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Polyoxometalates (POMs) and their instrinsic discrete nature has enabled them to support a wide range of
research spanning solution—speciation chemistry, biological/medical assays, catalytic processes and fun-
damental crystallography. The structure—property relationship of POMs are a consequence of their con-
stiuent metal atoms, which inevitably are formed under specific regimes — for simplicity, acidic or basic.
Due to the ease of synthesis of the molybdenum and tungsten POMs, there has been relative ease in
expanding their chemistry. Whereas syntheses of niobium and tantalum POMs has comparatively proven
to be more challenging; albeit not often emphasised. The latter indicates the disparity in the advancement
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of the solution chemistry of niobium and tanlatum, compared to molybdenum and tungsten. This per-
spective highlights the crucial points — sequentially — in developing the hexa- and decametalate POM-
syntheses of niobium (polyoxoniobates) and by extension tantalum (polyoxotantalates), which benefited

rsc.li/dalton improving our understanding of their respective solution chemistries.
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Introduction

Niobium (Nb) and tantalum (Ta) are refractory metals and
inherently exhibit excellent resistance to heating, abrasion
and corrosion. These properties are desirable for appli-
cations in surface coatings, mining and metal fabrication.
Niobium in particular is important in the fabrication of
high-strength low-alloy steel." Tantalum tends to be more
expensive than niobium and is predominantly used in man-
ufacturing of electrolytic capacitors.> Notably the corrosion
resistance exhibited by niobium and tantalum is under-
pinned by the presence of a thin layer of oxide at the
surface - ie. Nb,Os and Ta,Os, respectively. Nb,Os and
Ta,Os5 possess charge intercalation and dielectric properties,
respectively.>? This corresponds to their use in electro-
chemical energy storage (e.g. Li-ion batteries),” and electrical
components as capacitors,” respectively. Furthermore, the
inertness and corrosion resistance of niobium and tantalum
makes them biocompatible. This is attractive for developing
orthopaedic implants.*

By no means is this an exhaustive list of applications
derived from niobium and tantalum. Rather, it is to highlight
the different facets of society which benefit from applications
attributable to these materials. Thus, understanding the solu-
tion chemistry of niobium and tantalum oxides is important
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for expanding the application of these materials, as well as
improving recycling efforts to foster sustainable manufactur-
ing. Previous reviews by Nyman,®> Zhao,® and Yang’ elucidate
advancements in the synthesis of polyoxoniobates and polyox-
otantalates, and the relevance of this to their respective appli-
cations, especially catalysis. In this perspective, however, the
benefits derived from using niobic and tantalic acids to syn-
thesise polyoxoniobates and polyoxotantalates, respectively, is
succinctly expressed to accentuate the impact it has had in
achieving hexa- and decametalate polyoxometalate species of
niobium and tantalum.

Polyoxometalates (POMs)

POMs have garnered significant interest well over a century
owing to their structural and solution chemistry. They include
the polyoxovanadates (POV), polyoxoniobates (PONb), polyoxo-
tantalates (POTa), polyoxomolybdates (POMo) and polyoxo-
tunsgstates (POW). A common aphorism, one could even say
“adage”, within the field of polyoxometalates (POMs), is to
define them as “discrete metal oxoanion clusters of the group
V (V, Nb and Ta) and VI (Mo and W) metals, in their highest
oxidation states”.® Notably, although Cr is the lightest conge-
ner of the group VI metals, it is generally not considered to
form polyoxometalate species. This is because Cr®* has a ten-
dency to form a tetrahedral four-coordination oxide, rather
than the metal octahedron associated with discrete metal
oxoanion clusters.’
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As explained by Pope and Miiller,'® the structures of POMs
follow two basic principles: (1) each metal atom occupies a
metal polyhedron (MO,; predominantly octahedron or square
pyramid) where metals are displaced towards the polyhedral
vertices, and (2) POMs generally do not exhibit structures
which contain three or more MOg octahedron with free vertices
- a consequence of the Lipscomb restriction."* For a general
historical account of POMs — which is beyond the scope of this
perspective — see the review by Pope and Miiller."°

Historically there has been relative ease in synthesising
POV, POMo and POW, comparatively to the polyoxoniobates
and -tantalates. This is largely influenced by the aqueous solu-
bility (under acidic conditions) and commercial availability of
the precursors for synthesising POV, POMo and POW.'* For
example, decavanadate can be made through acidifying stock
solutions of ammonium metavanadate."

Phosphomolybdic acid (H3[Mo0,,PO,,]), a heteropolyacid of
molybdenum, can be made from dissolution of ammonium
heptamolybdate or molybdenum trioxide in phosphoric acid,
with heating, followed by acidification with HCL'* Similarly,
phosphotungstic acid (H3[W;,PO,0]) is made by heating
sodium tungstate dihydrate and disodium hydrogen phos-
phate in water, followed by acidification with HCL' Both
phosphomolybdic and phosphotungstic acids require acidic
conditions for the polyoxometalates to remain intact. This is
unlike the case for the PONb and POTa, which precipitate as
hydrous Nb,Os and Ta,0Os, respectively, under acidic
conditions.'®"”

The relative ease of using aqueous synthetic methods to
make the POV, POMo and POW from very early on has bene-
fited the expansion of the fields related to these POMs.
Conversely, there was no prior ease in the synthesis of PONb
or POTa. There is no inorganic salt of niobium(v) or tanta-
lum(v), or water-soluble metal oxide that facilitates aqueous
synthesis of PONb and POTa, respectively. Despite niobium
and tantalum being discovered over two centuries ago, their
respective solution chemistry is well known relative to the
formation of fluoroniobates and fluorotantalates. The afore-
mentioned is consistent with their intrinsic fluoride chem-
istry enabling extraction and separation of niobium and tan-
talum from mineral ores.'® This was beneficial in develop-
ing the industrial production of metallic niobium and
tantalum.

However, there alternative organometallic
reagents, such as niobium chloride and niobium pentaethox-
ide, they are however highly susceptible to hydrolysis - spur-
ring formation of hydrous Nb,Os. This reiterates the issue of
insolubility in acidic medium.'® There is ammonium niobium
oxalate, but this also yields hydrous Nb,Os with removal of the
oxalate anion.”® A similar result occurs - ie. formation of
hydrous Ta,Os - for the analogous tantalum chloride, ethoxide
and oxalate. With the current state-of-the-art, access to water
soluble PONb and POTa is achieved through synthesis via
hydrous (niobic acid) or anhydrous Nb,Os, and hydrous Ta,Os
(tantalic acid), respectively, in basic medium - albeit this was
not always the case.® Of course there are also other heteropo-
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lyanions of niobium and tantalum, such as the Keggin and
Anderson derivatives,” however these will not be discussed in
detail since the hexametalate and decametalate POM struc-
tures are prioritised in this perspective for the period
2002-2022.

The isopolyanions of niobium of interest herein are the
decaniobate ion ([Nb;(0,5]°", Nby,), and the hexaniobate ion
([NbeO10]®~, Nbg). Although both species can be made from
the same niobium precursor (niobic acid), each exhibits a dis-
tinct solution chemistry, albeit they differ by the number of
their constituent metal atoms. For example, Nb;, is stable near
at neutral pH, while the hexaniobate ion Nb, predominates at
pH > 9.'%'” Furthermore, Nb is accessible from both hydrous
Nb,Os and anhydrous Nb,Os, via a one-pot synthesis which
commences at pH > 13; whereas Nby, is not directly accessible
from anhydrous Nb,Os.'® The pH stability range exhibited by
these POND (7 > pH > 14) is a distinctive feature, as neither the
POMo or POW are typically stable in this pH range. Likewise,
formation of the hexatantalate species ([TagO19]®", Tag), which
is isostructural to Nbg, requires pH > 12 to promote dis-
solution of tantalic acid to yield this species.'® Hence, the
POND and POTa are the only species that remain intact under
basic pH conditions. Aside from the base stability of the PONDb
and POTa, their aqueous solubility is also influenced by the
counter ions present, especially in the case of alkali
cations.>* Furthermore, there is a lack of redox chemistry
for the PONb and POTa, whereas the POMo and POW are
active in this regard.’

The POV, on the other hand, are soluble under basic con-
ditions; however, depending on pH and ionic strength, there is
speciation between different oligomeric POV species. These
include the monomeric ([VO,J>, at high pH), dimeric
([V,0,]*"), tetrameric ([V404,]*"), pentameric ([V50,5]>") vana-
dates in aqueous vanadium(v) solutions."*>* The decavanadate
ion ([V1905]®", Vi0) is another species consisting of ten VOq
octahedra connected to form a decametalate structure like
decaniobate. The V;, species predominates at pH 3.0-5.8,
however above this pH it dissociates to form other oligomeric
species.'

Synthesis of polyoxoniobates and -tantalates before hydrous
oxides

Interestingly, element 41 (Nb), was initially called “Columbium
(Cb)” up until arbitration by the International Union of Pure
and Applied Chemistry (IUPAC) in 1950, where the name
“Niobium” and symbol Nb were officially adopted.>® Therefore,
prior to 1950, there would have been studies — predominantly
in North America — which would have referenced Columbium
or coulombic oxide as the species of interest in research.?” For
example, the alkali-hexaniobate species KgNbgO;9:16H,0, was
isolated as in 1908 by Balke and Smith, via a molten salt reac-
tion (discussed in more detail below).*® Despite the nomencla-
ture used in their work being related to columbium, it
sufficiently contributed to future work focused on unearthing
the solution chemistry of niobium;>® especially as it related to
polyoxometalates.

This journal is © The Royal Society of Chemistry 2025
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One of the earlier methods, from 1941, to synthesise polyox-
oniobates and -tantalates relied on fusing anhydrous Nb,Os
and Ta,0s, with molten alkali carbonate or hydroxide salts to
dissolve the metal oxide.*® This method, akin to prior work by
Balke and Smith,*® can only yield the “Lindqvist type” hexame-
talate ion ([McO19]®", M = Nb or Ta); which is named after
Ingvar Lindqvist as homage to his work with the POMo from
1953.%' The Lindqvist ion is the POM species obtainable from
niobium (Nbg) and tantalum (Tas) in aqueous solution at pH >
9. The structure of the Lindqvist ion (Fig. 1A) consists of six
edge-sharing MOy octahedra connected to form twelve M-O-M
bridges, called p,-O groups. Each metal centre of the MOg
octahedra is bonded to a central oxygen atom (us-O), and each
MOs octahedra is also capped with a terminal M = O group (n
= 0); i.e. a total of six n = O groups.

In 1965 it was determined from work by Guerchai and
Spinner on ammonium niobates, that the ammonium hexa-
niobate species (NH,),[HNbsO;] was accessible.’* By 1977, the
other isopolyoxoniobate (Nb,,) was synthesised through the
slow hydrolysis of niobium pentaethoxide, in the presence of
tetramethylammonium hydroxide (TMAOH), by Graeber and
Morosin."® This reaction was essentially dependent on the dis-
solution of Nb,Os in TMAOH, as the moisture sensitivity of
niobium pentaethoxide inevitably results in the formation of
hydrous Nb,Os, i.e. niobic acid. The use of the poorly aqueous
soluble Nb,O5 was never circumvented. However, hydrolysis of
niobium pentaethoxide renders the formation of niobic acid
(Nb,O5-nH,0),"® which turned out to be suitable precursor for
future PONb syntheses. Many years later, this approach to the
hydrolysis of organometallic precursors — such as TaCls; -
would be beneficial in developing peroxide ligation for the syn-
thesis of polyoxotantalates.**** For example, Anderson et al.**
used TaCls as the Ta precursor for synthesis of alkali peroxy-
tantalates (Rb;Ta(0O,), and K;Ta(0,),). These products could
thereafter undergo alkali dissolution to spur formation of
hydrous Ta,0s;, which enabled synthesis of [TagOq]® .
Notably, Anderson et al.** determined the latter process could

Fig.1 (A) The Lindqvist (hexametalate) ion  hexaniobate
(INbgO101%~, Nbg), with structurally unique oxygens labelled a: pg-O, b:
p2-O and c: n = O. (B) The decametalate ion, decaniobate (INb1oO28]°~,
Nb;o) with each structurally unique oxygen labelled. A: pg-O; B: pz-O;
C-E: p-O; F-G: n = O. (C) The heptaniobate ion (INb;O2,1"~, Nbs)
which forms as an intermediate in the dissociation of Nb,o to Nbg. White
spheres represent oxygen and grey niobium. (A) and (B) Adapted from
ref. 16 with permission from WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim,'® copyright 2019. (C) Adapted from ref. 17 with permission
from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,” copyright
2008. Structures were drawn using Chemcraft, Version 1.8, build 682.
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be improved via [VO,]’~ catalysed peroxide decomposition, to
spur faster formation of Ta,05. What is noteworthy is that this
method was devised out of a need to overcome the limited
commercial availability of hydrous Ta,0s,>** and so under-
scores the significance of hydrous Ta,Os in the synthesis of
polyoxotantalates.

Notably, there are several forms of Nb,Os, which include
crystalline (orthorhombic and monoclinic) and amorphous
(niobic acid) phases.’® Neither of these forms of Nb,Os are
readily soluble in water. However, the dissolution of niobic/
tantalic acid in basic medium, is crucial for future develop-
ment of polyoxoniobate and -tantalate syntheses.
Notwithstanding this, the moisture sensitivity of the niobium
pentaethoxide in this reaction gave poor reproducibility overall
in this method, and the initial Nb;, synthesis wasn’t repro-
duced in the literature until nineteen years later - 1996.%°

The decaniobate ion (Fig. 1B) mentioned previously con-
sists of ten NbOg octahedra connected in such a way that there
are seven types of structurally unique oxygens. There are three
sets of p,-O groups (D is a set of two, E is a set of four and C a
set of eight), two sets of four n = O groups (G and F), two ps-O
groups, and one set of four oxygen atoms connected to three
metal centres (pu3-O, site B). Due to the p,-O, p3-O, n = O and
pe-O all being structurally distinct sites in the POM structure,
they can be distinguished through their NMR signals, after iso-
topic substitution with O nuclei, in 7O NMR spectroscopy
(vide infra)."”>7

Impact of niobic acid on the aqueous synthesis of
polyoxoniobates

The crucial change in polyoxoniobate synthesis occurred in
2002 - twenty five years after 1977 — when niobic acid was used
by Nyman et al.** as the precursor in the synthesis of the
Keggin type heteropolyniobates. Afterwards, Nyman et al*?
reacted niobic acid with titanium isopropoxide under hydro-
thermal conditions, in the presence of aqueous NaOH, to yield
the titanoniobate isopolyanion [Ti;NbgO,s]®~ (Ti,Nbg).** Next
came the first one-pot, alkali-free synthesis of Nb,,, through
use of TMAOH as a base, to yield the tetramethyl ammonium
(TMA) salt [N(CH3),]e[Nb;1oO,s].** Thereafter came progressive
expansion in the field of PONb and POTa chemistry. This
included the synthesis of other titanoniobate isopolyanions,
and heterometal substituted PONb and POTa.**"> A distinctive
feature - rather an advantage — of the TMA-PONb and TMA-
POTa salts compared to their alkali counterparts, is the
remarkable solubility exhibited by the TMA salts. They are
highly soluble in water (ca. 1 gram per millilitre); also soluble
in methanol and ethanol, but not acetone, isopropanol nor
acetonitrile.**

With the newfound capability to synthesise PONb via
niobic acid with high reproducibility came the studies of the
solution chemistry of niobium(v), which were previously
lacking. O NMR spectroscopic studies were an invaluable
asset to elucidating niobium(v) solution chemistry.’*>*
Notably, the POMo, POW and POV are easily detectable due to
the natural abundance and sensitivity of the ®>Mo and °’Mo,

Dalton Trans., 2025, 54,17721-17729 | 17723
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83w and *'V NMR nuclei, respectively.>® This has been ben-
eficial especially to elucidating the speciation and structure of
the POW,>* and POV.>> However, an NMR active nuclei of Nb
or Ta that is present in high abundance and sensitivity to
facilitate NMR experiments is unavailable. The **Nb and '*'Ta
nuclei are quadrupolar which make them less sensitive, while
exhibiting broad NMR signals that cover a large portion of the
spectra window.”® The **Nb and "®'Ta nuclei are also the only
stable isotopes of niobium and tantalum, respectively, which
adds further challenges. For example, this is manifested
through the difficulty in determining the charge of the POM
species, based on the shape of the signal envelope, for Nb and
Ta POMs through electrospray ionisation mass spectrometry
(ESI-MS).>® Comparatively, the larger number of naturally
occurring isotopes of Mo and W do not incur this challenge.

The oxygen-exchange between the "0 and '°O nuclei, of
H,'70 and H,"°0, respectively, in water occurs on timescales
that are sufficiently long enough for detailed 7O NMR
studies.>***” This effectively mitigated the lack of an NMR
active nucleus for probing the in situ solution chemistry of
both niobium(v) and tantalum(v). Furthermore, the fact that
the PONb and POTa clusters all possess structurally distinct
oxygens groups (p,-O, p3-O, pe-O and n = O) allows the discern-
ment of their respective O NMR signals for structure
elucidation.

The in situ monitoring of the PONb and POTa solution
chemistry is pertinent to improving the synthesis of these
POMs, since they are conventionally reliant on hydrothermal
methods that obscure real time monitoring of the reaction.
Understanding the dissolution of these oxides, on the mole-
cular scale, is beneficial for determining the impact of geo-
chemical processes related to the dissolution of these oxides

View Article Online
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on the macro scale.”® Techniques such as 'O NMR spec-
troscopy and Raman spectroscopy, which take advantage of
the POM’s structurally distinct metal-oxo groups, are therefore
useful in expanding our knowledge of the solution chemistry
of niobium(v) and tantalum(v)."*'®** In situ TEM has even
been demonstrated as beneficial in using PONDb to monitor the
real-time formation of heterometal-niobates, which further
accentuates the benefits in understanding crystallisation of
solid-state niobium oxides.>®

Raman spectroscopy is particularly useful, because it is
non-destructive, quick and provides a wealth of structural
information about the POMs. More so, the PONb and POTa are
colourless in aqueous solution and their relevant metal-
oxygen Raman shifts do not coincide with that of water, which
makes them excellent candidates for aqueous in situ Raman
studies. This was advantageous in determining the “activation
pH” of anhydrous Nb,Os, anhydrous Ta,Os, niobic, and tanta-
lic acid. Furthermore, this activation pH made it possible to
discern the limiting pH for forming specific PONb and POTa
in a one-pot process, depending on the precursor used.'®

Along with the synthesis of Ta, in non-aqueous medium,*
other synthetic advancements in tantalum(v) chemistry
include syntheses of the decatantalate ion ([Ta;00,5]°", Tae),*"
and a hexatantalate tetramer.®” The use of tetrabutyl-
ammonium hydroxide (TBAOH) facilitated the non-aqueous
synthesis in these methods. However, an aqueous one-pot syn-
thesis to the Ta;, ion is yet to be achieved - despite separate
attempts using tantalum pentaethoxide,’” and tantalic acid.®
Notably, the inability to make the Ta;, ion directly via a one-
pot synthesis, in aqueous medium, was determined to be a
consequence of the ‘activation pH’.'® The activation pH dic-
tates that the molecules accessible from a specific metal oxide,

Table 1 Notable syntheses in advancing polyoxoniobate and polyoxotantalate chemistry

Year  Activity Author(s) Product(s) Outcome
1908 Molten salt reaction Balke and Smith?® KgNbgO;9:16H,O Isolated alkali PONb
1965  Synthesis of ammonium niobates Guerchai and Spinner®*  (NH,),(HNbsO;,) Alkali-free POND accessible
(Nby)
1977  Slow base hydrolysis Graeber and Morosin'®  [N(CHj3)4]6[Nb10O5s] Alkali-free Nb,, isolated
(Nbs)
1996  Slow base hydrolysis Lee and Crayston®® [N(CH3),]6[Nb160,s] Reproducible Nb,, synthesis
(Nb)
2003  Hydrothermal synthesis with niobic acid ~ Nyman et al.*® Nag[Ti,NbgOys] Base-soluble precursor for reproducible
PONbD synthesis
(Ti,Nbg)
2006 Non-aqueous synthesis with hexaniobate ~Maekawa et al.®* [TBA]g[Nb2Os4] Icosoniobate synthesis
(Nbyo)
2009  One-pot alkali-free POND synthesis Ohlin et al.*** [N(CH3),],[TiNbgO,g]  Reproducible PONbD synthesis
(Nbs), (Nb1), (TiNbs)
2011 Non-aqueous synthesis Matsumoto et al.® [TBA]s[H2TasO010] Hexatantalate synthesis
(Tae)
2013 Non-aqueous synthesis Matsumoto et al.®! [TBAJ¢[Ta100as] Decatantalate synthesis
(Tayo)
2019 Microwave synthesis Rambaran et al.'® (Nbg), (Nby), (Tas) Fast, high yield PONb and POTa syntheses
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is limited to species stable at or above the activation pH of the
oxide in a one-pot synthesis.'® The determination of this acti-
vation pH, was also made possible through availability of
niobic and tantalic acid, which facilitated in situ Raman
studies for monitoring POM formation."®

Non-aqueous synthesis of isopolyoxoniobates — achieved via
acidification of Nb,, - resulted in the formation of the icosa-
niobate ([Nb,yOs4]®", Nb,,) ion,*®* which was also formed
through dimerization of two Nby, species.®® Similarly, an
aqueous one-pot synthesis of Nb,, from niobic acid has not
been achieved, which is a limitation attributable to the acti-
vation pH of niobic acid.'® Finally, of the aforementioned
syntheses, a chronological listing of noteworthy synthetic
advancements in making PONb and POTa species is given in
Table 1.

Exploring the solution chemistry of
niobium(v) via the polyoxoniobates

Notable examples of investigations using 'O NMR spec-
troscopy to probe the solution chemistry of polyoxoniobates
includes determining the isotope-exchange dynamics of the
Nb,,,"” monotitanoniobate (TiNby),’® and dititanoniobate
(Ti,Nbg) ions.** Studies of the formation and reactivity of per-
oxopolyoxoniobate species - from the peroxidation of Nb,,
and Nbg - was also possible through 'O NMR spectroscopy.®’
Considering H,0, is a by-product associated with photocataly-
sis,®® and the sequestration of radionuclides from waste,®” of
which niobium oxides are used,’”””° it is relevant to under-
stand the reactivity of PONb and H,O,. Furthermore, there are
similar studies of the Nbs and Tas ions that are reliant on *’O
NMR spectroscopy, however these were in the presence of
alkali cations.*'*%”

The Nb,, cluster is stable at pH 5-7, while at pH > 7.5 dis-
sociation to the Nbg cluster commences.'” Moreover, this base
enhanced dissociation becomes rapid at pH > 9.3, through the
formation of the heptaniobate ([Nb,0,,]°", Nb,) intermediate
and this was confirmed through monitoring the isotopic
oxygen-exchange via '’O NMR."*® The site-specific substi-
tution of a single central Nb(v) atom with a Ti(iv) atom in the
TiNby cluster extends the stability range of the decametalate to
pH 6.5-12.**" Substitution of another central Nb(v) atom with
a Ti(wv) atom, to form the Ti,Nbg ion offers enhanced stability
to base dissociation, as the cluster remains intact at even at
pH 12.5.*" Considering this, it was envisaged that heteroatom
substitution within the Nb;, cluster, may similarly influence
structural changes in the formation of solid-state niobates.

For example, it was determined by Rambaran et al.>® that
different titanium-niobium oxides Ti,Nb;(,O,¢ and TiNb,O,
were accessible via the TiNby and Ti,Nbg polyoxoniobates,
respectively. The in situ monitoring of the solution chemistry
of the titanoniobate clusters was similarly possible through
studying the isotopic oxygen-exchange via 'O NMR spec-
troscopy. It was also possible to determine that borate signifi-
cantly enhances the oxygen-exchange of PONb (Nbgs, Nb,, and

This journal is © The Royal Society of Chemistry 2025
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Ti,Nbg), a significant finding since borate is often used a pH
buffer due to its low cost and the assumption that it is inert.””

Understanding the dissolution of Nb,Os is dependent on
knowing which POND species is/are dominant at a particular
pH and their stability, as this is relevant to geochemical pro-
cesses and the formation of niobate minerals in the environ-
ment.”® Consider the minerals Peterandresanite,”* hansesmar-
kite,”> and melcherite,”® all contain the Nbg species. Since
these minerals were formed at low temperatures (<350 °C), it
suggests Nbg is the transport medium for aqueous niobium in
the environment, which contradicts the assumption of it being
immobile.”® The significance of this comes full-circle when
the activation pH of niobic acid (pH > 6.9) and anhydrous
Nb,Os (pH > 12) is considered, alongside the pH stability of
the Nb,.

Dissolution of niobic acid - to yield both Nbs and Nb,, -
and anhydrous Nb,Os (only Nbg formed) has occurred at
180 °C during hydrothermal syntheses.'® Though the tempera-
tures used in these syntheses are ca. 50% lower than 350 °C,
dissolution commenced at pH > 13 and continued with an
accompanying decrease in pH. More so, the pH decreased
down to the respective activation pH, with no further dimin-
ution.'® The formation of Nb, from these syntheses was detect-
able with Raman spectroscopy at 10 < pH < 13, and is there-
fore consistent with Nbe only being found in minerals from
alkaline rocks.”®

For the Nb,, species, which is normally stable at neutral
PpH, as it rapidly dissociates to the Nbs at pH > 9.3, it forms a
tetraniobate fragment that forms higher oligomers like the
heptaniobate ion (Fig. 1C)."” The heptaniobate ion, initially
discovered by Niu et al.,”” has been determined to assemble
into the larger [Nb24072]24_ cluster in the presence of alkali
cations,**’® which is consistent with it being a building block
for the assembly of larger PONb.”®

Previous studies have independently shown that there is
both a pH dependence, and an influence of alkali counter
ions, on the formation of the heptaniobate species, occurring
via the dissociation of Nb;, to Nbs.'”?*”® On the molecular
scale, the significance of these findings are relevant to eluci-
dating the processes involved in the assembly of large PONb
clusters, such as the [HNb,;0,6]"®", [H;oNbs;003(CO5)**,
[Nb,40,,]**" and [Nb3,046]**~ clusters.”®®® On the scale of geo-
chemical processes this means that there is a duality, relative
to pH dependence and the presence of alkali counter ions —
rather than a mere coincidence - in the formation of Nbg con-
taining minerals which are only found in alkaline rocks.”* ">

Applications of polyoxoniobates

The ability to fabricate solid-state Nb,O5 and Ta,Os thin films
or functional surfaces through aqueous deposition of POM
solutions is a milestone achievement, creditable to the
advancements in PONb and POTa synthesis. For example,
deposition of aqueous Nb,, solutions resulted in the for-
mation of electrochromic Nb,O; films that can function as
optical switches for windows.?>®* These Nb,O; films can
modulate solar radiation transmittance and selectively block
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near-infrared and visible light through an applied electro-
chemical voltage.?” Prior methods for the deposition of Nb,Oj
and Ta,O; films are reliant on sol-gel, sputtering or laser abla-
tion methods, which require the use of harmful precursors,
lack reproducibility and are expensive.*®

For example, prior sol-gel or spray pyrolysis syntheses of
potassium sodium niobate (KNN) have used niobium
ethoxide,®>®® or ammonium niobium oxalate,?”-%®
the insolubility of Nb,Os. Regardless of these metalorganics
precursors providing a solution mediated route to KNN, they
have the inherent disadvantage of being moisture sensitive. To
overcome this challenge, the Nbg species has been used to
deposit KNN thin films from aqueous solutions,**°* while
also obviating the need for harmful precursors conventionally
used in the solid-state synthesis of niobate films.”
Furthermore, using the PONb as molecular building blocks
bodes well for facilitating in situ monitoring of the formation
crystalline niobates, from an amorphous precursor, with
selectivity and stochiometric control.’® This is advantageous
when considering the low coefficient of thermal expansion of
niobates, and is beneficial to studies aimed at elucidating
negative thermal expansion in ceramic materials.””

Fabrication of alkali-free Ta,Os thin films was possible
through deposition of aqueous Tas and Nbg solutions.’**
These studies determined that films deposited from aqueous
Tae solutions would always yield atomically smooth Ta,Os
films, whereas the isostructural Nbs would not form smooth
Nb,Os films. The synthesis of Tas, however, in these studies
was limited by use of the moisture sensitive TaCls as the Ta,Os
source®® - similarly to the initial Nby, synthesis by Graeber
and Morosin that used niobium pentaethoxide.'® The alkali-
free synthesis of Tas was improved later on via the use of tanta-
lic acid and microwave irradiation, to circumvent the use of
TaCl; as a Ta,Os source.'® Prior to the development of the
microwave synthesis of Tas, only the synthesis of the novel tita-
nium-substituted POTa had used tantalic acid to replace use of
TaCl;.*® Tantalum pentachloride, nonetheless, has proven
useful as a Ta,O5 source for the synthesis of alkali-free Tag,
used in the electrochemical deposition of electrochromic
Ta,O5 thin films.”®

Along with the improved synthetic procedures for PONDb
and POTa came concomitant investigations in the application
of these POMs. For example, Nbe which is stable at pH > 10
was determined to be viable as a potential base catalyst in the
degradation of the nerve agent diisopropyl fluorophosphate.®®
The PONb-POV cluster ([PNb;,0,0(V¥0),:(VIY04,)]**") has also
demonstrated the capacity to catalyse the hydrolysis of the
nerve agent diethyl cyanophosphate.”” The influence of the
Nb;, cluster on calcium homeostasis was determined to be
stronger than monomeric vanadate, molybdate and tung-
state.”® The isostructural decametalates, Nb,, and TiNbg, have
also been used as models to inhibit amyloid aggregation that
is consistent with certain neurodegenerative (Alzheimer’s) dis-
eases.”® Note this finding was possible due to prior studies in
determining the aqueous stability of Nb;, and TiNby;'”*°
which established reproducible PONb syntheses.***¢™>* These

to overcome
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are among the array of examples which highlights the possi-
bility of using PONb in biological models for probing cellular
processes.

Still on the matter of heterometal niobates, the initial intro-
duction of the Cr** ijon into the PONb structure
([Cry(OH)4Nb;(03,]%7) ushered in a strategy for extending the
visible absorbance of POND, to provide possible photochemi-
cal properties.*® This correlated to the subsequent inclusion of
the Cr’* (CrNby), Mn*" (MnNby), Fe*" (FeNbs), Co>* (CoNby)
and Ni** (NiNbg) ions into the Nb,, framework - via site
specific substitution of a Nb(v) atom - similarly to the TiNb,
ion in previous studies.’**?

These heterometal-substituted Nb,, structures possessed
photocatalytic properties due to them promoting H, evolution
in methanol-water mixtures.”” In addition, Pt-modified films
with Nbg scrolls in methanol-water mixtures exhibited photo-
catalytic activity via H, evolution similarly.’®® Photocatalytic
properties were also exhibited by the tellurium PONb species
[H,TeNbsO;,]°~.*"" Fabrication of phosphoniobate patterned
thin films was also possible from aqueous peroxophosphonio-
bate solutions of [HNb,P,0,4(0,),]>~, and [H;NbeP40,4(0,)s]>,
which bodes well for the development of semiconductor
films."”* Another niobium-phosphate cluster [NbgP50,4,]°"
reacts with H,O, and shows potential for industrial appli-
cations.”” Application of Nbg, synthesised via niobic acid, has
also been used for direct CO, capture from aqueous solu-
tions,'® and this further reiterates the benefit of niobic acid in
probing the solution chemistry of niobium.

Conclusions and perspectives

POND offer both selectivity and stoichiometric control in the
synthesis of niobium species, whether through the standard
isopolyanions or via heterometal substitution/inclusion.
Leveraging this ability can create the opportunity to fabricate
niobates in the solid-state, which otherwise could prove more
challenging via alternative approaches. We can see how histori-
cally there was a limitation in the niobium and tantalum
species accessible through the use of HF solutions, or the
molten salt approach. Neither of the aforementioned reactions
are commonplace for replicating under standard conditions
due to their inherent risks; especially a molten salt process
which can be difficult to contain. More so, it is due to the dis-
solution of niobium and tantalum species under these con-
ditions which promulgated the convention that they are slug-
gish to react, which made exploration of their solution chem-
istry stagnate in comparison to the group VI metals.

On this premise it is plausible that this idea continues to
be reiterated among other natural scientists (geologists, che-
mists, physicists etc.), and it feeds the notion that oxides of
niobium and tantalum are inadvertently unreactive. With the
advancements in synthesis of PONb and POTa we know the
preceding assumption is an exaggeration. Rather, it is the con-
ditions (pH, presence of strongly coordinating ions) which
largely influence the dissolution to yield POMs. Altering the

This journal is © The Royal Society of Chemistry 2025
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conditions which favour stabilisation of the respective POMs,
similarly influence the aggregation processes of niobium and
tantalum POM species.

Outside of synthetic advancements, such as the synthesis of
aggregated Ta, structures, heterometal substituted POTa (tita-
notantalates), or the fabrication of solid-state Ta,O5 thin films
from aqueous Tae solutions; the expansion of the POTa field
has remained limited compared to the PONb. Perhaps this is
partially due to the lack of commercially available tantalic acid
as a precursor in POTa synthesis, to minimise use of moisture
sensitive reagents. Furthermore, the inability to synthesise
other isopolyanions of tantalum in aqueous medium thus far
- such as Ta;, — exacerbates the latter effect. The absence of
investigations into the solution chemistry of Ta,, has essen-
tially restricted the solution chemistry of tantalum(v) to pH >
10; i.e. the Tae. Therefore, information regarding the pH stabi-
lity of Ta,,, or whether it dissociates to Tae via intermediary
species, remains unknown until the aqueous synthesis is
established.

More so, discerning how larger POTa structures (>10 Ta
atoms) are assembled is similarly challenged, because the
library of aqueous synthesised POTa is limited to the single
isopolyanion, ie. Tags It would be myopic to assume that
understanding the intricacy of this process bears no signifi-
cance to interpreting solid-state dissolution (or lack thereof) of
tantalum oxides. For example, in geochemical processes
related to tantalum in the natural environment, that are rele-
vant to radionuclide leaching. The studies into the solution
chemistry of Nb,, provided a wealth of information on
niobium(v) solution chemistry and this has contributed to a
better understanding of niobium oxide in the solid state.
Hence with a similar understanding of tantalum(v) solution
chemistry, it is plausible that application of tantalum oxide -
and by extension tantalum - in the solid-state could be
improved.
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