50) is surrounded by the negatively charged oxygen atoms whose charges are almost
equal (−0.50–−0.54). The occurrence of the V=O group in the T position results in the presence of the
additional Si–OH bond in the proximity of the vanadyl center. In the T2 complex, the negative charge
accumulated on this oxygen atom is lower than on those bound to vanadium and equals to −0.42.
When the V=O is present in the T3 position, the charge on this oxygen atom is almost equal to the
charge on the remaining oxygen centers (−0.48). The newly formed Si–OH group can be viewed as an
additional Brønsted acid center, capable of interaction with reagents. When present in proximity to the
V=O center, it may function as an anchor for the reagent, which reacts with the active site. The positive
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effect of weak and medium Brönsted acid sites was reported for vanadium-containing zeolites applied
for hydrocarbon transformations, in particular in propane ODH [12,40].

The density of states (DOS) plots were drawn for all the studied models (see supplementary
materials), here only DOS plots designed for the T2 and T3 sites (see Figure 6a,b, respectively) are
shown. For the T2 geometry, the valence band is dominated by the contributions from the oxygen
atoms, mostly the vanadyl oxygen (=O), but also the oxygen atoms connecting vanadium with the
silica atoms. The conduction band originates mainly from the vanadium orbitals. For the T3 geometry,
the valence band is dominated by the contribution from the hydroxyl group of the Si–OH group,
while the conduction band is dominated by the contributions from the vanadium atom. The fact that
the orbitals of the Si–OH fragments form the valence band may have implications for the catalysis.
They may become active nucleophilic centers, able to interact with the positively charged reagents,
such as e.g., carbocations, as discussed in the previous paragraph. In the case of both structures,
the band gap becomes narrower when V=O is introduced into the zeolite matrix. The decrease of the
HOMO-LUMO gap is equal to 2.07 eV and 2.75 eV for T2 and T3 sites, respectively.

Catalysts 2020, 10, x FOR PEER REVIEW 8 of 20 

 

the charge on the remaining oxygen centers (−0.48). The newly formed Si–OH group can be viewed 
as an additional Brønsted acid center, capable of interaction with reagents. When present in proximity 
to the V=O center, it may function as an anchor for the reagent, which reacts with the active site. The 
positive effect of weak and medium Brönsted acid sites was reported for vanadium-containing 
zeolites applied for hydrocarbon transformations, in particular in propane ODH [12,40]. 

The density of states (DOS) plots were drawn for all the studied models (see supplementary 
materials), here only DOS plots designed for the T2 and T3 sites (see Figure 6a,b, respectively) are 
shown. For the T2 geometry, the valence band is dominated by the contributions from the oxygen 
atoms, mostly the vanadyl oxygen (=O), but also the oxygen atoms connecting vanadium with the 
silica atoms. The conduction band originates mainly from the vanadium orbitals. For the T3 
geometry, the valence band is dominated by the contribution from the hydroxyl group of the Si–OH 
group, while the conduction band is dominated by the contributions from the vanadium atom. The 
fact that the orbitals of the Si–OH fragments form the valence band may have implications for the 
catalysis. They may become active nucleophilic centers, able to interact with the positively charged 
reagents, such as e.g., carbocations, as discussed in the previous paragraph. In the case of both 
structures, the band gap becomes narrower when V=O is introduced into the zeolite matrix. The 
decrease of the HOMO-LUMO gap is equal to 2.07 eV and 2.75 eV for T2 and T3 sites, respectively. 
(a) 

 
(b) 

 
Figure 6. DOS plot of the V=O center in (a) T2 and (b) T3 positions. Figure 6. DOS plot of the V=O center in (a) T2 and (b) T3 positions.



Catalysts 2020, 10, 1080 9 of 20

2.3. The Substitution of Si for V(=O)(–OH)

As the last possibility, the isomorphous substitution of silicon for the V(=O)(–OH) group is
considered. According to the data gathered in Table 1, such a process is exothermic when vanadium is
introduced into all but T1 crystallographic positions, where it costs as much as 1.43 eV. The reaction
energies change in order T3 > T2 > T9~T8 > T4 > T5 > T6 > T7. Table 4 collects the V=O and V–OH
bond lengths, bond orders, and Mulliken charges accumulated on the V(=O)(–OH) groups.

Table 4. Structural parameters of the V(=O)(–OH) group introduced to different crystallographic
positions in BEA zeolite. OO denotes vanadyl oxygen, OOH denotes oxygen from hydroxyl.

Site R(V=O)
[Å]

B.O.
V=O

R(V–OH)
[Å]

B.O.
V–OH qOO qOOH qOH qV

T1 1.62 2.18 1.89 1.03 −0.34 −0.58 −0.27 0.76
T2 162 2.17 1.83 1.03 −0.51 −0.65 −0.33 1.06
T3 1.62 1.87 1.87 0.85 −0.55 −0.66 −0.35 1.30
T4 1.62 1.84 1.85 0.90 −0.57 −0.64 −0.32 1.30
T5 1.61 1.99 1.89 0.82 −0.49 −0.70 −0.38 1.24
T6 1.58 2.17 1.80 1.03 −0.41 −0.61 −0.26 1.40
T7 1.62 1.90 1.86 0.82 −0.54 −0.69 −0.38 1.24
T8 1.60 1.98 1.78 1.14 −0.51 −0.54 −0.21 1.33
T9 1.62 1.78 1.76 1.19 −0.61 −0.54 −0.20 1.40

R—distance, B. O. Mayer bond order indices, q—Mulliken charges.

In the investigated structures, the V=O bond lengths are in the range 1.58–1.62 Å and appropriate
bond orders 1.78–2.17. Similarly, as in the case of the V=O moiety discussed in paragraph 2.2.,
the charges accumulated on vanadium and its oxo ligand depend on the occupied crystallographic
position. The charge accumulated on the V atom varies greatly from 0.76 (for the T1 site) up to 1.40
(for the T6 and T9 sites), whereas that on the O rises from −0.34 (for the T1 site) up to −0.61 (for the T9
site). The charging of the OH moiety is more homogeneous throughout the considered set of structures
and is in the range between −0.20 (for the T9 site) to −0.38 (for the T5 and T7 sites). The differences
are due to the variations in the charge accumulated on the oxygen atoms. The hydroxyl ligand in the
V(=O)(–OH) moiety is more negatively charged (more nucleophilic) than when it is the sole ligand of
vanadium (see Table 2). The introduction of the V(=O)(–OH) moiety into the T3 position is the most
energetically favorable, the energy gain equals to − 2.19 eV. Therefore, Figure 7 depicts the structural
and electronic parameters of the structure, while Figure 8 shows the DOS plot.
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In this structure, two vanadium-oxygen bonds connecting the V(=O)(–OH) moiety with the silicon
atoms have lengths of 1.75 Å and 1.77 Å, which is in between the length of the V–OH bond (1.87 Å) and
the V=O bond (1.62 Å). Their bond orders are typical for the single bonds (0.94 and 1.02, respectively).
They are negatively charged (Mulliken charges are equal to −0.43 and −0.50), which makes them
slightly less nucleophilic than the oxygen atoms from oxo and hydroxo groups of the V(=O)(–OH) site.
The substitution of Si by V(=O)(–OH) results in the formation of two hydroxyl groups bound to the
zeolitic silicon atom. Their occupied orbitals dominate the valence band of the DOS plot of the structure,
indicating that they can be active as nucleophilic centers in catalytic reactions. The conduction band,
on the contrary, is dominated by the empty orbitals of the vanadium atom, which can serve as the
electrophilic center of the catalyst. The HOMO-LUMO band gap has decreased from 5.31 eV (as found
for all Si cluster) to 2.69 eV for the cluster in which the V(=O)(–OH) center was introduced.

2.4. Comparison with V2O5

The properties of the energetically favorable vanadium sites (in position T2 for V–OH, T2, T3
for V=O and T3 for V(=O)(–OH)) described above, present in the vanadium-substituted BEA zeolite,
can be compared with the active centers present on the (010) surface of the most known vanadium
catalyst—V2O5 (see Table 5). The electronic structure of V2O5 was a subject of several papers, where
the cluster and periodic models and theory on various theory levels was used [23–27,29]. In here,
we report the cluster calculations for the (010) V2O5 surface using the V20O62H22 cluster model—see
Figure 9a. The same methodology as for the vanadium-substituted BEA models was applied to
minimize the influence of the calculations’ parameters (DFT functional, basis set, etc.) on the obtained
results. V2O5 has a layered structure in which vanadium-oxygen layers are held together by van der
Waals forces. In the present manuscript, the PBE functional is used, which does not describe correctly
the dispersion interactions. We have checked how the lack of dispersion in PBE affects our results for
V2O5. To do so, we applied the B97-D functional [41] instead of the PBE one and calculated properties
of the V20O62H22 cluster. First of all, we checked if inclusion of the dispersion changes the inter-layer
distance in V2O5. The distance between vanadium atoms, which are one above the other in two layers,
is here used as a measure of the layer–layer distance. The computed values are gathered in Table S2.
It is shown that the distance between two layers changes by 7.5% at maximum. Next, the influence of
the choice of functional on the computed parameters of the vanadium centers (bond lengths, bond
orders, Mulliken charges) was checked; Figure S56 gathers the data obtained for the center with PBE
and B97-D functionals. The comparison of the results reveals that the choice of functional has negligible
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effect on the structural data reported here (bond length changes up to 1.4% at maximum). Bond orders
of V–O–V bonds are the most affected electronic parameters (they change by 11%). Figure 9b shows
the structural and electronic data obtained for the employed cluster representing vanadium pentoxide.
In order to facilitate further discussion and comparison of the geometry and electronic structure
parameters of vanadium centers in both environments, the key parameters computed for BEA zeolite
and V2O5 are additionally gathered in Table 5.

Table 5. Structural parameters of the investigated vanadium groups present on the (010) V2O5 and
introduced to most stable crystallographic positions in BEA zeolite (a T2 site, b T3 site). OO denotes
vanadyl oxygen, OOH denotes oxygen from hydroxyl.

Parameter Site on (010) V2O5 Site in V-BEA

V(–OH) group

R (V–OH) 1.74 1.84 a

B.O. (V–OH) 1.21 1.09 a

qO −0.48 −0.50 a

qOH −0.13 −0.17 a

qV 1.70 1.33 a

V(=O) group

R (V=O) 1.58 1.60 a, 1.60 b

B.O. (V=O) 2.19 2.00 a, 1.93 b

qO −0.38 −0.49 a, −0.50 b

qV 1.70 1.28 a, 1.50 b

V(=O)(–OH) group

R (V–OH) 1.78 1.83 b

R (V=O) 1.58 1.62 b

B.O. (V–OH) 1.12 0.85 b

B.O. (V=O) 2.24 1.87 b

qOOH −0.57 −0.66 b

qOH −0.23 −0.35 b

qOO −0.37 −0.55 b

qV 1.41 1.30 b

R—distance, B. O. Mayer bond order indices, q—Mulliken charges.
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On the unmodified (010) V2O5 surface one can distinguish three types of oxygen atoms, singly,
doubly, and triply coordinated (usually denoted as O(1), O(2), and O(3)) to the vanadium atoms).
Their chemical character is different, which can be seen not only from their geometry parameters (bond
lengths), but also electronic ones (bond orders, charges).

The singly coordinated oxygen atoms form typical vanadyl groups (V=O) of the 1.58 Å length.
The character of their double bond is confirmed by Mayer bond order analysis (bond order equals to
2.19). As compared to the V=O species located in the BEA zeolite, where V=O bond length was found
to be 1.60 Å and its bond order 1.93 and 2.00 (for T2 and T3 respectively), see Table 5, the vanadyl
groups present on the (010) surface are slightly shorter and stronger (their bond order is higher).
The electronic properties of the V=O species are also distinct when present in different environments.
On the (010) surface, the vanadium atom is positively charged (Mulliken charge is equal to 1.70),
while in the V=O form of BEA, its charge is less positive (charges accumulated on the V atoms in
different crystallographic positions are equal to 1.28 and 1.50 (for T2 and T3 respectively)). The vanadyl
oxygen on the surface of V2O5 is negatively charged (−0.38), which is less than what was found for
the vanadyl oxygens encounters in the BEA zeolite (−0.49 and −0.50). One can conclude that the
vanadyl groups would be more nucleophilic when introduced into the zeolite matrix than on the (010)
V2O5 surface.

It should be kept in mind that on the (010) V2O5 surface there exist also other types of oxygen
atoms (O(2) and O(3)), which can constitute active centers competing with the vanadyl ones. The O(2)
oxygens are bound to two vanadium atoms with bonds of 1.81 Å and of bond orders of 0.92 each.
The Mulliken charge computed for O(2) is equal to −0.64. The O(3) oxygens are connected to three
vanadium atoms with bonds of 1.92 Å, 2.00 Å, and 2.02 Å and bond orders of 0.49, 0.49, and 0.27,
respectively. The Mulliken charge computed for O(3) is equal to −0.87. As can be seen, the triply
coordinated oxygen atoms would be the most nucleophilic center on the (010) surface, followed by the
doubly coordinated oxygen. The singly coordinated one has the least nucleophilic character.

The V2O5 DOS plot is depicted in Figure 10. In V2O5, the valence band is dominated by the
oxygen orbitals, mostly coming from the doubly and triply coordinated oxygen atoms. The conduction
band is dominated by the empty orbitals of vanadium atoms, which in this case play a role of Lewis
acid centers. The character of the V2O5 frontier orbitals is similar to the one found for the vanadium
centers introduced into BEA zeolite.
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The band gap width (HOMO–LUMO gap) calculated for the model is equal to 2.02 eV, which
is in good agreement with experimental values obtained by photoemission (2.35 eV) [42], optical
adsorption (2.30 eV) [43], and optical reflectance (2.38 eV) [44]. The difference between the theoretical
and experimental values should be attributed to DFT method, which underestimates this property.

The results of the calculations available in the literature [45] show that the formation of –OH
surface hydroxyl group is the result of proton/hydrogen stabilization at each oxygen center presented
on (010) V2O5. Although the previous calculations (done with the use of single-layer clusters) showed
a strong stabilization on the O(1) center, the calculations made for the purposes of this study indicate
the dominance of adsorption on the doubly and triply coordinated oxygen atoms. The adsorption at
the O(2) and O(3) centers leads to stabilization of the proton between the layers (formation of precursor
to vanadium bronzes), and the formation of additional hydrogen bonds makes these adsorption
processes energetically preferred. However, the –OH groups formed in this way are inaccessible to the
reactants, therefore, for the purpose of the discussion in this paper, we present only surface –OH groups
formed with O(1) vanadyl oxygen (geometries of the results obtained for other sites are presented in
supplementary materials).

Figure 11 depicts the geometry of the resulting structure with their structural and electronic
parameters. The newly formed V–OH groups are characterized by the V–O bonds of 1.74 Å of a
single bond character (Mayer bond order equals to 1.21). This is shorter than the analogous bond
in the V–OH form of the BEA zeolite (1.84 Å), with Mayer bond order equal to 1.09—see Table 5.
The vanadium charge is equal to 1.70, considerably higher than in the V–OH group in the zeolite (1.33).
The charge of the OH ligand (−0.13) is not big and comparable to the charge of the same group in the
BEA model (−0.17). In this sense, the nucleophilic properties of hydroxyls are similar irrespective of
their surroundings.
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(010) V2O5 surface—side view; (b) parameters characterizing V–OH surface group and their neighbors
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Figure 12 depicts the DOS plot for the cluster representing the (010) V2O5 surface with two
hydroxyl groups. The valence band of such a modified system is still dominated by all types of oxygen
atoms, but the contributions from the OH groups are located further from the Fermi level than other
oxygen atoms. The conduction band is dominated by the empty orbitals of vanadium atoms. In this
respect, it is similar to the DOS plot of the BEA zeolite with the V–OH group. The formation of the
hydroxyl species at the (010) surface results in lowering the HOMO–LUMO gap from 2.02 eV–1.17 eV.
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Finally, the properties of the V(=O)(–OH) species formed on the (010) V2O5 surface were
elucidated. Such centers can be formed upon the dissociative adsorption of water on the clean surface.
The heterogeneity of the surface offers many possibilities and various combinations for the adsorption
of –OH− and H+ fragments. The group –OH, derived from the dissociation of water, can adsorb
at the surface (010) on the bare (exposed) vanadium atoms or on the vanadium atom bonded with
O(1), whereas the proton can be bound at one of the three surface oxygen atoms O(1), O(2), and
O(3) [46]. The geometry of energetically favorable dissociative water adsorption at theV20O62H22

cluster, in which OH− is bound to the V(=O) site and the proton is located at the nearby oxygen O(3)
type center, is depicted in Figure 13.
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Figure 13. (a) V20O62H22(H2O) cluster representing results of the dissociative water adsorption at
V=O and O(3) on the (010) V2O5 surface—side view; (b) parameters characterizing V(=O)(–OH)
group and their neighbors (black—bond lengths in Å; blue, in parentheses—bond order indices;
red—Mulliken charges).
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In the resulting structure, the vanadium atom forms a double bond of 1.58 Å with the vanadyl
oxygen (Mayer bond order equals to 2.24) and a single bond of 1.78 Å with the hydroxyl group
(Mayer bond order equals to 1.12). These bond lengths and bond orders are very close to the values
found for the isolated V=O and V–OH groups (for V=O 1.58 Å/B.O. 2.19, for V–OH 1.74 Å/B.O. 1.21,
respectively). The comparison with the V(=O)(OH) species that can be encountered in the BEA zeolite
reveals that both the V=O and V–OH bonds are in general shorter and stronger on the (010) surface
than in the zeolitic environment (for V=O 1.62 Å, B.O. 1.87, for V–OH 1.83 Å, B.O. 0.85, respectively)
—see Table 5. This discrepancy may be due to the differences in charges accumulated on the fragments.
When the V(=O)(–OH) group is present on the surface of vanadium pentoxide, the positive charge on
vanadium is higher and equals to 1.41 vs. 1.30 in the BEA zeolite. The negative charge of the vanadyl
oxo group is smaller (−0.37) than in most T2 positions in the zeolite (−0.55), similar to the net charge
on –OH, which is also smaller on vanadium surfaces (equals −0.23), compared to −0.35 founded in
T3 site in zeolite. This indicates that they constitute stronger nucleophilic sites, able to interact with
e.g., hydrocarbons.

The inspection of the DOS plot for the surface modified by the presence of the V(=O)(–OH) site
(depicted in Figure 14) reveals that the valence band is composed of oxygen atom orbitals (mostly
triply coordinated). The band originating from the OH fragment is shifted deeper than from other
oxygen moieties. The conduction band is composed mostly of vanadium orbitals.
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3. Methods

The present computational studies were performed by means of Density Functional Theory (DFT),
as implemented in Turbomole v6.3 [47]. The Perdew–Burke–Ernzerhof (PBE) functional was used
with def2-TZVP basis set [48] for all atoms. Resolution of Identity (RI) approach [49,50] was applied
for computing the electronic Coulomb interactions. The electronic properties of the systems were
studied with the aid of Mulliken Population Analysis [51]. Additionally, Mayer bond orders and
density-of-states (DOS) spectra were calculated using the AOMix program [52,53].

For the geometry optimizations, all atoms were allowed to relax, except for the hydrogen atoms
saturating dangling Si–O/V–O bonds, resulting from cutting the models out of the crystal geometry.
The frequency calculations were done in order to check if the resulting structures were the minima on
the potential energy surface.
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4. Conclusions

The present DFT calculations suggest that vanadium could substitute T atoms in all available nine
crystallographic positions in BEA. As the V–OH group, vanadium center is bound preferentially in
the T2 position. Vanadium could be present as the V=O moiety in T2 or T3 positions, but the energy
difference between the two is too low to draw any definite conclusions regarding the preference as
to its sitting. The introduction of the V=O center generates an additional acidic site in its proximity,
which may act as an anchor for reagents. The most energetically favored position for the V(=O)(–OH)
group is T3. The analysis of Mulliken charges accumulated on oxo and hydroxyl centers indicates their
nucleophilic character. Their dominance in the valence band (as revealed by DOS plots) points out that
both oxygen species may play an active role in catalysis, in particular in redox processes.

The parameters of the V=O, V–OH, and V(=O)(–OH) groups present in the BEA zeolite were
then compared with the characteristics of the same species on the most abundant (010) V2O5 surface.
While at the surface of the oxide, vanadium forms shorter and stronger (in terms of bond order indices)
bonds with oxygen ligands. The V=O species are more nucleophilic being introduced into the BEA
structure than on the (010) V2O5 surface. In the former system, they can become the sites actively
participating in catalytic events. On contrary, on the unmodified (010) V2O5 surface, there exist sites
of higher nucleophilicity than V=O—triply and doubly coordinated oxygen atoms—which may be
more relevant for catalysis. Similarly, the V(=O)(–OH) group has more nucleophilic character when
introduced into BEA and hence would be more relevant for catalysis than a similar group on V2O5.
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Figure S1: Clusters of various sizes representing the T3 center used to check the convergence of calculations.
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parentheses—bond order indices; red—Mulliken charges), Figure S3: DOS plot for the system in which V–OH
center is in T1 position, Figure S4: Computed parameters of V–OH center in T2 position (black—bond lengths in
Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S5: DOS plot for the system in which
V–OH center is in T2, Figure S6: Computed parameters of V–OH center in T3 position (black—bond lengths in Å;
blue, in parentheses—bond order indices; red—Mulliken charges), Figure S7: DOS plot for the system in which
V–OH center is in T3 position, Figure S8: Computed parameters of V–OH center in T4 position (black—bond
lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S9: DOS plot for the
system in which V–OH center is in T4 position, Figure S10: Computed parameters of V–OH center in T5 position
(black—bond lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S11: DOS
plot for the system in which V–OH center is in T5 position, Figure S12: Computed parameters of V–OH center in
T6 position black—bond lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure
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charges), Figure S15: DOS plot for the system in which V–OH center is in T7 position, Figure S16: Computed
parameters of V–OH center in T8 position (black—bond lengths in Å; blue, in parentheses—bond order indices;
red—Mulliken charges), Figure S17: DOS plot for the system in which V–OH center is in T8 position, Figure S18:
Computed parameters of V–OH center in T9 position (black—bond lengths in Å; blue, in parentheses—bond
order indices; red—Mulliken charges), Figure S19: DOS plot for the system in which V–OH center is in T9
position, Figure S20: Computed parameters of V=O center in T1 position (black—bond lengths in Å; blue, in
parentheses—bond order indices; red—Mulliken charges), Figure S21: DOS plot for the system in which V=O
center is in T1 position, Figure S22: Computed parameters of V=O center in T2 position (black—bond lengths
in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S23: DOS plot for the system in
which V=O center is in T2, Figure S24: Computed parameters of V=O center in T3 position (black—bond lengths
in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S25: DOS plot for the system in
which V=O center is in T3 position, Figure S26: Computed parameters of V=O center in T4 position (black—bond
lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S27: DOS plot for the
system in which V=O center is in T4 position, Figure S28: Computed parameters of V=O center in T5 position
(black—bond lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S29: DOS
plot for the system in which V=O center is in T5 position, Figure S30: Computed parameters of V=O center in T6
position (black—bond lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S31:
DOS plot for the system in which V=O center is in T6 position, Figure S32: Computed parameters of V=O center
in T7 position (black—bond lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges),
Figure S33: DOS plot for the system in which V=O center is in T7 position, Figure S34: Computed parameters of
V=O center in T8 position (black—bond lengths in Å; blue, in parentheses—bond order indices; red—Mulliken
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charges), Figure S35: DOS plot for the system in which V=O center is in T8 position, Figure S36: Computed
parameters of V=O center in T9 position (black—bond lengths in Å; blue, in parentheses—bond order indices;
red—Mulliken charges), Figure S37: DOS plot for the system in which V=O center is in T9 position, Figure S38:
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order indices; red—Mulliken charges), Figure S39: DOS plot for the system in which V(=O)(–OH) center is in
T1 position, Figure S40: Computed parameters of V(=O)(–OH) center in T2 position (black—bond lengths in Å;
blue, in parentheses—bond order indices; red—Mulliken charges), Figure S41: DOS plot for the system in which
V(=O)(–OH) center is in T2, Figure S42: Computed parameters of V(=O)(–OH) center in T3 position (black—bond
lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S43: DOS plot for the
system in which V(=O)(–OH) center is in T3 position, Figure S44: Computed parameters of V(=O)(–OH) center
in T4 position (black—bond lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges),
Figure S45: DOS plot for the system in which V(=O)(–OH) center is in T4 position, Figure S46: Computed
parameters of V(=O)(–OH) center in T5 position (black—bond lengths in Å; blue, in parentheses—bond order
indices; red—Mulliken charges), Figure S47: DOS plot for the system in which V(=O)(–OH) center is in T5
position, Figure S48: Computed parameters of V(=O)(–OH) center in T6 position (black—bond lengths in Å;
blue, in parentheses—bond order indices; red—Mulliken charges), Figure S49: DOS plot for the system in which
V(=O)(–OH) center is in T6 position, Figure S50: Computed parameters of V(=O)(–OH) center in T7 position
(black—bond lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges), Figure S51: DOS
plot for the system in which V(=O)(–OH) center is in T7 position, Figure S52: Computed parameters of V(=O)(–OH)
center in T8 position (black—bond lengths in Å; blue, in parentheses—bond order indices; red—Mulliken charges),
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selected parameters for V–OH (T3 site) as a function of the cluster size, Table S2: Distances [Å] between vanadium
atoms from the first and the second layer of the V20O62H24 cluster computed with B97-D functional.
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