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Abstract

A converged model containing the NbOF2�
5 cluster surrounded by 10 K+ ions described by effective core potentials (ECPs) embedded

into 36 unit cells of (partial-)point charges was used to calculate the electronic structure of the K2NbOF5 crystal. These calculations were
performed with several ab initio methods: CIS, TD-HF and CAS(6,5) with the 6-31+G(d) basis sets for O and F and the ECP-SBK basis
set for Nb being the most adequate ones. The effects of the surrounding (partial-)point charges are significant and a proper description by
ECPs of the nearest ions (10 K+) is important, even for a qualitative model. The luminescence of the K2NbOF5 crystal is related to the
charge-transfer transitions from the 2p lone-pair at the oxo ion to the 4d0 orbitals of the Nb(V). The 4d orbitals on Nb are more strongly
perturbed as the Nb@O (niobyl) bond distance decreases, and are shifted upwards. Whereas, changes in the Nb–O bond distance do not
affect the lowest transition energies. These results, in addition to a detailed analysis of the molecular orbitals involved in the transitions,
corroborate localized behavior of the lowest transitions, which are characterized as charge-transfer bands within the niobyl moiety. A
semi-quantitative description of the K2NbOF5 ÆH2O crystal photophysics was obtained with the CAS(6,5)/6-31+G(d) method, where
the flatness of the ground and first excited states minima explains the uncertainties in the crystallographic position of the Nb ions as
well as the very large broadening of the observed bands.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Luminescent materials are important due to their well
known as well as potential technological applications [1].
Their efficiencies are dependent upon several radiative
and non-radiative processes, which are ultimately related
to their molecular or crystal structures and the electronic
structure in the ground and excited states of the emitting
group. Particularly, these materials usually have well
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ordered crystalline structures so that the quenching of the
intrinsic luminescence by extrinsic centers is avoided and
thus increasing their luminescence efficiencies [1–3]. It was
thus very surprising when the luminescence of niobates
were observed, for the first time, in borate–lanthanum
glasses [4–6]. These observations have prompted us to
develop a structural model for these glasses, which could
explain their luminescence. In order to accomplish such a
goal in addition to a variety of experiments, some theoret-
ical techniques should be employed. However, in order to
use theoretical and computational approaches they need
to be validated to provide reliable results for the electronic
structure of the ground and excited states of niobates in
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Fig. 1. The unit cell of the K2NbOF5 crystal (left) and the NbOF2�
5 cluster

(right). The distinct K and F ions are indicated as K1 and K2, and as F1
and F2, respectively. In the cluster, selected bond distances and bond
angle are reproduced from the crystal structure.
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crystalline or amorphous ionic environments. There are
several instances where the luminescence of niobates in
crystals has been assigned to the niobyl group (Nb@O)
present in the (distorted) octahedral structures, that might
form chains by sharing corners, edges or faces [2,3]. Their
luminescence is highly dependent upon these superstruc-
tures, that is, if chains are formed and how they are struc-
tured. In order to develop a quantitative theoretical model
we have chosen to study the isolated niobyl luminescence in
the K2NbOF5 crystal, since its crystallographic structure
has been determined by electron diffraction [7] and the
photophysics of the analogue K2NbOF5 ÆH2O crystal is
known [8]. It also allows the use of cluster models [9–12],
since the NbOF2�

5 moieties are isolated by layers of K+ ions
[7]. We thus expect that the proper theoretical model used
to describe the luminescence of K2NbOF5 could also be
employed to study the luminescence of niobates in ionic
glasses.

2. Theoretical procedure

The geometry of the cluster and the surrounding ionic
environment has been obtained from the crystallographic
data [7].

The ab initio calculations were performed with the
Gaussian 98 program [13] using the standard default values
for all convergences. Configuration interaction with single
replacements (CIS) [14], time-dependent (TD) or polariza-
tion propagator (RPA) with Hartree–Fock (TD-HF) or
hybrid functional density (TD-B3LYP) reference functions
[15–19], and complete active space (CAS) [20–22]
approaches have been used to calculate the electronic struc-
ture of the ground and lowest singlet and triplet excited
states. The active space of the CAS method consisted of
the three highest doubly occupied (HOMO, HOMO � 1,
HOMO � 2) and two unoccupied (LUMO, LUMO + 2)
molecular orbitals CAS(6,5). This active space was selected
based upon the orbital symmetry, the optimization of the
CAS wavefunction and practical viability of performing
these calculations on larger systems. The effective core
potential (ECP) SBK split valance basis [23] has been used
for the Nb atom and the standard 6-31G, 6-31+G, 6-
31G(d), 6-31+G(d) basis sets [24–28] have been employed
for the F and O atoms. The ionic environment has been
simulated by (partial-) point charges corresponding to the
formal ionic charges of the ions in the crystal, namely,
Nb = +5, K = +1, O = �2 and F = �1, except for the ions
in the boundaries which had their formal charges divided
by their occupation number, the so-called Evjen-model
[29,30]. Also, in order to avoid the unphysical distortion
of the electronic density of the cluster due the point
charges, the nearest K+ ions were simulated by an ECP
(SBK) with a core charge of 18, no orbitals, and without
the 4s1 electron. This approach leads to fully ionic species
(charge +1) that have no orbitals neither electron to interfere
with the transitions in the NbOF2�

5 cluster; but still have an
ECP that can mimic the Pauli repulsion [31,32].
The calculated transition energies and oscillator
strengths were fitted and normalized to a Lorentzian line
shape with a given half-height band width, where care
was taken when the line shape function was transformed
from the frequency to the wavelength domain, since the
intensities (oscillator strengths) become explicitly fre-
quency dependent and the relative intensities can be quite
different when comparing the spectrum in these domains
[33].

3. Results and discussion

The crystallographic data [7] allowed the construction of
the NbOF2�

5 cluster by joining two unit cells, and the most
relevant interatomic distances and bond angles have been
checked and matched within 0.1 pm the available data
[7]. This NbOF2�

5 moiety presents an isolated niobyl group
(Nb@O) with a short bond distance (168 pm) and one non-
equivalent fluorine ion (axial) with a longer (208 pm) bond
distance than the equatorial ions (184 pm). However, it
should be noticed that the experimental position of the
Nb ion in the crystal has a large uncertainty of 15 pm [7].
Fig. 1 illustrates the unit cell, including the K1 and K2
potassium ions, F1 and F2 ions, and the distorted octahe-
dron NbOF2�

5 cluster.
Initially, for the NbOF2�

5 cluster surrounded by 10 K+

ions described by ECPs embedded into 36 unit cells of
771 (partial-)point charges (model D36) a systematic CIS
study was performed in order to quantify the effects of
the polarization and diffuse functions in the basis sets,
which is presented in Table 1.

It was found that the addition of the polarization func-
tions, 6-31G(d) basis sets, shifted the lowest transitions to
higher energies (shorter wavelengths, an average of
�10.5 nm), whereas the inclusion of diffuse functions,
6-31+G, practically does not affect the calculated transition



Table 1
Dependence of the wavelengths (k in nm) and oscillator strengths (f) for the lowest nine transitions on the basis sets for oxygen and fluorine for the model
D36 calculated at the CIS level

Basis sets

6-31G 6-31+G 6-31G(d) 6-31+G(d)

k f MO’s k f MO’s k f MO’s k f MO’s

1 192.6 0.0000 33! 37 191.5 0.0000 33! 37 179.6 0.0000 33! 37 180.4 0.0000 33! 38
34! 36 34! 36 34! 36 34! 37

2 183.8 0.0000 33! 36 183.1 0.0000 33! 36 173.0 0.0000 33! 36 173.8 0.0000 33! 38
33! 37 33! 37 33! 37 34! 37
34! 36 34! 36 34! 36
34! 37 34! 37 34! 37

3 183.6 0.0000 33! 36 182.9 0.0000 33! 36 172.8 0.0000 33! 36 173.7 0.0000 33! 37
33! 37 33! 37 33! 37 34! 38
34! 36 34! 36 34! 36
34! 37 34! 37 34! 37

4 174.6 0.0022 32! 36 173.3 0.0022 32! 36 163.1 0.0018 32! 36 163.3 0.0019 32! 37
32! 40 32! 40

32! 51

5 174.6 0.0022 32! 37 173.2 0.0022 32! 37 163.1 0.0018 32! 37 163.3 0.0019 32! 38
32! 41 32! 41

32! 52

6 164.1 0.0011 34! 35 163.6 0.0018 34! 35 156.3 0.0011 34! 35 157.0 0.0018 33! 35
34! 35

7 164.1 0.0011 33! 35 163.5 0.0018 33! 35 156.3 0.0011 33! 35 157.0 0.0018 33! 35
34! 35

8 150.0 0.0000 32! 35 149.4 0.0000 32! 35 143.3 0.0000 32! 35 143.7 0.0000 32! 35

9 127.7 0.1575 32! 43 128.6 0.1888 32! 45 124.0 0.1738 32! 42 125.7 0.2132 32! 44
32! 47 32! 50 32! 47 32! 49
33! 36 33! 36 32! 49 32! 53
34! 37 34! 37 33! 36 33! 37

34! 37 34! 38

The most important molecular orbitals (MO’s) involved in each transition are presented. The HOMO and LUMO are labeled 34 and 35, respectively.
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energies (an average of �1 nm), and the simultaneous
inclusion of polarization and diffuse functions, 6-31+G(d)
basis sets, leads also to higher transition energies (an aver-
age of �9.8 nm) with respect to the 6-31G results. These
results can be explained by the improvement in the bonding
and lone-pair orbitals with the inclusion of the polarization
functions. The behavior of the oscillator strengths is also
quite systematic with respect to the basis sets, since the
inclusion of polarization and diffuse functions usually
causes an increase of ca. 30–50% in the calculated oscillator
strengths for the lowest transitions. Table 1 also includes
the most important molecular orbitals for the initial and
final states involved in the lowest nine transitions. In order
to obtain insights into the nature of these transitions the
canonical HF/6-31+G(d)/SBK molecular orbitals (MO’s)
for the models B36 and D36 (see below) are illustrated in
Figs. 2 and 3, respectively.

A comparison of Figs. 2 and 3 clearly shows the impor-
tance of the proper treatment of the nearest K+ ions,
mainly for the unoccupied MO’s. The nature of the
HOMO and HOMO � 1, namely, the 2p lone-pairs at the
oxygen atom, is retained in both models. However, the nat-
ure of the LUMO changes from a diffuse orbital over the
F1 atom to an almost purely localized 3d orbital at the
Nb atom when the point charges describing the nearest
K+ ions are replaced by ECP-ionic model. As a result, from
Table 1 and Fig. 3, the lowest three transitions can be char-
acterized as charge-transfer from the oxygen lone-pair to
the Nb 3d orbital, corroborating previous experimental
assignments [1–3].

Despite the differences observed in Table 1 for the tran-
sition energies due to different basis sets, it should be
noticed that when the calculated transition energies and
oscillator strengths are fitted to Lorentzian line shape with
a 10 nm half-height band width the spectra do not present
significant differences as can be observed in Fig. 4.

Most of the features presented in the simulated spectra
can be traced back to the shape and symmetry of the
molecular orbitals, illustrated in Fig. 3, that have dominant
contributions to the transitions. For instance, transition
number 9 in Tables 1 or 2 (model D36) occurring at
125.7 nm has large configuration interactions involving
the highest three occupied molecular orbitals and several
lower unoccupied ones. On the other hand, the transition



Fig. 2. Illustration of the canonical HF/6-31+G(d)/SBK molecular orbitals (MO’s) for the B36 model: NbOF2�
5 cluster + 36 unit cells of (partial-)point

charges. The MO’s are labeled such that 34 and 35 correspond to the HOMO (highest occupied MO) and LUMO (lowest unoccupied MO), respectively.

Fig. 3. Illustration of the canonical HF/6-31+G(d)/SBK molecular orbitals (MO’s) for the D36 model: NbOF2�
5 cluster + 10 K+ ECPs + 36 unit cells of

(partial-)point charges. The MO’s are labeled such that 34 and 35 correspond to the HOMO (highest occupied MO) and LUMO (lowest unoccupied MO),
respectively.
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number 4, involves only the HOMO � 2 as the initial
molecular orbital.

The effects of the crystal environment were simulated by
(partial-)point charges surrounding the NbOF2�

5 cluster.
This was performed by including (partial-)point charges
corresponding to 2, 4, 6, 12, 18, 24 and 36 unit cells such
that the final structures were as symmetric as possible, as
depicted in Fig. 5.

Also, the nearest K+ ions around the NbOF2�
5 cluster

have been simulated by ECP-ionic leading to the following
models: NbOF2�

5 isolated cluster (model A), NbOF2�
5 clus-

ter plus (partial-)point charges (model Bn), NbOF2�
5 cluster
plus 10 K+ ECPs (model C), and NbOF2�
5 cluster plus 10

K+ ECPs plus (partial-)point charges (model Dn), where
n = 2, 4, 6, 12, 18, 24 and 36. The CIS/6-31+G(d) calcu-
lated transition energies for models Bn or Dn showed a
strong dependence for n < 12, but remained constant (con-
verged) for n > 24 as can be observed in Fig. 6.

This convergence test is important, because usually the
convergence of the Madelung potential is the one tested,
and there is no guarantee that its convergence will lead to
converged energy transitions and intensities. It should be
noticed from Figs. 5 and 6 that the results (transition ener-
gies) are practically the same for models D24 and D36,
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Fig. 4. Simulated absorption spectrum calculated at CIS level with
different basis sets for model D36: NbOF2�

5 cluster + 10 K+ ECPs + 36
unit cells of (partial-)point charges.
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despite that these models do not have the same symmetry.
This is due to the fact that the point charges added beyond
12 unit cells are quite far from the NbOF2�

5 cluster and
their effects are negligible to the molecular orbital symme-
try or energy. The embedding of the NbOF2�

5 cluster with
the ionic environment has a significant effect in the transi-
tion energies since this environment affects unevenly the
molecular orbital energies as well as the symmetry and
localization of, mainly, the unoccupied molecular orbitals.
As a result, significant differences are observed between the
Table 2
Dependence of the wavelengths (k) and oscillator strengths (f ) upon the mod
SBK-ECP for Nb

Electronic
state

Model A Model C

k (nm) f k (nm) f

1 170.9 0.0214 192.1 0.0000
2 170.9 0.0214 183.8 0.0000
3 158.4 0.0607 183.6 0.0000
4 156.4 0.0000 174.0 0.0016
5 153.4 0.0000 174.0 0.0016
6 153.2 0.0000 165.6 0.0017
7 152.9 0.0033 165.6 0.0017
8 152.9 0.0033 151.3 0.0000
9 150.7 0.0058 128.7 0.1645
10 149.9 0.0000 109.3 0.0312
11 148.8 0.0000 109.3 0.0312
12 148.5 0.0000 105.2 0.0047
13 143.0 0.0008 105.2 0.0047
14 143.0 0.0008 101.3 0.0742
15 142.7 0.0052 99.5 0.0075
16 142.7 0.0052 99.5 0.0075
17 139.8 0.0000 97.3 0.0006
18 138.1 0.0152 97.3 0.0006
19 136.1 0.0018 96.8 0.0000
20 136.1 0.0018 95.7 0.0396
21 130.5 0.0308 95.5 0.0022
22 130.5 0.0308 94.8 0.0000

a Model A: NbOF2�
5 cluster; model B36: NbOF2�

5 cluster + 36 unit cells of (pa
NbOF2�

5 cluster + 10 K+ ECPs + 36 unit cells of (partial-)point charges.
results obtained with the model A and others, as well as
with the models B and D. According to Table 2, the ionic
environment (ECPs and/or point charges) has the system-
atic effect of decreasing the transition energies, namely,
the wavelengths associated with the lowest transitions
increase by ca. 80 nm, 20 nm and 10 nm models B, C and
D, respectively, when compared to the transition energies
in model A. It also can be observed that the oscillator
strengths are drastically changed by the ionic environment.
For instance, the oscillator strengths of the lower energy
transitions decrease significantly for models B, C and D
when compared to model A (Table 2). As a result, the ionic
environment changes the absorption maxima towards
shorter wavelengths, despite the low intensity transitions
being present at longer wavelengths, as seen in Fig. 7. Thus,
the (partial-)point charges model overestimates the crystal-
line effects and the ECPs for the nearest ions shield the clus-
ter from the effects of these point charges.

However, the most significant effects of the ionic envi-
ronment are upon the oscillator strengths. Despite the fact
that this environment induces the appearance of excited
states at lower energies, the oscillator strengths are
decreased significantly, and the most intense transitions
occurs at shorter wavelengths when this ionic environment
is considered. More specifically, the maximum in the fitted
absorption spectrum for a half-height band width of 10 nm
is shifted from 165 nm for model A, to 155 nm for model
B36 and to 130 nm for models C and D36. The overall
appearance of the spectra is very similar, except that the
elsa for the K2NbOF5 crystal calculated at the CIS/6-31+G(d) level with

Model B36 Model D36

k (nm) f k (nm) f

253.5 0.0016 180.4 0.0000
253.5 0.0016 173.8 0.0000
215.1 0.0053 173.7 0.0000
181.8 0.0000 163.4 0.0019
175.0 0.0000 163.3 0.0019
174.9 0.0000 157.0 0.0018
162.9 0.0027 157.0 0.0018
162.9 0.0027 143.7 0.0000
157.5 0.0018 125.7 0.2132
157.5 0.0018 111.4 0.0414
152.7 0.0000 111.4 0.0415
150.9 0.0005 101.6 0.0459
149.7 0.0480 101.6 0.0025
147.5 0.0175 101.5 0.0021
147.4 0.0172 100.8 0.0052
146.6 0.0122 100.8 0.0058
146.6 0.0122 98.6 0.0000
146.3 0.0002 97.9 0.0010
145.7 0.0000 97.9 0.0010
143.3 0.0000 96.8 0.0002
142.4 0.0346 94.9 0.0010
142.4 0.0353 94.6 0.1175

rtial-)point charges; model C: NbOF2�
5 cluster + 10 K+ ECPs; model D36:



Fig. 5. Unit cells used in the Evjen (partial-)point charges model, with the explicit NbOF2�
5 cluster.
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Fig. 6. The dependence of the energy levels calculated at the CIS/6-
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Fig. 7. Simulated absorption spectrum calculated at the CIS/6-31+G(d)
with different models for the K2NbOF5 crystal.
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inclusion of ECPs (models C and Dn) causes broadening of
the band, since many more states are packed together.
From these results it can be established that it is necessary
to describe the nearest ions by ECPs and that 36 unit cells,
corresponding to 771 (partial-)point charges, are enough to
yielded converged results for the transition energies and
oscillator strengths.

It is accepted that for niobates the optical transitions are
charge-transfer transitions from the 2p lone-pair of the
oxygen ion to the 4d0 orbitals of the Nb(V) ion [1–3],
and the analysis of the lowest transitions corroborates such
an assignment. Thus, it is expected that these charge-trans-
fer transitions would be sensitive to the Nb–O distance. To
quantify this expectation, CIS/6-31+G(d) and TD-HF/6-
31+G(d) calculations on the model D36 were performed
for Nb–O distances equal to 165, 168 and 183 pm that
are presented in Table 3. More specifically, all the ECPs
and point charges as well as the oxygen and fluoride ions
were kept at their crystallographic positions and only the
Nb(V) ion was moved along the O@Nb–Faxial axis.



Table 3
Dependence of the wavelengths (k) and oscillator strengths (f) upon the
Nb–O distance calculated at the TD-HF/6-31+G(d) level for the model
D36 of the K2NbOF5 crystal

Electronic
state

Nb–O = 165 pm Nb–O = 168 pm Nb–O = 183 pm

k (nm) f k (nm) f k (nm) f

1 174.0 0.0000 190.4 0.0000 311.6 0.0000
2 165.3 0.0000 179.4 0.0000 276.5 0.0000
3 165.2 0.0000 179.4 0.0000 276.0 0.0000
4 160.6 0.0013 169.5 0.0015 224.4 0.0018
5 160.5 0.0013 169.4 0.0015 224.2 0.0018
6 149.7 0.0015 157.4 0.0013 204.9 0.0008
7 149.7 0.0015 157.4 0.0013 204.9 0.0008
8 140.5 0.0000 143.9 0.0000 171.0 0.1823
9 124.8 0.1720 131.6 0.1796 167.4 0.0000
10 109.1 0.0344 111.5 0.0376 133.2 0.0119
11 109.1 0.0345 111.5 0.0378 133.2 0.0120
12 101.6 0.0067 102.8 0.0004 123.2 0.0187
13 101.5 0.0068 102.8 0.0004 123.2 0.0186
14 100.9 0.0290 101.8 0.0066 116.1 0.0151
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Fig. 8. Potential energy curves (ground and first excited states) for the
Nb–O distance calculated at the CAS(5,6)/6-31+G(d) level with the model
D36 for the K2NbOF5 crystal.
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The calculations systematically yielded longer wave-
lengths for the lowest transitions when the Nb–O distance
increased, namely, the wavelengths increased ca. 15 nm
when the distance increased from 165 to 168 pm, and
90 nm from 168 to 183 pm for both CIS and TD-HF meth-
ods. The same kind of calculation was performed for Nb–
Faxial distance equals to 186, 206 and 227 pm. The variation
of the wavelengths associated with the lowest transitions
was found to be smaller than 1 nm, thus corroborating that
the lowest states are highly localized at the niobyl (Nb@O)
group.

It should be noted, that the values for the absorption
maximum obtained with the CIS/6-31+G(d) and TD-
HF/6-31+G(d) methods (130 and 140 nm, respectively)
are in poor agreement with the experimental absorption
maximum (250 nm) obtained for the K2NbOF5 ÆH2O crys-
tal [7]. So, an approach that includes more electronic corre-
lation effects such as the TD-B3LYP method might be
adequate. However, after convergence of the self-consistent
field the B3LYP method yielded several unbound electrons
depending upon the model used, which resulted in unphys-
ical transition energies. As a result, CAS(6,5)/6-31+G(d)
calculations have been performed in order to obtain a bet-
ter description of the lowest excited states. Unfortunately
the present implementation of this method does not yield
the oscillator strengths for the transitions, so only transi-
tion energies will be presented and discussed. Experimen-
tally, the absorption maximum, the maximum of the
emission (450 nm) and the Stokes shift (18,000 cm�1) have
been measured for the K2NbOF5 ÆH2O crystal, so that the
potential energy curves for the ground and first singlet
excited states were calculated with the CAS(6,5)/6-
31+G(d) method as a function of the Nb–O distance for
the D36 model of the K2NbOF5 crystal, which are
presented in Fig. 8.

As can be seen both minima in the ground and excited
states are very shallow and can explain the observed uncer-
tainty for the position of the Nb(V) ion in the K2NbOF5

crystal as well as the very broad bands observed in the
absorption and luminescence spectra of the K2NbOF5 ÆH2O
crystal. However, this shallowness makes the calculation of
the transition energies rather difficult and somehow arbi-
trary, since, for instance, a variation of ±5 pm around the
minimum in the ground state (Nb–O = 160 pm) leads to
an energy variation no larger than 1800 cm�1, however, in
the excited state it leads to a variation of at least
6500 cm�1. Quantitatively, it can be noted that the
CAS(6,5)/6-31+G(d) approach is far superior to the other
methods for both transition energies and Stokes shift. From
the CIS and TD-HF calculations it has also been noted that
the oscillator strengths for the lowest transitions are very
small, which might corroborate the explanation for the
observed usual long decay time (560 ls at 4.2 K) for the
luminescence of the K2NbOF5 ÆH2O crystal [3]. Also, it has
been found that the calculated absorption (45,800 cm�1 or
236 nm) and emission (29,100 cm�1 or 343 nm) wavelengths
are in reasonable agreement with the observed [8] transitions
(kexc = 250 and kem = 450 nm) in K2NbOF5 ÆH2O crystal, as
well as the Stokes shift: 16,700 cm�1 calculated and
18,000 cm�1 observed [8]. Some caution should be exercised
in comparing these numbers since the experimental data
were obtained for the K2NbOF5 ÆH2O crystal and the CAS
approach lacks dynamical correlation, so the agreement is
semi-quantitative at best. However, the qualitative conclu-
sions presented above should hold.

4. Conclusions

The lowest energy states responsible for the lumines-
cence observed in the K2NbOF5 ÆH2O crystal are quantita-
tively modeled by a NbOF2�

5 cluster embedded into a 10
K+ environment described by effective core potential
(ECP) for the potassium and ca. 771 (partial-)point charges
with fractional charges for the boundary ions. For
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(semi)quantitative agreement it is necessary to use a CAS/
6-31+G(d) wavefunction. The calculated absorption and
emission wavelengths are strongly dependent upon the
crystal structure, since both ground and first excited states
minima are very flat. Regarding the nature of these lowest
transitions, they can be describe as charge-transfer from
the oxygen ion to the d0 Nb(V) orbitals, in agreement with
the experimental assignment. As a result, these transitions
have a strong dependency upon the Nb–O distance,
whereas no changes were calculated when the Nb–Faxial

distance was varied. These dependencies can be traced back
to the destabilization of the highest occupied molecular
orbital (lone-pair on the oxygen ion) as the Nb–O distance
increases.
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