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Abstract

The decaniobate ion, (Nby=[Nb1oO2]%) being isoelectronic and isostructural with the
decavanadate ion (V1o=[V1002]%), but chemically and electrochemically more inert, has
been useful in advancing the understanding of Vi, toxicology and pharmacological
activities. In the present study, the solution chemistry of Nbyg and V1 between pH 4 and 12
is studied by Raman spectroscopy. The Raman spectra of V1o show that this vanadate species
dominates up to pH 6.45 whereas it remains detectable until pH 8.59, which is an important
range for biochemistry. Similarly, Nbg is present between pH 5.49 and 9.90 and this species
remains detectable in solution up to pH 10.80. Vo dissociates at most pH values into smaller
tetrahedral vanadate oligomers such as V; and V,, whereas Nbyq dissociates into Nbg in
mildly (10>pH>7.6) or high alkaline conditions. Solutions of V1o and Nbyy are both
kinetically stable at basic pH conditions for at least two weeks and moderate temperature.
The Raman method provides a means of establishing speciation in the difficult niobate
system and these findings have important consequences for toxicology activities and

pharmacological applications of vanadate and niobate polyoxometalates.
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1. Introduction

Decavanadate ([V10O02”], Vio) is a member of a larger family of Group V and VI
polyoxoanions commonly known as polyoxometalates (POMs). POMs have been found to
have anti-diabetic, -bacterial, -protozoal, -viral and -cancer activities, which have sparked
interest in their use as bio-inorganic drugs [1-4]. Decavanadate is a homoleptic
isopolyoxovanadate that interacts with high affinity with several proteins such as myosin,
actin, and Ca®*- ATPase, thus affecting a range of cellular processes, including calcium
homeostasis, muscle contraction, cytoskeleton dynamics, mitochondrial oxygen
consumption [4-11]. Furthermore, the antidiabetic, anti-virus, anti-bacterial and anti-tumor
activity of V3o and vanadate compounds is attracting increasing interest [12-18].
Decavanadate also exhibits insulin-mimetic behavior, and it was shown that, upon
incubation with decavanadate, rat adipocytes accumulate much more glucose than with
well-established mimetic agents such BMOV [18]. Decavanadate is in many cases likely a
pro-drug, inducing anti-diabetic activity through peroxovanadate production [17]. On the
other hand, in vivo exposure to decavanadate, in comparison vanadate, affect differently
subcellular metal distribution, antioxidant enzymes activities, lipid peroxidation and tissue
damage in several organs [4,9,10,19]. Recently, decavanadate has also seen application in
other processes such as aerobic oxidation of starch, solar-driven photocatalysis and protein
crystallography [20-22].

Depending on factors such as vanadate concentration, pH and ionic strength, different
vanadate oligomeric species can occur simultaneously in vanadium(V) solutions, including
monomeric (V1, [VO4]* at high pH), dimeric (V2, [V207]*), tetrameric (Va4, [V401,]* and
[V4013]%), and pentameric (Vs, [VsOs]>) vanadates [4,23,24]. These ortho and
metavanadate species are comprised of tetrahedral vanadate units. In addition to them, the

decavanadate ion, V1o, Which consists of octahedral vanadate units, also occurs in solution.
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Its presence is easily detected due to the strong orange-yellow colour of the V1o compared
with the colourless ortho and metavanadates.

Whereas equilibrium between the ortho and metavanadate species is achieved are on the
millisecond-to-second time scale in neutral and alkaline aqueous solutions, Vi
interconversion with the other vanadate oligomers occurs on a considerably longer time
scale. The disappearance of the decamer follows a first-order kinetic process and can be
easily followed by UV/Vis spectroscopy by recording the absorption band at 400 nm as a
function of time [4,5,6]. In addition, V1, decomposition may be prevented through binding
to specific proteins, which apparently retard dissociation. Increases of the half-life from 5 to
17 hours in the presence of sarcoplasmic reticulum vesicles, and to 27 hours in the presence
of actin, were found at room temperature and pH 7.0 [25], whereas no effects were observed
with myosin, even though it is known to have an high-affinity Vi-binding site [26].
Decavanadate was observed to induce protein cysteine oxidation and vanadyl formation
during in the presence of SR Ca®*-ATPase and actin, whereas no effects were observed on
incubation with monomeric vanadate [7,27,28]. This reactivity of Vi, was attributed to
involvement of cysteines at the Vio-binding site, as well as the participating of reduced
vanady! (V'V-containing) species in the enzymatic inhibition process [3,10]. It is known that
actin, in common with other proteins such as transferrin and albumin, contains a high
affinity binding site for vanadyl [7]. Decavanadate interactions with certain proteins can thus
lead to vanadyl protein binding, although the participation of vanadyl in the process is yet to
be clarified [3,10].

Other mono- and polyoxometalates, such niobates, tungstates and molybdates, have also
been evaluated in the inhibition of SR calcium ATPase and were found to be less active as
inhibitors [27,28]. The decavanadate, V1o, and decaniobate (Nb;o=[Nb1cO2s]®) ions are

isostructural and isovalent, but where vanadium is redox active and labile in solution,
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niobium is kinetically inert and redox stable, making Nbyo an excellent tool to explore the
mode of inhibition that the V19 analogue undergoes with the proteins [27,28].

The Nbyy and V1o compounds differ in their sizes, their lability to dissociation, in their
acid-base chemistry and in their dissociation products. For example, there are no equivalents
to the oligomeric metavanadates for niobium, which dissociates to the hexaniobate Lindgvist
ion (Nbs=[NbsO13]®) and derivatives. In spite of these differences the decaniobate ion can be
a useful tool to understand the mechanism and biological activities of decavanadate ion
because of the structural similarity and relatively inert behaviour [27,28].

Raman spectroscopy has been shown to be a suitable tool for investigating vanadate
speciation, including oligomerization and its dependence on concentration, ionic strength
and pH [29], as well as decavanadate interaction with different Ca**-ATPase conformations
[27]. We presently use Raman spectroscopy to further characterize aqueous solutions of
decavanadate and decaniobate in order to determine differences in the ensemble of
oligomeric species present under experimental conditions, and which may be important in
biochemical studies where the two families of ions are compared [27,28]. The application of
vibrational spectroscopy to niobate solutions is particularly important because, although the
predominant Nb nucleus is NMR active (**Nb; 1=9/2), it yields broad lines in solution
because of quadrupolar broadening. In contrast, vanadium NMR *'V; 1=7/2) yields relatively
narrow lines as it is less affected by quadrupolar broadening . Niobate speciation can only be
practically monitored by NMR by enriching the compounds with 'O and watching the 'O
NMR signal area change with time, but this is inherently limited [30] and expensive.

In contrast with vanadate, there is less precedence for Raman spectroscopy on niobate
solutions. Apart from a few examples of Raman spectra of the [NbgO1g]® ion at static pH
[31,32] early pH-dependent work was carried out prior to the isolation of Nbsg, leading

researchers then [33] and later [34] to assign the signals of this ion to a dodecameric species,
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which required later revision. In addition, a tetrameric niobate was reported by Spinner et al.
[33] but this putative oligomer has never been isolated. There is thus a need for

spectroscopic Raman data of niobate species to correct the existing literature.

2. Materials and methods

All reagents were of biochemical analysis grade and were supplied by BDH, Merck, and
Sigma. Anhydrous ammonium metavanadate was purchased from Riedel-de Haén.
Tetramethylammonium decaniobate [N(CH3)4]s[Nb10O2s].6H,0, was synthesised according
to published procedures [35]. The synthesis of the K;H[NbgO19] was via adaptation of a

standard method [36].

2.1. Preparation of solutions

Decavanadate stock solution was prepared in milliQ water (conductivity < 0.055 uS / cm at
25 °C), by adjusting the pH of an ammonium metavanadate solution (50 mM, pH 6.7) to 4.0,
according to literature methods [26,27], and the formation of the Vi ion was readily
observed by the characteristic orange-yellow colour of the solution [4]. Thus, we obtained a
stock decavanadate concentration of 5 mM Vg (i.e. 50 mM total vanadium, ~50 mM NH,").
A solution of Nbygwas prepared in water as a stock concentration of 5 mM (i.e. 50 mM of
niobium) by dissolving the tetramethylammonium salt. The pH meter calibration was
performed before each measurement with the three standards of Hanna (4.01, 7.01 and
10.01). The solutions were prepared in milliQ water (conductivity < 0.055 puS/cm at 25 °C).

The pH adjustment was made upon the addition of 0.1 M of HCI or 0.1 M NaOH.

2.2 NMR Spectroscopy

Page 6 of 29



Page 7 of 29

Dalton Transactions

>/ NMR spectroscopy measurements of V1oand vanadate stock solutions were performed
on a Bruker AM-400 MHz (9.4 T; ®*V 105.2 MHz) spectrometer equipped with a 5 mm
multinuclear inverse probe. Spectra were acquired at 22 °C using 0.5 mL of samples
containing 10% D0 using a calibrated n/2 pulse. 12 000-25 000 scans were acquired with
recycling delays of 10 ms and acquisition times of 86 ms at a spectral width of 45.454 kHz.
The *'V NMR chemical shifts are reported relative to an external reference of VOCIs, as

described in previous work [28].

2.3 High Resolution Raman Spectroscopy

The Raman spectra were recorded at room temperature, in a triple monochromator HORIBA
Jobin-Yvon T64000 Raman system (focal distance 0.64 m, aperture f/7.5), equipped with
holographic gratings of 1800 grooves.mm™. The premonochromator stage was used in the
subtractive mode. The detection system was a liquid-nitrogen-cooled non-intensified
1024x256 pixel (1") Charge Coupled Device (CCD) chip. A 90° geometry between the
incident radiation and the collecting system was employed. The entrance slit was set to 200
um, while the slit between the premonochromator and the spectrograph was set to 3.5x10*
um. The 514.5 nm line of an Ar" laser (Coherent, Innova model 305) was used to the
excitation radiation, providing ca 50 mW at the sample position. Samples were sealed in
Kimax glass capillary tubes of 0.8 mm inner diameter. The system was calibrated against the
crystalline silicon 521 c¢cm™ band. Under the above mentioned conditions, the error in
wavenumbers was estimated to be less than 1 cm™ and the resolution was better than 2 pixels

of the CCD, i.e. 2cm™.

2.4 Low Resolution Raman Spectroscopy
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Low resolution spectra were collected on a Bayspec Agility Raman Spectrometer equipped
with a 785 nm laser working at 300 mW.10 mM Nbj, samples were prepared by adding 25
mg of solid Nbyo to buffer solutions (1.5 ml, 0.1 M) with the pH already pre-adjusted using
dropwise addition of [N(CH3)4]JOH (1.0 M) in order to avoid pH shock. The pH was
recorded after the Nb;o addition. The following buffers and pH were used: MES (pH 6.13),
PIPES (pH 7.28), HEPES (pH 8.18), CHES (pH 9.05), CAPS (pH 10.08 and pH ~11.12) and
[N(CH3)4]OH (pH ~12.80). The pH was measured with a Sigma-Aldrich micro pH
combination electrode calibrated between pH 4.01 and 10.01. The alkaline error is likely to
be very significant only for the 0.1 M [N(CHj3),]OH solution (pH 12.80). The solutions were
pressed through 0.2 micrometer membrane filters which diminish, but do not eliminate, the
Tyndall effect, as is typical. Spectra were collected after ca four hours at 293 K. The
speciation diagramme in figure 3 was constructed assuming that the signal intensity of 10

mM Nby was ca 70 cps.

2.5 Computational details

All calculations were performed with Gaussian 09 rev B [37]. All structures were optimised
using the PBEO (PBEL1PBE) exchange correlation functional and the def2-tzvp basis set,
using an ultrafine grid and implicit water solvation using the polarizable continuum model
[38]. Basis sets were obtained from the Basis Set Exchange [39]. Raman calculations were

carried out at the same level of theory as the optimisations.

3. Results and Discussion

3.1. NMR spectroscopy
Decavanadate and Nbjo are isostructural and isoelectronic nanometre-sized polyoxometalate

anions (Fig. 1). These relatively inflexible and structurally compact anions contain three
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types of metal sites: one site with four equivalent niobium (or vanadium) atoms above and
below the major equatorial plane (metal site A), one site with four equivalents in that plane
(metal site B), and one site with two equivalents in both the major and minor equatorial
planes (metal site C) (Fig.1).

*l\/-NMR spectroscopic studies demonstrated that, after acidification of the metavanadate
solution from pH 6.7 to pH 4.0, we obtain a V1o solution containing decameric vanadate
species (Fig. 2). The identity was confirmed by the presence of three NMR signals at -517,
-501 and -426 ppm, respectively, corresponding to the three metal sites: Vipa, Vios and Vioc
(Fig. 2), in the expected intensity ratios. As it can be observed by **V NMR, the solutions of
5 mM Vi (50 mM total vanadium, pH 4.0) contain mainly V1o species (Fig. 2). Conversely,
in the NMR spectrum of a 50 mM metavanadate solution (pH 6.7), signals attributed to
mono- (V1), di- (V2), tetra- (V4) and pentameric (Vs) species of vanadate can be observed,
respectively, at -561 ppm, -575 ppm, -579 ppm and -587 ppm (Fig. 2), as previously
described [4]. As expected, we observe that acidification of a colorless metavanadate
solution turns the solution yellow/orange due to pH shock and metastable formation of the
V10 ion, which dissociates slowly even at a pH where it is not ultimately stable. By 'pH
shock' we mean that metastable species form upon addition of a drop of base or acid, and
these species are kinetically persistent. Upon acidification of 50 mM and higher vanadate
concentrations it is possible to observed the solution going dark for a while at pH 5. This
indicates that the species that forms are not thermodynamically stable at pH 5. Most likely it
is due to pH shock. To the best of our knowledge, only VO?* and H,V100,5 - are coloured,
so one of these species would be suggested to be form. The latter would be formed at the pH
near the pH of the acid added to the vanadate solutions and that would implied the reduction
of vanadate species whereas the former due to vanadate oligomerization. The observation of

the formation of these species would not be feasible or possible by NMR and/or Raman
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spectroscopies. However, kinetic studies using UV-Vis spectroscopy would be proper to
follow the formation and disappearance of these species.

The speciation diagram for aqueous solutions of vanadate show that the V1o ion dominates
between 2.5 and 5.8, to the point where it represents all of the total vanadate species at pH
3.0-5.0 (Fig. 3a). Similarly, the Nbyp ion is the dominant signal at 5.5<pH<9.90 and is
detectable up to pH~10.8. Whereas V1 slowly dissociates at most pH values Nb;o converts
quantitatively to the hexaniobate product at pH~11 (Fig. 3b). To this date, there is no
comprehensive speciation model for niobate aqueous solutions, as opposed to vanadate.
However, 1’0 NMR experiments have shown that the Nby, species is stable for weeks
between pH 5.5 and 7.5. At higher pH conditions, the dissociation is detectable as a slow loss
of signal from an internal oxygen in *’O-enriched compounds [30]. The authors found the
dissociation products to include the Nbg Lindqvist ion [40]. This dissociation is suspected to
be reversible, based in part upon isotope-transfer between the Nbiy and Nbg although the
thermodynamics of the equilibrium remains unexplored [40]. Direct acidification of Nbyg in
aqueous solution leads to the precipitation of a white powder referred to as 'niobic acid' in the
literature. A dimer of the decaniobate ion, [NbzOs4]%, can be formed in dichloromethane at
low pH [30]. Little is known about the behaviour at very high pH (>14) but as salts of
[NbO4]* are only known as insoluble solids, and K7H[NbgO1] is synthesised in molten
KOH [36]. It is unlikely that there is any polyoxoniobate chemistry beyond the Nbg ion in

the alkaline direction.

3.2. Raman spectroscopy
We presently examine the stability of V1o species by Raman spectroscopy. A pH 4-12 range
was chosen because it covers the biologically interesting range. On the other hand, the

niobates condense by proton-induced charge neutralization at lower pH conditions whereas

10
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decavanadate persists to slightly lower pH conditions, but not by much. Nevertheless, our
focus was on the rich speciation chemistry at neutral pH and above. Figure 4 depicts the
Raman spectra of a 5 mM V4 solution in the 900-1100 cm™ region, for pH values ranging
from 7.47 to 6.45. In this pH range, the signals are assignable to the VO symmetric
stretching vibration of different oligomeric species. In particular, the band at 995 cm™ is due
to the Vi species. This prevalence of Vyg is in contrast with what is expected taking in
consideration the speciation diagram for thermodynamically equilibrated solutions in this
pH range, which predicts that the solution should not contain any appreciable amount of V1,
but mainly V4, with some Vs, V, and V. In fact, the spectra undergo a sequence of changes
with pH: at pH 6.95 an additional band at 947 cm™ began to emerge and becomes completely
distinguishable at pH 7.47 (Fig. 4). This signal clearly corresponds to another species,
probably a tetrameric vanadate resulting from some V1o decomposition. This disparity is due
to the solution being pH shocked and still under kinetic control.

The **VV NMR studies showed that at on acidification of vanadate solutions (pH 6.6), V1o
appears together with the V1, V; and V4 which were already present in the vanadate solution
at pH 6.8 [4]. Raman bands ascribed to V1, are also observed at 315 and 593 cm™, in addition
to the ones at 967 and around 995 cm™ (Fig. 5). These V1, former bands are clearly visible in
the Raman spectrum from 4.0 to pH 8.59 (Fig. 5). Conversely, at pH 8.97 V1 is no longer
detectable, whereas the band at 947 cm™ that began to emerge at pH 6.95 increasingly
dominates the spectrum for higher pH values (Fig. 5). This signal was assigned in a previous
study [26], to the symmetric stretching vibration mode from V4 and Vs species, which agrees
with the predicted speciation diagram in Fig 1. At pH 9.52 a band, allocated to V;, and HV;
species, arises at 875 cm™. The band at 820 cm™ assigned to unprotonated V species is only
observed at pH close to 12 [29]. Furthermore, after two weeks of incubation at 40 °C, similar

spectra were obtained (not shown) for all the solutions described in Figure 5.
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In the Raman spectrum of decaniobate the bands at 936 and 270 cm™ arise from the Nbyg ion
(Fig. 6), with the band at 953 cm™ ascribed to [N(CH3)4]*. The 936 cm™ signal, assigned to
the NbO symmetric stretching vibrational, appears at a lower wavenumber than the
corresponding one observed for the decavanadate, as expected assuming a similar force
constant since niobium is a heavier element than vanadium. These bands are clearly
observed up to pH 10.80 (Fig. 6), indicating the presence of Nbyq in the solution. No changes
were observed on the spectra of the above solutions after two weeks of incubation at 40 °C,
pointing out that the Nbyg solutions were stable even at higher alkaline pH values (Fig. 7).
The literature evidence for dissociation of the Nbso at pH>7.6 is from clear ’O-NMR signal
loss from oxygens in the center of the molecule [40]. The *’O-NMR signal loss is quite slow
and the authors suspected that there may be an equilibrium between the Nbyy and the Nbg
dissociation product. The Raman spectra are consistent with Nbyg being present in solution
up to pH 10.80 [Fig. 3b]. Thus, at pH 10.49, a slight separation of bands is observed, and at
pH 10.80 the formation of a band at 889 cm™ is attributed to the presence of Nbg (Fig. 6).
Also there is no difference at the Raman spectra at pH 11.22 and 12.51 (Fig. 6). Furthermore,
Nb1o species are kinetically stable and present in solution up pH 9.90 for at least two weeks
at 40 °C, even for the higher pH values analysed (Fig. S1). In fact, there is no description in
the literature of species in solution smaller than Nbg suggesting that this species is stable at
very high pH, as we discussed above.

In an attempt to get a more quantitative view of the solution compositions, we collected
additional data on a low-power, low-resolution instrument on samples prepared using 0.1 M
biological buffers to avoid the influence of pH shock that might result from addition of acid
or base to solutions of the niobates. As can be seen in Figure 7, the results show that it is
possible to collect quantitative solution composition data for niobates even in the presence of

stabilising buffers.

12
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The results broadly agree with previous data by Villa et al. based on *’O NMR spectra of
"0-enriched Nby acquired at 35 °C which showed that Nbsg at concentrations of 0.6 M
(total Nb), slowly dissociates to Nbg at and above pH 7.5, with the dissociation occurring
increasingly rapidly with increasing pH and can be affected by solution composition [30].
The reaction has been observed to be at least partially reversible by dissolution of Nbg in a
borate buffer and subsequent analysis by ESI-MS after 24 hours at room temperature, a
result that was confirmed by Klemperer et al., who noted that the formation of Nbyy from
Nbe was favoured by increasing temperature [41].

In either case, Raman spectra may here present a unique opportunity for the thermodynamic
resolution of the equilibrium between Nbg and Nbig, which would constitute the first
example of quantitative speciation data for any polyoxoniobate species. It also does not
escape us that a similar approach could be used to detail the relationship between [TagO10]*

and [Tay02]°, the latter being isolated only recently [42].

3.2 Comparison between computed and observed spectra

The electronic-structure calculations predict features of the Raman spectra well, with a
systematic over-estimation of the reciprocal wavenumber (Fig. 8). Experimentally, V1o
exhibits a strong band a 995 cm™, which is predicted computationally (Fig. 8d) to manifest at
1059 cm™, together with bands between 614-627 cm™ and at 334 cm™ which are
experimentally found at 593 and 315 cm™, respectively. This tendency to overestimate the
wavenumber of the signal is persistent and well-known [43] with the signal from V4 showing
up at 947 cm™, but being predicted to occur at 1002 cm™ (Fig. 8c). The most important point,
however, is that the calculations capture the general trend of the signals shifting to a lower
frequency with decreasing chain length, as well as the decavanadate species having two

pronounced signals around 1000 cm™(Fig. 8d).

13



Dalton Transactions

The qualitative and quantitative agreement is much better for the niobate species, with a
predicted signal maximum at 957 cm™ (Fig. 8f) for Nbyo which was observed at 936 cm™.
However, as the main signal for the Nbg occurs at 889 cm™ but is expected at 858 cm™, the
good numerical agreement for Nb;o may be entirely fortuitous, which is unsurprising as the
computations do not accurately account for hydrogen bonding and other factors that are
known to influence the spectra (Fig. 8e, Fig. 8f).

The [N(CHs)4]" signals are expected at 817 and 1020 cm™, but exhibit at 755 and 953 cm™.
The shapes and number of predicted signals agree well with experiment, lending some
confidence in assignments for the observed signals. The main signal from the Nbo at 957
cm™ (computed shift) is due to a symmetric concerted stretch of the terminal oxygen sites
way from the molecular centre, as is the main signal from the Nbg ion at 858 cm™. The Nbg
signals between 520-530 cm™ are due to movements of the central oxygen along an axis, and

to the sets of p,-0xygens moving towards the molecular centre.

4. Conclusions

Raman spectra indicate that the Vi, ion dominates in solution up to pH 6.45 and that this
species remains detectable in solution until pH~8.6. On the other hand, the Nby ion is the
dominant signal at 5.5<pH<9.90 and is detectable up to pH~10.8. Whereas V1o slowly
dissociates at most pH values into smaller tetrahedral vanadate oligomers such as V4 and V5,
Nb1o converts quantitatively to the hexaniobate product at pH~11 (Fig. 9). Nevertheless,
Raman spectra point out that both V1o and Nbyg solutions are stable in solution for at least
two weeks and moderate heat, in the sense that they do not precipitate a solid and that Vg
and Nbyg are still detectable over a wide pH range. Thus, Raman spectroscopy may be a
potentially useful tool to characterize Nb;o and V1 species and their equilibrium with lower

oligomers, which is extraordinarily difficult for niobate species because NMR is so difficult

14
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in the system. The vibrational properties, in contrast, can be established using
electronic-structure methods a priori and used to assign the signals from putative minor
aqueous species. These findings have important consequences for understanding the
differences between decavanadate and decaniobate solution chemistry as well as its
biological activities and pharmacological applications whenever a particular vanadate or

niobate oligomer maybe desired and higher pH values are used.
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Abbreviations

BMOV, bis(maltolato) oxovanadium(1V)

CAPS, N-cyclohexyl-3-aminopropanesulfonic acid

CHES, N-cyclohexyl-2-aminoethanesulfonic acid

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
MES, 2-(N-morpholino)ethanesulfonic acid

PIPES, piperazine-N,N’ -bis(2-ethanesulfonic acid)

Nb, , decaniobate ion [Nb1gO,g]

Nbs, hexaniobate Lindqvist ion, [NbgO1g]®

SR, sarcoplasmic reticulum

SR Ca?*-ATPase, calcium pump from sarcoplasmic reticulum
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*V/-NMR, vanadium-51 NMR

V1, monomeric vanadate, [VO4]*

V>, dimeric vanadate, [V207]4'

V4, tetrameric vanadate, [V4O01,]* and [V4013]®
Vs, pentameric vanadate, [V5O1s]”

V10, decavanadate ion, [V1902]®
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Figure Captions

Figure 1. Structure of the V1o and the Nbyg ions. The grey (light color) and red (dark color)
spheres represent vanadium/niobium and oxygen atoms, respectively. The <Nb-O> bond
lengths are 0.05-0.2 A longer than the corresponding <V-O> bond lengths, making Nbig

slightly larger than V1,.

Figure 2. °*VV NMR (105.2 MHz, 9.4 T) spectra, at ambient temperature of 50 mM (total
vanadium) concentration of decavanadate (pH 4.0) (A) and metavanadate solutions (pH 6.7)
(B). All spectra were acquired in the presence of 10% D,0. Vioa, Vios and Vigc represent
signals of vanadium sites in V1. The >V NMR V; signals correspond to the orthovanadate
species namely, monomeric vanadate (VO,>, HVO,* and H,VO,), whereas the
metavanadate species includes dimeric VV, (HV,0-> and H,V,0;%), regardless of the state of
protonation, V4 and Vs, that corresponds to cyclic tetrameric ([V4O1,]*) and pentameric

vanadate ([VsO1s]™), respectively.

Figure 3. A) Speciation diagram based on **V-NMR, for an aqueous 50 millimolal (50
mmol/kg) solution of vanadium(V) at pH 0-14, showing the atomic concentration of
vanadium i.e. the molecular concentration of each species is multiplied by the number of
vanadium atoms incorporated in it. The speciation at each pH was computed using Visual
MINTEQ v3.0 [http://vminteq.Iwr.kth.se/] in the presence of 1.0 M NaCl with a fixed 1.0 M
ionic strength using the SIT model [44]. B) Speciation diagramme for niobates at 293 K at ca
0.1 M ionic strength based on the current Raman spectrometric work. See text for details as

well as supporting information.
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Figure 4. Raman spectra of decavanadate solutions (50 mM total vanadium) from pH 6.45 to

71.47.

Figure 5. Raman spectra (200 to 1100 cm™) of decavanadate solutions (50 mM total

vanadium) from pH 4.00 to 10.08. The band between 400 and 500 cm™ is due to the glass.

Figure 6. Raman spectra (200 to 1100 cm™) of decaniobate solutions (50 mM total niobium)
from pH 5.49 to 12.51.

Figure 7. Raman spectra of buffered solutions of Nbjo as a function of pH. Note that the
[N(CHs)4]" concentration varies between solutions as [N(CH3),]JOH was used to adjust the

pH of the buffers.

Figure 8. Computed Raman spectra for select vanadate and niobate species. See supporting

information for numerical data.

Figure 9. Vo dissociates at most pH values into smaller tetrahedral vanadate oligomers such

as V4 and V3, whereas Nbjo dissociates into Nbg in mildly or high alkaline conditions.
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Figure 5
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Figure 7
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Graphical abstract

Legend: V( dissociates at most pH values into smaller tetrahedral vanadate oligomers
such as V4 and V,, whereas Nbj, dissociates into Nbg in mildly or high alkaline

conditions.



