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Abstract

With hybrid DFT calculations applied to periodic models of the bulk MoVNbTeO M1 catalyst, we examined how [TeO]**
species in the hexagonal channels of this material stabilize nearby reduced metal centers. In particular, an S2(Mo) site, with
adjacent [TeO]** moieties at both sides, is calculated to be reduced to Mo>*. The modeling study presented offers insight
into how the redox behavior of V and Mo centers, a crucial aspect of the M1 catalyst for the selective partial oxidation of
small hydrocarbons, may be fine-tuned via TeO moieties at various distances from the metal centers.

Graphic Abstract
TeO moieties in hexagonal channels, adjacent on either side of an S2(Mo) center, stabilize a gap state at the Mo center,
facilitating its reduction to Mo>*.

Keywords M1 catalyst - MoVNbTeO material - TeO moieties - Location of TeO - Reduced metal centers - Electrostatic
interaction - Hybrid DFT calculations
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54 Notker Résch The catalytic production of short-chain olefins is typically

roesch@mytum.de carried out by energy-intensive steam cracking [1]. Moreo-
ver, with the advent of pure-ethane crackers, olefins, like
propylene, formerly available as side products, become
relatively less easily accessible, stimulating the develop-
ment of alternatives routes for producing these olefins [2].
The MoVNDbTeO catalyst stands out as an alternative for
producing short olefins through oxidative dehydrogenation
(ODH) of alkanes. This catalyst material is also promising
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in the production of acrylonitrile from propane [3, 4],
avoiding propylene as used in the established process [5].
Two crystalline phases of the MoVNbTeO material have
been reported to be important for the catalysis. The M1
phase is in charge of the activation of the alkane and the
ODH, while the M2 phase has been assigned an auxiliary
function [6-8]. Therefore, the M1 phase is the only one
required if one simply aims at an ODH process.

Since the discovery of the MoVNbTeO mixed-metal
oxide catalyst [3], significant effort was devoted in under-
standing this catalyst. Studies in this field range from syn-
thesizing MoVNbTeO and its variants [9-11], characteriz-
ing the structure of these materials [12-20], elaborating the
catalytic mechanism [21-23], to elucidating how the metal
centers and V>*/V* pairs are distributed in the material
[24-28]. It is well accepted that the V> species are respon-
sible for activating the alkanes over this catalyst [21, 27,
29, 30], yet clarifying their location remains as one of the
challenges. For an efficient catalyst design it is important
to understand the factors that determine the presence and
distribution of V>* species. A higher concentration of V>*
has been determined in the vicinity of hexagonal pores with
decreased TeO content in the MoVNbTeO M1 catalyst [28].
TeO moieties have also been discussed to take an active role
during the catalysis [11, 17, 31].

In this letter, using a computational approach and model
structures, we explore the local positions of Te centers in
the hexagonal channels, and we examine how such centers
affect the local lattice structure around neighboring metal
centers and the electronic states of these sites.

In particular, we will address the effects of TeO moieties
on sites 2 at the centers of the “pentameric units”, Fig. 1,
that are nearby according to experimental evidence [14, 16].
According to our model calculations, reducing electrons in
metal d-states are stabilized in the proximity of [TeO]**
moieties. Overall, we are aiming at improving our under-
standing of the factors that affect the distributions of V**/
V3* centers, thus hoping for enabling the synthesis of more
active/selective catalyst materials for oxidation processes.

Given the complexity of the material at hand, we focus
on understanding the effect of TeO positions in the hex-
agonal channels of a bulk model. This admittedly idealized
situation allows us to deduce the basic effects of inter-
calated TeO. More complex situations, like the effect of
a surface of MoVNbTeO, will be deferred to subsequent
studies.

2 Models and Methods

We studied bulk models of the MoVNbTeO M1 oxide, for
computational ease maintaining ideal three-dimensional
periodicity. Here, we first present the considerations

Fig.1 a Sketch of an ideal MoVNbTeO M1 bulk structure, viewed
in the [001] direction. The metal sites are marked by labels n (instead
of common nomenclature Sn, Refs. [16, 18, 63]) with lower-case
characters a—d added to discriminate symmetry equivalent sites. The
centers are rendered in yellow, exclusively occupying sites 12 in the
hexagonal channels (HCs) a—6. The positions 13 (not marked) in the
heptagonal channels are empty in our model. Pentameric units, dis-
cussed as the catalytically active sites, are shown in blue, pentagonal
units in purple, and so-called linker sites in green. Oxygen centers
are indicated as red discs. b Close-up of the pentameric unit, brack-
eted by Te sites in the adjacent HCs. In our model the occupancy is
2(Mo), 4(Mo), and 7(V)

undertaken to build the bulk models and the nomenclature
used throughout this work. We then describe the computa-
tional strategy; additional details may be found in the Elec-
tronic Supplementary Material (ESM, Online Resource 1).
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The average stoichiometry of the MoVNbTeO M1
material as reported by Li et al. is Mo;,V¢Te;Nb,O, 5
[16]. However, the MoVNbTeO M1 catalyst has been
successfully synthesized with a higher V content [18,
26]. TeO moieties partially occupy both heptagonal and
hexagonal channels, although higher occupancies of Te
have been reported in the hexagonal channels [14, 16]. We
chose to model the M1 bulk by fixing the stoichiometry
at Mo,V (Nb,Te,O, 4, with a monolayer unit cell of that
composition [28].

Following our previous work [28, 32], we label inequiv-
alent sites of MoVNbTeO as 1, 2, 3, ..., 12, Fig. 1, short-
ened from the commonly accepted nomenclature S1, S2,
S3, ..., S12 [16]. The pentameric units, formed by sites
2(V), 4(V), and 7(Mo) in our models, have been discussed
as active sites of the catalyst [21, 22]. We specify sites of
the same type by adding a lower case letter, e.g., 3a, 3b,
3¢, and 3d and we designate the various distributions of
V*#* sites by a concatenated label that lists all reduced
sites. For example, the label 1ab3abcd7abced indicates
that reducing electrons are located at all sites 1, 3, and
7, 10 electrons in total [28, 32]. These latter sites have
been reported with the highest V occupancies for the
MoVNDbTeO catalyst used in experiments [14, 18] and we
thus selected them as being occupied by V centers in all
our models. The choice of 10 reducing electrons per unit
cell, at centers V**, entails that initially small polarons
are formed primarily at V sites [14], reflecting the higher
ionization potential of V4* compared to that of Mo>* [33].

In agreement with experimental observations [14, 17],
we initially placed the Te centers, in the form of [TeO]**
moieties, at all positions 12 in the hexagonal channels,
HCs, Fig. 1. Each HC is formed by the sites 2, 3, 4, 5,
7, and 8, Fig. 1b. In consequence, the channels of the
bulk models are filled by stacks along the ¢ direction, i.e.,
“chains” of [TeO]** moieties oriented perpendicular to
the ab plane.

As we probed the stability of the TeO chains at various
positions within the four HCs a—9, Fig. 1 (per unit cell),
we found it necessary to identify various structure motifs.
We refer to a generic configuration as [a,B][y,0], where
the Greek characters are placeholders for the labels of the
metal sites closest to the Te centers. The channel identi-
fiers are grouped in pairs, bracketing one of the two penta-
meric units, Fig. 1b. We consider site n to be close to a Te
center if two equatorial oxygen centers bonded to such a
site form Te—O contacts shorter than 220 pm. For example,
in the configuration [2,7][3,2], the TeO moieties in the pair
o and p of HCs, bracketing the central pentameric unit,
Fig. 1, are close to the sites 2a and 7b. The TeO moieties
in the pair y and d of HCs, bracketing the other pentameric
unit, are located close to sites 3a and 2b, respectively.
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Unless otherwise stated, all reported energies were
obtained from electronic structure calculations using the
software CRYSTAL14 [34], applying the hybrid DFT
approach B3LYP [35], supplemented by the dispersion cor-
rections D2 [36]. This electronic structure method offers a
sufficient correction of self-interaction artifacts [37, 38],
otherwise typical of regular GGA DFT functionals [39],
thus affording a suitable localization of electrons at reduced
V and Mo complexes [40]. Integrations over the Brillouin
zone were carried out with a 1 X 1 X 4 k-grid, following
the scheme of Monkhorst—Pack [41]. Atomic charges were
obtained from a Hirshfeld population analysis as imple-
mented in the program CRYSTAL, with default parameters
[42].

In the MoVNbTeO material, V (or Mo) centers are
expected to exhibit electronic configurations d°, when oxi-
dized, or d', when reduced. For computational simplicity,
we considered situations only where the spins of all reduc-
ing electrons are oriented parallel to each other (ferromag-
netic spin orientation); low energy variations, < 8 kJ mol ™!,
resulted with antiferromagnetic spin orientations [32].

As in our previous studies on Mo—V mixed metal oxides
[28, 32, 43], we used the all-electron split-valence basis
sets 86-411d31G [44] and 8-411d1 [45] for V and O atoms,
respectively. For Mo and Nb atoms, we chose the valence
basis sets 311(d31)G [46] and 31(31d)G [47] in combination
with Hay—Wadt small-core relativistic effective core poten-
tials. For the Te atoms, we used a small-core relativistic
effective core potential with the basis set m-pVDZ [48].

Projected densities of states were obtained with a 2 x 2
X 8 k-point mesh and the corresponding density-weighted
average position of gap states was calculated as shown pre-
viously [32]. Prior to the CRYSTAL/B3LYP structure opti-
mizations, we generated approximate structures using the
plane-wave code VASP [49-52] and the PBE + U electronic
structure method [53, 54], as described in the ESM (Online
Resource 1) and elsewhere [28].

3 Results and Discussion

While the M1 phase of the MoVNbTeO bulk has on aver-
age symmetry Pba2, as determined by XRD Rietveld
refinements [16]. Probing various TeO placements within
the HCs may break the symmetry of the unit cell, entail-
ing degenerate structures. Reducing the symmetry of the
unit cell from Pba?2 to Pc, for instance, leads to two degen-
erate structures related by one of the glide mirrors. In the
present work, we only calculated those structures that are
symmetry-inequivalent.
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3.1 Locations of TeO Moieties and Their Influence
on Neighboring Sites

Next, we will assess the effects of the TeO location within
the HCs. First, we explore how the structure and the stability
of the system varies with the position of the TeO moieties
within the HCs. Then we examine the influence of these
TeO moieties on the reducibility of neighboring metal sites.

With the HCs, we determined stable locations for the
TeO moieties near the sites 2(Mo), 3(V), and 7(V), Fig. 2
and Table 1. These sites occur in the structure combinations
[2,2], [2,3], [2,7], and [7,7] in pairs of HCs bracketing a
single pentameric unit, Fig. 2. Framework views of con-
figurations included in Table 1 are shown in Fig. S1 (Online
Resource 1). We probed also other locations for the TeO
moieties, e.g., near 4(Mo), S(Mo), or 8(Mo), but these loca-
tions were either substantially less stable or, during opti-
mization, the TeO moieties returned to locations already
known. TeO moieties have been reported to prefer sitting
near V (rather than Mo) octahedra in the HCs of the M2
phase of MoVNbTeO [55]; it was suggested that the dis-
placement of Te towards V is associated with the stronger
repulsion between Te and Mo centers, due to their higher
charges. Note that these charges are formal only. A Hirshfeld
population analysis [42] of the structure [2,2][2,2] revealed
that typical charges for V3*, V4, Mo, Mo, and Te*" are
2.32e,2.18 ¢,2.37 ¢,2.20 e, and 2.33 e, respectively. These
charges are much lower than the various formal oxidation
states. The formally highest oxidation state of the three ele-
ments Mo, V, and Te are rather similar in charge, and so are
the reduced states, which are roughly 0.15 e lower in charge.
This difference may be a driving force to reduce interactions
when two metal centers are nearby, leading to a lower Cou-
lomb repulsion due to the reduction of the oxidation state.
This aspect should be kept in mind when we will be invoking
Coulomb interactions in the following.

In agreement with a previous study [28], two TeO moi-
eties bracketing site 2(Mo), [2,2], render this Mo center
reduced, at the expense of the centers 1(V), Table 1. In all
other placements of TeO moiety studied, the V** centers
remain as originally selected (see above), i.e., the polaron
distribution 1ab3abcd7abcd is maintained.

All energies in Table 1 are with respect to the symmetric
configuration, [2,2][2,2] with the alternate polaron distribu-
tion 2ab3abced7abed. We note, however, that this is not the
most stable polaron distribution in which two TeO moieties
bracket 2(Mo) centers, which was assessed elsewhere [28].

Inspecting Table 1, we deduce the stability trend
[2,2]1>1[2,3], [3,2]1>[2,7], [7,2] > [7,7] among the various
TeO placements studied. The symmetric structure [7,7][7,7],
with all TeO moieties placed next to the reduced centers
7(V), was determined as the least stable one, 66 kJ mol~!
higher in energy than the configuration [2,2][2,2]. The

Fig.2 Various placements for the TeO moieties within pairs of HCs
bracketing a pentameric unit centered at site 2b. For clarity, metal
sites are labeled by n, reduced from the common nomenclature Sr.
Stable TeO location combinations are: a [2,2], b [3,2], ¢ [7,2], and d
[7,7]. Mo, V, Te and O atoms are shown as teal, gray, yellow, and red
spheres. Te—O bonds longer than 220 pm are not shown

configurations [7,2][7,2] and [2,7][7,2], 8 kJ mol~! more sta-
ble than [7,7][7,7], have one TeO moiety near a 7(V) center
while maintaining the TeO moiety in the neighboring HC
at the center 2(Mo). Placing one or two of the TeO moieties
across the pentameric unit next to a site 3(V), producing
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Table 1 Relative energies E, kJ mol™!, for various locations of the
TeO moieties described by the labels [o,B][Y,0], where each Greek
symbol represents a channel, Fig. 1

Label d'?
1 2 3 7 E

[7,71[7,7] ab abcd abed 66
[7,2][7,2] ab abcd abed 58
[2,7]1[7,2] ab abcd abed 58
[2,7][3,2] ab abcd abed 53
[2,3](3,2] ab abed abed 40
[2,21[2,21° ab abed abed 0

For a framework view of each structure in this table, see Fig. S1
(Online Resource 1)

aMetal centers with d' configuration, i.e., reduced or polaron centers,
identified with the lower-case identifier a, b, c, or d; V at sites 1, 3,
and 7; Mo at sites 2

®Configuration used as reference

Table 2 Difference between trans-located equatorial 2(Mo)-O bonds,
d,(n—-2-n’), for configurations displayed in Table 1

Structure 7a-2a-7b 4a-2a-4b Tc-2b-7d 4c-2b-4d
[7,71[7,7] 0.0 0.0 0.0 0.1
[7,2][7,2] 6.3 229 6.3 22.9
[2,7][7,2] 2.6 25.1 2.7 25.1
[2,7][3,2] 22 29.2 25.3 24.7
[2,3][3,2] 26.2 27.8 26.2 27.8
[2,2][2,2] 0.0 0.0 0.0 0.0

The centers n, n' and the corresponding 2(Mo) center are indicated in
each column. Values given in pm

configurations [2,7][3,2] and [2,3][3,2], increases the stabil-
ity of the unit cell by 13 kJ mol™" and 26 kJ mol ™!, respec-
tively, relative to [7,7][7,7].

To quantify how varying the TeO location affects the
local structure of the 2(Mo) centers, we introduce the
parameter §,(n—2—-n’) which measures the (absolute) dif-
ference between trans located equatorial 2(Mo)—O bonds,
Table 2. In a general manner, n and n’ refer to sites 4 or
7, neighboring the oxygen atoms of these frans located
bonds. When appropriate, we use both specific site labels,
e.g. 5,(7a-2a-7b), indicating 7a(V) and 7b(V) as metal
neighbors of the 2a(Mo)—O bonds. For reduced 2(Mo)
centers, [2,2][2,2], the values 6,(4—2—4) and 6,(7-2-7) are
all zero, indicating a symmetric octahedron with 2(Mo)
located at the intersection of the two diagonals, Table 2.

Such a symmetric environment of a metal center in
an oxide normally is taken to indicate a d' metal center
[16, 56]. In contrast, if the central metal moiety is located
away from the intersection of the two diagonals, then one
invokes the pseudo Jahn-Teller concept and infers an
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oxidized 2(Mo) center as a consequence of the metal d°
configuration [57]. The latter case is associated with larger
values of §,, in the range of 22-30 pm for one or both of
the 4-2—4 or 7-2-7 diagonals, Table 2. In configuration
[7,71[7,7], the local structures, as indicated by 6,=0 pm
in all four distinct n—2—n’ diagonals, are at variance with
the pseudo Jahn—Teller concept [57], given that both metal
centers 2a(Mo) and 2b(Mo) are oxidized. This computa-
tional result might be a consequence of the symmetrically
located TeO moieties across the pentameric unit.

Configurations [7,2][7,2] and [2,7][7,2] feature oxi-
dized 2(Mo) centers with an asymmetric environment, in
agreement with the pseudo Jahn-Teller concept [57], with
0,(4-2-4)=23-25 pm and 06,(7-2-7) =3-6 pm. While
the 2(Mo) center is displaced towards one of the 4(Mo)
on the diagonal 4-2—4, it remains close to the center of
the diagonal 7-2—7. The direction of the distortion for d°
metal centers may be due to an effective repulsion between
metal ions, as previously postulated [58]. The distortion of
2(Mo) directed towards one of the vertexes of the diagonal
4-2-4 is likely due to the proximity of the centers Te and
2(Mo). When the TeO moiety is located next to 2(Mo),
the center 2(Mo) shifts towards the opposite edge of the
octahedron, Fig. 2b. For TeO located next to 7(V), the
2(Mo) moiety is displaced towards the site 4(Mo) across
the HC, Fig. 2c.

The centers 2(Mo) show strong off-center displacements
in the configurations [2,3] and [3,2]. Sites 2a or 2b of [2,3]
[3,2] and site 2b of [2,7][2,3] feature values of §,(4-2—4)
and 6,(7-2-7) of 25-29 pm, Table 2. These 2(Mo) centers
are displaced towards the HC in which the TeO is located
near 3(V), Fig. 2b. Especially those equatorial 2(Mo)-O
bonds are elongated where the oxygen atoms are interacting
with the TeO moiety while the other 2(Mo)—O bonds are
shortened, Figure S2 (Online Resource 1). Again, it appears
as if an effective repulsion is at work between the Te and
Mo metal ions, inducing a lattice distortion around these
2(Mo) centers. Indeed, the deviations of 2(Mo) from its
central position were previously discussed as a cation—cat-
ion repulsion between site 2 and Te [59]. The asymmetric
lattice distortion around site 2a(Mo) in the configuration
[2,71[2,3] along one diagonal, 6,(4a—2a—4b)=29 pm and
0,(7a—2a-7b) =2 pm, may be rationalized in the same way
as discussed above for the configurations [7,2][7,2] and [2,7]
[7,2].

For the material MoVO,, it was previously analyzed
how the peak energies of the gap states (due to centers
V) in the atom-projected density of states (pDOS) vary
with the type of the reduced center, i.e., 1(V), 3(V), or
7(V), as well as with the number of polaron—polaron
interactions [32]. The latter aspect had been inferred as
consequence of lattice distortions where a MoO4 moiety
is bracketed between immediately adjacent centers V**,
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due the larger ionic radius of these species in comparison
with V>*. We analyzed the effect of these polaron—polaron
interactions on the stability of MoVNbTeO elsewhere [28].

For the MoVNbTeO material we determined that the
density-weighted average energy, (n), of the gap states of
reduced sites n is affected by the presence of the TeO moi-
eties. In fact, e(n) shifts by 0.3-0.4 eV to a lower energy
if a TeO moiety is nearby, Table S1 (Online Resource 1).
For instance, polarons with adjacent TeO moieties, 7a(V)
and 7¢(V) in configuration [7,2][7,2] as well as 7b(V) and
7¢(V) in configuration [2,7][7,2], Fig. 1, exhibit gap states
that are about 0.3-0.4 eV lower than the gap states of other
polarons at 7(V) centers, Table S1 (Online Resource 1).
Similar effects may be observed for the polaron 3a(V) in
the configuration [2,7][3,2] as well as the polarons 3a(V)
and 3d(V) in the configuration [2,3][3,2]. Polaron-induced
gaps states at lower energies in the pDOS may be inter-
preted to indicate a more facile reduction of those V cent-
ers that have a [TeO]>" moiety nearby.

3.2 Effect of the TeO Position on the Reducibility
of Metal Centers

Thus far, we discussed how a TeO moiety enhances the
reducibility of V centers in their vicinity. Even more dras-
tic is the concerted effect of two adjacent TeO moieties
on a 2(Mo) center in the configuration [2,2][2,2] which
results in a reduction of the site 2(Mo) at the center of the
pentameric unit. In fact, this configuration has the lowest
energy among the configurations studied here, Table 1.

In the following, we explore whether and how shifting
the TeO moieties within the hexagonal channels affects the
oxidation state of the metal centers that form these chan-
nels. Such effects, including a relocation of the polarons
there, could be due to the charge of TeO or a change in
the bonding of equatorial oxygen centers of 2(Mo). Recall
that, following the pseudo Jahn-Teller concept [57],
reduced metal centers entail a more symmetric local envi-
ronment in comparison to the analogous oxidized centers.
We examined this question by carrying out two computer
experiments where we shifted a TeO moiety in a step-wise
fashion in the (001) within the HC, first admitting a local
relaxation of centers other than TeO and subsequently fix-
ing the geometry of all centers.

3.2.1 Scanning TeO Positions on a 2-Dimensional Grid
with Partial Structure Relaxation

The hexagonal channel (HC) 6 is formed by the sites
2b(Mo), 3b(V), 4¢(Mo), 5b(Mo), 7d(V), and 8d(Mo),
Fig. 3. For varying the positions of the TeO moiety inside
the HC 6, we used a 2-dimensional grid in the (001) plane

defined by the Te center in the configuration [2,2][2,2]. The
grid, with a step size of 20 pm, comprised only points in the
HC where the distance between the Te atom and any of the
equatorial oxygen atoms is at least 180 pm. On this grid,
the TeO moiety was shifted as rigid structure from its initial
position. In addition, we fixed the coordinates of the two Nb
centers at sites 9a and 9b, Fig. 1a, which reside farthest in
the unit cell from the HC in question; this prevents a possible
translation of the whole unit cell with respect to TeO. All
other atoms were allowed to relax. We assessed the elec-
tronic configuration, d° or d', of the metal centers forming
the HC by inspecting their spin densities p.

The reduced state, d', of the site 2b(Mo) was maintained
for more than half of the TeO grid positions, cf. black dots in
Fig. 3. When the TeO moiety is close to Sb(Mo) or 8d(Mo),
at~370 pm from 2b(Mo), the reducing electron is shifted to
one of these latter sites, Fig. 3. The electronic configuration
of sites 3b(V), 4¢(Mo), and 7d(V) remained unchanged for
all TeO positions probed. Apparently, electrostatic interac-
tions trigger the reduction of metal sites in the wall of the
HC, at distances beyond direct bonds between a TeO moiety
and an octahedron 2b(Mo). These conclusions agree with
TEM results where (in the related M2 material) Te was
preferentially found close to cations of smaller charge; this
result was interpreted as a minimization of the cation—cation
repulsion [55].

Relocating the reducing electron originating from 2b(Mo)
produces a “ridge” in the potential energy surface of at least
80 kJ mol~! above the energy minimum, Fig. S3 (Online
Resource 1). The local potential energy wells near Sb(Mo)

Fig.3 Exploring the consequences of varying the position of the
TeO moieties in the hexagonal channel. Depending on the color of
the grid positions, black, purple, or green, the d' configuration is at
the center, 2b(Mo), 5b(Mo), or 8d(Mo), respectively. For the total
energy changes involved, see Fig. S3 (Online Resource 1). The initial
structure used was [2,2][2,2]; see text for further details regarding the
structures. The tick marks on the axes indicate increments of 100 pm
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and 8d(Mo) are estimated to lie ~ 35 kJ mol~! relative to the
initial configuration [2,2][2,2], Fig. S3 (Online Resource 1).
At these latter TeO locations, the polaron initially at 2b(Mo),
is relocated either to Sh(Mo) or 8d(Mo), depending on the
proximity of TeO, Fig. 3. As the TeO moiety was fixed at
the grid points, we consider the energies shown in Fig. S3
as upper bounds of such configurations.

The configurations with the TeO moiety located close
to Sb(Mo) or 8d(Mo) and the reducing electron relocated
respectively, at relative energies of ~35 kJ mol~! with
respect to the stable conformer [2,2][2,2], may be inter-
preted to approximate the TeO configurations [2,5] or [2,8].
Because here we inspect only a single pentameric unit in
contrast to the discussion above, we may compare these
relative energies to values about half of those reported in
Table 1. For example, configuration [2,3][3,2] is 40 kJ mol™!
above the Ref. [2,2][2,2], Table 1, or about 20 kJ mol~! per
TeO moiety displaced towards sites 3(V). These results
suggest that the variations [7,2][7,2], [2,71[7,2], [2,71[3,2],
or [2,3][3,2] are thermodynamically more accessible, with
relative energies from 20 mol~! to 33 kJ mol~!, than con-
figurations involving the TeO configurations [2,5] or [2,8]
just discussed.

The displacement of the TeO moiety causing a relocation
of the polaron from 2b(Mo) to either Sb(Mo) or 8d(Mo)
emphasizes that the proximity of TeO to a metal center may
trigger a reduction of the latter.

3.2.2 Atomic Charges and Spin Densities When the TeO
Position Varies in the Hexagonal Channel

We have just seen that the reducing electron at 2b(Mo) is
relocated to other Mo sites of the HC ¢ when the stabiliz-
ing effect of the TeO moiety is reduced at larger distances
Te—Mo. To probe details of the associated charge transfer,
we resorted to a slightly more approximate model, where the
TeO moiety is displaced in a rigid fashion along a linear path
in the (001) plane, from its stable position near 2b(Mo) in
the configuration [2,2][2,2] to a position near center 3b(V)
while keeping the location of all other centers fixed, Fig. 4.
We chose this linear scan to limit the computational effort.

According to this model, the reducing electron is
maintained at the site 2b(Mo) (spin density p> 0.7 e) for
TeO positions up to 90 pm away from that starting loca-
tion, Fig. 4b. Beyond that distance, the spin density drops
to p=0.25 e, while the spin density at the center 8d(Mo)
increases to p=0.7 e, indicating a concomitant shift of the
reducing electron. Center 3b with V#* is unable to host yet
another reducing electron.

During that scan, the Hirshfeld charges q of the metal
centers Te, 2b(Mo), and 8d(Mo) exhibit trends concomi-
tant to those of the spin densities p, Fig. 4c. When the TeO
moiety is moved 120 pm from its initial position, the charge
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of 2b(Mo) increases by 0.10 e while the charge of 8d(Mo)
decreases by 0.14 e, reflecting the transfer of the reduc-
ing electron. In the final position examined, the charge of
8d(Mo), 2.24 e, is lower than the charge of 2b(Mo), 2.30
e. Such a decreased charge at 8d(Mo) will lower the Te-
8d(Mo) electrostatic interaction. Interestingly, the calcu-
lated charge of Te also changed quite remarkably. Starting
from 2.33 e it reaches a minimum of 2.20 e at the distance
Te-2b(Mo) =380 pm; thus, in that configuration the atomic
charge of this Te species is quite similar to that of Mo>* or
V#. This may be interpreted as a (partial) reduction of Te
due to the missing equatorial oxygen centers, that are now
outside the local environment of Te. It has been hypoth-
esized [17, 31] that the loss of axial oxygen from the TeO
moieties within the HC, thus producing a reduced Te>",
causes a shortening of the Te-2 distance. By the same token,
we expect a stronger interaction of partially reduced Te with
its axial oxygen centers while increasing the equatorial Te—O
distances.

Next, we inspect the energies of the gap states along the
scan line, Table S2 (Online Resource 1). The values £(2b)
and e(7d) of the gap states are shifted to higher energies as
Te is displaced towards 3b(V) across the HC. In contrast,
£(3b) shifts to lower energies when Te approaches 3b(V).
Only when Te is at 443 pm from 2b(Mo), or at 298 pm from
8d(Mo), a peak with d state character appears for 8d(Mo) at
—0.44 eV, its energy nearly matches that of the peak for the
gap d state at 2b(Mo), —0.51 eV, Table S2 (Online Resource
1), as is to be expected for an electron transfer [60].

The symmetric and distorted local environments of the
centers 2b(Mo) and 8d(Mo) were maintained during the
model calculations just discussed. Thus, their equatorial
Mo-0 bonds remained at their initial values, in the ranges
198-202 pm (Mo°*) and 178-208 pm (Mo®"), respectively.
Thus, changes in the local metal environments are not
required for changing the charge transfer between the sites
2b(Mo) and 8d(Mo) [or Sb(Mo)]. This result clearly points
to a Coulomb effect of the TeO moiety, to induce the elec-
tron transfer. Our rather simple model, naively assuming all
other factors to remain constant, entails a change in energy
by ~ 100 kJ mol~" as the charge q(2b) changes from 2.30 e
to 2.20 e at the 2b(Mo) center 320 pm apart from Te with
a charge of 2.33 e. Our model yields only a crude estimate,
neglecting screening of charges as well as other interactions.
Nevertheless, it provides a hint on the approximate size of
this energy, despite the small change in the charge q(2b).

The redistribution of the reducing electron as conse-
quence of relocating the TeO moiety in the hexagonal chan-
nels is especially important, given the recent experimental
evidence for the irregular positioning of Te columns within
the hexagonal channels [59]. As described above, the reduc-
ibility of the metal centers, i.e., their ability to form a small
polaron, increases with the proximity to a TeO moiety.

This may be rationalized as a stabilization due to a low-
ered M—[TeO] electrostatic repulsion (M =V, Mo), when the
charge of M is somewhat reduced, when M carries a polaron.

4 Conclusions

We studied computationally how TeO moieties in the hexago-
nal channels (HCs) of the MoVNbTeO bulk material affect
nearby transition metal sites, in particular in the pentameric
unit. By populating sites 1, 3, and 7 with V ions and exploring
various TeO placements within the HCs, we examined how
these TeO moieties affect the local structure of 2(Mo) centers
and induce alternative distributions of reduced metal centers.

e Various stable positions of TeO moieties within the hex-
agonal channels (HCs) near the sites 2(Mo), 3(V), and
7(V) were determined to be energetically accessible by
20-33 kJ mol~! uphill, translating to 40-66 kJ mol~!
uphill for both pentameric units per unit cell. These
energy ranges characterize the manifold of stable posi-
tions of TeO within a channel, recently examined experi-
mentally [59].

e Especially noteworthy is the unique result of our model
calculations that site 2(Mo) at the center of the active
site (pentameric unit) is reduced when symmetrically
bracketed between adjacent TeO moieties. One each in
the neighboring HCs. Any deviation from this special
configuration TeO-2(Mo)-TeO induces the oxidation of
Mo at site 2. This result adds a crucial detail about the
condition to finding a reduced center, Mo>*, sometimes
identified at site 2(Mo) [14, 16, 61].

Displacing a [TeO]** moiety in a HC may relocate the
reducing electrons to another metal center in the wall
of the HC, to either 5(Mo) or 8(Mo). Yet, such alterna-
tive configurations are unfavorable by ~ 35 kJ mol~! per
TeO displaced, in comparison to the symmetric arrange-
ment where both TeO moieties are closely bracketing the
2(Mo) site of a pentameric unit.

e Previously we determined [28] that the likelihood of find-
ing V>* species at the sites in the wall of a HC increases
if the channel holds a TeO defect. This is also important
from a practical side, as decreasing the Te content leads
to improved catalysts [11]. Our model study suggested
that displacing the TeO moiety towards site 3, away from
2(Mo), has a similar effect on 2(Mo) than a TeO defect
[28]. In both cases, 2(Mo) is oxidized and its local oxy-
gen environment will be distorted, in agreement with the
pseudo Jahn—Teller concept [57]. The propensity of Mo
centers to be reduced, and thus to form “small polarons”
[62], also increases near a TeO moiety. This points to
a decisive role of TeO moieties at suitable positions,
namely to control the ability to reduce site 2(Mo) at the
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center of the pentameric unit, discussed as active site
[4, 21]. Facilitating the mobility of TeO moieties will
therefore directly impact the oxidation state of centers in
the HC. The combined occurrence of V#* and V>* within
a pentameric unit has been discussed as crucial for an
efficient oxidation catalyst [8, 21, 26], hence highlight-
ing the importance of tuning the distribution of reducing
sites via locating TeO moieties at suitable distances or
even the creation of TeO defects.
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