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Polyoxometalates (POMs) are a large group of anionic polynuclear metal-oxo clusters with discrete and
chemically modifiable structures. In most aqueous POM solutions, numerous, and often highly negatively
charged, species of different nuclearities are formed. It is rather difficult to determine the dominant POM
species or their combination, which is responsible for the specific POM activity, during a particular applica-
tion. Thus, the identification of all individual speciation profiles is essential for the successful implementation
of POMs in solution applications. This review article summarizes species that are present in isopoly- and
heteropolyvanadates, -niobates, -molybdates and -tungstates aqueous solutions and covers their stability
and transformations. The ion-distribution diagrams over a wide pH range are presented in a comprehensive
manner. These diagrams are intended for the targeted use of POMs, and in a clear form shows species that
are in equilibrium at the given pH value. Thus, the data accumulated in this review can serve as both a
starting point and a complete reference material for determining the composition of POM solutions. Some
examples are highlighted where the POM speciation studies led to a detailed understanding of their role in
applications. In doing so, we aim to motivate the POM community for more speciation studies and to
make the subject more comprehensible, both for synthetic POM chemists and for scientists with different
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1. Introduction

1.1. Solution and solid-state structural chemistry of
polyoxometalates (POMs)

Polyoxometalates (POMs) are a large group of discrete, mostly
anionic polynuclear metal-oxo clusters amenable to a variety of
chemical transformations.’™ POMs are generally characterized
in the solid state prior to dissolution, and this structural
information is used as the framework on which the solution
chemistry is developed. The compound isolated in crystalline
form may not necessarily be the one with highest abundance
in solution. For example, di- and tri-molybdates can be easily
crystallized from an acidified molybdate solution at pH ~ 7,*°
but they are not represented as discrete solution species, and
the dominating anion at this pH is [Moy'0,4]°".° In solution,
POMs form species that can be protonated and undergo redox
processes, which contribute to the utmost importance of the
speciation characterization. For the application and/or investi-
gation of POM complexes in aqueous solution, a thorough
insight of the solution chemistry by identifying all equilibrium
constants and individual speciation profiles is essential in
order to understand the reaction mechanism and tune the
application conditions accordingly. In rare cases where the
solution chemistry is presented in literature, the solution
details are often not of the main interest for the authors, and
are described only in the supplementary materials. The rapidly
growing number of POMs application in solution, especially
their catalytic’ and biological ones,® " entails the need for a
deeper understanding and analysis of the fundamental rela-
tionship between POM’s structural behavior in the solid state
and in solution. This is currently an acute drawback, often
leading to an incorrect interpretation and erroneous determi-
nation of structure-activity relationships. To greatly facilitate
the selection of a suitable POM cluster with classical addenda
atoms (V¥, Nb¥, Ta¥, Mo"" and W"") for any deliberate and
purposeful use in solution, this review will serve as a guide for
better understanding of the POM behavior in the liquid phase.
The POM solution equilibria presented in details can and
should be used to interpret the results obtained in POM
solution application for fundamental vision and full under-
standing of the POM nature.

1.2. Speciation in chemistry: key factors affecting POMs
solution behavior

The most concise definition of chemical speciation is as
follows: composition, concentration, and oxidation state of
each of the chemical forms of an element present in a
sample.'>'® The term “speciation” is also used to describe
the distribution of species in a particular sample, where it is
synonymous with the “species distribution”."* This notion has
been accepted in such diverse fields as toxicology, clinical
chemistry, geochemistry, environmental chemistry, biochemis-
try and inorganic chemistry. New developments in analytical
instrumentation and methodology (electronical, vibrational,
X-ray absorption and nuclear magnetic resonance spectroscopy,
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mass-spectrometry, electrochemistry) allow identifying and
quantifying the species present in solution.

The key factors affecting POMs speciation and the mecha-
nism of isopoly- and heteropolyanions formation are the added
acid and metal concentrations, kind of interactions and the
range of chemical conditions (ionic strength, buffer type,
presence of potential heteroatoms, type of countercations,
etc.) under which the dissolution takes place. It is not the pH
alone that determines POMs speciation; rather, it is the ratio of
acid (usually strong inorganic acids such as HCl, HNOj3, H,SO,)
to monomeric oxo-ions (e.g. [Mo"'04]>~, [WY'O,]*~ or [VVO,]*")
concentration. This ratio determines the ‘degree of protona-
tion’, Z, which is defined as the average number of protons
bound to monomeric oxo-metalate in solution.’ It is widely
used in speciation studies, and we will refer to it in the cases
where no pH regions are given and Z is used by the authors. Z is
defined as the ratio ¢/p in the general eqn (1):

pIMO,]* + qH' = [(M0,),H, ]9, (1)

incaseof M=V¥,l=1,n=4,k=3;and M =Mo" or W, [ =1,
n=4,k=2.

The main results of speciation studies are distribution
curves that represent the percentages, partial mole fractions
(o) or equilibrium concentrations of the different chemical
species present in solution under given conditions."> Concen-
tration distribution curves are generally presented as a function
of a single variable, such as pH. For distribution curves of
POMs, the ‘degree of protonation’ Z is commonly used as one
single variable. The equilibrium concentrations of various
species are calculated by solving the mathematical system of
mass balance equations constructed for each component, and
these mass balance equations are then solved iteratively for the
concentrations of the free components.'® It should be noted
that the thermodynamic equilibrium constants are based on
activities that depend on temperature and pressure. Most
reported stability constants for POMs are considered as stoi-
chiometric constants, which are expressed as equilibrium
concentration quotients, and thus they are valid only at a given
ionic strength (1, M) and in a given solvent. As an example, the
concentration equilibrium constants 1g K. for the formation of
Ni-centered Anderson-type polyoxomolybdate (POMo) eqn (2):

Ni*" + 6[Mo"'0, > + (6 + ¥)H' s H,[Ni"(OH)sMoy'0,5]* ",
x=0-3 2)
is calculated according to eqn (3):

- BN O Moti0
c [N12+] . [MOVIO42*]6.[H+}(6+X) .

Potentiometric studies (Fig. 1A) allowed to calculate 1gK.
for each anion in solution and based on these values the
ion distribution diagram depending on the acidity [¢, mole
fraction = f(Z)] was built (Fig. 1B)."”

To avoid questioning of inconsistent results presented by
various authors, throughout this review we deliberately display
distribution diagrams without considering concentration or

Chem. Soc. Rev., 2020, 49, 7568-7601 | 7569
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Fig. 1 pH-Potentiometry and mathematical modeling in the system Ni2*~[Mo"'0,4]>~~H*~H,0 acidified to mole ratio Z = n(H*)/n(IMo"'0,4]?") = 1.00.”
(A) Integral (points, pH = f(2)) and differential (line, ApH/Z = f (2)) titration curve. (B) Distribution diagrams of ions presented in solution after 60 days aging

of the initial Ni?*=[Mo"'04]>~=H*-H,O solution.

mole fraction and only focus on the pH range in which a
particular POM species is stable. As an example, the maximum
mole fraction at pH 5.5 for [M0y'0,4]°” is ~75% reported by
Cruywagen et al.,’ and is ~100% by Maximovskaya et al.® Only
species confirmed by several methods (preferably NMR spectro-
scopy among them) and/or groups are included to our analysis
and as a result to the diagrams. The speciation analysis for
POM with V¥, NbY, Ta¥, Mo"" and W"! as addenda atoms and
for majority of archetypes is provided; however, due to lacking a
“data base” for POM anions in solution, some speciation works
might have been unintentionally overlooked.

Since the majority of POMs have been formed and studied in
water, this review focuses on speciation in aqueous solutions,
where many applications take place, e.g. catalysis and biological
application. Although the possible supramolecular assembly of
POMs with H-binding and counterions is an important topic for
POM chemistry and application, this aspect is not covered here.
We first discuss the state of the art and methodology in study-
ing polyanions in solution, which often is a complex issue. This
section is followed by the detailed description of POM specia-
tion mostly according to the solution pH and organized by their
addenda atoms (V¥, NbY, Ta", Mo"" and W""). The common
trends in POM solution behavior with the aim of predicting
stability trends based on the addenda atom type and structure
are discussed throughout the text. Some POM applications
performed without POM stability proofs are examined.

2. Methods of POM investigation in
solution

The ambiguity of POMs equilibria in solution requires appro-
priate experimental techniques and careful interpretation of
the results. Ideally, a number of different complementary and
orthogonal experimental techniques are necessary to study and
understand the distribution of species. However, this extensive
characterization is rarely done. An exceptional example for a

7570 | Chem. Soc. Rev., 2020, 49, 7568-7601

detailed species analysis is an investigation of acidified ortho-
tungstate solution using electrospray-ionization
spectrometry (ESI-MS), "**W-NMR and Raman spectroscopy."’
The polycondensation product, heptatungstate [W3'0,,]°, has
been proven by NMR and Raman spectroscopies to be the main
species in an equilibration mixture at pH < 7, but fails to be
detected by ESI-MS due to its ESI-induced dissociation into
Lindqvist [W¢'Oy,]>” anion (for more details see Section 3.4.1).
The reason leading to the different results obtained via NMR,
Raman and MS is the instability of [WY'0,,]®” upon ionization.
This study also shows that ESI-MS is mainly applicable to stable
polyanions, and that the method of investigation should be
selected based on its strengths and weaknesses and by taking
into account the specific characteristics of a particular POM.
In order to obtain a spectrum as a fingerprint and assign it
to a species, the species must be either homogeneous in
solution or solid. The POM solution to be examined requires
observation over a varying pH, time range and, if applicable,
temperature and concentration range. Currently, solution stu-
dies no longer use only potentiometry and vibration spectro-
scopy as their exclusive methods for characterizing metal oxide
systems, but various advanced methods complement these
studies, including multinuclear NMR spectroscopy, small-
angle X-ray scattering (SAXS), X-ray absorption spectroscopy
(XAS, consisting of Extended X-ray absorption fine structure
(EXAFS) and X-ray absorption near edge structure (XANES))
investigations as well as mass-spectrometry. We briefly sum-
marize the characterization methods in context of their appli-
cation in POM systems. A detailed description of the basic
principles of the method, the recording, evaluation and inter-
pretation of the data can be found in the specialized literature.
In the following, the methods for examining POMs in solutions
are presented in the order of their chronological appearance.

mass-

2.1. Potentiometry

Potentiometric titration was one of the first methods that was
used to investigate POM speciation.” In principle, the method

This journal is © The Royal Society of Chemistry 2020
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involves measuring the hydrogen ion concentration in polya-
nion solutions as a function of the acid or base added (Fig. 1A)
and the total metal ion concentration."®*® The values for the
formation constants and stoichiometric coefficients are deter-
mined by titration, followed by the iterative calculation of the
constants of one species in the presence of another and the
entire system being described by calculations in an iterative
process. The formation constants K. are the basis for species
distribution diagrams (Fig. 1B) showing various types of POM
that exist at different pH values. However, great care should be
taken to ensure that a true equilibrium has been reached for
each measurement, that the activity coefficient quotients are
reasonably constant (use of supporting electrolyte) and that the
potentials of the liquid transitions can be controlled. At the
moment, potentiometry is outdated due to the availability of
other advanced methods that provide a more accurate picture
of the processes in solution.

2.2. Electronic and vibrational spectroscopy

Typically, the addenda ions in POMs have d° electronic configu-
ration, and as a result, only one absorption band occurs in the UV-
vis between 190 and 400 nm due to the oxygen-to-metal charge
transfer transition.”">* The spectra of the reduced “heteropoly
blue” complexes show intervalence charge-transfer transitions,
e.g., Mo” — Mo"" at ~700 nm.>® Electronic spectroscopy implies
practically no structural information, but it is one of the easiest
ways to check POM stability in solution.>*** For example, at pH 1
the Keggin polyanion [PYWY304]*~ ({PW1,}) (Fig. 2B) exhibits two
intense absorption bands in the UV range, with maxima at about
200 and 263 nm attributed to the p,—d, charge-transfer transitions
of the O, —» W"" (O, - terminal oxygen atom), and p,-d, charge-
transfer transitions of the Op, . — W' (O}, . - bridge oxygen atoms)
(Fig. 2A), respectively.”® The absorption band maximum at
263 nm corresponds to the electron transition Op. — WY of
the intact Keggin anion and is shifted to 252.5 nm at pH 3.5

¥
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corresponding to mono-lacunary form [PYWYj0z] " ({PWy,}),
indicating [PYWY;0,40]>” decomposition (Fig. 2).>° A detailed
description of the hydrolytic stability of {PWy,} is given in
Section 3.4.2.1.

Infrared, Raman and resonance Raman spectroscopy are
broadly used in POM chemistry as diagnostic fingerprints.
Similarities of spectral band positions, shapes and relative
intensities for two compounds strongly indicate that both have
identical structures. The characteristic spectrum region is
between 1000 and 400 cm ™' where absorptions due to metal-
oxygen stretching vibrations occur.

A good agreement between the spectra of crystalline and
dissolved polyanions shows that the structure of the dissolved
anion is the same as that observed in the solid state. Raman
spectroscopy is more frequently used for aqueous solution
studies of POMs>*®° and IR spectroscopy for studies in both
aqueous and nonaqueous solvents.*°

2.3. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance spectroscopy has been carried out
on POMs containing NMR-active nuclei, i.e. *'P (natural abun-
dance (NA): NAC*'P) = 100%; nuclear spin (I): I = 1/2), >'V (NA =
99.75%; I =7/2), 7O (NA = 0.04%; I = 5/2), "H (NA = 99.98%; I =
1/2), *°Si (NA = 4.7%; 1/2), and, later, > Mo (NA = 15.87%; I = 5/2)
and "W (NA = 14.32%, I = 1/2), to investigate their solution
structures and dynamics since the 1970s.>'> For reliable
identification of a POM species in solution, it is desirable,
whenever possible, to measure NMR spectra of all NMR-active
core components.

2.3.1. Addenda nuclei

>y NMR. So far, the largest number of measurements for POMs
has been carried out at *'V, a core nucleus with relatively high
sensitivity, which provides spectra with line widths in the range
from ~10 to ~800 Hz in diamagnetic polyanions. The chemical
shifts (reference VOCIl;) in isopoly- and heteropolyvanadates fall in

pH 1.0

& pH 2.0
o pH 3.5

[

(4]

£

(o]

(7]

Q

<

220 240 = 260 = 280

Wavelength (nm)

L
300

Fig. 2 (A) UV-vis spectra of agqueous solutions of Hz[PYWY 40! recorded at pH 1.0; 2.0 and 352 The decomposition of Keggin anion can be clearly
seen already at pH 3.5 by shifting of the maximum absorption from 263 nm to 252.5 nm. For more details see Section 3.4.2.1. (B) Ball-and-stick
representation of an u-Keggin type anion [PYW3040]*~ with the indicated types of oxygen atoms: us-O, — oxygen atom connected to heteroatom P;
12-Op and up-O¢ — two types of bridging atoms in the structure; Oy — terminal oxygen atom. Color code: W, blue; P, yellow; O, red.
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the range between —400 to —600 ppm. Even relatively small
structural variations result in separable peaks due to the broad
chemical shift range.**?*

Mo NMR. Despite the existence of two NMR-active isotopes,
“Mo (NA = 15.87%; I = 5/2) and “’Mo (NA = 9.46%, I = 5/2), Mo
NMR is less frequently used due to their low natural abundance and
their low gyromagnetic ratios: y(**Mo) = —1.751 x 10" rad s~ T *
and y(*’Mo) = —1.788 x 10” rad s~* T~ . The **Mo nucleus is
generally preferred over °’Mo because of its lower quadrupolar
moment. Compared with "W NMR, the *>Mo NMR signals
from a typical asymmetric POMo environment are strongly
broadened due to the quadrupole moment, which complicates
spectral measurements and their interpretation. The earlier
measurements of the > Mo NMR spectra of isopolymolybdates
(IPOMos) [Moy'O,]*~, [M0Y'0,,]° ", [Moy'O1o~, and o-/f-{Moy Oy~
were mainly carried out in non-aqueous solutions after *>Mo
enrichment (96%) and, subsequently, °>Mo NMR was applied to
study aqueous Mo"" solutions.*®

183w NMR. Despite its low sensitivity, the "®*W NMR is of
unique importance in studying polyoxotungstates (POTSs). Narrow
NMR lines of '®*W with nuclear spin 7 = 1/2 allow to observe
constants of the indirect spin-spin coupling, i.e. 2J(W-P), 2J(W-W),
which provide structural information. The use of high field
spectrometers significantly reduces the sensitivity limitations,
although a concentrated sample solution (~1 mol L") and a
long acquisition time are still required. A saturated solution of
sodium tungstate is recommended as a reference for the chemical
shift.>> For POTs, the range of "®*W-chemical shifts lays between
+260 and —300 ppm and even up to —670 ppm, if the POT-
peroxocomplexes are taken into account.*” When looking at
reduced POTs or at POTs with incorporated paramagnetic ions
even larger chemical shifts from +2500 to —4000 ppm are
observed.

PNb (NA = 100%; I = 9/2) and "®'Ta (NA = 99.98%; I = 7/2)
NMR spectroscopy is hardly used for POM investigation, due to
the excessive line widths as a result of large quadrupole
coupling.

2.3.2. Other nuclei (*H, 70, *'p, '°F, 'B, *’Al)

’H NMR. The rapid exchange with solvent protons limits the
use of high resolution proton NMR for fully inorganic POMs,
while integrated resonances of non-labile protons in organic
units of hybrid polyoxoanions and countercations are routinely
used for analytical purposes.” However, in some cases separate
signals for solvent and polyanions were observed. One of the
earlier successful examples was published in 1966, when Pope
and Varga demonstrated the presence of two central protons in
the metatungstate anion, [H,WY3040]° ", using "H NMR.**

7O NMR is more universal, as oxygen is an indispensable
element of all POM clusters. There are two main structural
types of oxygen atoms in a polyanion (Fig. 2B): terminal oxygens
O=—M with coordination number one and bridging ones M-O-
M with coordination numbers from two to six. NMR lines for
oxygen atoms of different types are well resolved and the line’s
form is characteristic for a structural type of oxygen atom.!

7572 | Chem. Soc. Rev., 2020, 49, 7568-7601
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Although "0 is difficult to observe on account of its low natural
abundance (0.04%) and its negative quadrupole moment
Q(*’0) = —26 mB, these disadvantages are compensated by its
large chemical shift ranging from 1200 to —100."' To over-
come the low natural abundance of 7O (0.04%), target POMs
can be enriched with H,"70. This allows studying the rates of
oxygen-isotope exchange between solvent and POM molecules
sites and has been proven useful for understanding of POMs
equilibria.**?”

31p NMR. The large number and wide variety of heteropoly
compounds with phosphorus as a heteroatom led to a signifi-
cant development of *'P NMR, which shows a high sensitivity of
its chemical shift based on POMs composition. In the *'P NMR
spectra of Keggin type H3[PYWY;0,,] (Fig. 2B) and the majority
of its derivatives, each form is represented only by one signal in
the chemical shift range between —15 and —2.5 ppm (relative to
85% H3PO,), which allows to directly detect several coexisting
species and to determine their concentrations.*®

Other nuclei. "'B (NA = 80.42%; I = 3/2),>° "F (NA = 100%; I =
1/2),% *Al (NA = 100%; I = 5/2)*" and "*°Pt (NA = 33.7%; I = 1/2)*
NMR spectroscopy are not as often used, but equally important for
POM solution investigation.

If suitable NMR-active cations are present, NMR measure-
ments can also probe cation-POM interactions in solution,
which can affect the transformation between POM species.*?
Using "Li,** >*Na*® and **Cs"® NMR spectroscopy, the Nyman
group successfully studied the cationic association with various
POMs in solution.

2.4. Mass-spectrometry (MS)

Electrospray-ionization mass-spectrometry (ESI-MS) is suitable
for the elucidation of solution phase equilibria of stable upon
ionization anions, since it enables semi-quantitative detection
of both cationic and anionic species in aqueous solvents with
excellent detection limits. POMs are ideal candidates for mass-
spectrometry studies since they exhibit complex isotopic envel-
opes resulting from the high number of stable isotopes as for
tungsten (***W, 26.5%; '**W, 14.3%; '**W, 30.6%; '*°W, 28.4%)
or molybdenum (**Mo, 14.8%; **Mo, 9.3%; *>Mo, 15.9%; *°Mo,
16.7%; °"Mo, 9.6%; **Mo, 24.1%; *°°Mo, 9.6%), and are intrin-
sically charged.””*® However, the experiments must be carefully
designed in order to obtain reliable data without overinterpre-
tation of gas phase data for the solution chemistry.*® While ESI-
MS does not yield any information beyond the mass-to-charge
ratio of the analyte, it has high sensitivity and does not impose
too many requirements on the system to be analyzed, and time-
resolved data can be obtained on very dilute solutions. ESI-MS
measurements have been used for comprehensive POM specia-
tion studies with all kind of addenda atoms and significantly
contribute to the speciation analysis given in detailed in
Section 3.

This journal is © The Royal Society of Chemistry 2020
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2.5. Small angle X-ray scattering (SAXS)

SAXS is a well-established non-destructive method for probing
the size, shape, reactivity, and interactions of dissolved
species.”® This method is very powerful, but so far, an under-
utilized technique to obtain speciation information on POM
solutions. SAXS is fundamentally similar to X-ray crystallogra-
phy, where a sample is irradiated by a collimated monochro-
matic X-ray beam.”® Like nanoparticles and quantum dots,
many POMs exhibit high net charge, contain high electron-
density elements (W, Mo and other metals) and therefore
scatter X-rays strongly. Since POMs are molecular by definition,
solutions in which the clusters are stable must be absolutely
monodisperse, and their X-ray scattering data can be simulated
very accurately by applying solid-state crystal structure data
sets. To date, many POM classes have been thoroughly inves-
tigated using SAXS, including POMs of group V (NbY and
Ta"),>>>' POTs*? and their complexes with actinides,”® large
reduced POMs>* as well as POM supramolecular assemblies.>
SAXS can be successfully used to investigate speciation in
catalytic systems, as one representative example, the Co-
containing POTs speciation as a function of pH, buffer salts,
and addition of a chemical oxidant during water oxidation
catalysis has been carefully studied.>®

2.6. Other methods

POMs have a rich electrochemistry associated with both
reduction of tungsten or molybdenum®” and redox-reaction of
heterometals (i.e., incorporated cobalt, ruthenium, iridium, or
nickel). These characteristic redox wave peaks can be used to
identify the number of terminal oxygen atoms, metastable
hydrolysis fragments, new isomers and reduced anions.>®>°
Extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near edge structure (XANES) are valuable techni-
ques to probe both the local coordination environment and the

V'O I" {Vy} v',0,1" {V;}

[V',0.,1" {V.} [V',0,.1" {V,}

Fig. 3

A) B) \ C) D
b ‘ ;‘\;

[V',0]" {Vs}
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oxidation state of POM’s atoms either in solution or in solid-
state materials. Each kind of atom in the POM cluster can
be accessed individually and an average spectrum for each
element is observed.®® Despite XAS (X-ray absorption spectro-
scopy) being a powerful technique, there are just a limited
number of examples for their usage in POM structure
analysis.*"%?

Dynamic light scattering (DLS) is aimed to determine
whether particles are formed in solutions and, if present, to
examine their size.”* DLS has found its broadest usage in
monitoring POM stability during catalytic reactions (e.g. water
splitting systems®*).

3. POM speciation in aqueous
solutions
3.1. Polyoxovanadates (POVs)

This section is divided into isopoly- and heteropolyvanadates.
First, the general behavior of POVs in solution is described, and
second, the characteristics of tri-, tetra-, penta- and decavana-
dates, as well as polyoxophosphovanadates are detailed in the
order of increasing nuclearity.

3.1.1. Isopolyoxovanadates (IPOVs)

3.1.1.1. Ion-distribution diagram for IPOVS. A great variety of
discrete isopolyvanadates (IPOVs) has been characterized in the
solid state isolated from aqueous and non-aqueous solutions
which include [V3O,]*~ (Fig. 3C),%” [HVyO.,]>~ (Fig. 3E)°® and
[VYO.4*~ (Fig. 3G)*” with tetrahedrally coordinated vanadium
(Table 1) and [VYy0x]®" {Vio}®® (Fig. 5), [V1205.]*",%°
[VY305.27,7° and [V1504,]° 7" (Fig. 6) with octahedrally coordi-
nated V¥ ions. The maximum species concentration and the
equilibrium of IPOVs are influenced by pH, ionic strength,
temperature, and vanadate concentrations. The most com-
monly used speciation model (Fig. 4 and Table 1) was first

IV'.0.]" (V.}

[V',0,0°" {Vs}

IPOVs with the nuclearity up to 5 addenda atoms and tetrahedral coordination of V¥ ((A)-(H)), which can be present in aqueous media. Tri- and

tetravanadates are presented in two forms — cyclic ({Vsc}, (C) and {V4c}, (E)) and linear ({Vzg}, (D) and {V44}, (F)). The linear forms of {V3} and {V4} have never
been obtained in solid state. Pentavanadate is depicted in two cyclic forms: [VYO141°~ ({Vsc}, (G),®” which was synthesized from non-aqueous solution and
VY0155~ ({Vss), (H),”®7° which has never been crystallized. Color code: {VO,}, green; O, red. In abbreviations the subscript “c” stands for “cyclic”, “l” - for

“linear”, "s” — for "star”.
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Table 1
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IPOVs stoichiometry, formation constants, chemical shifts and pKj, values

Isolated in

Formation constants” Ig K. at 25 °C according to

IPOV species q,p" pK, solid state 5(51V), ppm8°’87b Sigel® 8 McCann?®® Larson?®® Tralceyd78 Elvingson® 7 Heath'®

VYo, *~ (Fig. 3A —2,1 Yes —541.2 —21.31 >-23 >—22 ~—19
g

H[VYO4, >~ -1,1 134 No —538.8 -7.91 -9.02 -8.75 —8.8 —8.17 -741

H,[VY04]” 0,1 7.91 No —560.4

VyO,]*~ (Fig. 3B —2,2 Yes®! —561.0 —15.13 —19.0 —18.60 —16.19 —12.8
g

H[VYO,]*~ 1,2 9.74 No —563.5 —5.39 —7.47 —7.30 —5.85 —3.9

H,[V5O,]*~ 0,2 8.29 No —572.7 2.90 2.15 230 2.5 2.65 3.3

H[VYO,,]"" (Fig. 3D) -1, 3 No ~—570 —6.1 -11.4

VyO.;]°” (Fig. 3F —2,4 No Between —566 and —585 —8.50 ~16.1 —9.98 28.1
g

H[VyOy;]~ —-1,4 89 No Between —566 and —585 0.4

VyO,,]*~ (Fig. 3E 0,4 Yes®® —577.6 10.04 7.0 7.60 8.4 9.24 11.6
g

VY05’ (Fig. 3H) 0,5 No —586.0 12.43 7.5 11.17 14.5
g

[VY0025]° (Fig. 5) 4,10 Yes®® —422, —496, —513 51.98 50.28

H[V1002s]"~ 5,10 6.14 No —424, —500, —516 58.12 56.90

H,[V100,s]* ™ 6,10 3.68 Yes*? —425, —506, —524 61.80 61.07

H;[V100,s]* ™ 7,10  1.57 Yes®? —427, —515, —534 63.37 62.93

vVo,] 2,1 Yes —545.0 6.97 7.00

“ Stmchlometrlc coefficients and formatlon constants for the reaction p[ VY0, + gH" = [HV)0,,]" +
Without electrolyte addition. °

VOCI,. ° Tonic strength u = 0.6 M (NaCl). ¢

constructed about thirty years ago as a result of rigorous
research using °'V NMR investigations in conjunction with
potentiometric titration studies.”>”®> The proposed speciation
model (Fig. 4) postulates, that in aqueous vanadium solutions
of pH > 6, polymers with one to five V atoms (Fig. 3) are
formed, where many of these IPOVs also undergo several
individual protonation steps. In contrast, under acidic

A

1(6-x)-

H,IV40054]
‘ [vVJmozsl

nuclearity

- Vol

Ho 1 2 3 4 5 6

(g/2 + p — 2/2)H,0. ? 5°'V relative to

= 0.15 M (NaCl).” = 2 M (NaClO,).

conditions, only two major species {V;o} and [VVO,]" (Fig. 4
and Table 1) have been reported.

Since *'V NMR is a powerful technique to determine POV
speciation and easily accessible, the use of other techniques is
rarely reported. ESI-MS analysis of ammonium metavanadate
(NH,);[v'0,4] aqueous solution at pH 4.5’ and 6”° revealed a

series of known (protonated {Vi} and [V'O,]’") and
V50,
%[vvgon]“?
[V 052]
HIVY,0,,]"
HVe Tl
B 'A% N
HV'0,1*
v'o "

7 8 9 10 M 12 13 14

Fig. 4 Speciation of IPOVs in an aqueous solution with a total concentration of vanadium more than 0.1 mM based on ref. 34, 72, 78, 79 and 84-88.
The maximum intensity of grey color in each box with a single species corresponds to its maximum concentration in the chosen pH region, e.g. the
maximum concentration of [VXO;]*~ is at pH 12. The grey boxes along the y-axis are positioned according to increasing nuclearity, but do not show the
domination over other species at a certain pH range. x in H,[VYoO,5l® ™~ is 1-3. The molecular structures of the clusters are depicted in Fig. 3 and 5. The
51V chemical shifts, formation constants and pK, values are summarized in Table 1.
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“previously unknown” polyoxovanadate anions and cations,
which might have been formed in gas phase due to ionization.

3.1.1.2. Tri-, tetra- and penta-vanadates. The structures of the
trivandate (Fig. 3C and D) and tetravanadate (Fig. 3E and F) in
water were debated for a long time and numerous studies lead
to contradictory conclusions.”® The various structural sugges-
tions include linear (Fig. 3D and F) or cyclic (Fig. 3C and E)
trivanadate or tetravanadate ions exhibiting tetra- or penta-
coordinated vanadium. Nowadays, a consensus has been
reached that a linear form of tri- and tetranuclear vanadates,
[V¥O,,]’~ and [V3O,5]° (Fig. 3D and F), does exist in aqueous
solution at pH < 10, which was confirmed by >'V and "0 NMR
(Fig. 4).”” Up to date only salts with cyclic [V§Oo]*~ (Fig. 3C),
[HV}O.,]*™ (Fig. 3E) and [VYO4,4]*~ (Fig. 3G) have been obtained
from non-aqueous media.®>®” The isolation of the discrete
linear tri- and tetravanadate (Fig. 3D and F) from aqueous
solution has failed so far because the crystallization always
goes hand in hand with the polymerization of the anion to
“endless” metavanadate chains ([VYO,]*"),.

3.1.1.3. Decavanadate [V7,0,4]°~ stability. {Vyo} is stable for
days at neutral pH;?° while at pH values higher than 7 it, at least
in part, turns into structurally and functionally different smal-
ler oxovanadates such as the monomeric [VYO4]*~ (Fig. 3A),
dimeric [V30,]*~ (Fig. 3B) or tetrameric [V}0,,]*~ (Fig. 3E) with
a half-life time depending on vanadium concentration, ionic
strength and temperature.’® In the basic pH region, {Vi,}
will ultimately convert to the colorless metavanadates
H,[V¥Y0,]¢)~ (x = 0-2) (Fig. 4), although near neutral pH, this
process may take up to three weeks depending on ionic

View Article Online

Chem Soc Rev

strength and temperature (Fig. 5). At neutral pH, {V;,} can be
destructed to smaller IPOVs and therewith being removed by
boiling the solution.”

>y NMR and UV-vis spectroscopic investigations revealed that
at pH 7 and 37 °C the half-life of {V;o} decomposition is 2 h in
serum-free Dulbecco’s modified Eagle’s medium (DMEM: CacCl,,
0.2 g L™ KCl, 0.4 ¢ L™'; NaCl, 6.4 g L™'; Na,HPO,, 0.109 g L™
Na,CO3, 3.7 g L™ %; glucose, 1 g L%, and 20 proteinogenic amino
acids).”* At room temperature in physiological serum (pH = 7,
NaCl 0.9%) the halflife of 12 h was estimated for {V;o}.>* In
brain-heart infusion medium (BHI: calf brain, 12.5 g L™"; beef
heart, 5 g L™ ; peptone, 10 g L™ '; p-glucose, 2 g L™'; NaCl, 5 g L™ ;
Na,HPO,, 2.5 g L") at a slightly higher pH of 7.2, {V,,} decom-
poses quickly with measurable decay in as little as one hour and
the dominant species after 19 hours is tetrameric [VyO;,]*"
(Fig. 3E).>> Almost no {V;,} was detected after 42 h while tetra-
vanadate is still the dominating species after 42 h and 66 h
(Fig. 5). The half-life of {V,,} in aqueous buffered solution (KCI,
0.1 M; MgCl,, 5 mM; ethylene glycol-bis(f-aminoethyl ether)-
N,N,N' N'-tetraacetic acid (EGTA), 0.5 mM; imidazole, 10 mM)
at pH = 7.4 with [{Vy}] = 5 mM at 25 °C is 43 h, and under the
same conditions with a higher concentration [{V;o}] = 50 puM
decreases to 19 h (Fig. 5).°* In a view of the significant decom-
position of {V;,} in diluted solutions at room temperature, it is
advisable to perform the experiments involving {V;o} in more
concentrated solutions and limit them to a few hours when
working at room temperature. At increased 37 °C and keeping
the same pH of 7.4 however in mitochondrial respiration buffer
(MRB: sucrose, 0.2 M; KH,PO,, 5 mM; KCl, 10 mM; MgCl,, 5 mM;
Tris-HCl, 10 mM; pyruvate 5 mM; malate, 0.5 mM) 5 mM {V,o}

37°CT,,=2h DMEM,
25°C T,,=12h serum PH7-0
25°CTyp=1h BHI, pH 7.2 v (3-x)-
i H,IV'0,]
87 8 T =2k +
12 MRB, v 4-m)-
25°CT,,=45h |mj PH74 H, [V 207]( )
2°C T,,=101.9h +

[V'1002]" {V.0}

RT T,,=6h

80 °C 95% in 10 min

Fig. 5 Decavanadate {Vi0} decomposition in agueous solutions between pH 7.0 and 7.8 based on >V NMR, UV-vis and XAS investigations.

37°C Ty =1hTris-HCI, pH 7.5

v',0.,.1"

AP, pH 7.8

61,89,91-95

Half-life of {V;0} decomposition is given for a total V concentration of 5 mM. DMEM — serum-free Dulbecco’s modified Eagle’s medium, CaCl,, 0.2g L%
KCL, 0.4 g L% NaCl, 6.4 g L% NayHPO,4, 0.109 g L% NayCOs, 3.7 g L% glucose, 1 g L% and 20 proteinogenic amino acids); MRB — mitochondrial
respiration buffer, sucrose, 0.2 M; KH,PO,4, 5 mM; KCL, 10 mM; MgCl,, 5 mM; Tris—HCL, 10 mM; pyruvate 5 mM; malate, 0.5 mM; serum — physiological
serum, NaCl, 0.9%; BHI — brain-heart infusion medium (calf brain, 12.5 g L™%; beef heart, 5 g L™*; peptone, 10 g L% p-glucose, 2 g L™%; NaCl, 5 g L™%;
Na,HPO,, 2.5 g L% pH 7.2); Imi — imidazole buffer (KC|, 0.1 M; MgCl,, 5 mM; EGTA, 0.5 mM:; imidazole, 10 mM); Tris—HCl — 2 mM Tris—HCl buffer; AP —
alkaline phosphatase buffer (NaCl, 5 M; Tris—HCL, 1 M; MgCly, 1 M). The structures of H,[VVO41® ™~ (x = 0-2), H,,[VEO, 1%~ (m = 0-2) and [V4O,]*~ are
shown in Fig. 3A, B and E. Color code: {VOg}, light orange; O, red.
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solution shows the short half-life of just 3 h.>® A UV-vis kinetics
study of the {V;o} decay in the presence of alkaline phosphatase
buffer (AP: NaCl, 5 M; Tris-HCl, 1 M; MgCl,, 1 M) at pH 7.8,
carried out by following the peak disappearance at 430 nm (p,—d,
charge transfer of the Opyqq. — V"), indicated that {V,,} degrades
by approximately 15% per hour at room temperature (¢, = 6 h
under first order kinetics) (Fig. 5).”* About 95% of {V;o} decom-
posed in 10 minutes to tetravanadate [VyO;,]'~ (Fig. 3E) in the
same AP buffer (pH = 7.8) at increased 80 °C.

Under acidic conditions (pH 5.4) in Schneider’s insect med-
ium (SIM: Na,HPO,, 0.7 g L™ '; MgSO,, 3.7 g L™ '; KCl, 1.6 g L™ };
KH,PO,, 0.45 g L™ '; NaCl, 2.1 g L' and 20 proteinogenic amino
acids), the decomposition of {V;} is substantially slower and
after 2 hours, only 0.06 molar equivalent of {V,} (Fig. 3E) was
detectable and the rest remained as {V;o}.”*

Recently EXAFS and XANES spectroscopic investigations
were applied to examine the V oxidation state in {Vi}
solution.®® Under the physiological temperature of 37 °C {V,,}
began to decompose after about 1 h at pH 7.5 (2 mM Tris-HCI
buffer), while at room temperature {V,,} was present for the
entire acquisition period (ca. 7 h). According to the XANES
analysis the solution of {V;o} at pH 7.5 and 37 °C contained
81.3% of [VY0,]*~ (Fig. 3A) and 18.7% of the reduced oxidova-
nadium (V") species ([V'VO]*" and its complexes), evidencing
{Vio} reduction upon interaction with actin, and meaning that
all {Vy,} species have been completely decomposed in solution
visible also by a color change from yellow to colorless. The {V;,}
stability studies performed in different media and tempera-
tures lead to sometimes contradictory results, and it is recom-
mendable to check the {V,o} integrity under the applied
conditions.

3.1.1.4. The use of speciation data to understand the biological
activities of decavanadate. The applicability of this review will be
shown in this section using decavanadate as an example, since
among all IPOVs (Fig. 3), {Vio} (Fig. 5) demonstrates many
important roles in fundamental biological processes.®!9%9¢711

Three IPOVs: [VYO,]>~ (Fig. 3A), [V4O,,]*~ (Fig. 3E) and {V;o}
(Fig. 5), were tested as antibacterial agents against six strains of
Streptococcus  pneumoniae  (penicillin-intermediate-resistant
1ID553, IID554 and penicillin-resistant BS225, BS234, BS259,
BS269) without the use of any additional antibiotic.'®* Prior to
the evaluation of the minimum inhibitory concentrations
(MIC), all IPOVs were incubated at 37 °C for 20 h in Mueller-
Hinton Agar medium (agar, 17 g L% beef infusion solids,
2.0 g L% casein hydrolysate, 17.5 g L™%; starch, 1.5 g L™
pH = 7.3), which according to works®"#>°*>°* (Fig. 5) should lead
to almost complete hydrolysis of {Vio}. The ion-distribution
diagram for IPOVs (Fig. 4) clearly shows that {V,,} is the stable
and dominant species between pH 4 and 7, and the additional
heating used for incubation only aggravates the {V;,} hydrolysis
rate. MICs of all three IPOVs, [VYO,]*7, [V¥401,]" and {Vi.},
were in the concentration range between 4 and 32 ug mL ™'
with slight lower numbers for {V;,} solution (4-8 pug mL ).
The authors, without considering the {V;,} decomposition into
mono-, di- and tetravanadates during the incubation, made a
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conclusion about the superiority of decavanadate as an anti-
bacterial agent, which in fact definitely requires a more
careful study.

An example of the proper use of decavanadate is when
applied as an inhibitor for bovine pancreatic ribonuclease A
(RNase A).'” Before evaluating the thermodynamic parameters
for the {V;,} binding to RNase A applying isothermal titration
calorimetry (ITC), a stock solution of decavanadate was pre-
pared with a pH between 3 and 5 and checked after 24 hours to
verify that equilibrium was established. All experiments have
been performed at 25 °C in 30 mM sodium succinate buffer
(pH 6.0), which, in accordance with the IPOVs ion-distribution
diagram (Fig. 4) and {V;o} decomposition scheme (Fig. 5),
should not lead to decavanadate decomposition. As a result,
it is justified to conclude that the intact cluster interacts with
RNase A.

Crans and co-authors recently conducted an even more
thorough analysis of decavanadate speciation to study its effect
on the growth of Mycobacterium smegmatis (M. smeg) and
Mycobacterium tuberculosis (M. tb)."* *'V NMR spectra were
recorded at pH between 5.8 and 6.8, where there should not
have been any decavanadate hydrolysis according to Fig. 4. The
spectra showed 100% intact decavanadate {V;o} in stock
solution and growth media with {V;,} but without bacterial
cells. The addition of growth media containing cells to {V;o}
stock solution immediately caused some decomposition of
{V1o}."*" These results lead to the conclusion, that {V;o} can
interact with some cell components, leading to {V,} decom-
position and emphasize the importance to investigate the
influence of macromolecules on POM speciation. Ramos
et al.”” confirmed the influence of macromolecules on decava-
nadate stability by investigating the interaction of {V,0} solu-
tions with G-actin. Different macromolecules show various
effects on decavanadate stability, thus, the {V,o} half-life
increases from 5 to 27 h in the presence of G-actin and from
5 to 18 h in the presence of sarcoplasmic reticulum vesicles at
22 °C and pH 7.5 (Tris, 2 mM; CaCl,, 0.2 mM; KCl, 100 mM,;
MgCl,, 2 mM). The addition of ATP to the medium decreases
the half-life of {V;,} from 27 to 10 h, while in the presence of
phosphatidylcholine liposomes or myosin {V;,} stability does
not change. It is assumed that the decavanadate interaction
with G-actin, favored by the G-actin polymerization, stabilizes
the presence of intact {Vy,}.

3.1.2. Heteropolyoxovanadates (HPOVs)

3.1.2.1. Speciation in phospho-vanadate solutions. Among the
variety of heteroatoms present in vanadates only the vanadate-
phosphate speciation has been investigated systematically.'®*%°
In the aqueous H-H,V'0, -H,PY0, " solution in the presence
of 0.15' or 0.60"** M NaCl at 25 °C three types of phospho-
vanadates - [HP'VV0,]* 9 (k = 1-4) ({PV}), [H,,PyV0,,]c ™~
(m =1, 2) ({P,V}), [HnPVV\1/4O42](97n)7 (n = 3-5) ({PV14}, Fig. 6A) -
have been identified by pH-potentiometry and high-field *'P and
>y NMR spectroscopy to be present between pH 1 and 10 (Fig. 7
and Table 2).

The kinetically labile {PV} and {P,V} have been reported only
in solutions and never been crystallized. The predominant

This journal is © The Royal Society of Chemistry 2020
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{PV,0,,}

Fig. 6 Polyhedral representation of (A) [H,P'V{4041° "~ n = 3-5 and
[HeVI2V5 O3a(PYO4IP™ ((PV14042)) and (B) [VIVE'Oss(CUI®™ ({CIV1sOse)).
Color code: {VOg}, light orange, {VO,4} and {VOs}, green; O, red; P, yellow;
Cl, green.

{CIV1505}

equilibrium species, {PV;,} (Fig. 6A), which has a trans-
bicapped «-Keggin structure, has been known both in solution
([V)/[P] = 0.5-14, pH = 1-6) and solid state."®” Reaching equili-
brium in the system H'-H,V'O, -H,PY0,  is generally fast,
except under acidic condition. Here, the formation of {PV,,}
species (Fig. 6A) is even slower and requires at least three
months to establish a complete equilibrium. Naturally, high
vanadate total concentrations favor the formation of {PVi,}
species, but also that of decavanadate {V;}.

3.1.2.2. Speciation of mixed valence HPOVs and the use of
speciation data to understand their biological activities. Specia-
tion studies were carried out for mixed valence polyoxo-
vanadates K(NH,4),[HeV},Vy O35(PY0,)]-11H,0 (Fig. 6A) and
[(CH3)4N][VYVE 0;4(Cl)] (Fig. 6B) by >'V NMR and EPR spectro-
scopic studies in aqueous solution and in Luria-Bertani (LB)
medium (pH 7.4; tryptone, 10 g L™ ; yeast extract, 5 ¢ L™ *; NaCl,

VI (9-n)-
A H[P'V,0,.1°
: V: (6-x)-
- Hx[vjoozs]
b ViIE .5-
'E v 5915]
V.,V (5-m)-
% Hm[P ZV 010] ;
2| HP'v'o " H[PV'0
ol
HIV'0,*

pH1 2 3 4 5 6 7 8 9 10

Fig. 7 Speciation in the aqueous solution of H*—H,VYO, —H,PYO,4~
with 0.15 M NaCl at 25 °C and [Vl = 5 mM, [Pl = 60 mM based on
ref. 105. Protonation degree: HIPYWVO,1“4~0~ (k = 3-4); HJ[P'WVO,“ X~
(k = 1-2), HpPIVYO:®™ ™" (m = 1, 2), HlP'V{4041° ™"~ (n = 3-5),
HeVY00251® ™~ (x = 1-3). The maximum intensity of grey color in each
box with a single species corresponds to its maximum concentration in the
chosen pH region. The grey boxes along the y-axis are positioned
according to increasing nuclearity, but do not show the domination over
other species at a certain pH range. The structures of the species are
presented in Fig. 3, 5 and 6. The >V chemical shifts, formation constants
and pK, values are summarized in Table 2.
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10 g L") to understand mixed valence HPOVs chemoprotective
activity against the alkylating agent diethylsulphate (DES) in
Escherichia coli DH50 cultures.'®® [(CH;),N]o[VIVE O34(Cl)]
(Fig. 6B) is more stable in LB than in pure aqueous solution,
and is able to react with increasing amounts of DES. According
to ion-distribution diagram (Fig. 7), fully oxidized {PVi,}
(Fig. 6A) should be stable between pH 3.5 and 5.5. The tested
reduced analog [HeV},Vy O35(PY04)]°  also decomposes and
rearranges rapidly in LB (pH = 7.4), resulting in complete
absence of chemoprotective activity against DES. Decomposi-
tion products, [V'0,]>~ and {V,o}, react poorly, or even do
not react, with the alkylating agent. The observation of chemo-
protective activity for [(CHj),N][VYV§ O36(Cl)] (Fig. 6B) or its
absence for K(NH,),[HeVY,Vy Os5(PY0,)]-11H,0 (Fig. 6A)
against DES is clearly dependent on the chemical nature and
stability of the soluble species in the culture medium after
addition of the alkylating agent.

3.2. Polyoxoniobates (PONbs) and polyoxotantalates (POTas)

In contrast to POVs, POMos and POTs, polyoxoniobates
(PONDs) and polyoxotantalates (POTas) can be stabilized only
under basic conditions due to their high negative charge, and
their chemistry was initially dominated by the Lindqvist anion
[MgO1]®~ (M = NbY, Ta") in solution and by its alkali salts in
the solid state." Owing to the narrow working pH region (> 7),
the low solubility, and the low reactivity of niobate and tanta-
late species, the progress of PONb and POTas chemistry is far
behind that of POMo or POT chemistry.’® This chapter is
devoted only to isopolyniobates (IPONbs) and -tantalates (IPO-
Tas) due to the lack of information about heteropoly PONbs
and POTas stability and speciation in solution.

3.2.1. Isopolyniobates (IPONbs) and -tantalates (IPOTas)

3.2.1.1. Ion-distribution diagram. The Lindqvist hexaniobate
[NbgO1o]®~ ({Nbe}, Fig. 8A)'*° and the related decaniobate
[Nb}0,5]°~ ({Nb,,}, Fig. 8B)'""'*? were for a long time the only
known PONbs. Spectroscopic and potentiometric studies have
shown that the Lindqvist ion is indeed the dominant species of
Nb in solutions at pH higher than 7 and room temperature
(Fig. 9).""* The heptaniobate [NbYO,,]°~ ({Nb,}, Fig. 8C) has
been recently detected only in solution at pH 9 (100 mM
H3BO;),""*'" as a part of larger structures. The formation of
other Nb or Ta POM archetypes cannot be reproducibly
achieved by pH change, because Nb and Ta solutions are
difficult to retain except at high pH > 12. Therefore, forming
other polyoxoniobate and polyoxotantalate clusters requires
finding conditions in which the Nb or Ta precursor is soluble,
without {Nbg} being the dominant species. Using hydrothermal
synthesis allows the dissolution of NbyOs precursor without
adding a huge excess of base that favors {Nbe} precipitation.
Despite the growing number of new PONbs,"% their solution
behavior needs to be investigated in more details. The specia-
tion diagram for IPONbs is rather incomplete and includes four
species {Nbg}, {Nb,}, {Nby,} and {Nb,,} (Fig. 9 and Table 3).
It should be noted that aqueous polyniobate chemistry at pH
lower than 5 remains to be explored.
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Table 2 Phospho-vanadates stoichiometry, formation constants, chemical
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shifts and pKj, values

Phospho-vanadate species q,p, K, Isolated in solid state o(°*'v), ppm?1° lgK. at 25 °C**
H;[PYV1,04,]° (Fig. 6A) 9,14, 1 Yes'” —521, —572, —589 89.39 (0.19)
Hy[PYVY,04 10, 14, 1 4.5 No —530, —580, —598 93.93 (0.04)
H5[PYVY,0,,]* 11,14, 1 2.1 No —534, —589, —598 96.03 (0.17)
H[P"VVO,]*~ -1,1,1 No —567.1 —5.68 (0.10)
H,[P'VYO,]*~ 0,1,1 7.19 No —582.5 1.51 (0.08)
H;[P'VY0,|~ 1,1,1 3.82 No —558.7 5.33 (0.07)
H,[P'VV0;,] 2,1,1 3.04 No —557.9 8.37 (0.07)
H[P'V;0,]*" -1,1,2 No —579.4 —3.9(0.26)
H,[PyVYO P~ 0,1,2 6.3 No —602.0 2.4 (0.12)

“ Stoichiometric coefficients and formation constants for: p[H,VYO,]” + gH" + 1{H,PO,]” = [H,PVyO,]" +(q/2 +r+p — 2/2)H,0. * 5°'V relative to

VOCIL;. ¢ Ionic strength p(NaCl) = 0.15 M.

[Nb",,0,]"
{Nb,;}

[Nb',0,,]"
{Nbg}

Fig. 8

[Nb",0,,1
{Nb}

15-

[Nb",,0,,H,]
{Nb,}

IPONbD species ((A)-(D)) with the nuclearity up to 24 addenda atoms, which can be present in aqueous media. The Lindqvist anion {Nbg} is

presented in (A) as polyhedral and ball-and-stick form with the indicated types of oxygen atoms: ug-O, — hexacoordinated oxygen atom; p,-Op —
dicoordinated bridging atom; O, — terminal oxygen atom. Color code: {NbOg}, blue; O, red.

4 HiTa' 00"
H[Ta's0,,]"

[TaVsQﬁf

[Nb'540,,H,l™

6-

- 28]
[Nb';0,,1
HyINbB',0,s]"
Hzm‘ilsowle- :
H[Nb'0,,]"
[Nb's0sl"

pHs 6 7 8 9 10 11 12 13 14

Fig. 9 Speciation of IPONbs and IPOTas in an aqueous solution based on
works, 223 USUBLIOI26 The range of pH < 5 is not studied well and the
precipitation of NbyOs-nH,O is usually observed. The maximum intensity of
grey color in each box with a single species corresponds to its maximum
concentration in the chosen pH region. The grey boxes along the y-axis are
positioned according to increasing nuclearity, but do not show the domina-
tion over other species at a certain pH range. The structures of IPONbs are
depicted in Fig. 8 and their formation constants are given in Table 3.

nuclearity
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3.2.1.2. Hexaniobate and -tantalate. The Lindqvist ion {Nbg}
(Fig. 8A) was the first POND studied in both the solid-state and
solution. {Nbe¢} has the highest charge-density of all known
POMs and readily associates with alkali metals in solutions.
Nyman group studied the alkali metals ion-association of {Nbg}
in solution via SAXS and showed that the completely neutra-
lized hexaniobate, Ag[NbgOys] (A = Rb", Cs*), is the dominant
species in AOH solution, while the ‘nude’ anion [NbyO;e]®~
dominates in TMAOH (TMA = tetramethylammonium)
solutions.”® 1t is worth mentioning that the hexatantalate
[Tag010]®~ ({Tac}) exhibits lower solubility in water than the
analog hexaniobate salts.'*® The dissolution of TBAg[H,TagOo]
in toluene under prolonged heating leads to the isolation of
TBAg[Ta}(0,5]-6H,0, which has an isostructural anion with
decavanadate {V,,} (Fig. 5) and decaniobate {Nb,} (Fig. 8B).""”

At pH higher than 12 the hexaniobate ion {Nbg} is deproto-
nated and at lower pH values (Fig. 9), it carries between one and
three protons, probably located on the u,-bridging Oy, oxygen
atoms (Fig. 8A). According to "’O NMR measurements and
density functional theory (DFT) calculations the protonated
states of {Tae} are all observed at lower pH values - mono-
protonated species dominate at pH 10.5 and di-protonated at
pH 9.M'® Hexaniobate {Nbg} (Fig. 84) in its various protonation
states has been characterized in solution and in the solid-state
(Table 3). While all hexatantalate protonation states have been

This journal is © The Royal Society of Chemistry 2020
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Table 3 Isopolyniobates stoichiometry and formation constants
lated Formation constants” Ig K,

Isolated ¢ 55 o according to

in solid
IPOND species q,p* state Rozantsev’''® Etxebarria® "
[NbgO;,]® (Fig. 8A) 0,1 Yes'®
H[NbgO;,]"~ 1,1 Yes'* 9.44 13.63
H,[NbyO,o]°~ 2,1  Yes' 1595 23.55
H;[NbyOo]>~ 3,1  Yes'** 2212 32.90

[NbYO,,]°" (Fig. 8B) 0.28, 1 Yes'?*124

[NbY,0,5]°" (Fig. 8C)  4.4,1 Yes'!

[HoNby,0,,]*°~ (Fig. 8D) 4.25, 1 Yes'*®

¢ Stoichiometric coefficient and formation constants for: p[NbXOw]s* +
gH" = [H,NbY,0,]"™ + (/2 + p — 2/2)H,0. ° Ionic strength y = 0.1 M
(KCI). ¢ u =3 M (KCI).

observed in solution, only the salt in its di-protonated form was
isolated in solid state.'®

3.2.1.3. Decaniobate transformation. Aqueous {Nb,,} (Fig. 8B)
is stable and soluble at neutral pH, converts to {Nbe} with
increased pH (pH > 11) and precipitates as NbyOs by acidifica-
tion (pH < 5.5) (Fig. 9).>° The decaniobate ion showed no sign of
protonation between pH 6-10, in contrast to the hexaniobate ion
which is protonated between pH 8 and 13."" The conversion of
{Nb} to {Nbg} was studied by "O NMR, ESI-MS and DFT
calculations and proceeds via a ‘“heptaniobate” intermediate,
{Nb,} (Fig. 8C)."'*'*> {Nb,} features three reactive terminal oxo-
ligands leading to condensation into larger clusters such as the
{Nb,,} unit."*> Recently, Nyman and co-authors showed via
Raman spectroscopy, ESI-MS, X-ray scattering and computational

[H3M°wsozs]5-
{Mo,}

Fig. 10
green; O, red.

This journal is © The Royal Society of Chemistry 2020
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studies that {Nb,} converts to oligomers of [H,Nby,0,,]** )~
({Nb,,}, Fig. 8D) upon adding only alkali chloride salts, even in
buffered (1 M HEPES, pH = 7) neutral solutions.'” The rate of
{Nb,¢} to {Nb,,} conversion increases in raw Cs* > Rb" > K" >
Na' > Li" and cation concentration and indicates that the alkali
cations open the compact {Nbyo} structure and are primarily
responsible for driving the reaction.'*”

3.3. Polyoxomolybdates (POMos)

Since the 1960s the speciation in acidified solutions of
[Mo"'0,]*~ with different concentration and ionic strength has
been a subject of comprehensive investigation by potentiome-
try, NMR spectroscopy, and ESI-MS and was extensively elabo-
rated by Tytko and Glemser,"*® Cruywagen,® Pettersson,"*®
Maksimovskaya'® and others. However, in the last decades, this
important topic receives less and less attention and for newly
synthesized POMos their solution stability and transformation
are rarely investigated.

3.3.1. Isopolymolybdates (IPOMos)

3.3.1.1. Ion-distribution diagram for IPOMos. The polymeriza-
tion processes of [Mo"'04]*~ are observed in solution where the
Mo"" concentration is higher than 10~* M. In strongly alkaline
molybdate(vi) solutions the monomeric [Mo"'O,]*~ anion is
dominating and forms salts with mono- to trivalent cations,
whereas in strongly acidic solutions, the predominant species
are stable mono-[Mo""0,(OH)(H,0);]" or bi{Moy O5(OH)(H,0);]"
oxocations, which form salts with inorganic anions and com-
plexes with organic ligands.*® It is generally accepted that the first
major product that forms upon acidification of aqueous
[Mo"'0,>~ is heptamolybdate, [Mo0y'0,,]°” ({Mo,}, Fig. 10A),
which shows its maximum concentration at pH ~ 5 and can

[MOVI360112(0H2)1618-
{Mo,.}

IPOMos with nuclearity of up to 36 addenda atoms, which are confirmed to be present in agueous media. Color code: {MoOg}, pink; {MoO,},
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T (6-x)-
% H,[Mo ;0,,] .
g | [MOVI;O4]2-§
§I:MOVI 02]2+ : :

PHo 1 2 3 4 5 6 7 8
Fig. 11 Speciation of IPOMos in an aqueous solution with the concen-
tration of Mo"' 0.1-0.4 M based on works.6812813L132 The maximum
intensity of grey color in each box with a single species corresponds to
its maximum concentration in the chosen pH region. The grey boxes
along the y-axis are positioned according to increasing nuclearity, but do
not show the domination over other species at a certain pH range. x in
HxIM0Y'0241©7~ is 0-2; {Mosg) is abbreviation for [Mo¥6O112(OHz)16l%".
The structures of species are presented in Fig. 10. The °*Mo and YO
chemical shifts, stoichiometry, formation constants and pK, values are
summarized in Table 4.

be protonated upon further acidification (Fig. 11). The {Mo,}
ion, its protonated forms and the octamolybdate ion
B[Moy'0,6]* ™ (B-{Mog}, Fig. 10B) are included in most speciation
models describing potentiometric results (Table 4). In some
cases, H3[Moy'0,,]>~ is preferred over f--{Mog} as the only existing
species, but in the majority of models both polyanions are
present. There are contradictory opinions about the speciation
being present in the pH region between 4.5 and 2.5.

In 1990, Howarth and co-authors'®® proposed, based on
Mo and O NMR spectroscopic studies, that monoproto-
nated {Mo,}, instead of being higher protonated, is converted
to the intermediate polyanion [H;Mog'O,s]°~ (Fig. 10C). The
structure of the latter species is believed to be the same as that
of the [H,Mo0y3'0,4]°” anion, which was crystallized from aqu-
eous solution with isopropylammonium as countercation.'°
Later Maksimovskaya and Maksimov have shown using the
same methods, ®>Mo and 'O NMR, that only heptamolybdate
and octamolybdate co-exist in the pH region from 5.5 to 2.5.'%
Moreover, they showed evidence of the di-protonated anion
{Mo;} and that chemical exchange occurs between
H,[M0Y'0,,]® ™~ (x = 0-2) and $-{Mog} without any additional
intermediate species. Notably, a recent potentiometric study
confirms the presence of both octamolybdate and the up to
three protonated forms of {Mo,} in solution (Cy, = 0.15 M,
ionic strength u = 0.15 M (NaClO,))."*!

Salts of the larger anion, [M03¢0;1,(OH,);6]° (Fig. 10E and
Table 4) can be crystallized from systems at pH lower than
2.8"" and its identity in solution was confirmed by °’Mo
NMR'®"** and Raman'*® spectroscopy. The anion is a dimer
of [MoY3056(H,0)s]*~ with inversion center, that is why both
{Mosc} and {Mo,g} are often included in the ion-distribution
diagram® for Mo"" solution in acidic region (Table 4).

Hypothetical anions such as [HMo350s5]" ", [HMoy304,]°~
and [MoY¢034]®" have been included to theoretical models for
better interpretation of potentiometric results obtained at high

7580 | Chem. Soc. Rev., 2020, 49, 7568-7601
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molybdate concentration (>0.1 M),*"** but more work is
necessary to determine the existence and structure of these
species in solution. At lower molybdate concentrations, the
presence of the hypothetical species [H,Mog 'O,,]*” has been
proposed.® Equilibrium constants obtained by different
research groups based on potentiometric and NMR spectro-
scopic studies under the same conditions agree quite well
(Table 4). The ion-distribution diagram presented here
(Fig. 11) is based on potentiometric, Raman and NMR spectro-
scopic investigations (Table 4).

3.3.1.2. IPOMos under physiological conditions. Two stable
species, [Mo"'0,]*~ and {Mo,} (Fig. 10A), have been reported
to be simultaneous present at neutral pH, that makes the
analysis of their equilibrium important for understanding their
function in biological or catalytic application complicated. Ng
et al. investigated isopolymolybdate solutions as a function of
concentration, time and pH by Raman spectroscopy, light and
X-ray scattering,'*® showing that significant amounts of both
[Mo"'04]*~ and {Mo,} are present in equilibrium over a wide
pH range (4.5-7) in a 0.1 M solution of Mo"". Quantitative
deconvolution of the Raman spectra taken from 0.1 M solution
of Mo"" demonstrated that even at pH 6.6, only half of all
orthomolybdate is in hepta-form and the full conversion to
{Mo,} is completed only at pH 4.5. Ng et al.'** did not observe
the formation of significant quantities of -{Mog} (Fig. 10B), as
was suggested by Tytko."®> When studying the sorption of
isopolyoxomolybdates into layered double hydroxides by
in situ real time infrared spectroscopy, the coexistence of
[Mo"'04]*~ and {Mo,} was observed only in the pH range from
5.5 to 5.7 in 0.1 M solution of Mo"", whereas at pH above 5.7,
the predominant anion is the monomeric one.'**

Investigation of the hydrolysis of the phosphodiester bond
in the DNA model substrate bis(p-nitrophenyl)phosphate
(BNPP, 25 mM) in the presence of Nag[Moy'O,,] (25 mM) at
50 °C in the absence of buffer showed that the maximal
cleavage reaction was observed at pH = 5.3."*° Mo NMR
confirmed that the predominant species at this pH is {Mo}
(Fig. 10A), which promotes the hydrolysis. Furthermore, *>Mo
NMR and Mo K-edge EXAFS investigations of the different
hydrolytic reaction stages showed a gradual disappearance
of {Mo,} during the hydrolytic reaction and appearance of
[PYMo0Y'0,;5]®" (Fig. 14A), which was the final compound
observed at the end of hydrolytic reaction.™*®

3.3.1.3. Hexamolybdate [Mog'O,oF~ and its stability in aqu-
eous solutions. In addition to the five species shown in the ion-
distribution diagram for IPOMos (Fig. 11), the Lindqvist type
hexamolybdate anion [Mog O55]>~ ({Mog}) exists in solid state
and has the same structure as its niobate analog (Fig. 8A). The
{Mog} anion is the only colored IPOMo (yellow, Zmax = 325 nm,
0, — Mo"" charge transfer) structurally based on six mono-
units MoO; (O, - terminal oxygen atom), rather than three cis
MoO, units. {Mos} does not exist in any notable concentration
in pure aqueous solution and requires solvents with lower
dielectric constants'*” or macrocycles'** for stabilization due

This journal is © The Royal Society of Chemistry 2020
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Table 4 |IPOMos stoichiometry, formation constants, chemical shifts and pK, values
. Formation constants® lg K. at 25 °C
Isolated in  §(°*Mo), Raman £l
IPOMo species D, 4" pKa solid state ppmb (3(170], ppmb bands, cm ™! Cruywagenc6 Tytko‘“s” Taube® 3¢ Cruywalgenf137
[Mo"'0,>~ 0,1 Yes 896"
H[Mo"'0,4]~ 1,1 No 3.48 3.40
[Mo03'0,,]° (Fig. 104) 8,7 Yes'3® 210,32, 1217, 338.6, 939'%3 54.07 (0.03) 55.71 52.43
15 356.5, 395.2,
745, 754.4,
815129
H[MoY'0,,]°~ 9,7 438 No 59.01 (0.03) 60.22 57.42
H,[MoY'0,,]" 10, 3.38"* No 61.24
7
H;[MoY'0,, >~ 11, 1.87"* No 63.90
7
[HsMoy 0"~ 11, Yes™° 261, 370, 395, 70.30 (0.03) 71.41
(Fig. 10C) 8 840, 850, 860'*°
a-[Moy'Oy6]*~ 12, Yes'? 959, 918"
(Fig. 10D) 8
B Moy O]~ 12, Yes'4? 100, 10 *® 53.5, 290.7, 971, 943, 915, 74.10 (0.03) 71.52
(Fig. 10B) 8 404.3, 738.2, 904'%
861.6, 876, 878,
917.3'%°
B-H[Moy Oy >~ 13, 1.83"* No
8
[MoY§056(H,0)s]*~ 32, half urﬂtl of 179.28 180.39
18 {Mose}
[M0¥:0112(OH,)16]* 64, Yes'*! 983, 957,
(Fig. 10E) 36 899133
0"'o, 4,1 es —62 to
M VIO 2+ Y 142
76918
[Mo"'0,(0H)(H,0);]" 3,1 0.9  No 8.09 8.81
[Moy'05(OH)(H,0)s]" 5,2 ~0.1- No 18.02 18.93
0.2
[Mo3"05(H,0)6]" 19.60
[Mo3y'0,4(0OH)(H,0)s] 18.98

“ Stoichiometric coefficients and formation constants for p[Mo"'0,]*~ + gH" = [H,Mo0)'0,,]"~ + (g — z/2)H,0 §°°Mo relative to Na,M0O,. * 570
relative to H,O. ° Tonic strength u = 2 M (LiClO,). ¢ =2 M (NaCl). © u = 0.3 M (Na,S0,).” x = 3 M (Na(H)CIO,).

to its low charge density and rigid symmetry. UV-vis spectro-
scopy shows that [Moy'O;,]*~ is formed in solution containing
acetone, acetonitrile, ethanol, dimethyl formamide and 1,4-
dioxane with an organic solvent content >30%."*” The addi-
tion of a large y-cyclodextrin macrocycle to the acidified aqu-
eous solution of sodium orthomolybdate leads to the host-
guest stabilization of {Mog} by formation of the complex
{M040,5,@y-CD}*", as a new species in the pH range between
1 and 2.5."*? still the inclusion of the Lindqvist type hexamo-
lybdate in the IPOMos distribution diagram in purely aqueous
solutions is reported which should be seen critically.*®

3.3.1.4. Mono- and bimolybdyl cationic species in strongly
acidic solutions. The successive protonation equilibria of
[Mo'0,> lead to formation of the cationic species:
[M0"'0,(OH)(H,0);]", [Mo3'O5(H,0)s]*", [Mo3'0,(OH)(H,0)s]*",
that are well characterized by potentiometry, and the equilibrium
constants have been determined for different ionic media by
various authors (Table 4)."*7'%%'%° The total molybdate concen-
tration must be lower than 10~* M for the mono- and binuclear
species to be predominantly present in aqueous solution. Cruywa-
gen has reported the presence of four species, [Mo"'O3(H,0),],
[M0"'0,(OH)(H,0);]", [Mo3'0O5(H,0)s]*", [Mo3'04(OH)(H,0)¢]*",

This journal is © The Royal Society of Chemistry 2020

under strongly acidic conditions (HCIO, with concentration
0.5-4 M and pH region from —3 to 0.5)."*” Later, applying XAS,
UV-vis spectroscopy in combination with first-principles calcula-
tion methods, all four species were confirmed and the predomi-
nant species in 2 M nitric acid are [Moy O5(H,0)e]*" and
[Moy'04(OH)(H,0)s]*" (Fig. 12)."*°

3.3.1.5. Computational investigation of IPOMos formation.
The speciation diagram for IPOMos does not show species with
two to six molybdenum ions (Fig. 11). It is possible that these
species exist at low concentration as intermediates in the
process of forming larger IPOMos. DFT calculations together
with ESI-MS experiments provide'*»"** insights into the possi-
ble formation mechanism of the Lindqvist [Mog O]>~ ion
(Fig. 8A), which is preferably formed in organic media and is
undergoing a transformation in aqueous solution." Unstable
low-nuclearity species such as [Moy'0,]*7, [Moy O],
[Moy'045]% ", [MoY'O46]*~ and [Mog'O4o]*~ were detected experi-
mentally by ESI-MS in acetonitrile. Recently, Duarte and co-
authors have shown using DFT/PBE calculations that formation
of IPOMos with up to four molybdenum atoms is highly
favorable in water.">® The formation of the predominant spe-
cies [M0y'0,4]°” and B-[Mo§'O,6]*~ involves a reaction between

Chem. Soc. Rev., 2020, 49, 7568-7601 | 7581
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Fig. 12 Energy diagram of the free-energy change (AG) for the condensa-
tion reaction of Mo complexes.**® Color code: Mo, orange; O, red; H, grey.

the species with six and seven Mo atoms, respectively, and the
monomer [Mo"'04]*~, which are frequently assisted by protons
through an aggregation or water condensation mechanism.'>?

3.3.1.6. Comparison of IPOMos in solution and the solid state.
As with many other POMs there are some isopolymolybdates, which
occur only in solution, and others only in solid state. However, all
prevalent molybdate species ([Mo"'O,]*", [MoY'O,,]°" (Fig. 10A),
B[Moy'Oy]*~ (Fig. 10B), [M0360112(OH,)16]*” (Fig. 10E)) exist in
solution and in solid state (Table 4). Low-nuclearity IPOMos, which
are unstable in solution, tend to form polymeric structures with
infinite two-dimensional chains that have been synthesized in solid
state reactions>*'>® or hydrothermally (Table 5).">*™ In situ
Raman spectroscopy confirmed that between 170 and 190 °C and

View Article Online

Review Article

PH 7 and 5, chain-like or discrete molecular structures of dimolyb-
dates [Moy'O,]>~ (Fig. 13B) and trimolybdates [Mo}'Oyo]*~
(Fig. 13D) are preferentially formed,"® whereas heptamolybdate
{Mo;} dominates under ambient pressure at 25 °C (Fig. 11). Long-
term equilibrium in solutions of {Mo,} leads to its transformation
and crystallization of different products depending on temperature
and time (Fig. 13 and Table 5), which should undoubtedly be taken
into account when using heptamolybdate. The addition of structure-
directing reagents such as big cage-like organic cations (1,4-
diazabicyclo[2.2.2]octane’™ or bis[benzidinium(1—)]"*’) affects the
speciation at a given pH value and leads to the isolation of new,
sometimes polymerized, structures (Table 5).

3.3.2. Heteropolymolybdates (HPOMos). Molybdenum(vi)
forms a great number of heteropolyanions, some of which have
been recognized for well over 150 years and are still widely used in
the quantitative and qualitative element’s determination, especially
for phosphorus and silicon. The universality of molybdenum in the
formation of various heteropolyanionic structures with several
metallic and non-metallic heteroatoms competes only with tung-
sten. The molybdophosphate [P"MoY30,0]>~ ({PMo,,}) (Fig. 14C),
and the analogous molybdosilicate, [Si"MoY30,0]*~ ({SiMoy,}) have
always been the most widely studied of all heteropolymolybdates.
This section is divided into parts according to the type of heteroa-
tom and ends with sections on the stability of the two most
common archetypes - Keggin (Fig. 14C) and Wells-Dawson
(Fig. 14G).

3.3.2.1. Speciation in the phosphate-molybdate system. In the
late 1980s Pettersson et al. extensively analyzed speciation in the
system [Mo"'O,]> -HPYO,> -H" using potentiometry and *'P
NMR spectroscopy in the pH range from 0.5 to 7 and the
concentration range [Mo] = 0.030-0.480 M, [P] = 0.005-0.040 M,
where [Mo] and [P] - are the total concentrations of

Table 5 [|IPOMos isolated from aqueous solutions at different pH values
pH or Z* Species isolated from solution Cation Ref.
>7 [Mo"'0,]>~ Metal ions in ox. state 2+, 3+ 160
5-7 [M0Y'0,4]°~ (Fig. 10A) Na*, K", Cs*, NR," (R = H, alkyls, 161
alkenyls, phenyls)
6-7 (+fr0m [M0Y'0,4]° solution at 60 °C after addition of  ([Mo3'0,]*7)., (Fig. 13B) NH," 4
NH,’)
6-7 (aging of [M03'0,4]°” solution - 12 days) (IMoY'040]* 7)., (Fig. 13D) Rb" 5
6-7 (aging of [M0Y'0,,]°~ solution - weeks or HT?) (Moy'0,,]") . (Fig. 13C) NH,, (C4H12N2);3r 162-164
(NH;3(CH,)3NH3)*, etc.
6-7 (aging of [M0Y'0,,]°" solution - under UV irradiation)  [H,Moy O,5]° (Fig. 13A) (C3H10N)* 130
6-7 (aging of [M0Y'0,4]°" solution - several days at 80 °C)  [M0}034]°" (constructed from NH," 165
{Moy'0,s} unit connected at cor-
ners to two {Mo"'0,} tetrahedra)
(Fig. 13E)
5 (HT? from [Mo0,0,,]°7) [Moy'Oy6]*~ (constructed from (C1oH13N,)" 157
[(M0}'044),]*"" chains linked
through MoOg)
4 (HT® from [Mo0Y'0,4]°") (MoY'010]* ) (CeH13N,)"
3 [M0Y'0,4]°~ (Fig. 10A) Zn>*, protonated 166
hexamethylenetetramine
2-3 (HT from [M0;'0,,]°") (M0g'026]* 7)o or (M0}'013 7)o, (CeHisN,)', NR," (R = H, alkyls, 159
(constructed from y-[Moy 'Oys] alkenyls, phenyls)
Z=1.8-2.0 [M0Y:011,(0H,)16]°~ (Fig. 10E) K 141

@ z = n(H")/n(M00,>7). ® HT - hydrothermal synthesis.
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C)
weeks aging
—
[ce]
\' 4-
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D)
12 days aging %
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A\l 2-
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days aglng;l E)

at 80 °C

(Mo" 05,1 )

Fig. 13 Heptamolybdate {Mo} transformation at different synthetic conditions showing the conformity of IPOMos in solution and in the solid state
based on ref. 4, 5, 130, 141, 162, 165 and 166. The time of aging for the polymeric octa- and decamolybdate has been described as “several” days or

weeks in the original works'®%16°

molybdenum(vi) and phosphorus(v).'*”'*® When the ratio [Mo]/[P]
is lower than 2.5 and the pH between 2 and 7, only colorless
heteropolyanions H,[PYMoY'0,;]® "~ (x = 0-2, {P,Mos}, Fig. 14A)
are present. The {P,Mos} unit, co-called Strandberg {X,Mos}
archetype, is built up from five {MoOs} octahedra and two {PO,}
tetrahedra, as shown in Fig. 14A, and was isolated in solid state
in all protonation states (Table 6)."°>""* At [Mo]/[P] > 2.5 and
pH below 5.5, other molybdophosphate complexes with 9
([P*Mo3'05,)°", {PMoy}, Fig. 14E and F), 11 ([P"Mo}jO5] ",

without exact number. Color code: {MoOg}, pink; {MoOy4}, green; O, red.

{PMo,,}, Fig. 14D), 12 ([P"M0Y304]’, {PMoy,}, Fig. 14C) and 18
([PYMo0Y30¢,]°", {P,Moyg}, Fig. 14G) Mo"" atoms start to form.
Besides, the {P,Mos} (Fig. 14A) and {PMo,,} (Fig. 14D) series,
protonated trilacunary species {PMoo} (Fig. 14E and F) are also
formed in solution. In the acidic region with pH < 1.8 and at high
[Mo]/[P] ratios, the Keggin {PMo,,} (Fig. 14C) anion is present.
During aging in solution [Mo"'O,]> -HP'O,> -H" at pH lower
than 3, the yellow Wells-Dawson {P,Mo,g} anion (Fig. 14G) is
slowly — up to 1 month - formed. The Wells-Dawson formation is

[PV2M°W5023] "
{P,Mo,}

{As,Mog}

o[P'Mo",,0,,]” A-a-[P'Mo0",0,,]"

a-{PMo,,} A-a-{PMo,}

[Asszowsozs]e- a'[PVM°V|1204o]3-
a-{PMo,,}

B-a-[P'Mo",0,,]"
B-o-{PMo,}

Fig. 14 Phospho- and arsenatomolybdates present in aqueous media. The data about structural isomerism of lacunary Keggin anions are given in ref. 1.

Color code: {MoQOg}, pink; {PO4} and P, yellow; As, green; O, red.
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Fig. 15 Speciation of phosphomolybdates in freshly prepared and aged (up to 1 month) aqueous solution with the concentration of 0.18 M Mo"" (IMol/[P] = 9)
and 0.24 M ([Mol/[P] = 12) based on works "€ The maximum intensity of grey color in each box with a single species corresponds to its maximum
concentration in the chosen pH region. The grey boxes along the y-axis are positioned according to increasing nuclearity, but do not show the domination over
other species at a certain pH range. The x value in A-H,[PYMoy'Os,]° ™~ is 5-6; y in H,IPYMoY{Os0]” '~ is 0-2; n in B-H,[PYMoy'Os41°~"~ is 0-3; m in H,[PY
Mo¥'0,316~™~ is 0-2. The structures of species are presented in Fig. 14. The 3P chemical shifts, stoichiometry, formation constants and pK, values are

summarized in Table 6.

slowed down with increasing [Mo] to [P] ratio. The distribution
diagrams for “fresh” (after preparation) and ‘“aged” (up to 1
month) solutions are illustrated in Fig. 15. Fig. 15 clearly demon-
strates that the initially high concentration of the Keggin complex
[PYMo};0,40]~ (Fig. 14C) in fresh acidic solutions with [Mo]/[P] = 12
diminishes considerably when the Wells-Dawson anion
[PyMO0Y§04,]°~ (Fig. 14G) is formed."*®

Mono- and trilacunary Keggin species. Raman spectroscopic
studies performed by Ueda et al. confirmed, that the formation
of Wells-Dawson type anion (Fig. 14G) takes around 30 h after
solution ([P] > 20 mM, [Mo] =100 mM, pH = 3) preparation and
an elevated temperature of about 80 °C.'”? However, unlike the
results of Pettersson,'®”'®® they did not detect the {PMoy,}
complex (Fig. 14D) in the system with [Mo] = 100 mM and
[P] > 7 mM, and {PMo,,} is directly converted into its trilacunary
form {A-PMoo} (Fig. 14E). At the same time, van Veen et al.
suggested based on *'P NMR and Raman spectroscopies that
{PMo;} is more prominent at higher [Mo]/[P] = 12 than at lower
[Mo]/[P] = 9 ratios, while the opposite is true for the {A-PMoo}
species.'”® The results of ESI-MS studies on the pH-dependence
of phosphomolybdate solutions from pH between 1.7 and 10.2
confirm the presence of both mono- and trilacunary species.'”?
The confusion in the literature about the existence of

7584 | Chem. Soc. Rev., 2020, 49, 7568-7601

mono-{PMo;;} and trilacunary {A-PMo,} complexes is under-
standable, since their spectroscopic characteristics (*'P NMR
shifts and Raman spectra (Table 6)) are indeed very similar.

3.3.2.2. Speciation in the phosphito-molybdate system. The
speciation in acidified molybdate solution with trivalent phos-
phorus anions, such as HP™0;>", (C¢H;)P"0O;>" or
(CH;)P™05>7, has been determined from both potentiometric
and *'P NMR measurements.””*'”> In the system with phos-
phite, phenyl- and methylphosphonate anions structures simi-
lar to the H,[PYMo0Y'0,;]® ™~ (x = 0-2) anion'® (Fig. 14A)
dominate.'” It was shown that partial oxidation of phosphite
to phosphate occurs, especially in the thin-walled NMR sample
tubes when exposed to fluorescent light. In {X,Ms}-type HPO-
Mos the phosphite anion HP™O0,*~ binds weaker to the Mo""-
oxoframework than phosphate or phosphonates.

3.3.2.3. Speciation in arsenato-molybdate system. Aqueous
equilibria in the arsenato-molybdate system [AsYO,]* -
[Mo“'0,]*~ have been studied by potentiometric and spectro-
photometric methods (298 K, 3.0 M NaClO,)."®*> These investi-
gations established the formation of two series of complexes:
colorless anions with two As atoms and five or six Mo atoms,

This journal is © The Royal Society of Chemistry 2020
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Table 6 Molybdophosphates stoichiometry, formation constants, chemical shifts and pKj, values

Formation
constants
Molybdophosphate Isolated in IgK. at
species Abbreviation g, p, 7 PK.,*®®  solid state 5(*'P), ppm” Raman bands, cm™* 25 °C%e 168
[PYMo0Y'0,5]°~ {P,Mos} 8,5, 2 Yes'®® 2.35%¢7 61.97 (2)
(Fig. 14A)
H[P¥Mo}'0,;]°~ 9,52 5.10 Yes'”® 1.94¢7 67.07 (5)
H,[PyMoy Oy;]" 10,5,2 3.79  Yes'' 1.86"°7 70.86 (8)
B-0-[PYM03'034]°~ B-{PMo,} 14,9, 1 No 0.47-0.08%® 98.21 (7)
(Fig. 14F)
B-o-H[P"Mo0§'034]*~ 15,9,1 3.83 No 102.04 (8)
B-0-H,[P'M0y'03,4]"~ 16,9,1 2.85 No 104.89 (8)
B-0-H;[P'M0y'034]%~ 17,9,1 1.53 No 106.42 (8)
A-o-[P'Moy! A-{PMog} 16,9, 1 Yes'7® —1.00 to 104.71 (8)
034(OH)(OH,),]*~ (Fig. 14E) —1.15"%8
A-0-[P'M0y'031(OH,);]*~ 17,9,1 2.46  Yes'’® 968, 854, 716, 641'7>  107.17 (5)
[PYMoY§04,]°~ {P,Mo,g} 34, 18, Yes'”’ —2.51%7;;68 971, 962, 707'7> 217.8 (1)
(Fig. 14G) 2 —2.4
[PYMoY1050]~ {PMOH} 17, 11, Yes'”? (sxRD only 70.78122 — 118.68 (8)
(Fig. 14D) 1 for substituted —1.20
anions"®’)
H[P"Mo}1050]°~ 18,11,  4.42 No — 123.10 (5)
1
H,[PYMoY10;,]°~ 19,11, 2.95 No 974, 969, 957, 875, 126.05 (5)
1 763
[PYMoY;040~ {PMo,,} 23, 12, Yes'®! —3.20"%8 988, 965, 894, 6027 139.7 (1)
(Fig. 14C) 1

“ Stoichiometric coefficients and formation constants for the equilibrium:

relative to H;PO, (85%). ¢ Ionic strength p = 3 M (NacCl).

and yellow complexes with [As]/[Mo] ratio 1:9 ({AsMoy}) (the
same structure as {PMoy} see Fig. 14E and Table 7). Pettersson
suggests for {As,Mos} the same structure as for {P,Mos}
(Fig. 14A),"®* while the {As,Mog} complex was isolated in all
protonated states and characterized by SXRD (Table 7 and
Fig. 14B). Applying large-angle X-ray scattering (LAXS) investi-
gations on {AsMoo} complexes showed them to have the same
basic trilacunary structure (Fig. 14E) as the [As"Moy O3 (OH,)P~
anion present in Naz[As'Moy 'O;;(OH,);]-13H,0."®* Later Ueda et al.
showed,'”* that at As" concentrations lower than 10 mM, in contrast
to the phosphate system, the corresponding Mo"'-As" system did
not produce the Keggin-type [As"Moy;0,0]°  anion (the same
structure as {PMoy,} see Fig. 14C) but a labile complex (tentatively
formulated as [As'MoyoOs,H;]') at ambient temperature and

p[MoY'0,*” + gH" + {HPYO,*~ = (H),(Mo""0,*"),(HP'0,*"),. * 5*'P

higher As” concentration. The [As'Mo30s,Hs]'~ complex trans-
forms directly into [AsyMog OxH,]'~ (Fig. 14B). The Dawson-type
[AsYMOY§Og,]°~ complex (the same structure as {P,Mo,s} see
Fig. 14G), which was formed upon heating at 80 °C for 5 h,
also underwent subsequent transformation into the more stable
[As¥Moy'O,6H,]* ™ complex (Fig. 14B) at As(v) concentrations higher
than 20 mM.

3.3.2.4. Hydrolytic stability of HPOMos with Keggin structure.
{PMo,,} and {AsMo,,}. According to Raman spectroscopic data,
the Keggin molybdophosphate (Fig. 14C) firstly appears 1 min
and 23 s after the acidified molybdate solution is mixed with
the acidified phosphate solution at pH 1, which is the optimal
acidity for the {PMoj,} formation.'®® The UV-is, IR and

Table 7 Molybdoarsenates stoichiometry, formation constants and pKj, values

Formation constants

Molybdoarsenate species Abbreviation q, p, ° pK, Isolated in solid state IgK, at 25 °C%P 182
[AsyMo0Y'0,5]° {As,Mo;} (Fig. 14A) 8,5,2 No 60.92 (0.04)
[AsYMog'0,6]°~ {As,Mog} (Fig. 14B) 10, 6, 2 Yes'® 75.25 (0.04)
H[AsYMoy O]’ 11, 6, 2 Yes'®® 80.73 (0.05)
H,[AsyMog Oy]"™ 12,6, 2 Yes'8¢ 84.07 (0.07)
H;[AsYMo0y'034]% {AsMoy} (Fig. 14E and F) 14,9,1 Yes'®? 100.11 (0.02)
H4[AsYMo0y 05,4~ 15,9, 1 3.70'82 No 103.81 (0.05)
H;[As"Moy'034]* 16,9, 1 2.33'82 No 106.14 (0.05)
He[As"Moy 05, 17,9, 1 1.33182 No 107.47 (0.06)
[AsyMoY§04,]°~ {As,Mo, g} (Fig. 14G) 34,18, 2 Yes'®” —

“ Stoichiometric coefficients and formation constants for: p[Mo"'0,]>~ + gH* + {HAsYO,]>” =

=3 M (NaClo,).
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3'P NMR spectra of {PMo,} solution recorded at pH values
between 0 and 12 manifest that already at pH 1.5 the intact
Keggin anion decomposes into lacunary forms, and at pH 7,
monomeric molybdate and phosphate dominate in the
solution."®®'* {PMo;,} co-exists with its monolacunary form
{PMo,,} between pH 1.5 and 5 (Fig. 15)."*°

{SiMo;,} and {GeMo,,}. Already in 1975, it was established
that o-H,[Si"™"Mo0}3040] ({SiMo;,}) acid is formed between pH 3.8
and 4.8 and the f-isomer at lower pH values between 1.0 and
1.8.1%%19% The yield of both «- and f-forms (at pH 4.0 and 1.2,
respectively) is independent of molybdate concentrations
between 0.015 and 0.100 M. Later, using ESI-MS the formation
of molybdosilicates was detected between pH 1 and 2.'°° The
decomposition of {SiMo;,} is 50% completed immediately after
dissolution at pH 4.1."°' As the pH is increased, the decom-
position also proceeds rapidly and at pH 5.2 the acid is
completely decomposed. The o [Ge'VMo33040]*" ({GeMo,,})
Keggin complex has a stability range similar to {SiMo,,} and
is reported to form mono-lacunary [Ge'"Mo};034]® between
pH 4.3 and 4.5. The formation rate of [Ge™'Moy;03,]° ™ is faster
than that of [Si""Mo};050]°", while the formation rate of
{GeMo,,} is slower than the one of {SiMo;,}."® Thus, the
stability of the lacunary anion relative to the Keggin anion, is
higher for molybdogermanates than for molybdosilicates,
which leads to a higher number of sandwich derivatives for
molybdogermanates.*®”

At pH above 2, the stability of {XMo;,} anions can be
increased by the addition of organic solvents.'®® Heteropolya-
nions with protonated amino acids as cations can be stable up
to pH 6.2, which can provide valuable insights for correct
application of these POMos in medical usage.'*®

In general, complexes based on lacunary HPOMos are more
unstable in aqueous solution than, for example, their tungsten
analogs,"”” and there is still insufficient data on lacunary HPOMos
stability in solution. Heteropolymolybdates follow a generally
accepted trend - the substitution of addenda atoms with transition
metals in Keggin clusters reduces the net charge and stabilizes
therewith the anions (Table 8). Thus, monosubstituted germano-
molybdates [Ge™'MoyM(H,0)05,]°” (M = Co", Ni"" and Mn", have
the same structure as unsubstituted {GeMo,,} see Fig. 14C) and
stay intact in aqueous solution between pH 4 and 10.2%°

3.3.2.5. Hydrolytic stability of HPOMos with Anderson struc-
ture. HPOMos with Anderson structure can be synthesized from
aqueous solution between pH 4 and 5 and are stable in near
neutral aqueous media.”*** There are only a few papers discuss-
ing the hydrolytic stability of the Anderson POMos with AI™">%>
Ccr'™? Ni" and Ga™?°* as a central heteroatom (Fig. 16A and
B). UV-vis studies revealed that [Cr'"™(OH)sMog Oys]° "~ is stable in
a fairly narrow pH range of 4.50 to 5.83 (Fig. 17).>% In solutions
with an aluminum concentration of 1 mM and ratio [Mo]/[Al]
between 0.1 and 1, [AI"(OH)sMoy O;s]°~ is the predominate
species over IPOMos (octa- and heptamolybdate) between pH 2
and 5 (Fig. 17).*°> According to potentiometric and *’Al NMR
data, the formation constant for this species is IgK. = 50.95 +
0.04 in 0.6 M NaCl medium at 25 °C based on reaction (4):
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A" + 6[M0"'0,]>” + 6H" & [AI"(OH)sMog Oy5]>

4)

The [Ni"(OH)¢Mog'045]*~ {NiMog} complex forms in 0.1 M
NaNO; medium at 25 °C according to reactions (5) and (6) with
formation constants:

Ni** + 6[M0"'0,]>” + 6H" & [Ni"(OH)sMog 'O45]" ",
lgK. = 44.9 £ 0.06, (5)

Ni** + 6[M0"'0,]*~ + 7H" & H[Ni"(OH)¢Mog'Oy5]* ",
lgK, = 48.9 + 0.10 (6)

Potentiometric studies reveal that upon acidification, the
[Ni"(OH)sMog'0O45]"~ {NiMog} complex is firstly protonated
(Z = n(H")/n([M0oO,]>") = 1-1.17) (Fig. 1B):

[Ni"(OH)eMoy'04]*™ + H" & H[Ni"(OH)sMog O],
lg K. = 4.00, (7)

and then at Z > 1.29 converted to {Mo} (Fig. 1B) accompanied
by the release of Ni** (8) and a decrease in acidity (9) leads to
NiMoO,-xH,0 precipitation:'”

7[Ni"(OH)¢Mog'0O1]* ™ + 12H" & 6H[Mo0Y' O,4]° +
7Ni*" + 24H,0, IgK, = 36.1, (8)

[Ni"(OH)eMog'04]" ™ + 60H™ = Ni"™™o0""0, ] +
5[Mo"'0,]*~ + 6H,0. 9)

The described decomposition pathway could be principally
applied to Anderson HPOMos with different di- and trivalent ions.
Noteworthy, the organic functionalization can significantly increase
the stability of Anderson HPOMos. Thus, the alkoxy-functionalized
Anderson gallatomolybdate (Fig. 16B) is reported by ESI-MS to be
stable up to pH 9 (Fig. 17).>** The stability of the Anderson-like
decamolybdocobaltate [H,Coy MoyyO35]°~ (Fig. 16C) has been ver-
ified by Raman and UV-vis spectroscopies and showed that the Co-
containing HPOMos is the predominant species between pH 1 and
4.5 (Fig. 17).>"

3.4. Polyoxotungstates (POTSs)

Polyoxotungstate species are overall more stable than their
molybdate analogues due to the enthalpy factor of the con-
densation process when the tetrahedrally coordinated W' or
Mo"" ions expand their coordination spheres from four to six
during POM formation reaction.'™ Part of this effect can be
rationalized in terms of the slightly larger force constant of the
W-0 bonding as compared to that of the Mo-O bonding.”"?
Owing to the existence of a number of simultaneous equilibria,
some of which are very slow to establish, and the metastability
of some anions, speciation in isopolytungstates (IPOTs) solu-
tions has not been studied as extensively as in Mo"" or V¥
systems. However, the solution stability of the phosphotung-
state anion [PYWY3040]>~ ({PWy,}, Fig. 2B) was investigated as
thoroughly as no other POM species.*®

3.4.1. Isopolytungstates (IPOTS)

3.4.1.1. Ion-distribution diagram for IPOTs. Despite the simi-
larity of the solid monomeric precursors for Mo"" and W,

This journal is © The Royal Society of Chemistry 2020
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Introductory information on pH stability of various sandwich-like archetypes for some HPOMos and HPOTs constructed from lacunary Keggin

Fingertip
HPOMSs species Stable in the pH region Analysis method characteristics Ref.
HPOMos based on lacunary forms % {PMo;5}
M(PYMo0Y103,),]"°~ (M = Ce', Th 1-5 31p NMR J(*'P) = 2.55 ppm for 205
pp
Ce" and 2.52 for Th'Y
M(PYMo0Y30.40)(P"M0}105,)]°~ (M = zr", Hf" 2-5.3 31p NMR S(*'P) = —3.5 ppm for 205
v pp v
Hf" and —3. 2 for Zr
HPOMos based on lacunary forms of {GeMo,}
[Ge™MoYiM(H,0)03,]®~ (M = Co", Ni"" and Mn") 4-10 UV-vis Absorption at 207, 231 200
and 568 nm (only for
COH)
[Cu™,(B-1-Ge™M03'03,),]"> 4.5-10 UV-vis Absorption at 208 and 206
233 nm
11 IV VI 12— . .
u -B- - g
[Ni(H,0)x(-B-Ge'"M0g ' O34)s] 3-10 UV-vis Absorption at 206 and 206
232 nm
HPOTs based on lacunary forms of {PW;,}
Ni'(H,0)PYWY1050]°~ H 4 (at least for 4 h ESI-MS and UV-vis m/z = 683.5 (for anion 207
p
with net charge —4)
H,PYW{Niy05,(OH);(H,0)6*~ At pH 6 converted to [Ni"-  UV-vis Shoulder located 208
p
(H,0)P"W10;,]°~ within between 280 and
7 h; at pH < 3 unstable 260 nm
[Nay(UY'0,),(PYWS'0,4),]" At pH 7; at pH 6 stable for *'P and "*W NMR  §(*'P) = —9.7 ppm; 209
4 days; at pH 8.1 30% 5(*¥wW) = —124.6,
decomposes after 7 days; at —141.1, —148.7,
PH 9.4 full decomposition —182.2, —209.6
in3h
[CoY (H,0),(c-PYWS'054),] "0~ 6-10 ESI-MS and UV-vis  m/z = 1202.6 for [Co} 210
(P"W3'054),HNa;s|*~
[Co8(H,0)(OH);(HPYO,),(PYWS'034)5]"¢ ™ 5.5-11 SAXS — 56
HPOTs based on lacunary forms of {Siw,,}
[Ni"(H,0)Si"WY1054]°~ At pH 4 (at least for 4 h) ESI-MS and UV-vis  m/z = 684.3 for anion 207
with net charge —4
[Co"(H,0)Si"W}1050]°~ 6-10 ESI-MS and UV-vis  m/z = 1406.6 for [(Co"- 210
SiVWY1030)KoH, >~
- and B{Si""W3'0;,(M(H,0));]'°~ (M = Co", Ni"', Mn", 5-10 UV-vis No data provided 211
Cu")
- and {Si""W3'0;,(M(H,0));]”~ (M = Fe', AI'"", Ga™) 5-10 UV-vis No data provided 211
HPOTs based on lacunary forms of {GeW}
Ni"(H,0)Ge™"W}105,]°~ H 4 (at least for 4 h ESI-MS and UV-vis m/z = 694.8 (for anion 207
p
with net charge —4)
HPOTSs based on lacunary {As™"'Wo}
[Na{2-((CH;),HNCH,)CsH,Sb™}As}"W1505,(H,0)]**~ 3-7 (at least for 5 h) UV-vis, W NMR Absorption bands at 24

200 and 250-254 nm;
(W) = —87.2, —95.1,

—102.9, —103.3,
—105.9, —138.1,
—141.1, —157.8,
—174.3 ppm

“The data for this table were searched in May 2020 in the scientometric databases Scopus and Web of Science with key words: “sandwich

polyoxometalate”” and “solution stability”.

differences do occur in the course of the aggregation reactions,
while only one type of isopolyspecies, [M}'0,4]°” (M = Mo"" and
W), is present in both systems and all others vary. The
speciation in acidified aqueous solution of [WY'04]*~ has been
studied predominantly by potentiometry,'*®?**21® Raman
spectroscopy,”®*® '*w, 70 and 'H NMR spectroscopy,>'”*"®
and lately by ESI-MS.">*" When an aqueous solution of tung-
state is acidified, condensation reactions lead to the formation

This journal is © The Royal Society of Chemistry 2020

of IPOT anions, of which the following types are certainly
present in solution and in the solid phase (Table 9): heptatung-
state (paratungstate A) [WY'0,,]®" ({W}, Fig. 18A); paratung-
state B [WY3040(OH),]"*" ({W1,04,}, Fig. 18B); a-metatungstate
[HoWY3040]°"  ({W12040}, Fig. 18C) and decatungstate
[WY503,]*" ({Wso}, Fig. 18D). Studies of how the pH affects
aqueous solutions of [W"'0,]*~ are difficult to perform, partly
due to very slow equilibria, and they are often problematic to

Chem. Soc. Rev., 2020, 49, 7568-7601 | 7587
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(12-n-x)-

[Xn+M°w6024Hx]
{XMog}

[X"Mo"0,5((OCH,),CR),]
{XMo,-tris-R}

Fig. 16 HPOMos with Anderson and Anderson-like strucutures: (A) Anderson type anion [X™*Mog'O,4H,*?~"~9= where X — heteroion (e.g. Ni

(6-n)-

i Vi 6-
[H,Co ;Mo ,,0;]
{Co,Mo,}

-H’17 Alll|202

or Cr'"2%%) n = 2-6, x = 0-6; (B) functionalized with tris-alkoxo ligands Anderson type anion [X"*Mog'O15((OCH,)6CR),1®~"~, where X — heteroion (e.g.
Ga"?%% n =2-3 R = —=NH,, CH,OH, —CHjs etc.; (C) Anderson-like decamolybdocobaltate [H4Coi'Moy(Os5l®~. Color code: {MoQg}, pink; {XOg), grey;

{CoOe¢}, light blue; C, light grey; O, red.

interpret. Notably, the age of the solution and the total W
concentration (aggregation does not occur in highly diluted
solutions) plays a role.

NMR studies confirm that above pH 5, the major polytung-
state species are heptatungstate {W} (Fig. 18A) and paratung-
state B {W;,0,,} (Fig. 18B), which have been isolated in
numerous salts (Fig. 19 and Table 9). At pH lower than 5,
equilibria are established very slowly, and most IPOTs anions
are metastable, with the exception of the metatungstate anion
a[H,W13040]° (Fig. 18C). Acidification of paratungstate solutions
leads to “pseudometatungstates”, which ultimately form the stable
metatungstate anion (Fig. 18C). From solutions suggested to
contain “pseudometatungstates”, the salt K¢H,[W110s4]-11H,0,
with an anion of Cs; symmetry (Fig. 18E), has been
crystallized.”*® However, the "®*W NMR spectrum of the similar
acidified paratungstate solution shows a species with 11 reso-
nances of equal intensity, which has tentatively been assigned
to [H,WY;O40]” ", a lacunary form of paratungstate-B (Fig. 18F),
and also two lines attributed to decatungstate {W,} (Fig. 18D),

{Co,Mo,}
{GaMotris}
{NiMo,}
{CrMo,}
{AIMo,}

PH " 3 4 5 6 7 8 o9

Fig. 17 Hydrolytic stability of Anderson based HPOMos based on ref. 17,
202-204 and 212. The maximum intensity of grey color in each box with a
single species corresponds to its maximum concentration in the chosen
pH region. {AlMog}—[Al"(OH)gMo¥'O151°~, {CrMog}—I[Cr"(OH)sMog'O16l*~;
{NiMog}-INi"(OH)sMog'O15]*; {GaMog-tris}—[Ga'""Mog'O1(OH)3{(OCH)3-
CCH,OH}*™; {CoaMoy}-[H4CoL'MoYh 0361

7588 | Chem. Soc. Rev., 2020, 49, 7568-7601

once known as tungstate-Y, a species that is stabilized in
nonaqueous solvents.

3.4.1.2. Aging of tungstate solution. Conversions of paratung-
states. It is a well-known experimental fact that, from aged fully
equilibrated tungstate solutions close to neutral and slightly
acidic pH (Fig. 19), the isolation of paratungstate B {W;,0,,}
(Fig. 18B) prevails.”'® Potentiometric studies in the [W'0,~ - H
system with different aging times (0-20 000 min from the prepara-
tion) show that heptatungstate (Fig. 18A) and possibly unstable
hexatungstate transform over time into protonated forms of para-
tungstate B (Fig. 18B), the existence of which was proven by
crystallization,>* according to eqn (10)~(12):**
2[We'0,0(0H),]*™ + H,0 = H[WY30,40(0H),]°” +
30H, IgK,. = —11.87; (10)

1.71[HWY'0,,4]> ™ + 1.43H,0 = Hy[WY30,44(OH),* +
0.570H7, IgK, = —2.93; (11)

1.71[HWY'0,,]°~ + 2.43H,0 = H3[WY3040(0H),] ™ +
1.570H, IgK. = —12.24. (12)

Taking together the results obtained by ESI-MS, '**W NMR
and Raman spectroscopy, it must be concluded that the hepta-
tungstate (Fig. 18A) anion is the main species in freshly
prepared solutions under nearly neutral conditions (pH = 5.8
and 6.8)."° During aging of Nag[W}'O,,] solutions, paratung-
state B, Na;o[WY3040(OH),], crystallizes within an hour after
preparation. However, '**W NMR shows a very low concen-
tration of paratungstate B {W;,04,} (Fig. 18B) in neutral to
slightly acidic solutions, indicating that after conversion para-
tungstate B tends to crystallize immediately.>'® The reverse
transition is also possible as upon prolonged heating of a
Na,; o[W};040(0OH),] solution, the paratungstate B (Fig. 18B)
anions partly transform to [WY'0,,]°®" (Fig. 18A). To conclude,
heptatungstate {W} (Fig. 18A) is more stable in solution, while
paratungstate B {W;,0,,} (Fig. 18B) is more likely to crystallize
from solution.

This journal is © The Royal Society of Chemistry 2020
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Table 9 IPOTSs stoichiometry, formation constants and *¥*W and O chemical shifts
Isolated Formation constants” Ig K, at 25 °C
in solid
IPOT species p,q" pK. state 5(***w),? ppm 5(*’0),% ppm Cruywagen®'*¢ Rozantsev>'°? Rozantsev>'®®
wY'o,*~ 1,0 Yes
[HW VI0 A 1,1 4.6 No
[W5'0,0(OH)]"~ 6,7 No
[WY'0,0(OH), >~ 6, 6 No 49.01 51.66 (1.29)  53.68 (0.28)
[WV‘024] (Fig. 18A) 7,8 Yes*'8 268, —106, —189%'7 71, 254, 295, 314,  65.19
595, 590, 624,
648218

H[WY'0,,]>~ 7,9  4.77*' Yes®?! 69.96 72.31 (1.81)  76.59 (0.7)
[WY2040(OH),]""~ 12, Yes**? —109, —114, —116, 115.38 119.45 (2.99) 123.38 (1.27)
(Fig. 18B) 14 —147%"
H[WY3040(OH),]>~ 12,  4.59*Y Yes**®

16
H,[WY30,40(0H),]*~ 12, 129.01 (3.23)

16
H;[W13040(0H),]" 12, 133.70 (3.34)

17
o [H,WY3040]°~ (Fig. 18C) 12, Yes®** —123%" 80, 415, 418, 723*" 136.98 (3.42) 149.59 (0.7)

18
BH,WY3040]°~ 12, No —112, —127, —136*" 61, 397, 442, 725*"

18
WYe03,]"" (Fig. 18D 10, Yes??® —105, —118%"7 129.63 (0.98

g
16

¢ Stoichiometric coefﬁc1ents and formation constants for: p[w"'0, ]2’ +qH"

relative to H,O. ° Tonic strength x = 1 M (NacCl). ¢ i = 0.4 M (KNO;).

3.4.1.3. Metatungstate [H,Wi50,4° in solution. o-Keggin
metatungstate has been reported in 4 protonation states
[H,WY30,0]® ™~ (n = 1-4), in which the “non-acidic” protons
occupy the central tetrahedral cavity (Fig. 18C). Launay reported
the formation of a monoprotonated species, [H1WY§O4O]77
during the reduction of the diprotonated anion [HyWY304]° 2%
The NMR spectra (***W, 0, 'H) also reveal a conversion of
paratungstate B, [W}30,0(OH),]'°" (Fig. 18B) to the monoprotonated
Keggin anion, [H;W}304] ~, which leads to the formation of di-
protonated [H,Wy3O,0]°~ (Fig. 18C) upon further acidification.
The existence of tri-protonated [H3W‘1’§O40]5’ or tetra-protonated
[HsWY3040]*” has not been widely accepted, because the third or
fourth proton is regarded as an external acidic proton. Thus,
uncertainty still remains about the external (acidic) and internal
(non-acidic) location of the protons. Under non-aqueous or mixed
water-solvent conditions, [HsWi304)  and [HWiiO,0]'~ were
reported, with all three or four protons assigned to the internal
cryptand tetrahedral cavity.”*”>*° Although [H;WY;0,0° is not
formed in aqueous W"" (0.05-0.50 M) solutions, the correct choice
of countercation (e.g. tetrabuthylammonium) can lead to its isola-
tion from aqueous W' (0.05 M) solutions at pH 4.*°

3.4.1.4. Comparison of IPOTs in solution and in the solid state.
Very slow equilibrium reactions in tungstate solutions result in
very long crystallization times and low yields. Along with the
IPOTs dominating in acidified aqueous tungstate solution, {W,}
(Fig. 18A), {W1,04,} (Fig. 18B), {W;,0,} (Fig. 18C) and {W,o}
(Fig. 18D) (Table 9), the following IPOTs could be crystallized.
Salts containing fragments of the heptatungstate structure,
Nas[H;We'O,, %" (Fig. 18H) and K,[HW}'Oo*** (Fig. 18G), have
been isolated from concentrated weakly alkaline aqueous

This journal is © The Royal Society of Chemistry 2020

= [H,W,'0,,]"” + (g/2 — 2/2) H,0. * 5'**W relative to Na,WO0,, 5’0

£ =01-05M (NaNoO,).

tungstate solutions, but there is no evidence that these anions
are stable in solution. These penta- and hexatungstates contain
{WOg} octahedra with free octahedra faces showing three terminal
oxygen atoms in an unstable fac configuration (Fig. 18H and G).
Obviously, [H;W¢'0,,]> and [HWY' O]~ react immediately upon
dissolution to become a more stable, more condensed heptatung-
state ion (Fig. 18A), and therefore might exist in such low
concentrations that they cannot be detected experimentally.*'®

Concentrated tungstate solutions with ¢([WY'04,]>") = 1.5 M
were used to generate two high nuclearity derivatives of
[H,WY1035]°” (Fig. 18E), [HsW30-,4]">" (Fig. 18I) and
[H1oW340116]"® (Fig. 18]) at pH 3.4 and 2.4, respectively in
the presence of Na,S0;.°** [H,W3;0,,]">" consists of two
[H,WY1055]°” fragments, and in the case of [HioW340116]"%"
two undecatungstates are connected via one paratungstate B
cluster {W,,0,,} (Fig. 18B). So far, the stability of high nuclearity
species was only demonstrated in the gas phase with ESI-MS. The
synthetic procedures for synthesizing these IPOTs require the
presence of the sulfite anion, and control experiments without
sulfite do not allow the isolation of the compounds in high yields.
Once again, not only pH and acidity affect the speciation of
POMs, but also the substance present in the medium including
choice of countercation, aging time and concentration.

3.4.1.5. IPOTs in non-aqueous solutions. The Lindqvist
[Wy'01o]*~ (isostructural with the corresponding niobate
Fig. 8A) and decatungstate anions {W,,} (Fig. 18D) are well
characterized in non-aqueous solutions. The {W;o} complex
becomes stable in the presence of many organic solvents such
as acetonitrile, 1,4-dioxane, methanol, dimethylsulfoxide
and N,N-dimethylformamide.**® All IPOTs that are stable in
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W",0,]"
{W;} {W,,0,,}

F)

[HW",,0,]"

[HW",,0,]"

IPOTs with nuclearity up to 34 addenda atoms, which can be present and/or isolated from aqueous media. Color code: {WOg}, pink; O, red.

Fig. 18

non-aqueous media, which are o- and f-{W;,0,0}, {W1o} and
[Wg'040)*", are known to be easily reducible.””

3.4.2. Heteropolytungstates (HPOTs). Heteropolytung-
states (HPOTs) are a rapidly growing class of POM chemistry
with the largest number of synthesized compounds due to the
variety of stably lacunary precursors that can be easily formed
from Keggin (Fig. 20) and Dawson (Fig. 24) archetypes and
combined with d- or f-metals as well as with organic ligands
(Table 8). The speciation and self-assembly of POMs are inti-
mately related, therefore this section is of particular interest
not only for targeted application, but also for the development
of new synthetic strategies.

3.4.2.1. Hydrolytic stability of HPOTs with Keggin structure.
The [XW}3040]" anions (Fig. 20A-C) begin to disintegrate with
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o '[H2WVI1zo4o]6-
{W,,0,.}

W",,05,1"
{W,g}

[HW",0,,]" [HW",0,,1

18-

[H10WVI34011G]

decrease in acidity via interactions with hydroxyls. The stability
towards the base hydrolysis increasing with the anion net charge as
follows: [P*WY30,0~ {PWy,} (pPH < 1.5); [SI"Wi3040]" ™ {SiW,,}
(pH < 4.5); [B"WY04 " {BWy,} and [AI"WY0,° {AIW,,}
(PH < 7); [Be"WY30,0]° {BeW,,} (pH < 9) (Fig. 22)."*** Decom-
position of the Keggin structure, like its formation, begins with
disintegration of the [XW}3O4]" anions by the removal of one
W=0"" unit accompanied with the formation of a monolacunary
derivative [XW}]030]" " (Fig. 20E-H), followed by formation of di-
or trilacunary anions (Fig. 20I-K).

{PW;,}. The hydrolytic conversions of {PWy,} (Fig. 20A)
have been studied for more than a century and most recently
were thoroughly reviewed by Maksimovskaya and Maksimov.*®
The analysis of 95 previously published investigations made it

This journal is © The Royal Society of Chemistry 2020
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A H,[W"0,,(OH),1"*™

2 HW",,0,"

gérwv'moaz]“' -

3 HIW50,1%"
W0, >

PHo 1 2 3 4 5 6 7 8 9

Fig. 19 Speciation of isopolyotungstates in an aqueous solution with the
concentration of 0.01-0.1 M W' based on works 3321527218 The max-
imum intensity of grey color in each box with a single species corresponds
to its maximum concentration in the chosen pH region. The grey boxes
along the y-axis are positioned according to increasing nuclearity, but do
not show the domination over other species at a certain pH range. x in
HAWY'0,41®7 is 0, 1; m in Hy[WY5040(0OH),1"° ™~ between 0 and 3.
The structures of species are presented in Fig. 18. The ¥*W and YO
chemical shifts, stoichiometry, formation constants and pK, values are
summarized in Table 9.

possible to propose the most complete currently existing hydro-
lysis scheme for the “main” anion of POM chemistry (Fig. 21).®

A few explanatory remarks need to be added to this scheme,
while a detailed discussion is given in ref. 38. Systematical *'P
and "W NMR studies reveal that {PW,,} exists in strongly
acidic solutions with pH lower than 1.5 and converts to
[PYW}103,M]°” (M = Li*, Na*, K*, Fig. 20D) through the inter-
mediates [H,PYW}]05,]" "™~ (Fig. 20E), n = 2-3 and
[PYWY1050(WY'0,)]>~ (Fig. 20D). In concentrated solutions
(WY] > 0.01 M) the latter {PWy,} (Fig. 20E) anions slowly trans-
form into several more stable species including [PYW310,,]°~
(Fig. 20N) and [PyW3,050]'*” (Fig. 20M).>*> At pH higher than 7
three isomers of the trilacunary anion A-o-, A-f-, B-o-[PYW1s034]"~
(see isostructural molybdates for a-isomers in Fig. 14E and F and
p-forms Fig. 20] and K) and [PyWYsOgo]"* >** (Fig. 20L), an
unstable derivative of A-o-{PW}, are present.

The gas-phase fragmentation of {PW,,} in 50:50 acetoni-
trile-H,0 medium leads to pairs of product ions of general
formulas [WY'Og,11]>~ and [PYWY5_,O39_3,]" (x = 6-9), with the
most prominent pair being [W¢'O10]*~ (see analog structure
Fig. 8A) and [PYW{'0,,].>*® The formation and stability of the
compact hexatungstate anion is not surprising in mixed water-
organic solvent solution and was observed also during ESI-MS
investigations of IPOTSs solutions."

{SiW,}. The a-isomer of [Si™VWY3040]" " (Fig. 20A) is stable
in dilute solutions below pH 4.5, but the f- and y-isomer
(Fig. 20B and C) are metastable, slowly converting to the
a-form (Fig. 23)." In their pioneering work on the hydrolysis
of a-[SiVWY3040]*~ ({SiW1,}), Kepert and Kyle reported that the
reaction of silicotungstate with excess base proceeded via three
distinct stages, with the intermediates being a-[Si"W}1034]%~
(Fig. 20E) and [Si"W3'03,]'% (see isostructural molybdates
Fig. 14E and F), to finally produce [Si™O,]*” and [WY'04]*~
(Fig. 23).*” "W NMR spectroscopic studies confirmed the
formation of monolacunary species and its Na-substituted

This journal is © The Royal Society of Chemistry 2020
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analog o-[NaSi"™"WY]0;,]”~ (Fig. 20D) in the pH range of 4-7.5
together with corresponding IPOTs {W-}, {W1,045}, {W12040}
(Fig. 19).>*%>%° The B-{SiWy,} complex upon alkalization forms
three short-lived isomers of the p-[Si""W}105]° anion
(Fig. 20F-H),>*° B, (Cs symmetry), 8, (C1), and ;5 (C), and the
isomerization pathway is irreversible in solution and finally
yields o-[Si"™VWY1050]° (Fig. 20E).

Above pH 8, the trilacunary anions o-[Si"Wy'03,]'°" (see
isostructural molybdates Fig. 14E and F) and S-{HSi""W3'0;4]°~
(Fig. 20] and K) originate from their monolacunary analogs.
Fresh aqueous solutions of o-[Si""Wy'0,4]'*" (see isostructural
molybdates Fig. 14E and F) between pH 9 and 10 are meta-
stable, leading to monomeric silicate and tungstate (Fig. 23).>

7[SiVWY3040]*” (Fig. 20C) is stable only in non-aqueous or
mixed water-ethanol or dioxane media. Upon dissolution of
9-{SiWy,} in acidic aqueous media (pH < 4), only its - and
B-forms were detected.**® At pH between 4 and 7, the highly
reactive®' y-[HSi"'WY036]" (Fig. 20I) is present in freshly
prepared solutions (Fig. 23). Then the f- and finally the
o-isomer of {Siw,} are formed slowly by reaction of y-{SiW;,}
with the IPOT species ({W;} or {W,;,0,,}), which was shown by
cyclic voltammetry**® and ESI-MS.>*> The polarogram of the
7-{SiW;,} solution at pH between 4 and 6 shows one wave,
which can be tentatively attributed to the intermediate species
7[H,S1"VWY1055]® )~ in low concentration.?*® Even though the
y-11-tungstosilicate polyanion cannot be obtained in a pure
state, it has been identified as a subunit of a more complex
structure [H,Siy W33055]°.%*° Another labile 7 lacunary
complex has been determined by ESI-MS as an intermediate
during the transformation from f-{SiW,;} to y-{SiW;,}.>** The
unexpected labile precursor y-{SiW} is capable of a direct f§ —
isomerization via a rotational transformation (Fig. 23).>*3

{AlW;,}. Weinstock et al. comprehensively investigated
formation, isomerization, and derivatization of [AI""WY;040]°~
{AIWy,} (Fig. 20A) using *’Al and '®*W NMR spectroscopy, UV-
vis and cyclic voltammetry.*'*** Contrary to {PW;,} and
{SiW,,}, p-forms of {AlW,,} (Fig. 20B) and {AlW,,} (Fig. 20F-
H) are much more stable. Acidification of [W"'0,]*, followed
by addition of A" at pH 7, leads to the formation of
BTAI™(AI™OH,)WY1030]® {AL,W,4}, with the o derivative as a
minor product with very low yield. Further acid addition to pH
0 and refluxing resulted in Hs[AI"™WY;0,40] mostly in its f-form
with the a-isomer as a minor product.*** Prolonged (5 days)
heating of the f-{Al,W;;} solution at pH of 0-0.2 and 100 °C
resulted in a mixture containing 92% o-{AIW,,} (Fig. 20A) and
8% B-{ALLWy,} (Fig. 20B).*" The introductory data on pH stabi-
lity of some sandwich-like HPOTs archetypes is described in
(Table 8).

3.4.2.2. The use of speciation data to understand the biological
and catalytic activities of HPOTs with Keggin structure. Appar-
ently, in a physiological pH range as required for most biolo-
gical investigations, the low charge clusters, [PYWY30,0]°~ and
[SiVWY3040]"" (Fig. 20A), should not be considered as intact
species which will undergo at least partial hydrolysis. Due to
their good synthetic accessibility they are often used for
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biological applications without performing careful speciation
studies under the applied physiological buffer conditions.
A rational approach for the use of Keggin type POTs under
physiological conditions has been demonstrated by our
group.”*®**® The combination of *Be, *’Al, *°Si, *'P and '#*w
NMR spectroscopies allowed to determine that the enzymatic
inhibition behavior of the a-Keggin POTs against AbPPQ4>*7248
in citric buffer at pH 6.8 is charge-dependent, revealing
significant inhibitory effects for POTs with lower net charge
([PYWY3040>~ and [Si™VWY30,40]*" (Fig. 20A)) counterbalanced
by their pronounced hydrolysis. A recent theoretical study by
Carbo and co-authors also demonstrates that Keggin anions
with lower net charge have higher affinity towards proteins.**°

The selective peptide bond hydrolysis for human serum
albumin, oxidized insulin chain B, myoglobin and cytochrome
¢ by a range of Ce(wv)-substituted and Zr(wv)-substituted Lindqvist,
Keggin and Wells-Dawson POMs was investigated by Parac-
Vogt’s group along with speciation in solution detailed in her

a-{XW,,}

a-IX"WY 0,1 BIX"W" 0] BAIXTWY,,05]

a-{XW,} B-{XW,}

7IX"W" 005 ABIXW 0,1 BAIX W 0,1 [PV, W 1404,(H,0)]

V- {XW1 o} A-ﬂ-{XWQ}

N)

[P',W",,0,]""
{PZWZO}

Fig. 20 HPOTSs with Keggin ([X"*WY30401® ™", where X = PY, iV, Al" etc)) and lacunary Keggin structures, which can be present and/or isolated from
aqueous media ((A)—=(N)). In (D) [PYWY]O oM (H,0)7 =K~ M** is Li*, Na*, K*, or IWY'O,]?*. Color code: {WOg}, blue; {XO4}, yellow; M, purple; O, red.
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recent review.”*® For instance, a combination of low-temperature
*p DOSY NMR spectroscopy and theoretical calculations allowed
authors to conclude that in an aqueous solution with pD 6.4 the
Keggin-type dimer [{o-PYW} 2™ (1-OH)(H,0)},]*~ used as enzyme
mimetic for the hydrolysis of the phosphoester bonds in the DNA
model substrate BNPP is present in equilibrium with its mono-
meric form.>®" In the proposed reaction mechanism, BNPP
initially coordinates to monomeric {Zr''P*WY}} in a monodentate
fashion, which results in hydrolysis of the first phosphoester
bond in BNPP and formation of nitrophenyl phosphate.

Many reactions applying POM catalysts are conducted in pure
water,” and so the hydrolytic stability must be taken into account.
A good example is given by Neumann and co-authors investigating
a sandwich Krebs type HPOT Na;,[W"Zn"Zn}(H,0),(Zn"W§'05,),]
(two trilacunary Keggin fragments connected via “belt” of Zn and
W ions) as a catalyst for selective alcohol oxidation with hydrogen
peroxide in water-alcohol reaction media.>***** Using "**W NMR
under reaction conditions (1 mmol of substrate (various alcohols),

SIX"W" 0,1 AXTW" 0,1 @-[PW",,0,M" (H,0)]

7-{XW,,} a-{PW,,M}

(12-n)- (12-n)-

BAX"WY,,04]
Br{XW,.}

14-

B'ﬂ '{XWQ} {P2W1 9}

This journal is © The Royal Society of Chemistry 2020
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{PW,}
{PW,)

{PW,}
[P'O,]" + T12 [wv'o41
[HPYO,]”
[WVI;;O“] 2-

{P W21} {PW12} {P, Wy}
low re(xfle_ ;gg\;ﬁ;SlonsT
- {PW,H }+ w*
>
E {(PWM):WO }+W*
3 - {PW,WO,}
S| MPW.
{PW,,M} + W*

PHo 1 2 3 4 5 &6

Fig. 21 Hydrolytic conversions of H[PYWYO40l (c = 0.01-0.1 M, [WI/[P] = 12) alkalized by MOH (M = Li*, Na*,

7 8 9 10 11 12 13 14

K*).38 The maximum intensity of grey

color in each box with a single species corresponds to its maximum concentration in the chosen pH region. The grey boxes along the y-axis are
positioned according to increasing nuclearity, but do not show the domination over other species at a certain pH range. The abbreviation {PW;;M}

corresponds to the formula [PYWY]O3oMI®~, where M = Li*, K*, Na*;
{PWL2)WO,) — [(PYWYI0 350l WV'OL12  (HPWisk — H,PYWHOs6]7
B-0-[PYW§'034]°~; {PoWio) —

— [HaWY30,401%~ or [W1‘040(OH)2]1°’ (vanvvoz} — [PYWY]Oso(WY'O,)1°;
,h=2-3; {P2W21)
[PYWYSO0go(H,O)*~; {PW,} — unidentified intermediate species. The structures of species are presented in Fig. 14 and 20.

[PYW310711°7; {PoWao) — IPYWI00701"07; {PWg} — A-a-, A-B-,

The 3P chemical shifts and stoichiometry are summarized in ref. 38, and no formation constants have been reported for phosphotungstates.

5 mmol of H,0,, 1 mL of water, 85 °C) the presence of intact anion
was proved. The performed speciation analysis allowed the authors
to determine the active POT species present under the chosen
conditions and to suggest a catalytic mechanism.

Supporting the results of solution speciation using theore-
tical calculations can significantly improve understanding the
reaction mechanism. Thus, the results of *"P-NMR-monitoring
of mixed-metal Keggin [y-P'VyW}(04,]°~ protonation in CH;CN
together with DFT calculations of the oxygen transfer process
during the aromatic hydroxylation reaction allowed to

HBew,;}
{BW,;} and {AIW12}

E{S|W1 z}
{PW,,}

PHo 1 2 3 4 5 6 7 8 o9

Fig. 22 pH stability regions of intact «-Keggin anions {XW;,} with selected
heteroatoms.

This journal is © The Royal Society of Chemistry 2020

determine a peroxo complex [7-PYVyW1(035(0,)]° as the most
active form of the catalyst.>**

To illustrate a thorough speciation analysis of POM catalyst
during water oxidation, six spectroscopic, scattering, and
chemical experiments were used to indicate the stability of
[{Ru} O4(OH),(H,0) 4 H(y-SiVWY§036),]'°" in solution and under
catalytic turnover conditions.*”> UV-vis, cyclic voltammetry,
83w and *°Si NMR spectroscopy confirmed the stability of
anion in aqueous solution at pH 3-4 up to 5 months, while
SAXS and DLS in photocatalysis solution (Ru(bipy);>*, 0.5-1.0 mM;
Na,S,05, 2.5-10 mM; [{Ruy O4(OH),(H,0),}(y-Si"Wi§0s6)o]" ",
1.25-10 uM; sodium phosphate buffer, 20-50 mM; pH 7.2) did
not show any particles indicative of RuO, or other possible decom-
position products. Here we emphasize once again that a combi-
nation of different methods is the best strategy to get a broad
picture of the POM solution behavior in aqueous media.

3.4.2.3. Hydrolytic stability of HPOTs with Wells-Dawson
structure. Some aspects of the hydrolytic stability of {X,W,g}
(Fig. 24) are highlighted in a general review about compounds
with Wells-Dawson structure.”>® The most common representa-
tive of Wells-Dawson HPOTS, [PyWY§0,]°” ({P,W1g}, Fig. 24A),

Chem. Soc. Rev., 2020, 49, 7568-7601 | 7593
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Ptsiw.y

—a—{SIW,,}

7—{SiW o} 58 f—{SiW,} 7—{SIW,,}
a, BASIW}
T | ? [Si"O,]
| T
§ - ‘ ﬁ— - ;11} :
E R prsa
= :

[si'o @iz W o,

a—{SiW,,}

PHo 1 2 3 4 5 6 7 8 9 10 11 13 14
Fig. 23 Hydrolytic conversions of a-, - and y-[Si""WY20401*~ ({SiWyo}, [W] = 1.5 x 107°-0.1 M, [WI/[Sil = 12) alkalized by NaOH based on works.23’ =240
The maximum intensity of grey color in each box with a single species corresponds to its maximum concentration in the chosen pH region. The grey
boxes along the y-axis are positioned according to increasing nuclearity, but do not show the domination over other species at a certain pH range.
The abbreviation a-{SiW11} corresponds to the mixture of «-[Si"YWY]O3sgNal’~ and a-[SiVWY]O301%~; p-{SiWy4} — to the mixture of three isomers fi-, fi>-,
B3-1SIVWYIO36187; a-{SiWs} — a-[SiIVWE'O34*07; B-{SiWe} — B-IHSIMWY'O341°7; 7-{SiWi0} — p-IHSIVWY 036"~ The time-dependent conversions of f and y
forms to more stable « isomers are shown by arrows. The structures of species are presented in Fig. 14 and 20. No formation constants have been

12

reported for silicotungstates.

shows stability at pH lower than 6, and its alkaline degradation
leads to the formation of three different lacunary species:
[PaW170a: ] ({P.W,,}, Fig. 24B), [PYW130s6]"" ({PaWish,
Fig. 24C) and H,y[PyWY30,]">~ ({P,Wyo}, Fig. 24D).>*” The {P,W;,}
species can further assemble to a very stable crown-like POT [H,P§W
10154, which is stable from pH 1 to 8. Since no detailed
investigation of speciation was reported for {P,W;g}, the hydrolytic
conversion is presented as a scheme without exact pH ranges
(Scheme 1).

Contant and Thouvenot studied the isomerism and stability of
Wells-Dawson tungstates with P¥ and As" as heteroions.>® As for

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

the Keggin anions, f- and y-isomers have structures in which one
and two {W;} groups, respectively, have been rotated by 60°.
Structures in which the central {W,} belts are staggered rather than
eclipsed are denoted with an asterisk, and out of those, only the
y*isomer has been confirmed." Spectroscopic (IR, Raman, UV-vis,
18w and *'P NMR), polarographic and kinetic measurements
showed that the o isomers are the only species stable in aqueous
solution and all other forms isomerize to it.**® All isomers of
{X,Wyg} (X = PV and As") under alkaline hydrolysis firstly form
monolacunary compounds. The rate of hydrolysis follows the trend
for countercations K* > Na* > Li" and for isomers o < ff <y < y*.

P W" 50,1 [P W",,0.,1" [P, W";0,]" [H,P,W",0,]"™
{P,W, 5} {P,W,;} {P,W,5} {P,W,,}

Fig. 24 Phosphotungstates with intact (A) and lacunarized (B—D) a-Wells—Dawson structure. Color code: {WOg}, blue; {PO4}, yellow; O, red.
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[Pvzwwmosz]s;:’ a, '[Pvzwwnom]m_

N

al'[Pvsznom]w;— [HszzWVI1zo4a]

[H7PV8WV'48013413/

Scheme 1 Hydrolytic transformation of {P,Wg}.?>” The structures of
species are shown in Fig. 24.

12-

3.4.2.4. The use of speciation data to understand the biological
activities of HPOTs with Dawson structure. The ability of {P,Wg}
(Fig. 24A), {P,Wy,} (Fig. 24D) and {P,W;s} (Fig. 24C) to affect
aquaporin-3 (AQP3) activity and impair melanoma cell migration
has been recently tested.>> The careful speciation investigation of
respective POT clusters at physiological pH 7.4 (phosphate-buffered
saline medium; NaCl, 137 mmol L™ KCl, 2.7 mmol L™*; Na,HPO,,
10 mmol L™; KH,PO,, 1.8 mmol L") and in water by *'P NMR
analysis to address cluster species responsible for interaction in
solution was performed. Solutions of the most promising AQP3
inhibitor, {P,W,g}, contain intact Wells-Dawson anions, along with
the mono-lacunary {P,W,-}, while in the spectra of {P,W;,} and
{P,W;5} only mono-lacunary species are present in PBS buffer.
Although more investigations are needed to establish structure-
activity relationships, it can be assumed that it is the intact
phosphotungstate {P,W,g} that is responsible for the observed
inhibitory effect on AQP3 activity and melanoma cell migration.

3.4.2.5. Hydrolytic stability of HPOTs with Anderson structure.
Like their molybdate analogues, {XWs} Anderson archetype (see
Fig. 16A for {XMoe} analog) compounds can be synthesized
from slightly acidified solutions and are stable in near neutral
pH range."*°" However, the data on Anderson HPOTS stability
is very limited and only systems with Ni", Cr'" and Te"" have
been investigated. The potentiometric studies show that
[Ni"(OH)sW¢'O44]* ({NiW,}) forms in 0.1 M NaNO; medium
at 25 °C according to reaction (13) with formation constant:

NiZ" + (W07~ + 6H' & [Ni"(OH)qWY'Oyq]"~
ngc =559 &+ 02’

(13)

After protonation of {NiWs} in acidified solutions it hydrolyzed
to paratungstate B {W;,04,} (Fig. 18B) (Z = n(H")/n([WO,*” = 1.17)
with the release of free Ni" ions reaction (14):"

[Ni"(OH)eW¢'O15]* ™ + H[Ni"(OH)eW¢ 045>~ +
H' 5 [W}3040(OH),]""" + 2Ni*" + 6H,0 IgK, = 1.9
(14)

During the investigation of numerous successful co-
crystallizations of [Te""Wy'0,4]°~ ({TeW}) with different pro-
teins, it was proven that [Te""W0,4]°" is stable in a pH range
from 4.5 to 7.5.2°°% In the presence of aurone synthase
CgAUS*** {TeW,} was even functionalized by carboxylic frag-
ment of protein glutamic acid on the pu, oxygen atoms, which
proves the reactivity of Anderson POTs and demonstrates a

This journal is © The Royal Society of Chemistry 2020
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special kind of flexibility with respect to both geometric and
functional properties.”®> All these examples show the impor-
tance of speciation analysis in physiological systems in the
presence of biomacromolecules. The double-side tris-
functionalized [Cr™((OCH,);CC,H;5),W¢' O]’ is a predomi-
nant species in neutral pH between 5.7 and 7 almost without
decomposition fragments, which was shown by ESI-MS.>®

4. Conclusions

In the presented survey, the ion-distribution diagrams in a wide
pH range (analog to “phase diagrams”) for POMs of V¥, Nb",
TaY, Mo"" and W"" are given. They sum up our current under-
standing about POM stability and transformations in aqueous
media. A brief timeline of POM speciation in aqueous media
highlighting the first and the most important studies is given in
Fig. S1 (ESIt). POM species in solution may be different to
compounds that can be crystallized from the same solutions. It
is advisable to use several orthogonal methods to understand
and analyze the speciation. Sometimes, conclusions of the
speciation differ according to the methods applied and the
research method should be selected by taking into account the
characteristics of a particular POM.

Throughout, this review factors that affect speciation have
been shown. Among the obvious, such as pH (Section 3), ionic
strength (Section 3), countercations (Section 3.2.1.3), buffer
composition (Sections 3.2.1.3 and 3.4.1.4), aging time (Sections
3.3.1.6 and 3.3.2.1) and physical factors as temperature (Sec-
tions 3.2.1.3 and 3.3.2.1), attention should be paid to the
presence of interfering substances as macromolecules and
substrates of enzymes (Sections 3.1.1.4 and 3.4.2.5). Two
intrinsic features of the POMs itself affect the stability in
solution: charge density and anion symmetry (Sections 3.4.1.4
and 3.4.2.2). Stability increases with increasing charge density
and symmetry of the POM anion. Strategies to stabilize POMs
are: partial reduction or the replacement of addenda cation M""
by a cation with lower charge.

We hope as an outcome of this review that special attention
will be paid to investigation of POM behavior in solution that
will facilitate the deeper understanding of their role in various
applications. Reliable and accurate published data are of
utmost importance for any type of POM project. For deliberate
application of POMs, there is a great need for stability data
obtained in non-aqueous solutions, water-organic solvent mix-
tures, or unusual experimental conditions (pressure, tempera-
ture, or at high concentrations), as well as in the presence of
amphipathic molecules or other micelle-forming organic sub-
stances, and for complex formation processes on the surfaces
of solid materials. Virtually nothing is known, about the
possible role of enzymes or other physiologically occurring
biological macromolecules, as well as their substrates with
respect to enhancing the breakdown and/or rearrangements
of POM species with some exception investigating decavana-
date biomolecule interactions. We are confident that the new
era of POM chemistry will be opened once the POM speciation

Chem. Soc. Rev., 2020, 49, 7568-7601 | 7595
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gets the attention it deserves and analyzing the behavior of the
solution will become a common tool for understanding each
POM application.
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