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The factors governing the substitution of group 4B-12B metals into the decaniobate framework are
explored using density functional theory in order to ascertain whether (1) recently isolated [MNbgO,gl*~
clusters are kinetic or thermodynamic products, (2) density functional theory is a sufficient level of the-
ory to accurately predict substitution patterns in polyoxometalates where ion pairing and other effects
may operate, and (3) it can be used to guide future synthetic efforts. Computations using restricted,
unrestricted and open-shell density functional theory at PBEO/def2-tzvp were found to correctly predict
substitution patterns in known clusters, and were subsequently used to calculate the relative energies of
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a large series of [MNbgO,gl*~ clusters, to reveal trends and suggest potential synthetic approaches.
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1 Introduction

Polyoxometalates (POMs) are generally defined as polyoxoanions
of the group 5B and 6B elements V, Nb, Ta, Mo and W in their
highest oxidation states." These discrete metal oxide clusters
exhibit a great structural diversity which is reflect by an equally
diverse set of chemistries. However, whereas V, Mo and W POMs
are relatively well-explored, until quite recently only a handful of
Nb and Ta POMs were known.> For example, [Nb,,O56]°” and
[Ta;00,5]° - reported in 2006° and 2013, respectively-were only
the third isopolyoxoniobate and second isopolyoxotantalate ever
isolated.

This is likely due to practical reasons — while water-soluble
monomeric oxide species of vanadium, molybdenum and tung-
sten are commercially available and readily speciate in response to
changes in pH and concentration, this is not the case for tantalum
and niobium. For these two elements syntheses have typically
started by dissolution of the anhydrous oxides in molten alkali
hydroxides or carbonates,®® or by slow, but difficult to reproduce
or scale up, hydrolysis of their penta-ethoxides.'® The discovery of
hydrous niobium and tantalum oxides — niobic and tantalic acid -
as being substantially more reactive starting materials than the
corresponding anhydrous oxides has, together with the use of non-
coordinating ammonium counterions, led to the renaissance that
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OPBE/def2-tzvp correctly predicted favoured spin states of known substituted decametalates.

the field presently is undergoing,® but syntheses still typically take
place under hydrothermal conditions, where subtle manipulation
of the reaction is challenging, although microwave methods have
also been developed.'* The one-pot nature of the process also
requires all starting materials to be compatible, and as hydro-
thermal reactions are run in a autogenic pressure vessel,
following the progress is difficult. Further complications stem
from the difficulty in analysing the product mixture without
work-up, and it appears that electrospray ionisation mass
spectrometry is the method of choice for this, although the
results can be ambiguous unless elements with a wide range of
naturally abundant isotopes are present to aid assignment of
the signals."?

Nonetheless, there is a rapidly growing body of work on the
synthesis of novel polyoxoniobates. There are a few key structural
motifs that recur among transition metal substituted polyoxo-
niobates. These are the Lindqvist ion ([MiNbg_,0,,]13797) 1371
the decaniobate ion (M2, ,Nbyo_,0,s]117%97) 101620 and the
[M*Nb,,0°2]14=9)= 2021 and the [M,(OH),Nb,03,]*~ ions.?*?? In
contrast, incorporation of tetrahedral p-block element centres
tends to give Keggin-like ions.'®?37>

The decaniobate [Nb;,0,5]°” framework in particular has
proven to be a useful scaffold for incorporating transition metals
into a niobate cluster,"”'*2° and is particularly interesting as, in
contrast to V(v), W(vi) and Mo(vi), niobium is comparatively inert
towards reduction. Redox-active, alkali-sensitive transition metals
can thus be isolated in a more inert polydentate-ligand-like scaffold.

To date, Ti', Cr'™, Mn™, Fe™, Co", Ni" and Rh(m) have
been inserted into the decaniobate framework to yield
[M®NbyO,]*1~9~,1772% In all cases the locus of substitution is
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Fig. 1 The distinct metal sites are highlighted in grey in the polyhedral representations. Top: from left to right, sites a, sites b and sites c.
[M*NbgO,5]** =2~ isomers in which a single a, b or ¢ site is occupied by a heteroatom are denoted A, B or C, respectively. Bottom: from left to right,
the decaniobate ion, [Nb;Og]®~, drawn as ball and stick. Niobium sites a, b and c are in brown, pink and yellow, respectively. Oxygen pg sites shown in
black, ps in violet, p, in blue and terminal oxygen sites shown in red. The (from left to right) a, b and c sites in the decaniobate ion are also shown as
isolated niobium atoms surrounded by oxygen atoms, to highlight their distortion from octahedral and tetragonal structures.

the central position a (see Fig. 1), which lacks any terminal
oxygen sites, so that only isomer A is obtained. No examples of
substitution into sites b or c in niobates have been experimentally
isolated. The latter type of substitution presents particular chal-
lenges in terms of identification and purification, as where there
are only two equivalent a metal sites, there are four b and four c
metal sites, making unambiguous characterisation via single
crystal X-ray diffractometry challenging, especially for cases where
the heterometal is similar to niobium in terms of electron density
even where a single product can be successfully isolated and
crystallised. It is also important to highlight that none of the sites
have perfectly octahedral, or even tetragonal, environments, but
are all distorted in different ways. The coordination numbers of
in particular sites b and c are better considered as being closer
to five than to six, making these sites more similar to square
pyramidal sites.

The use of computational methods such as density functional
theory (DFT) to supplement experimental work is thus very attractive
as it allows for the testing of hypotheses and selection of target
molecules before engaging in time-consuming and often challen-
ging experimental work, and there are efforts focussing on searches
for doped solid state structures incorporating niobium emerging in
the literature.”®” In the present case computation can easily be
used to predict the most stable isomer, and although it won’t
answer whether a compound will definitely form - since other,
more stable structural motifs are possible — it does offer a route to
informing synthetic work as to which targets are likely to be worth
focusing on. While there are examples in the literature of the use of
DFT to gauge the relative energies of substitution isomers of specific
polyoxometalates, this is the first systematic study.

This journal is © the Owner Societies 2021

2 Computational details

All structures were optimised at PBE0*®/def2-tzvp* with implicit
solvation (water) using the polarizable continuum model (PCM)* in
Gaussian 09D Rev. 01 (G09D) unless otherwise specified.*" Initial
guesses for the Hartree-Fock wavefunction for spin unrestricted and
restricted-open shell computations were generated using fragment
guesses as implemented in GO9D.

When self-consistent field (SCF) convergence was difficult to
achieve, structures were first pre-optimised using looser conver-
gence criteria; otherwise the default settings in G09D were used
throughout. All structures involved in the study have the general
empirical formula [M*NbyO,g] ™9,

Local structural minima were confirmed through normal
mode analysis. The crystal structure of [Nb;,0,5]°",** was used
as the starting point in the construction of isomer geometries.

3 Results and discussion
3.1 Exchange-correlation functional and basis set

Accurate density functional theory calculations rely on the
judicious choice of a suitable exchange and correlation (XC)
functional. The PBEO XC functional in conjunction with the
def2-tzvp basis set has previously been found to produce structures
that agree well with experimentally determined solid state
structures.® In addition, this level of theory has been used to
predict O NMR spectra,® and to determine relative protonation
energies® in polyoxometalates.

However, to confirm whether PBEO is an XC suitable for
computation of isomerisation energetics too, we investigated

Phys. Chem. Chem. Phys., 2021, 23, 10402-10408 | 10403
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the performance of a selection of XC functionals, viz. PBE,>®
OPBE,**® BP86,>’*% B3LYP,*>*° B3PW91,*>*' PBE0,>® and
M06.*> The performances of the OPBE and PBEO functionals
were of particular interest, as the former has been suggested to be
able to qualitatively accurately discriminate between different
spin configurations**** and the latter has been shown to yield
structures that agree well with experiment.*> However, as there
are no experimental relative isomer energies that can serve as
reference, we compared the XC functionals with one another for
consistency for the singlet [TiNbgO,s]'~ system. Single-point
calculations at PW6B95-D3**/def2-qzvp on PBEO/def2-tzvp structures
were also included, as this has been demonstrated as an accurate
functional for general isomerization energies."®

It is clear from Fig. 2 that OPBE yields relative isomer
energies that are consistently considerably lower than those
from the other XCs investigated, which only vary between one-
another in isomerisation energies by ca. one kcal mol ™" or less,
which is within the estimated margin of error of the method,
considering that the computations do not account for specific
solvation interactions and ion pairing. The fitted hybrid func-
tional MO6 is also an outlier, in that it predicts isomer B to be
slightly more stable than isomer C, whereas all the other
functionals predict isomer C to be more stable than B. These
two functionals were therefore ruled out and not considered
further. Pure DFT functionals gave somewhat lower energies
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than hybrid functionals, but the same trends were obtained for
both types of functionals. Notably, PBEO/def-tzvp and single-
point calculations using PW6B95-D3/def2-qzvp using the PBEO/
def2-tzvp structure gave almost identical energies.

Using a specific XC, the two basis sets def2-svp and def2-tzvp
give relative energies for the isomers that differ by 2 kcal mol ™"
or more between the basis sets, so that computation using at
least def2-tzvp is required. Absolute and relative energies of
[TiNbyO,s]”~ at different levels of theory, including additional
XC, are provided as ESIf (Table S1).

Given that PBEO has worked well in the past,*® and that
results obtained with this functional do not differ in a meaningful
way from the other functionals investigated (with the two notable
exceptions above), in conjunction with the attraction of it being an
“ab initio” functional,” the combination of PBEO and def2-tzvp
with implicit solvation through PCM was chosen for all subse-
quent computations.

3.2 Energetics of spin multiplicity in isomer A

The energies of different electron configurations of isomer A of
a selection of [M*NbyO,5]"' ™~ (M = Mn(m), Fe(u/u), Co(u/m),
Ni(u), Ru(u/m), Rh(m), Pd(u/v), Ir(m), Pt(1v)) species were com-
puted using both OPBE and PBEO in order to see whether there
was any disagreement between the methods (see Table 1, and
Table S5 in the ESIf). While both XC functionals found the

OPBE

PBE
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PBEO

MO06
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12 -
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Fig. 2 Energies of [TiNbgOxgl’~ isomers B and C relative to A, the latter has been isolated experimentally, using the (left) def2-svp and (right) def2-tzvp
basis sets in conjunction with implicit solvation through PCM. The structures were optimised using the same basis set and XC as the energies were
calculated at, with the exception of the PW6B95D3/def2-gzvp calculation which used the PBEO/def2-tzvp structure. Additional XC and basis set

combinations are available in Table S1 in the ESI.¥
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Table 1 Comparison between the performance of different exchange
correlation functionals in predicting the correct spin state. All computa-
tions used the def2-tzvp basis set and the PCM solvation model

Experiment PBEO OPBE
Species Seale Predicted ¢ Predicted S
[Fe"NboO,5]*~ 2.5 2.5 2.5
[MI}I‘”NbQOZ%]S* 2.0 2 2
[Co"™NbyO,5]°~ 1.9 0.5 1.5
[Ni"NboO,]”~ 1.2 0 1

“ Spin state which has lower energy for isomer A using that method.

same spin configuration to be the most stable one in a majority
of cases, different spin multiplicities were predicted for Co(u),
Co(ur) and Ni(u). In the cases of Co(u) and Ni(u) PBEO favoured
the low-spin configurations, whereas OPBE favoured the high-
spin ones. This is unexpected, as hybrid functionals such as PBEO
generally favour high-spin configurations, and pure DFT functionals
like OPBE favour low-spin configurations.”® For Co(ur), however,
OPBE favoured the low-spin configuration as expected whereas
PBEO favoured the high-spin one, although OPBE only predicts a
difference of 0.09 kcal mol " in favour of the low-spin state, which is
well within the margin of error for the method.

Here, however, experimental data is available for comparison.
Both [Ni"NbgOss]”™ (ttegr = 3.2;"° Seate = 1.2) and [Co"™NbgO,s]°~
(Uege = 4.8;"° Scarc = 1.9) have been isolated, and while S, ignores
the orbital angular momentum contribution to the total magnetic
moment, the data suggest that in both cases the high-spin
configurations are the more stable ones. OPBE thus predicts
the correct spin state for both, whereas PBEO - unexpectedly,
given the normal bias of hybrid functionals towards high-spin
states - fails.

For [Fe""'NbyO,5]*~ and [Mn"™Nby0,,]® both XC functionals
predict that the high-spin configuration is the most stable one,
in agreement with experimental data (uegr = 5.95 Scaic = 2.5 for
Fe(mm); fegr = 4.8; Seare = 1.9 for Mn(m))."®

While the prediction by OPBE is qualitatively correct regarding
the lower energy spin state, it isn’t necessarily quantitatively
reliable in terms of relative isomer energies. Conversely, while
PBEQO fails to predict the lower energy spin state qualitatively, it
does not necessarily imply that PBEO does not provide correct
energy differences between isomers with the same spin state,
something which OPBE may not be capable of based on the
significantly different relative isomer energies seen for the
singlet molecule [Ti"™V"NbyO,s]" . All further computations were
thus done at the PBEO/def2-tzvp level in the interest of main-

taining the same model chemistry as in earlier studies.’*>*

3.3 Energetics of known structures

First investigated was whether the method would predict isomer
A to be the most favoured one for M = Ti", Cr™ (iegr = 3.8; Seale =
1.5), Mn™ (e = 4.9; Scare = 2.0), Fe™ (piegr = 5.9 Scate = 2.5), Co™
(Hett = 4.8 Scare = 1.9), Ni'" (tegr = 3.2; Scare = 1.2), and Rh™
as only isomer A of all these complexes have been crystal-
lographically characterised (see Fig. 3A).""° Isomer A was
found to be more favoured by 9.26 (Ti(v)), 42.39 (Cr(m), S = 3/2),

This journal is © the Owner Societies 2021
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Fig. 3 The d-block elements. A (top): IM*NbgO2g]"* ™~ showing in green
which elements for which isomer A has been isolated and characterized
crystallographically. B (oottom): Predicted IM*NbgO,g]™ = isomer stabilities:
where isomer A is the lowest energy isomer (green), where it is the only isomer
(blue) and where it is the least stable isomer (red). The different-coloured dots
in the top right corner indicate that there are oxidation states for which the
behaviour is different. V(v), Co(n), Mo(v), Ru(i) and Pd(v) are shown — other
oxidation states for these elements have different stabilities (see main text).

22.96 (Mn(m), S = 2), 27.94 (Fe(m), S = 5/2), 15.15 (Co(m), S = 3/2),
53.46 (Ni(m), S = 1), and 48.95 kecal mol " (Rh(m)), respectively,
relative to the second-most stable isomer. For all the isolated
species the A isomer is thus shown to be the most stable one, in
line with experimental observations. This suggests that isomer
A is the thermodynamically favoured product in these cases,
which is unsurprising given that the syntheses involve high
temperatures and long reaction times.

Having confirmed that the method predicted the correct
isomer for the known compounds, next to be investigated were
trends for a wider selection of d-block elements, the results of
which are summarized in Fig. 3B, and Tables S2-S4 (see ESIt).

3.4 Group 4-6 complexes, and the impact of oxidation state
on V, Mo and W complexes

A majority of the elements in this group are metals found
together with polyoxometalates. Here, [Ti""NbyO,5]”~ (singlet),"”
and [Cr'"™NbyO,,]®~ (quartet) have been isolated.'® An additional
Cr(m)-functionalised niobate species is known; however, it is not
isostructural with the decaniobate ion and has an empirical
formula of [Cr™,(OH),Nb,¢0;,]*.>* It is important to note that
both [Ti""NbgsO,s]"~ and [Cr'"NbsO,5]° ™ are stable over a wider
pH range than [Nb;,0,5]°", demonstrating how heterometal
substitution can be used to confer desired properties.

For M = Ti(w), V(v), Zr(wv), Nb(v), Mo(v1), Hf(1v), Ta(v) or W(vi),
isomers A, B and C were optimised using spin-restricted DFT as
the corresponding species are diamagnetic (see Tables S2-S4 in
the ESIt). The geometries of the titanium(wv) containing iso-
mers are shown in Fig. 4.

Phys. Chem. Chem. Phys., 2021, 23,10402-10408 | 10405
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Fig. 4 Isomers A, B and C (left to right) of [TiNbgO,gl’~ optimized at PBEQ/def2-tzvp with implicit solvation through PCM.

For the elements in group 4 - Ti(wv), Zr(wv) and Hf(wv) - isomer A
is favoured, with the energy by which is it favoured increasing
with the period (see Fig. S1-54 in the ESIt). In spite of this, only
the Ti(iv) complex has been isolated,"” but there is thus potential
for other group IV complexes to be isolated. In the case of Ti(w),
introduction of this element increases the base tolerance of the
decametalate,**° and makes the charge of the cluster more
negative.

In group 5, which comprises V(v), Nb(v) and Ta(v), isomer A
is favoured for Ta(v) by almost 3 kcal mol " over the second most
stable isomer (B), but not for V(v), where isomer C is favoured by
7 keal mol ', and isomer B is favoured by 4 kcal mol " over
isomer A (see Fig. 5). No examples of a Ta or V substituted
decametalate structure is known, but computations here suggest
that it may be possible to isolate isomer A of [Ta'NbgO,5]®~

(V) m
Nb(V) m
Ta(V)
Mo(Vl) @
W(\vi) e
)
IS
3
o
<
-15 :
A B C
M position
V(V) =
v(iv) =
V(I
Mo(VI) e
Mo(V) e
— Mo(IV)
o
IS
fkg
o
<
-5+
-10
-15 )
A B C

M position

Fig. 5 Left: Relative isomer energies for group 5B and 6B elements. Right:
Impact of reduction on isomer energies in [M*NbgO28]1*~: M = V or Mo.
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Vanadium is known to form Kegginate and other structures with
niobium, however 2*>>

For the elements in group 6 - Cr(u), Mo(vi) and W(vi) - the
most stable isomer according to computation is A only in the case
of Cr(m), with isomer C being weakly favoured over isomer B for
Mo(vi) and W(vi), and significantly more stable than isomer A.
[Cr™™NbgO,]* is also the only one of these species that has been
isolated experimentally.

The impact of oxidation states was also investigated. In
[Nb™Nby0,4]®, there is a exceedingly weak (ca. 0.02 keal mol™*)
and probably not significant bias in favour of isomers B and C,
which in [Nb"NbyO,5]”~ decreases to 5 kcal mol " for isomer C
over A, which in turn is more stable by 1 kcal mol " than isomer B.
These differences are significantly smaller than any realistic
appreciation of the inherent uncertainty in the computational
approach. There is thus no particular preference in terms of
which site gets reduced in the decaniobate ion.

For V and Mo, however, reduction leads to a change in
preferred isomer. Changing the oxidation state from V(v) to V(u)
leads to a significant bias, 28 kcal mol™" in favour of isomer A
instead of C as for V(v) or B as for V(i) (Fig. 5). Similarly, while
the most stable isomer of [Mo"'NbsO,;]*~ is isomer C, isomer A
is the most stable one for [MoNNb9028]7’. Neither species has ever
been isolated; however, this observation suggests a potential syn-
thetic approach to isomer A of [V'NbgO,]°~ and [Mo"'NbgO,s]>~
that involves introduction of V() or Mo(wv), followed by oxidation.
Isomer A is never the preferred isomer for W(w), W(v) or W(vi), but
the difference in energy between the different isomers decreases on
reduction, albeit not as dramatically as for V or Mo. This decrease in
the stability of metal oxide units with terminal multiply-bonded
oxygen atoms when going to lower oxidation states is consistent
with the reasoning behind the oxo wall phenomenon,®* where
additional electrons populate anti-bonding orbitals, although
the coordination numbers of the metal sites are lower than six
for sites b and c, even though the geometries of the sites are
different from the tetragonal one (Fig. 1).

Substitution of niobium for a heterometal also distorts the
[NbgO,]''~ framework. The energies of the [NbyO,5]'* ™ scaffolds
obtained by deleting on niobium atom from sites a, b or ¢ in the
decaniobate ion, [Nb;0,5]°~ were compared with the energies of
the scaffolds obtained by deleting vanadium in the V(v) and V(i)
isomers (see Table S6 in the ESIt). For V(v) the energies of the
scaffolds were all positive compared to the corresponding
decaniobate scaffold, whereas the scaffolds from isomers A

This journal is © the Owner Societies 2021
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and C of the V(m)-compound were negative. That is, the niobate-
frameworks with V(i) are relaxed relative to those with Nb(v), in
the case of isomer A with V() by 104 kcal mol . The scaffold
from isomer B with V(um) was in contrast higher than the
corresponding decaniobate scaffold by 590 kcal mol™'. These
energies bear little resemblance to the relative stabilities of the
V() isomers, and are thus of limited qualitative use. In spite of
this it is interesting to note that replacing Nb(v) with V(v)
induces strain in the niobate framework, whereas replacing
Nb(v) with V(i) relaxes this in isomers A and C.

3.5 Group 7-12 complexes

In this group [Mbe9028](117x)7 with M = Mn(u1), Fe(ur), Co(),
Ni(u) and Rh(m) have been isolated. Notably, all of these species
have lower oxidation states than Nb(v), leading to an increase in
the negative charge of the molecule on substitution. For all the
known species, computations predict that the isolated isomer A
is the most stable one, which would indicate that the isolated
species are the thermodynamic products.

This is part of a broader trend, where all period four d-block
elements in this group - Mn(u/u), Fe(u/ur), Co(u) and Ni(u) -
favour isomer A by 16 kcal mol ™" or more (see Tables S2-S4 in
the ESIt). No stable isomer C for [Fe"NbgO,s]°~ could be
optimised, with the Fe(u) site becoming trigonal planar, with
one terminal oxygen site. No isomer B or C could be optimised
for Co(u), Cu(n) and Zn(u). For Co(u) and Zn(u), the heteroatom
adopts a tetrahedral geometry in isomer B, with a terminal
oxygen site. In the C isomer, Co(u), Cu(u) and Zn(u) all adopt a
trigonal planar geometry with a terminal oxygen site. The
resulting heteroniobate structures are thus no longer decame-
talate isomers, which is consistent with the idea of additional
d-block electrons having a destabilizing influence on sites with
terminal oxygen atoms. See Fig. S5-S11 in the ESI,{ for these
geometries.

Apart from Tc(vir), which has a much higher oxidation state
than the other elements and where isomer C is favoured, all
period five element in this group favour isomer A. Isomer C for
Ru(u) optimises to give a trigonal planar geometry with a
terminal oxygen site for the heteroatom, while Pd(u) adopts a
square planar geometry with a terminal oxygen in both isomers
B and C. Ag(1) takes on a linear geometry with a terminal oxygen
in isomers B and C. These are thus not decametalate structures.

The behaviour in period six varies, with the higher oxidation
states Re(vi) and Os(vi) favouring isomers B and C, respectively,
but the lower oxidation states Ir(m) and Pt(v) favouring isomer A.
Au(ur) adopts a tetrahedral geometry in isomer B and a
T-shaped geometry in isomer C, while Hg(u) has a linear
geometry in isomer B and a trigonal planar geometry in
isomer C. In all cases do the elements occupy distorted
octahedral sites in the optimised structures for isomer A.

4 Conclusions

The relative energies of isomers of [M*NbyO,]*! ™)~ have been
computed. It is interesting to note that while isomers B and C
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could not be optimised for some elements, isomer A could be
optimised for all elements and oxidation states in the study.

There are two potential pitfalls with the computations pre-
sented above. Firstly, only the relative energies of the isomers
are computed. Alternative structures, such as Kegginates, which
may be lower in energy have not been considered. Thus, while
the computations herein may suggest that a particular isomer is
preferred, experimentally a completely different structure may
be obtained due to this being thermodynamically favoured.
Secondly, it is also important to note that the computations
make predictions about preferred isomers, they do not guarantee
that the most stable isomer is stable under conditions where
particular starting materials are stable, thus further complicating
the design of a synthetic strategy.

In spite of this, these computations do suggest what synthetic
targets may be realisable, in addition to presenting a strategy, viz.
the use of other oxidation states, to achieve targets that would not
otherwise be favoured, and as such can guide synthetic efforts.
The availability of a large number of computationally optimised
structures can serve as a guide in resolving crystallographically
obtained structures by predicting bond distances.

Finally, these computations suggest that the decaniobate
derivatives that have been obtained thus far are indeed the thermo-
dynamic products, which means that, perhaps unsurprisingly,
there’s an active equilibrium present under hydrothermal condi-
tions. However, this raises the tantalising possibility of there being
transient species waiting to be discovered - such as the case with
[Nb,0,,]" >*** - or at least captured by reaction with other species.
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